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.Foreword 
In this report, we bring together data from both past ard present glass microsphere research and 

development done in support of the Lawrence Livermore National Laboratory (LLNL) inertia! confine­
ment fusion (!CF) program. This work represents the contributions of many individuals within the Target 
Fabrication Group. We have attempted to give credit to the work of former members of the Target 
Fabrication Group by citing the appropriate journal publications, LLNL reports, and memos. We hope our 
search has been complete, and we apologize if any omissions have been made. Others who have gra • 
ciously contributed to our recent experimental efforts include: 

Characterization and Analysis J. T. Weir, F.). Ryerson, R. F. Schunz, V. K. Chen, G. J. Greiner, 
C. M Mazuch, W. G. Halsey, P. L. McCarthy. R. Lim 

Modeling C. B. Thorsness, L. V. Griffith, R. W. Hopper 
Experiments and Equipment G. T. Jameson, B. H. Ives, W. E. Elsholz 
Program Operations I. F. Stowers, N. J. Barnes, M. S. Sinclair 
Novette Production W. Hatcher 
Consulting W. Ha'.ler (National Bureau of Standards) 
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Nomenclature 
Symbol Description (Units) 

M A Mass of alkali volatilized (g) 
' 'A Mass transfer coefficient for alkali loss (cm/s) 
PA Vapor pressure of alkali (atm) 
A< Sphere surface area (m 2) 
C, Gas concentration at internal surface (mol/cm 3) 
Q, Gas concentration at external surface (mol/cm 3) 
"i Quantity of gas (mol) 
D« Gas diffusion coefficient (cnvVs) 

c Gas concentration at a glass surface (mol/cm 3) 
s Gas solubility (mol/cm 3 Pa) 
p Pressure (Pa) 
V Volume (cm3) 
Pi Internal gas pressure (Pa) 
p.- External gas pressure (Pa) 
AP Initial pressure difference (Pa) 
P» Initial internal pressure (Pa) 

"s Frequency of signal generator (Hz) 
AP, Steam pressure gradient across membrane (atm) 
A P 8 Purge gas pressure difference across membrane (atm) 
Ks 

Membrane permeability for steam (mol(STP)/cm-s-atm) 
K

S 
Membrane permeability for purge gas (mol(STP)/cms-atm) 

7 Glass surface tension (erg/cm 2) 
m Mass(g) 
/ 1 ime (s) 
Dp Droplet diameter (cm) 
R Gas constant (cm 3-atm/g-mole K) 
A P v 

Vapor pressure driving force across boundary layer (atm) 
T Temperature (K) 
Q Energy (cal) 
Q Rate of energy transport (cal/s) 
K Mass transfer coefficient (cm/s) 

K Heat transfer coefficient (cal/cm 2-s-K) 
*< Thermal conductivity of gas boundary layer (cal/cm • s • K) 
h Height of spherical segment (cm) 
D« Vapor diffusivity (cmvs) 
t> Droplet velocity (cm/s) 
W Viscosity of drying medium (poise) 
cP 

Heat capacity (cal/g K) 
AH, Latent heat of vaporization (cal/g) 
'<„ Overall mass transfer coefficient (cin/s) 
Ap( Vapor pressure driving force across film membrane (atm) 
f Membrane thickness (cm) 
Km 

Membrane permeability (mol (STP) cm/cm 2-s-atm) 
c« Drag coefficient (dimensionless) 
K Mass transfer coefficient through barrier (cm/s) 
M„ Gram molecular weight (g/g-mole) 
¥H 2 O Rate of water vapor loss from unsaturated solution (g/s) 
M j p Rate of water vapor loss through film (g/s) 
"T Droplet terminal velocity (cm/s) 
pe Density of drying gas (g/cm 3) 

Pp Particle density (g/cm 3) 
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Gravitational constant (cm/s 2) 
Effective surface area for heat transfer (cm2) 
Gas pressure in hollow sphere (atm) 
Density of drying medium (g/cm 3) 
Particle density (g/cm 3) 
Empirical permeability parameter (K) 
Empirical permeability parameter (moI/m-s-Pa- K) 
Glass permeability (mol/m.s-Pa-K) 
Maximum fill pressure (psi) 
Compressive failure pressure (psi) 
Buckling pressure (psi) 
Wall thickness (m) 
Shell diameter (m) 
Compressive strength (psi) 
Tensile strength (psi) 
Empirically derived constants in Fulcher equuiuin 
Glass viscosity (poise) 
Glass thermal conductivity (W/m - K) 
Weight percent of oxide component 
Thermal conductivity coefficient for oxide component, i (VV/m • K) 
Thermal expansion coefficient (10~ 6 m/m- K) 
Thermal expansion coefficient for i' h oxide component (m/m • K) 
Bulk modulus (psi) 
Shear modulus (psi) 
Young's modulus (psi) 
Poisson's ratio 

Reynolds number 
Prandtl number 
Schmidt number 
Nusselt number 
Sherwood number 
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Preparation and Properties of 
Hollow Glass Microspheres 

for Use in 
Laser Fusion Experiments 

Abstract 
In this paper, we review the preparation of high quality, hollow-glass microspheres 

for use in laser driven fusion experiments at LLNL. The primary focus of this paper is on 
the liquid-droplet method for making glass spheres, which has been in use at LLNL for 
over six years. We have combined the results from previous studies with our current 
results to present a detailed description of the preparation and the composition and physi­
cal properties of the glass microspheres. We also present a mathematical model that simu­
lates the microsphere formation process. Examples are given of the application of the 
model to study the effects of various process parameters. 

I. Introduction and Background 
The production of glass microspheres is part 

of an ongoing research and development program 
started in 1974.' - and aimed at developing a 
method for mass producing glass fuel containers 
for use in inertial confinement fusion (ICF) experi­
ments. Several previous reports from LLNL3"5 

have described the development of the liquid-
droplet technique for the production of glass mi­
crospheres. In this paper, ive review previous data 
along with t ie results from our more recent stud­
ies to present a detailed picture of the preparation 
method and properties of the glass microspheres. 

The production of the high-quality glass mi­
crospheres needed for laser fusion targets requires 
us to optimize a number of processing parameters. 
In the past, we used a largely empirical approach 
to determine the proper operating conditions. Al­
though this approach was successful, it was also 
time consuming and manpower intensive. To help 
guide and interpret our present experimental 
work, we have deve loped a s imple , one-
dimensional (1-D) model to simulate the sphere 
formation process. The model has been used to 
quantify the effects of several key process vari­
ables such as the column temperature profile, 
purge-^as composition, droplet size and compo­
sition, and glass film properties. Details of this 
model and its application to our current glass mi­
crosphere production are discussed at length later 
in this paper. 

After a brief introduction, this paper is di­
vided into three main sections: the first summa­
rizes data on the composition and properties of 
the glass spheres, the second reviews the micro­
sphere production method, and the third presents 
a discussion of the model development and 
application. 

Historical Development 

To put the present work in proper context, it 
is necessary to review briefly the development of 
glass-microsphere technology. 

In the early phases of the ICF program, the 
target designs called for a simple deuterium-
tritium (DT) filled microsphere of low-Z material, 
also referred to as an exploding pusher target. 
Souers et a l . u evaluated a number of commer­
cially available microspheres made from various 
materials. Glass was finally selected for several 
reasons: 
• Its strength for holding high-pressure DT gas 

fills. 
• The relative ease with which it could be filled 

with DT at elevated temperatures and then 
subsequently cooled to room temperature to 
retain the gas. 

• Its optical transparency, which permits visible 
inspection and characterization. 

• Its relatively low atomic number. 
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The first glass microspheres to be used as tar­
gets at LLNL came from two commercial sources: 
Emerson and Cummings (E&C) and Minnesota 
Mining and Manufacturing Co. (3M).1 The nomi­
nal oxide compositions of the glasses are given in 
Table 1. Note that the 3M product is a soda-lime 
silicate glass, whereas the E&C glass is primarily 
an alkali borosilicate. Also, the S i 0 2 concentration 
of the E&C glass was varied to give a range of 
microsphere strengths; the highest silica con­
centration giving the strongest glass. 

The initial tolerances for the diameter, surface 
finish, and wall-thickness uniformity of thr ex­
ploding pusher targets were much less stringent 
than those of our current high-compression de­
signs. Consequently, it was possible to find a few 
suitable glass microspheres {about one out of one 
million) by sorting through large batches of com­
mercially available product. This enormous 
screening and inspection process proved impracti­
cal as the specifications on the glass microspheres 
became more rigid. As a result, two new methods 
were developed for the specific purpose of sup­
plying high-quality, glass shells for ICF targets: 
1) the liquid drople t , and 2) the dr ied-gel 
processes. 

T h e Liquid Drop le t Process 

The liquid droplet method for making glass 
microspheres was pioneered by Hendricks and 
co-workers3"5 at LLNL in the late 1970's. In brief, 
the process involves the formation of highly uni­
form droplets of aqueous glass solutio< i by acous­
tically breaking up a capillary jet of this solution 
[Fig. 1(a)]. The droplets are subsequently dried 
and fused to form the desired microspheres 
[Fig. 1(b)]. Details of the early developments of 
this process are given in Refs. 3 through 5; more 
recent developments are summarized later in this 
paper. 

The key to this process is the formation of 
uniform sized droplets using a suitably designed 
droplet generator. Early work by Hendricks and 
co-workers 3 ' 6 , 7 provided the basic generator de­
signs, which, with only minor modification, are 
still in use today. 

T h e Dr ied -Ge l Process 

In the dried-gel process, a solution of glass-
forming oxides is dried to a hard residue, or gel, 
and then ground to a suitable particle size [Fig. 

Table 1. Typical oxide composition of glass 
microspheres from E&C and 3M used ir. early 
ICF experiments 1 , 2 vs that of our LLNL droplet-
generated glass spheres. 

3 M ' E i C LLNL 1' LLN1.' 
(Batch P-0097-1) (1G-25-1311) (1978) (1983) 

Oxide WtVt WIT, wir . w F , 

S i O , 80.7 76.6 70.6 86.0 
Na.O 6.9 21.3 21.9 10.0 
K , 0 - - 5.4 2.5 
CaO 10.3 - - -
B,Oj 2.1 1.9 2.0 1.5 
Other 1.9 0.2 0.1 _ 

* Composition data normalized to 100ft. 
b From Ret. <!. 
' Average of 5EM and electron microprobe EDS analysis. 

2(a)]. The ground material is sieved into narrow 
size ranges and then mechanically dropped 
through a high-temperature furnace. Although 
the details of the process have yet to be analyti­
cally modelled, it appears thjt the chemically 
bound water in the gel inflates the particle as the 
surface melts, forming a hollow-glass microsphere 
[Fig. 2(b)]. 

Nolen, Downs, and co-workers 8" 1 0 at KMS 
Fusion, Inc., led the early development of the 
dried-gel technique and currently use it as their 
major microsphere production method. Some 
later work was also carried out at LLNL5 and 
more recently in Japan." 

The dried-gel, and solution-droplet te^n-
niques are complementary in many respects. 
Table 2 lists the advantages and disadvantages of 
each technique. From these data : t is clear that 
what is generally limiting for one method 's not 
for the other. 

At LLNL, we have chosen the solution-
droplet technique as our major production 
method because it gives high-quality spheres with 
excellent size control. This choice, however, has 
been somewhat at the expense of long term dura­
bility to weathering. Certain dried-gel glass com­
positions may be more durable, notably the soda-
lime borosilicates. 

Target Quality Specifications 

The current specifications on glass micro­
spheres used in ICF experiments at LLNL are very 
stringent. Acceptable shells must fall within a di­
ameter tolerance of ± 5 (im of the specified design 
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I) 

Fig. 1. (a) Droplets of aqueous glass solution 
formed by acoustically driven breakup of a liq­
uid jet, and (b) the resulting glass microspheres 
ultimately produced from these droplets. 

Fig. 2. (a) Particles of dried glass gel and (b) typical glass microsphere product. 

size, and the average wall thickness of the shell 
must be within ± 0.5 jjm of the design value. The 
surface finish of the shells requires that defects be 
less than 1000 A. 

The conformance of the spheres to these 
specifications is continuously checked by an ex­

tensive battery of quality assurance tests. Only 
those tests that relate to the microsphere produc­
tion are discussed in this paper. The coated 
spheres that are selected for ICF experiments are 
subjected to 4ir examination to verify all critical 
target dimensions and to map any small surface 
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Table 2. Summary of major advantages and disadvantages of liquid dropiet vs dried-gel glass 
sphere production methods. 

Method Advantages Disadvantages 

Liquid droplet • Excellent control of shell diameter and wall 
thickness 

• Moderate furnace requirements 
• Excellent surface quality and uniformity 
• High production rate 

Dried gel • Wider choice of glass composition resulting in 
better strength and durability 

• Suitable for producing large (up to 1-2 mm) 
diameters spheres 

• Relative ease of dopant addition to glass 

• Limited choice of glass compositions (with 
generally poorer durability and strength) 

• Present maximum size about 300 jim diameter 

* Product has wide distribution in diameter and 
wall thickness 

» Generally requires, longer, hotter furnaces 

defects. The quality of the DT fill is also verified. 
If acceptable, the inspected microspheres are 

added to an inventory that supplies material for 
the final target assemblies. 

II. Composition and Properties of 
Glass Microspheres 

The composition of the glass microspheres 
produced by the droplet technique is limited by 
two fundamental conditions: 1) the starting com­
ponents must form a true aqueous solution, and 
2) the viscosity of the glass at refining tempera­
tures of ~1200 to 1500°C must be low enough to 
give good shell sphericity/concentricity and a 
high-quality surface finish. A third consideration 
that becomes important immediately following 
shell formation is the glass durability to weather­
ing by atmospheric gases. 

In the initial droplet work by Hendricks and 
Dressier,3 a sodium borosilicate glass was used 
that was similar in composition to the glass pre­
pared by E&C (see Table 1). As expected, the 
du rab i l i t y of th is g lass was qu i t e poor. 
Rosencwaig et al. 4 investigated a number of differ­
ent glass compositions with the aim of improving 
durability while maintaining 3 water soluble start­
ing mixture and a low melting, low viscosity glass. 
Because of the solubility requirement, addition of 
alkaline earths and alumina, which are well 
known components for increasing durability,1 2 

was not possible. Therefore, the approach taken 
was to develop a mixed-alkali borosilicate glass. It 
is well known that mixed alkali glasses generally 
have better durability than single alUali glasses of 
equivalent molar compositions.'2""' This mixed-
alkali effect is thought to be related to the de­
creased mobility of each ion as a result of the ad­
dition of the other. 1 7 

At the conclusion of their study, Rosencwaig 
et al. 4 chose the solution composition shown in 
Table 3. This particular composition has both a 
low melting point and low viscosity, and lies near 
the N a 2 0 - 2 S i 0 2 eutectic (Fig. 3 ) . 1 " 1 9 Due to some 
volatilization during processing, the product gla s 
had a slightly lower alkali and boron content 
(Table 3). As might be expected, the loss of K 2 0 
was greater than that of N a 2 0 , due to its greater 
volatility. 

