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FIG. 1

(57) Abstract: Ultrahigh efficiency spray drying systems and processes, utilizing induction of localized turbulence in a drying fluid flow
stream to produce spray dried product, having particular utility for low temperature spray drying operations. A method of processing
a spray dryable liquid composition to form a spray dried product includes: generating a spray of the spray dryable liquid composition;

00 contacting the spray of spray dryable liquid composition in a spray drying contact zone with a stream of primary drying fluid; injecting
pressurized secondary drying fluid into the stream of primary drying fluid in the spray drying contact zone at multiple loci thereof to

© provide localized turbulence at said multiple loci; and recovering the spray dried product from the spray drying contact zone. Systems
of the present disclosure are effective in achieving high-rate production of dry powder spray dried products, with substantially reduced

o capital equipment costs, energy requirements, and operating expenditures.
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ULTRAHIGH EFFICIENCY SPRAY DRYING APPARATUS AND PROCESS

CROSS- REFERENCE TO RELATED APPLICATIONS

This international patent application claims the priority of each of the following United States patent

applications: U.S. Patent Application 16/055,075 filed August 4, 2018 in the names of Charles Pershing

Beetz and Jason Andrew Beetz for ULTRAHIGH EFFICIENCY SPRAY DRYING APPARATUS AND

PROCESS, which in turn is a continuation-in-part under 35 USC §120 of U.S. Patent Application

16/005,302 filed June 11, 2018 in the names of Charles Pershing Beetz and Jason Andrew Beetz for

ULTRAHIGH EFFICIENCY SPRAY DRYING APPARATUS AND PROCESS, which in turn is a

continuation-in-part under 35 USC §120 of U.S. Patent Application 15/865,657 filed January 9, 2018 in the

names of Charles Pershing Beetz and Jason Andrew Beetz for ULTRAHIGH EFFICIENCY SPRAY

DRYING APPARATUS AND PROCESS, which in turn is a continuation-in-part under 35 USC §120 of

U.S. Patent Application 15/668,832 filed August 4, 2017 in t e names of Charles Pershing Beetz and Jason

Andrew Beetz for ULTRAHIGH EFFICIENCY SPRAY DRYING APPARATUS AND PROCESS, and

issued January 9, 2018 as U.S. Patent 9,861,945. The disclosures of all of the foregoing United States

patent applications are hereby incorporated herein by reference, in their respective entireties, for all

purposes.

BACKGROUND

FIELD OF THE DISCLOSURE

The disclosure relates to ultrahigh efficiency spray drying apparatus and process, utilizing induction of

localized turbulence in a drying fluid flow stream to produce spray dried product, having particular utility

for low temperature spray drying operations in which thermally sensitive materials are spray dried.

DESCRIPTION OF THE RELATED ART

Spray drying has existed as a basic materials processing operation since the late 1800s, and has been

continually refined since that time. The spray drying operation may be of varied character, but typically

involves injecting a liquid composition of material into a chamber for contact with a drying fluid

concurrently flowed through the chamber. The injected wet material in the form of droplets contacts the

stream of drying fluid so that the liquid passes from the droplets to the drying fluid stream, producing a



spray dried product that is discharged from the drying chamber, and drying fluid effluent that likewise is

discharged from the drying chamber.

In prior spray drying operations, it has been conventional practice to provide the drying fluid as a gas at

high elevated temperature, e.g., temperatures on the order of 180-200°C, in order to produce dry powder

products. The drying fluid has conventionally been air, and the material to be spray dried may be provided

in a dryable liquid form, e.g., as a neat liquid material, or t e material may be a solid in a spray drying

liquid composition of slurry, suspension, emulsion, or solution form, which may additionally include carrier

material with which the spray dried product is associated at t e conclusion of the spray drying process. In

various applications, the material to be spray dried is present in a slurry containing solvent, e.g., water,

alcohol, or other appropriate liquid, as well as a carrier material, such as carbohydrate, cellulosic, wax,

gum, protein, or other suitable material. To effect the spray drying operation, the spray drying composition

is injected into the drying chamber using a nozzle, atomizer, or the like, to form a spray of fine droplets for

contacting with the drying fluid that is flowed into and through the drying chamber.

The aforementioned high elevated temperature levels on the order of 180-200°C for the drying fluid have

been conventional practice in the art, in order to rapidly heat the droplets of spray dried material and

volatilize the liquid therefrom for production of spray dried powder. Such high temperature levels, however,

limit the applicability of the spray drying operation to spray dryable materials that are thermally stable or

otherwise are not severely adversely affected at the high temperatures of the spray drying operation. A wide

variety of materials can accommodate the high temperature regime of the spray drying operation, but suffer

losses of material (through volatilization of the product material at high temperature) and/or otherwise are

degraded in physical properties and/or performance characteristics as a result of their high temperature

exposure during the spray drying operation. In such respect, the conventional spray drying practice has

recognized limitations and deficiencies.

Against the foregoing context, the low temperature spray drying apparatus and process disclosed in

ZoomEssence, Inc.'s U.S. Patent Nos. 8,939,388, 9,332,776, and 9,55 1,527 embody a substantial advance

in the art. As disclosed in such patents, spray drying is carried out at spray drying conditions including inlet

temperature of the drying fluid below 100°C, and even down to ambient temperature in some applications,

utilizing spray drying slurries having viscosity above about 300 mPa-sec, slurry water content not exceeding

50% by weight of the slurry, and low humidity of the drying fluid introduced to the drying system. Such

spray drying operation, conducted at low temperature spray drying conditions markedly different from the

conventional practice of the art, enables spray drying to be utilized for a myriad of products that would

otherwise be contraindicated by the elevated temperature conditions of conventional high temperature spray

drying practice.



Nonetheless, even though t e low temperature processing disclosed in the aforementioned U.S. patents of

ZoomEssence, Inc. vastly expands the population of spray dryable materials, large-volume spray drying

chambers are required to provide sufficient contact time between the drying fluid and the sprayed droplets

so that a dried powder product can be achieved. In this respect, the lower temperature regime that is

employed in the ZoomEssence spray-drying process, relative to conventional high temperature spray

drying, provides correspondingly reduced thermal driving force for volatilization of liquid from the droplets

of the material being spray dried, and significant residence time of the sprayed droplets and corresponding

extent of drying chamber volume therefore are needed to accommodate lower temperature of the drying

fluid in the spray drying operation.

Large-volume spray drying chambers entail substantial capital equipment and operating costs, and require

correspondingly sized atomizers, nozzles, pumps, compressors, piping, valving, and ancillary process

equipment. This is true of spray drying systems generally, regardless of whether conventional high

temperature spray drying, or the low temperature spray drying process of the aforementioned ZoomEssence

patents, is practiced.

Accordingly, it would be a major advance in the art to provide a spray drying system and process in which

spray drying can be carried out at ultrahigh hydrodynamic efficiency, enabling dramatically smaller spray

drying vessels and dramatically shorter residence times to be utilized to produce spray dried powder product

Such ultrahigh efficiency spray drying would thus enable a spray drying system of very compact, small

footprint, character to be achieved, regardless of operating temperature regime, but when deployed in the

low temperature operation described in the aforementioned ZoomEssence U.S. patents, would be

remarkably effective in achieving high-rate production of dry powder spray dried products with

substantially reduced capital equipment costs, energy requirements, and operating expenditures.

SUMMARY

The present disclosure relates to spray drying apparatus and process enabling spray drying operation to be

conducted with ultrahigh efficiency, particularly when low temperature operation of the type described in

ZoomEssence, Inc. ' s U.S. Patent Nos. 8,939,388, 9,332,776, and 9,55 1,527 is carried out. The disclosures

of such U.S. Patent Nos. 8,939,388, 9,332,776, and 9,55 1,527 are hereby incorporated herein by reference,

in their respective entireties, for all purposes.



In one aspect, the present disclosure relates to a method of processing a spray dryable liquid composition

to form a spray dried product, said method comprising:

generating a spray of the spray dryable liquid composition;

contacting the spray of spray dryable liquid composition in a spray drying contact zone with a stream of

primary drying fluid;

injecting pressurized secondary drying fluid into the stream of primary drying fluid in the spray drying

contact zone at multiple loci thereof to provide localized turbulence at said multiple loci; and

recovering the spray dried product from the spray drying contact zone.

In another aspect, the disclosure relates to a spray drying system, comprising:

a spray drying vessel including an interior volume for contacting of introduced spray dryable liquid

composition and a stream of primary drying fluid, said vessel including a spraying device positioned to

introduce a spray of the spray dryable liquid composition into the interior volume for said contacting, an

inlet for introduction of the primary drying fluid to the interior volume, and an outlet for discharging spray

dried product and effluent drying fluid from the interior volume; and

a multiplicity of secondary fluid injectors constructed and arranged to introduce pressurized secondary

drying fluid into the interior volume at flow conditions providing localized turbulence in the stream of

primary drying fluid in the interior volume at multiple loci in the stream of primary drying fluid.

In another aspect, the disclosure relates to a spray drying apparatus, comprising: a spray drying chamber

having an interior volume and configured for introduction of spray dryable material into the interior volume

for drying therein, and discharge of dried material and drying fluid therefrom; a primary drying fluid inlet

arranged to introduce primary drying fluid into the interior volume of the chamber for contact with the

spray dryable material in the interior volume, to provide a primary drying fluid flow stream through the

interior volume; and a multiplicity of secondary drying fluid inlets configured to intermittently inject

secondary drying fluid into the primary drying fluid flow stream to effect transient localized turbulence in

the primary drying fluid flow stream, or alternatively for continuous injection of secondary drying fluid

into the primary drying fluid flow stream, for enhancement of drying of the spray dryable material in the

interior volume of the chamber.

Another aspect of the disclosure relates to a spray drying system comprising a spray drying apparatus of

any of the types described above.



In a further aspect, the disclosure relates to a method of spray drying of a spray dryable material, comprising

use of apparatus of any of the types described above.

In a further aspect, the disclosure relates to a method of spray drying of a spray dryable material in a primary

drying fluid flow stream, comprising injecting secondary drying fluid into the primary drying fluid flow

stream at multiple loci in t e primary drying fluid flow stream, so as to create localized turbulence at such

loci that enhances drying of the spray dryable material.

In a still further aspect, the disclosure relates to a method of spray drying of a spray dryable material in a

primary drying fluid flow stream, comprising intermittently, transiently, and cyclically injecting secondary

drying fluid into the primary drying fluid flow stream at multiple loci in the primary drying fluid flow

stream, so as to create transient localized turbulence at such loci that enhances drying of the spray dryable

material, or alternatively, continuously injecting secondary drying fluid into the primary drying fluid flow

stream at multiple loci in t e primary drying fluid flow stream, so as to create localized turbulence at such

loci that enhances drying of the spray dryable material.

Another aspect of the present disclosure relates to a spray drying system, comprising:

(a) a spray drying vessel comprising:

(i) an interior volume arranged to receive an atomized spray-dryable material and drying fluid for

contacting of the atomized spray-dryable material with the drying fluid in the interior volume;

(ii) at least one drying fluid inlet by which the drying fluid is introduced into the interior volume

for said contacting; and

(iii) a spray-dried material outlet communicating with the interior volume, arranged to discharge

spray-dried material and effluent drying fluid from the vessel;

(b) an atomizer adapted to receive a spray-dryable material and discharge the atomized spray-dryable

material into the interior volume of the vessel for said contacting;

(c) at least one turbulator adapted to generate turbulence in the drying fluid in the interior volume of the

vessel;

(d) a process control unit adapted to regulate flow rate of drying fluid into the interior volume and flow rate

of the spray-dryable material to the atomizer so that interaction of the drying fluid with the at least one

turbulator produces turbulence in the drying fluid having a Kolmogorov length less than average particle

size of spray-dryable material droplets in the atomized spray-dryable material in the interior volume of the

vessel.



A further aspect of the present disclosure relates to a process for producing a spray-dried material,

comprising:

generating an atomized spray-dryable material;

contacting the atomized spray-dryable material with drying fluid to form spray-dried material;

recovering the spray-dried material from the drying fluid; and

during said contacting, inducing turbulence in the drying fluid having a Kolmogorov length less than

average particle size of spray-dryable material droplets in the atomized spray-dryable material.

In another aspect, the disclosure relates to a spray drying system, comprising:

(a) a spray drying vessel comprising:

(i) an interior volume arranged to receive an atomized spray-dryable material and drying fluid for

contacting of the atomized spray-dryable material with the drying fluid in the interior volume;

(ii) at least one drying fluid inlet by which the drying fluid is introduced into the interior volume

for said contacting; and

(iii) a spray-dried material outlet communicating with the interior volume, arranged to discharge

spray-dried material and effluent drying fluid from the vessel;

(b) an atomizer adapted to receive a spray-dryable material and discharge the atomized spray-dryable

material into the interior volume of the vessel for said contacting;

(c) at least one turbulator adapted to generate turbulence in the drying fluid in the interior volume of the

vessel;

(d) a process control unit adapted to regulate flow rate of drying fluid into the interior volume and flow rate

of the spray-dryable material to the atomizer so that interaction of the drying fluid with the at least one

turbulator produces turbulence in the drying fluid producing a turbulence dissipation rate exceeding 25

m2/sec3.

A further aspect of the disclosure relates to a process for producing a spray-dried material, comprising:

generating an atomized spray-dryable material;

contacting the atomized spray-dryable material with drying fluid to form spray-dried material;

recovering the spray-dried material from the drying fluid; and



during said contacting, inducing turbulence in the drying fluid producing a turbulence dissipation rate

exceeding 25 m2/sec3.

Other aspects, features and embodiments of the disclosure will be more fully apparent from the ensuing

description and appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing executed in color. Copies of this patent or patent

application publication with color drawing(s) will be provided by the Office upon request and payment of

the necessary fee.

FIG. 1 is a schematic representation of a spray drying process system according to one embodiment of the

present disclosure.

FIG. 2 is a schematic representation, in breakaway view, of a portion of the spray drying process system of

FIG. 1, showing the action of localized turbulence induction in the spray drying vessel of the system.

FIG. 3 is a graphical depiction of particle trajectories in a tangential inlet rotary atomizer spray dryer, as

calculated using computational fluid dynamics, illustrating the movement of the particles to the outer wall

of the dryer, leaving a substantial volume that is devoid of particles.

FIG. 4 is a graphical depiction of a computational fluid dynamics simulation of effect on total diffusivity

caused by turbulent puffs introduced into airflow in a rectangular duct, 1.5 seconds after t e puff has

occurred.

FIG. 5 is a schematic representation of a spray drying apparatus according to one embodiment of the present

disclosure, featuring an array of turbulent mixing nozzles on the spray drying chamber wall, configured for

injection of transient, intermittent turbulent air bursts into t e main fluid flow in the spray drying chamber.

FIG. 6 is a scanning electron microscope (SEM) image of a cross section of a particle produced by low

temperature spray drying, as representative of dry powder product produced in accordance with the methods

and apparatus of the present disclosure.

FIG. 7 is a depiction of drying fluid stream lines in a spray drying vessel in which a main flow of drying

fluid is introduced at an upper portion of the vessel, with additional drying fluid being introduced for

maintenance of a fluidized bed in a lower portion of the spray drying vessel, and with spray drying fluid

being discharged from discharge ports at an upper and outer portion of the spray drying vessel.



FIG. 8 is a depiction of particle trajectories in a spray drying vessel of the type for which drying fluid stream

lines are depicted in FIG. 7 .

FIG. 9 is a schematic representation of a spray drying system according to another embodiment of the

present disclosure, featuring an array of fluid injector jets on the spray drying vessel wall to enhance spray

drying efficiency of the system.

FIG. 10 is a schematic representation of a spray drying process system according to a further embodiment

of the present disclosure.

FIG. 11 is a graph of turbulent dissipation rate, in m2/sec3, as a function of radial distance in an interior

volume of a spray drying vessel, at different vertical heights in such interior volume, for a first illustrative

spray drying system (Dryer 1).

FIG. 12 is a graph of turbulent dissipation rate, in m2/sec3, as a function of radial distance in an interior

volume of a spray drying vessel, at different vertical heights in such interior volume, for a second illustrative

spray drying system (Dryer 2).

FIG. 13 is a schematic representation of a spray drying system according to a further embodiment of the

present disclosure.

DETAILED DESCRIPTION

The present disclosure relates to a spray drying apparatus and process in which localized turbulence is

induced in the drying fluid flow stream to enhance the production of spray dried product in an ultrahighly

efficient manner, particularly when low temperature spray drying is carried out.

In conventional high-temperature spray drying installations, in which drying fluid is supplied to the spray

drying vessel at temperatures on the order of 180°C-200°C, the present inventors have determined that

independently of energy efficiency as commonly measured in the spray drying industry, the actual

utilization of the drying capacity of the drying fluid (dry air) that is supplied to the spray drying vessel in

commercial operations is only about 10% to 50%. Such inefficiency of the drying capacity of t e drying

fluid manifests itself in increased residual moisture concentrations in the spray dried powder product or as

deposition of sticky powder on the walls of the spray dryer vessel. Such inefficiency is generally

accommodated by operating at the highest possible drying temperatures and/or utilizing secondary post-

spray drying processes such as in-line fluidized bed drying. These secondary drying processes add to the

complexity, cost and decreased energy efficiency of the overall spray drying process system.



As indicated in the discussion in the Background section hereof, the high elevated temperature levels on

the order of 180°C-200°C that are utilized in conventional spray drying practice are recognized as

significantly limiting the types of materials that may be processed by spray drying and as entailing

significant detriment to the spray dried product, with respect to volatilization losses of product material,

promotion of unwanted degradative and decomposition chemical reactions, and reduction of shelf life and

stability characteristics, as well as increased capital, energy, and operating costs associated with the high

temperature operation.

As also discussed in the background section hereof, the low temperature spray drying apparatus and process

disclosed in ZoomEssence, Inc. ' s U.S. Patent Nos. 8,939,388, 9,332,776, and 9,55 1,527 embody a

substantial advance in the art, permitting spray drying to be carried out at spray drying conditions including

inlet temperature of the drying fluid below 100°C, and even down to ambient temperature in some

applications, utilizing spray drying slurries having viscosity above about 300 mPa-sec, slurry solvent (e.g.,

water) content not exceeding 50% by weight of the slurry, and low humidity of the drying fluid introduced

to the drying system.

The invention of the present disclosure represents a further advance in the art that is applicable to both

conventional spray drying operations conducted at high elevated temperature levels, as well as to

(electrostatic spray drying as well as non-electrostatic spray drying) low temperature spray drying

operations conducted in accordance with the disclosures of the aforementioned ZoomEssence patents, in

enabling such systems to achieve ultrahigh efficiency in the spray drying operations by induction of

localized turbulences in the flow stream of drying fluid that is passed through the spray drying vessel. Such

induction of localized turbulences enables extraordinarily high levels of mass transfer of solvent from the

spray dried droplets to the drying fluid in the spray drying operation, enabling minimal spray drying vessel

volumes to be utilized for achievement of spray dried powder products, thereby achieving capital

equipment, energy, and operating expense reductions of a surprising and unexpected character. Such

advantages are particularly substantial in low temperature spray drying operations, and enable remarkably

compact and efficient spray drying process systems to be efficiently utilized in high rate commercial spray

drying operations.

