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SUMMARY 

Sponsored by the U.S. Department of Energy (previously the U.S. Energy 
Research and Development Administration), the Pacific Northwest Laboratory has 
been developing a heated-wall spray calcination process for drying high-level 
radioactive waste solutions and slurries. A key aspect of high-level liquid

waste spray calcination is waste-feed atomization by using air atomizing noz
zles. Atomization substantially increases the heat transfer area of the waste 
solution, which enhances rapid drying. 

Experience from spray-calciner operations has demonstrated that nozzle 
flow conditions that produce 70-~ median-volume-diameter or smaller spray drop
lets are required for small-scale spray calciners (drying capacity less than 
80 L/h). For large-scale calciners (drying capacity greater than 300 L/h), 
nozzle flow conditions that produce 100-~ median-volume-diameter or smaller 
spray droplets are required. Air atomizing nozzles have provided the neces
sary sized droplets for proper spray calciner operation with few problems. 
The spray droplet sizes produced are inversely proportional to the gas-to
liquid flow ratio both on mass basis and volume basis. Mass flow ratios of 
0.2 to 0.4, depending on nozzle size, are required for proper operation of 
internal-mix atomizing nozzles. 

Both internal-mix and external-mix nozzles have been tested at PNL. 

External-mix nozzles require a higher air-to-liquid flow than do internal-mix 
nozzles. Also, external-mix nozzles can produce a few large droplets at the 
center of the spray pattern at higher liquid flow rates, which may cause an 
accumulation of damp calcine on the calciner cone section. However, external
mix nozzles can be used with nonpressurized feed systems, such as air-lift feed 
systems, and do not experience the abrasive wear that occurs with internal-mix 
nozzles. Due to the lower airflow requirements and fewer large droplets pro
duced, the internal-mix nozzle has been chosen for primary development in the 

spray calciner program at PNL. 

Several nozzle air-cap materials for internal-mix nozzles have been tested 

for wear resistance. Results show that nozzle air caps of stainless steel and 
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Cer-vit® (a machineable glass ceramic) are susceptible to rapid wear by abra
sive slurries, whereas air caps of alumina and reaction-bonded silicon nitride 
show only slow wear. Based on extrapolated wear measurements, the frequency 
of nozzle replacement for reaction-bonded silicon nitride required as a result 
of excessive air-cap wear is >25 d and up to several months. This frequency 
depends on whether a straight-line extrapolation or a parabolic extrapolation 
is made from the test data. Actual wear measurements indicate that the wear 
rate occurs more rapidly the first 30 h and then decreases; therefore, a para
bolic wear-rate curve is indicated. Longer-term testing (>25 d) is necessary 
to determine more accurately the actual frequency of nozzle replacement. 

Atomizing nozzle air caps of alumina are subject to fracture from thermal 
shock, whereas air caps of silicon nitride and Cer-vit are not. Fractured 
nozzles are held in place by the air-cap retaining ring and continue to atom
ize satisfactorily. Therefore, fractures caused by thermal shocking do not 
necessarily result in nozzle failure. 
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INTRODUCTION 

The Pacific Northwest Laboratory (PNL) has developed under the sponsor
ship of the U.S~ Department of Energy the spray calciner to solidify liquid 
radioactive wastes. The spray calcination process is extremely versatile for 
drying widely varying waste compositions (Bonner, Blair and Romero 1976). At 
PNL, the spray calciner has been operated coupled to in-can melters and cera
mic melters for the production of a vitrified product, and has also produced 
calcine for pellets and associated alternate waste forms. 

One of the important phases in spray calcination is the atomization of 

waste feed by using spray nozzles. To prevent caking, the liquid waste must 
be dispersed into droplets small enough to dry before striking the spray-cham
ber wall or the cone at the bottom of the calciner. Good atomization increases 
the heat transfer area of the droplets and hastens their drying. 

In conventional spray drying, a secondary stream of heated air or steam 
conveys heat to the droplets being dried. Since the large volume of secondary 
gas required by this process becomes an additional effluent that requires 
decontamination, a heated-wall spray dryer has been developed. During opera

tion of this equipment, liquid waste is pumped to a spray nozzle and atomized 
with compressed air. The atomized droplets are then dried and partially cal
cined (converted to oxides) by radiative and convective heat transfer as they 
fall through the heated chamber. The wall temperature of the chamber is held 
between 400 and BOOoC, depending on the waste composition. Vibrators that 
impact against the sides of the spray chamber are periodically operated to 
minimize the hold-up of the dried powder. After passing through the heated 
spray chamber, powder entrained by the offgas stream is removed by sintered 
metal filters. A periodic pulse of blowback air, counter-current to the off
gas stream flow, cleans these filters. The powder removed from the filters 
falls through the cone section of the spray calciner and is discharged along 
with the powder that falls directly from the spray chamber. This process is 
illustrated in Figure 1. 
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This document summarizes the experience gained in the design, operation, 
and performance of atomizing spray nozzles used during the development of the 
spray calciner. Also, methods and results of thermal shock and wear tests for 
selected nozzle air-cap materials are reported. 
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CON CLUS IONS 

Conclusions drawn from spray nozzle design, operation, performance, and 
materials tests during the development of the spray calciner follow: 

• Steam, hot air, and ambient-temperature air have been evaluated as 
atomizing gases. Both steam and preheated air cause plugging in 
conventional internal- and external-mix nozzles. Therefore, ambi
ent-temperature air has been the gas used for atomization at PNL. 
However, if desired, steam or hot air could be used for atomization 
with an external-mix nozzle that uses internal nozzle cooling. 

