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Abstract 

The objective of this study is to design a feed system to deliver carbonaceous 

feedstock into a solar gasification reactor that uses a ternary blend of carbonate salts at 

1200 K as the reaction medium. The feed system must continually and reliably provide 3-

15 g/min of microcrystalline cellulose to a 12.7 mm (1/2″) NPT port on the reactor and 

minimize the use of gas, as excess purge gas increases the sensible heating requirements 

of the reactor and can potentially create undesirable flow patterns within the molten salt. 

A screw based feed system was chosen for its ability to accurately provide material over 

the range of target feed rates. Advanced Manufacturing Systems provided a screw based 

extrusion system, and in this study an injector to transport feed from the screw system to 

the reactor was designed. The injector was then fabricated and tested in an apparatus that 

simulates important aspects of the reactor.  

The injector was designed through a combination of numerical and experimental 

studies. A numerical model was developed to simulate a porous plug advancing through a 

cylindrical injector into a molten salt environment. The 2-D axisymmetric model solved 

the species conservation and energy equations to yield transient temperature, 

composition, and morphology (porosity) distributions. The model was implemented for 

feed rates of 3-15 g/min and initial plug porosities between 0.1 and 0.5. The model 

determines, for a given mass flow rate, what inlet radius would keep the cellulose plug at 

a porosity low enough throughout the feed system to ensure the interface between the 

molten salt and cellulose is located within the reactor. An 8 mm radius was found to meet 

this criterion for all flow rates and initial porosities considered. The injector must 

therefore include a taper from the shaft diameter of 19 mm at the end of the screw to the 
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16 mm injector diameter at the outlet of the feed system. An experimental study of 3-D 

printed prototypes determined a 0.020 m long pipe with an 8.6° taper would allow 

feedstock to move freely through the injector. The final part was fabricated of stainless 

steel from these specifications.   

This part was tested with the screw feed system in an apparatus in which 200 µm 

diameter microcrystalline cellulose particles were fed to a water reservoir with the same 

hydrostatic pressure as the molten salt in the reactor. An additional design feature was 

developed to prevent water flow into the injector when the feed system is not in 

operation.  This feature is intended to be used as the reactor is heated to operating 

temperature before feed begins. A combination of a perforated foil boundary and purge 

gas was shown to prevent leaking from the water reservoir for over 3 hours.  

Cellulose was fed into the reservoir at an estimated rate of 9 g/min. A plug of 

cellulose was able to advance through the boundary into the water reservoir, but after 170 

seconds, feed was blocked. The blockage is attributed to the absorption of water by the 

cellulose. Further study is required to determine if this behavior will repeat in a molten 

salt environment. However, using a screw based feed system appears to be a valid 

approach to provide cellulose to a molten salt based solar gasification reactor, as 

numerical simulations show that cellulose can advance fast enough to prevent molten salt 

backflow and tests of the feed system demonstrated that cellulose can advance through 

the injector into a liquid environment. 
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ṡ′′′ = Mass source [kg/s-m
3
] 

T  = Temperature [K] 

t  = Time [s] 

V =  Volume [m
3
] 

v = Velocity [m/s] 

X  = Conversion [Dimensionless] 

z  = Axial position [m] 

 

Greek 

α = Thermal diffusivity [m
2
/s] 

β = Coefficient of thermal expansion [1/K] 

γ = Ratio of solid diameter to void diameter [Dimensionless] 

ϵ = Emissivity [Dimensionless] 

η = Efficiency [Dimensionless]  

λ = Eigenvalue [1/m]  

μ = Dynamic viscosity [kg/m-s] 



 xiii   
 

ν = Kinematic Viscosity [m
2
/s]  

ρ =  Density [kg/m
3
] 

σ = Stefan-Boltzman Constant [W/m
2
-K

4
] 

Φ = Gas Film Thickness Parameter [Dimensionless] 

ϕ  = Porosity [Dimensionless] 

𝜔 = Motor Speed [RPM] 

 

Subscripts 

a = Value related to the aperture 

abs = Absorbed portion 

air = Value related to the ambient air 

an = Analytical Solution  

avg = Average 

c = Carbon 

cell = Cellulose, C6H10O5 

check = Value related to the check valve 

conv =  Convection 

CV = Value related to an individual control volume 

D = Diameter 

eff = Effective value 

feed = Value related to the feed  

g = Gas 

hyd = Hydrostatic pressure 



 xiv   
 

i = Initial value 

in =  Flow into a control volume 

inlet = Value at the reactor inlet 

limit = Limiting porosity  

loss = Thermodynamic losses 

max = Maximum value 

num =  Numerical solution 

out  = Flow out of a control volume 

p = Particle 

prod = Product of reaction 

r = Radial direction 

R1 = Value related to pyrolysis reaction 

R2 = Value related to gasification reaction 

rad = Value related to radiation  

refl = Energy reflected from the absorption cavity  

rerad = Energy radiated from the absorption cavity 

rxn = Value related to the overall reaction 

s = Solid   

salt  = Value related to molten salt 

solar = Solar input 

ss = Stainless steel 

taper = Taper of the injector 

w = Value related to the outer wall of the cylinder 



 xv   
 

z = Axial Direction 

0 = Inner radius of the cylinder or pre-exponential constant  

1 = Outer radius of the cylinder 

∞ = Ambient 

 

  



  

 1   
 

1 Introduction 

Solar thermochemical processes offer an alternative route to produce fuels and 

chemicals traditionally obtained from petroleum with a greatly reduced carbon footprint. 

Solar driven gasification of carbonaceous feedstock, in particular, is considered a near 

term opportunity because of the relatively low operating temperatures and the potential 

for high reactor efficiency. Hathaway et al. developed solar gasification reactor that uses 

a ternary blend of molten carbonate salts as a reaction medium [1]. Gasification in molten 

salt allows for rapid transfer of heat to the feedstock, thermal storage to allow stable 

operation through solar transients [2], and increased rates  of pyrolysis and  carbon 

gasification reactions [3]–[7]. The reactor is shown in Figure 1.  The reactor is a 

concentric cylinder arrangement. The inner cylinder is a cavity receiver with an open 50 

mm diameter aperture.  The annulus formed by the two cylinders holds the molten salt, 

which consists of lithium, potassium, and sodium carbonate. The reactor is designed to 

absorb 3 kW of radiation and heat the salt to a temperature of 1200 K. Heat is transferred 

from the cavity to the salt through the wall.  

The high temperature of the reactor causes cellulose to undergo pyrolysis, shown 

in (R1), which produces carbon char as well hydrogen and carbon monoxide gas. 

 C6H10O5,(s) → C+ 5(CO(g) + H2,(g)) (R1) 

 At high temperature and in the presence of an oxidizer, such as carbon dioxide or steam, 

the carbon char produced will undergo gasification and produce carbon monoxide. 

Operation of the reactor uses carbon dioxide as the oxidizer for gasification, as shown in 

(R2).  

 C(s) + CO2.(g) → 2CO(g) (R2) 
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The process of pyrolysis and gasification will produce gaseous carbon monoxide 

and hydrogen, a mixture referred to as synthesis gas, or syngas, for its potential as a 

reactant in synthesizing chemicals and fuels. The energy content of the product gases are 

increased relative to the reactant feedstock, effectively storing intermittent solar energy as 

stable chemical potential. Product gases rise through the salt and exit from a port located 

at the top of the reactor.  

 

Figure 1. Schematic of the solar gasification reactor [1] 

The reactor currently uses a pneumatic based injection system. A schematic of the 

current feed system is shown in Figure 2. Feedstock is stored in a hopper pressurized with 

nitrogen gas. At the end of the hopper, feedstock is fed to the pneumatic injector by the 

rotation of a 0.95 cm (3/8”) screw driven by a stepper motor towards the injector. The 

injector is connected to the reactor through a 12.7 mm (1/2″) NPT port at the bottom of 

the reactor. In the injector, cellulose particles are entrained in a high speed (12 m/s) feed 

Pneumatic 
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of gaseous CO2 and lifted into the reactor. The feedstock used in the tests of the reactor is 

microcrystalline cellulose, ground and sieved to a uniform particle size of 200 μm. The 

bulk density of the material is 390 kg/m
3
 and the particle density is 1200 kg/m

3
. 

 
Figure 2. A schematic of the current feed system, adapted from Kawale [8] 

A demonstration of the reactor achieved 30% thermal efficiency, defined as the 

ratio of the lower heating value (LHV) of the syngas products to the LHV of the 

feedstock and the solar heat input, shown in equation (1) [1].  

 η =
∑ ṅiLHVii={CO,H2,CH4}

Q̇solar + ṅfeedLHVfeed
 (1) 

This efficiency is on par with the best demonstrated efficiencies of solar gasification 

reactors [9] [10].  However, Hathaway postulates that the demonstrated reactor efficiency 
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is less than reactor’s potential [1]. Carbon conversion, Xc, is the ratio of net gaseous 

carbon products produced by the reactor compared to the feedstock carbon input, shown 

in equation (2).   

 Xc =
nCO + nCO2 + nCH4 − nCO2,in

nC,feed
 (2) 

While previous benchtop experiments studying the kinetics of cellulose in a molten salt 

environment resulted in a carbon conversion of 98% [4], the demonstration of the 

prototype reactor showed a carbon conversion of 47% [1], indicating that under half of 

the available cellulose was converted to useful products.  

 Once factor contributing to the low carbon conversion is the pneumatic feed 

system, as particles of carbon are entrained in the high speed gas flow and exit the reactor 

unreacted.  Hathaway et al. report two other issues with the current feed system as well 

[1]. First, the pneumatic injection requires excess carbon dioxide—eleven times the 

amount stoichiometrically needed—which requires an additional 200 W of sensible 

heating. Second, the pneumatic feed system becomes blocked after 20 minutes of 

operation of the reactor, limiting the duration of the reactor test. [1]. To this end, the 

objective of the present study is to design a replacement feed system for the reactor that 

will eliminate the use of excess gas, allow for longer reactor test duration, and thus 

enable full carbon conversion. 

