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ABSTRACT
 
 Most large-scale material-extrusion (MatEx) AM systems utilize a single screw extruder.  Simulating flow rate and operating pressures of extrusion systems is notoriously difficult without resorting to full finite element analysis due to the phase change and non-Newtonian nature of relevant polymers.  This study characterized two machines of interest: a Big Area Additive Manufacturing (BAAM) system and a Randcastle Microtruder.  A custom nozzle adapter was fabricated to gather pressure data within the nozzle and mimic the die design of the BAAM on the Microtruder system.  Several theories were tested for overall machine output and max pressure.  Feed and compression zone theories were added to generate a pressure map throughout the system.  The data was related to theory to observe extrusion, screw, and machine issues.  Overall, this work provides and tests theory for simulating single screw extruder output and pressure throughout the system.


TABLE OF CONTENTS
Chapter 1: Introduction	1
1.1	Motivation	1
1.2	Single Screw Extrusion	1
1.3	Research Approach	4
Chapter 2: Systems and Materials	5
2.1	Machine Introduction	5
2.2	Big Area Additive Manufacturing	5
2.3	Randcastle Microtruder	7
2.4	Built-In Sensors	7
2.5	Additional Nozzle Sensors	7
2.6	Materials and Material Properties	11
2.7	Temperature Profiles	16
Chapter 3: Analytical Approach to Pressure Profile	19
3.1	Introduction	19
3.2	Modified Newtonian Model for the Metering Zone	19
3.3	The Feed Zone	22
3.4	The Compression Zone – Four Zone Model	24
3.5	Hagen-Poiseuille Pressure Flow	29
Chapter 4: Experimental Approach to Pressure Profile	31
4.1	Introduction	31
4.2	DAQ System and Melt Pressure Sensor	31
4.3	BAAM Experimental Procedure	32
4.4	Microtruder Experimental Procedure	34
4.5	BAAM Experimental Results & Discussion	36
4.6	Microtruder Experimental Results & Discussion	36
4.7	BAAM Experimental Results Compared to Analytical Model	42
4.8	Microtruder Experimental Results Compared to Analytical Model	46
Chapter 5: Summary and Conclusions	54
5.1	Summary of Research Work	54
5.2	Conclusions	54
5.3	Future Work	55
References	56
Appendix	58
A1.	Material Product Information	59
A2.	LCR Tabulated Test Data	60
A3.	Microtruder Die Constant Plots	65
A4.	Microtruder Data Plots	76
A5.	Microtruder Tabulated Data	97
Vita	107



LIST OF TABLES
Table 1: BAAM and Microtruder geometrical constants.	6
Table 2: Power law parameters for all materials in this study.	15
Table 3: Material thermal properties obtained from literature (Rauwendaal 2014. 249).	16
Table 4: Melt, bulk, and solid densities for all materials.	16
Table 5: Pellet sizes for all materials and machine suggested pellet size limits.	17
Table 6: Temperature settings for all materials and both machines.	18
Table 7: Print speeds for all RPMs tested.	33
Table 8: Scope of tests completed on the Microtruder System.	35