• Nozzle cleanout assemblies are not required for nozzles with air-cap 
orifices of 0.64 cm or larger. 

• Compared to internal-mix nozzles, external-mix nozzles require a 
much higher air-to-liquid flow. Also, external-mix nozzles can pro
duce a few large droplets at the center of the spray pattern at 
higher liquid flow rates that may cause an accumulation of damp cal
cine on the calciner cone section. However, external-mix nozzles 
can be used with nonpressurized feed systems, such as air-lift feed 
systems, and do not experience the abrasive wear that occurs with 
internal-mix nozzles. 

• Nozzle flow conditions that produce 70-~ median-volume-diameter spray 
droplets or smaller are required for small-scale calciners (drying 
capacity <80 L/h). For large-scale spray calciners (drying capacity 
>300 L/h), nozzle flow conditions that produce 100-~ median-volume
diameter spray droplets or smaller are required. 

• The spray droplet size is inversely proportional to the gas-to-liquid 
flow ratio both on a mass basis and volume basis. 

• Increased solids loading decreases the spray droplet size. 

• Certain nozzle shapes cause excessive turbulence of the spray drop
lets that can result in dried solid accumulations. Nozzle designs 
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that aerodynamically improve the spray pattern have minimized solid 
accumulations on the nozzle and spray-chamber lid. 

• Nozzle-wear tests made using pilot-scale nozzles (0.32-cm air-cap 
orifice) have shown that nozzle air caps of stainless steel and 
Cer-vit are susceptible to rapid wear from an abrasive feed slurry, 
whereas air caps of 96% alumina and reaction-bonded silicon nitride 
show only slow wear. 

• Nozzle-wear measurements of full-scale nozzles (0.79 cm air cap ori
fice) of 99% alumina show wear rates similar to the 96% alumina 
pilot-scale nozzles (slow wear), whereas full-scale nozzles of sin
tered silicon nitride show higher wear rates than the pilot-scale 
reaction-bonded silicon nitride. The different methods of ceramic 
formation are expected to have caused the difference in wear rates. 
Based on physical properties, hot-pressed silicon nitride is expected 
to have superior wear resistance to even reaction-bonded silicon 
nitride (hot-pressed silicon nitride was not available for testing). 

• Nozzle air caps of 96 and 99% alumina are subject to fracture from 
thermal shock, whereas air caps of silicon nitride and Cer-vit are 
not. Fractured nozzles are held in place by the air-cap retaining 
ring and continue to atomize satisfactorily. Therefore, fractures 
caused by thermal shocking do not necessarily result in nozzle 

failure. 

• Maintenance for atomizing nozzles consists of occasional nozzle 
replacement due to gradual wear of the air-cap orifice. Based on 
extrapolated wear measurements, the operating life of a reaction
bonded silicon nitride nozzle is between 25 d and several months, 
depending on whether a straight-line extrapolation or a parabolic 
extrapolation is made. Actual wear measurements indicate that the 
wear occurs most rapidly in the first 30 h and then decreases; there
fore, a parabolic wear rate curve is believed to apply. Longer-term 
testing (>25 d) is necessary to determine the actual lifetime of a 
nozzle. 
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NOZZLE DESCRIPTION AND OPERATIONS 

In this section, types of atomizing nozzles are described and nozzle 
operating experience at PNL is discussed. 

INTERNAL- AND EXTERNAL-MIX NOZZLES 

Most atomizing nozzles fall into three general categories: pressure, 
rotary, and two-fluid. Some comparisons of these nozzles are listed in 
Table 1. Because of the simplicity (nonmechanical) and fine atomizing charac
teristics of the two-fluid nozzles, they have been chosen for development in 
the heated-wall spray calciner at PNL. 

Two types of two-fluid atomizing nozzles have been tested for the spray
drying of waste feeds: internal mix and external mix. In an internal-mix 
nozzle, pressurized liquid contacts with pressurized air in a small internal 

chamber. The fluid is then sprayed through an orifice (see Figure 2). 
Although the air velocity is very high, the liquid velocity is low. As a 
result of the shearing action of the high-speed air upon the slow-moving 
liquid, atomization occurs. 

Nozzle 
Pressure 

Rotary 

Two-Fluid 

TABLE 1. Comparison of Nozzle Types 

Design Features 
Source of atomizing 
energy is from fluid 
being atomized. 

Liquid is fed to a 
rotating surface. 
Liquid is thrown out 
at 900 to the axis 
of rotation. 

Gas impinges on flow 
of liquid and sup
pl i es energy for 
atomization. 

Advantages 
Simplicity and low 
cost. 

Rotating velocity 
determines drop size 
independently of 
feed flow. 

Liquid-flow passages 
can be 1 arge and, 
hence, minimized 
plugging; fine atom
ization possible at 
low feed pressures. 
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Dis advantages 
Limited tolerance for 
solids; susceptible 
to plugging due to 
small orifices; sus
ceptible to erosion. 

Mechanical complexity 
of rotating equip
ment; radial dis
charge. 

Because gas is also 
accelerated, energy 
efficiency is inher
ently lower than that 
of other nozzles. 
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FIGURE 2. Internal-Mix Nozzle 

An external-mix nozzle exhausts pressurized air around the liquid feed 
outlet and siphons the liquid through the nozzle (see Figure 3). The air 
impacts upon the liquid outside the nozzle to break the liquid into droplets. 
Operating an external-mix nozzle with a nonpressurized feed system results in 

a higher air-to-liquid flow velocity, and therefore finer atomization than 
that in the same nozzle with a pressurized feed system. 