Our current glass solution composition (Ta­
ble 3) is very similar to the original Rosencwaig et 
al. 4 mixture but with slight changes in B 2 0 3 and 
K 2 0 content. The Li 2 0 was omitted from the more 
recent formulations because it was found to pro­
duce little, if any, improvement in durability at 
the 0.1% concentration level. 

The present glass microsphere composition 
has a considerably higher silica content than those 
made in earlier experiments (Table 3). This is a 
direct result of the higher furnace temperatures 
we aie now using (i.e. 1500°C vs 1200°C). Because 
the current sphere sizes are larger, their terminal 
velocities are higher and residence times shorter 
in the refining/fusion furnace. Consequently we 
Have had to operate at a higher furnace t-npera-
ture to get the equivalent level of product 
refinement. 

In Fig. 4, our 1983 solution and glass compo­
sitions are projected on the N a 2 0 - B 2 C 3 - S i 0 2 

(Ref.20) and K 2 0-Na,0-SiO, (Ref. 21) liquidus 
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Table 3. Compositions of initial solution and final glass foi LI.NL droplet method of glass micro­
spheres production. 

High alkali 
(Rosencwaig et al.4> 

High silica 
[Current (1983) prodaction| 

Oxide or Solution Glass Solution Glass 
oxide ratio w l ^ rnol^ w i n mol'; viiTt moltc WIS mol7t 

SiO, 66.3 68.9 70.6 72.7 66.2 69.0 86.0 87.3 
Na.O 22.7 22.9 2J.9 2!.8 20.6 20.8 10.0 9.6 
K , 0 8.0 5.3 5.4 3.5 7.2 4.8 2 ^ 1.6 
B 2 0, 2.9 2.6 2.0 1.8 6.1 5.5 1.5 1.3 
Li,0 0.1 .2 0.1 0.2 - - _ -
Na,0/SiO, - 0.33 - 0 J 0 - 0.30 - 0.11 
Na 2 0 + K,0/SiO; - 0.41 - 0 3 2 - 0 3 7 - 0.13 
K,0/SiO, - 0.077 - 0.048 - 0.070 - 0.016 
B,0,/SiOj - 0.038 - 0.025 - 0.080 - 0.015 

1800 

1600 

1400 

1200 

1000 

800 100 40 
SiO, •Na,0 

Rosencwaig 
et al glass-1 

•-Current 
glass 

Fig. 3. (a) Phase diagram for the S i 0 2 2Na 2 0 • SiO z system (from Ref. 18) and (b) composite plot for 
the same system showing the liquidus curve (dashed line) and corresponding viscosities (solid line) 
measure j at 1300 and 1500°C (from Ref. 19). 
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Na„0 • 4B..O. 
sW 

( J Approximate phsss space of initial 
aqueous glass solution 

Qfi Final glass miw.osphere 
composition 

T40 
K,0 • S.O. 

Fig. 4. Phase diagrams ;or NaiO-RjOj-SiOj (Ref. 20) and K 20-Na ;0-Si0 2 (Ret 21) systems. 
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surfaces. The arrow between the solution and 
glass composition points on these diagrams indi­
cates the compositional evolution of the glass 
sphere as ic falls through the refining/fusion fur­
nace. As the sphere enters the furnace, it has an 
oxide composition nearly equal to that of the 
starting solution, and forms a low-viscosity melt 
at ~'1000 to 1100°C. However, as the sphsre con­
tinues to fall through the 1500°C furnace, a sig­
nificant fraction of the alkal : and boron is volatil­
ized, producing a higher s:Uca glass (Fig. 4) with 
correspondingly greater viscosity and liquidus 
temperature (Fig. 3). 

The final glass composition lies near the 
metastable, two-liquid solvus in the Na 2 0-B 2 0 3 -
5 i 0 2 system 3 2 (Fig. 5). However, we have not ob­
served phase separation (i.e. opalescence, { l̂ass-
glass grain boundaries, etc.) in any of our glass 
product. The extremely rapid cooling rates of the 
sphere:, as they exit the furnace undoubtedly help 
prevent phase separation. 

Phys ica l Properties 

Physical property data for the LLNL glass mi-
crospheies are summarized in Table 4. Values are 
given for two different glass compositions: one of 
higher alkali content, and the other of higher sil­
ica content (see Table 3). 

Values tor man> of the physical properties 
listed in Table 4 were estimated from data re­
ported in the literature. Ir such cases, the cor­
responding reference sources are listed. Measure­
ments made in our laboratory were carried out 
either on glass spheres or glass boules having the 
same composition. The boules were prepared by 
W. Haller at the National Bureau of Standards. 3 2 

Fig. 5. Subliquidus immiscibiiiiy region in 
the N a 2 0 - B 2 0 3 - S i 0 2 system 2 2 showing the ap­
proximate phase space location for our current 
glass sphere composition (•) as well as that 
from earlier work (8)) reported by Rosencwaig 
et al." 
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Table 4. Summary of physical properties of glass microspheres. (Com­
plete glass compositions are given in Table 3.) 

High alkali High silica 

I. 
( N a 2 0 + K j O ) / S i 0 2 

Thermal Properties 
0.35 0.13 

Heal capacity, Cv 25°C (ca l /g . K) (Ref. 24) 0.18 0.18 
Thermal conductivity. 2 5 X I W / m K ) (Refs. 23 ,25) 

Thermal expansion coefficient 25°C 

0.864 1.11 

(X 1 0 ' ' m / m K K R e f . 2 6 ) 10.7 63 

Anneal ing temperature ( ° 0 435 -
Littleton softening po iut (°C( 610 -
Working point C O 850 -
Liquidus temperature (°C> - 8 0 0 - 1 4 0 0 

II. Mechanical Properties 
Density, 25 , ; C ( g / c m 3 ) 2.41 2.31 

Viscosity (poise); T in K 

2.41 

(See text) 

Elastic Properties 

(E) Youngs modulus (ID 6 psi) (Ref. 27) 9 -10 9-10 

(K) Bulk modulus <10 6 psi ) 5.2-5.7 5.2-5.7 

<GI Shear modulus (10* psi) 3.7-4.1 3.7-4.1 

(*) Poisson's ratio (Ref. 27) 0.21 0.21 

<<o Compressive .strength (10 3 psi) (Refs. 28 ,10 ) 100-200 100-200 
<<r,> Tensi le strength (10 3 psi) 15-30 15-30 

III. Other 

Refractive index ( S o d i u m - D line) 1-5026 1.47116 

Residual internal gas pressure (atm) (Ref. 29) 0.2 0.2 
Internal gas Argon Argon 
Surface tens ion of melt ( e r g / c m 2 ) (Refs. 30, 31) 300-350 300-350 

Viscosity 

Haller 3 3 measured the viscosity of our high-
alkali glass composition between 850 and 1500°C 
(Fig. 6). He fit the viscosity results to the Fulcher-
type equation 

1 B = >)o exp U-77 ' (1) -g 
where n g is the glass viscosity (poise), T the 
temperature (K), and n„, B g, and 6 are empiri­
cally derived constants obtained by fitting the 
equation to the data. For this glass, the constants 
are 0.0290, 9393, and 433.2, respectively. From 
these viscosity data, we estimated the glass work­
ing point (ijg ~ 104 poise), Littleton softening 
point (TJ ~~ 10 7 , 6 rsoise), and annealing point (77- ~~ 
1 0 1 3 4 poise) (Table 4). 

1600 1400 

7"(°C) 

1200 1000 

a 3 

-o- High alkali 
-» High silica _ 

8 

1/rxicr-M/r1) 
Fig. 6. Glass viscosity vs temperature for the 
high-alkali and high-silica glasses (see Table 3 
and tent for details). 



The viscosity of our current higher silica glass 
(Table 3) was not measured. Instead, it is assumed 
to have a viscosity similar to the 15.4 wt% N a 2 0 
and 84.6 wt.% S i0 2 glass reported by Bockris 
et al. 3 4 

T h e r m a l C o n d u c t i v i t y a n d 
T h e r m a l E x p a n s i o n 

The thermal conductivities of the two glasses 
were calculated from the glass composition using 
the equation developed by Ammar et al . 2 3 

V i ; , (2) 

where A" is the thermal conductivity (W/m-K), /f 

the thermal conductivity coefficient for oxide 
component i, and xt the weight percent of that 
component. Values for the coefficient, /;, for Si0 2 , 
Na,0, K,0, and B,0, are 0.01333, -0.00479, 
0.00217, and 0.00822, respectively. 

Similarly, the linear coefficient of thermal ex­
pansion, af was calculated using the additive 
method of English and Turner 3 5 as summarized in 
Morey 1 6 

a = V (>; .Vi (3) 

where bt is the thermal expansion coefficient for 
component i; these values are 0.005, 0.416, 0.390, 
and -0.0653 for SiO,, Na,0, K,0, and B,0 3 , re­
spectively. («„ is in units of 10 " f c m/m-K.) 

Elas t ic C o n s t a n t s a n d S trength 

The value for Young's modulus (Table 4) is 
based on data for glasses having compositions 
similar to ours. 2 ' The bulk (K) and shear (G) mod­
uli were then calculated from Young's modulus 
(£) and Poissor's ratio (0): 

G = 

3(1 - 2 * ) 

£ 
2 ( > + l ) 

(4) 

In Table 4, we present a range of values for 
the glass compressive strengths based on data for 
bulk glasses2*1 and buckling pressure measure­

ments by Downs et a] . 1 0 on their microsphere 
glass. Downs et al. showed their thin shells failed 
by buckling. However, these data can also be used 
to set a lower limit for the glass compressive 
strength. From shs maximum observed buckling 
pressure of 4000 psi at a shell -.. _.!I-to-diam ratio of 
9 x 10~ 3, the lower limit for the compressive 
strength is calculated to be 1.1 X 10 s psi. 

The mechanical properties of the microsphere 
glass are important for establishing the prorjer DT 
fill procedure. During the fill cycle, the glass is 
heated to between 300 and 400°C, and then sub­
jected to an external DT pressure. Because the fill 
rate is proportional to the pressure gradient across 
ihe shell wall, the higher the external pressure, 
the greater the fill rate. 

Failure of thin-walled glass spheres subjected 
to an external hydrostatic pressure occurs by ei­
ther elastic buckling or compressive failure. 3 7 1 0 

The buckling pressure Pb can be calculated from 
the Young's modulus and the square of the shell 
aspect ratio: 

8 E • - (5) 
\3h -

where f„. and ds are the shell wall thickness and 
diameter, respectively. Similarly, the pressure for 
compressive failure P c is 

"*" ""•(£) ' (6) 

where trc is the compressive strength of the glass. 
Note that for very thin walled shells, the failure 
mode is buckling (i.e. P b < Pc), whereas for 
thicker shells the compressive strength is limiting 
(i.e. P c < P b). 

The aspect ratio for the crossover point from 
one failure mode to another can be determined 
from Eqs. (5) and (6) by setting P c = P b . 

2E 
a c [3( l 

(7) 

Using the values of ac and £ given in Table 4, the 
crossover is estimated to be at a diameter-to-wall 
thickness ratio roughly between 50 to 100. 

The tensile strength (<rt) of the glass is critical 
to gas fill operations because it determines the 
maximum internal pressure (P,) the shell can hold; 

>"fe) (8) 
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The tensile strength of a typical silicate glasses is 
less than the compressive strength. This lack of 
strength in tension is related to surface flaws on 
the glass and has been the subject of study for 
over 60 years. 

Quantitative measurements of the tensile 
strength of LLNL glass microspheres have not 
been reported. However, an estimate of tensile 
strength can be obtained by observing the maxi­
mum fill pressure that shells of a given aspect ra­
tio can hold. An example of such data is given in 
Fig. 7 where the measured maximum fill pressure, 
measured in psi, is plotted against the shell 
radius-to-wall-thickness RJt„ ratio. The solid 
lines are calculated using Eq. (8) with different 
tensile strengths. The dots represent measured fill 
pressures for shells that have survived the fill and 
wash procedure. Note that the dots span a region 
of tensile strengths within the shaded area of 
roughly 15 000 to 30 000 psi. 

The data in Fig. 7 provide a guide as to the 
maximum fill pressures that can be maintained in 
LLNL-type glass microspheres. However, there 

are several warnings in using these data. First, 
measured glass strengths have a statistical distri­
bution. This is particularly true for glass micro­
spheres because of their small size; some spheres 
may have several surface flaws and others none at 
all. Consequently, the fact that some spheres con­
tain the gas pressures shoivn in Fig. 7 cannot be 
taken to mean that all spheres having the same 
aspect ratio will. We generally observe a large 
number of broken shells when we try to fill the 
spheres to the limits shown by the shaded region. 
Also, a few shells mav have strengths greater than 
indicated by the data in Fig. 7. This number, how­
ever, is normally very small and not significant for 
our current target production operations. 

A second warning on the use of the data in 
Fig. 7 is that they do not include the effect of static 
fatigue. The strength of glass is known to deterio­
rate with the length of time the stress is applied, 
particularly in the presence of water vapor. This 
static fatigue results from slow growth of pre­
existing r.-'.icroflaws. The flaws eventually grow 
and cause catastrophic failure. 

10 000 

5 000 

1000 

500 

100 

i i | I 111 1 r 

/ - a = 50 000 psi 

20 60 100 

Average radius to thickness ratio 

200 
ft 
t 

600 

Fig. 7. Maximum fill pressure vs shell aspect ratio (radius-
to-wall thickness ratio) for thin walled spherical shells. The 
solid lines are calculated curves for the indicated tensile 
strengths. The dots represent data for LLNL glass micro­
spheres; most points are from earlier work by Woerner et al. 3 7 
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The final point one must consider in using 
the microsphere strength data is the effect of the 
sphere washing cyc'e. Following the DT fill step, 
the glass microspheres are subjected to a washing 
procedure designed to remove surface deposits 
caused by weathering. During this step, we often 
observe significant breakage, especially at higher 
Fill pressures, probably due to stress corrosion at 
flaw si^es. It is also possible that shards ejected 
from the failing spheres may hit neighboring 
shells, causing them to break. 

The tensile strength of microspheres pro­
duced by the droplet technique is often lower 
than that for spheres produced by the dried-gel 
method. Spheres prepared by the gel method 
have been reported to have tensile strengths o; 
50 000 psi or greater. 3 9 This higher strength may 
be due to the more durable soda-lime glass com­
position that is used, or the lack of a wash cycle 
following DT fill, or both. 