[bookmark: _Toc48290533]LIST OF FIGURES
Figure 1: Diagram of a typical single screw extruder system (Campbell and Spalding 2013, 2).	2
Figure 2: Standard screw zones (Campbell and Spalding 2013, 7).	3
Figure 3: Relevant screw geometry and coordinate system (Campbell and Spalding 2013, 8).	3
Figure 4: BAAM system at the Manufacturing Demonstration Facility. Photo courtesy of Oak Ridge National Laboratory, US Dept. of Energy.	6
Figure 5: Microtruder setup and control system (left) and Microtruder sectioned view with notable features (right) (“What is a Microtruder?” 2020).	8
Figure 6: Screw pressure sensor in Microtruder circled in red.	9
Figure 7: Screw pressure sensor in BAAM end cap circled in red.	9
Figure 8: New nozzle adapter and pressure sensor attached to BAAM end cap.	10
Figure 9: New nozzle adapter without pressure sensor and die block attached to the Microtruder.	10
Figure 10: Schematic of pressure sensor mounting port (“Transducer Mounting Hole Machining Tool Kit Manual” 2020).	12
Figure 11: Sectioned view of Microtruder throat, die block, nozzle adapter, and nozzle.	12
Figure 12: Dynisco LCR 7000 used to obtain the power law parameters.	13
Figure 13: Forces on polymer in the feed zone (Campbell and Spalding 2013, 708).	23
Figure 14: Cross section of resin in compression zone from a solidification experiment (Campbell and Spalding 2013, 193).	25
Figure 15: Cross section of resin in compression zone axially down the compression zone (Campbell and Spalding 2013, 197).	25
Figure 16: Schematic of four zone melting model (Campbell and Spalding 2013, 204).	27
Figure 17: Schematic of solid bed width (top) and height (bottom) down the compression channel (Campbell and Spalding 2013, 210).	27
Figure 18: BAAM printing single beads for experiment.  Photo courtesy of Oak Ridge National Laboratory, US Dept. of Energy.	33
Figure 19: Pressure data from nozzle sensor for one bead of CF-ABS at 50 RPM.	34
Figure 20: Sample data for screw pressure with CF PLA, 0.1” nozzle at 110 RPM.	35
Figure 21: Mass flow rate results for BAAM testing for CF ABS at all nozzle sizes and RPMs.	37
Figure 22: Nozzle pressure results for BAAM testing for CF ABS at all nozzle sizes and RPMs.	37
Figure 23: Screw pressure results for BAAM testing for CF ABS at all nozzle sizes and RPMs.	38
Figure 24: Mass flow rate results for Microtruder testing for all materials and nozzle sizes at 70 RPM.	39
Figure 25: Screw pressure results for LLDPE on Microtruder system at all nozzle sizes.	39
Figure 26: Screw pressure results for PLA on Microtruder system at all nozzle sizes.	40
Figure 27: Screw pressure results for CF-PLA on Microtruder system at all nozzle sizes.	40
Figure 28: Screw and nozzle pressure results for ABS on Microtruder system at all nozzle sizes.	41
Figure 29: Screw and nozzle pressure results for CF-ABS on Microtruder system at all nozzle sizes.	41
Figure 30: Die constants from BAAM 0.2 nozzle tests.	43
Figure 31: Die constants from BAAM 0.3 nozzle tests.	43
Figure 32: Die constants from BAAM 0.4 nozzle tests.	44
Figure 33: Flow rate and pressure results for BAAM 0.2 nozzle tests and code.	44
Figure 34: Flow rate and pressure results for BAAM 0.3 nozzle tests and code.	45
Figure 35: Flow rate and pressure results for BAAM 0.4 nozzle tests and code.	45
Figure 36: Pressure map results for BAAM 0.2 nozzle.	47
Figure 37: Pressure map results for BAAM 0.3 nozzle.	47
Figure 38: Pressure map results for BAAM 0.4 nozzle.	48
Figure 39: Die constants for CF-ABS Microtruder 0.1 nozzle tests.	48
Figure 40: Flow rate and pressure results for Microtruder 0.1 nozzle and CF-ABS tests and code.	49
Figure 41: Flow rate and pressure results for Microtruder 0.15 nozzle and CF-ABS tests and code.	49
Figure 42: Flow rate and pressure results for Microtruder 0.2 nozzle and CF-ABS tests and code.	50
Figure 43: Flow rate and pressure results for Microtruder 0.25 nozzle and CF-ABS tests and code.	50
Figure 44: Flow rate and pressure results for Microtruder 0.1 nozzle and ABS tests and code.	51
Figure 45: Flow rate and pressure results for Microtruder 0.1 nozzle and LLDPE tests and code.	51
Figure 46: Flow rate and pressure results for Microtruder 0.1 nozzle and CF-PLA tests and code.	52
Figure 47: Flow rate and pressure results for Microtruder 0.1 nozzle and PLA tests and code.	52