 The design of a new feed system was accomplished through numerical and 

experimental study. The requirements for the feed system are specified in Chapter 2. 

Chapter 3 discusses options for bulk transport of a down selection of an approach to best 

meet the requirements. Chapter 4 describes the numerical and experimental testing done 

to design the feed system. The results of the model and testing are presented in Chapter 5.  
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2 Requirements and Specifications 

The requirements for the feed system are listed in Table 1. 

Table 1. Feed system requirements 

Feed Delivery Rate 3-15 ± 0.2 g/min 

Operating Time 3 hours 

Carbon Dioxide Provided ≤1 mol CO2 per mol 

Cellulose 

Inlet Interface 12.7 mm (1/2″) NPT 

Fitting 

Maximum Inlet Temperature 1273 K 

Maximum Inlet Pressure 139.3 kPa 

 

 

Figure 3. Energy balance on the absorber cavity and the reactor 

 

The desired range of feed delivery rates is set by the energy balance on the 

absorption cavity and the reactor, shown in Figure 3 and in equations (3) and (4).  

 
Q̇solar = Q̇abs + Q̇rerad + Q̇refl 

(3) 

  

Q̇abs = Q̇loss + Q̇rxn 

(4) 

Reactor Q̇abs 

 

Q̇loss 

 

A
b
so

rb
er

 

Q̇solar 

 

Q̇rerad 

 

Q̇refl 

 

Q̇chem 
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Q̇solar is the solar input from the concentrated solar system. The reactor is 

designed for a solar input of 3 kW. After losses from re-radiation, Q̇rerad, and reflection, 

Q̇refl, Q̇abs is available for the reactor.  Q̇rerad, and Q̇reflected are shown in equations (5), 

and (6). 

 
Q̇rerad = σϵaT

4Aa 
(5) 

 
Q̇refl = Q̇solar (1 − ϵa) 

(6) 

Aa is the reactor’s aperture area. ϵa is the apparent emissivity of the absorber, 

0.992, and T is the operating temperature. The energy balance can be rearranged to create 

a term to relate the heat absorbed by the reactor to the solar input heat. 

 
Q̇abs = Q̇solar ϵa − σϵaT

4Aa  
(7) 

This calculation assumes that all available heat after thermodynamic losses, Q̇loss, 

is used in the endothermic gasification and pyrolysis reactions. The heat used in 

reactions, Q̇rxn is defined as the product of the enthalpy of reaction and the molar flow 

rate of cellulose, shown in equation (8).  

 
Q̇rxn = ṅcellΔhrxn =

ṁcell

Mcell
Δhrxn 

(8) 

The enthalpy of reaction, Δhrxn, is determined from the enthalpies of formation for each 

material involved in the combined gasification and pyrolysis reaction, shown in equation 

(9).  

 Δhrxn = (5ΔhH2
f + 7ΔhCO

f )|T=1200 K − (Δhcell
f + ΔhCO2

f )|T=298 (9) 

Losses from conduction and convection to the environment are assumed to be 1.8 kW, 

which were the losses observed during previous experiments on the reactor at 1218 K [1]. 

The energy balance on the reactor, shown in equation (4), can be rearranged with 
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substations from equations (7) and (8) in order to solve for a desired mass flow rate of 

cellulose, shown in equation (10).  

 ṁcell  = Mcell (
Q̇solar ϵa − σϵaT

4Aa  − Q̇loss
Δhrxn

 ) (10) 

For 3kW solar radiative input to the reactor the desired feed rate is 9 g/min. This range is 

extended to 3 – 15 g/min to allow changes in operating conditions. 

One goal of the feed system design is to minimize the amount of oxidizing gas 

required for operation in order to improve carbon conversion and reduce the required 

sensible heating. For the stoichiometric combined pyrolysis and gasification reactions, 

shown in reactions (R1) and (R2), each mole of cellulose reacting requires one mole 

carbon dioxide. The new feed system should eliminate the excess gas fed during 

operation. Therefore, no CO2 aside from the minimum amount of oxidizer 

stoichemoetrically required should be supplied by the replacement feed system. 

The reactor is designed for continuous operation, and a full test of the reactor is 

expected to be at least 3 hours. The storage capacity of the feed system must be able to 

store enough material for this duration. Considering the largest desired feed rate (15 

g/min), and bulk density of microcrystalline cellulose (390 kg/m
3
), the feed system must 

have a storage capacity of at least 6.9×10
-3 

m
3
. The feed system must be able to 

continuously prevent molten salt from leaking out of the reactor for the duration of the 

test, as, with a relatively low freezing point of 670 K, any amount of salt leaving the 

reactor risks solidifying and blocking the inlet, which would prevent continuous 

operation. 

The feed system must connect with the existing inlet port on the reactor, which is 

a 12.7 mm (1/2″) NPT fitting. Because it will be exposed to the molten phase at operating 
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temperature, the connection to the reactor must be able to withstand 1273 K and consist 

of materials that can withstand extended exposure to the molten salt.  

h
sa

ltMolten Salt

Pinlet

Pcheck

 

Figure 4. Schematic showing the sources of pressure at the inlet 

The reactor typically operates at atmospheric pressure, but it has a check valve at 

the top of the reactor that will open at 5 PSI gauge pressure.  Therefore the maximum 

possible pressure at the feed inlet is the sum of atmospheric pressure, the hydraulic head 

of the molten salt, and the check valve pressure. 

 Pinlet,max = P∞ + Pcheck + Phyd (11) 

 Phyd = ρsalthsaltg (12) 

 The hydrostatic head at the inlet port at the midpoint of the reactor is equal to 1.5 kPa, 

based on the salt density of 1680 kg/m
3
 and diameter of the outer cylinder of 0.188 m.  

The maximum pressure at the reactor inlet is thus 139.3 kPa.  
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3 Bulk Transport Options and Down Selection 

The first step of this study was to determine the type of feed system to use. Aside 

from pneumatic injection, rotary valve feeders, piston feeders, and screw feeders are 

common options for bulk transport of biomass into closed thermochemical reactors 

[11][12].
 
 

Rotary valve feeders add material to a pressurized space through pockets between 

the blades of a rotor. A typical rotary valve feeder is shown in Figure 5. Rotary valve 

feeders are capable of handling large feed rates, including volumetric rates up to 566 

m
3
/hr [11]. 

 
Rotary valve feeders are often used as pre-feeding devices in biomass 

processes due to their high volumetric capacity; as such they are not typically used at 

scales that would be appropriate for a lab scale reactor. The minimum flow out of a 

typical rotary valve feeder is 0.01 m
3
/hr [11], or 65 g/min of microcrystalline cellulose, 

far beyond the maximum 15 g/minute required for operation of this reactor. The mass 

flow rates considered for this study are too low to consider the use of a rotary valve 

feeding system.  

 
Figure 5. Schematic of an example rotary valve feeder, adapted from Basu [13] 
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Piston feeders compress biomass into a plug using a hydraulic piston and then 

push the compressed plug into the reactor. Figure 6 shows a schematic of a typical piston 

feeding system. Piston feeders are capable of sealing higher pressure environments than 

other feed systems, up to  15 MPa [11]. However, they are best suited for much higher 

feed rates than considered in this reactor. Typical Piston Feeders have a minimum 

capability of 11 m
3
/hr [11], equivalent to 71,500 g/min of microcrystalline cellulose, 

significantly larger than the range of 3-15 g/min required for the present application. 

 
Figure 6. Schematic of an example piston feeder, adapted from Dai et al. [11] 

Hoppers are storage containers that use a sloped wall to enable the flow of a 

granular material. Hoppers operate vertically and usually use gravity as a driving force. 

Some hoppers, referred to as lock hoppers, are pressurized to drive material through the 

opening. Figure 7 shows schematic of an unpressurized hopper. A hopper is an ideal 

method of material storage and initiation of feed, but needs to be paired with a feed 

supply system to control the flow of material, thus a hopper was chosen as the method to 

store material and initiate feeding. 
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Figure 7. Schematic of typical hopper, adapted from Basu [13] 

Screw feeders are volumetric devices that deliver feedstock through the rotation 

of a helical screw. An example of a screw feeder is shown in Figure 8. Feed rate is a 

determined by the screw geometry and rotation rate and can be adjusted by changing the 

motor speed. The flexibility of screw geometries and range of motor speeds offer the 

ability to operate over a wide range of feed rates. The reported range of volumetric flow 

rates for screw feeders is 1×10
-4

  to  56 m
3
/hr [11], equivalent to 0.64 to 362,100 g/min of 

microcrystalline cellulose. Compression of biomass in a screw feeding system is capable 

of creating a pressure sealing boundary that can prevent backflow from a reactor [12]. 

Thus, a screw feeding system was chosen for the present application. 

Per the specifications listed in Chapter 2, Advanced Manufacturing Systems 

(AMS) developed and provided a screw based feed system, shown in Figure 9a. A 5.75 L 

hopper connects to the 19.05 mm (3/4”) diameter screw barrel. A 0.75 kW drive motor 

with a 20:1 geared reduction provides 230 Nm of shaft torque to the screw. The motor is 

geared to rotate the screw at speeds between 0 and 30 RPM. The motor rotates a steel 

screw with 19 mm flight and 25 mm pitch, shown in Figure 9b. A control panel on the 
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system is used to set the motor’s rotational speed and displays the current being drawn to 

the motor.  