While the disclosure herein is primarily directed to the use of air as a drying fluid in the spray drying

apparatus and method of the disclosure, it will be recognized that other drying fluids may be employed, as

specific to the apparatus and methodology involved. For example, the drying fluid may comprise oxygen,

oxygen-enriched air, nitrogen, helium, argon, neon, carbon dioxide, carbon monoxide, or other fluid

species, including single component fluids, as well as fluid mixtures. The drying fluid may in various

applications exist in a gaseous or vapor form, and the fluid should be constituted to provide an appropriate



mass transfer driving force for passage of solvent or other desirably volatilizable material from the spray

of spray dried material to the drying fluid.

The spray drying apparatus and process of the present disclosure may be utilized for spray drying of any

suitable material that is spray dryable to constitute a desired product. The spray dried material may for

example comprise a food material, beverage material, fragrance material, pigment material, flavor material,

pharmaceutical material, therapeutic material, medication material, homeopathic material, biological

material, probiotic material, construction material, formulating material, as well as any other materials that

are spray dryable, and including mixtures, blends, composites, and combinations of two or more different

materials of such types.

The spray dryable material may be of an initially liquid form that is spray dried to effect drying thereof to

form a dry product. Alternatively, the spray dryable material may be of a solid or semi solid form, which is

combined with other ingredients to form a spray dryable composition, e.g., ingredients selected from among

solvents, carriers, adjuvants, excipients, surfactants, anti-agglomerants, anti-caking agents, co-active

ingredients, wetting agents, dispersants, emulsifiers, stabilizers, antioxidants, preservatives, encapsulants,

pore-forming agents, hardeners, including mixtures, blends, composites, and combinations of two or more

ingredients of such types.

Solvents used in the spray dryable compositions of the present disclosure may be of any suitable type and

may for example include water, inorganic solvents, organic solvents, and mixtures, blends, emulsions,

suspensions, and solutions thereof. In various embodiments, organic solvents may be employed, such as

for example acetone, chloroform, methanol, methylene chloride, ethanol, dimethyl formamide (DMF),

dimethyl sulfoxide (DMS), glycerine, ethyl acetate, n-butyl acetate, and mixtures with water of the one or

more of the foregoing. Such organic solvents may for example be used in spray drying of spray dryable

compositions including protein-based materials. In specific embodiments, solvent selected from the group

consisting of water, alcohols, and water-alcohol solutions may be advantageously employed.

In various applications, the spray dryable material will be solid material that is formulated with solvent and

carrier material to form a spray dryable emulsion or slurry composition, in which the solvent is removed

from the family divided droplets of spray dried material in the spray drying operation and the product

material then is associated with the carrier material in the dry powder product. The carrier material may be

of any suitable type, and may for example be selected from among carbohydrates, proteins, lipids, waxes,

cellulosic material, sugars, starches, natural and synthetic polymeric materials, and any other materials

having utility in association with the product material in the spray dried powder product. The carrier in

some applications may be an encapsulant material, so that the spray dried powder product includes the



product material encapsulated within the carrier material. Alternatively, the carrier may simply be

associated with the product material in the spray dried powder product, e.g., as a substrate, support, or

associative matrix for the product material. Among preferred carriers used in spray dryable liquid

compositions in the spray drying systems and processes of the present disclosure, are starch carriers, sugar

carriers, and cellulosic carriers.

Thus, the spray dryable compositions utilized in the systems and processes of the present disclosure may

be of any suitable type, and may in specific embodiments comprise slurries or emulsions, or otherwise be

constituted as solid dispersions.

In various low temperature (temperature of drying fluid fed to the spray drying vessel <100°C) applications,

when the spray dryable liquid composition comprises a slurry or emulsion of carrier, product material, and

solvent, the viscosity of the slurry material may be controlled by appropriate formulations so that at the

time of spray drying of the liquid composition, the viscosity is advantageously in a range of from 300 mPa-

s (1 mPa-s = 1 centipoise) to 28,000 mPa-s or more. In various other applications, the viscosity may be in

a range in which a lower limit of the range is any one of 325, 340, 350, 375, 400, 450, 500, 550, 600, 650,

700, 750, 800, 850, 900, 950, and 1000 mPa-s, and in which an upper limit of t e range is greater than the

lower limit and is any one of 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 2000, 3000,

4000, 5000, 6000, 7000, 8000, 9000, 10,000, 11,000, 12,000, 13,000, 14,000, 15,000, 16,000, 17,000,

18,000, 19,000, and 20,000, with any viscosity ranges comprising any one of such lower limits and any one

of such upper limits being usefully employed in various specific applications. A preferred viscosity range

in some applications is from 500 to 16,000 mPa-s, and a preferred viscosity range in other applications is

from 1000 to 4000 mPa-s.

In various low temperature applications involving spray dryable liquid compositions in the form of slurries

or emulsions of carrier, product material, and solvent, the ratio of solvent within the slurry or emulsion is

desirably controlled so that the ratio of solvent within the slurry at the spray drying operation does not

exceed 50% by weight, based on total weight of the slurry (emulsion). For example, in various applications,

the ratio of solvent in the slurry at the spray drying step may be from 20 to 50 weight percent, or from 20

to 45 weight percent, or from 20 to 40 weight percent, or from 25 to 35 weight percent, on the same total

weight basis, as appropriate to the specific spray drying operation and materials involved.

The temperature of the drying fluid introduced to the spray drying vessel in the low temperature spray

drying operations of the present disclosure may be any suitable temperature below 100°C, as measured at

the inlet of the spray drying vessel (typically referred to in the art as the inlet temperature of the drying

fluid). In various applications, the inlet temperature of the drying fluid may be controlled to be below 95°C,



90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, or 20°C, as

appropriate to the specific spray drying operation involved.

In other applications, in which t e apparatus and method of the present disclosure are utilized in

conventional high-temperature spray drying (temperature of drying fluid fed to the spray drying vessel on

the order of 180-200°C or more), the spray dryable liquid composition containing carrier, product material,

and solvent may have viscosity between about 10 and 200 mPa-s, and may contain an amount of water of

from 50 to 70% by weight, based on total weight of the slurry (emulsion).

It will be appreciated that the viscosity and solvent concentration may be widely varied in specific

applications, depending on the temperature regime and other spray drying operation conditions and

materials. In general, the low temperature (electrostatic or alternatively non-electrostatic) spray drying

methodology of the aforementioned ZoomEssence patents is preferred in the practice of the present

disclosure, since such low temperature spray drying methodology utilizes less solvent (water) in t e slurry

or emulsion that is spray dried, which in turn greatly enhances drying at low temperatures since substantially

less solvent is required to be evaporated in the spray drying operation. In marked contrast to high

temperature drying, the "constant" rate period in low temperature spray drying is very short or nonexistent

due to the initial low solvent concentration of the slurry or emulsion, so that drying is controlled almost

from the outset by diffusion from the inner particle core through a porous drying layer to produce fully

dense dry powder product without hollow regions or shell structures. The low temperature process in the

localized turbulence generation method and apparatus of the present disclosure achieves a high

concentration gradient between the sprayed particle (droplet) surface and the surrounding drying fluid.

The spray dried powder material that is produced by the spray drying apparatus and method of the present

disclosure may be in any suitable morphological and physical forms, including spherical, spheroidal,

polygonal, cuboidal, rod, fiber, helical, dendritic, and any other spatial forms, and may be of any suitable

particle size distribution appropriate to the spray dried powder product.

The drying fluid in the spray drying process of the present disclosure in many applications may be or

comprise air, and the solvent in the spray dryable liquid composition may be water or other aqueous

medium, e.g., a water-alcohol solution. It is generally desirable that the drying fluid in the spray drying

process be as dry as possible, in order to maximize the mass transfer gradient for transfer of solvent from

the spray dried droplets to the drying fluid. In practice, this may involve treatment of the drying fluid to

effect condensation of any moisture or other condensable material in the drying fluid, so that it is removed

from the fluid stream that is flowed to the spray drying vessel for drying of the spray liquid composition in

the interior volume of such vessel. In other applications, the treatment of the drying fluid may involve



contacting of such fluid with physical adsorbent and/or chemical adsorbent materials, to remove

components of the fluid that may be adverse to t e drying process. In applications in which the drying fluid

is or comprises air, and the spray dryable liquid composition is an aqueous composition, it is advantageous

to control the relative humidity of the drying fluid, so that it is below 20% relative humidity, preferably

below at least one of 18%, 15%, 12%, 10%, 8%, 5%, 2.5%, 2%, 1.5%, 1% and 0.5% relative humidity.

Spray drying of the spray dryable liquid composition may be carried out in any suitable manner that effects

a spray of the liquid composition in the form of droplets or finely divided liquid particles, to provide

appropriate surface to volume characteristics for the spray drying operation. The generation of the spray of

spray dryable liquid composition may be affected with any suitable apparatus, including atomizers,

nebulizers, ultrasonic dispersers, centrifugal devices, nozzles, or other appropriate devices. The liquid

composition may be introduced into the interior volume of the spray drying vessel in a liquid film or

ligament form that is broken up to form droplets. A wide variety of equipment and techniques is able to be

utilized to form the spray of liquid composition in the form of droplets or finely divided liquid particles.

Typically, droplet size and distribution may be fairly constant for a given spray drying technique, and may

be in a range of 10-300 µ ι, or other suitable range.

Spray drying in accordance with the present disclosure may be or comprise electrostatic spray drying, in

which an electrostatic charge is applied to the spray dryable feedstock liquid composition and/or to the wet

particles produced by spraying of the feedstock liquid (e.g., slurry) composition so that a spray of

electrostatically charged, wet particles (droplets) is produced, for enhanced drying of the particles as a result

of the electrostatic effects. Thus, electrostatic charging of the spray-dryable material may be carried out

before, during, or after atomization of the feedstock material. Electrostatic spraying equipment of widely

varying types may be utilized in electrostatic spraying systems and operations in accordance with the

present disclosure, e.g., an electrostatic spraying device positioned to introduce an electrostatically charged

spray of the spray dryable liquid composition into the interior volume of a spray drying vessel for contacting

with drying fluid therein, with induction of localized turbulence in the spray drying vessel, in accordance

with the present disclosure.

Thus, when spray drying in accordance with the present disclosure comprises electrostatic spraying drying,

the spray of the feedstock liquid composition is generated wherein the spray particles (droplets)

advantageously have suitable electrostatic charge to enhance the spray drying operation, in relation to a

corresponding spray drying operation in which electrostatic spray drying is not conducted. For example,

an electrostatic spray atomizer may be employed to apply an electrostatic charge to the sprayed particles

that is in a range of from 0.25 kV to 80 kV, although it will be recognized that higher or lower electrostatic

charge may be imparted to the material to be spray dried in specific applications. In various embodiments,



electrostatic charge imparted to the particles being spray dried may be in a range of from 0.5 to 75 kV, or

from 5 to 60 kV, or from 10 to 50 kV, or in other suitable range or other specific value.

In other embodiments of electrostatic spray drying conducted in accordance with the present disclosure, the

feedstock liquid composition may be sprayed through an electrostatic nozzle operatively coupled with a

voltage source arranged to apply a cyclically switched voltage to t e nozzle, e.g., between high and low

voltages that are within any of the above-discussed, or other, voltage ranges.

In accordance with the present disclosure, localized turbulence is generated in t e fluid stream of drying

fluid flowed through the drying chamber of the spray drying vessel, intermittently or alternatively

continuously, to provide perturbations in the overall drying fluid flow stream to enhance mass transfer

efficiency of the drying operation, in the contact of the drying fluid with the sprayed liquid. The induction

of localized turbulence in the drying fluid flow stream may be effected in any suitable manner, and may for

example be generated by providing a multiplicity ofjets or injectors that provide an intermittent or sustained

burst of fluid into the drying fluid flow stream to induce localized turbulence in the flow stream, thereby

disrupting any stagnant films of fluid on the sprayed liquid droplets or particles and effecting a local renewal

of surface exposure of the liquid droplets or particles, in contact with the drying fluid flow stream.

For the induction of localized turbulence in the drying fluid flow stream, an array of jets or injectors may

be arranged in and/or on the spray drying vessel, which inject secondary streams of fluid in a directional

manner effecting the creation of localized turbulence. The array may be provided in a geometrically regular

or irregular arrangement, and the jets or injectors may be oriented so that the direction of injection of

secondary fluid into the main drying fluid flow stream is transverse to the bulk flow direction of the main

drying fluid flow stream, or oblique in relation to such bulk flow direction, or otherwise oriented to generate

the requisite localized turbulence activity in the drying fluid flow stream. The fluid utilized for such

induction of localized turbulence may be of any suitable fluid type, and may for example be of a same fluid

type as the main drying fluid flow stream, or alternatively may be of a different type that is compatible with

the main drying fluid flow stream to effectuate enhancement of the drying operation. The injection of

secondary streams of fluid may in various embodiments be carried out continuously, and in other

embodiments, such injection of secondary streams of fluid may be carried out intermittently, e.g., cyclically

and repetitively, as a burst or puff of the secondary fluid into the main drying fluid flow stream.

For such purpose, the array of jets or injectors may be linked with one another by suitable piping, valving,

and manifolding, to provide the secondary fluid to the jets or injectors, e.g., from a common or unitary

secondary fluid source. The respective ones of the jets or injectors may likewise be linked operationally by

signal transmission lines to a control system so that the jets or injectors are actuated in any suitable



coordinated fashion. For example, each of the jets or injectors may be actuated on a same cycle time

sequence, for simultaneous transient injection of secondary fluid into the main drying fluid flow stream.

Alternatively, t e jets or injectors may be actuated so that only a portion thereof is actuated at a particular

time, i.e., so that respective groups in the array are sequentially actuated, so that a first set ofjets or injectors

in a specific location is actuated for injection of secondary fluid into the main drying fluid flow stream,

following which the first set of jets or injectors is shut off and a second set of jets or injectors at another

specific location is actuated for injection of secondary fluid into the main drying fluid flow stream, in

alternating fashion, or as part of a larger sequence of third, fourth, etc. sets of jets or injectors, in which

each set is transiently actuated in turn, in the overall sequence.

Such array of jets or injectors may be of relatively simple character, involving only two, or several, jets or

injectors that are concurrently or sequentially operated for secondary fluid introduction to the main drying

fluid flow stream, or the array may include numerous jets or injectors, e.g., an array of from 5 to 100 jets

or injectors, or even more, as appropriate to enhance the mass transfer of solvent from the sprayed liquid

composition to the drying fluid flow stream in the spray drying vessel. It will therefore be appreciated that

any number ofjets or injectors can be utilized for localized induction of turbulence to enhance mass transfer

in the spray drying operation, and that the operation of such jets or injectors can be continuous or

intermittent, and may be partially or wholly synchronized with respect to portions or parts of the overall

array, or may be carried out in any of various asynchronous manners, as appropriate to achieve enhancement

of the spray drying operation. It will therefore be appreciated that a control system may be operatively

linked to the individual jets or injectors in the array, wherein each of the jets or injectors is selectively

actuated in an appropriate sequence and for a predetermined duration, by an associated control system.

The control system may therefore comprise a central processing unit, microprocessor, microcontroller,

general or special purpose programmable computer, programmable logic controller, or the like, which

carries out a cycle timer program. The cycle timer program may be constituted to transmit actuation signals

to specific ones of the multiplicity of jets or injectors in the array according to a predetermined sequence

of actuation for the jets or injectors in the array, so that the jets or injectors discharge pressurized secondary

gas into the main drying fluid flow stream in such predetermined sequence. For such purpose, the central

processing unit (CPU) or other controller may transmit actuation signals to the respective jets or injectors

in the array according to the sequence to be carried out, wherein such actuation signals may for example

open valves in the jets or injectors to provide for flow of pressurized gas through the jets or injectors and

into the main drying fluid flow stream, with corresponding deactuation signals being sent to the respective

jets or injectors in the array to close the valves in the jets or injectors to provide for termination of flow of

pressurized gas therethrough into the main drying fluid flow stream. The valves may be deployed in the jets



or injectors themselves or may be associated with such jets or injectors, e.g., in a manifold flow circuitry

that is coupled with the jets or injectors in the array.

In general, the size, shape, number, and arrangement of the jets or injectors in t e array may be widely

varied to achieve optimum generation of localized turbulence that in turn maximizes the drying rate for the

spray drying vessel, to produce dried powder product. In this respect, specific arrangements may be

determined by hydrodynamic modeling of the main drying fluid flow stream and introductions of

pressurized secondary fluid therein, to develop specific arrays of suitable size, shape, number, and

arrangements of t e jets or injectors. Alternatively and/or additionally, the size, shape, number, and

placement of the jets or inj ectors may be determined by empirical methods, utilizing injection of pressurized

secondary fluid containing tracer die therein, together with high-speed imaging of the fluid flow stream in

the spray drying chamber, and empirical measurement of localized Reynolds numbers and other

hydrodynamic variables, to experimentally determine an advantageous size, shape, number, and

arrangements of jets or injectors in the array.

The spray drying vessel that is utilized in the practice of the present disclosure may be of any suitable size,

shape, and arrangement, it being understood that the localized turbulence generation mediated by injection

of secondary fluid by jets or injectors achieves a substantial improvement in drying efficiency of the spray

drying vessel, relative to the drying efficiency that would be realized in the absence of such localized

turbulence generation. Such improvement enables the spray drying vessel to be of a smaller volumetric

character than would be required in the absence of such localized turbulence generation. Accordingly, the

apparatus and method of the present disclosure facilitates the utilization of smaller, more compact spray

drying vessels than are conventionally employed, so that the footprint of the spray dryer and overall process

system can be made substantially smaller, with the increased drying efficiency providing benefits in respect

of capital equipment, energy, and operating costs of the spray drying process system.

As an aid in understanding the improvement achieved by the apparatus and method of the present

disclosure, it is instructive to consider the hydrodynamic character of a conventional spray drying vessel.

A typical spray drying vessel geometry in conventional high-temperature spray drying operation involves

a tall cylindrical tank that is supplied with a source of heated dry air. Once the air enters the spray dryer,

the turbulent flow of the heated drying fluid quickly exchanges heat and mass with the atomized particles

of the sprayed emulsion. The particles on leaving the atomizer are traveling at high speeds, which may be

on the order of 50 to 150 meters/second. The particles are quickly slowed by air drag effects and become

entrained in the dryer air flow. As the particles travel further from the atomizer and lose water (solvent) due



to evaporation, the airflow is progressively less turbulent and the water concentration in the vicinity of the

particle on average increases due to the limited diffusivity of water vapor in air. The particle drying rate is

driven in part by the difference in water concentration in the particle and that in the air immediately

surrounding the particle. Initially the concentration gradient is very large, and as evaporation from the

particle surface progresses, the gradient decreases, slowing the rate of evaporation and the drying process.

In the interior volume of a conventional spray drying vessel, there are typically large regions where the

particle density is low due to the air (drying fluid) flow patterns, and in which t e air has a much lower

water vapor concentration than other regions in which the drying fluid flow contains high concentrations

of entrained particles. The result of these heterogeneities is that lower particle density regions of

significantly drier air do not become mixed with higher particle density regions until the particles and

associated fluid leave the spray drying vessel, whereupon the respective regions finally become mixed. This

effluent from the spray drying vessel then typically passes to a cyclone or other fluid/solid separator device,

and because the contact time from the spray drying vessel outlet to the cyclone apparatus is short, on the

order of a few seconds, the mixing effect is insignificant and the air leaves without being fully utilized.