2

[bookmark: _Toc48292148][bookmark: _Toc48332603]Introduction

[bookmark: _Toc48292149][bookmark: _Toc48332604]Motivation
Extrusion systems are notoriously difficult to model and troubleshoot (Campbell and Spalding 2013; Vlachopoulos and Wagner 2001).  The extrusion process includes a phase change, rotational and pressure flow, complex geometry, and Non-Newtonian flow.  To simulate extrusion without resorting to costly finite element analysis, many assumptions must be made.  This work explores several assumptions for the varying theories in the extrusion process and compares them to physical data from multiple machines, materials, nozzle sizes, and print settings.   The BAAM was of primary interest for this study, as the ability to simulate pressures and output have large potential for future studies and supporting the large scope of research surrounding the system.  The simulations provide preliminary information for testing of new materials, screw geometries, and machine settings.  Ultimately, this work leads to more accurate print parameters, testing of new materials and settings computationally, and built a base simulation code for expansion from future research.

[bookmark: _Toc48292150][bookmark: _Toc48332605]Single Screw Extrusion
	Single screw extruders have become increasingly common in industry over the past several decades (Campbell and Spalding 2013, 1).  Single screw extruders share several characteristics that will be explained and studied individually: the screw, the barrel, a motor-drive system, and control systems for heaters and the motor speed (Figure 1).  In the case of machines used in this study, the extruders are gravity fed pellets via the hopper into the feed section.  The screw contains three characteristics [image: ]zones: the feed zone where pellets are brought together but not melted, the compression zone where the solid bed is melted and compressed, and the metering zone where the melt is pressurized and pushed through any systems after the screw, typically, a die.  A diagram of a standard screw is shown in Figure 2.[bookmark: _Toc48330796][bookmark: _Toc48331217][bookmark: _Toc48332850][bookmark: _Toc48333319]Figure 1: Diagram of a typical single screw extruder system (Campbell and Spalding 2013, 2).

	Due to the physical complexity of a screw, its geometry is broken down further.  The flight and channel of a screw is helical and is typically unwound to simplify calculations (Middleman 1977, 125).  All screws utilized in this study were single flighted.  There is a small clearance between the flights of the screw and the barrel that allow molten polymer to flow between flights and center the screw (Campbell and Spalding 2013, 7).  Several geometrical constants are identified in Figure 3: lead length, , screw diameter, , barrel diameter, , flight width, , and channel depth, .  For the coordinate system, x is the direction perpendicular to the flights, y is normal to the barrel surface, and z is in the down-channel direction.  Typically, the channel depth is constant in the feed zone, decreasing in the compression zone, and constant in the metering zone.  Channel depth and core diameter, , are related in Equation 1. 


[image: ]

[bookmark: _Toc48290534][bookmark: _Toc48331218][bookmark: _Toc48332851][bookmark: _Toc48333320]Figure 2: Standard screw zones (Campbell and Spalding 2013, 7).
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[bookmark: _Toc48290535][bookmark: _Toc48331219][bookmark: _Toc48332852][bookmark: _Toc48333321]Figure 3: Relevant screw geometry and coordinate system (Campbell and Spalding 2013, 8).


The helix angle, , and channel width, , are both a function of the radius of the screw.  As a result, they are calculated at radii of interest at the barrel and core of the screw (Equation 2 through 5). 





[bookmark: _Toc48292151][bookmark: _Toc48332606]Research Approach
To properly evaluate theories and code a wide range of data had to be collected that covered the entire range of practical extrusion situations.  The scope of independent variables in these experiments included, but were not limited to, nozzle size, material, and zone temperatures.  The primary dependent variable was RPM in each run.  It was also necessary to gather data from multiple machines to better verify the theory and code.  


[bookmark: _Toc48292152][bookmark: _Toc48332607]Systems and Materials
[bookmark: _Toc48292153][bookmark: _Toc48332608]Machine Introduction
	In this work, two machines were employed for study: the BAAM at the Manufacturing Demonstration Facility in Oak Ridge National Lab and a Randcastle Microtruder at University of Tennessee, Knoxville.  In order to be able to differentiate characteristics between machines, they have been divided into subsections for comparison.  This work has done the literature standard of separating the screw and the die as much as possible (Campbell and Spalding 2013; Middleman 1977; Tadmor and Gogos 2006).  The screw used in each machine will be broken down and compared.

