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Though it is important to note that many pastes and decoctions include powder 

additives of some kind to give the paste additional medicinal benefits. As an example, 

the Gymnema sylvestre offers both a root powder and a leaf powder, used to treat 

poison bites and diabetes respectively. These powders are traditionally produced by 

grinding the plant in a mortar and pestle until the desired consistency is met. Other 

conditions commonly treated with traditional remedies range from topical wound 

healing to asthma and stomach conditions as seen in Figure 1.1b. [10]  

 

 

 

In the modern medical setting, powder formulations are still being used for a 

wide variety of applications. Two common conditions treated with the use of powder 

based materials include internal hemorrhaging and asthma. Both disorders mentioned 

can be alleviated with the use of a powder based treatment. The application of a powder 

formulated therapeutic often requires a unique method for treatment delivery which 

must be carefully designed with the target tissue sight in mind. For the mitigation of 

a. b 
Figure 1.1. a) Methods of traditional herbal remedy preparation. b) Depicts a list 
of diseases and conditions that each have a number of remedies based on holistic 
treatments. [10] 
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internal hemorrhaging an endoscopic delivery system is required in order to deposit the 

treatment within the gastrointestinal tract with minimal invasive action. To administer 

treatment for individuals suffering from asthma a specially designed dry powder inhaler 

(DPI) is used in conjunction with extremely fine powders in order to ensure dosage 

reaches the smaller branches of the bronchial tree. 

 

Gastrointestinal bleeding (GI bleeding) is a frequent complication seen in the 

clinical setting that, if left untreated, could cause severe damage to a patients intestinal 

tract. Recently multiple powder based hemostatic formulations have been created for 

use in endoscopic procedures [13]. One hemostatic powder of interest is the Endoclot 

Polysaccharide Hemostatic System (PHS). This engineered system is designed to work 

in unison with the working channel of an endoscope. Endoclot Absorbable Modified 

Polymer (AMP) is a unique powder formulation from a modified starch derivative that 

acts as the hemostatic powder of Endoclot PHS. This compound is a biocompatible and 

absorbable hemostatic agent which gels upon interaction with water molecules in and 

around the bleeding wound sight. The complete system includes both the dehydrated 

powder formulation AMP as well as the mechanism for its delivery. In the case of 

Endoclot PHS, the delivery mechanism consists of a catheter like tubing system that is 

connected to an air compressor via a Y connector, as seen in Figure 1.2a. The powder is 

contained within an applicator which consists of a powder mixing chamber that is 

manually agitated to encourage the deposition of powder into the air stream and then 

through the working channel of an endoscope to the target tissue sight. This technique 
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is used to treat issues such as peptic ulcer bleeding or bleeding from minimally invasive 

surgery. [14] 

 

The inhaler class of medicine delivery is another example where dry powder is 

utilized within the clinical setting. The objective of a DPI is to administer doses directly 

to a patient’s lower respiratory tract and maximize the amount of drug that is delivered 

to the target tissue sight. Dry powder inhalers (DPI) make up a large class of devices 

that are used to help individuals suffering from a variety of complications. The interior 

pleural membrane is a favorable site for the uptake of drugs because the environment in 

the lung is not nearly as harsh as that of the gastrointestinal tract. Many unique DPI 

designs have been applied to medicating the lung [15, 16]. 

 

 

 

Figure 1.2. a) Endoclot applicator containing AMP powder 
formulation. Tapping of the applicator agitates powder and initiates the 
flow through the catheter tubing. b) Compressor that provides the air to 
propel powders through working channel of the endoscope at a pressure 
hovering around 2 PSI. [endoclot.com] 

a. b. 
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1.2. Alginate Based Tissue Sealants 

Research conducted in the Engineering Biomaterials Research Laboratory 

(EBRL) at UVM has shown chemically modified alginate to be a promising liquid 

tissue sealant for pleural air leaks, demonstrating similar burst pressure to some leading 

existing liquid sealants [17, 18]. The significance of this material relates to the innate 

non-toxicity in combination with biocompatibility. This is in part due to the fact that 

alginate is a natural derivative extracted from brown seaweed. As a source based in 

nature, alginate is naturally abundant and cheap to process making alginate based tissue 

sealants an extremely attractive class of materials within the biomedical industry. 

In a powder form, the alginate readily hydrates upon application to a wet tissue 

site. During hydration of the applied powder formulation, the wound site will 

experience a period of dryness which is favorable to promote sealant adhesion and 

prevent the washing away of material due to continuous flow wound exudate. 