ATOMIZING GASES 

Steam, hot air, and ambient·-temperature air have been evaluated as atomiz
ing gases in internal- and external-mix nozzles. Both steam and preheated air 
cause nozzle plugging in internal-mix nozzles by drying the waste in the nozzle 
(Bonner, Blair and Romero 1976). Conventional external-mix nozzles are also 
heated excessively by hot air or steam and can plug from waste dried in the 

nozzle. Therefore, ambient-temperature air has been the gas used for atomiza
tion at PNL. However, if desired, hot air or steam could be used for atomiza
tion with an external-mix nozzle if the nozzle is cooled internally to prevent 
the feed from drying in the nozzle. This has been demonstrated at Karlsruhe, 
Germany (Kanfmah et al. 1976). 
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Pressure and flow measurements of the atomizing air are important. 
In-cell measurements of the pressure and flow can be eliminated by sizing the 
air piping to minimize pressure drop and measuring both the pressure and flow 
at appropriate points in the out-of-cell air piping. 

For an internal-mix nozzle, a pressure switch should be interlocked with 
the feed-pump power supply to turn off the pump if the atomizing air pressure 
drops below a minimum value. This will prevent waste feed from being forced 
into the atomizing air-line if the nozzle air-cap orifice becomes plugged and 
the waste-feed pressure exceeds the atomizing air pressure. In addition, an 
anti-backflow device should be installed in the air line. This risk does not 
occur with external-mix nozzles. 

COMPARISON OF INTERNAL- AND EXTERNAL-MIX NOZZLES 

Compared to internal-mix nozzles, external-mix nozzles have a disadvan
tage in that a much higher air-to-liquid flow is needed for operation, which 
requires larger-capacity offgas treatment equipment. Also, external-mix 
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nozzles tend to produce a few large droplets at the center of the spray pat
tern at higher liquid-flow rates, which may cause an accumulation of damp cal
cine on the calciner cone section. The number of large droplets can be mini
mized by maintaining a sufficient liquid-siphon height. The necessary siphon 
height must be determined by testing for individual calciner chamber heights 
and for varied flow rates. In addition, since the waste feed must be siphoned 
by an external-mix nozzle, feeds with a large percentage of solids are more 
likely to cause plugging in external-mix nozzles than internal-mix nozzles. 

Despite these disadvantages, some advantages for the use of external-mix 
nozzles exist. A nonpressurized feed system, such as an air-lift-type feed 
system, can be used. This eliminates the need for a mechanical pump. Also, 
with an internal-mix nozzle, a ~all risk exists that waste feed can be forced 
into the atomizing air line if the air-cap orifice simultaneously becomes 
plugged and the pressure of the feed is exceeded. This risk does not exist 
with an external-mix nozzle. Finally, the abrasive wear experienced with 
internal-mix nozzles is not nearly as severe with external-mix nozzles since 
high-velocity air contacts with the waste feed outside the nozzle. 

Due to the lower airflow requirements and fewer large droplets produced, 
the internal-mix nozzle has been chosen for primary development in the spray 
calciner at PNL. 

FLOW AND SPRAY DROPLET DATA 

Atomizing-air and liquid-flow data at various pressures and for various 
sizes of internal- and external-mix nozzles are listed in Tables 2 and 3. 
Although these data are supplied by a nozzle manufacturer for water sprayed at 
room temperature, the data agree closely with flow measurements made for actual 
cal~iner operation with simulated waste feeds. These data serve only as a 
standardized reference since air- and liquid-pressure measurements for actual 
plant equipment will depend upon the location of the pressure sensors and 
additional system pressure drops. 
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TABLE 2. Flow and Droplet Size Data for Internal Mix Nozzles(a) 

Nozzle Sizes Mass 
Air-Cap Fluid Cap Liquid Liquid Air Air- Air Flow 
Orifice, Orifice, Pressure, Flow, Pressure, flow, Esti1ated Mass 

cm cm ~si ~ ~si SCFM MVD! b ~ Liguid Flow 
0.318 0.254 15(c) 20 100 

15(C) 22 80 
20 61 25 4.18 120 0.150 
20 32 30 5.3 50 0.362 
25(C) 30 130 
25(C) 35 60 

0.793 0.638 15 309 20 17.6 200 
15(c) 25 70 
20(C) 25 200 
20(C) 30 70 
20(C) 35 50 
25 436 30 22.5 250 0.113 
25 289 35 28.8 100 0.218 
25 173 40 35.3 50 0.446 

1.39 1.11 10 546 14 51 200 0.20 
10 387 16 61 110 0.34 
lO(c) 20 30 
15(C) 25 70 
20 750 26 72 255 0.210 
20 455 30 94 100 0.451 
20(C) 35 35 

(a) Data for water sprayed at room conditions. 
(b) MVD--Median Volume Diameter. Fifty percent of the total volume sprayed is made up 

of droplets with diameters less than the median value, and 50% are greater than the 
median diameter. 

(c) Outside of the manufacturer's recommended operating range; higher air pressures can 
cause discontinuous liquid flow. 