[bookmark: _Toc48292154][bookmark: _Toc48332609]Big Area Additive Manufacturing
	The BAAM (Figure 4) is an extrusion system that utilizes a single screw extruder, vacuum fed hopper, and gantry to support Fused Filament Fabrication (FFF) on a large scale.  Because of this setup, the BAAM is inherently different from typical extrusion systems. Its orientation is entirely vertical, it starts and stops extrusion rapidly, and a wide variety of materials and screws for differing print requirements are utilized.  The BAAM was originally developed by the MDF in collaboration with Cincinnati Inc.  A standard style compression screw found in most extrusion systems was utilized for this work (Campbell and Spalding 2013, 8-10).  
	The BAAM also uniquely features a “back pressure screw” located in the end cap.  This screw allows for simple adjustments of the pressure profile in the machine.  For these tests the back pressure screw was left at approximately 25%.
[image: ]
[bookmark: _Toc48290536][bookmark: _Toc48331220][bookmark: _Toc48332853][bookmark: _Toc48333322]Figure 4: BAAM system at the Manufacturing Demonstration Facility. Photo courtesy of Oak Ridge National Laboratory, US Dept. of Energy.
[bookmark: _Toc48147356]Table 1: Microtruder geometrical constants.
	Parameter
	Microtruder
(in)

	Feed zone depth
	0.125

	Metering zone depth
	0.041

	Axial length of feed zone
	4

	Axial length of compression zone
	5.6

	Axial length of metering zone
	4

	Barrel diameter
	0.5

	Screw clearance
	0.003

	Lead length
	0.5

	Flight width
	0.093

	Throat
	0.25

	Throat length
	3.68

	Nozzle diameter
	0.1,0.15,0.2,0.25

	Nozzle length
	0.425

	Compression ratio
	3.05

	Compression rate
	0.006254



[bookmark: _Toc48292155][bookmark: _Toc48332610]Randcastle Microtruder
The Microtruder (Figure 5) is a specialty system designed and built by Randcastle Extrusion Systems aimed at being able to fit a variety of industrial needs.  As suggested by its name, it is one of the smallest extrusion systems widely available in terms of screw and barrel size (“What is a Microtruder?” 2020).  The relevant geometrical constants for this study are shown in Table 1, including compression rate and compression ratio.  Randcastle offers a variety of dies for the system, and initially came with a slit die.  The machine was retrofitted with a new die like that on the BAAM system, which is discussed in detail in the Additional Nozzle Sensors section below.

[bookmark: _Toc48292156][bookmark: _Toc48332611]Built-In Sensors
Traditionally, extruders feature a pressure sensor towards the end of the screw for measuring discharge pressure (Campbell and Spalding 2013, 14).  The Microtruder features a screw pressure sensor (Figure 6), however, the BAAM’s screw pressure sensor is located just below the screw, slightly into the end cap (Figure 7).  These screw pressure ports were utilized in this work since discharge pressure is relevant in screw modeling (Campbell and Spalding 2013; Tadmor and Gogos 2006).

[bookmark: _Toc48292157][bookmark: _Toc48332612]Additional Nozzle Sensors
To meet experimental demands and mimic the flow of the BAAM on the Randcastle, a custom nozzle adapter with a sensor port was designed and constructed for both machines as shown in Figures 8 and 9.  This nozzle adapter added the ability to rapidly change nozzle tip sizes and obtain pressure in the throat as close to the nozzle tip as feasibly possible.  The nozzle adapters and tips were constructed out of brass due to its easy to machine nature and superior thermal 
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[bookmark: _Toc48290537][bookmark: _Toc48330800][bookmark: _Toc48331221][bookmark: _Toc48332854][bookmark: _Toc48333323]Figure 5: Microtruder setup and control system (left) and Microtruder sectioned view with notable features (right) (“What is a Microtruder?” 2020).