Thus, in the interior volume of the spray drying vessel, the particle distribution is non-homogeneous, and

the overall efficiency of the spray drying operation is correspondingly reduced.

The present disclosure addresses these hydrodynamic inefficiencies of the conventional spray dryer

systems, enhancing drying fluid utilization by introducing puffs or jets of turbulent, dry secondary drying

fluid along the main drying fluid flow path of the spray drying chamber. Even though the drying fluid flow

in conventional spray drying systems is typically turbulent at the point of introduction, with some extent of

associated turbulent mixing being inherent, there are invariably flow stratification effects, wall effects, and

hydrodynamic behavioral anomalies of the drying fluid in the spray drying chamber that produce

inhomogeneities in the volumetric particle density in the spray drying vessel during spray drying operation,

resulting in low-level utilization of the drying fluid.

The approach of the present disclosure, of utilizing turbulent air (drying fluid) puffs or jets to cause

increased, widespread high intensity turbulent mixing throughout the spray drying vessel interior volume,

avoids the adverse hydrodynamic effects and anomalies inherent in conventional spray drying operations,

to enhance mixing of the particle -laden, higher solvent concentration drying fluid flow regions with

particle-deficient, lower solvent concentration drying fluid flow regions, resulting in enhanced diffusivity

of solvent and other liquid constituents of the spray dried liquid composition in the interior volume of the

spray drying vessel.



In a spray drying process conducted in accordance with the present disclosure, wherein transient injection

of pressurized secondary drying fluid is effected, the transient jet or puff of drying fluid introduces a mass

of turbulent dry fluid that moves through and mixes with the flow of particle-laden fluid circulating in the

spray drying chamber. The resulting turbulent region effected by such secondary fluid injection alters the

diffusion of molecular species in fundamental ways, and the high velocity flow produced by the jet or

injector introduces chaotic flow behavior in which the molecular diffusion rate is substantially increased.

The turbulent diffusivity can be over an order of magnitude greater than the diffusivity under non-turbulent

conditions. Accordingly, particles in t e turbulent regions created by the jets or injectors will experience an

increased drying rate due to the increased diffusivity of the localized turbulent regions. Such turbulence

rapidly reduces the concentration of solvent in the regions surrounding the particles being dried, increasing

concentration gradients and enabling substantially increased drying rates to be achieved. A further

advantage of t e turbulent puffers is accelerated cooling of the particles when the secondary fluid being

injected is at low temperature, e.g., ambient or room temperature. Such temperature quenching effect is

important when materials being dried have a low glass transition temperature.

Referring now to the drawings, FIG. 1 is a schematic representation of a spray drying process system 10

according to one embodiment of the present disclosure.

As shown, the spray drying process system 10 comprises a spray dryer 12 including a spray drying vessel

14 having an upper cylindrical portion 18 and a downwardly convergent conical shaped lower portion 16.

The spray drying vessel 14 in this embodiment is equipped with an array of puffer jets 20 installed in two

circumferentially extending, longitudinally spaced apart rows in which each puffer jet is circumferentially

spaced from the adjacent puffer jets in the row. Each of the puffer jets in the respective rows is arranged to

be supplied with secondary drying fluid by the secondary fluid feed lines 24 associated with the source

structure 22, which may extend circumferentially around the spray drying vessel 14, so that each of the

puffer jets is connected with a secondary fluid feed line 24 in the same manner as the puffer jets shown at

opposite sides of the spray drying vessel 14 in the system as depicted in FIG. 1.

The secondary fluid source structure 22 is depicted schematically, but may be constituted by suitable piping,

valving, and manifolding associated with a secondary fluid supply tank and pumps, compressors, or other

motive food drivers producing a flow of pressurized secondary drying fluid introduced to the puffer jets 20

in the secondary fluid feed lines 24.

At the upper end of the spray drying vessel 14, an inlet 26 is provided, to which the spray dryable liquid

composition to be spray dried in the spray drying vessel 14 is flowed in liquid composition feed line 40

under the action of liquid composition pump 38 receiving the liquid composition in liquid composition



supply line 36 from the liquid composition supply vessel 28. The liquid composition to be spray dried may

be formulated in t e liquid composition supply vessel 28, to which ingredient of the liquid composition

may be supplied for mixing therein, e.g., under the action of a mixer device internally disposed in the liquid

composition supply vessel 28 (not shown in FIG. 1). Such mixer device may be or include a mechanical

mixer, static mixer, ultrasonic mixer, or other device effecting blending and homogenization of the liquid

composition to be subsequently spray dried.

For example, when the liquid composition of the spray dried is a slurry or emulsion of solvent, carrier, and

product material, the solvent may be supplied to the liquid composition supply vessel 28 from a solvent

supply vessel 30, carrier material may be provided to the liquid composition supply vessel 28 from a carrier

material supply vessel 32, and product material may be provided to the liquid composition supply vessel

28 from a product material supply vessel 34, as shown.

The liquid composition to be spray dried thus is flowed from the liquid composition supply vessel 28

through liquid composition supply line 36 to pump 38, and then flows under action of such pump in liquid

composition feed line 40 to the inlet 26 of the spray drying vessel 14 to a spray device such as an atomizer

or nozzle disposed in the inlet region of the interior volume of the spray drying vessel. Concurrently, main

drying fluid is flowed in main drying fluid feed line 70 to the inlet 26 of the spray drying vessel 14, for flow

through the interior volume of the spray drying vessel from the upper cylindrical portion 18 thereof to the

lower conical portion 16 thereof, at the lower end of which the dried powder product and effluent drying

fluid flow into the effluent line 42. During flow of the main drying fluid through the interior volume of the

spray drying vessel 14, the puffer jets 20 are selectively actuated to introduce secondary drying fluid at

suitable pressure and flow rate to induce localized turbulence in the interior volume, in the drying fluid flow

stream, for enhancement of mass transfer and drying efficiency of the spray drying vessel.

The dried powder product and effluent drying fluid flowing in the effluent line 42 pass to the cyclone

separator 44, in which the dried powder solids are separated from the effluent drying fluid, with the

separated solids passing in product feed line 46 to the dried powder product collection vessel 48. The dried

powder product in the collection vessel 48 may be packaged in such vessel, or may be transported to a

packaging facility (not shown in FIG. 1) in which the collected dried powder product is packaged in bags,

bins, or other containers for shipment and ultimate use.

The effluent drying fluid separated from the dried powder product in t e cyclone separator 44 flows in

effluent fluid feed line 52 the baghouse 52 in which any residual entrained fines in the effluent fluid are

removed, to produce a fines-depleted effluent fluid that then is flowed in effluent fluid transfer line 54 to

blower 56, from which the effluent fluid is flowed in blower discharge line 58 to the condenser 60 in which



the effluent fluid is thermally conditioned as necessary, with the thermally conditioned effluent fluid than

being flowed in recycle line 62 to blower 64, from which the recycled effluent fluid flows in pump discharge

line 66 to dehumidifler 68 in which residual solvent vapor is removed to adjust the relative humidity and

dewpoint characteristics of the drying fluid to appropriate levels for the spray drying operation, with the

dehumidified drying fluid then flowing in main drying fluid feed line 70 to the inlet 26 of the spray drying

vessel 14, as previously described. The dehumidifler may in various embodiments be constructed and

arranged to provide both the primary drying fluid and t e secondary drying fluid to the spray drying vessel

14 at a predetermined relative humidity and dewpoint characteristic, or multiple dehumidifiers may be

provided in the spray drying system for such purpose.

FIG. 2 is a schematic representation, in breakaway view, of a portion of the spray drying process system of

FIG. 1, showing the action of localized turbulence induction in the spray drying vessel of the system.

As depicted, the inlet 26 of t e spray dryer 14 includes a top wall 80 on which the inlet 26 is reposed,

receiving main drying fluid in main drying fluid feed line 70, and spray dryable liquid composition in liquid

composition feed line 40. In the inlet, the introduced spray dryable liquid composition flows into the

atomizer nozzle 88 extending through the top wall 80, and is discharged at the open lower end of such

nozzle as an atomized spray 76 of liquid droplets 84 that fall through the interior volume of the spray drying

vessel 14, in the direction indicated by arrow A, while being contacted with the main drying fluid introduced

from main drying fluid feed line 70 to the inlet 26, for flow through openings 82 in the top wall 80, with

the main drying fluid then flowing downwardly as indicated by arrows 78, so that the co-currently

introduced main drying fluid and atomized liquid droplets 84 are contacted with one another.

During such contacting of the main drying fluid and droplets of the atomized spray dryable liquid

composition, the puffer jet 20 is actuated by an actuation signal transmitted in signal transmission line 202

from CPU 200, to initiate injection of secondary drying fluid supplied in the in the secondary fluid feed line

24 from the distal nozzle 72 of the puffer jet, to introduce a turbulent injected flow 74 of secondary drying

fluid that in interaction with the main drying fluid flow stream creates a localized turbulence region 86 in

the interior volume of the spray drying vessel 14, to enhance mass transfer and drying efficiency.

The CPU 200 thus may be programmable he arranged and constructed to actuate the puffer jet 20

intermittently, cyclically and repetitively, to provide a series of bursts of turbulent secondary drying fluid

into the main drying fluid flow stream that disruptively and intensively mixes the drying fluid with the

droplets of atomized liquid composition, and wherein others of the multiple puffer jets associated with the

spray drying vessel 14 may be synchronously or asynchronously actuated in relation to puffer jet 20, in any

suitable pattern and timing schedule of "firings" of individual puffer jets in the overall system.



FIG. 3 is a graphical depiction of particle trajectories in a tangential inlet rotary atomizer spray dryer, as

calculated using computational fluid dynamics, illustrating the movement of the particles to the outer wall

of the dryer, leaving a substantial volume that is devoid of particles, in the absence of puffer jet instigation

of localized turbulence in accordance with the present disclosure.

The spray dryer vessel utilized in this depiction has a cylindrical geometry with a tangential air inlet, in

which particles of the spray dryable liquid composition are atomized by a rotating atomizer located in the

center top portion of the spray dryer vessel. Particles released from the atomizer initially travel radially

outward until slowed by air drag, becoming entrained in the flow field of the spray dryer vessel. The

particles are pushed by this flow through the interior volume of the spray dryer vessel and out the bottom

discharge port of the spray dryer vessel.

In this type of geometry, the center region of the interior volume of the spray dryer vessel has a low density

of particles due to the action of the air flow and the centripetal acceleration on the particles. The air (drying

fluid) in this region also has a much lower water vapor concentration than the flow with the entrained

particles. Most of this central region of significantly drier air does not become mixed with the outer region

of flow where the particles are entrained until leaving the spray dryer vessel, whereupon it finally becomes

mixed with the particle laden air. Nonetheless, because the contact time from the outlet of the spray dryer

vessel to the cyclone unit is short, on the order of a few seconds, the mixing effect is insignificant and the

air leaves without being fully utilized. Similar effects can also be observed in vertical airflow spray dryer

vessel geometries, in which t e particle distribution throughout the dryer volume is also very non-

homogeneous.

By utilizing an array of puffer jets in accordance with the present disclosure, the above-described

inhomogeneity in the interior volume of the spray dryer vessel can be minimized or even eliminated, to

achieve order of magnitude increases in diffusivity in regions that in the absence of localized turbulence

generation would be grossly underutilized in terms of the drying capacity of the drying fluid in such regions.

FIG. 4 is a graphical depiction of a computational fluid dynamics simulation of effect on total diffusivity

caused by turbulent puffs introduced into airflow in a rectangular duct, 1.5 seconds after t e puff has

occurred. The plot shows the evolution of the total diffusivity along a vertical center plane of the duct one

and a half seconds after occurrence of the puffs. The puffs were introduced at time = 1 second. Air enters

from the left end of the duct and exits from the right end. Turbulent puffs are introduced by two nozzles

located on the top of the duct along the longitudinal centerline. The puffs are directed perpendicular to the

main flow. This diffusivity profile persists for up to 5 seconds, propagating along the duct.



FIG. 4 thus illustrates through the use of computational fluid dynamics t e effect of turbulence on the

diffusivity for two jets, each inj ecting a high velocity j et of air into a linear rectangular duct with air flowing

through it at a linear velocity of 1meter/second. The jets turn on at one second from the time the duct flow

is established. The puffs have a duration of one second, introducing a high speed flow at right angles to t e

main flow traveling in the duct, producing a region of turbulence in the flow. In the turbulent region the

diffusivity has increased by over 50% as shown in FIG. 4 . At the initial introduction of the puff, the

diffusivity increased by an order of magnitude. This effect will also increase the drying rate by nearly an

order of magnitude in the affected regions, dramatically improving the utilization of the dry process air and

improving the overall energy efficiency of the process. The turbulent effects persist for an extended period

of time, on the order of many seconds, much longer than the duration of the pressure pulse that produced

the puff. The spatial extent of the puff increases linearly with distance traveled as illustrated in FIG. 4 . The

puff volume also scales as the cube of the puff width, thus enabling the effects to increasingly effect the

entire flow volume in the spray drying chamber.

Thus, by placing a series of air injection nozzles around the circumference of a spray dryer vessel and

periodically pulsing the nozzles on, the powder particles in these turbulent regions will experience higher

concentration gradients and higher drying rates. The extended spatial region of the turbulent mixing created

by the puffs will enable more complete and continued mixing of the air and particles throughout the volume

of the spray drying chamber. A further advantage of the turbulent puffers, as discussed, is accelerated

cooling of the particles by injecting air at room temperature before leaving the dryer, of particular

importance when the material being dried has a low class transition temperature. This method of

introduction of purposeful turbulent mixing has not to our knowledge been previously used in spray drying

processes and represents a novel utilization of turbulent effects for significantly increasing the efficiency

of the spray drying process in a manner not previously appreciated in the spray drying industry.

FIG. 5 is a schematic representation of a spray drying apparatus according to one embodiment of the present

disclosure, featuring an array of turbulent mixing nozzles on the spray drying chamber wall, configured for

injection of transient, intermittent turbulent air bursts into the main drying fluid flow stream in the spray

drying chamber.

As illustrated in FIG. 5, the spray drying apparatus 300 includes a cylindrical wall 302 that at its upper

extremity is secured to a circular top wall 304 having a central opening therein to accommodate a spray

atomizer (not shown in FIG. 5) for spraying an atomized emulsion into the interior volume of the spray

drying chamber bounded by such cylindrical and top walls. The spray drying apparatus further includes a

frustoconical lower wall 308 that at its lower end is joined to a cylindrical conduit 312, which may be



provided with an air seal or other closure element that is selectively openable to remove dried material from

the apparatus.

The spray drying apparatus thereby encloses an interior volume to provide a spray drying chamber in which

the sprayed emulsion atomized particles are contacted with drying air, introduced to the chamber through

the air inlet passage 306 at the upper portion of the spray dryer. The spray dryer at an upper portion of the

frustoconical wall 308 is provided with a takeoff conduit 310 through which the drying air/particles mixture

may be discharged from the spray drying chamber and conveyed to a cyclone for fluid/solid separation.

The cylindrical wall 302 is provided with axially spaced-apart rows 316, 318, and 320 of turbulent air

injection nozzles 322. In each of the rows, the nozzles are circumferentially spaced apart around the full

circumference of the wall. In this arrangement, the nozzles are arranged in a circular pattern with

intervening spacing such that the spatial envelope of each nozzle overlaps to some extent the spatial

envelope of the next adjoining nozzle in the array. The nozzles in the second row 318 are offset by an

appropriate angle, in relation to the nozzles in the and first and third rows, to improve the volumetric

coverage of the injected turbulent fluid.

The nozzles are depicted as tubular elements in the schematic representation of FIG. 5, for ease of reference,

but it will be appreciated that each of the nozzles is coupled in gas flow communication with a source of

pressurized air. Such coupling may be effected by a manifold conduit circumscribing the cylindrical wall

302 which is connected to the outer (proximal) end of the nozzle, so that the nozzles constitute branches of

the manifolded flow circuitry. The individual nozzles may be provided with flow control valves equipped

with pneumatic or other type actuators, so that high-pressure air may be maintained in the manifold conduit,

and injected, upon opening of the valve in the individual nozzle, into the interior volume of the spray drying

chamber. In such arrangement, the actuators of the respective flow control valves may be coupled to a cycle

timer apparatus, e.g., a central processor unit (CPU), microprocessor, programmable logic unit, or other

device for cyclically and repetitively opening the valves in the respective nozzles to effect a burst of injected

air from the nozzles at their proximal ends, with the control device serving to cause the valve actuators to

close the valves at the end of the desired duration of the air injection operation. The nozzle may have a

single orifice or comprise an array of orifices, with the orifice size selected to ensure adequate penetration

of the bursts of injected air into the interior volume of the spray dryer.

In an illustrative embodiment, each of the nozzles may have a fluid dispensing "on" duration in a range of

from 0 .1 to 100 seconds. In other embodiments, the duration of such "on" time may be in a range of from

0 .1to 60 seconds. The excitation pressure applied to the nozzle in the "on" state may be any suitable value,

and may for example be a pressure in a range of from 1to 200 psi, with a volumetric flow rate of from 1to



100 ft.3 per minute, as appropriate for the spray dryer specific size and so as not to disrupt the spray dryer

main airflow pattern. The duty cycle of t e nozzles can range from 1% to 100%, depending on the dryer

airflow. The nozzles can be individually excited or turned on in specially configured arrangements or all

excited simultaneously as required for a specific dryer operation. For example, the spray dryer illustratively

shown in FIG. 5 may be operated with all nozzles turned on simultaneously, and subsequently

simultaneously turned off after an "on" duration of 1 second. The nozzles then remain "off for a period of

5 seconds, following which the cycle is repeated. The delay between the "off state and t e following "on"

state is determined primarily by the time it takes for damping of the localized induced turbulence to occur.

The specific timing and duration of the respective "on" and "off portions of the cyclic air injection process

during spray drying of emulsified material in the spray dryer may be determined empirically by those of

ordinary skill in the art, based on the disclosure herein, e.g., by hydrodynamic modeling and/or deployment

of nozzles in a selected pattern on the spray drying chamber and determination of the relevant characteristics

of the spray dried material discharged from the chamber for different specific cycles of air injection.

Accordingly, the present disclosure represents a major advance in the art of spray drying of spray dryable

liquid compositions to form spray dried product, in an ultrahigh efficiency manner.

The present disclosure may therefore be implemented, utilizing a method of processing a spray dryable

liquid composition to form a spray dried product, such method comprising: generating a spray of the spray

dryable liquid composition; contacting the spray of spray dryable liquid composition in a spray drying

contact zone with a stream of primary drying fluid; injecting pressurized secondary drying fluid into the

stream of primary drying fluid in the spray drying contact zone at multiple loci thereof to provide localized

turbulence at said multiple loci; and recovering the spray dried product from the spray drying contact zone.