The estimated median volume diameters(a) (see Tables 2 and 3) for spray 

droplets were also supplied by the nozzle manufacturer for water sprayed at 
room temperature. Since it is not practical to measure spray droplet sizes 
inside a 8000 C calciner chamber, the flow conditions required to produce 
droplets small enough to dry before striking the spray chamber wall or cone 
section have been determined experimentally. These flow conditions have been 
correlated to the droplet sizes for water atomized at room temperature using 
Tables 2 and 3. For small-scale calciners (drying capacities less than 

(a) Median Volume Diameter--Fifty percent of the total volume of sprayed liquid 
is made up of droplets with diameters less than the median value. Fifty 
percent have diameters greater than the median value. 
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TABLE 3. Flow and Droplet Size Data for External Mix Nozz1es(a) 

Nozzle Sizes Mass 
Air-Cap Fluid Cap Air Air- Liquid Est imated Air Flow 
Orifice, Orifice, Pressure, Flow, Liquid {i~hon Flow, MVD Mass 

cm cm 2si SCFM Height, b cm L/h Range, >J Liguid Flow 
1.11 0.635 20 18.5 10.2 91 70-80 0.44 

20 18.5 20.3 55 50-60 0.73 
30 24.0 10.2 129 70-80 0.41 
30 24.0 20.3 98 60-70 0.54 
40 29.2 10.2 154 70-80 0.41 
40 29.2 20.3 124 60-70 0.51 

2.86 1. 59 20 105 10.2 452 200-250 0.51 
20 105 20.3 245 150-200 0.94 
25 120 20.3 336 150-200 0.78 
30 135 20.3 333 100-150 0.89 
40 165 20.3 429 100-150 0.84 

( a) Data for water sprayed at room conditions. 
(b) Liquid Siphon Height--Height of nozzle outlet above feed-tank liquid level. 

80 L/h), nozzle flow conditions are required that produce approximately 70-~ 
(median volume diameter) or smaller droplets when water is sprayed at room 
temperature. For large-scale ca1ciners (drying capacities greater than 
300 L/h), nozzle flow conditions are required that produce approximately 100-~ 
(median volume diameter) or smaller droplets when water is sprayed at room 
temperature. Table 4 indicates the air-to-liquid mass-flow ratios required to 
produce those droplet sizes for several atomizing nozzles. 

Kaser (1969) has shown that the mass-median spray droplet size is strongly 
dependent on the ratio of liquid-to-gas flow rates, both on a mass and on a 
volume basis. The droplet size decreases with higher gas-to-liquid flow 
ratios. Also, the calciner temperature may influence the droplet size by 
causing rapid boiling and shattering of the droplets at high temperatures. 
Kaser (1969) also showed that a high percentage of solids in the waste feed 
produced smaller droplet sizes and that filtering out of solids causes the 
droplet size distribution to approach that of water at similar flow ratios. 
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TABLE 4. Required Mass-Flow Ratios 

Nozzle TyPe 
Internal Mix 

External Mix 

Nozzle 
Air-Cap 
Orifice, 

cm 
0.318 

0.793 

1.39 

1.11 

2.86 

Sizes 
Fluid Cap 
Orifice, 

cm 
0.254 

0.638 

1.11 

0.635 

1. 59 

(a) MVD--Mean Volume Diameter 

NOZZLE DESIGN CONSIDERATIONS 

Air-to-Liquid Mass-
DrO~lyt 

MVD, a )J 

Flow Ratios Required 
to Obtain Dro~let MVD 

70 0.3 
100 0.2 

70 0.3 
100 0.2 

100 0.4 

60 to 80 0.4 to 0.7 

100 to 150 0.85 to 0.95 

Standard internal dimensions for the internal-mix nozzle fluid cap and 
the air cap supplied by the manufacturer have been used throughout the spray 

calciner development. However, external modifications have been made to 
improve aerodynamically the spray pattern to minimize solid accumulations on 
the nozzle and on the top of the spray chamber. 

Experience has shown that certain nozzle shapes cause excessive turbulence 
at the nozzle exit orifice that results in dried solid accumulations (Bonner, 
Blair and Romero 1976). In the same manner, nozzles that do not protrude 
through the top of the spray chamber at least 2.54 cm for full-scale calciners 
can also cause turbulence that results in dried solid accumulations on the top, 
inside surface of the spray chamber. Figure 4 illustrates examples of good and 
poor aerodynamic nozzle designs. 

Another design consideration is the nozzle spray pattern, which must be 

compatible with the calciner spray-chamber diameter. A wide spray pattern in 
a small-diameter spray chamber will cause droplets to contact the heated wall 

before they are dry, resulting in a scale buildup. While no rule has been 
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FIGURE 4. Examples of Poor and Good Aerodynamically Designed Nozzles 

developed to determine the smallest-diameter chamber compatible with a particu
lar nozzle, the diameter pattern in the chamber should be at least several 
inches larger than the width of the spray pattern in free air to prevent 
direct impingement of the spray on the chamber wall. 

NOZZLE CLEANOUT ASSEMBLIES 

Nozzle cleanout assemblies have been used for nozzles with air-cap ori
fices 0.318 cm or smaller. These assemblies have a plunger that is extended 
through the air-cap orifice by compressed air. Figure 5 is a photograph of a 
nozzle with a cleanout assembly. While these cleanout assemblies have proven 
useful for small-scale calciners, they have never been used during operation 
of the full-scale calciner, which uses air-cap orifices larger than 0.63 cm. 
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FIGURE 5. Atomizing Nozzle With Cleanout Assembly 

Nozzle plugging in the fu l l-scale calciner has occurred only once or twice in 

3 yr of intermittent testing. The cause of those pluggages was failure to 
precool the nozzl e with demineralized water before startup of waste feeding. 