[image: ]
[bookmark: _Toc48290538][bookmark: _Toc48331222][bookmark: _Toc48332855][bookmark: _Toc48333324]Figure 6: Screw pressure sensor in Microtruder circled in red.
[image: A picture containing indoor, object, wall
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[bookmark: _Toc48290539][bookmark: _Toc48331223][bookmark: _Toc48332856][bookmark: _Toc48333325]Figure 7: Screw pressure sensor in BAAM end cap circled in red.
[image: ]
[bookmark: _Toc48290540][bookmark: _Toc48331224][bookmark: _Toc48332857][bookmark: _Toc48333326]Figure 8: New nozzle adapter and pressure sensor attached to BAAM end cap.
[image: ]
[bookmark: _Toc48290541][bookmark: _Toc48331225][bookmark: _Toc48332858][bookmark: _Toc48333327]Figure 9: New nozzle adapter without pressure sensor and die block attached to the Microtruder.
conductivity.  While a different adapter was made for the BAAM and the Microtruder, their designs differ only slightly.  As stated previously, the Microtruder’s scale relative to the BAAM is roughly 50% in terms of its screw and flow paths.  The nozzle adapter for the BAAM featured a 0.4” throat, whereas on the Microtruder the throat was 0.25”.  Smaller nozzle tips were constructed for the Microtruder as needed to meet back pressure demands of the machine, resulting in 0.1”, 0.15”, 0.2”, and 0.25” nozzle tips.  Both nozzle adapters featured the same pressure port design shown in Figure 10.  This pressure port design is standard among Dynisco sensors (“Transducer Mounting Hole Machining Tool Kit Manual” 2020).  The depth of the pressure port was adjusted during machining to minimalize flow interruption while still providing enough depth to accurately measure the melt pressure.  Lastly, the BAAM’s nozzle adapter featured 7/8”-14 UNF threads to fit into the end cap, and the Microtruder’s nozzle adapter featured 1/2”-13 UNC threads to fit into the designed die block.  The die block was constructed to house the die heaters, thermocouple, and provide threads to connect the nozzle adapter and throat.  A sectioned view of this setup is shown in Figure 11.
[bookmark: _Toc48292158][bookmark: _Toc48332613]Materials and Material Properties
	In order to properly validate pressure models, a variety of materials were characterized and tested.  On the Microtruder system neat PLA, 20% CF-PLA, neat ABS, 20% CF-ABS, and neat LLDPE were utilized.  Only 20% CF-ABS was tested on the BAAM system due to availability and testing time; the broad scope of this research resulted in timely testing procedures in order to properly capture pressure at a variety of nozzle sizes, screw speeds, flow rates, and materials.  The table of Techmer product numbers is provided in Appendix A1.  
	A variety of relevant material properties were gathered, namely, rheological properties.  A Dynisco LCR7000 (Figure 12) capillary rheometer was utilized to obtain the Weissenberg-
[image: ]
[bookmark: _Toc48290542][bookmark: _Toc48331226][bookmark: _Toc48332859][bookmark: _Toc48333328]Figure 10: Schematic of pressure sensor mounting port (“Transducer Mounting Hole Machining Tool Kit Manual” 2020).
[image: ]
[bookmark: _Toc48290543][bookmark: _Toc48331227][bookmark: _Toc48332860][bookmark: _Toc48333329]Figure 11: Sectioned view of Microtruder throat, die block, nozzle adapter, and nozzle.
[image: ]
[bookmark: _Toc48290544][bookmark: _Toc48331228][bookmark: _Toc48332861][bookmark: _Toc48333330]Figure 12: Dynisco LCR 7000 used to obtain the power law parameters.


Rabinowitsch corrected power law parameters for all materials in this study (Table 2).  The power law parameters, consistency index, , and power law index, , for these materials were obtained at their respective set die temperatures on each machine.  This is a common practice in theory to account for non-Newtonian nature in the most relevant sections of the machine (Campbell and Spalding 2013, 14).   The power law relating shear rate, , and viscosity, , is shown in Equation 6.  