Once applied, the material will provide an immediate defensive coating capable 

of maintaining a moist environment to stimulate the natural healing process. With the 

addition of a crosslinking mechanism, alginate can then form a hydrogel network which 

has the ability to adhere to local tissue while maintaining a hydrogel structure. This 

characteristic provides a functional basis that sequentially enables a wide variety of 

possible applications. 
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1.2.1. Chemical Modification of Alginate 

Alginate is a naturally occurring polysaccharide extracted from brown seaweed 

[9]. The extraction process is intended to convert alginate into a soluble form of sodium 

alginate which can then be incorporated with a multitude of potential consumer 

applications [9, 19]. On a molecular scale, the alginate polymer is more specifically a 

binary copolymer, consisting of (1-4) linked β-D-mannuronic acid (M) and α-L-

guluronic acid (G) monomers [9]. The block structure of alginate can be seen in Figure 

1.3, and it is important to note this block structure is not necessarily the same in all 

samples. 

 

Sodium alginate, when in solution, has the ability to readily form strong 

hydrogels via ion exchange between divalent or multivalent cations, such as Ca2+. This 

occurs when the calcium ion is highly coordinated to hydroxyl and carboxylate 

functional groups of four G monomers from two neighboring polymer chains. [20] 

Sodium alginate has a lot of idle carboxyl and hydroxyl groups which leaves the 

possibility for further functionalization by use of chemical reactions. Methacrylated 

alginate is a functionalized polymer produced via esterification of alginate hydroxyl 

Figure 1.3. Block structure of alginate showing the repeating G and M block 
combinations. [9] 
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groups with methacrylic anhydride or glycidyl methacrylate, and can undergo rapid 

polymerization in the presence of UV light to enable covalent crosslinking of the 

alginate network [20]. To avoid the use of UV light, alginate can be covalently 

crosslinked with visible green light Eosin Y, triethanolamine, and 1-vinyl-2-

pyrrolidinone as the photo- sensitizer, photo-initiator, and catalyst respectfully [17]. 

These chemical characteristics of sodium alginate enable functionalization to promote 

an increase in utility of the material. 
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1.3  Dilute-Phase Conveying Systems 

There are numerous methods to transport materials using pneumatic conveying. 

“A pneumatic conveying system is a process by which bulk materials of almost any 

type are transferred or injected using a gas flow as the conveying medium from one or 

more sources to one or more destinations” [4]. This method of solid transport is 

attractive because it offers multiple advantages. These systems are cost-effective and 

they completely encircle the solid being transported while keeping material from 

coming into direct contact with moving mechanical parts. Another advantage of 

pneumatic conveying systems deals with the versatility they allow. It is relatively easy 

to reroute or add on to this type of transport system which makes it a good choice for 

any growing operation. Typically, air is used as the gas medium unless there is a risk 

for explosion or fire which oxygen would accelerate. 

There are three general methods applied to pneumatic transport conveying 

systems. These methods include dilute-phase conveying, dense-phase conveying and 

air-activated gravity conveying. Dilute-phase conveying is a continuous process which 

includes either pushing or pulling of materials by means of large air velocity and low 

pressure. Dense- phase conveying utilizes a pulse of air to push a slug of material along 

by means of high pressure and low velocity. Air-activated conveying simply conveys 

material on top of a cushion of air. Among these various systems, the dilute-phase 

conveying is of particular interest for application in small scale biomedical dehydrated 

particulate handling. [4] 

 

 



 

9 

 

Dilute-phase conveying is a sub set of pneumatic transport systems in which 

material is distributed as a suspension in the gas used as the conveying medium, see 

Figure 1.4c. In general, there are two main categories of dilute-phase conveying, 

positive pressure conveying systems and negative pressure conveying systems, see 

Figure 1.4a and Figure 1.5b. In both system designs, powder originates in the storage 

hopper which then feeds material to the conveying line. These storage hoppers utilize 

the ever-present force of gravity to naturally guide material towards the exit chute of 

the hopper. 

To modulate or control the release of material from the hopper into the 

conveying line, there are two mechanisms commonly used, the venturi feeder and the 

rotary valve feeder, see Figure 1.5a and Figure 1.5b. Venturi feeders are an attractive 

component because they do not have any moving parts. The material flows through the 

a b 

c 

Figure 1.4. a) Dilute-phase negative pressure utilizing vacuum forces to 
facilitate the transport of material. b) Dilute-phase positive pressure utilizing 
a blower to generate air flow and transport material. c) Example of what 
dilute-phase conveying looks like as particulate is suspended in the moving 
air stream. [4] 
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hopper via gravity and then enters the moving air stream as a function of the fluid 

velocity. The venturi effect is a well-known principle of incompressible fluids where 

there is a reduction in fluid pressure accompanied with an increase in fluid velocity 

through a constricted or choked section of pipe. This is a result of energy and mass 

conservation. Since there are no moving parts, venturi feeders do not require 

maintenance or complex controls. The down side is that they must be catered for a 

specific powder and sometimes experience blockage if there is any significant variation 

in system operation. Rotary feeders are of interest because they can easily modulate and 

control the amount of powder introduced into the air stream. Due to their complexity, 

increased controls and maintenance are required in order to maintain smooth operating 

conditions. Some issues with the rotary feeder systems include inadequate feed rate, 

wear, and leakage. Over time, components will experience wear which, in some cases, 

can cause material to leak through altering the feed rate. [3, 4] 

 

 

 

 

 

 

 

 

 

 

a. b. 