Precooling the nozzle with demineralized water prevents solids formation caused 
by flas hi ng of the feed when the liquid reaches the hot feedline and nozzle 

during startup. Plugging in full-scale nozzles ~as never occurred when the 

nozzle has been precooled. In the event that a plug may occur, replacement of 

the nozzle would be probably more effective than providing a mechanism for 
cleani ng t he no zzle. 
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NOZZLE AIR-CAP MATERIAL TESTS 

Tests to determine the thermal shock and abrasive-wear resistance of 
several nozzle air-cap materials are described and the results discussed. 
Also, measurements of nozzle-wear from the actual operation of a full-scale 
spray calciner are summarized. Estimates of nozzle operating life are made 
from these results. 

NOZZLE AIR-CAP WEAR AND THERMAL SHOCK PROBLEMS 

The air cap of the internal-mix spray nozzle (see Figure 2) has been sub
ject to failure from abrasive wear and, in some cases, thermal shock. 

Abrasi ve wear occurs when the high-level liquid-waste slurry and atomiz-
i ng air mi x i ns i de the air cap and impinge on the shoulder of the internal 
orifice at the exit of the nozzle. This impingement wears the air cap as 
shown in Figure 6. If the orifice tip completely wears through, improper 
atomization of the liquid waste will result. Thus, the nozzle air cap must be 
resistant to this abrasive wear to increase its useful life. 

Thermal shock failure occurs when a large temperature gradient across an 
air cap causes sufficient stress to break the air cap. During calciner opera
tion, the spray chamber operates at about 700 to 8000C wall temperature and 
300 to 6000C interior temperature. Thermal shock of the spray nozzle air 
cap can occur when one or both of the air or fluid flows are interrupted 

r...-"';'--INTERNAL ENLARGEMENT~~~~ 
~~-';"'..L-"';""'--'--_...J ORIFICE DUE TO ~_..L--'_-...J 

ABRASIVE WEAR 
SHOULDER 

(a) NEW AIR CAP (b) WORN AIR CAP 

FIGURE 6. Diagram of New and Worn Air Cap 
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or started abruptly. For example, if the atomizing airflow is off during cal
ciner heatup and then turned on suddenly, a cracked air cap could result. 

NOZZLE AIR-CAP MATERIALS 

Four air-cap materials were selected for testing of their relative ther-
mal shock and wear-resistance characteristics. These included: 

• reaction-bonded silicon nitride (Si 3N4) 

• 96% alumina (A1 203) 
• Cer-vit® (a machineable glass ceramic) 

• 303 stainless steel. 

The type of nozzle used for testing was a Spraying Systems Company Nozzle 
Set-up No. 42, which has a 0.138-cm air-cap orifice. This nozzle was used in 
a pilot-scale calciner with a normal operating liquid-feed rate of 20 to 

40 L/h. For comparison, a lab-scale spray calciner in operation at PNL has a 
capacity of about 3 L/h and uses a nozzle with a 0.119-cm air-cap orifice; a 
full-scale spray calciner with a capacity of about 400 L/h uses a nozzle with 
a 0.793-cm air-cap orifice. 

ABRASIVE WEAR TEST 

A schematic diagram and photograph of the wear-test equipment is shown in 
Figures 7 and 8, respectively. This equipment consisted of an 80-L slurry-feed 
tank that was constantly agitated. Liquid feed was pumped from the bottom of 
the tank to the spray nozzle and to the recycle line. Atomizing air was pro
vided by a compressed-air supply from the test building and was metered through 
a pressure regulator and airflow rotameter. Two types of feed pumps were used 
during the project. Initially, a centrifugal pump was used, but its seals were 
rapidly worn through by the feed. A peristaltic pump was subsequently instal
led and no further difficulties were encountered. It should be noted that a 
peristaltic pump does impart a pulsing action to the fluid, but this was 

reduced by the use of a large recycle-to-feed ratio. Use of this ratio caused 

®Registered Trademark of Owens-Illinois, Inc. 
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FIGURE 7. Schematic of Wear Test Equipment 
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the feed stream to become a continuous bleed stream off the recycle loop, 
thereby reducing its sensitivity to the pump action. 

Due to its abrasive quality, simulated Savannah River high-level liquid 
waste (shown in Table 5) was chosen for use in the air-cap wear tests. This 

feed was atomized through each air cap under the set conditions given in 
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FIGURE 8. Air-Cap Wear Testing Stat ion 
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TABLE 5. Simulated Waste Feed Composition 

Com~onent Grams/L Particle Form in Simulated Feed 
Fe(OH)3 57.7 Colloidal 

Al(OH)3 13.4 Nonsoluble Powder (-200 mesh) 
Mn02 11.4 Nonsoluble Powder (-200 mesh) 
Zeol ite 7.3 Nonsoluble Powder (-20 +80 mesh) 
Ni(OH)2 6.6 Nonsoluble Powder (-200 mesh) 
CaC03 4.8 Nonsoluble Powder (-200 mesh) 
Si02 3.9 -40, +60 mesh sand 
NaN03 2.1 Soluble 
Na2S04 1.1 Soluble 

Table 6. Due to limitations of the equipment, these conditions do not exactly 
represent actual spray-calciner run conditions. For comparison purposes, 
Table 6 also lists a typical set of run parameters for the PNL Pilot-Scale 
Spray Calciner. 

At 15-h intervals of accumulated wear time, the air caps were removed 
from the test station and molds of the air-cap interiors were made. Three 
molds of the air cap at each time interval were made, and each was marked for 

orientation to facilitate later comparisons. The mold-forming material used 
was an RTV rubber type with titanium dioxide added to increase opacity. The 
mold-forming material was poured into the air caps and then cured on a low
setting hot plate for about 20 min. This method, using molds of the air-cap 

interiors, was tested prior to use in this project and has a precision of 
0.0025 cm. 