To conclude this discussion of microsphere 
strength, we must emphasize that the tensile 
strength is probably the limiting characteristic of 
the glass during DT fill. In a previous paper, 3 ' it 
was thought that the tensile and compressive 
strengths of the glass sphere were roughly equal 
and quite large (ac — a, ~~ 150 000 psi), and that 
most failures occurred by buckling during applica­
tion of the external DT pressure. As a conse­
quence, we developed a DT fill procedure to help 
avoid buckling. Our current data, however, show 
that the effective tensile strength is much lower 
than previously thought, and more in line with 
what is commonly measured. As a result, most 
failures occur under tension at surface flaws at the 
end of the DT fill cycle. The exception to this is 
very high aspect ratio spheres (i.e. ds/tw > 400). 
For these size spheres the buckling pressure may 
be less than the desired fill pressure (P, > P h). 
Therefore the fill would have to be carried out in 
steps to avoid large losses by buckling failure. 

Optical T r a n s m i s s i o n 

The optical transmission of the high and low 
alkali microsphere glasses was measured between 
200 to 600 nm (Fig. 8). The measurements were 
carried out on 1-mm-thick c ' abs cut from glass 
boules of nearly the same composition as our 
glass microspheres. As anticipated, the transmis­
sion of the higher silica content glass extends fur­
ther into the ultraviolet (UV). 

Gas Permeabi l i ty 

The permeability of silicate glasses has been 
extensively studied, and a sizeable body of data 
exists that can be used to predict the permeability 
behavior of glass microspheres. The studies by 
She lby 5 0 - ' 6 and Altemose 4 7-- 1 8 on H 2 and He 
permeability in silicate glass are of particular 
value to our work. Souers et a l . w have reviewed 
these data and used them to interpret the perme­
ability behavior of the 3M and E&C glass micro­
spheres that were used in early ICF experiments. 
More recently, Woerner et al. 3 / have measured the 
D, and He permeability of the high alkali glass 
spheres and found excellent agreement with val­
ues predicted on the basis of the empirical equa-
uons developed by Souers et al.4" These equations 
show the permeability (Kp) of silicate glasses to 
vary with composition and temperature as 

K p = K 0 T e x p ( - | ) (9) 

where K0 and B depend on the concentration of 
network modifiers (e.g, Na 2 0 , K 2 0, CaO, MgO, 

X (nm) 

Fig. 8. Optical transmission vs wavelength for 
the 1-mm-thick samples of high-alkali, and 
high-silica glass compositions. 
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Li 20, etc.) in the glass. The functional form of K0 

(Table 5) is derived from the effect of the network 
modifiers on the interstitial holes in the silica 
matrix; the modifier oxides essentially block the 
motion of the species diffusing through the glass 
network. Values of the hydrogen and helirm per­
meability for our high alkali and high oilica glass 
are plotted as a function of temperature in Fig. 9. 

From the given microsphere permeability val­
ues, it is a simple task to compute either gas leak­
age rates or gas fill rates at any given temperature. 
Considering the case of gas leakage, the molar 
flux is given by Fick's law as 

A„ dt 
-OAC, 

(10) 

where Q and C„ are the gas concentrations 
(mol/cm3) in the glass at the internal and external 
surfaces, D g the gas diffusion coefficient (cm 2/s), 
and Ah the sphere surface area (cm2). Assuming 
Henry's law type behavior, the concentration of 
gas at a glass surface is 

C s = S • P (H) 

where P is the gas pressure (Pa) and S the 
solubility mole/cm 3 • Pa. Also for an ideal gas; 

dP, 3K„RT 
dt - j j ' w 

(13) 

where, for the case of thin walled spheres we 
have assumed / \ /V s = 3/r5. Solving Eq. (13) gives 
the pressure inside the sphere as a function of 
time 

Pi (0 = P c + -iP ( e x P < - ' / ' ) ! <14> 

where r is a time constant defined by 

(15) 

and AP is the initial pressure difference between 
the inside and outside of the sphere. Similarly, it 
is straightforward to show that for a step rise in 
the external gas pressure, the sphere will fill with 
gas according to 

P, (') = Pa + Po[l - e * P ( - ; ) ] ( 1 6> 

where Pa is the initial internal gas pressure. 

dn, _ V dP 
dt ~ RT di 

(12) 

where V is the volume (cm3), and T the tempera­
ture (K). Combining Eqs. (10), (11), and (12) and 
noting that the permeability (K„) is defined by the 
product of the solubility and diffusion coefficient 
(D„ • S) gives the desired resut 

Table 5. Empirically derived gas permeability 
constants K0 and B reported by Souers et al . 4 9 

for He, H, and D 2 in silicate glasses. [See Eq. (9) 
arid text discussion.] 

<10"mol/msPaK> 
B' 
(K) 

•He 
H 2 , D 2 

9.0 + 1.3 X 10" 6 M s 

3.4 + 8 X 10 ' M* 
2100 + 115 M 
3600 -I- 165 M 

* M is the mol% of network modifiers. 

-16 ._ i . . . | i . i i | • • - - . -
-18 ~r ^ ^ ^ ^ ^ H i g h silica -_ 
-20 r ^ — » ^ ^ -
-22 |- High alkali --v. . -
24 
76 

ha) ^ \ . 
• , , , , 1 . , . . I . . 

=* -20 -

2 3 4 

i/r(x IO~3K~1) 

Fig. 9. (a) Hydrogen and (b) helium permeabi­
lities as a function of 1/T for the two glass mi­
crosphere compositions given in Table 3. 
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III. Microsphere Production System 

Preparation and Properties of the 
Glass Solution 

The composition of the aqueous glass solu­
tion used in the droplet experiments is shown in 
Fig. 10. The initial solution typically has a solids 
concentration of 27.2% and is diluted to the de­
sired concentration just prior to the experiment. 
For the microspheres currently being prepared, 
which are —150 to 250 urn in diameter, a solids 
concentration in the range of 14 to 18% is used. 
Varying the solids concentration produces a cor­
responding change in microsphere wall thickness 
as well as some change in shell diameter. 

The glass solution is prepared by mixing a 
commercially available sodium silicate solution 
with a pre-prepared solution of KOH and H3BO3. 
The sodium silicate solution h.'s fhe composition 
and properties listed in Table 6. T o 2150 cm 3 of 
this silicate solution, we add 427 cm 3 of distilled 
water. In a separate container 106.6 g of KOH and 
135.2 g H3BO3 aie dissolved in 1000 cm 3 of dis­
tilled water. The sodium silicate solution is then 
slowly added to the KOH/H3BO3; it is important 
that the addition be at a slow rate to avoid high 
local concentrations that may cause the solution 
to gel. After being thoroughly mixed, the solution 
is filtered through 10 jim-pore-size millipore fil­
ters, and then stored at about 5"C in a Nalgene 

Fig. 10. Composition of aqueous alkali borosilicate glass solution used in droplet experiments. 

bottle. The solution has been found to be stable 
for several weeks. A few hours prior to making a 
run on the droplet system, the solution is brought 
to room temperature and diluted to the desired 
concentration. The density and viscosity5 0 of the 
solution as a function of concentration (wt% 
solids; are plotted in Figs. 11 and 12, respectively. 

Droplet Generator 

The droplet generator is the key to the pro­
duction of large numbers of uniform size, high-
quality microspheres. The system presently in use 

Table 6. Properties and composition of so­
dium silicate "E" solution used in preparation 
of alkali borosilicate glass solution. 

Composition wt?r Moles/liter 

(As Oxide) 
N a 2 0 8.6 1.39 
SiO, 27.7 4.61 
SiO, 

—- (mole ratio) = 3.32 
Na 2 0 

Properties (20'C) 
Vis.'osity <cp) 100 
Density <g/cm3> 1.37 
pH 11.3 
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Fig. 11. Glass solut ion densi ty (g /cm 3 ) vs 
weight percent solids (as oxides). 
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Fig. 12. Glass solution viscosity (centipoise) as 
a f u n c t i o n of w e i g h t p e r c e n t s o l i d s (a j 
oxides). 5 0 

is based on early designs by Hendricks and co­
workers, 3 ' 4 , 7 although some modifications and im­
provements have been made. 

The droplet generator produces a uniform jet 
of fluid that is broken up into droplets by appli­
cation of a constant frequency perturbation. The 
mechanism to break up the fluid jets was first 
investigated by Rayleigh 5 1 and is often referred to 
as the Rayleigh mechanism. An analysis of the 
operation of the drop generator is given in 
Appendix A. 

Figure 13 shows a typical fluid jet undergoing 
breakup by the Rayleigh mechanism. The distur­
bance causing the breakup has constant wave­
length \, and grows in amplitude as it travels 
down the length of the jet. At the point of separa­
tion the amplitude of the disturbance is equal to 
or greater than the initial, unperturbed jet diame­
ter. The photograph in Fig. 13 is also interesting 
because it shows the oscillating droplet shape be­
low the separation point, and the rapid damping 
of this oscillation by viscous effects within the 
droplet. 

Figure 14 shows a schematic drawing of the 
solution feed system tn the droplet generator. The 
glass solution is driven under pressure from a res­
ervoir through a millipore filter to the droplet gen-
erator.--ftfe'solution feed pressure is maintained at 
7JXY± 0.01 psi by means of a control loop that 

"uses a pressure transducer located downstream of 
the millipore filter. The feed system is designed to 
operate at room temperature (~23°C). 

Figure 15 shows a schematic drawing of the 
droplet generator, which is composed of three 
main parts: a piezoelectrically driven resonator 
stub, a droplet charging ring, and a deflection-
catcher system. These components are assembled 
together on a support stand. 

The initial fluid jet is produced by driving the 
glass solution through a small orifice at the base 
of the resonator stub. The jet is broken up by the 
oscillations generated by two sinusoically driven, 
piezoelectric ceramic disks placed along the axis 
of the resonator stub. 

The charging ring is placed at the point of 
droplet separation. By applying a positive voltage 
to the ring, a negative charge is induced on the 
drople1 by the flow of electrons down the jet. Any 
given number of the droplets can be charged by 
applying a pulse to the charge ring that is both 
synchronous with the resonant stub and of the 
proper duration. 

The purpose of the charging ring and the 
deflection-catcher system is to permit the operator 
to select only a few of the droplets (typically 1 out 
of 20 to 40) to pass down into the drying column. 
Without this, a large number of interdroplet colli­
sions would occur within the column. 

The deflection-catcher system consists of two 
flat electrodes, one of which contains a small fluid 
trough at its base. During operation, the charged 
droplets are deflected to and caught by the 
trough, and then removed to a waste reservoir by 
an aspirator. The uncharged droplets pass through 
the deflection region and down into the drying 
column. 
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Fig. 13. Breakup of a capillary jet of glass so­
lution into uniformly sized drops. The photo 
was taken using a strobe light synchronized to 
the frequency of the applied perturbation. 

A schematic diagram of the generator system 
electronics is given in Fig. 16. The sinusoidal out­
put from a signal generator is fed to both a vari­
able gain amplifier and an event counter. The out­
put from the amplifier (~40G V peak to peak 
maximum) is used to drive the two piezoelectric 
ceramic disks on the resonator stub. The events 
counter produces a series of output pulses each 
equivalent in duration to N cycles of the input. 

Following N cycles the signal returns to baseline 
for the duration of the next cycle. 

The output from the events counter goes to a 
pulse generator that produces the driving signal 
for both the charging amplifier and strobe light. A 
charging voltage of about 220 V is typically used. 
Note that the signal to the piezoelectric disk is 
synchronous with that to the charging ring 
(Fig. 16). The operator can easily change the ratio 
of charged-to-uncharged droplets by simply vary­
ing the number (N) on the events counter. The 
pulse generator is coupled with an LLNL-built de­
lay circuit permitting the operator to fine tune the 
width of the charging pulse. 

A strobe light is used to illuminate the gen­
erator during system tuning and operation. The 
strobe fires on the leading edge of the 0- to 5-V 
signal from the pulse generator. Thus the strobe 
operates at a frequency of iy'(N + 1) where i<g is 
the frequency of the signal generator. 

Heated Droplet Tower 

The heated vertical column used to dry and 
fuse the glass microspheres is shown schemati­
cally in Fig. 17. Additional details about the di­
mensions and materials are given in Fig. 18. 

The column is composed essentially of three 
heated sections: an upper, relatively cool (200 to 
4 0 0 ^ ) droplet drying and gas diffusion section, a 
hot (1200 to 1500°C) glass fusion zone, and a cool 
(~200°C) microsphere collection zone. Further 
details of the physical and chemical processes that 
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Fig. 14. Schematic drawing of solution feed system. 
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Fig. 15. Schematic drawing of droplet generator. 
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Fig. 16. Schematic drawing of generator system electronics. 

occur in these zones, and the transition regions 
between them, will be discussed in Section IV. 

The droplet generator sits on top of a water 
cooled collar that caps the drying section (Figs. 15 
and 17). This prevents heat transfer to the droplet 
generator and permits stable operation for pro­
longed periods. The dropiets pass through a hole 
in the center of the cooling collar and down into 
the drying section. 

A purge gas, generally argon, is introduced 
through a port jusl below the cooling collar and 
vented at the base of the column near the collec­
tion plate. The purge-gas flow rate that produces 
the best product is about 2.4 L/min. This corre­

sponds to a flow velocity ot about 0.9 cm/s, at 
STP, in the nominal 7.6-cm-diam tube. The major 
purpose of the purge gas is to eliminate small con­
vection currents that may develop in the transi­
tion regions (i.e. where the axial thermal gradient 
is largest). The purge gas also serves to keep the 
gas composition in the column constant. This pre­
vents time-dependent changes in the gas heat 
transfer characteristics (particularly thermal con­
ductivity) and permits steady state operation over 
long time periods. 

The ir!°t and exit gas flow rates must be 
closely matched to avoid gas going in or out of the 
cooling collar hole (see Fig. 15). We use a wet test 
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Fig. 17. Schematic diagram of droplet column and purge-gas 
system. 

meter to balance the flow accurately. Failure to 
balance the flow rates causes changes in the ther­
mal conductivity of the furnace gas. This can pro­
duce significant deterioration in microsphere 
quality. 

We also observed that small additions of wa­
ter vapor improve the sphere concentricity while 
retaining good surface quality. For this reason the 
argon purge gas is saturated with water vapor at 
23°C (2.8 vol% H zO). Further additions of H 2 0 to 
the gas are possible by heating the water bath. 
Generally, however, the additional steam seems 
to produce little further improvement in product 
quality, but it does produce some changes in 
product size. 

By a simple mass balance, we have found 
that over 70% of the glass introduced into the col­
umn (as droplet solution) eventually reaches the 
product collection plate. The 30% or less of prod­
uct loss is from collisions with the column wall. 
Periodically the column is mechanically cleaned 
to remove agglomerates of glass spheres that may 

collect at certain points. Note that during a typical 
run the solids feed rate to the^cotumn is only 
about 10 mg/min, so the rate of product accu­
mulation on the column walls is very slow. 

