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Specific Objectives:    
1. Investigate the fundamental 

particle characteristics of switchgrass 

particles ground to three harmermill 

screen sizes, 6.4, 3.2 and 1.6 mm  

2. Determine the influence of particle 

characteristics of ground switchgrass 

on gravity discharge in hoppers. 

3. Develop a design criteria for 

hoppers to ensure discharge with 

gravity or otherwise.  
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Statement of Problem: 
Gravity discharge of bulk solids in hoppers is a common routine practice used in various 

industries to feed material from one unit operation to another. This practice involves the 

transport of thousands of tons of bulk solid materials daily from industries such as mining, 

power production, grain shipment, bulk chemicals, agriculture and pharmaceuticals. An 

efficient designed hopper requires gravity discharge to provide a constant flow of material 

and minimize production stoppages from blocked discharge outlets. Fundamental 

understanding of hopper flows and the design principles of hoppers was developed by the 

pioneering work of Dr. Andrew W. Jenike in the 1950’s and 60’s. In general, these principles 

were applied to bulk solids termed rigid plastic Coulombic solids where the yield stress (τ) 

is the shear stress needed to yield or cause the consolidated material to flow. In the 

equation, τ = c + μσ, the shear stress is approximated on the plane of normal stress where c 

is the cohesion, μ is the angle of internal friction and σ is the normal stress. The Mohr-

Coulombs law normally applies to rigid-plastic bulk solids which constitute the majority of 

bulk solids in use today and in which extensive work have been carried out to date.  

 

In recent times, there has been a drive for large-scale industrial use of lignocellulosic plant 

biomass as an alternative biofuel replacement of coal for energy conversion in power plant 

boilers. In particular, switchgrass (Panicum virgatum L.), a perennial energy crop has been 

one of the favorable feedstocks chosen for co-firing with coal in existing boilers. However, 

the physical and flow properties of ground particulate switchgrass differs from coal due to 

the inherent low bulk density, high aspect ratio, springy and fibrous/fluffy nature of 

switchgrass particulates. This makes it impossible to use existing hoppers designed to 

gravity feed coal into boilers for feeding switchgrass. Additionally, because of the very 

different characteristics of switchgrass compared to most bulk solids of rigid-plastic nature, 

the fundamental flow mechanics is most likely to be different. Thus, there is a need to 

investigate fundamental material properties of switchgrass particulates and their effect on 

the flow mechanics in hoppers under gravity discharge.  

 

The central hypothesis of this study is that switchgrass particulates are fundamentally 

different in physical and flow properties compared with bulk solids of rigid plastic nature. 

Thus, the flow mechanisms such as mass and funnel flows under given hopper angles and 

orifice diameters might not apply to this type of bulk material. Moreover, the sole use of 

gravity discharge might not be possible for such materials because of the domination of 

high mechanical interlocking forces in addition to cohesion caused by particles with very 

high aspect ratios. The primary objectives of this study are to (1) investigate the 

fundamental particle characteristics of switchgrass particles ground to three hammermill 

screen sizes, 6.4, 3.2 and 1.6 mm, (2) determine the influence of particle characteristics of 

ground switchgrass on gravity discharge in hoppers, (3) develop a design criteria for 

hoppers to ensure discharge with gravity or otherwise.   
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Impact: 
This study would be one of the first fundamental attempts to understanding the flow of a 

lignocellulosic biomass feedstocks. While much work has been conducted on Coulomb 

rigid-plastic solids, there have been very little studies on lignocellulosic bulk materials. The 

influence of single particle properties on bulk flow behavior and the mechanisms of flow for 

a bulk with high aspect ratios will be important to the efficient design of hopper systems of 

the emerging bioenergy industries that will utilize millions of tons for biomass feedstocks 

yearly.  This effort will also provide foundation research and understanding of this type of 

bulk solids, which can be applied to other bulk solids of similar structure and behavior. 
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Figure 1. Flow chart of graduate research justification. 

 

JUSTIFICATION SUMMARY 
This doctoral research emphasizes flow mechanics of lignocellulosic (switchgrass) bulk solids in feeding 

system hoppers. The unfavorable physical characteristics of switchgrass biomass present handling and flow 

problems in existing feeding systems for coal that limit their acceptance and quick adoption as feedstocks 

for biopower production.  The flow chart (Fig. 1) illustrates the sequence of investigations to be pursued in 

this study.  Lignocellulosic biomass fuel preparation (6.4, 3.2 and 1.6 mm hammermill screen sizes) influence 

physical (particulate and bulk) properties of biomass. Particulate properties of interest include 

determination of particle size, particle size distribution, particle density and particle morphology. Physical 

properties also include bulk properties (loose and tapped bulk density, bulk porosity) which are the sum of 

particulate properties. Flow properties are determined by flowability tests using a direct shear tester. The 

flow/feeding behavior of lignocellulosic biomass under gravity discharge, which is a function of both 

particle and bulk properties will be evaluated through assessing the flowability of switchgrass at various 

particle sizes through an adjustable (converging angle and discharge opening) model hopper of rectangular 

profile. Particle single and bulk material properties will provide insight on the factors influencing solids 

discharge from the hopper. This investigation will attempt to show that ground switchgrass particles do not 

have the same flow mechanisms as plastic-elastic solids of Coulombic nature, and thus require a different 

design criteria to ensure their discharge from hoppers under gravity flow. 
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