THERMAL SHOCK TEST RESULTS 

The thermal shock testing equipment is depicted schematically in Figure 9; 

a photograph of the equipment is shown in Figure 10. This equipment consisted 
of a 22.9-cm length of 11.4-cm 00 stainless steel pipe with a plate on one end. 
The pipe was encircled by heating elements, and the whole apparatus insulated. 

The nozzle assembly fit through an orifice in the plate such that the air cap 
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Parameter 
Length of Run, 

h 

Average Feed
Tank Level, 
L 

Air Pressure, 
psig 

Air Flowrate, 
scfm 

Air Flowrate, 
L/h 

Feed Pressure, 
psig 

Feed Flowrate, 
L/h 

Pump Used 

TABLE 6. Wear Testing Run Parameters 

Cer-vit 
30 

73 

25 

2.5 

4300 

15 

35 

Centrifugal 

Air-Cap Material 
303 SS 96% A l2Q3 --2i3!4-
30 60 60 

70 66 60 

25 25 25 

2.5 2.5 2.5 

4300 4300 4300 

15 15 15 

35 35 35 

Peristaltic Both Peristaltic 

Pilot-Scale 
Spray 

Calciner 

40 

3.0 

5100 

30 

20 

Centrifugal 

was located at the top center of the furnace. The temperature of the furnace 
was controlled by a powerstat, and the temperature of the air cap monitored 
with a thermocouple connected to a continuous recorder. 

Two types of thermal shock tests were performed: rapid cooling and rapid 
heating. In the rapid-cooling test, the nozzle assembly was placed in the top 
of the furnace and slowly heated to ~9250C before cooled with air to ~200oC. 
The starting temperature of 9250C was chosen as the highest temperature a 
nozzle would possibly attain in the event a spray calciner overheated (normal 

wall temperatures are 700 to 800oC), and as such, represents the "worst-case" 
condition for thermal shock to the air caps. Use of this temperature will 
create very large temperature gradients across the air cap; therefore, if the 
air cap can withstand these thermal shock conditions, it will also withstand 
shocks under less rigorous conditions. 
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FIGURE 9. Schematic Diagram of Thermal Shock Testing Equipment 

Cooling rates ranged from 440 to 1750oC/min which compares favorably to 
typical thermal shocks experienced in the Pilot-Scale Spray Calciner where the 
temperature changes about 2000C in a few seconds. A complete thermal-shock 
test run consisted of cooling rates corresponding to 450, 750, 1050, 1300, 
1600, and 1750oC/min followed by four shocks in succession at 1750oC/min for a 
total of 10 shocks. The air caps were inspected after each shock, and if 
breakage had occurred, no further testing was done on that air cap. Initially, 
rapid cooling was also done with water, but the cooling rates were not greatly 
increased. Also, to avoid possible damage of the furnace heating elements from 
water contact, water was not used further. 

In the rapid-heating test, the nozzle assembly at room temperature was 
placed into the hot furnace ('V925 0C). This proved to be a much less rigorous 
test than the rapid-cooling test, possibly due to insulation of the air cap by 
the retaining ring. The maximum initial heating rate was 'V200oC/min. 

Temperature change measurements were made with a Type K thermocouple 
located in the mixing chamber portion of the air cap as shown in Figure 11. 
This location approximates the temperature of the interior surface of the air 

cap. 
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FIGURE 11. Location of Thermocouple in Nozzle Assembly 

NOZZLE AIR-CAP MATERIAL TESTS RESULTS 

Results of abrasive-wear testing and shock testing are summarized below. 

Abrasive Wear Tests Results 

Wear measurements taken from molds of nozzles were made to determine: 
1) the length of the orifice tip, and 2) the internal orifice diameter at the 
original orifice tip length. The diagram in Figure 12 illustrates the two 
measurement locations. The diameter measurements were taken at both 00 and 
90° to the orientation mark on the mold. A machinist's x-y microscope and a 
micrometer, both calibrated to 0.0025 cm were used for the measurements. 

Figure 13 is a photograph of the new and used air caps with the corre
sponding molds of the interiors. Results of wear measurements in Table 7 show 
that the orifice tips of the Cer-vit and 303 stainless steel air caps had a 
large percent of wear, whereas the 96% alumina and silicon nitride air caps 
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TIP LENGTH WHERE ORIFICE DIAMETER HAS NOT CHANGED 

FIGURE 12. Location of Wear Measurements Taken 

showed very little wear. The enlarged internal orifice diameter for the alu
mina air cap in Table 7 cannot be compared to the other three air-cap diameters 
since this air cap has a different interior configuration (note right-angle 
entrance to the orifice in Figure 13). Due to this difference, the signifi
cant data in Table 7 is the percent of the orifice tip worn through. This 
percentage is determined as the amount of the initial orifice tip length (see 
Figure 12) that has an enlarged orifice diameter. In 30 h of use, 42 and 36% 
of the orifice tips of the Cer-vit and 303 stainless steel air caps wore away, 
respectively, while the 96% alumina and silicon nitride air caps wore away 
only 10 to 12% after 60 h of use. Significantly, a very slow rate of wear was 
evident with the alumina and silicon nitride air caps after the first 30 h of 
use in which the internal edges were rounded off. After this initial wear, 
the succeeding 30 h of use resulted in only 1 to 2% further wear of the ori
fice tip. It should be noted that the internal wear on these air caps did not 
affect their atomizing performance significantly since the exit orifice had 
not yet sustained any enlargement. 