The materials used to fabricate the column 
are different for the different thermal zones 
(Fig. 18). The upper drying section is comprised of 
a 265 X 7.6 cm ID stainless steel lube. Belo.' this 
is a 122 cm A l , 0 3 ceramic tu'-? that passes 
through the 1500°C furnace. The ceramic tube is 
attached to the upper section using a stainless 
steel sleeve and Sauerizen cement (Fig. 18). The 
other end of the ceramic tube fits into a stainless 
steel collar bolted to the base of the furnace. This 
in turn is fastened to a 30-cm-long collector 
section. 

The glass spheres are collected in a petri dish 
that rests on a removable end cap fitted to the 
'lottom of the column. 

The upper section of the column is wrapped 
with six laboratory-type fiberglass heating tapes, 
which can withstand temperatures up to 400°C. 
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Fig. 18. Details of column construction shoeing approximate dimensions and materials. 

The column is also insulated with 3.8 cm of 
Kaowool, which is over-wrapped with aluminum 
foil tape {Fig. 18). The temperature of each tape is 
controlled using a Fenwal controller with input 
from a type-K rhromel/alumel thermocouple. The 
locations of the thermocouples are given in 
Fig. 18. 

A three zone furnace is used to fuse the dried 
glass spheres (Fig. 18). It is routinely operated at 

1500°C during the course of experiments, typi­
cally about four hours. At other rimes it is idled at 
1200°C. The system can generally be brought up 
and operated within one hour. The temperature 
profile used during a typical production run is 
shown in Fig. 19. 

Except for the occasional replacement of a 
furnace heating element (about one per month) or 
a heating tape (about one every two months) the 
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Fig. 19. Temperature profile cur.-3ntly used to 
produce glass microspheres. Squares refer to 
controller settings. 

system is essentially maintenance free. Our 
present droplet system has been operating con­
tinuously without a major repair for over 18 
months. 

Photographs of the present droplet column 
and droplet geneiator system during operation are 
shown in Figs. 20 and 21. 

P o s t - R u n T r e a t m e n t of M i c r o s p h e r e s 

A typical production run on the droplet col­
umn lasts about 15 to 30 minutes during which 
time about 1.5 to 3.0 X 105 spheres are produced. 
During the course of a day, many such runs can 
be completed if the demand for material is great. 

Once produced, the microspheres are sieved, 
analyzed for concentricity and wall thicknes'5, 
washed to ren.ove weathering products and de­
bris, and finally stored in ethanol (Fig. 22). The 
stored product becomes part of a larger inventory 
that is available for either 1CF target production or 
support of other target fabrication experiments. 

We currently sieve the product through 
screens that differ in mesh size by ~25 ^m. Ordi­
narily about 20 to 40% of the product falls within 
the sieve cut range. The remainder of the material 
is either too large or small and is discarded. 

The wall thickness and uniformity of the mi­
crospheres are checked using an interferomerric 
method developed by Stone et a l . 5 2 5 3 and 
Weinstein.' 4 ' 5 5 A double pass, two arm, Twyman-
Green interferometer is used to make the mea­
surements. To measure wall uniformity, several 
hundred microspheres are placed on a mirror in 
one arm of vhe interferometer. This mirror and the 
reference mirror are then adjusted until they are 
parallel (i.e., no "tilt" fringes are visible along the 

plane of the mirror). At this point each sphere will 
give a particular fringe patten? (Fig. 23). If the ball 
is uniform, then the pjttern of fringes will be cir 
cular and symmetric about the center of the 
sphere (Fig. 23(a)]; i f there are defects, there wrll 
be deviations from the symmetrical pat ter" 
[Fig. 23(b)|. 

When measurng individual spheres one can 
only get an accurate picture of the defects present 
by repositioning and remeasuring the sphere. This 
is becauc? in some orientations defects may not be 
visible. 5 ' With our present production scheme we 
do not look at individual spheres and then repo­
sition them. Instead, because the droplet method 
proe' jces very large numbers of spheres, we de­
termine the batch quality statistical')" by examin­
ing groups of 30 to 50 sr'.teres at a time (Fig. 24). 
By counting the number of spheres showing non-
symmetric patterns (typicallv about 4) and divid­
ing by the total number in the field of view, we 
determine the fraction that is nonuniform. If this 
amounts to more than 20%, the batch is discarded. 
Most batches are be.iveen 83 to 95% uniform 
product. 

In a similar fashion the average wall thick­
ness of a given batch of microspheres is measured 
using the interferometer."'* Likewise, if the wall 
thickness is not within specifications the entire 
batch is discarded. 

As indicated in Fig. 22. only abi it 1 out of 
every 20 batches of glass spheres is rejected This 
gives a good indication of the consistent quality of 
material that can be produced by the droplet 
method. 

M i c r o s p h e r e W a s h i n g 

The quality of the microsphere surface finish 
deteriorates shortly after it is made T'•-.• cause of 
deterioration is related to either one or both of the 
following: 1) weathering and associated accu­
mulation of surface deposits caused by glass reac­
tion with the gaseous environment, or 2) contami­
nation with debi.s u^m the glass making process 
or particulate matter in the air or on contacted sur­
faces. KMS Fusion, Inc., 1"'' 6 is also investigating a 
third source of deterioration caused by the beta 
radiation from the DT till. (Similar studies have 
been carried out to detenrine the effect of ioniz­
ing radiation on the weathering of glass used to 
store nuclear waste; for examples, see Refs. 57 and 
58.) 

Weathering of glass has been the subject of 
intense scientific study for many years. This is pri­
marily because of the widespread use of glass as 
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Fig. 20. Photograph of glass droplet column currently being used for glass microsphere produc­
tion: (a) Drying column and glass fusion furnace (details in Fig. 18). The drying column passes up 
through a catwalk where the operator stands to control the drop generator. 
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Fig. 20(b). The drop generator is mounted on the water-cooled collar that rests on top of the drying 
column. 

both a container and optical material. An excellent 
review of this subject is given by Clark et al. 1 2 

Two general approaches have been used to 
deal with the problem of microsphere surface 
quality. One has been to develop methods to 
clean and, in some cases, passivate the glass sur­
face . 5 6 5 9 , 6 0 The second is to prepare microspheres 
from glass compositions that are known to be 
more durable yet still meet target specifications 
for permeability, atomic number , s t rength , 
e t c io.36.6i j 1 ! e | a t t e r approach has been more suc­
cessful for the dried-gel technique because there 
are fewer solubility constraints in preparation of 
the starting mixture. 

In the case of the alkali silicate microspheres 
made by the droplet techniques, the resulting 
glass has very poor durability. The alkali at the 
glass surface rapidly reacts with water vapor 
and/or C 0 2 in the surrounding gas environment 
producing surface deposits of alkali hydroxides 
and carbonates. The depletion of alkali at the 
glass surface produces a concentration gradient 
within the glass, which leads to further alkali mi­
gration to the surface, more reaction, and further 
growth of weathering products. The hydroscopic 
nature of the alkali hydroxides eventually causes 
these deposits to form small droplets of hydroxide 
solutions on the glass surface. The pH is suffi­
ciently great that these droplets can dissolve the 
silica network and produce pits in the glass 
surface. 1 2 , 5 9 

Figures 25 and 26 show optical and scanning 
electron microscope (SEM) photographs of glass 
microspheres with typical growth of surface de­
posits from weathering. 

During the course of research and develop­
ment on the preparation of microspheres, a proce­
dure was developed by Ros^ncwaig et al.*9 for the 
treatment of the glass surface to remove weather­
ing products. This procedure entails a series of 
four wash steps, each of which is repeated three 
consecutive times. , , , The first step involves wash­
ing the spheres with a 0.5 M H N 0 3 + 0.1M NH 4F 
solution that is heated to 80"C. This treatment dis­
solves any alkali hydroxide/carbonate deposits 
and also any small particles of siliceous debris 
that may be adhering to the surface. 

Following the acid wash, the spheres are 
rinsed with distilled water that is preheated to 
80°C This has the dual purpose of removing any 
remaining acid from the spheres and also ex­
changing H* for Na + and K^ at the glass surface 
(i.e., leaching out alkali). It was initially hoped 
that this depleted zone would provide a high-
silica passivation layer at the glass surface. Unfor­
tunately, even though this wash is carried out at 
80°C, the H * and alkali diffusion rates are suffi­
ciently large at room temperature that an equilib­
rium distribution of alkali is reestablished 
throughout the glass within about 24 hours. 
Haller 6 2 has suggested prolonged (~24 li) leach­
ing of the microspheres with 100°C distilled water 
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Fig. 21. Photograph of drop generator during operation. 
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Fig. 22. Steps in post processing treatment of glass microspheres. The treated spheres become part 
of a larger inventory that is used to supply many other target fabrication activities. 

Fig. 23. Photographs of interferometric patterns for (a) a uniform sphere and (b) sphere with 
wall defect. 
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Fig. 24. Interference photo of a sample of 
about 50 microspheres taken from a typical 
batch of microspheres being used for recent 
ICF experiments at LLNL. Fig. 25. Optical (back-lighted) photograph 

showing typical weathering spots on glass 
microspheres. 

Fig. 26. SEM photograph showing typical sur­
face growth caused by the reaction of alkali 
with water vapor and/or C O a in the air. 
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Fig. 27. SEM photograph of glass surface following treat­
ment via the wash procedure described in the text. 

to p-oduce a sufficiently thick passivation layer so 
that it would take many days to reestablish the 
equilibrium alkali distribution. 

The third and fourth steps in the procedure 
call for washing in reagent grade acetone and fi­
nally, 100% ethanol. The washed spheres are 

In this section we present a detailed descrip­
tion of glass microsphere formation via the drop­
let process. This account is based on both past 4 

and current experimental results, and the output 
from a series of 1-D model calculations. In the first 
part of this section, we present a physical descrip­
tion of the major steps in the process, using vari­
ous experimental observations to support this 
view. On the basis of this physical picture, we de­
velop a numerical model that simulates the major 
physical and chemical processes in microsphere 
formation. Tht model is used to study the effects 
various system parameters on the final micro­
sphere product It is appropriate to note that drop-
, " t drying has been thoroughly investigated be­
cause of its wide spread applications in the 
chemical processing industry. In developing our 
physical description of the drying portion of the 
process, we have made extensive use of the early 

stored as individual batches in small, sealed vials 
of ethanol. Under such storage conditions the 
sphere surfaces remain good enough to be used 
for targets even after periods of up to six months. 
SEM photographs of the surface ol a iypica! 
washed, glass microsphere are shown in Fig. 27. 

droplet work by Marshall and coworkers.M hq 

Many of the experiments and their corresponding 
analyses pertain to the drying of single droplets of 
various aqueous solutions. Thus, much of this pre­
vious work serves as a strong foundation lor de­
scribing the drying stage of our process. 

Physical Description of Droplet 
Drying and Fusion 

The fate of the droplet after it leaves the 
droplet generator and enters the heated column is 
shown schematically in Figs. 28 and 29. Note that 
to a. good approximation the process can be 
treated in two parts: the first is a drying and gas 
diffusion step (Fig. 28); the second is the melting, 
or fusion of the sphere into the final glass product 
(Fig. 29). 

IV. The Process of Microsphere 
Formation 
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Fig. 28. Schematic diagram of various, stages in droplet drying. The first stage (a) is free evaporqj 
tion from the droplet at a rate in dynamic equilibrium with the heat transfer to the surface. At the 
critical concentration a film forms (b) retarding evaporation; the droplet heats to the solution boil­
ing point and begins to blow a sphere. During this stage some water vapor is still being lost through 
the film. Finally (c) a large hollow sphere of unfused glass is formed. Loss of steam and an influx of 
furnace purge gas continues at this point. 

(b) (c) (d) 
K 2 0 Na 20 

P | - l / M a t m l —I } f / M a t m l ^ fo .2a tml 

B 2 ° 3 - Q 

r<9oo-iooo°c T~ 1000°C r~i5oo°c T~25°C 

Fig. 29. Schematic diagram of the major stages in the glass fusion step: (a) transition from the 
drying/gas diffusion region to the high temperature zone, (b) uniform sphere collapse, (c) refining 
and alkali volatilization and (d) cool-down to the final microsphere product. 

27 



1 

Droplet Drying 
Consider first the drying step. As the droplet 

leaves the generator, its initial velocity of approxi­
mately 700 cm/s is much greater than the terminal 
velocity (see Appendix A). Accordingly, the drop­
let decelerates and approaches terminal velocity 
over roughly the first meter of the column. During 
deceleration a significant amount of evaporation 
occurs. 

Having reached terminal velocity, the droplet 
enters a period of drying during which the mois­
ture flux from the droplet surface is almost con­
stant. At this stage the droplet temperature re­
mains fixed at the adiabatic saturation, or wet 
bulb temperature as moisture continues to evapo­
rate from the surface. Furthermore, the rate of 
evaporation is in equilibrium with the heat trans­
fer from the surrounding gas. 

Eventually the moisture content of the parti­
cle diminishes to the critical point and a surface 
film forms. Marshall^ observed film formation 
during drying of single droplets. He found that 
film development begins on the leading edge, or 
base of the droplet, spreads up to the equator, and 
then rapidly closes over the trailing surface, or 
top . In the ear l ie r m i c r o s p h e r e work by 
Rosencwaig et al.,4 this step was referred to as 
encapsulation. 

In our experience, the time interval for the 
surface film to grow completely over the surface 
of the droplet is small compared to the time to dry 
down to .hat point. Consequently, in our model it 
is assumed the surface film forms instantaneously 
once the droplet reaches the critical concentration. 

The added mass transfer resistance of the sur­
face film causes the evaporation rate to drop while 
the heat transfer rate remains largely unchanged. 
Hence, the temperature of the droplet begins to 
increase and ultimately reaches the solution boil­
ing point (Fig. 28). The temperature of the droplet 
remains at the boiling point as the balance of free 
moisture evaporates, blowing a large, hollow 
shell. This drying period is critical. Whether an 
unrup tu red hol low sphere forms depends 
strongly on the type and strength of the surface 
film formed and its permeability for water vapor' 
and the furnace purge gas. 

We have measured the critical concentrations 
for film formation in a series of laboratory drying 
experiments on the silicate glass solution. Shallow 
pools of the solution, contained in small dishes, 
were dried in air at -~25°C over a period of sev­
eral days. The evaporative mass loss was deter­
mined by measuring the sample weight at various 

times. These data, expressed in terms of the solu­
tion concentration and rate-of-mass loss are plot­
ted in Fig. 30. During the experiment we recorded 
the concentration at the first sign of film forma­
tion; this occurred at ~-46 wt%. The rate of mass 
loss begins to decline soon after this point and 
becomes quite low at concentrations of about 50 
to 55 wt%. 