The full data containing shear rate and viscosity data from the LCR tests is found in Appendix A2.  
	Several thermal properties were also needed as inputs to the compression zone theory where the phase change takes place.  The thermal properties consisted of thermal conductivity, , heat of fusion, , and specific heat, .  These properties were not directly measured; they were obtained from literature and are shown in Table 3.  The thermal properties will only be used in the compression zone theory.
	Melt, bulk, and solid density were also gathered to support theory.  For the single screw extrusion process, the material begins at bulk density as loose pellets in the hopper, packs together in the feed zone, melts in the compression zone to reach its melt density, then finally extrudes and hardens back to its solid density.  Melt density, , which is relevant for melt flow in the machine, was gathered using the LCR7000 by extruding a set amount of material through the capillary rheometer at its set die temperature and taking its mass.  A detailed description of the procedure for obtaining melt density is found in page 87 of the LCR7000 manual (“7000 Series Capillary Rheometers & LabKARS Software” 2020).  Melt density is most relevant to the models proposed, and is used throughout calculations in the compression zone, feed zone, and die.  Bulk density, , is the density of loose pellets in the hopper.  It was measured by placing pellet feedstock in a 
[bookmark: _Toc48147357]
Table 2: Power law parameters for all materials in this study.
	LCR Power Law Results

	Material
	m (Consistency Index) (Pa*s^n)
	n (Power Law Index)

	PLA (@ 190 C)
	22985
	-0.637

	ABS (@ 220 C)
	21363
	-0.666

	LLDPE (@ 245 C)
	6799
	-0.504

	20% CF PLA (@ 210 C)
	2785
	-0.444

	20% CF ABS (@ 240 C)
	29356
	-0.688

	20% CF ABS (@ 250 C)
	24459
	-0.670


[bookmark: _Toc48147358]

Table 3: Material thermal properties obtained from literature (Rauwendaal 2014. 249).
	Material Thermal Properties

	Material
	Thermal Conductivity (J/ms°C)
	Heat of Fusion (J/kg)
	Specific Heat (J/kg°C)

	PLA
	0.195
	93600
	1800

	ABS
	0.25
	Amorphous
	1400

	LLDPE
	0.2
	215000
	2300

	20% CF PLA
	0.195
	93600
	1800

	20% CF ABS
	0.25
	Amorphous
	1400





cylindrical container of known volume and taking its mass.  The mass could then be divided by the known volume.  Bulk density is used to calculate the weight of pellets in the hopper.  Solid density, , was measured using a Mettler Toledo XS204 analytical balance with a built-in density application using Archimedes principle.  Beads from Microtruder testing were tested in the XS204 as shown in Table 4.  It should be noted that due to extreme porosity in most materials, the solid density deviated wildly when testing different sections of each bead.  Several measurements were taken at various sections of the beads and at differing RPMs for the result found in Table 4.  Solid density is only used in the models proposed at the beginning of the compression zone, where the pellets are assumed to be compacted and near the solid density of the material.  
	Pellet size was also of interest, as it was discovered during testing that certain materials were above the recommended size for the Microtruder.  Each material’s pellet approximate shape, longest dimension, and shortest dimension were measured using calipers.  To provide a sense of scale between materials, ten measurements were taken for each the longest and shortest dimension and averaged.  These results as well as the BAAM and Microtruder max pellet size are shown in Table 5.  The effect of pellet size on results will be discussed in the Chapter 4 Results section.  

[bookmark: _Toc48292159][bookmark: _Toc48332614]Temperature Profiles
As is standard with extrusion, temperature profiles were adjusted as needed.  Temperature profiles from the BAAM system were initially used on the Microtruder and altered to achieve proper extrusion.  Temperatures were typically increased as the shorter nature of the Microtruder compared to the BAAM required more heat for the material to melt properly at the faster rate.  The temperature profile for CF-ABS on the BAAM was left to their standard values.  The temperature profiles are shown in Table 6.  
[bookmark: _Toc48147359]
Table 4: Melt, bulk, and solid densities for all materials.
	Material Densities

	Material
	Melt Density (g/cc)
	Bulk Density (g/cc)
	Solid Density (g/cc)

	PLA
	1.104 (@ 190 C)
	0.8711
	1.242

	ABS
	0.9133 (@ 220 C)
	0.7066
	1.153

	LLDPE
	0.7305 (@ 245 C)
	0.5955
	0.792

	20% CF PLA
	1.1685 (@ 210 C)
	0.6666
	1.008

	20% CF ABS
	1.015 (@ 240 C)
	0.6526
	0.838






	Material Pellet Sizes


	Material
	Pellet Style
	Long Dimension (mm)
	Short Dimension (mm)