This method may be further implemented with any one or more of the following features (A)-(S), to the

extent that any such multiple features are compatible with one another:

(A) the primary drying fluid and secondary drying fluid are introduced to the spray drying contact zone at

temperature below 100°C and above freezing temperature of solvent in the spray dryable liquid

composition;

(B) the injecting is continuously conducted during the contacting;

(C) the injecting is intermittently conducted during the contacting;

(D) the injecting is carried out according to a predetermined injecting schedule, in a cyclic repeating

manner;



(E) the primary drying fluid and secondary drying fluid are each independently selected from the group

consisting of air, oxygen, oxygen-enriched air, nitrogen, helium, argon, neon, carbon dioxide, carbon

monoxide, and combinations of two or more of the foregoing;

(F) the primary drying fluid and secondary drying fluid are each air;

(G) the spray dryable liquid composition comprises at least one product material selected from the group

consisting of food materials, beverage materials, fragrance materials, pigment materials, flavor materials,

pharmaceutical materials, therapeutic materials, medication materials, homeopathic materials, biological

materials, probiotic materials, construction materials, formulating materials, and mixtures, blends,

composites, and combinations of two or more different materials of the foregoing;

(H) the spray dryable liquid composition comprises at least one ingredient selected from the group

consisting of solvents, carriers, adjuvants, excipients, surfactants, anti-agglomerants, anti-caking agents,

co-active ingredients, wetting agents, dispersants, emulsifiers, stabilizers, antioxidants, preservatives,

encapsulants, pore-forming agents, hardeners, and mixtures, blends, composites, and combinations of two

or more ingredients of the foregoing;

(I) the spray dryable liquid composition comprises an aqueous composition;

(J) the spray dryable liquid composition comprises solvent selected from the group consisting of water,

alcohol, and aqueous alcohol solution;

(K) the spray dryable liquid composition comprises at least one carrier, e.g., selected from the group

consisting of carbohydrates, proteins, lipids, waxes, cellulosic materials, sugars, starches, and natural and

synthetic polymeric materials;

(L) the spray dryable liquid composition has a viscosity in a range of from 300 mPa-s to 28,000 mPa-s, e.g.,

from 500 mPa-s to 16,000 mPa-s, or more specifically from 1000 mPa-s to 4000 mPa-s;

(M) the spray dryable liquid composition comprises from 20 to 50% by weight of solvent, based on total

weight of the spray dryable liquid composition;

(N) the solvent comprises water;

(O) the primary drying fluid and secondary drying fluid are introduced to the spray drying contact zone at

temperature below at least one of 95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C,

40°C, 35°C, 30°C, 25°C, and 20°C, and wherein such temperature is above freezing temperature of solvent

in the spray dryable liquid composition;



(P) the primary drying fluid and secondary drying fluid are introduced to the spray drying contact zone at

below 20% relative humidity;

(Q) the primary drying fluid and secondary drying fluid are introduced to the spray drying contact zone at

relative humidity below at least one of 18%, 15%, 12%, 10%, 8%, 5%, 2.5%, 2%, 1.5%, 1% and 0.5%

relative humidity;

(R) the spray of spray dryable liquid composition comprises droplets of size in a range of from 10 to 300

µιη; and

(S) the injecting is controlled with a control system executing a predetermined cycle timer program.

In various embodiments, a spray drying system in accordance with the present disclosure may be utilized,

as comprising: a spray drying vessel including an interior volume for contacting of introduced spray dryable

liquid composition and a stream of primary drying fluid, said vessel including a spraying device positioned

to introduce a spray of the spray dryable liquid composition into t e interior volume for said contacting, an

inlet for introduction of the primary drying fluid to the interior volume, and an outlet for discharging spray

dried product and effluent drying fluid from the interior volume; and a multiplicity of secondary fluid

injectors constructed and arranged to introduce pressurized secondary drying fluid into the interior volume

at flow conditions providing localized turbulence in the stream of primary drying fluid in the interior volume

at multiple loci in the stream of primary drying fluid. Such spray drying system may be deployed, in various

arrangements, comprising any one or more of the following features (A)-(X), to the extent that any such

multiple features are compatible with one another:

(A) the multiplicity of secondary fluid injectors are mounted on t e spray drying vessel in an array;

(B) the spray drying vessel comprises a cylindrical portion on which the array of secondary fluid injectors

is mounted;

(C) the array of secondary fluid injectors comprises at least one circumferentially extending row of

secondary fluid injectors, each secondary fluid injectors in each such row being circumferentially spaced

apart from adjacent secondary fluid injectors in such row, and wherein multiple rows when present are

axially spaced apart with respect to a central axis of the spray drying vessel;

(D) each of the multiplicity of secondary fluid injectors is actuated for secondary fluid injection by a control

system;

(E) the control system is constructed and arranged to execute a cycle timer program for actuation of the

secondary fluid injectors;



(F) each of the multiplicity of secondary fluid injectors is actuatable to supply a transient burst of secondary

fluid to the interior volume of the spray drying vessel;

(G) a selected one or ones of said multiplicity of secondary fluid injectors is actuatable by the control system

to supply a transient burst of secondary fluid to the interior volume of the spray drying vessel, while selected

others of said multiplicity of secondary fluid injectors are deactuated, in a predetermined sequence in which

each of the multiplicity of secondary fluid injectors is intermittently actuated in the predetermined

sequence;

(H) each of the multiplicity of secondary fluid injectors is actuatable to continuously supply secondary fluid

to the interior volume of t e spray drying vessel during spray drying operation therein;

(I) flow circuitry receiving spray dried product and effluent drying fluid from the outlet of the spray drying

vessel, said flow circuitry containing a fluid/solids separator constructed and arranged to separate spray

dried product from the effluent drying fluid, and a dehumidifier configured to dry the effluent drying fluid,

from which spray dried product has been separated, to a predetermined extent, said flow circuitry being

constructed and arranged to recycle the drying fluid, subsequent to its being dried by the dehumidifier, to

the inlet of the spray drying vessel, as at least part of the primary drying fluid introduced to the interior

volume of the spray drying vessel;

(J) a primary drying fluid source constructed and arranged to provide primary drying fluid to the spray

drying vessel at temperature below 100°C and above freezing temperature of solvent in the spray dryable

liquid composition;

(K) a control system constructed and arranged for operation of the multiplicity of secondary fluid injectors;

(L) a source of primary drying fluid and a source of secondary drying fluid;

(M) each of the respective sources of primary drying fluid and secondary drying fluid independently

contains a fluid selected from the group consisting of air, oxygen, oxygen-enriched air, nitrogen, helium,

argon, neon, carbon dioxide, carbon monoxide, and combinations of two or more of the foregoing;

(N) a source of the spray dryable liquid composition;

(O) the source of the spray dryable liquid composition contains spray dryable liquid composition

comprising at least one product material selected from the group consisting of food materials, beverage

materials, fragrance materials, pigment materials, flavor materials, pharmaceutical materials, therapeutic

materials, medication materials, homeopathic materials, biological materials, probiotic materials,



construction materials, formulating materials, and mixtures, blends, composites, and combinations of two

or more different materials of the foregoing;

(P) the source of the spray dryable liquid composition contains spray dryable liquid composition comprising

at least one ingredient selected from the group consisting of solvents, carriers, adjuvants, excipients,

surfactants, anti-agglomerants, anti-caking agents, co-active ingredients, wetting agents, dispersants,

emulsifiers, stabilizers, antioxidants, preservatives, encapsulants, pore-forming agents, hardeners, and

mixtures, blends, composites, and combinations of two or more ingredients of the foregoing;

(Q) the source of the spray dryable liquid composition contains an aqueous spray dryable liquid

composition;

(R) the source of the spray dryable liquid composition contains spray dryable liquid composition

comprising at least one carrier selected from the group consisting of carbohydrates, proteins, lipids, waxes,

cellulosic materials, sugars, starches, and natural and synthetic polymeric materials;

(S) the source of the spray dryable liquid composition contains spray dryable liquid composition having a

viscosity in a range of from 300 mPa-s to 28,000 mPa-s;

(T) the source of the spray dryable liquid composition contains spray dryable liquid composition having a

viscosity in a range of from 500 mPa-s to 16,000 mPa-s;

(U) the source of the spray dryable liquid composition contains spray dryable liquid composition having a

viscosity in a range of from 1000 mPa-s to 4000 mPa-s;

(V) the source of the spray dryable liquid composition contains spray dryable liquid composition

comprising from 20 to 50% by weight of solvent, based on total weight of t e spray dryable liquid

composition;

(W) a primary drying fluid source constructed and arranged to provide primary drying fluid to the spray

drying vessel at temperature below at least one of 95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C,

50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein such primary drying fluid temperature is

above freezing temperature of solvent in the spray dryable liquid composition, and comprising a secondary

drying fluid source constructed and arranged to provide secondary drying fluid to the spray drying vessel

at temperature below at least one of 95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C,

40°C, 35°C, 30°C, 25°C, and 20°C, and wherein such secondary drying fluid temperature is above freezing

temperature of solvent in the spray dryable liquid composition;



(X) a dehumidifier constructed and arranged to provide the primary drying fluid and secondary drying fluid

to the interior volume of the spray drying vessel at below 20% relative humidity, e.g., a dehumidifier

constructed and arranged to provide the primary drying fluid and secondary drying fluid to the interior

volume ofthe spray drying vessel at relative humidity below at least one of 18%, 15%, 12%, 10%, 8%, 5%,

2.5%, 2%, 1.5%, 1% and 0.5% relative humidity.

In various embodiments, a spray drying apparatus may be utilized, comprising: a spray drying chamber

having an interior volume and configured for introduction of spray dryable material into the interior volume

for drying therein, and discharge of dried material and drying fluid therefrom; a primary drying fluid inlet

configured for introducing primary drying fluid into the interior volume of the chamber for contact with the

spray dryable material in the interior volume, to provide a primary drying fluid flow stream through the

interior volume; and a multiplicity of secondary drying fluid inlets configured for intermittent injection of

secondary drying fluid into the primary drying fluid flow stream to effect transient localized turbulence in

the primary drying fluid flow stream, or alternatively for continuous injection of secondary drying fluid

into the primary drying fluid flow stream, for enhancement of drying of the spray dryable material in the

interior volume of the chamber.

In such spray drying apparatus, the multiplicity of secondary drying fluid inlets may comprise secondary

drying fluid inlets arranged in a circumferentially spaced apart arrangement around a circumscribing wall

of the spray drying chamber. In various embodiments, t e multiplicity of secondary drying fluid inlets may

comprise multiple vertically spaced apart rows of secondary drying inlets on the circumscribing wall of the

spray drying chamber. The secondary drying inlets in such embodiments may in successively vertically

spaced apart rows be circumferentially offset in relation to one another.

The spray drying apparatus as variously described above may comprise a secondary drying fluid assembly

coupled with the secondary drying inlets and configured to introduce secondary drying fluid in accordance

with a predetermined cycle time program.

The primary drying fluid and secondary drying fluid may be the same as or different from one another, and

may comprise air or any other suitable fluid for t e specific spray drying operation and apparatus involved.

The spray drying apparatus as variously described above may further comprise a source of spray dryable

material arranged in communication with the spray drying chamber interior volume for spray delivery of

the spray dryable material to the interior volume of the spray drying chamber.



In various embodiments, the above-described spray drying apparatus may further comprise a dehumidifier

configured to provide dehumidified air to the primary drying fluid inlet and to the secondary drying fluid

inlets.

The spray drying apparatus may be further constructed and arranged in various embodiments so that

intermittent injection of secondary drying fluid into the primary drying fluid flow stream to effect transient

localized turbulence in the primary drying fluid flow stream is controlled by an injection controller

configured to inject secondary drying fluid through the secondary drying fluid inlets for an injection period

in a range of from 0 .1to 100 seconds.

It will be further recognize that the number, pattern, and orientation of t e nozzles or other injection devices

may be widely varied in the broad practice of the present disclosure. In various embodiments, t e nozzles

or injection devices may be oriented to inject fluid generally transversely to a main direction of flow of the

primary drying fluid flow stream, but it may also be advantageous in other embodiments to direct the

secondary drying fluid into the primary drying fluid flow stream at any suitable angle, orthogonal, oblique,

acute, etc. with reference to the main direction of flow of the primary drying fluid flow stream, and in still

other embodiments, combinations of different orientations of the nozzles or injection devices may be

utilized to achieve the desired drying efficiency and character.

In accordance with the present disclosure, a method of spray drying a spray dryable material may be carried

out, comprising processing of the spray dryable material in a spray drying apparatus according to any of

the embodiments described herein.

In such method, the pressure of the secondary drying fluid intermittently injected into the primary drying

fluid flow stream may be in a range of from 1 to 200 psig. The method may be conducted so that the

secondary drying fluid is intermittently injected for an injection period in a range of from 1 to 5 seconds,

and so that successive injection periods are separated by a non-injection period in a range of from 1 to 5

seconds.

In accordance with the present disclosure, a method of spray drying of a spray dryable material in a primary

drying fluid flow stream may be carried out, comprising intermittently, transiently, and cyclically injecting

secondary drying fluid into the primary drying fluid flow stream at multiple loci in the primary drying fluid

flow stream, so as to create transient localized turbulence at such loci that enhances drying of the spray

dryable material, or alternatively, continuously injecting secondary drying fluid into the primary drying

fluid flow stream at multiple loci in the primary drying fluid flow stream, so as to create localized turbulence

at such loci that enhances drying of the spray dryable material.



Such spray drying method may be carried out as variously described herein, with respect to specific cycle

times, pressures, and configurations and arrays of nozzles or other injector devices for providing transient

localized turbulence in the primary drying fluid stream in which t e sprayed material is to be dried, or for

alternatively providing continuous localized turbulence in the primary drying fluid stream in which the

sprayed material is to be dried.

In the above-described methods and apparatus of the present disclosure, the primary drying fluid flow

stream and the secondary drying fluid may comprise a same fluid, or alternatively may comprise different

fluids. In various embodiments, the primary drying fluid and the secondary drying fluid are air. The spray

dryable material in such methods and apparatus may be of any suitable type, as previously described, and

may for example comprise a flavor, fragrance, food, beverage, comestible, or pharmaceutical material or

ingredient.

In the above-described methods and apparatus of the disclosure, the multiple loci in the primary drying

fluid flow stream may comprise loci at a peripheral region of the fluid flow stream. The direction of

injection of the secondary drying fluid into the primary drying fluid flow stream, as indicated, may be

transverse to a direction of flow of the primary drying fluid flow stream. In various embodiments, the

multiple loci in the primary drying fluid flow stream may comprise loci that are spaced along a direction of

flow of the primary drying fluid flow stream. In other embodiments, the multiple loci may comprise loci

that are generally in a same transversely oriented plane in reference to the direction of flow of the primary

drying fluid flow stream, as well as loci that are spaced along a direction of flow of the primary drying fluid

flow stream. It will be appreciated that the specific patterns of secondary drying fluid injection may be

widely varied within the broad practice of the present disclosure.

Thus, although the disclosure specifically contemplates pulsed intermittent injections of fluid into the main

drying fluid flow stream in the spray drying chamber, as a preferred mode of operation, embodiments also

are contemplated in which the injections of fluid into the main drying fluid flow stream are carried out

continuously.

In accordance with the disclosure, a spray drying apparatus may be utilized, comprising: a spray drying

chamber having an interior volume and configured for introduction of spray dryable material into the

interior volume for drying therein, and discharge of dried material and drying fluid therefrom; a primary

drying fluid inlet configured for introducing primary drying fluid into the interior volume of the chamber

for contact with the spray dryable material in the interior volume, to provide a primary drying fluid flow

stream through the interior volume; and a multiplicity of secondary drying fluid inlets configured for

injection of secondary drying fluid into the primary drying fluid flow stream to effect localized turbulence



in the primary drying fluid flow stream, for enhancement of drying of the spray dryable material in the

interior volume of the chamber, or alternatively for continuous injection of secondary drying fluid into the

primary drying fluid flow stream.

In various embodiments, a method of spray drying of a spray dryable material may be performed,

comprising use of the apparatus described in the preceding paragraph.

In accordance with the disclosure, a method of spray drying of a spray dryable material in a primary drying

fluid flow stream may be conducted, comprising injecting secondary drying fluid into the primary drying

fluid flow stream at multiple loci in the primary drying fluid flow stream, so as to create localized turbulence

at such loci that enhances drying of the spray dryable material.

The process, apparatus, and systems of the present disclosure may utilize any suitable duty cycle, e.g., a

duty cycle within a range of from 1%-100%. In various embodiments, the duty cycle may be in a range of

from 1% to 99%, from 1% to 95%, from 5% to 90%, from 10% to 80%, from 15% to 75%, from 25% to

70%, or any other duty cycle range bounded by any one of the aforementioned minimum values and any

other mentioned upper values, as appropriate to a specific implementation of the present disclosure.

The process, apparatus, and systems of the present disclosure enable a substantial improvement in the

utilization of the drying capacity of the dry air that is supplied to the spray dryer, as compared to utilization

levels that are typical of prior conventional spray drying systems. By providing purposefully generated

localized turbulent mixing in the spray dryer, a high level of utilization of the drying capacity of the dry air

(or other drying fluid) supplied to the spray drying vessel is achieved. This in turn enables the overall

efficiency of the spray drying operation to be substantially increased.

In preferred practice, the apparatus, process, and systems of the present disclosure for injected turbulent

fluid creation of localized turbulence in the flow stream of drying fluid in a spray drying vessel or a spray

drying zone are utilized in low temperature spray drying operations, wherein the temperature of the drying

fluid (including both primary (main) drying fluid and secondary drying fluid) is below 100°C and above

the freezing point of the solvent in the material being spray dried.

FIG. 6 is a scanning electron microscope (SEM) image, at magnification of 0.5 lk x, of a cross section of a

particle produced by low temperature spray drying, as representative of dry powder product produced in

accordance with the methods and apparatus of the present disclosure. As is apparent from the image, the

spray dried powder product is highly homogeneous in morphology and appearance, with t e active

ingredient of the product, visible as black dots, being uniformly dispersed in the (starch) carrier material.



FIG. 7 is a depiction of drying fluid stream lines in a spray drying vessel in which a main flow of drying

fluid is introduced at an upper portion of the vessel, with additional drying fluid being introduced for

maintenance of a fluidized bed in a lower portion of t e spray drying vessel, and with spray drying fluid

being discharged from discharge ports at an upper and outer portion of the spray drying vessel. Such spray

drying vessel is of a type more fully described in connection with FIG. 9, but wherein the fluid injector jet

augmentation of t e spray drying vessel shown in FIG. 9 is not present.

FIG. 8 is a depiction of particle trajectories in a spray drying vessel of the type for which drying fluid stream

lines are depicted in FIG. 7 . As is evident in the FIG. 8 depiction, this spray dryer design has large volumes

in which the number density of particles is low. These low number density volumes are a source of loss of

drying efficiency. Particle residence times in this type of spray dryer may be on the order of 10-15 seconds,

which necessitates a fluidized bed arrangement in a lower portion of the spray drying vessel, in order to

achieve spray drying of the spray dryable feed material to a dry powder product.

FIG. 9 is a schematic representation of a spray drying system according to another embodiment of the

present disclosure, comprising a spray drying vessel of the general type for which air stream lines and

particle trajectories are shown in FIGS. 7 and 8, respectively, but wherein an array of fluid injector jets is

provided, mounted on the spray drying vessel wall and arranged to inject fluid into the interior volume of

the vessel, to enhance spray drying efficiency of the system.