In our calculations we assume a concentra­
tion of 52% as the point where the film covers the 
sphere and decreases the mass transfer rate. This 
value may be slightly lotver than the true value 
because the wet bulb temperature of the droplet is 
about 45°C as opposed to 25°C used for the dry­
ing experiments. Therefore, any increase in 
solubility with temperature will lead to cor­
respondingly higher solution concentrations at the 
point of film formation. 

Assuming a solution concentration of 52 wt% 
as the point of film formation, the diameter of the 
droplet at film-over can be easily calculated from 
the initial droplet size and solution concentration 
(Fig. 31). For example, for an initial droplet size of 
250 nm in diameter and a solution concentration 
of about 18%, the droplet will be about 170 pm in 
diameter at the film-over point. 

The growth of the sphere during the blowing 
stage [Fig. 28(b)] is controlled by the rate at which 
new material is being added to the shell wall and 
the rate of accumulation of vapor within the bub­
ble; in other words, the difference between the 
boiling rate and diffusion loss. Control of this 

Fig. 30. Measured concentration increase and 
rate of mass loss during evaporative drying of 
the aqueous alkali borosilicate glass solution at 
25°C. The first sign of film formation was ob­
served at about 45 hours at a solid concentra­
tion of 46 wt%. 
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Fig. 31.£ Droplet diameter at film-over vs the 
initial (generator) droplet size. The plot is for 
starting glass solution concentrations of 18 and 
30 wt%. 

stage of the process is important. If the drying rate 
is too high, the strain rate will exceed some critical 
value and the shell membrane will rupture. On 
the other hand, if the drying rate is too low, the 
shell will have insufficient time to dry and/or dif­
fuse out water vapor and thus will rupture or de­
form upon entering the hi^h temperature region 
of the column. 

For a single solvent system there are essen­
tially two variables for conlioii, ig the rate of dry­
ing: 1) the furnace temperature, and 2) the thermal 
conductivity' of the purge gas. Normally for our 
system, we rontrol drying via the column tem­
perature profile. However, variations in the 
purge-gas composition can be just as effective. 

Because of the drying sensitivity to purge-gas 
composition (i.e., thermal conductivity) we have 
found that a slight influx of air into our normal 
argon purge gas is sufficient to upset the normal 
drying proce.^ and drastically reduce product 
yield; the thermal conductivity of air is about 50% 
greater than that for argon. This effect is quanti­
fied in the modelling section and Appendix B. 

Once the hollow sphere forms, the water va­
por within continues to diffuse out through the 
shell wall. Similarly, the purge-gas counter dif­
fuses into the sphere [Fig. 28(c)]. However, be­
cause the shell permeability is greater for water 
vapor than the furnace purge gas, the internal gas 
pressure declines. The strength of the unfused 
glass shell is sufficient to maintain the pressure 
difference up until the shell enters the glass fusion 
furnace. 

A photograph of a typical large unfused glass 
microsphere is shown in Fig. 32. We have mea­
sured the diameter of these spheres at the end of 
the drying section of out present production col­
umn and found they range from ~1300 to 
1450 ̂ m with an average of 1385 ̂ m. The wall 
thickness is about 0.2 pm. The starting droplet is 
approximately 230 jim in diameter and contains 
18 wt% solids as oxides. 

If the column is operating correctly, more 
than 50% of the dried product will be large, un­
fused glass spheres. Therefore, examination of the 
product at this point provides a rapid appraisal of 
whether the temperature, purge-gas composition, 
flow rate, etc. are properly adjusted. 

Glass Fusion 
The unfused glass sphere eventually falls out 

of the drying zone and begins to enter the high 
temperature zone. The terminal velocity of the 
large unfused sphere is quite low (~5 cm/s) so it 
requires several seconds to drift through the tran­
sition region between the two zones. The purge-
gas flow is ~ 3 cm/s in this temperature legion, so 
the velocity of the sphere relative to the column is 
about 8 cm/s. The temperature gradient in this 
portion of the column is about 13°C/cm (see 
Fig. 19) so the sphere heats at a rate of roughly 
100°C/s. 

During this time the purge gas and water va­
por continue to diffuse in and out of the shell re­
spectively (Fig. 29). The diffusion rates increase 

Fig. 32. targe, unfused glass sphere produced 
at the end of the drying section. 
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due to the Arrhenius type temperature depen­
dence of the diffusion constant and permeability. 
The time in this zone is important since the next 
stage of the process depends on having the correct 
gas pressure within the sphere. 

As the sphere continues to heat, the viscosity 
of the glass decreases. A point is reached where 
the sphere begins to collapse under the driving 
force of the pressure gradient across the shell wall 
[Fig. 29(b)], Hopper 7 0 has recently examined the 
mechanism of microsphere collapse in this region 
and calculated that the collapse occurs quite rap­
idly, usually in less than 1 s once the temperature 
readies about 800°C. This agrees well with our 
recent observations and also the earlier work by 
Rosencwaig et al.4 As soon as the sphere col­
lapses, its terminal velocity increases about an or­
der of magnitude. 

The sphere continues to heat as it falls into 
the highest temperature regions of the furnace. 
The viscosity of the glass becomes low enough 
that the sphere will expand slightly with the heat­
ing of the interior gas. 

O n e the sphere reaches 150u°C, the glass 
viscosity is quite low and refining of the con­
centricity and surface finish can occur even with 
the short residence time (~1 to 2 s) in this zone. 

As discussed in Section II, the composition of 
the glass changes in the high temperature region 
due to alkali volatilization (Fig. 33). This has the 
effect of increasing the glass viscosity markedly 
(e.g., see Fig. 6). There is a subtle but important 
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Fig. 33. Percent alkali loss by volatilization 
during glass microsphere formation. The N a 2 0 
data labelled "KMSF" are from Ref. 71 for the 
dried-gel method. 

point that emerges in regard to this observation. 
One would often like to run the glass fumace at as 
high a temperature as possible in order to increase 
the amount of refining of the glass. The refining is 
generally thought to be controlled by the viscos­
ity, so operating at higher temperatures should 
produce better spheres. This is true to a point. At 
the higher temperatures, such as 1500°C, so much 
alkali is lost, and the viscosity greatly increased, 
that further increases in temperature may be self 
defeating. 

During the course of our experiments we ob­
served that increasing furnace temperatures up to 
1300°C has a dramatic effect on improving the 
concentricity and wall uniformity of the product. 
On the other hand, increasing the temperature 
from 1400 to 1500°C produces very little improve­
ment in the product (Fig. 34), possibly as a result 
of the increasing glass viscosity caused by addi­
tional alkali loss. 

The sodium loss at 1200°C is about 9% 
(Fig, 33) ^ased on the glass analysis reported by 
Rosencwaig et al.4 Based on data from Doletzky 
et al. 7 1 at KMSF, this value may be low. They have 
measured sodium loss during microsphere forma­
tion by the dried-gel technique between 1C00 and 
1300°C. Their data show a smooth trend follow­
ing an Arrhenius-type temperature dependence 
(F :g. 33) with a N a 2 0 loss of about 45% at 1200°C. 
The KMS Fusion, Inc., dried-gel method uses a 
longer hot zone (~2 m) so some increase in vol­
atilization is expected. However, it is unlikely that 
the difference in sodium loss between the two 
methods would be as large as indicated. Data 
from some unpublished analysis of the 1200°C 
droplet glass indicate the N a 2 0 concentration may 
be nearer 17 to 19 wt%. This would represent a 
sodium loss of about 25%, in closer agreement 
with the data from Doletsky et al. 7 1 As expected 
the K 2 0 loss is higher than that for Na 2 0 . 

As the sphere exits the fusion region, it 
shrinks slightly as the column temperature de­
creases. However, the sphere soon cools to where 
the glass becomes rigid enough to stop further 
shrinkage. Based on the measured residual gas 
pressure of 0.2 arm, 2 9 this occurs at about 1100°C, 
corresponding to a glass viscosity of 10 3 5 -10 4 

poise, a value determined from an extrapolation 
of the low alkali glass data in Fig. 6. 

Mathemat ica l Mode l of 
Microsphere Formation 

Based on the physical description given in the 
previous section, we have developed a numerical 
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Fig. 34. Interference photos showing product quality improvement with increasing furnace tem­
perature (a) 1200°C, (b) 1300°Cr (c) 1400°C, and (d) 1500°C. 

model that simulates the microsphere formation 
process. The major assumptions we used to de­
velop the model are summarized in Table 7 and 
discussed in further detail in the paragraphs that 
follow. The numerical values used for the various 
transport coefficients and other parameters are 
summarized in Table 8. 

Droplet Drying and Gas Diffusion 
The basic equations used to calculate the 

droplet velocity and rates of heat and mass trans­
fer during the drop drying stage are summarized 

Table 7. Summary of major assumptions used 
in 1-D microsphere model. 

• Transport properties can be represented by average val­
ues across the boundary layer. 

• Conduction is only heat transfer mode in the drying 
zone. 

• Once free moisture has been removed the microsphere 
temperature tracks that of the heated column. 

• Film over occurs instantaneously once the critical con­
centration is reached. 

• Shell collapse (in fusion zone) occurs uniformly in a 
time short compared to the residence time. 
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Table 8. Summary of values for various trans­
port coefficients and other key parameters used 
in model calculations (argon /water system) (T 
in kelvin). 

Quantity Value 

Schmidt number Wse> 
Prandtl number (JVpr) 
Argon-steam diffusion 
constant (DAR.HO) cm !/s 
Water vapor pressure <PH 0 * 
atm 

Argon density ipj g/cm 3 

Argon viscosity ifi) g/cm-s 

Thermal conductivity (itf) 
cal/cm-s-K 

Film permeability: 
moi/cm-satm 

Argon (KAr> 

Water vapor (Kn,0) 

0.436 

0.67 
[U 

o,(.«-f) 
1.03X10 3 ( ^ ) 

47s) 

6-31 x ,0 imT 
, . S x l O - » e x P ( ^ ° ) 

8X10 » e x p ( ^ ^ ) 

Both heat- and mass-transport coefficients 
can be represented in terms of the dimensionless 
Nusselt (Nu) and Sherwood (Sh) numbers 

Nu = ft, 
" k. 

and 

Sh = h„ ' D v 

(19) 

(20) 

Substitution of the dimensionless groups into 
Eqs. (17) and (18) leads to the expressions given in 
Table 9. 

Numerous experimental measurements of 
heat- and mass-transfer rates under different flow 
conditions have established the following well-
known empirical correlations for the Nusselt and 
Sherwood numbers in terms of other dimension­
less g roups 6 3 7 2 

Nu 

and 

2 + 0.6 (Re)" 2 (Pr)" (21) 

in Table 9. Also given is a brief physical descrip­
tion of the corresponding drying conditions. Th^ 
variables and dimensionless numbers used in our 
calculations are defined in the symbol table. 

The evaporation rate for a droplet in a mov­
ing gas stream is simply a product of the mass-
transfer coefficient, ftm, the droplet surface area, 
and the concentration difference across the gas 
boundary layer 

dm 
~dT 

(17) 

Sh = 2 + 0.6 (Re)" 2 (Sc)" (22) 

The Reynolds, Prandtl, and Schmidt number in 
Eqs. (21) and (22) are defined, respectively, as 

Re; 

Pr = 

D P " " S 
v-

C ^ 

Sc = -
Dv/V 

(23) 

(24) 

(25) 

The water vapor loss by evaporation accumu­
lates in the purge-gas stream to produce a slight 
increase in steam content down the axial length of 
the column. For a nonzero purge-gas flow this 
soon reaches a steady-state value. 

The corresponding equation describing the 
rate of heat transport is 

dt 
(18) 

where the driving force is the temperature drop, 
AT, across the boundary layer, and hq is the heat-
transfer coefficient. 

Using Eqs. (21) through (25), it .b now possi­
ble to calculate the heat- and mass-transfer rates 
from measured physical properties of the system. 

During the initial drying stages, before a film 
forms around the droplet, the rates of K-at and 
mass transport are in dynamic equilibrium. Under 
these conditions, the particle temperature remains 
at the adiabatic saturation value, and the rate of 
evaporation is simply 

dm _ _J_ dQ 
dt ~ &He dt ' \ 

\ 
where AH f is the latent heat of vaporization. 

(26) 
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Table 9. Summary of drying stages and governing e q u a ^ n s used in model calculations. 
Drying 
stage Physical description Governing equations 

Unsaturated solution; droplet deceleration to 
terminal velocity; droplet at adiabatic 
saturation temperature. 

, dv 3 CaPKv 
' dt 4 D.p. 

dm (&prMw\ 
s transfer: _ = »D p D„ Wu| V ^ J 

- * ? . 

Unsaturated solution; droplet at terminal 
velocity and adiabatic saturation 
temperature. 

Saturated solution, skin formation occurs; 
mass transfer rate decreases. 

3 -• Membrane encloses vapor and liquid phases. 
Temperature - boiling point of solution. 

Liquid evaporation is complete; particle heats 
to furnace temperature. 

v e , „ c i , y : ^ ^ J \ 
„ g ( P p - P S ) P £ 

18 v 

mass transfer same as step la 

heat transfer: same as step la 

; Re < 0.4 

velocity: same as in step lb 

mass transfer —• = h0 *D~ I — • I 

heal transfer same as in step la 

velocity: sjme as in step lb 

mass transfer same as in step 2 

.«3._ 

velocity: s;me as in step lb 

mass transfer: — = — [K. A.F. - K. &P.\ 
at r „ 

heat transfer same J', in step la 

' The drag coefficient is computed using the particle velocity at the previous time step, i.e., Cv = lO/Re" 2; Re > 0.4. 

As mentioned previously, once the droplet 
solution n aches the critical concentration and a 
surface film forms, the mass-transfer rate drops 
dramatically. During this drying stage, the rate of 
mass transport is calculated using an overall 
mass-transfer coefficient, /i„, given by 

''m + hu 
(27) 

where hb is the mass-transfer coefficient across the 
barrier membrane of thickness, I, given by 

K = - (28) 

As the liquid continues to evaporate, a gas 
bubble begins to form inside the film membrane 
(provided the membrane permeability is low 
enough). As a consequence, the effective area for 
heat transfer, Av[t, is equivalent to the area of the 
spherical segment of height, h, containing the re­
maining liquid [see Fig. 28(c)]: 

A,,,, = 2-ar.h (29) 

Mass transfer, however, continues over the entire 
droplet surface. 
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Model Description of Glass Fusion 
The governing equations used to simulate the 

glass fusion s:ep are summarized in Table 10. As 
in the previous section, a short physical descrip­
tion of each s;-ep is also included in Table 10. 