 
Figure 8. Schematic of an example screw feeding system, adapted from Dai et al.[11] 

The feed system was developed to move material at the specified flow rates, but 

the connection between the feed system and reactor needed to be designed. While the 

previous injector used the inlet at the bottom of the reactor, the screw system works 

horizontally and connections that turn 90 degrees from horizontal to vertical were 

deemed infeasible. Four 12.7 mm (1/2″) NPT ports are available on at the side of the 

reactor to use for feed input. The connection is a horizontal injector designed to enable 

continuous flow of microcrystalline cellulose into molten salt and interface with a 12.7 

mm (1/2″) NPT port on the side of the reactor. Stainless steel 316 was chosen as the 

material to build the injector. While not as resistant to corrosion when in contact with 

high temperature molten carbonate salts as other specialized alloys [14],  stainless steel 

was chose for its low cost, ease of machining, and high temperature range.  
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Figure 9. Schematics of the screw system acquired from Advanced Manufacturing 

Systems (a) and the screw (b) 
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4 Injector Design Approach  

4.1 Numerical Simulation 

4.1.1 Objective 

To enable continuous operation of the feed system, the injector must prevent salt 

from entering the feed system. The interface between the advancing plug of cellulose and 

the molten salt must remain within to the reactor. Two opposing velocities determine the 

interface location. The cellulose will advance into the reactor at a feed velocity of vfeed 

and the cellulose will flow back into the reactor at a velocity of vsalt. For the molten salt 

to remain in the reactor, the speed of the salt must be less than or equal to the advancing 

speed of the feed so the relative velocity of the interface will always move towards the 

reactor. 

 

Figure 10. A visual representation of the interface development 

The velocity of the advancing feed will be determined by the supplied mass flow 

rate, initial porosity of the cellulose, and the inner radius of the injector. 

 
vfeed =

ṁfeed

πr0
2ρc(1 − ϕi)

 
(13) 

The velocity of the salt through the porous material is assumed to follow Darcy’s 

Law, which describes fluid flow through a porous medium [15]. 

 

 

vsalt =
K

μsalt
(−

∂P

∂z
)   

(14) 



  

 15   
 

K is the permeability through the porous cellulose, μsalt is the viscosity of the molten 

salt, which is 2.06 × 10−3 kg/m-s at 1200 K [16]. The pressure gradient 
∂P

∂z
,  is estimated 

to be the difference between pressure at the inlet of the reactor and atmospheric pressure, 

linearly distributed over the distance from the injector inlet to the entrance of the hopper, 

0.51 m. The inlet pressure, Pinlet, is the sum of atmospheric pressure and the added 

hydrostatic head of the salt. Figure 11 shows the distribution of pressure through the feed 

system. 

 
∂P

∂z
≈
P∞ − Pinlet
Lfeed

  (15) 

 Pinlet = P∞ + Phyd = P∞ + ρsaltghsalt (16) 

 

h
sa

lt

Lfeed

P∞ PInlet

 

Figure 11. Distribution of the pressure over the feed system 

The permeability of the porous plug is approximated from the Carmen-Kozeny 

equation, which relates  porosity to permeability for materials consisting of packed 

spheres at porosities less than 0.7 [17]. 

 
K =

ϕ3

180(1 − ϕ)2
DP
2     (17) 
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DP is the particle diameter, 0.2 mm. The rapid release of gas from devolatilizing particles 

creates a film surrounding the particle that is capable of separating it from a surrounding 

molten phase [18], so the particles are assumed to be impermeable to the molten salt. 

Equation (17) is substituted into Darcy’s law in order to relate velocity of the salt to the 

porosity of the approaching plug at the interface. 

 
vsalt =

ϕ3

180(1 − ϕ)2
DP
2

μsalt
(−

∂P

∂z
) 

(18) 

The largest acceptable value for  vsalt that would prevent molten material from 

moving into the plug is equal to the speed of the advancing cellulose plug. Defining 

|vsalt| as |vfeed| in equation (18) defines ϕlimit,  the maximum allowable porosity. 

 
|vfeed| = |

ϕlimit 
3

180(1 − ϕlimit)2
DP
2

μsalt
(
Pinlet − P∞
Lfeed

) | 
(19) 

The porosity limit, ϕlimit, defines the location of the interface between the 

cellulose and molten salt. If porosity remains below ϕlimit, the cellulose plug will 

advance faster than the molten salt will move into the feed system. Once the porosity 

rises above this limit, the speed of the molten salt will be greater than the speed of the 

advancing cellulose. 

While the mass feed rate of cellulose is set through an energy balance based on 

reactor operating conditions, the velocity of the cellulose at a fixed mass flow rate can be 

controlled by the inner diameter of the injector passage.  To determine the radius that 

would ensure the interface is within the reactor as opposed to within the injector, a 

numerical model was developed to simulate reaction of material as it is fed into the 

molten salt. The model solves the species conservation and energy equations to determine 

transient temperature and material composition of a porous, cylindrical plug of cellulose 
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within the injector, illustrated in Figure 12, as it undergoes pyrolysis at high temperature. 

Gasification is assumed not to occur because no oxidizer is present in the feed system.  

The model is applied to evaluate the location of the cellulose/salt interface as a function 

of inner diameter of the injector, the initial porosity of the cellulose, and the mass feed 

rate of the cellulose. 

4.1.2 Domain 

The numerical model is built to predict the spatial and temporal distributions of 

composition of the material (fcell, fc, ϕ), mass flux of gas in the radial and axial directions 

(ṁg,r
′′  and ṁg,z

′′ , respectively), and temperature (T) as a function of radial position, axial 

position, and time (r, z, and t, respectively) by solving mass and energy conservation 

equations.  The model is initiated at t = 0 when the feed of cellulose is initiated.  

The computational domain, shown in Figure 12, includes the cellulose plug 

advancing horizontally into the reactor and the stainless steel cylinder through which it 

moves. The cellulose plug is assumed to be porous and consists of volume fractions of 

cellulose (fcell), carbon char (fc), and gaseous material (ϕ), and has a radius of r0 equal 

to the inner radius of the injector. The value of r0 is varied to adjust the velocity of the 

advancing plug. The outer radius, r1, is fixed at 0.0105 m to match the reactor inlet port. 

The stainless steel cylinder ends at the reactor inlet port at z = 0. The horizontal position 

of the interface between the cellulose plug and the molten salt in the reactor varies with 

time.  It is assumed the domain is axisymmetric. The length of the domain, L, is 0.15 m. 

The length was chosen to be long enough to ensure that temperature remains constant 

with time at z = -L. The initial estimate of L was chosen to be 0.5 m from an simplified 

analytical solution of the energy equation (see section 4.1.8); however, results from the 
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numerical model showed that this length was longer than necessary, and thus in the 

reported data, the length was set to 0.15 m to reduce computation time.  

 

Figure 12. A schematic of the computational domain 

4.1.3 Solution Method 

The domain is divided into discrete control volumes of finite radius and height Δr 

and Δz. The properties of each control volume are solved at each time step using the 

explicit forward Euler Method, which solves each variable as a function of variables at 

the previous time step. The method is conditionally stable for time steps smaller than a 

critical time step, which was determined to be 0.001 s through iteration. The global error 

for the forward Euler Method is of the order Δt1 [19], which is negligible for the 

determined critical time step. Thus simulations are calculated over time intervals of 0.001 

s to minimize calculation time.  The model is solved using Matlab R2106b. 

The purpose of each simulation is to determine the largest injector radius that 

prevents salts backflow. The simulation is run at decreasing r0 until an acceptable steady 

state is reached such that the interface between the porous material and salt is at z  >  0. 
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The largest radius considered is 8 mm, which is the largest radius that can be feasibly be 

machined within the 12.7 mm (1/2″) NPT port. The smallest radius considered is 1 mm.  

4.1.4 Conservation of Gaseous Species 

Gas produced from pyrolysis is treated as incompressible and of uniform 

composition of equal amounts of CO and H2. The equation governing the conservation of 

mass for the gas phase is given by equation (20). 

 
ρg
∂ϕ

∂t
+
1

r

∂

∂r
(rṁg,r

′′ ) +
∂

∂z
(ṁg,z

′′ ) = ṡ′′′ (20) 

The first term on the left hand side (LHS) is the rate of change of porosity. 

Porosity is the volume fraction remaining after discounting cellulose and carbon, shown 

in equation (21).  

 ϕ = 1 − fcell (21) 

The volume fractions of cellulose and carbon are determined at each time step from the 

rate of chemical reaction (presented in section 4.1.6). The next two terms on the LHS 

represent the flux of mass in the radial and axial directions. The right hand side (RHS) is 

a source term representing the rate per unit volume that gaseous products are formed due 

to pyrolysis, ṡ′′′. The value of ṡ′′′ is determined from the rate of the pyrolysis reaction 

(presented in section 4.1.6). The gas density is calculated as an equal mixture of H2 and 

CO at atmospheric pressure and 1000 K, as pyrolysis will begin to occur at significant 

rates at that temperature [7]. 

Equation (20) is discretized into finite difference form over individual control 

volumes across time steps of Δt, shown in equation (22).  
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ρg
ϕt+Δt − ϕt

Δt
+
1

r

[(r − Δr)ṁg,r,in
′′ ] − [rṁg,r,out

′′ ]

Δr

+
ṁg,z,in
′′ − ṁg,z,out

′′

Δz
= ṡ′′′ 

(22) 

Because the porosity of each control volume is uniform, the mass flux is assumed equal 

in the radial and axial directions, shown in equation (23). 

 ṁg,r,out
′′ = ṁg,z,out

′′ = ṁg,out
′′   (23) 

 By assuming the gas is incompressible and outward gas movement is uniform, the 

continuity equation is sufficient to determine the mass flux through each control volume. 

Equation (22) can be rewritten to solve for ṁg,out
′′ .    

 

ṁg,out
′′ = [(

1

Δr
+
1

Δz
)]
−1

[ρg
ϕt+Δt −ϕt

Δt
− ṡ′′′ +

r − Δr

r

ṁg,r,in
′′

Δr

+
ṁg,z,in
′′

Δz
]  

(24) 

 Initially, the cellulose is at ambient temperature and not reacting, so there is no 

gaseous mass flux at t = 0. 