The FIG. 9 spray drying system 400 comprises a spray drying vessel 410 having an inlet 412 at its upper

end portion in which is mounted an atomizer nozzle 418 as shown. The atomizer nozzle 418 receives spray

dryable material via spray dryable material feed line 422, and the atomizer nozzle generates a spray of

particles of the material to be spray dried, as discharged into the interior volume 420 of the spray drying

vessel for contact with drying fluid therein.

The spray drying vessel 410 includes a main chamber portion 414, and a lower portion 416. The lower

portion 416 is adapted for fluidized bed operation, being supplied by drying fluid inlet 442 from drying

fluid feed line 444 with drying fluid that is introduced so as to effect fluidization of particles in the lower

portion of the spray drying vessel. This in situ fluidized bed in the lower portion of the spray drying vessel

is necessary to achieve a spray dried powder product, due to the previously noted short residence time of

sprayed particles in the fluidized bed. The spray drying vessel 410 includes drying fluid discharge ports

428 and 430 at the upper and outer portion of the spray drying vessel, at which drying fluid is discharged

from the spray drying vessel and is exhausted in the drying fluid exhaust line 432.



A main flow of drying fluid 426 is introduced to t e spray drying vessel 410 at t e drying fluid inlet 424

and the introduced drying fluid subsequently flows downwardly in the spray drying vessel for contact with

the sprayed particles of spray dryable material in the interior volume 420 of the vessel.

The spray drying vessel 4 10 has a dried material discharge conduit 454 at its lower portion, above the upper

end of the fluidized bed, through which dried material is discharged to a dried material product line 456 for

transport to downstream packaging facilities and/or other post-spray-drying processing operations.

The spray drying vessel 4 10 is provided at its main chamber portion with an array of fluid injector jets 434,

436, 438, 440, 446, 448, 450, and 452, arranged as shown. Each of the fluid injector jets is coupled with a

source of pressurized fluid, and the injector jets may comprise fluid injection flow control valves that are

modulatable between fully open and fully closed valve positions, to correspondingly modulate flow of

pressurized fluid through the fluid injector jets into the interior volume 420 of the spray drying vessel. In

this manner, turbulent inputs of pressurized fluid are introduced into the main flow of drying fluid

circulating in the interior volume of the spray drying vessel, as introduced in drying fluid inlet 424 and

exhausted from the vessel in drying fluid discharge ports 428 and 430.

The pressurized fluid injector jets may variously be arranged for continuous or alternatively intermittent

input of pressurized turbulent fluid into the spray drying vessel, and in the case of intermittent input

operation may be operated in a sequential and repetitive cyclic manner, with a specific one or ones of the

array of fluid injector jets "firing" (opening to emit a burst of pressurized turbulent fluid into the vessel),

while the other fluid injector jets in the array are quiescent with closed fluid injection flow control valves

therein, followed by closure of the fluid injection flow control valve(s) of such fluid injector jet(s)),

concurrent with or followed by firing of other fluid injector jets in a controlled pattern, so that the fluid in

the interior volume of the spray drying vessel, in contact with the sprayed material particles, is actively

stirred by the successive bursts of pressurized turbulent fluid into the interior volume of the vessel.

Such active stirring by operation of the pressurized turbulent fluid injector jets serves to homogenize the

solvent vapor (e.g., water vapor) concentration in the spray drying vessel interior volume and lowers the

partial pressure of solvent vapor in the fluid in contact with the particles, thereby enhancing mass transfer

of solvent from the particle to the drying fluid, as well as increasing particle residence time in the dryer by

keeping the particles suspended in the spray drying vessel for longer periods of time.

Accordingly, use of pressurized turbulent fluid injector jets in accordance with the present disclosure is able

to achieve remarkable enhancement in particle residence times and drying efficiency. This enhancement is

most pronounced in low temperature operation in which temperature of the drying fluid introduced into the

spray drying vessel for contact with the sprayed particles is below 100°C, since such low temperature



operation avoids formation of t e dense surface layer that otherwise is formed in high temperature spray

drying processes (e.g., in which the drying fluid is introduced into the spray drying vessel at temperatures

on the order of 180°C-200°C).

Thus, the low temperature spray drying process, with spray drying fluid inlet temperature < 100°C, can be

carried out with high rates of mass transfer of the solvent from the sprayed particles to the drying fluid,

without the diffusional impedance represented by the dense surface layer (skin) associated with high

temperature spray drying, and with the rate of mass transfer of solvent from the sprayed particles to the

drying fluid being remarkably enhanced by the injection of pressurized turbulent fluid into the drying fluid

in the spray drying vessel in accordance with the present disclosure.

By way of a specific illustrative example, a low temperature spray dryer having a spray drying vessel

circumference of 34.3 feet is constructed and arranged for operation with inlet temperature of the primary

drying fluid (air) to the spray drying vessel being below 100°C. The spray drying vessel may be outfitted

with 16 pressurized turbulent fluid injector jets located along the circumference of the spray dryer in two

rings of 8 jets each, with the jets being equally spaced along the dryer circumference, for injection of

pressurized turbulent air. One ring may be located 3 feet down from the top of the dryer and the second ring

of 8 nozzles may be located at 7 feet down from the top of the dryer. The nozzles may be oriented so that

the direction of flow of air is positioned 10 degrees off of the radial direction and in the direction of the

primary drying fluid air flow. The pressurized turbulent fluid injector jets may be activated in radially

opposing pairs, pulsing on for 3 seconds, then after a delay of 1 second, the next adjacent pair may be pulsed

on for three seconds and repeated continuously, with similar operation being carried out by the second ring

of pressurized turbulent fluid injector jets. The pressurized turbulent fluid injector jets may be pressurized

to 100 psi.

FIG. 10 is a schematic representation of a spray drying process system according to a further embodiment

of the present disclosure.

As shown, the spray drying system 500 includes a feedstock precursor composition source 502, from which

which a feedstock precursor composition is flowed in feed line 504 to a feedstock composition processing

unit 506, in which the precursor composition is processed or treated to yield the spray dryable liquid

composition. Such upstream processing unit may be of any suitable type, and may for example comprise a

concentration unit in which the product material to be spray dried is concentrated from a feedstock precursor

composition concentration to a higher product material concentration in the spray dryable liquid

composition discharged from the unit in line 508.



The spray dryable liquid composition may comprise a carrier or alternatively may be carrier-free in

character.

As used herein, the term "carrier" refers to a solid material that is utilized in a spray dryable liquid

composition, containing liquid and the product to be spray dried, to carry and at least partially support or at

least partially encapsulate t e product in the spray dried powder resulting from the spray drying operation.

Carriers thus may be associated with t e product material in spray dried powders, e.g., as a substrate,

support, or associative matrix for the product material. Carriers used in spray drying operations may be of

widely varying types, and may include, for example, the starch carriers disclosed in U.S. Patent Nos.

8,939,388, 9,332,776, and 9,551,527. More generally, carriers such as those listed in Table 1 below

illustrate specific carrier materials.

Table 1

Spray Drying Carriers

Polysaccharides:

starches, modified food starches, native starches, maltodextrins, alginates, pectins, methylcellulose,

ethylcellulose, hydrocolloids, inulin, carbohydrates, mono-, di- and tri-saccharides, soluble fibers,

polydextrose

Proteins:

animal proteins, plant proteins, caseinates, gelatins, soy proteins, pea proteins, whey proteins, milk

proteins

Gums:

guar gum, xanthan gum, acacia gum (gum arabic), gellan gum, and caragenan

Esters:

Polysorbates, stearic acid esters, oleic acid esters

Lipids and waxes:

coconut oil, medium chain triglyceride (MCT) oils, vegetable oils, sunflower oils, palm oils, caruba

waxes, bee waxes

As used herein, the term "carrier-free" in reference to a spray dryable liquid composition means a spray

dryable liquid composition that is devoid of a carrier therein, and "carrier-free" in reference to a spray

drying process means a spray drying process carried out in the absence of a carrier in the spray drying

operation.



Referring again to FIG. 10, the spray dryable liquid composition is flowed from the feedstock composition

processing unit 506 in liquid composition feed line 508 by pump 510 to feedstock feed line 512, from which

it flows into the spray dryer inlet 516 of the spray dryer vessel 518, and thereupon is atomized by the

atomizer 514 to generate an atomized spray 520 of t e spray dryable liquid composition. Concurrently,

conditioned drying fluid described more fully hereinafter is flowed in conditioned drying fluid feed line

570 to t e inlet 516 of the spray dryer vessel 518, so that the introduced conditioned drying fluid flows

through the interior volume 522 of the spray dryer vessel 518, for contact with the atomized spray of spray

dryable liquid composition.

The conditioned drying fluid, or any portion thereof, may be flowed through the atomizer 514, in a so-

called two-fluid atomization, or the conditioned drying fluid may be flowed into the interior volume 522 of

the spray drying vessel 518 as a separate stream, in relation to the introduction of the spray dryable liquid

composition and its passage through the atomizer 514.

The atomizer 514 may be of any suitable type, and may for example include any of rotary atomizers,

centrifugal atomizers, jet nozzle atomizers, nebulizers, ultrasonic atomizers, etc., and combinations of two

or more of the foregoing. The atomizer may be electrohydrodynamic to carry out electrohydrodynamic

spray drying of the concentrated feedstock composition, or the atomizer may be non-electrohydrodynamic

in character.

Regardless of the specific atomizer type and mode of atomization employed, the atomized spray 520 of

feedstock composition is introduced to the interior volume 522 of the spray drying vessel 518, and the

atomized droplets of the spray dryable liquid composition are contacted with the conditioned drying fluid

during their passage through the interior volume to the spray dryer outlet 524, to dry the atomized droplets

and produce the spray dried dry powder product.

The spray drying vessel 518 may optionally be provided with auxiliary drying fluid peripheral feed lines

526, in which the arrowheads of the respective schematic feed lines 526 designate injector jets arranged to

introduce auxiliary drying fluid into the interior volume 522 of the spray drying vessel 518 . The feed lines

526 and injector jets thereof thus may pass through corresponding wall openings in the spray drying vessel

518 so that the injector jets are internally arrayed, or the injector jets may be arranged so that they

communicate with wall openings in the spray drying vessel, injecting auxiliary drying fluid therethrough

into the interior volume 522. The auxiliary drying fluid may be introduced into the interior volume of the

spray drying vessel at sufficient pressure and flow rate to generate localized turbulence 530 at or near the

point of introduction into the interior volume of the spray drying vessel.



The auxiliary drying fluid peripheral feed lines 526 are illustrated as being coupled with an auxiliary drying

fluid manifold 528 through which the auxiliary drying fluid is flowed to t e respective feed lines 526. The

auxiliary drying fluid may be introduced into the interior volume of the spray drying vessel in a continuous

manner, or in an intermittent manner. The auxiliary drying fluid may be introduced in bursts, e.g., in atime-

sequenced manner, and the injector jets may be programmably arranged under the monitoring and control

of a central processor unit such as the CPU 590 illustrated in FIG. 10.

Such localized induction of turbulence is highly effective in enhancing the diffusivity and mass transfer of

liquid from the atomized droplets of concentrated feedstock composition to the drying fluid present in t e

spray drying vessel.

The spray drying vessel 518, as a further enhancement of the drying of the atomized droplets of concentrated

feedstock composition in the interior volume of the vessel, may be equipped with an auxiliary drying fluid

central feed line 532 as shown. The auxiliary drying fluid central feed line 532 is provided with a series of

longitudinally spaced-apart auxiliary drying fluid central feed line injector jets 534, in which auxiliary

drying fluid may be injected under sufficient pressure and flow rate conditions to generate auxiliary drying

fluid injected turbulence regions 536.

As discussed above with respect to the auxiliary drying fluid introduced into the interior volume of the

spray drying vessel through the feed lines 526 and associated injector jets, the auxiliary drying fluid may

be introduced into the interior volume of the spray drying vessel in a continuous manner, or in an

intermittent manner from the injector jets 534, to provide auxiliary drying fluid injected turbulence regions

536 at a central portion of the interior volume 522 in the spray drying vessel. As discussed in connection

with the peripheral feed lines and associated injector jets, the auxiliary drying fluid may be introduced

through the central feed line injector jets 534 in bursts, e.g., in a time-sequenced manner, and the injector

jets may be programmably arranged under the monitoring and control of a central processor unit such as

the CPU 590 illustrated in FIG. 10.

A combination of peripheral jets and central j ets such as shown in FIG. 10 may be used to provide localized

turbulence in the central region as well as the outer wall region of the interior volume in the spray dryer

vessel, and effects a remarkably efficient spray drying process, in which anomalous flow behavior, such as

dead zones or stagnant regions in the interior volume, is minimized. A highly favorable hydrodynamic mass

transfer environment is correspondingly provided, and the spray dryer vessel as a result of such localized

turbulence generation capability can be substantially reduced in size and associated footprint, thereby

enabling smaller pumps, compressors, blowers and other associated ancillary equipment to be employed,



with consequent enhancement of the capital equipment and operating cost characteristics of the

concentration and spray drying system.

The spray dried powder and effluent drying gas that are produced by the contacting of the atomized droplets

of concentrated feedstock composition with drying fluid in the interior volume of the spray dryer vessel,

are discharged from the spray dryer vessel in spray dryer outlet 524 and flow in spray dryer effluent line

538 to cyclone 540. In lieu of cyclone equipment, any other suitable solids/gas separation unit of

appropriate character may be employed. The cyclone 540 separates dried solids from the drying fluid, with

the dried solids flowing in dried solids discharge line 542 to a dried solids collection vessel 544. The drying

fluid depleted in solids content flows from the cyclone in drying fluid discharge line 546, flowing through

fines filter 548 to condenser 550. In the condenser 550, the drying fluid is cooled, resulting in condensation

of condensable gas therein, with condensate being discharged from the condenser in condensate discharge

line 552.

The resulting condensate-depleted drying fluid then flows in drying fluid recycle line 554 containing pump

556 therein to t e drying fluid conditioning assembly 568, together with any needed make-up drying fluid

introduced in drying fluid make-up feed line 610. The drying fluid conditioning assembly conditions the

recycle drying fluid and any added make-up drying fluid for flow to the spray dryer vessel 518 in

conditioned drying fluid feed line 570. The drying fluid conditioning assembly may comprise a

dehumidifier and/or heat exchange (heater/cooler) equipment to provide drying fluid for recycle at

appropriate desired conditions of temperature and relative humidity.

Thus, drying fluid, including any necessary make-up drying fluid, may be provided to the drying fluid

conditioning assembly 568, or otherwise provided to the spray drying system at other appropriate

location(s) in the system, from an appropriate source, and with any appropriate preconditioning operations

being carried out by associated equipment or devices, as needed to conduct the spray drying operation at

the desired temperature, pressure, flow rate, composition, and relative humidity. Thus, for example, make

up drying fluid may be provided to the conditioning assembly 568 from a tank, storage vessel, or other

source (e.g., the ambient atmosphere, in the case of air as such drying fluid).

As a source of auxiliary drying fluid in the system, a portion of the recycled drying fluid from drying fluid

recycle line 554 may be diverted in auxiliary drying fluid feed line 572 containing flow control valve 574,

to the auxiliary drying fluid conditioning assembly 576. The auxiliary drying fluid conditioning assembly

576 may be constructed and arranged in any suitable manner, and may be of a same or similar character to

the construction and arrangement of the drying fluid conditioning assembly 568. The auxiliary drying fluid



conditioning assembly 576 thus conditions the auxiliary drying fluid so that it is at appropriate condition

for the use of t e auxiliary drying fluid in the system.

The conditioned auxiliary drying fluid flows from auxiliary drying fluid conditioning assembly 576 through

auxiliary drying fluid feed line 578, from which it flows in auxiliary drying fluid feed line 580 containing

pump 582 to the manifold 528, while the remainder of the conditioned auxiliary drying fluid flows in

auxiliary drying fluid feed line 578 to pump 584, from which it is flowed in auxiliary drying fluid feed line

586 to the auxiliary drying fluid central feed line 532, for introduction in the central region of the interior

volume of the spray dryer vessel, as previously described.

It will be recognized that the system shown in FIG. 10 could be alternatively constructed and arranged with

the drying fluid conditioning assembly 568 processing both the main flow of drying fluid and the auxiliary

drying fluid, without the provision of a separate auxiliary drying fluid conditioning assembly 576, e.g.,

when the main drying fluid and auxiliary drying fluid are of a substantially same character with respect to

their relevant fluid characteristics. It will also be recognized that separate flow circulation loops for each of

the main drying fluid and auxiliary drying fluid may be provided, when the main drying fluid and auxiliary

drying fluid are or comprise different gases, or are otherwise different in their relevant fluid characteristics.

The FIG. 10 system is shown as including a central processor unit (CPU) 590 arranged to conduct

monitoring and/or control operations in the system, and when employed in a controlling aspect, may be

employed to generate control signals for modulation of equipment and/or fluids conditions, to maintain

operation at set point or otherwise desired operational conditions. As mentioned, the CPU could be

operationally connected to the conditioning assemblies 568 and 576, to control components thereof such as

dehumidifiers, thermal controllers, heat exchange equipment, etc.

The CPU 590 is illustratively shown in FIG. 10 as being operatively coupled by monitoring and/or control

signal transmission lines 592, 594, 596, 598, 600, 602, and 604 with pump 510, drying fluid conditioning

assembly 568, auxiliary drying fluid conditioning assembly 576, flow control valve 574, pump 582, pump

556, and pump 584, respectively.

It will be recognized that the specific arrangement of the CPU shown in FIG. 10 is of an illustrative

character, and that the CPU may be otherwise arranged with respect to any components, elements, features,

and units of the overall system, including the concentration unit 506, to monitor any suitable operational

components, elements, features, units, conditions, and parameters, and/or to control any suitable operational

components, elements, features, units, conditions, parameters, and variables. For such purpose, as regards

monitoring capability, the system may comprise appropriate sensors, detectors, components, elements,

features, and units. The signal transmission lines may be bidirectional signal transmission lines, or may



constitute cabling including monitoring signal transmission lines and separate control signal transmission

lines.

It will be appreciated that the spray drying system may be embodied in arrangements in which the

contacting gas, auxiliary contacting gas, drying fluid, and auxiliary drying fluid, or any two or more thereof,

may have a substantially same composition, temperature, and/or relative humidity, thereby achieving

capital equipment and operating cost efficiencies with corresponding simplification of the system

requirements. Thus, for example, all of the contacting gas, auxiliary contacting gas, drying fluid, and

auxiliary drying fluid may be air, nitrogen, argon, or other gas from a common gas source, and such

common gas may be provided at a substantially same temperature and relative humidity, so that common

thermal conditioning and dehumidification equipment can be employed.

It will thus be apparent that many varied arrangements and modes of operation of t e pressurized turbulent

fluid injector jets may be implemented in the broad practice of the present disclosure, to achieve ultrahigh

efficiency spray drying operation in a wide variety of spray drying vessels and systems.

The present disclosure in another aspect relates to a spray drying system, comprising:

(a) a spray drying vessel comprising:

(i) an interior volume arranged to receive an atomized spray-dryable material and drying fluid for

contacting of the atomized spray-dryable material with the drying fluid in the interior volume;

(ii) at least one drying fluid inlet by which the drying fluid is introduced into the interior volume

for such contacting; and

(iii) a spray-dried material outlet communicating with the interior volume, arranged to discharge

spray-dried material and effluent drying fluid from the vessel;

(b) an atomizer adapted to receive a spray-dryable material and discharge the atomized spray-dryable

material into the interior volume of the vessel for such contacting;

(c) at least one turbulator adapted to generate turbulence in the drying fluid in the interior volume of the

vessel;

(d) a process control unit adapted to regulate flow rate of drying fluid into the interior volume and flow rate

of the spray-dryable material to the atomizer so that interaction of the drying fluid with the at least one

turbulator produces turbulence in the drying fluid having a Kolmogorov length less than average particle

size of spray-dryable material droplets in the atomized spray-dryable material in the interior volume of the

vessel.