The first 5tep treated in the fusion process is 
the transition of the large, dry, unfused sphere 
from the drying zone to the high temperature re­
gion. In the transition region, the particle 
Reynolds number is always below 0.4. We assume 
thr size of the sphere remains about 1000 to 
1500 A»m and is strong enough to withstand the 
pressure drop across the wall. The terminal veloc­
ity of the sphere changes only slightly witi. the 
sniull temperature induced changes in purge-gas 
density (see \elocity euUtiuon, Table 10). 

The diffusion of purge gas into, and water 
vapor out of the shell is si*nulated using the 
permeability expressions developed in the previ­
ous section. The pressure within the sphere 
changes not . dy with the mass flux across the 
walls but also with the increase in temperature of 
the sphere; wt assume ideal gas behavior to calcu­
late the gus rressuic and volume. 

In She model calculations it is assumed that 
once the sphere reaches 1000CC the glass viscosity 
becomes low enough that the internal and exter­
nal gas pressures are in equilibrium; i.e. 

P, (30) 

where i is the surface tension of the glass and ./„ 
is the diameter of the sphere. H ing fused, the 
permeability of the glass decrc ".es so that no sig­
nificant mass tiansfer occurs across the wall dur­
ing the short residence time in the furnace. 

In the molten state, the radius of the sphere 
changes with the change* in temperatures accord 
ing to the ideal gas law 

(£)' <3P 

As the sphere changes si/e, its termina1 velocity 
also changes. However, the period of time needed 
to accelerate or decelerate to terminal veloutv is 

Table 10. Summary of various stages in microsphere glass fusion and the associated governing 
equations used in model calculations. 
Fusion 
sta„e Physical desc r ip t ion 

Trans i t ion from d r y i n g <.one to fusion zone ; 
c o n t i n u e d di f fus ion of wa te r vapor ou t a n d 
purfje gas in . 

G o v e r n i n g e q u a t i o n s 

veloci ty: r , 
N ' P P P K 'Wp 

dm ••*-, „ 
mass t ransfer : - h.t.Lr. A i /> 

dt r„ K * s % 

SJieJJ col lapse a n d r e f in ing . 
, . dv 3 C > r-

velocity: -— - t" ~ 

Snel l sol idi f icat ion a n d cool d o w n . 

mass t r a n s f e r • 
dm. ,LP.M 

alkal i loss: — ' - zDi h, — - - -
/it p A 1 RT 

heat t ransfer : s a m e as 1 

8 \Pr ~ V D'r veloci ty : vT = i _ _ ! _ _ L ; u e •-- 0.4 

dm 
m a s s t ransfer : - — = 0 

dt 

D • Re > 0.4 

hea t t ransfer : s a m e as 1 
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short (<0 .1 s) compared to the time in the 
furnace. 

Although gas flux through the sphere wall is 
assumed negligible, mass loss due to alkali volatil­
ization is not. We have treated this in the same 
way as water loss during the drying step. Unfortu­
nately, good estimates of an effective mass-
transport coefficient (/iA) can only be obtained by 
fitting the alkali loss data. Therefore extrapolation 
of the model predictions of alkali loss to other 
temperatures should be done with caution. 

As the sphere exits the furnace and cools, it 
becomes rigid at about 1000°C and there is no 
further dimensional change. The heat loss from 
the sphere is so rapid that it can be assumed to be 
in equilibrium with the surrounding purge gas 
temperature. 

Input and Solution Method 
Apart from the data in Table 8, the input re­

quired to complete the model calculation is sum­
marized in Table 11. Reference values for the vari­
ous input parameters are also given in Table 11. A 
description of the reference system is given in the 
Reference System section later in this paper. The 
equations given in Tables 9 and 10 are then solved 
numerically using this input. 

For oi;r applications we are primarily inter­
ested in what occurs at various axial locations in 
the column, so the model is solved using incre­
ments in spatial location rather than time. The 
corresponding time at each step is then calculated 
from the particle velocity and step distance: 

', - ~ r• 'i , (32) 

Table 11. Summary of model input data and 
typical values used for the reference case. 

Input Value(s) 

Column temperature profile (K) (Sec Fig. 19) 
Droplet diameter (cm) 0.027 
Droplet initial solids content (wt%) 18 
Concentration at film over (wt%) 52 
Solution density (g/cnv1) 1.14 
Ini'ial droplet velocity (cm/s) 700 
Initial droplet temperature (°C) 25 
Prop'.et frequency (Hz) 7000 
Selection ratio 35/1 
Inlet flow rate (Umin, STP) 2.4 
Inlc. water vapor content (vol%) 2.7 

The size of the steps can be given any arbitrarily 
small value; a value of 1 cm is used for the work 
described here, which provides sufficient detail 
and still allows rapid calculational speed. The va­
lidity of this step size was proven by f-" standard 
method of using smaller steps and finding no 
change in the solution. 

In general the model contains sufficient phys­
ical detail to simulate accurately the process, yet is 
simple enough to be used on any small, labora­
tory computer system. This provides the experi­
mentalist with a rapid means of analyzing his data 
during the course of the experiments and making 
further variations on the basis of these results. 

Results from Model Calculations 

In this section the results from several model 
calculations are summarized. We begin by dis­
cussing a reference case and then examine the ef­
fects of changing various process parameters on 
the final sphere product. 

Reference System 
For our reference system we assume an initial 

droplet of 270 pm in diameter of our standard al­
kali silicate glass solution (18 wt% solids). The 
other input values for this calculation are summa­
rized in Table 11. Note that the reference system 
has no particular significance other than as a test 
case with which to compare changes in process 
conditions. The droplet system operates over a 
wide range of size and frequency conditions so 
any number of possible reference cases are 
possible. 

Typical output from the model calculations 
includes the droplet/sphere dimensions, velocity, 
temperature, and composition (solid, liquid, and 
gas) as a function of either time or distance down 
the column. Examples of results for the reference 
system are plotted in Figs. 35 and 36. 

It is interesting now to compare the model 
predictions with the • xperimental observations 
that were given in a previous section. The initial 
droplet velocity is ~700 cm/s as it leaves the gen­
erator. The droplet rapidly decelerates to terminal 
velocity over about the first 0.5 m as shown in 
Fig. 35. During this time water is evaporating and 
the droplet decreases in diameter from 270 to 
about 230 pm. The drop remains at the adiabatic 
saturation temperature of approximately 40 to 
45°C. The slight increase in temperature during 
this time results from the small decrease in vapor 
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Fig. 35. Results for model calculations as a function of dis­
tance down the column for the "reference system." The plots 
show (a) droplet diameter (pm) and input furnace profile CO; 
and <b) the droplet velocity (cm/s) and droplet temperature 
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pressure associated with the change in solution 
concentration (Fig. 36). 

After the droplet has fallen about 1.5 in, the 
solution concentration reaches saturation (i.»., 
52 \vt°it solids) and a film begins to form. With the 
formation of the film, the evaporation rate is re 
duced and the temperature rapidlv increases from 
the adiabatic saturation temperature to the solu 
tiart boiling point {Hg. 35). 

Once the solution begins to boil, a but-ble 
forms and grows within the droplet. This in turn 
causes the terminal velocity to fall off dramatically 
[Fig. 35(b)]. After all the free water has evapo­
rated, the temperature of the sphere rapidlv in­
creases to that of the surrounding gas. From this 

Fig. 36. Results from model calculations as a 
function of distance down the column for the 
"reference system." The plots show (a) the so­
lution composition and (b) the bubble compo­
sition and pressure. 
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point on, the sphere temperature remains equal to 
that of the furnace gas. 

The calculated diameter of the hollow, un-
fused sphere that is formed by the end of the dry­
ing step is about 1400 nm. This is in good agree­
ment with our experimental observations of 1300 
to 1450 Aim. We have assumed in the model that 
the sphere has sufficient strength so th t i it does 
not collapse as water vapor diffuses out (Fig. 36). 
Counter diffusing into the shell, although at a 
much slower rate, is the argon purge gas. 

The sphere now slowly drifts from the drying 
zone to the fusion furnace. As it does, argon con­
tinues to diffuse in through the thin shell wall. 
The time spent in this transition region is critical 
since it controls the size of the final sphere (via 
the internal gas pressure). Note also that by the 
time the sphere enters this zone it must be thor­
oughly dry. If it isn't, the rapid evaporation rate 
caused by the sharp change in temperature would 
rupture the shell. 

As the unfused sphere heats, the glass viscos­
ity drops dramatically. By the time it reaches 
900°C, the viscosity is low enough that the sphere 
undergoes rapid and uniform collapse [Fig. 35(a)]. 
Because of the corresponding reduction in drag 
and increase in density, the sphere also acceler­
ates and soon reaches a higher terminal velocity 
(~40cm/s). • 

At this stage the glass is fluid enough that it 
can respond to changes in internal gas pressure. 
Thus increasing the temperature up to 1500°C 
produces a slight increase in sphere diameter. 
Similarly as the sphere exits the furnace region, 
the size decreases slightly until at about 1000°C 
the glass becomes rigid and no further flow is pos­
sible. The final pressure in the sphere after cool 
down is about 0.2 atm, in good agreement with 
measured values. 

The residence time for the sphere in the vari­
ous segments of the furnace is shown in Fig. 37; 
we plotted the droplet/sphere axial position as a 
function of time. Note that the total residence 
time in the furnace is approximately 27 s, which is 
also in good agreement with experimental 
observations. 

Effects of Various Process Parameters 
Besides being used to simulate microsphere 

formation for a given set of operating conditions, 
the model can be used to study the effects of 
changing various parameters while holding others 
constant. This allows one to evaluate methods for 
making various sphere sizes as well as determine 
the operating limits of the apparatus. 

For a given droplet size, changing the solu­
tion concentration produces a corresponding 
change in sphere siz<. and wall thickness (Fig. 38). 
Increasing the concentration increases both the di­
ameter and wall thickness. The reason for this is 
that the final sphere size is dependent on the 
droplet size at the film-formation point (i.e., 52 
wt% solids). The higher the solids concentration 
of the initial droplet, the larger the droplet size at 
the point of film formation and, thus, the larger 
the sphere. We have confirmed this prediction ex­
perimentally; we currently use slight variations in 
solution concentration to fine tune sphere diame­
ter and wall thickness. 

Increasing the droplet size (Fig. 39) also 
changes the product sphere size. Note that the 
product sphere diameter goes through a maxi­
mum (Fig. 39). Above a droplet size of about 
230 urn, the sphere spends less time in the 
drying/gas diffusion region resulting in lower gas 
pressure within the sphere. For very large droplets 
(>300jim) the product quality declines. Usually 
increasing the drying rate (by increasing column 
temperature or purge-gas thermal conductivity) 
will allow larger droplets to be handled and still 
maintain good product quality. 

Varying the purge-gas composition can affect 
all stages of the microsphere process because it 
changes both the heat transfer/drying characteris­
tics and the sphere size (via permeability). Two 
examples are given here although similar calcula­
tions could be run for any number of gases. In the 
first case we changed the purge gas to 100% he­
lium. Helium has about an order of magnitude 
higher thermal conductivity than argon, and the 
helium permeability through glass is very high 
(see Fig. 9). The net effect of He addition is that 
the droplets dry extremely rapidly. Note that since 
the model does not contain failure modes it pre­
dicts the formation of large, thin spheres (Fig. 40), 

a r—1 1 1 1 1 I 1 ! 1 | • 1 r-7-i 1 
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Fig. 37. Axial position in the column as a 
function of time for the reference droplet dry­
ing case. 

37 



10 15 20 25 

Solution concentration (wt %) 
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details). 

a l t h o u g h in rea l i ty these s p h e r e s wou ld 
undoubtly rupture and remelt to solid spheres. 
Smaller concentrations of He in argon would pro-
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Fig. 41. Effect of steam additions to argon 
purge gas on (a) drying distance and (b) final 
sphere size. 

duce smaller changes in thermal conductivity and 
also correspondingly larger internal gas pressures. 
Although we have not used He/Ar purge gas mix­
tures in the glass work, we have used these mix­
tures when making polyvinyl alcohol spheres; the 
model simulations agreed quite well with our ob­
servations for those experiments (see Ref. 73). 

During the course of our work with glass, we 
found that small additions (3%) of steam to the 
purge gas help the refining of the spheres. The 
model does not contain details of glass flow dur­
ing refining so we could not simulate the effects of 
steam on this step. However, we did simulate its 
effect on the drying stage (Fig. 41). Shown here 
are data for 20 vol% steam addition. Steam has 
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the effect of slightly retarding the drying rate (be­
cause AP H 0 is smaller—see Table 9) ultimately 
producing slightly smaller, thicker walled spheres. 

The model can be used to simulate changes 
in any number of process conditions. Above we 
have presented only a few examples to help illus­
trate the value of the model for simulating the 
effects of certain process parameters. As with all 

models, however, the predictions are only as good 
as the accuracy with which the physics and chem­
istry of the process are represented. The model 
presented above is quite simple and could indeed 
be made more rigorous. In fact, perhaps one of the 
greatest values of the model is to point out those 
areas of the process that are not well understood 
and need further experimental study. 
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Appendix A 
Droplet Formation, Charging and Deflection: A Simplified Analysis 

The physics of droplet formation from a fluid jet has been studied for many years . A l " A 3 In this 
appendix, the basic principles of droplet formation are used to present a simplified description of our 
present droplet generator system. 

Many of the relationships used in our analysis are taken from the original work by Rayleigh as 
applied by Sweet to the formation and deflection of ink j e t s . M Sweet's paper is particularly valuable 
because it provides good physical insight to the droplet formation process, coupled with a set of simple 
design/operation equations that can be used to predict the performance of a particular generator system. 
These relationships provide a means for rapidly evaluating the effects of various process variables without 
extensive experimentation. 

Jet and Drople t Formation 

A schematic diagram of our droplet generator during operation is given in Fig. Al. Details of the 
various generator components have been discussed in earlier sections of this report as well as in previous 
publications by Hendricks et a l . A 5 A 6 

The alkali glass solution is fed to the droplet generator under pressure and forms a cylindrical jet as it 
is forced through an orifice. The jet is broken up by applying small velocity perturbations to the stream 
using two piezoelectric ceramic disks. These piezoelectric ceramic disks use an oscillating voltage source 
set at the desired droplet formation frequency. 

Typical uperating conditions for our droplet system are summarized in Table Al. These conditions are 
used for preparing glass spheres in the 170 to 250 pm region and will differ somewhat from those needed 
to pioHuce other size spheres. 

The total fluid pressure needed to operate the generator is the sum of the pressure drop (PF) due to 
fractional loss as the liquid flows through the external tubing, generator housing and orifice and the 
pressure (P^) associated with the kinetic energy of the jet: 

APT 
AP r + AP K , (Al) 

Liquid inlet port 

Piezoelectric transducer 

Drive signal electrode 

Piezoelectric transducer 

Direction of fluid flow 

Orifice plate 

Fig. Al. Schematic diagram of droplet generator showing the main driver system and expanded 
view of liquid jet region. 
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Table Al. Typical droplet generator operating conditions 
and related system properties for production of glass solution 
droplets. 