Previous nozzle wear measurements (Bonner, Blair and Romero 1976) that 
used acid-type waste feeds, such as PW-7-2, show much less wear than indicated 
in Table 7. The reason is that acid wastes do not contain abrasive solids, 
such as zeolite and Mn02, which neutralized wastes contain. 
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96% ALUMINA: 

FIGURE 13 . New and Worn Air Caps With Corresponding Molds of the 
Ai r-C ap Interior 

Thermal Shock Tes ts Res ults 

The res ults of t he t hermal shock t est s are li sted in Tabl e 8. As the 

table shows, the al umina ai r caps have t he greatest var i at ion of breakage con
ditions. There are a number of pos sible reason s for this: quality variation, 

slight dens i ty diff erence, or stresses i nduced i n the air cap during machining. 
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TABLE 7. Results of the Abrasive Wear Testing 

Internal Ori- Average 
fice Diameter Di ameter Length of % Orifice 

Air Cap Hours {cm6 Orientation Increase, Orifice Tip Worn 
Com~os it ion Used o 900 cm Tie2 cm Through 

Cer-vit 0 0.312 0.312 0.168 
15 0.379 0.376 0.064 0.114 32 
30 0.401 0.412 0.094 0.097 42 

303 SS 0 0.315 0.312 0.157 
15 0.325 0.323 0.010 0.127 19 
30 0.353 0.366 0.046 0.102 36 

96% Alumina 0 0.320 0.320 0.173 
15 0.434 0.467 0.132 0.157 9 
30 0.470 0.460 0.145 0.156 10 
45 0.457 0.457 0.137 0.155 10 
60 0.462 0.465 0.145 0.152 12 

Reaction-Bonded 0 0.320 0.320 0.175 
Sil icon Nitri de 15 0.353 0.345 0.028 0.163 7 

30 0.368 0.366 0.046 0.160 9 
45 0.373 0.381 0.056 0.157 10 
60 0.381 0.381 0.061 0.157 10 

Breakage of the Cer-vit air cap in the rapid-heating test may have been due to 
a flaw since the other two Cer-vit air caps tested did not break under the more 
rigorous rapid-cooling test. The reaction-bonded silicon nitride air caps 
tested did not break under any test conditions. Figure 14 is a photograph of 
the three air caps that broke and an alumina air cap that broke during use in 
the Pilot-Scale Spray Calciner. 

These results indicate that air caps of 96% alumina are much more sus
ceptible to thermal shock breakage from temperature interruptions than are air 
caps of either Cer-vit or silicon nitride. However, breakage does not neces
sarily result in performance failure. Past experience has shown that alumina 

air caps operate equally as well after thermal shock breakage as before break
age. This is because alumina generally exhibits a very coarse fracture (no 
splinters), and the pieces are held in place by the retaining ring. This air 
cap also has no indication of accelerated wear along the cracked surface. 
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TABLE 8. Results of the Thermal Shock Testing 

Test Performed 
Air-Cap Rapid Rapid 
Number Materi al Coo li ng Heating Results 

1 96% Alumina X Broke at initial cooling 
rate of 4400C/min 

2 96% Alumina X Broke at initial cooling 
rate of 1790oC/min 

3 96% Alumina X X Did not break 

4 Cer-vit X Did not break 

5 Cer-vit X Broke at initial heating 
rate of 200oC/min 

6 Cer-vit X X Did not break 

7 Reaction-Bonded X Did not break 
S il icon N i tr i de 

8 Reaction-Bonded X X Di d not break 
Silicon Nitride 

9 Reaction-Bonded X X Did not break 
Silicon Nitride 

The thermal shock tests also uncovered a flaw in the design of ceramic 

air caps using the manufacturer's standard dimensions. Ceramic air caps broke 
around the upper rim as indicated in Figure 15. The thermal expansion coeffi
cients of the stainless steel fluid cap (see Figure 2) and the ceramic air 
caps were such that the fluid nozzle expanded into the air cap and caused it 
to break at the weakest point under tensile stress, i.e., at the sharp inte
rior angle. The air cap would still operate in the spray calciner, but the 

many small pieces created would have the potential of being vibrated out of 
the air cap to possibly plug the exit orifice. This source of breakage has 

been eliminated by using an air-cap opening ",,2% larger than the manufacturer's 
standard dimension for stainless steel air caps. 
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FIGURE 15. Design Failure of Air Caps 

FULL-SCALE-CALCINER NOZZLE AIR-CAP WEAR MEASUREMENTS 

Results of wear measurements of nozzle air caps (Spraying Systems Company 
Set-up No. 82) used during recent full-scale calciner tests are shown in 
Table 9. The feed-slurry compositions used during operation of these nozzles 
are given in Table 10. The feed-slurry composition used with the sintered 
silicon nitride air cap contained a large amount of glass frit for vitrifica
tion and thus was more erosive than feeds used for other nozzle-wear tests. 