As used herein in reference to the spray drying system of t e present disclosure, the term "tabulator" refers

to a device that is configured to induce turbulence in drying fluid being contacted with the atomized spray-

dryable material. The device may be of any suitable type, and may include any one or more jets, nozzles,

injectors, and the like that are utilized for injection of secondary drying fluid into a body of primary drying

fluid so as to induce turbulence in the drying fluid for enhancement of the spray-drying operation. The

device may alternatively be of a structural type that in interaction with the drying fluid induces turbulence

in t e drying fluid, e.g., twisted tapes, static mixer devices, airfoils, Brock turbulators, wire turbulators, coil

turbulators, and wall protrusion turbulators. Various kinds of such devices may be combined with one

another in various embodiments, as may be desirable to achieve suitable intensity of turbulence for

enhancement of the rate and/or extent of drying of the atomized spray-dryable material.

The above-discussed spray drying system reflects the discovery that substantial and unexpected increase in

the rate and extent of spray drying can be achieved by inducing turbulence in the drying fluid, in which the

turbulence in the drying fluid is characterized by a Kolmogorov length that is less than average particle size

of spray dryable material dro lets in the atomized spray-dryable material. The Kolmogorov length η is

defined by the equation η = , where v is the kinematic viscosity of the drying fluid, and ε is the rate

of dissipation of kinetic energy in the induced turbulence in the drying fluid, as discussed more fully below.

Measurement of Kolmogorov Length Scale

In accordance with various aspects of the present disclosure, the Kolmogorov length is utilized to

characterize the turbulence that is induced in the spray drying operation by the turbulator components

associated with the spray drying vessel.

The Kolmogorov length characterizes the energy dissipating eddies in the turbulence induced by the

turbulator(s) in the fluid flow in the interior volume of the spray drying vessel. The turbulent kinetic energy

in such flow can be described in terms of a kinetic energy cascade that develops spatiotemporally in the

fluid in the interior volume of the spray drying vessel after turbulence is initiated. The energy introduced

by the turbulator(s) into the fluid in the spray drying vessel, by fluid inj ection or by flow disruption, generate

hydrodynamic instabilities at large scales, typically characterized as the integral scale. The energy at the

integral scale then is transferred to progressively smaller scales, initially through inviscid mechanisms such

as vortex stretching, and subsequently through viscous dissipation into heat. When graphically shown on

a logarithmic plot of energy as a function of wave number, the discrete regimes of an initial energy-



containing range reflecting the induced turbulence, followed by an inertial range, followed by a final

dissipation range are readily visualized as depicting an energy cascade, with large eddies at the low wave

number region transforming to ever smaller eddies and ultimately dissipating into heat. The scale at which

the dissipative decay begins is the Kolmogorov scale η = wherein ε is the turbulence dissipation

rate shown in the logarithmic plot and v is the kinematic viscosity of the drying fluid.

The turbulent dissipation rate and Kolmogorov length are readily determined using standard hot wire

anemometry or laser Doppler anemometry techniques. For example, hot wire anemometry may be

employed to generate values of turbulence power density at a range of frequencies, with a log-log plot of

turbulence power density as a function of frequency, in Hertz, depicting the induced turbulence, inertial

range, and dissipation range of the cascade, and with t e dissipation range values enabling the turbulence

dissipation rate to be determined, from which Kolmogorov length can be calculated from the above

Kolmogorov scale formula.

Advantageously, turbulence is induced in at least 5 volume % of the volume of drying fluid in the interior

volume of the vessel to provide substantial enhancement of the spray-drying operation. More generally, the

turbulence may be induced in at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,

or more volume % of the volume of drying fluid in the interior volume of the vessel. Thus, it is advantageous

to maximize the amount of the drying fluid in which turbulence is induced, and the volumetric proportion

of the drying fluid in the interior volume of the vessel in which turbulence is induced may beneficially

include the drying fluid that is in contact with the atomizer, so that turbulence is induced as soon as possible

as the drying fluid is introduced and contacted with the atomized spray-dryable material.

By inducing turbulence in the drying fluid in accordance with the present disclosure, dramatic

improvements in throughput and efficiency of spray dryers can be achieved. The induction of turbulence

has major benefit in reducing or eliminating deposition of spray-dryable material on the interior wall

surfaces of the spray dryer vessel.

The enhancement achieved by inducing turbulence in accordance with the present disclosure enables

increased dryer throughput for a fixed interior volume in the spray dryer, or alternatively, the design of

higher efficiency, smaller volume spray dryers with higher throughput, thereby achieving capital equipment

savings as well as reduction in operating costs in many instances.

In instances in which average particle size of spray-dryable material droplets in the atomized spray-dryable

material in the interior volume of the spray-drying vessel is in a range of 50 to 300 µ ι, it is desirable to

induce turbulence in the drying fluid in the spray drying operation so that the turbulent dissipation rate



exceeds 25 m2/sec3. The spray drying operation in accordance with the present disclosure may be conducted

to produce spray dried powders of average particle size in the aforementioned range of 50 to 300 µιη , or in

other suitable ranges such as 75 to 250 µιη , 80 to 200 µιη , 85 to 150 µιη , 90 to 120 µιη , or other lower or

higher ranges. In general, the spray drying operation is advantageously conducted so that the turbulent

dissipation rate is greater than at least one of 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85,

90, 95, 100, 150, 200, 250, 300, 400, 500, 600, 700, 800, 900, or 1000, m2/sec3, e.g., in specific ranges in

which the lower end point value is one of the aforementioned numeric values and t e upper end point value

is one of the aforementioned numeric values exceeding the lower end point value.

Thus, the spray drying system may include at least one turbulator that comprises one or more nozzles

configured to inject pressurized secondary drying fluid into the interior volume of the vessel, e.g., an array

of nozzles in a geometrically regular or irregular arrangement.

Additionally, or alternatively, the at least one turbulator employed in the spray drying system may comprise

any one or more of twisted tapes, static mixer devices, airfoils, Brock turbulators, wire turbulators, coil

turbulators, and wall protrusion turbulators.

In the spray drying system, the atomizer may be of any suitable type and may for example comprise nozzle

atomizers, applied charge atomizers, nebulizers, rotary atomizers, ultrasonic atomizers, or atomizers of any

other suitable type.

The spray drying system as above described may operationally comprise a drying fluid source coupled to

the at least one drying fluid inlet in drying fluid supply relationship with the spray drying vessel. Such

drying source may be constituted to supply the drying fluid to the at least one drying fluid inlet of the spray

drying vessel, with the drying fluid comprising air, oxygen-enriched air, oxygen, nitrogen, argon, krypton,

neon, helium, or a gas mixture comprising two or more of the foregoing drying fluid species. In various

embodiments, the drying fluid source may be constituted to supply the drying fluid to the at least one drying

fluid inlet of the spray drying vessel at temperature below at least one of 120°C, 115°C, 110°C, 100°C,

95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C,

and above freezing temperature of liquid to be volatilized for spray drying of the spray-dryable material.

In various embodiments, the drying fluid source may be constituted to supply the drying fluid to the at least

one drying fluid inlet of the spray drying vessel at temperature below 100°C, and above freezing

temperature of liquid to be volatilized for spray drying of the spray-dryable material.

The spray drying system variously described above may operationally comprise a spray-dryable material

source arranged in spray-dryable material supply relationship to the atomizer.



The spray drying system in various implementations may utilize a spray-dryable material source comprising

the spray-dryable material in a carrier-free composition. Alternatively, the spray dryable material source

may comprise the spray-dryable material in a carrier-comprising composition.

The spray drying system as variously described above may be constructed and arranged so that the process

control unit is adapted to regulate flow rate of drying fluid into t e interior volume and flow rate of the

spray-dryable material to the atomizer so that the average particle size of the spray-dryable material droplets

in the atomized spray-dryable material in the interior volume of the vessel is in a range of from 50 to 300

µιη .

In specific embodiments, the process control unit may be adapted to regulate flow rate of drying fluid into

the interior volume and flow rate of the spray-dryable material to the atomizer so that turbulence dissipation

rate of said turbulence exceeds 25 m2/sec3.

In general, t e process control unit may be constructed and arranged to induce turbulence in the drying fluid

in any suitable manner. For example, the process control unit may be configured to produce intermittent

turbulence in the drying fluid, or the process control unit may be configured to produce continuous

turbulence in the drying fluid.

The variously above-described spray drying system may be configured for applied charge spray drying

(commonly referred to as electrostatic spray drying).

The disclosure in a further aspect relates to a process for producing a spray-dried material, comprising:

generating an atomized spray-dryable material;

contacting the atomized spray-dryable material with drying fluid to form spray-dried material;

recovering the spray-dried material from the drying fluid; and

during such contacting, inducing turbulence in the drying fluid having a Kolmogorov length less than

average particle size of spray-dryable material droplets in the atomized spray-dryable material.

The process may be conducted, in which the turbulence is induced in at least 5 volume % of the volume of

drying fluid engaged in the contacting, e.g., in at least 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70,

75, 80, 85, 90, 95, or more volume % of the volume of drying fluid engaged in the contacting.

The turbulence in such process may be induced by injection of pressurized secondary drying fluid.

Additionally, or alternatively, the turbulence may be induced by interaction of the drying fluid with a



turbulator comprising at least one selected from among twisted tapes, static mixer devices, airfoils, Brock

turbulators, wire turbulators, coil turbulators, and wall protrusion turbulators.

In the process, the atomized spray-dryable material may be generated by an atomizer comprising at least

one selected from among nozzle atomizers, applied charge atomizers, nebulizers, rotary atomizers, and

ultrasonic atomizers. Alternatively, any other suitable type or types of atomizer may be employed.

The spray-drying process may be conducted, in which the drying fluid comprises air, oxygen-enriched air,

oxygen, nitrogen, argon, krypton, neon, helium, or a gas mixture comprising two or more of the foregoing

drying fluid species.

The process may be conducted, in which the drying fluid is introduced to the contacting at temperature

below at least one of 120°C, 115°C, 110°C, 100°C, 95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C,

55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and above freezing temperature of liquid to be

volatilized to form the spray-dryable material.

The process may be conducted, in which the average particle size of the spray-dryable material droplets in

the atomized spray-dryable material in the contacting is in a range of from 50 to 300 µιη .

the process may be conducted, in which turbulence dissipation rate of the turbulence induced during said

contacting exceeds 25 m2/sec3.

In various embodiments, t e process may be carried out, in which the drying fluid is introduced to the

contacting at temperature below 100°C and above freezing temperature of liquid to be volatilized to form

the spray-dried material.

The process may be carried out in which the atomized spray-dryable material is carrier-free, or alternatively,

wherein the atomized spray-dryable material comprises a carrier.

The process is susceptible to operation in which turbulence is induced intermittently during the contacting,

or alternatively, the turbulence may be induced continuously during the contacting.

As alluded to above, in the discussion of the spray drying system, the process may be carried out in which

the spray-dryable material droplets in the atomized spray-dryable material are electrically charged.

The disclosure in a further aspect relates to a spray drying system, comprising:

(a) a spray drying vessel comprising:

(i) an interior volume arranged to receive an atomized spray-dryable material and drying fluid for

contacting of the atomized spray-dryable material with the drying fluid in the interior volume;



(ii) at least one drying fluid inlet by which the drying fluid is introduced into the interior volume

for said contacting; and

(iii) a spray-dried material outlet communicating with the interior volume, arranged to discharge

spray-dried material and effluent drying fluid from the vessel;

(b) an atomizer adapted to receive a spray-dryable material and discharge the atomized spray-dryable

material into the interior volume of the vessel for said contacting;

(c) at least one turbulator adapted to generate turbulence in the drying fluid in the interior volume of the

vessel;

(d) a process control unit adapted to regulate flow rate of drying fluid into the interior volume and flow rate

of the spray-dryable material to the atomizer so that interaction of the drying fluid with the at least one

turbulator produces turbulence in the drying fluid producing a turbulence dissipation rate exceeding 25

m2/sec3.

Such spray drying system may be utilized with any of the components, features, and accessories described

hereinabove. For example, such spray drying system may be adapted for low temperature operation, such

as at temperature below 100°C of the drying fluid introduced to the interior volume of the spray drying

vessel, as previously described herein.

The disclosure relates in a further aspect to a process for producing a spray-dried material, comprising:

generating an atomized spray-dryable material;

contacting the atomized spray-dryable material with drying fluid to form spray-dried material;

recovering the spray-dried material from the drying fluid; and

during said contacting, inducing turbulence in the drying fluid producing a turbulence dissipation rate

exceeding 25 m2/sec3.

Such spray drying process may likewise be implemented with any of the conditions, limitations, and

specifications described hereinabove. For example, such spray drying process may be adapted for low

temperature operation, such as that temperature below 100°C of the drying fluid contacted with the

atomized spray-dryable material, as previously described herein.

The features, aspects, and advantages of the spray drying system and process of t e present disclosure are

further understood with respect to the following illustrative Example.

Example 1.



A comparison was made of two low temperature operation spray dryers. Both dryers are constructed and

arranged to operate with an inlet air temperature of t e drying fluid of 42°C, and drying fluid relative

humidity < 1%. Dryer 1 has an internal volume of 12, 175 gallons (53 .6 m3), while Dryer 2 has an internal

volume of 3,870 gallons (17.05 m3) . Both dryers employ identical atomizers operating under identical

conditions. The volumetric airflow in Dryer 1 is 2200 cfin, while that in Dryer 2 is 1800 cfm. Dryer 1 has

a simple swirl type inlet. Dryer 2 has a dual track swirl inlet designed to produce high levels of turbulence

in the immediate vicinity of the atomizer.

Dryer 2 exhibits an increased inlet air velocity and turbulence dissipation rates well above 1000 (m2/s3),

with Kolmogorov lengths well below 100 micrometers.

Graphs of the calculated radial distribution of the turbulence dissipation rate as a function of radius for both

Dryer 1 and Dryer 2 are shown in Figures 11 and 12.

FIG. 11 is a graph of turbulent dissipation rate, in m2/sec3, as a function of radial distance in an interior

volume of a spray drying vessel, at different vertical heights in such interior volume, for a first illustrative

spray drying system (Dryer 1).

FIG. 12 is a graph of turbulent dissipation rate, in m2/sec3, as a function of radial distance in an interior

volume of a spray drying vessel, at different vertical heights in such interior volume, for a second illustrative

spray drying system (Dryer 2).

The turbulence dissipation rate in Dryer 2 is over two orders of magnitude larger than that in Dryer 1 at the

peak region. The radial extent of the turbulent dissipation rate at values greater than 25 m2/s3 in the upper

region of the dryer 1 is ~0.25m from the dryer centerline, while it extends outward to > 1m for Dryer 2 . At

the highest levels of turbulent dissipation rate in Dryer 2, the Kolmogorov length is on the order of 9

micrometers, with the ratio — < 0.09 for 100 micrometer diameter particles.
d o0

The same fruit punch slurry was dried in both dryers. Dryer l ' s highest run rate was 1.6 lb/min. Dryer 2's

highest run rate was 2.4 lb/min, or 40% faster in 31.8% of the volume of Dryer 1 using 400 cfm less air

flow. These results evidence the magnitude of enhancement that is achievable utilizing effective

inducement of turbulence in the drying fluid.

FIG. 13 is a schematic representation of a spray drying system 700 according to a further embodiment of

the present disclosure.

The spray drying system 700 shown in FIG. 13 includes a spray drying vessel 702 with interior volume

704. In the interior volume is disposed an atomizer 706 depending downwardly from inlet feed assembly



708. The inlet feed assembly 708 includes spray dryable composition feed line 710 and drying fluid feed

line 712, arranged so that the spray dryable composition is flowed from a suitable source (not shown in

FIG. 13) through feed line 710 to the atomizer 706. The atomizer operates to generate an atomized spray-

dryable composition discharged into the interior volume 704 of the spray dryer vessel 702. The drying fluid

feed line 712 flows drying fluid from a source (not shown) through the inlet feed assembly 708 to the

interior volume 704 of the spray dryer vessel 702.

The spray dryer vessel 702 is equipped with a plurality of jet nozzle injectors 714, 716, 718, 720, 722, and

724, each having a feedline joined to a source of secondary drying fluid. The jet nozzle injectors injected

the secondary drying fluid at suitable flow rate and pressure conditions to induce turbulence in the primary

drying fluid in the interior volume 704.

In addition to the jet nozzle injectors, the spray dryer vessel 702 also includes a series of wall-mounted

turbulators 728, 730, 732, and 734, which are sized and shaped to cause turbulence in the drying fluid

contacting them during flow of the drying fluid through the interior volume of the vessel. At the lower end

of t e conical lower portion of the vessel is an effluent discharge line 726, by which spray-dried material

and effluent drying fluid or discharged from the vessel. The spray dried material and effluent drying fluid

may be passed to a cyclone separator in which the spray dried material is recovered from the effluent drying

fluid, with the effluent drying fluid then being processed for recycle in the system, in whole or part, if

desired, or alternatively being vented from the system, with fresh drying fluid being introduced as above

described.

The spray drying system shown in FIG. 13 further comprises a process control unit 736 that is shown

schematically with process control signal transmission lines 738 and 740, thereby schematically signifying

that the process control unit is operatively linked with the delivery lines so as to regulate the flow rate of

drying fluid into the interior volume and flow rate of the spray-dryable material to the atomizer so that

interaction of the drying fluid with the at least one turbulator produces turbulence in the drying fluid having

a Kolmogorov length less than average particle size of spray-dryable material droplets in the atomized

spray-dryable material in the interior volume of the vessel. Such arrangement may thus include respective

flow control valves in the spray dryable composition feed line 710 and drying fluid feedline 712 for such

purpose.

Additionally, or alternatively, the process control unit may be adapted to regulate flow rate of drying fluid

into the interior volume and flow rate of the spray-dryable material to the atomizer so that the average

particle size of the spray-dryable material droplets in the atomized spray-dryable material in the interior

volume of the vessel is in a range of from 50 to 300 µιη .



Additionally, or alternatively, the process control unit may be adapted to regulate flow rate of drying fluid

into the interior volume and flow rate of the spray-dryable material to the atomizer so that turbulence

dissipation rate of such turbulence exceeds 25 m2/sec3.

The process control unit may be configured in any suitable manner, and may be constructed and arranged

to conduct additional monitoring, sensing, and process control operations. The process control unit may be

of any suitable type, and may for example comprise microprocessor(s), microcontroller(s), general or

special purpose programmable computer(s), programmable logic controller(s), or the like, which are

programmatically arranged for carrying out spray drying process operations by means of hardware,

software, or firmware that is provided for such purpose in the process control unit. The process control unit

may comprise memory that is of random-access, read-only, flash, or other character, and may comprise a

database of operational protocols or other information for operational performance of the system.