 ṁg,r
′′ (r, z, 0)  = ṁg,z

′′ (r, z, 0) =  0 
 (25) 

Once feeding begins, the radial mass flux is assumed to be zero at the axis of 

symmetry as well as along the walls of the feed system, as the stainless steel is 

impermeable to gas with a no slip condition at the surface. Since material enters the 

injector at room temperature with no reaction occurring, there is no gaseous mass transfer 

at the inlet of the domain. 

 ṁg,r
′′ (0, z, t) = 0, ṁg,r

′′ (r0, z, t)  = 0    (26) 
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 ṁg,r
′′ (r > r0, z, t) =  ṁg,r

′′ (r > r0, z, t) = 0 
 (27) 

 ṁg,z
′′ (r,−L, t) = ṁg,z

′′ (r,−L, t) = 0 
(28) 

4.1.5 Conservation of Energy 

The temperature distribution within the domain is determined by the energy 

equation for an axisymmetric, porous cylinder, as shown in equation (29).  

 
ρCCV

∂T

∂t
+ Cg (

∂(Tṁg
′′)

∂r
+
∂(Tṁg

′′)

∂z
)

= (
1

r

∂

∂r
(r kCV

∂T

∂r
) + kCV

∂2T

∂z2
) − ė′′′ 

(29) 

The first term on the LHS represents the rate of change of internal energy; the 

next term is advection caused by mass flux between control volumes. The first term on 

the RHS represents the conduction of heat. The final term is the heat sink for the 

pyrolysis reaction. Equation (29) can be discretized for each control volume in time steps 

of Δt and written as equation (30).  

 
ρCV VCVCCV

Tt+Δt − Tt
Δt

+ [∑(CgATṁg
′′)

out
− ∑(CgATṁg

′′)
in
]
t

= [∑(Aq̇′′)in − ∑(Aq̇
′′)out − VCVė

′′′]t 

(30) 

Equation (30) is rearranged to solve for the temperature at a given time step based on 

values at the previous time step in equation (31). 

 

Tt+Δt = Tt +
Δt

ρCVVCVCCV
[∑(Aq̇′′)in − ∑(Aq̇

′′)out − VCVė
′′′

+ ∑(CgAϕTṁg
′′)

in
− ∑(CgAϕTṁg

′′)
out
]
𝑡
 

(31) 

For all internal regions, conduction between control volumes is determined by 

Fourier’s law, shown in equation (32).  
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 q̇r
′′ = −kCV,avg

ΔT

Δr
 , q̇z

′′ = −kCV,avg
ΔT

Δz
 (32) 

The thermal conductivity, kCV,avg, is the average of the control volumes in contact.  

For any control volume within the cellulose, the effective thermal conductivity is 

calculated by the method developed Yagi and Kunii [20] for porous material. The 

effective thermal conductivity is the combination of the thermal conductivity through the 

solid material (cellulose and carbon char) in the control volume and the gases in the void 

space, each weighted by their respective volume fractions. 

 keff = ks,eff(fcell) + kg,effϕ (33) 

The overall thermal conductivity of the solid materials in the porous plug,  ks,eff , 

is given in equation (34).  

 
1

 ks,eff 
=
1

Dp
(

 γ
Dp

(fcellkcell + fckc)/(fcell + fc)
+

1

kg
ΦDp

+ hs,rad)

   (34) 

The first term in parenthesis on the RHS represents the conduction through the cellulose 

and carbon, found by dividing the particle diameter, Dp, by the weighted thermal 

conductivities of the cellulose and carbon, multiplied by the ratio of solid diameter to 

void diameter, γ.  

 
γ =

Dsolid
Dtotal

= (
Vsolid
Vtotal

)

1
3
= (fcell + fc)

1
3 (35) 

The second term in parenthesis represents effective conduction between solid surfaces 

through the surrounding voids. The first term in the denominator represents the 

conduction through surrounding gas film.  The second term in the denominator, hrad,s 

accounts for radiation from the solid, given in equation (36). 
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 hs,rad =  0.1952 (
ϵ

2 − ϵ
) (

T

100
)
3

 (36) 

The effective conductivity of the gas in the porous material is given in equation 

(37). 

 kg,eff = hg,radDp (37) 

 hg,rad is the effective radiative heat transfer coefficient from the solids to the voids, 

given in equation (38). 

 hg,rad = 0.1952 (1 +
ϕ

fcell + fc
) (

ϵ

2 − ϵ
) (

T

100
)
3

 (38) 

The wall is assumed to have properties of stainless steel 316. Density and specific 

heat are assumed to be constant, while thermal conductivity is the linear interpolation of 

tabulated values for temperatures between 400 and 1000 K [21]. All relevant material 

properties are listed in Table 2.  

Table 2. Relevant material properties 

 Cellulose Carbon Char 
Stainless Steel 

316 [21] 

Thermal 

Conductivity [
𝐖

𝐦 𝐊
] 

0.56 140 0.015𝑇 + 9.25 

Specific  Heat 

[
𝐉

𝐤𝐠 𝐊
] 

1400 711 468 

Density 

[
𝐤𝐠

𝐦𝟑
] 

1300 2200 8238 

 

Cellulose enters the domain at ambient temperature, T∞, assumed to be 300 K. 

The cellulose present initially in the domain is assumed to be at ambient temperature as 

well. Because the stainless steel is in contact with the reactor as it heats to operating 

temperature, an initial temperature distribution within the stainless steel must be 
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specified.  In the present work an initial temperature in the stainless steel is estimated by 

numerically solving for the steady state temperature of the steel cylinder assuming the 

pipe is filled with a stagnant plug of cellulose while neglecting reaction.  

The boundary conditions for temperature in the radial direction are a symmetry 

condition at the centerline and convection to the environment at the outer surface of the 

stainless steel wall, given by equations (39) and (40), respectively. 

 q̇ r,in
′′ |(0,z,t) = 0 (39) 

 q̇r,out
′′ |(r1,z,t) = hw(T∞ − Tw,avg(t)) (40) 

Tw,avg is the average temperature at the boundary in the previous timestep. An average 

temperature value was used to eliminate numerical instability. The convection 

coefficient, hw, is assumed to follow the Nusselt number correlation for natural 

convection on an infinite  horizontal cylinder, shown in equations (41) through (44) [22]. 

 Nuw =
hw2r1
kair

=

{
  
 

  
 

0.60 +
0.387RaD

1
6

[1 + (
0.559
Pr )

9
16
]

8
27

}
  
 

  
 
2

 (41) 

 RaD ≤ 1012 (42) 

 RaD =
gβ

νairαair
(Tw,avg − T∞ )(2r1)

2 (43) 

 Pr =
νair
αair

 (44) 

 The entrance of the domain at z =  −L is held at room temperature. 

 T(r, −L, t) =   T∞ (45) 
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 For boundaries in contact with the molten salt, a convective boundary condition, 

given in equation (46), is applied at the interface of the plug and the salt.  

 q̇z,out
′′ = hsalt(Tsalt − T(r, z, t))  along the interface (46) 

The salt temperature, Tsalt, is reactor operating temperature, 1200 K. Hathaway et al. 

observed pyrolysis of compressed tablets of cellulose in an unstirred molten salt at 1200 

K and determined the heat transfer coefficient between the tablets and the molten 

environment [4]. Because this study also simulates the reaction of a compact plug of 

microcrystalline cellulose undergoing pyrolysis in the same molten salt environment, this 

method was used to determine the heat transfer coefficient between the advancing plug 

and the molten salt in the reactor, hsalt. The heat transfer coefficient incorporates the 

effects of convection and radiation. The radiative exchange is treated as radiation from a 

small convex object within a large cavity, represented by equation (48). 

 hsalt = hrad + hconv (47) 

 hrad = σϵ (Tsalt
2 + T2(r, z, t)) (Tsalt + T(r, z, t)) (48) 

𝜎 is the Stefan-Boltzman constant and 𝜖 is the emissivity of the cellulose plug. 

Hathaway et al. found a variable emissivity in the boundary conditions would lead to 

instability during numerical solution, and, because the results were found to be 

insensitive to the emissivity value, they used a constant value of 0.92 [4]. A constant 

value of 0.92 was used for emissivity of all materials in this model as well.  

The convection coefficient, hconv, is treated as a constant. Hathaway et al. used 

equation (48) to determine the contribution of radiation to heat transfer and used a curve 

fitting to determine the contribution of convection from the experimental data.  The value 
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was found to be 480 and 424 
W

m2K
 in cellulose tablets of 8 and 10 mm diameters, 

respectively, in molten salt at 1200 K [4]. A convective coefficient of 480 
W

m2K
 is used in 

this study. 

4.1.6 Kinetics 

The kinetics of pyrolysis of cellulose in the molten salt environment are modeled 

in accordance with the kinetic model developed by Hathaway et al. [4] for cellulose 

undergoing two-step gasification in a molten blend of sodium, potassium, and lithium 

carbonate salts at temperatures between 1124 K and 1235 K. Gasification is assumed to 

not occur in the plug, as CO2 is not added through the feed system. The reaction rate of 

pyrolysis, ṘR1
′′′ , is modeled as a single step first-order reaction. 

 ṘR1
′′′ = kR1ρcellfcell (49) 

The kinetic constant for pyrolysis, kR1, is in Arrhenius form are given in equation 

(50).  

 kR1 = k0 exp (
−Ea
RT

) (50) 

The pre-exponential constant, k0, was found to be 1.95 × 1011 1/s and activation energy 

was found to be 239 kJ/mol [4].  

The rate of change of volume fraction of cellulose within each control volume is 

determined by the rates of reaction, shown in equations (51).  