Measured value 

Generator system 
Driving frequency (/d) 7830 s" l 

Liquid feed pressure (APT) 7psi 
Orifice diameter <dD) 119 nm 
Initial jet diameter (rf0> 119 am 
Drop spacing* (A» 950 ± 20 tim 
Drop size ldd) 279 ± 10 ttm 
Disturbance wavelength (M 950 ± 20 nm 
Deflection plate potential (Vd) 2000-3000 V 
Deflection field (£'d» S000-.2Q00 Vfcm 
Approximate orifice-vibration amplitude iAB) 0.3 urn 
r>rop spacing-tn-'fet diameter ratio (X/d0) 8.25 
Jet breakup distance iXt) 0.7-1.0 cm 
Jet length inside charging electrode (Xf) —0.5 cm 
Spacing across charging electrode (Xr) 0..; cm 

Solution properties 
Density (p,) 1.11 g/cm s 

Viscosity (fi() 2.8 cp 
Surface tension (<r(> --70 dyne/cm 
Volume resistivity (i?f) 9.00 ohm-cm 
Mass fraction solids («i4) 0.146 

' Also equal to (he disturbance wavelength. 

The jet velocity (i>j), 

»i = \ i /d< (A2) 

is calculated to be 695 cm/s from the data in Table Al where Xd and fd are the wavelength (cm) and 
frequency (s ~') of the disturbance, respectively. Thus, the pressure drop associated with the kinetic energy 
of the jet, 

AP K , 
P<Vf 

(A3) 

is 2.7 X 105 dyne/cm 2 (3.9 psi) for a fluid density (p,) of 1.11 gm/cm 3. 
The flow rate, 

irdlv, 
(A4) 

is calculated to be 7.7 X 10" 2 cm 3/s based on the measured jet velocity and an orifice diameter (d0) of 
0.0119 cm. Note that all of the material within a given perturbation wavelength eventually forms a droplet 
(see Fig. Al). Consequently the size of liquid droplet can be calculated from a simple mass balance 

vdi irrf'Xp, 
(A5) 
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where rfd is the radius of the drop. From this equation the droplet diameter was ralculated to be 266 iim is 
a good agreement with our optically measured value of 270 ± 10 ^m. 

Rearranging Eq. (A5) provides a useful relationship for estimating the droplet diameter for a given 
orifice diameter and perturbation wavelength, 

3 \ \<" (A6) 

This equation is plotted in Fig. A2. For comparison, our measured dd/d0 value was 2.35, which is in 
excellent agreement with the predicted value of 2.31. 

The measured ftJed solution pressure is 7.0 psi hence, from Eqs. (Al) and (A3), the pressure drop due 
to frictional loss for our generator is 3.1 psi. It is obvious from the design of the system that most of this 
loss occurs across the orifice plate. For an incompressible fluid, the rate of flow (q) through an orifice is 
related to the pressure drop (AP0) by A 7 : 

q =C /1 
2A/>„Y« 

Pi 
(A7) 

where A is the orifice area, and C the flow coefficient for that particular orifice plate. In principle the flow 
coefficient, C, can be estimated from the ratio of the orifice-to-upstream pipe diameter and the Reynolds 
number.A 7 Usually, however, this is only approximate and C should be determined by calibration. Based 
on our measured flow rate, orifice area and pressure drop (3.1 psi), C is determined to be 1.12 for this 
orifice plate. For comparison, this value is about 50% greater than C determined from published correla­
tions based on the feed-pipe Reynolds number and the ratio of orifice to feed-pipe diameters (see Ref. A7). 

Note that combining Eqs. (Al)/ (A3), and (A7) gives a useful expression relating the feed pressure and 
jet velocity for this generator design 

-̂m-
2 (M 

(A8) 

8 10 

X/rf„ 

Fig. A2. Ratio of droplet-to-orifice diameter W d /d 0 ) as a function of \lda. 
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The liquid jet that forms is in unstable equilibrium. Small perturbations in the radius of the jet will 
grow as a result of surface tension forces and ultimately cause the jet to break up into droplets. It follows 
that if regularly spaced perturbations can be applied to the jet then these win ultimately cause the stream 
to break up into uniform droplet" * 

In order for the perturbation to grow, the wavelength of the disturbance, as measured along the jet 
axis in Fig. Al, must exceed ird0 where d0 is the jet diameter at the orifice.'" 

Rayleigh showed that small sinusoidal variations in the jet diameter will grow exponentially as they 
travel down the axis of the je t , A 2 , A 4 i.e., 

A, = / „ exp (f/i j) 
(A9) 

= A , e X P f e ) ' 
where A„ is the initial amplitude of the radial perturbation, and At is its value at time, /, or axial position x. 
The time constant for the growth of the disturbance, Td, is given b y A 2 , v l 

• - * & ) " • 

where er, is the surface tension of the liquid. /, is the instability factor derived by Rayleigh. The value of /, 
is plotted in Fig. A3 as a function of \/d0. Note that the maximum perturbation growth rate, which is equal 
to the maximum I,, occurs at \/d0 = 4.5 and, as stated above, for a disturbance to grow, X/da must be 
greater than IT. For our current operations we typically opuate at a r/d0 value near 8.0 (see Table Al). 

The breakup of the liquid jet into droplets will occur at the point where the disturbance amplitude, At, 
has grown to a value equal to the initial jet diameter. The axial distance down the jet where this will occur 
can be calculated either from Eq. (A9) or determined directly from Fig. A4. 

For example, given the particular generator conditions in Table Al, I, has a value of about 0.23 (see 
Fig. A3). Therefore, fro-, the tabulated properties of the glass solution (Table Al), r d is calculated to be 
2.4 x 10" 4 s [Eq. (A10)]. The amplitude of the initial perturbation to the liquid jet can be estimated from 
strain developed by the two piezoelectric ceramics at the peak osillator voltage. The strain (d 3 3) is 
3.74 X 10~ , 0 m/V for each piezoelectric, or at our driving voltage of 400 V, about 0.15 /im per ceramic disk. 

Assuming an initial perturbation of 0.3 /im then At/A0 must grow to 382 to break the 119 pm jet into a 
droplet. From Fig. A4, this corresponds to X/(Dj Td) of about 5.9. The distance down the jet where breakup 

0.4 

0.3 

-r 0.2 

0.1 

0 
2 v 5 10 20 50 100 

\ld0 

Fig. A3. Rayleigh instability factor, lfl plotted as a function of A/rf„.A4 
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?-

Fig. A4. Growth of disturbance amplitude as a function of distance down the axis of the fluid jet. 

occurs (i.e., Xb) is predicted to be 0.98 cm. The experimentally observed breakup distance is between about 
0.7 to 1.0 cm, in good agreement with this prediction. The distance down the jet must also be an integral 
multiple of the disturbance wavelength. Note that in this case the predicted length is about 10A and thus 
satisfies this condition. The range in breakup distances that we observe probably depends on how close 
we are to a resonant frequency of the generator system. 

It is important to realize that the above Rayleigh-type analysis is for an inviscid ideal laminar flow jet. 
In reality the characteristics of the jet also depend on the design and machined qualir -' of the orifice or 
nozzle and, in certain cases, the material from which it is made. Also, for highly viscous fluid, a more 
rigorous treatment is required. Consequently, the above analysis can provide useful estimates (for low 
viscosity fluids) of nozzle performance for design purposes, or the effects of certain system parameters. 
However, without some experimental verification, one cannot expect to predict quantitatively f he opera­
tion of any given nozzle for a broad range of operating conditions. 

Droplet Charging and Deflection 

Although the size is correal, the rate at which drops are formed by the droplet generator is too rapid 
to be fed directly to the processing oven. The droplet spacing is so close that durine the course of their fall 
through the oven, numerous inter-droplet collisions occur that ultimately produce glass spheres of the 
wrong size and with a wide dimensional spread. To alleviate this problem, a method was developed by 
Hendricks and DresslerA 5 for charging and deflecting most of the droplets formed by the droplet genera­
tor. Thus orly a few drops, at large inter-droplet spacings, enter the heated column. 

The charging and deflection section of the generator is shown schematically in Fig. 15 of the main 
text. The charging electrode is located below the orifice plate at a point such that jet breakup occurs within 
the envelope of the ring. 

The magnitude of the charge, 0 d , that is induced on the droplet can be estimated from the 
expression A 4 

C V (All) 
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where Ve is the potential between the charging electrode and ground and Q, is the capacitance between 
the electrode and droplet. The capacitance for this charging geometry i s A J 

2:rtnA 
C„ = — r - 2 - ^ . (A12) 

4X„-, nte 
where Xt, is the spacing across the electrode envelope, which is —0.4 cm for our case, e(1 is the permittivity 
of free space (8.9 X 1 0 " , 2 farad/m), and the other variables have the same definitions as given previously. 
For a disturbance wavelength and jet diameter of 950 and 115 ;im, respectively. Q. is calculated to be 
1.4 X 10 ~ , 4 farads. A potential of +220 V is applied to the charging ring during operation which, hov 
Eq. (All), gives the droplet an induced negative charge of about 3.1 x 10 i : '-oul 

During operation, the charging ring is sv. itched off and on at regular intervals allowing some droplets 
to pass through the ring uncharged. Typically, 1 out of 30 is uncharged. Therefore, when the droplets 
enter the deflection region, 29 of the 30 are deflected and caught in a fluid aspirator, and the remaining 
uncharged sphere passes down into the heated column. For the droplet to develop sufficient charge, it is 
important that the charging rate be greater than the droplet formation frequency. The time required to 
charge a drople1 can be estimated by treating the system as a simple RC circuit; thus 

T, = Rj Cj , (A13) 

where R> and Cj are the resistance and capacitance of the >et, respectively. 

The capacitance of the jet can be estimated using an expression similar to Eq. (A12), i.e. 

2vtnXc 

C i " ; j 5 ) • 
W o / 

where Xt is the length of the jet inside the charging electrode. Because the droplet generator and orifice 
plate are stainless steel, the major resistance in the circuit is in the liquid jet which can be simply approxi­
mated by 

Rf*h 
Rj = -H1- , (A15) 

where X b is the length of the jet, r 0 the radius of the jet at the orifice and Rt volume resistivity of the fluid. 
For our particular generator, the values of the various dimensions needed for Eqs. (A14) and (A15) are 

given in Table Al. The quantities are based on typical operating conditions used to produce nominal 170-
to 250-jum hollow glass spheres. The volume resistivity for our glass solution has not been measured; 
however, because the solution is a highly concentrated electrolyte, one can estimate this from measured 
values for other solutions of strong electrolytes. For the purposes of this calculation, we have assumed a 
volume resistivity equivalent to that for a 1 molar KCl solution at 25°C A 8 , i.e., 8.95 ohm/cm. This is 
probably a conservative estimate of Rt because our solutions contain strong electrolytes with a total 
concentration greater than 1 molar. 

Using the values in Table Al and a volume resistivity of 8.95 ohm-cm, <~ and Rj are estimated to be 
7.4 X 1 0 " ! 4 farad and 4.3 X 104 ohm, respectively. This corresponds to a circuit time constant, T ( of about 
3 X 10~ 9 s. Since the drop period (/J 1) is 1.3 X W~4 s, then ii is clear the chcrging rate is very rapid and 
no problem should be encountered in charging the droplets. Note, however, that this may not always be 
true. For very narrow jets and/or high volume resistivity fluids (e.g., organic solvents) the charge time 
may become sufficiently long to prevent adequate charge development on some or all of the droplets. 

The charged droplets are deflected and collected using a set of parallel electrodes located beneath the 
charging ring (Fig. 15 in main text). One of the electrodes is connected to ground and the other held at a 
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negative potential of 2000 to 3000 V. The spacing between the electrodes is about 0.3 cm resulting In an 
electric field of 8 to 12 kV/cm. 

The force (F) exerted on the droplet in the deflection electric field (£) is given by 

F = E 0 d , (Alt.) 

where 0 d is the droplet charge. This force produces a transverse acceleration of the droplet: 

„ Y = ^ = ^ (A17) 
»'d ' " d 

that results in a parabolic trajectory through the deflection electrode region. The trajectory coordinates are: 

(A18) 

where vd is the drop velocity normal to the electric field and md, the drop mass. Because the vertical 
velocity component is approximately constant, then the magnitude of deflection (y) at any given vertical 
position (Z) in the electrode region is 

y = | ^ T • (A19) 

We calculated the trajectory of tUe drop through the deflection electrodes based on the operating 
conditions given in the earlier part of this section. During operation we observed that the vertical travel of 
the drop before it hits the collector electrode is about twice the calculated distance. From Eq. (A19) this 
would imply that the drop charge is about half the value we calculated (note the other parameters in 
£q. (A19) can be measured directly). This could possibly result from some charge leakage from the drop 

Table A2. Summary of calculated operating characteristics 
for glass solution droplet system. 

Z = !>„/ 
and 

y = \/2a/-
2m<i 

)et formation and breakup 
Jet velocity iv^ 695 cm/s 
Fluid flow rate (?) 7.7 X 10 2 cm J/s 
Drop diam <rfd> 266 jim 
Drop-to-orifice diam ratio id6fd^ 2.31 
Jet breakup distance (Xb> 0.9K cm 
Pressure drop; kir-etic (PK E) 3.9 psi 
Pressure drop; oritice <PF) 3.1 psi 
Orifice plate coefficient (C) 1.12 
Disturbance growth time constant (rd) 2.4 X 1 0 * s 

Drop charging/deflection 
Drop charge (4>d) 3.1 X 10 _ l 2 coul 
Jet resistance <Rj) 4.3 X 104 ohm 
Jet capacitance <C(> 7.4 x 10*"farad 
Charging time^r.) 3.0 X t0~9 s 
Vertical deflection length (z) 0.34 cm 
Horizontal deflection length <y) 0.25 cm 
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during travel between the charging and deflection electrodes or lower charge generation on the drop than 
is predicted by our simple analysis. 

A summary of all the operating characteristics of our droplet generation that were calculated in this 
section is given in Table A2. These results, combined with the data in Table Al, provide a fairly complete 
description of the performance of our droplet generator system. 
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Appendix 6 
Microsphere Formation: Back-of-the-Envelope Calculations 

In many instances one would like to evaluate the effect of changing various parameters on the liquid 
droplet process without having to run a complete model calculation. This is particularly true when eval­
uating new column/process designs, extrapolating to larger (or smaller) sphere sizes and trouble shooting 
daily operations. 

Designing and sizing equipment for use in droplet drying experiments also requires estimates of the 
times, or duration of the major process steps, as well as velocity of the droplet during that time. The 
product of these two values determines the axial length of column needed to complete that step. 

In this appendix we outline simple methods for estimating different characteristics of the process 
(e.g., droplet drying time) and also an example of the application of these to hypothetical design and 
operating problems. 