It will be recognized that t e use of induced turbulence in accordance with the present disclosure enables

the achievement of highly effective spray drying operations for production of spray dried materials of

widely varying characters. The use of induced turbulence may be employed to enable low temperature spray

drying operation, e.g., spray drying operation at drying fluid inlet temperature below 100°C or lower.

While the disclosure has been set forth herein in reference to specific aspects, features and illustrative

embodiments, it will be appreciated that the utility of the disclosure is not thus limited, but rather extends

to and encompasses numerous other variations, modifications and alternative embodiments, as will suggest

themselves to those of ordinary skill in the field of the present disclosure, based on the description herein.

Correspondingly, the invention as hereinafter claimed is intended to be broadly construed and interpreted,

as including all such variations, modifications and alternative embodiments, within its spirit and scope.



THE CLAIMS

What is claimed is:

1. A method of processing a spray dryable liquid composition to form a spray dried product, said method

comprising:

generating a spray of the spray dryable liquid composition;

contacting the spray of spray dryable liquid composition in a spray drying contact zone with a stream of

primary drying fluid;

injecting pressurized secondary drying fluid into the stream of primary drying fluid in the spray drying

contact zone at multiple loci thereof to provide localized turbulence at said multiple loci; and

recovering the spray dried product from the spray drying contact zone.

2 . The method of claim 1, wherein the primary drying fluid and secondary drying fluid are introduced to

the spray drying contact zone at temperature below 100°C and above freezing temperature of solvent in the

spray dryable liquid composition.

3 . The method of claim 1, wherein said injecting is continuously or intermittently conducted during said

contacting.

4 . The method of claim 1, wherein the primary drying fluid and secondary drying fluid are each

independently selected from the group consisting of air, oxygen, oxygen-enriched air, nitrogen, helium,

argon, neon, carbon dioxide, carbon monoxide, and combinations of two or more of the foregoing.

5 . The method of claim 1, wherein the spray dryable liquid composition comprises at least one product

material selected from the group consisting of food materials, beverage materials, fragrance materials,

pigment materials, flavor materials, pharmaceutical materials, therapeutic materials, medication materials,

homeopathic materials, biological materials, probiotic materials, construction materials, formulating



materials, and mixtures, blends, composites, and combinations of two or more different materials of the

foregoing.

6 . The method of claim 1, wherein the spray dryable liquid composition comprises solvent selected from

the group consisting of water, alcohol, and aqueous alcohol solution.

7 . The method of claim 1, wherein the spray dryable liquid composition comprises at least one carrier

selected from the group consisting of carbohydrates, proteins, lipids, waxes, cellulosic materials, sugars,

starches, and natural and synthetic polymeric materials.

8 . The method of claim 1, wherein the spray dryable liquid composition has a viscosity in a range of from

300 mPa-s to 28,000 mPa-s, and comprises from 20 to 50% by weight of solvent, based on total weight of

the spray dryable liquid composition.

9 . The method of claim 1, wherein the primary drying fluid and secondary drying fluid are introduced to

the spray drying contact zone at temperature below at least one of 95°C, 90°C, 85°C, 80°C, 75°C, 70°C,

65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein said temperature is above

freezing temperature of solvent in the spray dryable liquid composition.

10. The method of claim 1, wherein the primary drying fluid and secondary drying fluid are introduced to

the spray drying contact zone at below 20% relative humidity.

11. The method of claim 1, comprising controlling said injecting with a control system executing a

predetermined cycle timer program.

12. A spray drying system, comprising:

a spray drying vessel including an interior volume for contacting of introduced spray dryable liquid

composition and a stream of primary drying fluid, said vessel including a spraying device positioned to



introduce a spray of the spray dryable liquid composition into the interior volume for said contacting, an

inlet for introduction of the primary drying fluid to the interior volume, and an outlet for discharging spray

dried product and effluent drying fluid from the interior volume; and

a multiplicity of secondary fluid injectors constructed and arranged to introduce pressurized secondary

drying fluid into the interior volume at flow conditions providing localized turbulence in the stream of

primary drying fluid in the interior volume at multiple loci in the stream of primary drying fluid.

13 . The spray drying system of claim 12, wherein said multiplicity of secondary fluid injectors are mounted

on the spray drying vessel in an array.

14. The spray drying system of claim 13, wherein t e array of secondary fluid injectors comprises at least

one circumferentially extending row of secondary fluid injectors, each secondary fluid injectors in each

said row being circumferentially spaced apart from adjacent secondary fluid injectors in said row, and

wherein multiple rows when present are axially spaced apart with respect to a central axis of the spray

drying vessel.

15 . The spray drying system of claim 12, wherein each of the multiplicity of secondary fluid injectors is

actuatable for secondary fluid injection by a control system to supply a transient burst of secondary fluid to

the interior volume of the spray drying vessel.

16. The spray drying system of claim 12, wherein a selected one or ones of said multiplicity of secondary

fluid injectors is actuatable by the control system to supply a transient burst of secondary fluid to the interior

volume of the spray drying vessel, while selected others of said multiplicity of secondary fluid injectors are

deactuated, in a predetermined sequence in which each of the multiplicity of secondary fluid injectors is

intermittently actuated in the predetermined sequence.

17. The spray drying system of claim 12, wherein each of the multiplicity of secondary fluid injectors is

actuatable to continuously supply secondary fluid to t e interior volume of the spray drying vessel during

spray drying operation therein.



18 . The spray drying system of claim 12, comprising flow circuitry receiving spray dried product and

effluent drying fluid from the outlet of the spray drying vessel, said flow circuitry containing a fluid/solids

separator constructed and arranged to separate spray dried product from the effluent drying fluid, and a

dehumidifier configured to dry the effluent drying fluid, from which spray dried product has been separated,

to a predetermined extent, said flow circuitry being constructed and arranged to recycle the drying fluid,

subsequent to its being dried by the dehumidifier, to the inlet of the spray drying vessel, as at least part of

the primary drying fluid introduced to the interior volume of the spray drying vessel.

19. The spray drying system of claim 12, comprising a primary drying fluid source constructed and arranged

to provide primary drying fluid to the spray drying vessel at temperature below 100°C and above freezing

temperature of solvent in the spray dryable liquid composition.

20. The spray drying system of claim 12, further comprising:

(a) a source of primary drying fluid and a source of secondary drying fluid, wherein each of the respective

sources of primary drying fluid and secondary drying fluid independently contains a fluid selected from the

group consisting of air, oxygen, oxygen-enriched air, nitrogen, helium, argon, neon, carbon dioxide, carbon

monoxide, and combinations of two or more of the foregoing;

(b) a source of the spray dryable liquid composition, wherein the source of the spray dryable liquid

composition contains spray dryable liquid composition comprising (i) at least one product material selected

from the group consisting of food materials, beverage materials, fragrance materials, pigment materials,

flavor materials, pharmaceutical materials, therapeutic materials, medication materials, homeopathic

materials, biological materials, probiotic materials, construction materials, formulating materials, and

mixtures, blends, composites, and combinations of two or more different materials of the foregoing, (ii) at

least one carrier selected from the group consisting of carbohydrates, proteins, lipids, waxes, cellulosic

materials, sugars, starches, and natural and synthetic polymeric materials, and (iii) solvent, wherein the

spray dryable liquid composition has a viscosity in a range of from 300 mPa-s to 28,000 mPa-s, and

comprises from 20 to 50% by weight of solvent, based on total weight of the spray dryable liquid

composition.



21. The spray drying system of claim 12, comprising a primary drying fluid source constructed and arranged

to provide primary drying fluid to the spray drying vessel at temperature below at least one of 95°C, 90°C,

85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein

said primary drying fluid temperature is above freezing temperature of solvent in the spray dryable liquid

composition, and comprising a secondary drying fluid source constructed and arranged to provide

secondary drying fluid to the spray drying vessel at temperature below at least one of 95°C, 90°C, 85°C,

80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein said

secondary drying fluid temperature is above freezing temperature of solvent in t e spray dryable liquid

composition.

22. The spray drying system of claim 12, comprising a dehumidifier constructed and arranged to provide

the primary drying fluid and secondary drying fluid to the interior volume of the spray drying vessel at

below 20% relative humidity.

23 . A method of spray drying of a spray dryable material in a primary drying fluid flow stream, comprising

intermittently, transiently, and cyclically injecting secondary drying fluid into the primary drying fluid flow

stream at multiple loci in the primary drying fluid flow stream, so as to create transient localized turbulence

at such loci that enhances drying of the spray dryable material, or alternatively, continuously injecting

secondary drying fluid into the primary drying fluid flow stream at multiple loci in the primary drying fluid

flow stream, so as to create localized turbulence at such loci that enhances drying of t e spray dryable

material.

24. The method of claim 23, wherein the primary drying fluid flow stream and secondary drying fluid are

each provided to the spray drying at temperature below 100°C and above freezing temperature of any

solvent in the spray dryable liquid material.

25 . The method of claim 24, wherein the spray dryable material is provided to the spray drying at a viscosity

in a range of from 300 mPa-s to 28,000 mPa-s, and comprising from 20 to 50% by weight of solvent, based

on total weight of the provided spray dryable material.



26. The method of claim 23, wherein the primary drying fluid flow stream and secondary drying fluid are

each provided to the spray drying at below 20% relative humidity.

27. The method of claim 23, wherein the primary drying fluid flow stream and secondary drying fluid are

each independently selected from the group consisting of air, oxygen, oxygen-enriched air, nitrogen,

helium, argon, neon, carbon dioxide, carbon monoxide, and combinations of two or more of the foregoing.

28. The method of claim 23, wherein the spray dryable material comprises at least one material selected

from the group consisting of food materials, beverage materials, fragrance materials, pigment materials,

flavor materials, pharmaceutical materials, therapeutic materials, medication materials, homeopathic

materials, biological materials, probiotic materials, construction materials, formulating materials, and

mixtures, blends, composites, and combinations of two or more different materials of the foregoing.

29. The method of claim 23, wherein the spray dryable material as provided to the spray drying comprises

at least one carrier selected from the group consisting of carbohydrates, proteins, lipids, waxes, cellulosic

materials, sugars, starches, and natural and synthetic polymeric materials.

30. The method of claim 23, comprising intermittently, transiently, and cyclically injecting secondary

drying fluid into the primary drying fluid flow stream at multiple loci in the primary drying fluid flow

stream, so as to create transient localized turbulence at such loci that enhances drying of the spray dryable

material.

31. A method of processing a spray dryable liquid composition to form a spray dried product, said method

comprising:

generating an electrostatically charged spray of the spray dryable liquid composition;

contacting the electrostatically charged spray of spray dryable liquid composition in a spray drying contact

zone with a stream of primary drying fluid;



injecting transient bursts of pressurized secondary drying fluid into the stream of primary drying fluid in

the spray drying contact zone at multiple loci thereof to provide localized turbulence at said multiple loci;

and

recovering the spray dried product from the spray drying contact zone.

32. The method of claim 31, wherein the primary drying fluid and secondary drying fluid are introduced to

the spray drying contact zone at temperature below 100°C and above freezing temperature of solvent in the

spray dryable liquid composition.

33. The method of claim 31, wherein said injecting of transient bursts is continuously or intermittently

conducted during said contacting.

34. The method of claim 31, wherein the primary drying fluid and secondary drying fluid are each

independently selected from the group consisting of air, oxygen, oxygen-enriched air, nitrogen, helium,

argon, neon, carbon dioxide, carbon monoxide, and combinations of two or more of the foregoing.

35. The method of claim 31, wherein the spray dryable liquid composition comprises at least one product

material selected from the group consisting of food materials, beverage materials, fragrance materials,

pigment materials, flavor materials, pharmaceutical materials, therapeutic materials, medication materials,

homeopathic materials, biological materials, probiotic materials, construction materials, formulating

materials, and mixtures, blends, composites, and combinations of two or more different materials of the

foregoing.

36. The method of claim 31, wherein the spray dryable liquid composition comprises solvent selected from

the group consisting of water, alcohol, and aqueous alcohol solution.

37. The method of claim 31, wherein the spray dryable liquid composition comprises at least one carrier

selected from the group consisting of carbohydrates, proteins, lipids, waxes, cellulosic materials, sugars,

starches, and natural and synthetic polymeric materials.



38. The method of claim 31, wherein the spray dryable liquid composition has a viscosity in a range of from

300 mPa-s to 28,000 mPa-s, and comprises from 20 to 50% by weight of solvent, based on total weight of

the spray dryable liquid composition.

39. The method of claim 31, wherein the primary drying fluid and secondary drying fluid are introduced to

the spray drying contact zone at temperature below at least one of 95°C, 90°C, 85°C, 80°C, 75°C, 70°C,

65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein said temperature is above

freezing temperature of solvent in the spray dryable liquid composition.

40. The method of claim 31, wherein the primary drying fluid and secondary drying fluid are introduced to

the spray drying contact zone at relative humidity below at least one of 20%, 18%, 15%, 12%, 10%, 8%,

5%, 2.5%, 2%, 1.5%, 1% and 0.5% relative humidity.

41. The method of claim 31, comprising controlling said injecting with a control system executing a

predetermined cycle timer program.

42. A spray drying system, comprising:

a spray drying vessel including an interior volume for contacting of introduced spray dryable liquid

composition and a stream of primary drying fluid, said vessel including an electrostatic spraying device

positioned to introduce an electrostatically charged spray of the spray dryable liquid composition into the

interior volume for said contacting, an inlet for introduction of the primary drying fluid to the interior

volume, and an outlet for discharging spray dried product and effluent drying fluid from the interior volume;

and

a multiplicity of secondary fluid injectors constructed and arranged to introduce transient bursts of

pressurized secondary drying fluid into the interior volume at flow conditions providing localized

turbulence in the stream of primary drying fluid in the interior volume at multiple loci in t e stream of

primary drying fluid.



43 . The spray drying system of claim 42, wherein said multiplicity of secondary fluid injectors are mounted

on the spray drying vessel in an array.

44. The spray drying system of claim 43, wherein t e array of secondary fluid injectors comprises at least

one circumferentially extending row of secondary fluid injectors, each secondary fluid injector in each said

row being circumferentially spaced apart from adjacent secondary fluid injectors in said row, and wherein

multiple rows when present are axially spaced apart with respect to a central axis of the spray drying vessel.

45 . The spray drying system of claim 42, wherein each of the multiplicity of secondary fluid injectors is

actuatable for secondary fluid injection by a control system to supply the transient bursts of secondary fluid

to the interior volume of t e spray drying vessel.

46. The spray drying system of claim 42, wherein a selected one or ones of said multiplicity of secondary

fluid injectors is actuatable by the control system to supply the transient bursts of secondary fluid to the

interior volume of the spray drying vessel, while selected others of said multiplicity of secondary fluid

injectors are deactuated, in a predetermined sequence in which each of the multiplicity of secondary fluid

injectors is intermittently actuated in the predetermined sequence.

47. The spray drying system of claim 42, wherein each of the multiplicity of secondary fluid injectors is

actuatable to continuously supply the transient bursts of secondary fluid to the interior volume of the spray

drying vessel during spray drying operation therein.

48. The spray drying system of claim 42, comprising flow circuitry receiving spray dried product and

effluent drying fluid from the outlet of the spray drying vessel, said flow circuitry containing a fluid/solids

separator constructed and arranged to separate spray dried product from the effluent drying fluid, and a

dehumidifier configured to dry the effluent drying fluid, from which spray dried product has been separated,

to a predetermined extent, said flow circuitry being constructed and arranged to recycle the drying fluid,

subsequent to its being dried by the dehumidifier, to the inlet of the spray drying vessel, as at least part of

the primary drying fluid introduced to the interior volume of the spray drying vessel.



49. The spray drying system of claim 42, comprising a primary drying fluid source constructed and arranged

to provide primary drying fluid to the spray drying vessel at temperature below 100°C and above freezing

temperature of solvent in the spray dryable liquid composition.

50. The spray drying system of claim 42, further comprising:

(a) a source of primary drying fluid and a source of secondary drying fluid, wherein each of the respective

sources of primary drying fluid and secondary drying fluid independently contains a fluid selected from the

group consisting of air, oxygen, oxygen-enriched air, nitrogen, helium, argon, neon, carbon dioxide, carbon

monoxide, and combinations of two or more of the foregoing;

(b) a source of the spray dryable liquid composition, wherein the source of the spray dryable liquid

composition contains spray dryable liquid composition comprising (i) at least one product material selected

from the group consisting of food materials, beverage materials, fragrance materials, pigment materials,

flavor materials, pharmaceutical materials, therapeutic materials, medication materials, homeopathic

materials, biological materials, probiotic materials, construction materials, formulating materials, and

mixtures, blends, composites, and combinations of two or more different materials of the foregoing, (ii) at

least one carrier selected from the group consisting of carbohydrates, proteins, lipids, waxes, cellulosic

materials, sugars, starches, and natural and synthetic polymeric materials, and (iii) solvent, wherein the

spray dryable liquid composition has a viscosity in a range of from 300 mPa-s to 28,000 mPa-s, and

comprises from 20 to 50% by weight of solvent, based on total weight of the spray dryable liquid

composition.

51. The spray drying system of claim 42, comprising a primary drying fluid source constructed and arranged

to provide primary drying fluid to the spray drying vessel at temperature below at least one of 95°C, 90°C,

85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein

said primary drying fluid temperature is above freezing temperature of solvent in the spray dryable liquid

composition, and comprising a secondary drying fluid source constructed and arranged to provide

secondary drying fluid to the spray drying vessel at temperature below at least one of 95°C, 90°C, 85°C,

80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and wherein said

secondary drying fluid temperature is above freezing temperature of solvent in t e spray dryable liquid

composition.



52. The spray drying system of claim 42, comprising a dehumidifier constructed and arranged to provide

the primary drying fluid and secondary drying fluid to the interior volume of the spray drying vessel at

below 20% relative humidity.

53 .A method of electrostatic spray drying of an electrostatically charged spray dryable material in a primary

drying fluid flow stream, comprising intermittently, transiently, and cyclically injecting secondary drying

fluid into the primary drying fluid flow stream at multiple loci in the primary drying fluid flow stream, so

as to create transient localized turbulence at such loci that enhances drying of the electrostatically charged

spray dryable material, or alternatively, continuously injecting secondary drying fluid into the primary

drying fluid flow stream at multiple loci in the primary drying fluid flow stream, so as to create localized

turbulence at such loci that enhances drying of the electrostatically charged spray dryable material.

54. The method of claim 53, wherein the primary drying fluid flow stream and secondary drying fluid are

each provided to the electrostatic spray drying at temperature below 100°C and above freezing temperature

of any solvent in the electrostatically charged spray dryable material.

55 . The method of claim 54, wherein the spray dryable material is provided to the electrostatic spray drying

at a viscosity in a range of from 300 mPa-s to 28,000 mPa-s, and comprising from 20 to 50% by weight of

solvent, based on total weight of the provided spray dryable material.

56. The method of claim 53, wherein the primary drying fluid flow stream and secondary drying fluid are

each provided to t e electrostatic spray drying at relative humidity below at least one of 20%, 18%, 15%,

12%, 10%, 8%, 5%, 2.5%, 2%, 1.5%, 1% and 0.5% relative humidity.

57. The method of claim 53, wherein the primary drying fluid flow stream and secondary drying fluid are

each independently selected from the group consisting of air, oxygen, oxygen-enriched air, nitrogen,

helium, argon, neon, carbon dioxide, carbon monoxide, and combinations of two or more of the foregoing.