  
∂fcell
∂t

=  −
ṘR1
′′′

ρcell
 (51) 

 

Equations (51) are discretized to calculate fcell at each timestep. 
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 fcell,t+Δt = fcell,t −
Δt

ρcell
[ṘR1

′′′ ]|t (52) 

The initial porosity of the plug, ϕi, will depend on the condition of the material as 

it exits the feed injector and thus is treated as an input parameter. The only material 

added to the domain is cellulose, giving the plug an initial volume fraction of cellulose 

of 1 − ϕi.  

 ϕ(r < r0, z, 0) =  ϕi (53) 

 fcell(r < r0, z, 0) = 1 − ϕi (54) 

 fc(r < r0, z, 0) = 0 (55) 

The mass source term, shown in equation (56), uses the reaction rate and 

stoichiometric conversion to determine the mass of gaseous material produced by 

reaction, which is considered in the conservation of gaseous species, given by equation 

(20) in section 4.1.3.   

 ṡ′′′ = 5
Mprod,R1

Mcell
ṘR1
′′′  (56) 

The energy required for pyrolysis, given by equation (57), uses the reaction rate 

and the enthalpy of reaction to determine the energy required for the endothermic 

process. The energy consumed by reaction, ė′′′, represents a heat sink in the energy 

conservation calculation, shown in equation (29) in section 4.1.5. 

 ė′′′ = ΔHR1(T)ṘR1
′′′  (57) 

4.1.7 Domain Movement and Deformation 

To simulate the advancing cellulose, the value of each state variable in each 

control volume within the plug is moved to the adjacent control volume in the positive z 
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direction every n time steps, where n is the number of time steps required for the velocity 

of the plug to transverse the width of a control volume, shown in equation (58).  

 n =
Δz

vfeedΔt
 (58) 

At the entrance of the domain at z = -L where there are no adjacent control volumes to 

pass values, cellulose is assumed to enter those control volumes at initial temperature and 

composition.  

As described in section 4.1.1, if the porosity of a control volume remains below 

ϕlimit at the interface, the cellulose plug will advance faster than the molten salt will 

move into the feed system. Once the porosity rises above this limit, the velocity of the 

molten salt, vsalt, will be greater than the velocity of the advancing cellulose, vfeed. At 

this point the control volume will be treated as molten salt, no longer part of the domain. 

Any remaining solid material will be disregarded as it reacts within the molten salt 

domain.  

4.1.8 Grid Independence 

 

Figure 13. Z position of the interface along the centerline (r = 0) as a function of number 

of control volumes included in the domain 
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The domain is divided into 41 divisions in the radial direction and 801 divisions 

in the axial direction for a total of 32,841 control volumes. The radial and axial 

dimensions of the control volume were chosen to be close in size (Δz = 0.25 mm and Δr 

= 0.2625 mm). To confirm that the results are independent of the grid, the simulation was 

iterated with decreasing grid size until the results were not significantly different with 

more divisions. Simulations were tested with 606, 2,211, 8,421, 32,841, and 73,261 

control volumes, all with the same ratio of Δr to Δz. The simulation was run with 

ϕi = 0.25 and a mass feed rate of 9 g/min. Location of the interface along the centerline 

of the domain in each simulation is plotted as a function of the number of control 

volumes in Figure 13. To ensure the value of the location of the interface stays within 1% 

of the final value, 32,841 Control volumes were chosen as the domain. 

4.1.9 Analytical Solution 

  An analytical solution was used to check the accuracy of the conduction in the 

model and to determine a domain length for the numerical model that allows 

specification of the boundary condition T(r, −L, t) = T∞, specified in equation (45). 

 

Figure 14. The domain of the analytical solution 
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 The domain is shown in Figure 14. Stainless steel was chosen as the 

representative material because it has a higher thermal conductivity than the porous 

cellulose and thus the domain length required to reach ambient temperature is 

overestimated.  Thermal conductivity was assumed to be 16 W/m-K. The analytical 

solution is steady state does not consider advection or any heat sink. The energy balance 

is given by equation (59). 

 
∂2T

∂r2
+
1

r

∂T

∂r
+
∂2T

∂z2
= 0  (59) 

The boundary conditions in the radial direction are symmetry condition at r = 0 and 

convection to the environment at r = r1 . 

 
∂T

∂r
|r=0 = 0 (60) 

 
∂T

∂r
|r=r1 =

hw
kss

(T∞ − T(r1, z)) (61) 

In the axial direction, the domain is assumed to be semi-infinite. The temperature 

approaches ambient temperature as z approaches −∞. At z =  0, the boundary is a 

convective condition into the molten salt. 

 lim
z→−∞

T(r, z) =  T∞ (62) 

 
∂T

∂r
|z= 0 = 

hsalt
kss

(Tsalt − T(r, 0)) (63) 

Equation (59) can be solved through separation of variables and orthogonal functions 

[23]; the resulting solution is shown in equations (64) and (65). 

 T(r, z) = T∞ +∑CnJ0(λnr) [λn +
hsalt
kss

]

∞

n=0

e−λnz (64) 
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 Cn = 

hsalt
kss

(Tsalt − 𝑇∞) ∫ J0(λnr
′)dr′

r1
0

λn +
hsalt
kss

2λn
2

J0(λnr1) r1
2 ((

hw
kss
)
2

+ λn2)

 (65) 

J0 is a Bessel function of the first kind of the 0
th

 order.  λn are the eigenvalues of the 

Bessel function with the given boundary conditions, defined as the positive roots of 

equation (66). 

 
∂J0(λnr)

dr
|r=r1 +

hw
kss

J0(λnr1) = 0 (66) 

The analytical solution was used to determine the initial estimate of the numerical 

domain length, L. The decay constant in the axial direction is the eigenvalue, λn, so it was 

used to determine a domain length that ensures 
∂T

∂z
= 0  at z =  − L. Each subsequent 

iteration of n is less significant to the final value, so λ1, equal to 10.23, was considered as 

the decay constant. A length of 5 (
1

λ1
), or 0.48 m will account for 99% decay, therefore 

this value was considered as the original domain length and in the analytical solution. 

The length was shortened to reduce computation time after the addition of domain 

movement and reaction caused the temperature to reach 300 K 0.15 m from the entrance 

of the rector and stayed constant for the remainder of the domain. An example of a longer 

domain is shown in Figure 15.  

 

Figure 15. Simulated feed results with a domain length of 0.5 m 
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4.2 Prototype Evaluation 

4.2.1 Selection of Taper 

LTaper

0
.0

1
6

m
.

0
.1

9
m

.

End Of Screw Reactor Inlet

 

Figure 16. An example of the prototypes injectors tested 

 

An 8 mm inlet radius was selected from the results of the numerical study. The 

injector must therefore include a taper from the screw diameter of 19 mm at the end of 

the screw to the inlet diameter of 16 mm. Initial experiments showed that compression 

and feeding over long distances can cause the microcrystalline cellulose to adhere to 

itself and form a dense obstruction that blocks flow. Prototypes were tested to determine 

the length of the taper, Ltaper, that permits free flow of cellulose from the screw through 

the injector. Lengths of 0.092, 0.041, 0.028 and 0.020 m were considered. Figure 16 

shows the prototype with the length Ltaper to be varied. Prototypes were 3D printed in the 

University of Minnesota Anderson Student Innovation Laboratory and made of Polylite 

PLA thermoplastic using Lulzbot TAZ 6 printers.  

 Prototypes were evaluated in the experimental apparatus shown in Figure 17. The 

extrusion system was set up with the prototype injector attached to the screw system with 

the exit open to the atmosphere. Approximately 100 g of microcrystalline cellulose was 

loaded into the hopper and the screw was turned with a motor speed of 10 RPM. The 
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current drawn by the motor was recorded to observe the resistance of the screw to 

turning. Once the cellulose reaches the injector, either it would freely flow out of the 

system or build up in the injector. As material builds up in the injector, the plug slowly 

adds resistance to the screw until it can no longer turn. Each prototype was tested to find 

what taper length would allow flow to continue through the injector with no blockage. 

0.34m. 0.19m.

Ltaper

0
.0

3
m

.

Cellulose

Hopper Prototype Injector

 
Figure 17. The experimental apparatus used for testing 3D printed prototypes 

 In the tests on the plastic prototypes, material was able to move freely through an 

injector that tapers from a 19 mm diameter to a 16 mm diameter over 0.020 m. This 

finding led to the final design of the injector, shown in Figure 18. The injector is made of 

stainless steel 316 and consists of a custom flange that attaches to the extrusion system 

and an extended 19 mm barrel for the screw. At the end of the screw, the barrel diameter 

narrows from 19 mm to 16 mm over 0.020 m. Threads at the end of the injector are 

compatible with the 12.7 mm (1/2″) NPT port on the side of the reactor.  
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Figure 18. The injector design 

4.2.2 Experimental Analysis of Final Design 

Three experiments were completed in order to accomplish the following goals. 

First, the mass flow rate from the extrusion system was quantified as a function of motor 

speed to confirm the system can provide the mass flow rates specified by the 

requirements in Chapter 2 (3 to 15 g/min). Second, a process to prevent backflow during 

reactor heating and initiation of feed was developed and tested. Third, the prototype was 

tested to confirm that it would be able to reliably provide feed into a liquid environment. 

These experiments were done outside of the reactor as a first step to establish a procedure 

for operation of the feed system. 
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4.2.2.1 Test 1 

0.34m.

0.19m.

0.15m.

0
.0

7
5

0.02m.

Cellulose

Hopper

Collection Dish

 

Figure 19. Experimental apparatus for test 1 

The goal of the first test is to determine the range of feed rates the extrusion 

system is capable of providing. Figure 19 shows the experimental apparatus. The hopper 

was loaded with 1.5 kg of microcrystalline cellulose, which was then moved through the 

extrusion system with the screw rotating at a specified constant motor speed. Material 

was collected in a 150 mm diameter, 75 mm high crystallizing dish placed at the end of 

the injector. Every five minutes, the extruder motor was stopped and the vessel was 

weighed to determine the amount of microcrystalline cellulose collected. Material was 

weighed in a Citizen Scale balance with a range of 0.5 to 6000 g and an accuracy of ± 

0.04 g. After weighing, the dish was emptied and then placed back at the end of injector. 