Figure 1.5. a) Sample schematic for a rotary valve feeder. b) Sample 
schematic for a venture feeder. [4] 
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1.3.1. Characterization of Particles 

Utilizing the flow of a pressurized gas to accelerate dry powder particulates has 

been applied to a variety of processes. From pneumatic conveying to surface finishing, 

the transport of solid particulates has use in many industries. Unlike fluids, solid 

particulates are difficult to convey and transport. This can be attributed to the 

complexity surrounding their physical particle interactions as well as their material 

surface properties and how these manifest when a material is being handled in bulk. 

Many of these interactions can vary widely amongst a diverse group of powders. This 

variety of characteristics requires a particular set of operating conditions when 

designing a transport system. If not engineered correctly there is a high likelihood the 

system will experience particle agglomeration, cohesive arches and funnel flow, all of 

which will impede the flow of powders and interfere with system operation. To avoid 

these scenarios, pneumatic transport systems are typically engineered for conveying a 

specific powder type as part of a larger operation. 

The dispersion of powder in an air stream is dependent on a multitude of factors. 

In general, some of the most influential factors being particle size, particle shape, and 

inter-particle adhesion forces. It is important to first characterize particles on a 

localized scale to obtain insight towards what conditions are required to best handle 

that specific type of powder. Furthermore, many of these seemingly micro scaled 

characteristics can be related to how a powder behaves when in bulk form. Bulk 

properties of a powder help to better understand and predict the behavior of that powder 

as it is dynamically handled. It is important to recognize the conditions that best illicit 

powder flow when designing a system to facilitate this process. 
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Individual particle geometry is a factor that influences macroscale behavior of 

that material in bulk form. Since it is rare that a powder formulation is composed of 

uniform spherical particles, often reference parameters are used for geometric 

description. Volume diameter, , is defined as the diameter of a sphere having the 

same volume as the particle of interest and can be described with equation 1.1. [3] 

                       (1.1) 

Along with volume diameter, surface diameter , describes a sphere with 

diameter the same as that of sphere with identical surface area to the particle of interest. 

This mathematical expression can be seen in equation 1.2. [3] 

             (1.2) 
 

Combining the two concepts seen in equations 1.1 and 1.2, equation 1.3 

describes what is called the surface-volume diameter. This metric is expressed as the 

diameter of a sphere having equal external surface area to volume ratio as the particle 

of interest. Particle density, , is described with equation 1.4. [3] 

                                               (1.3) 

                            (1.4) 

Furthermore, the above equations can be combined to form an expression to 

describe the shape factor of a given particle. Sphericity, #, was first introduced by 

Hakon Wadell in 1933 as a means to relate non-spherical particles to that of their 

strictly spherical counterpart [21]. A perfectly spherical particle will have a sphericity 
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equal to 1. The mathematical representation of this factor can be seen in equation 1.5. 

[11] 

                                  (1.5) 

 

Although defining equations 1.1 through 1.4 as factors that describe a particles 

geometry helps to relate irregular particle shapes to that of a simple uniform sphere, 

this information alone is not sufficient to make predictions about a powders flowability. 

To do this, more information must be taken into consideration. 

Describing particle behavior with fluid dynamics allows for calculations that 

predict limiting flow conditions such as the terminal velocity of a particle. Before this 

can be calculated, some basic fluid dynamic parameters must be introduced. The force 

acting on a single particle suspended in flow can be depicted using equation 1.6. This 

equation can be rewritten and solved for the coefficient of drag, , shown in equation 

1.7. For these equations   is the fluid density (kg/m3), Ur is the relative velocity 

between the particle and the fluid, and  is the area of the particle (m2). To obtain 

velocity of the particle, a slip factor is often employed. For most solids, the slip factor 

is .8, which means that the particle is traveling at roughly 80% of the gas velocity. [3, 

4] 

                                                     (1.6) 

                                                    (1.7) 
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The drag coefficient is also dependent on the particle Reynold’s number, , 

equation 1.8. Here $ (kg/m*s) is the fluid viscosity. 