58. The method of claim 53, wherein the spray dryable material comprises at least one material selected

from the group consisting of food materials, beverage materials, fragrance materials, pigment materials,

flavor materials, pharmaceutical materials, therapeutic materials, medication materials, homeopathic

materials, biological materials, probiotic materials, construction materials, formulating materials, and

mixtures, blends, composites, and combinations of two or more different materials of the foregoing.

59. The method of claim 53, wherein the spray dryable material as provided to the electrostatic spray drying

comprises at least one carrier selected from the group consisting of carbohydrates, proteins, lipids, waxes,

cellulosic materials, sugars, starches, and natural and synthetic polymeric materials.

60. The method of claim 53, comprising intermittently, transiently, and cyclically injecting secondary

drying fluid into the primary drying fluid flow stream at multiple loci in the primary drying fluid flow

stream, so as to create transient localized turbulence at such loci that enhances drying of the electrostatically

charged spray dryable material.

61. A spray drying process for drying a spray dryable liquid composition to a dried powder product,

comprising:

atomizing the spray dryable liquid composition to generate an atomized spray of liquid particles of t e spray

dryable liquid composition into a spray drying chamber;

flowing a stream of primary drying fluid into the spray drying chamber for flow through the spray drying

chamber, to contact the spray of liquid particles therein for drying of the liquid particles to form the dried

powder product;

injecting bursts of pressurized secondary drying fluid into the stream of primary drying fluid spray drying

chamber at multiple loci thereof under conditions providing localized turbulence at said multiple loci; and

discharging from the spray drying chamber effluent drying fluid and the dried powder product dried by

contact with the drying fluid in the spray drying chamber.



62. The spray drying process of claim 61, wherein each of the primary drying fluid and secondary drying

fluid is independently selected from the group consisting of air, oxygen, oxygen-enriched air, nitrogen,

helium, argon, neon, carbon dioxide, carbon monoxide, and mixtures of two or more of the foregoing.

63 . The spray drying process of claim 61, wherein the primary drying fluid is the same as the secondary

drying fluid.

64. The spray drying process of claim 61, wherein t e primary drying fluid is different from the secondary

drying fluid.

65 . The spray drying process of claim 61, wherein the spray dryable liquid composition comprises a carrier.

66. The spray drying process of claim 65, wherein the carrier comprises a material selected from the group

consisting of carbohydrates, proteins, lipids, waxes, cellulosic materials, sugars, starches, and natural and

synthetic polymeric materials.

67. The spray drying process of claim 61, wherein the carrier comprises a material selected from the group

consisting of starch carriers, sugar carriers, and cellulosic carriers.

68. The spray drying process of claim 61, wherein t e spray dryable composition does not comprise a

carrier.

69. The spray drying process of claim 61, wherein the primary drying fluid and secondary drying fluid are

introduced into the spray drying chamber at temperature in a range of 180°C-200°C.

70. The spray drying process of claim 61, wherein the primary drying fluid and secondary drying fluid are

introduced into the spray drying chamber at temperature below 100°C.



71. The spray drying process of claim 61, wherein the primary drying fluid and secondary drying fluid are

introduced into the spray drying chamber at temperature below at least one of 95°C, 90°C, 85°C, 80°C,

75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C, 40°C, 35°C, 30°C, 25°C, or 20°C.

72. The spray drying process of claim 61, wherein the spray dryable liquid composition comprises at least

one product material selected from the group consisting of food materials, beverage materials, fragrance

materials, pigment materials, flavor materials, pharmaceutical materials, therapeutic materials, medication

materials, homeopathic materials, biological materials, probiotic materials, construction materials,

formulating materials, and mixtures, blends, composites, and combinations of two or more different

materials of the foregoing.

73. The spray drying process of claim 61, wherein the spray dryable liquid composition comprises at least

one product material selected from the group consisting of flavors, fragrances, foods, and beverages.

74. The spray drying process of claim 61, wherein the spray dryable composition comprises at least one

product material, and at least one additional ingredient selected from the group consisting of solvents,

carriers, adjuvants, excipients, surfactants, anti-agglomerants, anti-caking agents, co-active ingredients,

wetting agents, dispersants, emulsifiers, stabilizers, antioxidants, preservatives, encapsulants, pore-forming

agents, hardeners, and mixtures, blends, composites, and combinations of two or more of the foregoing

additional ingredients.

75. The spray drying process of claim 61, wherein the spray dryable composition has a viscosity in a range

of from 300 mPa-s to 28,000 mPa-s.

76. The spray drying process of claim 61, having a viscosity in a range in which a lower limit of the range

is any one of 325, 340, 350, 375, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 950, and 1000

mPa-s, and in which an upper limit of the range is greater than the lower limit and is any one of 400, 450,



500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 2000, 3000, 4000, 5000, 6000, 7000, 8000, 9000,

10,000, 11,000, 12,000, 13,000, 14,000, 15,000, 16,000, 17,000, 18,000, 19,000, and 20,000.

77. The spray drying process of claim 61, wherein the spray dryable composition has a viscosity in a range

of from 500 mPa-s to 16,000 mPa-s.

78. The spray drying process of claim 61, wherein the spray dryable composition has a viscosity in a range

of from 1000 mPa-s to 4000 mPa-s.

79. The spray drying process of claim 61, wherein the spray dryable composition has a viscosity in a range

of from 10 mPa-s to 200 mPa-s.

80. The spray drying process of claim 61, wherein the spray dryable composition comprises a carrier,

product material, and solvent, wherein the solvent in the composition does not exceed 50% by weight, based

on total weight of the composition.

81. The spray drying process of claim 80, wherein the solvent in the composition comprises from 20 to

50% by weight, based on total weight of the composition.

82. The spray drying process of claim 80, wherein the solvent in the composition comprises from 20 to

40% by weight, based on total weight of the composition.

83. The spray drying process of claim 80, wherein the solvent in the composition comprises from 25 to

35% by weight, based on total weight of the composition.

84. The spray drying process of claim 80, wherein the spray dryable composition has a viscosity of from

10 to 200 mPa-s, wherein t e solvent in the composition comprises from 50 to 70 % by weight, based on



total weight of the composition, and wherein the primary drying fluid and secondary drying fluid are

introduced into the spray drying chamber at temperature in a range of 180°C-200°C.

85 . The spray drying process of claim 61, wherein the drying fluid introduced into t e spray drying chamber

has a relative humidity below 20% relative humidity.

86. The spray drying process of claim 61, wherein the drying fluid introduced into t e spray drying chamber

has a relative humidity below at least one of 18%, 15%, 12%, 10%, 8%, 5%, 2.5%, 2%, 1.5%, 1% and 0.5%

relative humidity.

87. The spray drying process of claim 61, comprising electrostatic charging of the spray dryable liquid

composition and/or the atomized spray of liquid particles.

88. The spray drying process of claim 87, wherein said electrostatic charging applies an electrostatic charge

to the atomized spray of liquid particles that is in a range of from 0.25 kV to 80 kV.

89. The spray drying process of claim 61, wherein the spray dryable liquid composition comprises a

beverage product material, and the spray dryable liquid composition does not comprise a carrier.

90. The spray drying process of claim 61, wherein the spray dryable liquid composition comprises solvent

selected from the group consisting of water, inorganic solvents, organic solvents, and mixtures, blends,

emulsions, suspensions, and solutions thereof.

91. A spray drying system, comprising:

(a) a spray drying vessel comprising:

(i) an interior volume arranged to receive an atomized spray-dryable material and drying fluid for

contacting of the atomized spray-dryable material with the drying fluid in the interior volume;



(ii) at least one drying fluid inlet by which the drying fluid is introduced into the interior volume

for said contacting; and

(iii) a spray-dried material outlet communicating with the interior volume, arranged to discharge

spray-dried material and effluent drying fluid from the vessel;

(b) an atomizer adapted to receive a spray-dryable material and discharge the atomized spray-dryable

material into the interior volume of the vessel for said contacting;

(c) at least one turbulator adapted to generate turbulence in the drying fluid in the interior volume of the

vessel;

(d) a process control unit adapted to regulate flow rate of drying fluid into the interior volume and flow rate

of the spray-dryable material to the atomizer so that interaction of the drying fluid with the at least one

turbulator produces turbulence in the drying fluid having a Kolmogorov length less than average particle

size of spray-dryable material droplets in the atomized spray-dryable material in the interior volume of the

vessel.

92. The spray drying system of claim 1, wherein said turbulence is induced in at least 5 volume % of the

volume of drying fluid in the interior volume of the vessel.

93 . The spray drying system of claim 91, wherein said turbulence is induced in at least 5, 10, 15, 20, 25,

30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, or 95 volume % of the volume of drying fluid in the interior

volume of the vessel.

94. The spray drying system of claim 93, wherein said volume % of the volume of drying fluid in the

interior volume of the vessel in which said turbulence is induced includes drying fluid in contact with the

atomizer.

95 . The spray drying system of claim 91, wherein the at least one turbulator includes one or more nozzles

configured to inject pressurized secondary drying fluid into the interior volume of the vessel.



96. The spray drying system of claim 95, wherein the at least one turbulator includes an array of nozzles

configured to inject pressurized secondary drying fluid into the interior volume of the vessel.

97. The spray drying system of claim 91, wherein the at least one turbulator comprises at least one selected

from among twisted tapes, static mixer devices, airfoils, Brock turbulators, wire turbulators, coil turbulators,

and wall protrusion turbulators.

98. The spray drying system of claim 91, wherein the atomizer comprises at least one selected from among

nozzle atomizers, applied charge atomizers, nebulizers, rotary atomizers, and ultrasonic atomizers.

99. The spray drying system of claim 91, comprising a drying fluid source coupled to the at least one drying

fluid inlet in drying fluid supply relationship with the spray drying vessel.

100. The spray drying system of claim 99, wherein t e drying fluid source is constituted to supply the

drying fluid to the at least one drying fluid inlet of the spray drying vessel, the drying fluid comprising air,

oxygen-enriched air, oxygen, nitrogen, argon, krypton, neon, helium, or a gas mixture comprising two or

more of the foregoing drying fluid species.

101. The spray drying system of claim 99, wherein t e drying fluid source is constituted to supply the

drying fluid to the at least one drying fluid inlet of the spray drying vessel at temperature below at least one

of 120°C, 115°C, 110°C, 100°C, 95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C, 50°C, 45°C,

40°C, 35°C, 30°C, 25°C, and 20°C, and above freezing temperature of liquid to be volatilized for spray

drying of the spray-dryable material.

102. The spray drying system of claim 99, wherein the drying fluid source is constituted to supply the

drying fluid to the at least one drying fluid inlet of the spray drying vessel at temperature below 100°C, and

above freezing temperature of liquid to be volatilized for spray drying of the spray-dryable material.



103. The spray drying system of claim 91, comprising a spray-dryable material source arranged in spray-

dryable material supply relationship to the atomizer.

104. The spray drying system of claim 103, wherein the spray-dryable material source comprises the spray-

dryable material in a carrier-free composition.

105. The spray drying system of claim 103, wherein the spray-dryable material source comprises the spray-

dryable material in a carrier-comprising composition.

106. The spray drying system of claim 91, wherein the process control unit is adapted to regulate flow rate

of drying fluid into the interior volume and flow rate of the spray-dryable material to the atomizer so that

the average particle size of the spray-dryable material droplets in the atomized spray-dryable material in

the interior volume of the vessel is in a range of from 50 to 300 µιη .

107. The spray drying system of claim 91, wherein the process control unit is adapted to regulate flow rate

of drying fluid into the interior volume and flow rate of the spray-dryable material to the atomizer so that

turbulence dissipation rate of said turbulence exceeds 25 m2/sec3.

108. The spray drying system of claim 91, wherein the process control unit is adapted to produce

intermittent turbulence in the drying fluid.

109. The spray drying system of claim 91, wherein the process control unit is adapted to produce continuous

turbulence in the drying fluid.

110. The spray drying system of claim 91, as configured for electrostatic spray-drying.

111. A process for producing a spray-dried material, comprising:



generating an atomized spray-dryable material;

contacting the atomized spray-dryable material with drying fluid to form spray-dried material;

recovering the spray-dried material from the drying fluid; and

during said contacting, inducing turbulence in the drying fluid having a Kolmogorov length less than

average particle size of spray-dryable material droplets in the atomized spray-dryable material.

112. The process of claim 111, wherein said turbulence is induced in at least 5 volume % of the volume of

drying fluid engaged in the contacting.

113 . The process of claim 111, wherein said turbulence is induced in at least 5, 10, 15, 20, 25, 30, 35, 40,

45, 50, 55, 60, 65, 70, 75, 80, 85, 90, or 95 volume % of the volume of drying fluid engaged in the

contacting.

114. The process of claim 111, wherein the turbulence is induced by injection of pressurized secondary

drying fluid.

115 . The process of claim 111, wherein the turbulence is induced by interaction of the drying fluid with a

turbulator comprising at least one selected from among twisted tapes, static mixer devices, airfoils, Brock

turbulators, wire turbulators, coil turbulators, and wall protrusion turbulators.

116. The process of claim 111, wherein the atomized spray-dryable material is generated by an atomizer

comprising at least one selected from among nozzle atomizers, applied charge atomizers, nebulizers, rotary

atomizers, and ultrasonic atomizers.

117. The process of claim 111, wherein the drying fluid comprises air, oxygen-enriched air, oxygen,

nitrogen, argon, krypton, neon, helium, or a gas mixture comprising two or more of the foregoing drying

fluid species.



118. The process of claim 111, wherein the drying fluid is introduced to the contacting at temperature below

at least one of 120°C, 115°C, 110°C, 100°C, 95°C, 90°C, 85°C, 80°C, 75°C, 70°C, 65°C, 60°C, 55°C,

50°C, 45°C, 40°C, 35°C, 30°C, 25°C, and 20°C, and above freezing temperature of liquid to be volatilized

to form the spray-dryable material.

119. The process of claim 111, wherein the average particle size of the spray-dryable material droplets in

the atomized spray-dryable material in the contacting is in a range of from 50 to 300 µιη .

120. The process of claim 111, wherein turbulence dissipation rate of the turbulence induced during said

contacting exceeds 25 m2/sec 3.
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Special Technical Features:

Group I requires both a primary and secondary drying fluid; and injecting pressurized secondary drying fluid into the stream of primary
drying fluid in the spray drying contact zone at multiple loci thereof to provide localized turbulence at said multiple loci, not required by
group II.

Group II requires inducing/producing turbulence in the drying fluid having a Kolmogorov length less than average particle size of spray-
dryable material droplets in the atomized spray-dryable material, not required by group I.

Common Technical Features:

Groups and II share the technical feature of a process/system for producing a spray-dried material; generating an atomized spray-
dryable material/composition; a spray drying vessel with an interior volume for contacting of the atomized spray-dryable material/product
with the drying fluid; contacting the atomized spray-dryable material with drying fluid to form spray-dried material; an inlet for introduction
of the drying fluid to the interior volume; and an outlet for discharging spray dried material/product and effluent drying fluid from the
interior volume; generating turbulence in the drying fluid in the interior volume of the vessel; recovering the spray-dried material/product.

However, these shared technical features do not represent a contribution over prior art, because the shared technical feature is being
obvious over US 2016/0223255 A 1 to ZoomEssence, Inc. (hereinafter ZoomEssence) in view of US 4,493,750 A to Olmsted et al.
(hereinafter Olmsted). ZoomEssence teaches a system for producing a spray-dried material (para [0027]; figure 2; FIG. 2 is a system for
spray drying a liquid product into a dried powder, in accordance with one or more aspects of the present invention.); generating an
atomized spray-dryable material/composition (para [0013]; applying an electrostatic charge to the slurry; atomizing the charged slurry to
produce a plurality of electrostatically charged, wet particles); a spray drying vessel with an interior volume for contacting of the atomized
spray-dryable material/product with the drying fluid (para [0039]; figure 2; A drying chamber 107 into which a slurry is fed by way of a
feed pump 5 (or equivalent conveying mechanism). The slurry enters an atomizer 106 and leaves the atomizer as a spray of liquid
droplets 108, which are introduced into the drying chamber. Concurrently, a feed of non-heated fluid, such as air or another suitable gas
(drying fluid) is supplied into the drying chamber 107 by a blower 10.); contacting the atomized spray-dryable material with drying fluid
to form spray-dried material (para [0039]; figure 2; The slurry enters an atomizer 106 and leaves the atomizer as a spray of liquid
droplets 108, which are introduced into the drying chamber. Concurrently, a feed of non-heated fluid, such as air or another suitable gas
(drying fluid) is supplied into the drying chamber 107 by a blower 10. The atomized liquid droplets 108 dry to form solid particles after
exposure to the incoming air.); an inlet for introduction of the drying fluid to the interior volume (para [0039], [0064]; figures 2 and 6; The
slurry enters an atomizer 106 and leaves the atomizer as a spray of liquid droplets 108, which are introduced into the drying chamber.
Reference is now made to FIG. 6, which is a schematic, side view of a drying chamber 107 that may be employed in the system 100 of
FIG. 2 in accordance with one or more aspects of the present invention. The drying chamber 107 may include an inlet end 300.); and an
outlet for discharging spray dried material/product and effluent drying fluid from the interior volume (para [0064], [0039]; figures 2 and 6;
Reference is now made to FIG. 6, which is a schematic, side view of a drying chamber 107 that may be employed in the system 100 of
FIG. 2 in accordance with one or more aspects of the present invention. The drying chamber 107 may include an inlet end 302. Dried
powder leaves the drying chamber 107 along with the water vapor laden air, and is carried to a cyclone separator 12, which removes the
dried particles from the circulating air stream and deposits the particles into a collection container 13); recovering the spray-dried
material/product (para [0039]; figure 2; Dried powder leaves the drying chamber 107 along with the water vapor laden air, and is carried
to a cyclone separator 12, which removes the dried particles from the circulating air stream and deposits the particles into a collection
container 13.).

However, ZoomEssence does not teach generating turbulence in the drying fluid in the interior volume of the vessel. Olmsted teaches
generating turbulence in the drying fluid in the interior volume of the vessel (col 5, In 42-63; figure 6; In FIG. 6, a spray drying system
includes a drying chamber 24 receiving at one end thereof an atomized product spray delivered by a nozzle means 25. Substantially
dew point temperature air (drying fluid) in a flowing stream possessing kinetic energy is separately delivered to the chamber 24 through
a manifold 26 coaxial with and surrounding feed nozzle means 25, with an increased intensity of turbulence.).

Therefore, it would have been obvious to one ordinary skilled in the art to apply the air/drying-fluid with turbulence into the drying
chamber, as taught by Olmsted; with the system for producing a spray-dried material, as taught by ZoomEssence; because the
unusually high internal energy of the air discharged from the foraminous barrier, its reduced pressure, and its increased intensity of
turbulence, combine to greatly enhance the one step spray drying process and allow a substantial savings in energy compared to prior
art practice (Olmstead; col 5, In 57-63). Further, because scale of turbulence is the factor which promotes mixing, whereas intensity of
turbulence promotes rapid vaporization (Olmstead; col 2, In 36-38).

As the shared technical features were known in the art at the time of the invention, they cannot be considered common technical
features that would otherwise unify the groups. Therefore, Groups l-ll lack unity under PCT Rule 13.
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