The motor was turned on again and this process was repeated for each desired motor 

speed. The extruder is rated to work for motor speeds of 0 – 30 RPM, so data were 

collected at motor speeds of 5, 10, 15, 20, 25 and 30 RPM. Three data points were 

collected for each motor speed and averaged to determine an average mass flow rate.  
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4.2.2.2 Test 2 

The goal of test 2 is to evaluate a procedure to prevent flow of salt into the 

injector prior to the initiation of feeding the cellulose.  The numerical simulations 

described in section 4.1, show that continuing feed of cellulose will prevent molten salt 

from entering the injector. However, heating the reactor to operating temperature takes 

between 3 and 6 hours, and a mechanism is required to prevent salt backflow during this 

period when cellulose is not moving through in the injector.  

A combination of a perforated aluminum foil barrier and purge gas was selected 

to create the boundary. The use of purge gas alone was considered to keep the feed 

system clear of molten salt as the reactor heats, however, using Baker’s Chart for 

horizontal two-phase flow [24], it was estimated that approximately 294 g/min of CO2 is 

required to keep annular flow at the entrance. This is 64 times the amount of oxidizer 

stoicheometrically required for reaction and would have undesirable effects on reactor 

heating. Figure 20 shows the design. A 0.02 mm thick piece of aluminum foil is placed at 

the end of the injector and tightly wrapped around the NPT threads. Seventeen cuts 

approximately 1 mm thick and 2 mm wide were made in the foil around the 

circumference of the inlet. These perforations allow the microcrystalline cellulose to 

break through the barrier while reducing the area to keep clear with purge gas, reducing 

the volume of CO2 supplied during heating. Aluminum foil was chosen as it does not 

begin to oxidize at significant rates at temperatures below 950 K [25] and is thin enough 

to fit within the NPT connection and allow cellulose to break through the boundary as 

feed begins.  
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(a) 

0.002m.

0.001m.

Perforations in foil

 
(b) 

Figure 20.The aluminum foil boundary, side (a) and front (b) views 

 The experimental apparatus for this test is shown in Figure 21. The experiment 

uses a water reservoir to simulate the presence of molten salt. Given the densities of the 

blend of molten salt and water (1680 and 1000 kg/m
3
, respectively) a height of 0.32 m of 

water supplies the same hydrostatic head as 0.188 m of molten salt. The entrance to the 

reservoir is a 0.057 m diameter clear acrylic tube with a 12.7 mm (1/2″) NPT port at the 

end. It is connected to a 22.7 L container made of high density polyethylene. The 

entrance was bonded to the reservoir using water proof epoxy putty. With the foil 

boundary applied to the injector, the feed system is attached to the reservoir through the 

NPT port. A purge gas inlet is attached at the end of the screw barrel. A MKS 1170 Mass 

Flow Controller provides up to 5.66 ± 0.1 standard liters per minute (SLPM) of CO2 gas. 

The hopper is sealed to ensure the extrusion system is airtight and all purge gas exits 

through the injector.  

 The experiment begins with the reservoir empty and the MFC providing 5.66 

L/min of CO2. Water was slowly added to the reservoir until it reached a height of 31.5 

cm above the entrance. The purge gas flow was then reduced to find the minimum flow 

rate required to keep the injector clear of water. The presence of constant steady bubbling 

out of the holes in the barrier indicates that water is not flowing into the reactor. The gas 

flow was reduced until pauses in gas bubbling occurred in order to find the minimum 
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amount of gas required to prevent backflow through the barrier. Once the minimum 

require gas flow was found, the system was observed for three hours to determine if the 

boundary can prevent leaking out of the reservoir for the duration of a reactor heating.  

 

0
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Figure 21. Experimental apparatus for test 2 

4.2.2.3 Test 3 

0
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m

.
0.34m. 0.19m.
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Figure 22. Experimental apparatus for test 3 

The goal of the final experiment is to demonstrate the feed system can be used to 

reliably provide cellulose to a liquid environment. The experimental apparatus, shown in 

Figure 21, is based on the results of test 2. A 0.2 mm thick aluminum foil barrier is 

tightly wrapped around the injector and seventeen 0.5 mm cuts are made around the 



  

 39   
 

circumference of the injector outlet. The feed system is connected to a 22.7 L reservoir. A 

hose at the end of the feed system provides the 5.2 L/min of purge gas to prevent water 

from leaking from the reservoir, as determined by test #2. The reservoir is filled with 0.32 

m of water to simulate the hydrostatic head of molten salt. The hopper was filled with 1 

kg of microcrystalline cellulose and sealed.  

The test is initiated with by running the screw motor at 12.4 RPM, which was the 

motor speed determined by test 1 to provide to provide 9 g/min of cellulose. Once 

cellulose is observed to break the foil boundary and enter the reservoir, the purge gas 

flow was turned off. Feed was observed to determine how long the feed system could be 

operated without stopping.   
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5 Results 

5.1 Numerical Results 

5.1.1 Analytical Solution 

The final numerical model was run under simplified conditions to compare its 

accuracy to the known analytical solution, outlined in section 4.1.8. Figure 23 shows the 

temperature profile of the analytical and numerical solutions of a domain of uniform 

stainless steel without any reaction or advancement. 

 

(a) 

 

(b) 

Figure 23. The steady state temperature distribution of the numerical solution (a) and the 

analytical solution (b) 

The solutions are virtually identical. Figure 24 shows the error between the 

numerical and analytical calculations of steady state temperature. Equation (67) shows 

the error calculation. 

 Error(r, z) =
|[T(r, z)]an − [T]num(r, z)|

[T(r, z)]an
 (67) 

For all points within the domain, the numerical solution is within 1.3% of the analytical 

solution, showing that the numerical conduction method in the numerical simulation is 

accurate to a known solution.  
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Figure 24. The error of the numerical solution compared to the analytical solution 

5.1.2 Base Case 

 

Figure 25. The z-position of the interface along the centerline of the domain (r = 0) as a 

function of time 

First, consider a base case with a mass feed rate at the target value of 9 g/min, and 

an initial porosity of 0.25. Figure 25 shows the predicted location of the interface of the 

solid and molten salt within an 8 mm ID inlet along the centerline as a function of time. 

At t = 0, the interface begins at the entrance to the reactor at z = 0.  As the cellulose is 

introduced, the interface advances along the inlet passage into the reactor.  The interface 

reaches a steady state location of z=0.032 m after 441 seconds of feeding.  

This behavior is expected to prevent molten salt from entering the feed system, 

because, by the domain defined in section 4.1.2.6, the positive z-speed of the solid into 
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the reactor is faster than the negative z-speed of the salt through porous cellulose. For an 

8 mm injector radius, 9 g/min feed of cellulose with a porosity of 0.25 moves at a speed 

of 8.29×10
-4

 m/s. Figure 26 shows speed of salt in the negative z-direction as a function 

of porosity. At the initial porosity of 0.25, vsalt is only 9.0×10
-6 

m/s. It increases 

exponentially and is equal to vfeed at ϕ = 0.66, which is then defined as ϕlim. The 

porosity of the advancing plug always remains above ϕlim, therefore the relative velocity 

of the salt at the interface will always be in the positive z-direction direction. Thus, inlet 

diameters as large as 8 mm are acceptable. 

 
Figure 26. The speed of the salt through the porous medium as a function of porosity 

Figure 27 shows the steady state volume fractions of cellulose and carbon char as 

well as porosity at steady state for the 8 mm diameter inlet. The volume fractions indicate 

the composition is the same as that of the inlet feed for the majority of the domain. A plot 

of the composition variables along the centerline of the domain, shown in Figure 28, 

shows that all values remain at their initial values (0.25, 0.75, and 0 for porosity, 

cellulose, and carbon char, respectively) for -0.15 ≤ z ≤ 0.026 m.  Porosity rises from 

0.25 to above ϕlim over a distance of 0.006 m between 0.026 ≤ z ≤ 0.032 m. The carbon 
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char volume fraction remains negligible, with the largest volume fraction of carbon char 

reaching 1.6% at z = 0.032 m along the centerline. 

 
 

(a) 

 
(b) 

 
(c) 

Figure 27.  Steady state distributions of (a) volume fraction of cellulose, (b) volume 

fraction of carbon char, and (c) porosity 

 

 

Figure 28. Composition of the cellulose plug along the centerline (r = 0) 
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does not reach 940 K until it is within 4 mm of the interface at z = 0.028. Figure 30 

shows the temperature and rate of pyrolysis as a function of z-position at the centerline (r 

=0) at steady state. Temperature rises from 880 to 1110 K between z = 0.026 and z = 

0.032 m, while the rate of pyrolysis increases from 1.3 to 484.1 kg/m
3
-s over the same 

distance. 

 

Figure 29. Steady state distribution of temperature within the domain 

 

 

Figure 30. The temperature and rate of pyrolysis as a function of position along the 

centerline (r = 0) at steady state 

The temperature is kept below reaction temperature due to the low thermal 

conductivity of the porous material. Figure 31 shows the estimated conductive heat 

transfer along the centerline as a function of distance compared to the temperature (a) and 

thermal conductivity (b) along the centerline. The heat transfer from conduction is 

estimated as 1-D conduction in the axial direction using Fourier’s Law, shown in 

equation (68).  
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 q̇cond(z) =  −k(z)A
T(z + Δz) − T(z)

Δz
 (68) 

 

  
(a)  

 
(b)  

Figure 31. The heat transfer as a result of conduction along the centerline (r = 0) 

compared to the temperature (a) and thermal conductivity (b) 

 From -0.15 ≤ z ≤ 0 m, conduction is negligible as the cellulose remains at a 

uniform temperature. From 0 ≤ z ≤ 0.024 m, as the temperature rises from 412 K to 800 

K, the conductive heat transfer rises from 0 to 0.00292 J/s, due to the increasing axial 

temperature gradient, even though the composition and thermal conductivity remain 

constant in this area. From 0.024 ≤ z ≤ 0.032 m, the 1-D conduction increases from 

0.00292 to 0.0597 J/s as material reacts and the thermal conductivity increases from 

0.440 to 0.765 W/m-K due to the increased effect of radiation at high temperatures. 
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The base case simulation shows cellulose advancing through an 8 mm injector 

radius into the reactor at a rate faster than the reaction interface moves into the cellulose. 