 	

                                                       (1.8) 
 

Once the coefficient of drag and the Reynolds number are identified the terminal 

velocity of a spherical particle can be predicted. To make this prediction, first a 

dimensionless value describing particle size, , must be found, equation 1.9. Once this 

has been accomplished, the terminal velocity of a particle can be solved for using the 

second equation seen in equation 1.10. Assuming that the sphericity of the particle is 

equal to 1, the terminal velocity can be quickly solved for using the first equation 

expressed in 1.10. [3] 

                                       (1.9) 

                                (1.10) 

Other parameters that can prove helpful when determining a powders flowability 

include angle of repose and the angle of internal friction. Flowability is defined as the 

ease with which a bulk material flows under the influence of gravity only [4]. These 

measures offer practical importance as they do not depend on any theoretical 

assumptions. Figure 1.6 illustrates how these parameters can be determined 

experimentally. Typically, a smaller angle of repose suggests that material has a higher 

flowability. Values for angle of repose that are associated with materials who 

demonstrate favorable flowability are within 30° → 40°. Similarly, in order for a 
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powder to flow, the angle of internal friction, ", must be greater than the angle of 

repose, !. [2-4, 22] 

 

 

 

 

 

 

 

 

To predict when a material will initiate flow, threshold shear stresses must be 

examined and understood. A theory has been developed by A. W. Jenike which can be 

used to determine the hopper slope required to facilitate the desired mass flow of a bulk 

powder. During mass flow, all material contained in the hopper is in motion allowing 

for a continuous discharge, Figure 1.7. 

 

 

 

 

 

 

 

 

Figure 1.6. Experimental set up for determining angle of 
repose (!) and angle of internal friction ("). [3] 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.7. Two main flow types that can occur within a 
hopper. [2] 
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Jenike’s theory involves finding the Yield Limit (YL) which is the curve tangent 

to all Mohr’s circles that represent the onset of flow, Figure 1.8. The values for 

consolidation stress ( ) and unconfined yield stress ( ) are collected experimentally 

using a rheometer equipped with powder shear testing capabilities. 

 

 

 

 

 

 

This test can be conducted multiple times using a variety of consolidation states. 

In return, a set, including corresponding and values, is collected for each 

consolidation state. These &1 and  pairs can then be plotted together, and the line 

connecting them is known as the flow function (FF), Figure 1.9. 

 

 

 

 

 

 

The slope of a FF can be used to approximate the flowability of a powder. 

Decreasing values of slope suggest a material that exhibits higher flowability than one 

Figure 1.8. Mohr circles for a) unconfined yield stress and b) 
consolidation stress or compacting stress. [6] 

Figure 1.9. Flow Function (FF) defined as a function of and pairs. [6] 
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with a larger slope, Figure 1.10. The inverse of FF is known as the flow index (ffc) 

which is an easy way to classify a powders flowability. The larger ffc, the more likely a 

material is to flow. A ffc below 4 suggests a material is cohesive or hardened, while 

values above 4 suggest a material is easily flowing or even free flowing. [7] 

 

 

 

 

 

 

 

 

 

Up until this point, many tests have only been able to give a general inclination 

as to the flowability of a powder based on some mechanical characteristics. However, 

using Jenike’s theory, the minimum outlet diameter for a hopper can be determined 

mathematically. To accomplish this, it is necessary to first define a hopper’s flow factor 

(ff), equation 1.11. Flow factor (ff) is a function of consolidation stress (&1) and the 

stress necessary to support a stable bulk solid arch (  )[6]. 

                                                              (1.11) 

 

Once the flow factor (ff) has been established based on appropriate stresses, a 

line whose slope is equal to that of the inverse of ff can be plotted with its starting point 

Figure 1.10. Flow function (FF) graphical visualization on the 
flowability of a material. [7] 
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at the origin. This line can be compared to the flow function (FF), Figure 1.11, and the 

intersection of these two lines is defined as the critical stress, . [6] 

 

Once  is known, the minimum hopper outlet diameter,  , can be solved 

for. This relationship is described with equation 1.12, where ' is gravity and  is bulk 

density [6]. Not to be confused with the density of the material, the density of the 

powder, also referred to as bulk density, describes the ratio between apparent density of 

a powder and its tapped density. This diameter is a threshold value, any outlet diameter 

smaller than  is susceptible to cohesive arching and flow interruptions. 

 	

                                             (1.12) 
 

Apparent density (loose-poured density) of a powder is the amount of volume 

taken up by a loosely packed powder while the tapped density is the amount of volume 

occupied by a packed or tapped powder [2]. The apparent density of a powder will 

Figure 1.11. Intersection between flow function (FF) and flow factor (ff) gives 
the critical stress . Beyond this stress, particle cohesion attractions are 
overcome. [5] 