Comparison of full-scale nozzle-wear measurements with measurements made 
in the tests described previously indicate similar wear for full-scale nozzles 
of 99% alumina and pilot-scale nozzles of 96% alumina. Fourteen percent of 
the orifice tip was worn through after 100 h of operation of the full-scale 
nozzle compared to 12% of the tip worn through after 60 h of operation of the 
pilot-scale nozzle. However, wear measurements for full-scale nozzles of sin
tered silicon nitride were substantially higher than wear of pilot-scale reac
tion-bonded silicon nitride (29% of the orifice tip worn through after 71 h of 
operation for the full-scale nozzle compared to 10% of the nozzle tip worn 
through after 60 h for the pilot-scale nozzle). Two reasons for this differ
ence are: 1) the full-scale nozzle was made of sintered silicon nitride, 
whereas the pilot-scale nozzle was made of reaction-bonded silicon nitride; 
the two different forming processes likely produced materials of different 
physical properties; 2) the feed used during operation of the full-scale noz
zle contained more solids and was more likely erosive than the feed used dur
ing operation of the pilot-scale nozzle. However, the feed flow with the 
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TABLE 9. Full-Scale Nozzle(a) Wear Measurements 

Average Average 
Average Internal Di ameter Length % of 

Hours Feedrate, Di ameter, Increase, of Orifice Orifice 
Nozzle Material Used Llh rrm rrm Tip, mm Tip Worn 
99% Alumina 0 7.95 4.00 

100 190 9.05 1.10 3.44 14.0 

Sintered Silicon 0 7.90 3.65 
Nitri de 71 93 9.29 1.39 2.61 28.6 

( a) Spraying Systems Company Set-up No. 82 nozzle [air-cap orifice diameter = 
0.793 cm (0.312 in.)]. 

TABLE 10. Feed Slurry Composition Used During Nozzle-Wear Measurement 
Tests 

Feed Atomized by 
Feed Atomized by Silicon Nitride Nozzle 

99% Alumina Nozzle Chemical Form, 
Makeup Chemi ca 1 gIL Chemical gIL 
Fe(OH)3 69.73 Fe(OH)3 52.37 

A1 203·3H2O 17.49 Al(OH)3 13.14 
Mn02 13.92 Mn02 10.45 

CaC03 6.35 CaC03 4.77 

NiO·2H2O 8.99 NiO·2H2O 6.75 
NaN03 2.93 NaN03 2.20 
Na2S04 1.43 Na2S04 1.07 
Zeo lite 10.35 Zeolite 1.77 
Na -EDTA 8.10 Cornstarch 0.43 

Cornstarch 0.57 Coal 2.17 
Anthracite Coal 2.89 Frit-211 192.9 
NaCl (a) 1.6 TOTAL 294.0 

NaF 0.178 

CsN03 0.071 

Sr(N03)2 0.071 

TOTAL 144.7 

32 



full-scale silicon nitride nozzle was much lower than normal, and the differ
ence in the formation of the ceramic is expected to have been the major cause 
of the variation of the wear measurements. Therefore, the method of ceramic 
formation must be considered in addition to the type of ceramic used. Appar
ently, reaction-bonded silicon nitride has superior wear characteristics com
pared to sintered silicon nitride. Hot-pressed silicon nitride, formed at 
high temperatures and pressures (this material was not tested), may be supe
rior to reaction-bonded silicon nitride in wear resistance based on the com

parison of physical properties in Table 11. 

OPERATING-LIFE ESTIMATES 

Occasional replacement of the atomizing nozzle air cap on spray calciners 
will be necessary due to gradual wear of the air-cap orifice. Enlargement of 
the orifice can be detected by increased air and feed flowrates at particular 
pressures. 

Since the performance of the atomizing nozzle does not change signifi
cantly until the downstream diameter of the air-cap orifice becomes enlarged, 
the expected working life of the nozzle can be estimated from extrapolations 
of the wear measurements presented in Tables 8 and 9. Figure 16 shows the 
actual wear measurements in percent of the nozzle air-cap tip worn through for 

TABLE 11. Comparison of Physical Properties for Reaction-Bonded and Hot
Pressed Silicon Nitride 

Material 
Reaction-Bonded(a) 
Silicon Nitride 

Hot-Pressed(b) 
Silicon Nitride 

Property 
Density 

Up to 2.7 g/cm3 

3.11 g/cm3 

Modulus of Rupture 
30,000 psi 

70,000-120,000 psi 

Compressive 
Strength 

77 ,000-112 ,000 psi 

300,000-500,000 psi 

(a) Product data from KBI-AME, Inc., bulletin file number 600 POI-13. 
(b) Product data from Ceradyne, Inc., Cerolloy 147A silicon nitride. 
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WEAR MEASUREMENTS FOR SPRAYING 
SYSTEM'S NOZZLE SET-UP NO. 42; 
AIR CAP MADE OF REACTION-BONDED 
SILICONE NITRIDE (SEE TABLE 7) 

HOURS OF NOZZLE OPERATION 

FIGURE 16. Nozzle Air-Cap Operating Life Extrapolation 

the reaction-bonded silicon nitride versus hours of operation. The measured
wear data are then extrapolated by two different methods--a straight-line 
extrapolation and a parabolic extrapolation that follows the curvature of the 

measured data points. These two methods of extrapolation predict widely vary
ing results--600 h (25 d) of operation for the straight-line extrapolation 
compared to several months of operation for the parabolic extrapolation. 
Obviously, longer-term testing (>25 d) is required to more accurately deter
mine the actual frequency of nozzle replacement. 
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At this time, it can be concluded that a nozzle with an air cap of reac
tion-bonded silicon nitride will perform satisfactorily for at least 25 d and 
likely up to several months before replacement is required. In addition, hot

pressed silicon nitride is expected to have superior wear characteristics to 
reaction-bonded silicon nitride, based on the properties listed in Table 11, 

which would decrease even further the frequency of nozzle replacement required. 
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