The interface advances forward after feed is initiated and reaches a steady state location 

within the reactor within 440 seconds. Cellulose stays below reaction temperature for the 

majority of the domain, only reaching temperatures high enough to begin pyrolysis in 

areas in close contact with the molten salt. As a result, this injector design with inside 

diameters less than 8 mm is expected to prevent salt from flowing through the porous 

medium and into the feed system, which will enable successful feeding and operation of 

the reactor. 

5.1.3 Parametric Study 

 Simulations were repeated for mass flow rates of 3, 6, 9, 12, and 15 g/min to 

ensure the injector works over the range of operating conditions. In addition, because the 

initial porosity depends on the condition of material exiting the screw and cannot be 

reliably predicted, it was varied as well. The base case considered was ϕi = 0.25, 

rounded from 0.26, which is porosity of the most efficient arrangement of regularly 

packed spheres [26]. However, this does not account for any irregularity or deformity. 

Material could deform or compress into a more compact form, causing a lower initial 

porosity, or be uniformly shaped or packed, and have a higher initial porosity. The 

simulation was repeated for initial porosities of 0.1, 0.2, 0.25, 0.3, 0.4, and 0.5 to account 

for a wide range of possibilities. The possible combinations of the five feed rates and six 

initial porosities led to 30 total numerical simulations being completed. 
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Figure 32. Steady State temperature distribution for all considered initial porosities and 

a constant mass flow rate of 9 g/min 

Figure 32 shows the steady state temperature distribution for each studied initial 

porosity at a feed rate of 9 g/min. The temperature distributions are similar to each other, 

but the axial gradient near the molten salt gets sharper with increased initial porosity due 

to the decreasing thermal conductivity. Figure 33. shows the thermal conductivity for 

each initial porosity along the centerline (r = 0) as a function of z position. The higher 

densities of solid material in the lower porosities result in higher thermal conductivities, 

causing more gradual temperature gradients for lower porosities and sharper gradients for 

higher initial porosities. For example, in the case with ϕ0 = 0.1, temperature along the 

centerline goes from 600 to 1089 K from z = 0.012 to z = 0.030. With ϕ0 = 0.5 the same 

temperature increase occurs over a much shorter distance, as temperature rises from 601 

K to 1076 K between z = 0.024 and 0.035 m.  
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However, the location of the interface is not a strong function of initial porosity. 

Figure 34, Figure 35, and Figure 36 show the steady state porosity, volume fraction of 

cellulose, and volume fraction of carbon char profiles, respectively, for all considered 

initial porosities with a constant mass flow rate of 9 g/min. Despite some changes in the 

shape of the plug, compositions remain similar and the interface location remains 

constant as a result. Figure 37 shows the interface location along the centerline for each 

initial porosity considered. While the lower thermal conductivity at higher porosities 

causes the interface location to increase slightly with increasing initial porosities, all 

interface locations are within 4 mm of one another. 

 

Figure 33. The thermal conductivities along the centerline (r = 0) for all considered 

initial porosities 
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Figure 34. Steady state porosity distribution for each considered initial porosity for a 

mass flow rate of 9 g/min 

 
Figure 35. Steady state distribution of volume fraction of cellulose for each considered 

initial porosity and a constant mass flow rate of 9 g/min 
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Figure 36. Steady state distribution of volume fraction carbon char for each considered 

initial porosity and a constant mass flow rate of 9 g/min 

 

Figure 37. Interface location along the centerline (r = 0) at steady state as a function of 

initial porosity for a constant mass flow rate of 9 g/min 
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Figure 40, and Figure 41, show the profiles of porosity, volume fraction of cellulose, and 

volume fraction of carbon char, respectively, for each considered mass flow rate with an 

initial porosity of 0.25.  For all mass flow rates, the interface develops within the molten 

salt region. Figure 42 shows the interface z-position at the centerline (r = 0) as a function 

of mass flow rate for an initial porosity of 0.25.  The z-position interfaces increases 

linearly with the increasing mass flow rate for mass flow rates between 3 and 12 g/min.  

  
Figure 38. The steady state temperature distribution for all considered mass flow rates 

and a constant initial porosity of 0.25 

For a flow rate of 15 g/min, the interface reaches z = 0.05, which is the inner wall 

of the reaction annulus. The plug colliding with the wall will cause a number of changes, 

including the plug physically breaking up and conduction from the inner cylinder, that are 

not taken into account in the numerical model. In this case, cellulose will enter the reactor 

successfully, but the model cannot predict how the domain changes once it reaches the 

inner wall. 
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Figure 39. Steady state profiles of porosity for each considered mass flow rate with a 

constant initial porosity of 0.25 

 
Figure 40. Steady state distribution of volume fraction of cellulose for each considered 

mass flow rate with a constant initial porosity of 0.25 
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Figure 41. Steady state distribution of volume fraction of carbon for each considered 

mass flow rate with a constant initial porosity of 0.25 

 
Figure 42. The steady state interface z position along the centerline (r = 0) as a function 

of mass flow rate with a constant initial porosity of 0.25 

Figure 43 shows the result of the parametric study. Steady state temperature, 

composition, and porosity distributions for all cases not shown in this section can be 

found in Appendix A. For all combinations of flow rates and initial porosities, the 

numerical model shows that feed will successfully enter the reactor with no backflow of 

0

0.01

0.02

0.03

0.04

0.05

0 3 6 9 12 15

In
te

rf
a
ce

 z
-p

o
si

ti
o
n

 a
t 

r 
=

 

0
 (

m
) 

Initial Porosity 



  

 54   
 

salt with an 8 mm injector radius. Thus, an 8 mm injector radius was chosen for the final 

design. 

 

Figure 43. The maximum allowable radius as a function of mass feed rate for each 

considered initial porosity 

5.2 Prototype Evaluation 

5.2.1 Selection of Taper 

Plastic prototypes with various lengths were tested to find a geometry that would 

enable continuous flow of microcrystalline cellulose. Prototypes with taper lengths of 

0.92 and 0.41 m did not enable continuous flow of cellulose. Rather, material would build 

up in the taper section and form a dense blockage that would prevent the screw from 

turning. Figure 44 shows the current as a function of time for feed with a 0.092 m taper. 

The current stays constant at 1 amp until for 167 seconds. At this point the flow reaches 

the injector and begins to build up in the passage, and the current begins to steadily 

increase as the cellulose accumulates and increases resistance to turning. After 255 

seconds, the motor reaches its maximum rated current, 3 amps, and the screw is unable to 

keep turning. Figure 45 shows a sketch of the blockage. It is approximately 25 mm long 

and has an approximate density of 800 kg/m
3
. A similar blockage formed in the prototype 
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with a taper length of 0.041 m. Because cellulose cannot flow out of these injectors, these 

taper lengths were eliminated.  

 
Figure 44. The current drawn to the motor over the course of a test with a 0.092 m taper 

length 

For taper lengths of 0.028 m and 0.020 m, microcrystalline cellulose was able to 

freely flow through the injector for over 10 minutes. Material did not build up in the 

injector and no blockage formed. The motor drew a constant 1 amp for the entirety of 

both tests. The shorter taper length, 0.020 m, was chosen for the final design to reduce the 

room for blockage to develop.  
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Figure 45. Sketch of the injector system after a dense blockage forms during feeding 
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5.2.2 Experimental Analysis of the Final Design 

5.2.2.1 Test 1   

Figure 46 shows the mass flow rate out of the feed system and injector as a 

function of motor speed. The flow rate is linearly proportional to motor speed, ranging 

between 3.6 and 21.9 g/min for speeds between 5 and 30 RPM. The relationship between 

motor speed and mass flow rate is given in equation (69).  

 mfeed = 0.728 ω  (69) 

This test shows that, when feeding out to the open environment, the feed system 

can provide microcrystalline cellulose within the majority of the range of rates outlined 

by the requirements in Chapter 2 (3-15 grams per minute). While feeding into molten salt 

will affect the mass flow rate, this serves as a proof-of-concept that the feed system can 

provide the feed rates desired. Equation (69) can also provide a guideline to make an 

initial estimate of mass flow rate into a molten salt environment as a function of motor 

speed. 

 
Figure 46. Mass flow rate as a function of motor speed for the feed system feeding into 

the open environment 
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5.2.2.2 Test 2 

The foil boundary was observed blocking the entrance to the water reservoir for 3 

hours. The boundary did not break either due to pressure from the water or from purge 

gas flow. Gas continued to flow through the holes in the barrier without interruption for 

this entire period. After emptying the reservoir and removing the injector once the test 

was complete, the screw was observed to be completely dry. Thus, the boundary was 

successful at preventing black flow from the water reservoir system, which indicates the 

concept should do the same for the molten salt in the reactor. 

The minimum amount of CO2 required to prevent backflow of water was 5.2 

SLM, equivalent to 9.6 g/minute. Reaction of 9 g/min of cellulose stoichiometrically 

requires 2.4 g/minute of carbon dioxide. While the purge gas used to prevent backflow 

during heating is 4 times this amount, the excess gas is only required during the heating 

of the reactor and will not be present during operation, as the numerical model predicts 

flow of cellulose will prevent molten salt from entering the feed system once feed begins.  