I. Est imates of Drople t D r y i n g T i m e 

The approximate time req'iired to dry a water droplet down to the point of film formation is easily 
estimated via the expression 

' 1 = 8 M T ( B 1 ) 

where f, is time in seconds, p0 the density of the solution (g/cm 3), AHV the latent heat of water (cal/g) at 
the wet bulb temperature and k, is the thermal conductivity of the gas boundary layer (cal/cm-s-K). D 0 

and D ( refer to the droplet diameter initially and at the point of film formation, respectively. AT is the 
temperature driving force across the boundary layer: 

AT = Tg - Ts (B2) 

where T g is the purge-gas (furnace) temperature and T s the adiabatic saturation, or wet bulb temperature. 
Ts is easily estimated from a psychrometric chart knowing the water vapor load in the purge gas. 

Equation (Bl) is derived from a simple energy balance on the droplet. Assuming equilibrium between 
the rate of heat and mass transfer then 

*!L = JL-£Q=j!±.AAT , (B3) 
dl AH,, it AHV

 l ' 

where liq is the overall heat transfer coefficient [given by Eq. (19) of the main text], and A is the area (irD2). 
The mass (m) of the particle is 

in = />-£- (B4) 

which, when substituted into Eq. (B3) gives 

dm lmD1(dD\ \{*D2)AT 
7T = ~ U 7 = AHV

 ( B 5 ) 
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or, in terms of D, 

(B6) 
lit pAH,. 

As discussed in the main text, the convective heat transfer coefficient is given by 

= ^ [ 2 f 0.6(Re) 1 / 2(Pr) 1 / 3] , (B7) 

where kf is the thermal conductivity and Re and Pr, the Reynolds and Prandtl numbers, respectively. 
Combining (B6) and (B7) and integrating gives the well known expression" lor the drying time to film 
formation, f,: 

M H V f", D 

' ' J 3 2/^! .„^ + 0.6(Re)"-W*] r f D • < B 8 ) 

Note that the Reynolds number is a function of D and v so must be included in the integral. In the case of 
a still gas (i.e., Re = 0) then Eq. (B8) can be integrated to give (Bl). For most of our cises the Reynolds 
number is small so Eq. (Bl) gives a good estimate of the drying time. 

In the event the Reynolds number is significant then the integral in Eq. ('. ;) must be evaluated. 
Masters"1 and Duffie and Marshall 6 5 have tabulated values of this integral for use in such cases. 

Once the film forms around the droplet, a simple analytical expression of drying time is difficult to 
obtain. Ranz and Marshall 6 6 have suggested the following expression based on empirical results from 
drying a large number of different materials: 

AH..D7 p, W, 
f, « ——-—- , (B9) 

density and weight fraction solids at the point of film ovpr. Combining (Bl) and (B9) gives an estimate for 
the total drying time, / d j 

Ppl - D?) ptfW, 1 
SAT + T 2 A r d ' ( B 1 0 ) 

For our system, accurate estimates of the time to dry down to the point of film formation are essential 
for proper design of the column length. This is because during this time the drop velocity is highest. Once 
the film forms and the shell starts to blow, the velocity drops dramatically (see main text). Thus, large 
errors in estimating the second stage of drying, for example, t2, Eq. (B9), will have only small effects on 
sizing the equipment. 

It can easily be shown that the ratio of initial droplet diameter to the diameter at the point of film 
formation is 

D, U ( 1 - / H 2 O ) T / 3 

srR^4o)J • (B11) 
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where /£ 0 and ff,,o a r e m e weight fractions of water in the initial solution and at the point of film 
formation, respectively. As discussed in the main text, film formation occurs at about 50 wt% solids for our 
glass solutions. 

Using a standard psychrometric chart and the results in Fig. Bl, it is now possible to estimate drying 
times for small droplets of glass solution. For example, given a 230-jim droplet of an 18 wt% glass 
solution, the drying time in a 200°C column is quickly estimated from Eq. (BIO) to be: 

(540 cal/g) 
(6.14 X 10" 5 ca l / s cm 

fl.15 g/cm 3 (0.023 cm)2 - (0.0152 cm)2 

8(200°C - 45°C) 

1.50 g/cm 3 (0.0152 cm)2 (0.48) 
12(200°C - 100°C) 

(B12) 

/ — 3.6 s , 

where I, ~- 2.4 s and ( 2 ~ 1.2 s. 

II. Drop le t /She l l Fall Veloc i t ies 

Deceleration 
The droplet leaves the generator at a speed much greater than its terminal velocity (see Appendix A). 

Consequently in the upper region of the drying column the droplet rapidly decelera es. Estimates of the 
fall distance during deceleration can be derived from a simple force balance 

m $ + C i'" (B13) 

where m is the droplet mass in grams, g the acceleration of gravity (980.6 cm/s 2) and v the droplet velocity 
(cm/s). C is a constant that relates the friction drag force to the droplet velocity. At large Reynolds 
numbers (>500) the drag force increases with the square of the droplet velocity (i.e., n = 2) whereas at 
intermediate (0.5 < Re < 500) and low values (<0.5), the drag force varies as v3'2 and v, respectively. For 
the case given here we assume n = 1, however a similar treatment can be used for the other velocity 
functions. In our simple analysis, evaporation is neglected, hence: 

d{mv) dv 

(B14) 

20 40 60 80 100 120 140 

Fig. Bl. Latent heat of vaporization for water as a function of temperature. 

53 



which, when equated with (B15) (assuming « = 1) gives 

dv c 
dx m 

At the terminal velocity (vt), the forces on the droplet sum to zero, therefore. 

(B15) 

(B16) 

Substituting (B16) into (B15) gives the differential equation 

v£-S>v-vt) , ax vt 

(B17) 

which, upon integration gives the desired result: 

(IP, - i>) + (»„ - pt) - r. In (B18) 

As an example, the terminal velocity for a 200-fim droplet of glass solution, is about 100 cm/? (see 
next section). Assuming it leaves the droplet generator at 700 cm/s, (see Appendix A) the velocity as 
function of distance down the column is easily calculated from Eq. (B18) (Fig. B2). The results show the 
droplet approaches to within 1% of terminal velocity after a distance of about 100 cm. 

Terminal Velocity 
The terminal velocity of a spherical particle can be estimated from 

4 S °{P ~ PB)' 
3 " « Q 

(B19) 

where p and p are the droplet/sphere and gas densities, respectively, and C d is the drag coefficient. 

700 _ ' I ' I ' I ' I ' I 1 I • _ 

600 -

_ 500 -
3. 400 -
5- -
'§ 300 

> 200 
-

100 
" Terminal velocity \ ^ 

n . i . i , i . i , i , i , 

0 20 40 60 80 100 120 140 

Distance (cm) 

Fig. B2. Droplet velocity as a function of distance. The droplet terminal velocity is assumed to be 
100 cm/s. 
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vt can be determined from a plot of the dimensionless quantities C dRe 2 and Re (Fig. B3) where 

Q R e 2 
4 g D 3 p 8 ( p - p 8 ; 

3 4 

and 

Re = 
pv,D 

(B20) 

(B21) 

J?g is gas viscosity. Note that C dRe 2 is independent of velocity. Therefore to find vtf first calculate C d Re 2 

from p, pff 7jg and D and then find the corresponding Reynolds number from Fig. B3. i>, is then calculated 
from Eq. (B21). 

Vy can also be calculated from Eq. (B19) if the drag coefficient is known. C d varies with Reynolds 
number as shown in Fig. B4. Although no single expressions have been fcund that represents C d at all Re 
values, C d can be estimated in different flow regimes by the following simple equations. 

24/Re Re < 0.4 (B22) 

C d = 10/Re l / 2 ; 0.4 < Re < 500 (B23) 

Q = 0.43 ; 500 < Re < 200 000 . (B24) 

Substituting these equations for C d into Eq. (319) gives the following well known equations for vt 

${p - p j r 7 

18, 
Re < 0.4 (B25) 

10" 
10" 10° 101 

Re 
10' 

Fig. B3. C d Re 2 vs Re for spherical particles. 
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Fig. B4. Drag coefficient (Cd) vs Reynolds number (Re) for a sphere. 
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(B26) 

(B27) 

Equations (B22) to (B27) and Fig. B4 can be used to estimate velocities for both drops and hollow shells. 
For thin walled hollow shells the density of the sphere is 

6 >,• Ps 

D (B28) 

where pf is the density of glass and f„ the wall thickness. 
To illustrate the use of the above method, we have calculated the terminal velocities of droplet.; and 

hollow glass shells in argon at 200 and 1500°C, respectively (Table Bl, Fig. B5). A size range of from 100 to 
1000 jum diameter has been used; the hollow shells are assumed to have an aspect ratio (/U,/D) of 0.025. 
Values for the viscosity and density of argon (needed to determine C d Re2) are given in Table 8 of the main 
text. 

We have used Fig. B3 to estimate Re from the values of C d Re 2 (see Table Bl). The terminal velocity 
was then calculated via Eq. (B21). The major limitation in this method is the accuracy with which one can 
read Fig. B3. 
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Table Bl. Estimates of terminal velocities for 
liquid droplets and hollow glass spheres in 200 
and 1500°C argon, respectively.* The density of 
the solution and glass are assumed to be 1.15 
and 2.4 g/cm 3 . 

l>£ 
QRe* Reb (cm/s) 

Droplet diam tern) 
100 16.1 0.65 20.8 
200 129.0 4.6 73.6 
300 435.0 11 117 
500 2010. 33 211 
800 8240 90 360 

1000 1.61 X 10' >100 490' 

Shell diam. (um> 
100 0.379 <0.1 3.3d 

200 3.03 0.12 12,7 
300 10.23 0.42 29.7 
500 47.4 1.8 76.3 
800 194 5.5 146.0 

1000 379 10.0 212.0 
J t | , r <200°C) = 3.2 X 10 J; ilA, (1500°C) = 5.8 X 10~ 4 

poise; p A r (200°C> = 1.0 X 10 '; p A t (1500°C) = 1.74 X 10~' 
g/cm3. 

b Estimated from Fig. B4 using the values of Cd Re* listed 
above. 

c Calculated from the Reynolds number unless otherwise 
noted. 

d Calculated via Eq. (B25). 
'Calculated via Eq. (13261. 
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Fig. B5. Terminal velocity for hollow glass spheres and liquid droplets of varying size. The hollow 
sphere aspect ratio (f w /D) is 0.025 for all diameters. 
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III. Effects of Droplet/Sphere Diameter on Column Length 

The results in the previous sections of this appendix provide an approximate means of scaling equip­
ment needed for preparing different size spheres. From Eq. (Bl) it is apparent that for aqueous glass 
solution of a fixed concentration the drying time is proportional to the following: 

, D 2 

' kAT 
(B29) 

Similarly for diameters of ~200 to 1000 nm, the droplet terminal velocity is directly proportional to D 

t't « D . (B30) 

It follows then that, to a first approximation, the length of column, x, needed to carry out this drying step 
is the product of these two quantities 

D 3 

It, AT 
(B31) 

The key point is that the length of column scales as D \ Therefore if a 1 m drying column is needed tu dry 
a 200-Mm-diam droplet to the film formation point, a 64-m-Iong column would be required to dry an 800-
^m-diam droplet assuming the same operating conditions. This effect is shown more clearly in Fig. B6 
where the calculated column length [via Eqs. (Bl) and (B26)] required to dry an 18 wt% solution droplet to 
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Drop diameter (jum) 
Fig. B6. Estimated column length needed to dry droplets of glass solution (18 wt% solids) to the 
film '.rmation point. Results are given for two inert purge gases (He and N2> and two temperature 
gradients (200 and 800°C). 
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the film point is plotted versus droplet diameter. The results are for N 2 and He purge gases. Although 
these are only estimates, the results show clearly that the drying column length soon becomes prohibitive 
for typical conditions. 

One way to reduce the drying column length is to increase the heat transfer rate by increasing either 
kf or AT or both. The effects of using He {much higher thermal conductivity; k, ~ 5.5 X 10~" cal/s • cm • K 
at 200°C) and a higher column temperature are shown in Fig. B6. The combined effect of higher tempera­
ture (AT — 800°C) and He could possibly extend the usefulness of our present column up to a droplet size 
of about 600 jim. -

One other way to reduce the drying time is to increase the droplet solids concentration. Unfortunately 
the droplet generator is currently limited to concentrations below about 24 wt% (because of viscosity 
effects) so this may be only a small effect. 

One can conceive of other ways to reduce the column length but generally these lead to other 
operating difficulties. For example, flowing a purge gas counter-current to the droplet will retard the fall 
velocity (in the column reference frame). However, once the droplet begins to form a sphere, the terminal 
velocity decreases drastically and the purge gas would then simply carry them back up the column. To 
overcome this would require introducing gas at some fixed point in the column and in a manner that 
would not disturb the fall of the sphere through that region. 

It is clear from the above simple analysis that our current droplet system is probably practically 
limited to droplet sizes below about 400 to 500 jim. Furthermore, the above treatment only examines the 
drying step. Some increases in length would also be required for the glass fusion region. 

One method of estimating the length of the furnace needed to refine the glass spheres is to assume 
that the glass viscosity ijg(T) divided by the sphere residence time (r r) at the furnace temperature must be 
less than some critical value, /3C, i.e., 

*gUft • (B32) 
rT[T) 

For our glass, the viscosity at 1500°C is about 100 poise (see Fig. 6 main text), and the residence time is 
approximately 4 to 5 s for a nominal 200-^m-diam sphere. This gives an estimate of ffc of about 20 to 25 
poise/s. Therefore, for a given furnace temperature, the length of the heated zone (Xh) would need to 
equal oi exceed the product of rt(T) and the sphere terminal velocity 

X h > T,(T) • v, . (B33) 

Since the terminal velocity is proportional to the sphere diameter then increasing the sphere size by a 
factor of four would require increasing the column length by four in order to satisfy Eq. (B32). For 
example, our current 1 m furnace can handle spheres up to ~200 to 300 fim. To treat materia! up to 1000 
pm would require roughly a 4 m furnace based on the above simple analysis. Surprisingly, this is the 
approximate size of the furnace we currently use to produce glass spheres up to 1000 <im in diameter from 
dried gel particles. 

Estimates of the zone length needed for gas diffusion after the unfused hollow shell has formed is not 
included here. This effect is minor since the terminal velocities for these shells is very low compared to the 
droplets and final glass spheres. Given the purge gas permeability, however, one could estimate it from 
Eq. (14) (main text) and the velocity equation in this appendix [Eq. (B25)]. 

Note that the results presented in this appendix are only designed to give back-of-the-envelope 
estimates of drying times, velocities, equipment sizes, etc. For more detailed analysis the model given in 
the m.'in text should be used since it combines into one set of numerical calculations all of the points 
discussed above. 
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