5.2.2.3 Test 3 

 The system was observed as it fed microcrystalline cellulose through the foil 

boundary and into the water reservoir. Cellulose reached the foil barrier after 160 

seconds. Material built up at the barrier for 20 seconds and then broke through to feed 

into the reservoir and the purge gas flow was turned off. A loose powder spilled into the 

reservoir out for 1 minute, after which a solid 16 mm diameter plug began to advance 

into the reservoir. As the plug advanced, the resistance to the screw turning steadily 

increased and eventually reached the maximum 3 amps after 350 seconds of operation. 

Figure 47 shows the current drawn to the motor as a function of time for the test. 
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Figure 47. The current drawn to the motor in the feed system as a function of time for 

test 3 

   

 
Figure 48. A picture of the plug that fed into the water reservoir. 

 At the end of the test a cellulose plug had advanced approximately 30 mm into the 

water reservoir. Figure 48 shows a picture of the plug that advanced into the reservoir. A 

blockage had developed at the outlet of the injector that extended 22 mm into the injector. 

To determine the condition of the plug and how much water entered the feed system, 

samples were collected from various points in the feed system and dried overnight in a 

110°C oven to determine their moisture content by weight. The portion of the plug that 

entered the reservoir was 73% moisture by weight. The blockage at the last 2 mm of the 

injector was 63% moisture by weight, and the remainder of the blockage was 
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approximately 42% moisture. Behind the blockage, dry powder accumulated that was 

only 7% moisture by weight, only slightly higher than the 4% seen in dry cellulose in 

storage. Figure 49 shows a sketch of the blockage.  

 

30 mm,

73% Moisture

2 mm, 

63% Moisture

20 mm,

42% Moisture

Water Reservoir

Loosely packed cellulose,

7% Moisture

 
Figure 49. A sketch of the blockage and estimated moisture content by area 

 The formation of the wet blockage means that the analogous experimental 

apparatus could not be used to fully validate the feed system operating with water in the 

place of molten salt. The high moisture content of the blockage shows that the plug 

absorbed a significant amount of water as it entered the reservoir. Increased moisture 

content in Microcrystalline Cellulose has been shown to increase its cohesive properties 

and reduce its flowability [27] [28]. The wet cellulose expanded and stuck to the end of 

injector, causing material to accumulate and form a blockage. However, the observed 

behavior will not necessarily occur in tests using molten salt. Cellulose exposed to the 

high temperature molten salt will react, thus stagnant material would react into gaseous 

products, rather than accumulate to form a blockage. In addition, devolatilizing 
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carbonaceous material has been shown to create a gas film capable of separating solids 

from a surrounding molten phase [18]. Hathaway et al. observed behavior consistent with 

this phenomenon in cellulose reacting in the blend of molten carbonate salts to be used in 

the reactor. The kinetics of pyrolysis of compressed cellulose tablets is the same in an 

inert gas or in a molten salt [4], while contact with the salt blend is expected to catalyze 

the reaction, as observed in studies where the salts and feed are well-mixed and then 

heated to induce pyrolysis [29][30]. The presence of a gas film would separate the 

cellulose particles from the molten salt. 

 Test 3 demonstrated several aspects of the feed system worked as expected. First, 

feed was able to break through the foil boundary and flow into the liquid environment. 

The plug advanced into the liquid and liquid backflow into the feed system appears to 

have been prevented. The cellulose blockage absorbed a significant amount of water, but 

the screw and the cellulose in the feed system remained dry. The interaction between 

cellulose and water prevented a full scale test. The next step of evaluation the feed system 

should use molten salt, either using the reactor in the solar simulator or another test set up 

capable of heating salt to 1200 K, to determine how a plug would develop in the molten 

environment. 
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6 Conclusion 

In this study, a screw based feed system was designed to use in a solar powered 

gasification reactor that uses a ternary blend of molten salts at 1200 K as a reaction 

medium. Previously, the reactor used a pneumatic system that entrained cellulose 

particles in a flow of CO2. The pneumatic system limited the efficiency of the reactor by 

blowing unreacted cellulose out of the reactor, while also clogging after 20 minutes of 

operation and adding 200 W of sensible heating in excess oxidizer. The replacement 

screw feed system was designed to provide 3 to 15 g/minute of microcrystalline cellulose 

for at least 3 hours while limiting the flow of excess oxidizer. Advanced Manufacturing 

Systems provided an extrusion system, and in this study an injector to transport feed from 

the screw system to the reactor was designed. The design was accomplished via 

numerical and experimental investigation. The injector was then fabricated and tested in 

an apparatus that simulates important aspects of the reactor.  

To enable continuous operation, the feed system needs to provide material at a 

rate fast enough to prevent molten salt from entering the feed system, where it would risk 

solidifying and blocking the flow of feedstock. A numerical model was built to simulate 

the advancing of a porous plug of cellulose through the injector. The simulations 

determined, for a given mass flow rate, what inlet radius would enable feed to advance 

fast enough to keep the cellulose plug at a low enough porosity to limit backflow of salt 

to the injector. The 2-D axisymmetric model solves the species conservation and energy 

equations to yield transient temperature, species composition, and porosity distributions. 

For all conditions considered, the largest allowable injector radius was 8 mm.  The 

injector therefore needed to include a taper from the shaft diameter of 19 mm at the end 
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of the screw to the 16 mm injector diameter at the outlet of the feed system. An 

experimental study of 3-D printed prototypes determined a 0.020 m long pipe with an 

8.6° taper would allow feedstock freely flow through the injector. The final part was 

fabricated of stainless steel from these specifications.   
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Figure 50. Schematic of the final feed system 

Figure 50 shows the feed system. A 5.75 L hopper stores microcrystalline 

cellulose and feeds it by gravity to a 0.019 m pitch screw that advances cellulose as it 

turns. A 0.75 kW drive motor rotates the screw at motor speeds between 0 and 30 RPM. 

A stainless steel injector, shown in Figure 51a, connects the screw to a 12.7 mm (1/2″) 

NPT port located on the side of the reactor. As determined by the numerical and 

experimental study, injector tapers from the screw diameter of 19 mm to 16 mm over a 

20 mm distance. To prevent molten salt from leaking before cellulose feed begins as the 

reactor is heated, a perforated foil boundary, shown in Figure 51c, is added to the end of 
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the connector. 5.2 SLM of CO2 prevents molten salt from leaking from the perforations 

before feed begins as the reactor is heated. 

 

(a) 

0.002m.

0.001m.

Perforations in foil

 

(b) 

Figure 51. Schematic of the injector design (a), and the perforated boundary used during 

reactor heating (b) 

 Experiments on the feed system were conducted to demonstrate that it would be 

capable of providing the feed rates required, to develop a procedure to prevent backflow 
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as the reactor is heated, and to demonstrate the ability to continuously feed into a liquid 

environment. The feed system was capable of providing cellulose into the open 

environment at mass flow rates of cellulose from 3.6 to 21.9 g/min. In an experimental 

apparatus that used water in the place of molten salt, the combination of purge gas a 

perforated boundary prevented leaking into feed system for over three hours, long enough 

for the reactor to heat. The feed system was capable of initiating flow of a cellulose plug 

into the experimental apparatus, but the flow of cellulose stopped after advancing 170 

seconds.  

This behavior will not necessarily be repeated in a molten salt environment. In the 

water environment, cellulose absorbed water and accumulated at the end of the injector, 

but when in contact with high temperature molten salt, the reaction of cellulose will 

separate cellulose particles from the surrounding molten phase and the continuous 

reaction of cellulose means stagnant particles will not accumulate. Further work is 

required to validate the process in a molten salt environment. The foil boundary should 

also be tested to see if it is capable of preventing backflow for the required amount of 

time when exposed to high temperature molten salt. Additional testing in the intended 

setting of a high temperature reactor is required to determine if the problems observed in 

the present work with water can be avoided.  If blockage continues to be an issue, then 

alternate solutions, such as pressurizing the hopper, may be required. 
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Appendix 

Appendix A. Parametric Study Results 

This appendix contains the steady state distributions of temperature, porosity (ϕ), 

volume fraction cellulose (fcell), and volume fraction carbon char (fc) for all 

combinations of mass flow rate (ṁf) and initial porosity (ϕi) considered in the parametric 

study not shown in Section 5.1.3.   

 
Figure A.1. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 3 g/min and 

initial porosity of 0.1 
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Figure A.2. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a  mass flow rate of 3 g/min 

and initial porosity of 0.2 

 
Figure A.3. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 3 g/min and 

initial porosity of 0.3 
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Figure A.4. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 3 g/min and 

initial porosity of 0.4 

 
Figure A.5. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 3 g/min and 

initial porosity of 0.5 
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Figure A.6. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 6 g/min and 

initial porosity of 0.1 

 
Figure A.7. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 6 g/min and 

initial porosity of 0.2 
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Figure A.8. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 6 g/min and 

initial porosity of 0.3 

 
Figure A.9. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 6 g/min and 

initial porosity of 0.4 
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Figure A.10. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 6 g/min and 

initial porosity of 0.5 

 
Figure A.11. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 12 g/min 

and initial porosity of 0.1 



  

 75   
 

 
Figure A.12. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 12 g/min 

and initial porosity of 0.2 

 
Figure A.13. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 12 g/min 

and initial porosity of 0.3 
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Figure A.14. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 12 g/min 

and initial porosity of 0.4 

 
Figure A.15. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 12 g/min 

and initial porosity of 0.5 
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Figure A.16. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 15 g/min 

and initial porosity of 0.1 

 
Figure A.17. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 15 g/min 

and initial porosity of 0.2 
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Figure A.18. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 15 g/min 

and initial porosity of 0.3 

 
Figure A.19. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 15 g/min 

and initial porosity of 0.4 
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Figure A.20. Steady state distributions of temperature, porosity (𝜙), volume fraction 

cellulose (𝑓𝑐𝑒𝑙𝑙), and volume fraction carbon char (𝑓𝑐) for a mass flow rate of 15 g/min 

and initial porosity of 0.5 

 