	LLDPE
	Ovoid
	4.86
	2.58

	PLA
	Ovoid
	4.74
	3.53

	20% CF-PLA
	Cylinder
	2.88
	2.52

	ABS
	Ovoid
	4.63
	2.10

	20% CF-ABS
	Cylinder
	2.77
	2.47

	
	BAAM Max pellet length
	Randcastle max pellet length
	

	
	7 mm
	3.175 mm
	


[bookmark: _Toc48147360]Table 5: Pellet sizes for all materials and machine suggested pellet size limits.



[bookmark: _Toc48147361]Table 6: Temperature settings for all materials and both machines.
	Machine Set Temperatures In °C

	Machine
	Material
	Temperature Zones

	
	
	Zone 1
	Zone 2
	Zone 3
	Die

	Microtruder
	PLA
	140
	160
	170
	190

	
	ABS
	160
	200
	220
	220

	
	LLDPE
	190
	240
	245
	245

	
	20% CF PLA
	160
	180
	190
	210

	
	20% CF ABS
	180
	220
	240
	240

	BAAM
	20% CF ABS
	175
	205
	250
	250




[bookmark: _Toc48292160][bookmark: _Toc48332615]Analytical Approach to Pressure Profile

[bookmark: _Toc48292161][bookmark: _Toc48332616]Introduction
	In several works, a Newtonian model for the peak pressure (discharge pressure) and machine output is derived with varying modifications (Campbell and Spalding 2013, 11-15; Middleman 1977, 123-150; Tadmor and Gogos 2006, 247-259).  By comparing their results to data, the model presented in section 3.2 was chosen for its balance between simplicity and accuracy.  After this result, theories for the feed, compression zones, and nozzle were added to supplement the result and create a complete pressure map down the axis of the screw.  
[bookmark: _Toc48292162][bookmark: _Toc48332617]Modified Newtonian Model for the Metering Zone
When a single screw extruder is operating properly, the metering section can be assumed to be the rate controlling section of the system (Campbell and Spalding 2013, 247).  This allows for estimation of discharge pressure and machine output using solely information from the metering zone and neglecting effects from the feed and compression zone.  The following model was gathered from several works (Campbell and Spalding 2013, 11-15; Tadmor and Gogos 2006, 247-258, 450-452).  The following assumptions are made:
(i) Flow is fully developed.
(ii) Flow channels are completely filled.
(iii) No slip at the boundary surfaces.
(iv) No leakage flow over the flight tips.
(v) All channel corners are square. 
(vi) Flows are isothermal and Newtonian. 
(vii) Channel dimensions are not changing in the metering section.
The overall flow rate, , is split into two terms, containing rotational flow, , and pressure flow, .  Their relation is shown in Equation 7.  

It should be noted that the average shear rate, , is calculated using RPMs and the width of the channel in Equation 8 and then used in Equation 6 to find the shear viscosity.  This is an attempt at account for non-Newtonian flow while still deriving expressions under the Newtonian assumption.

Several velocities must first be established.  As discussed in Chapter 1, there are several areas of interest along the screw radii, namely, at the screw core and barrel.  Velocities in the X and Z directions are calculated at these locations as shown in Equations 9-11: 



where subscript c designates the screw core and b designates the screw barrel.  Shape factors  and  are established to account for effects from shallow or deep channels, the screw’s characteristic H/W.   is calculated in Equation 12 and  in Equation 13.  


The shape factors are extremely important for deep channels (Tadmor and Gogos 2006, 254-255).  The rotational flow can now be calculated as shown in Equation 14: 

where  is the number of flights of the screw.  Similarly, the pressure flow term is calculated in Equation 15: 

where  is the shear viscosity of the molten polymer as discussed in Chapter 2, and  is the pressure gradient across the metering zone.  For the purposes of this work, the pressure gradient is assumed to be at maximum as shown in Equation 16:

where  is the length of the metering zone.  The mass rate of the extruder can be calculated by combining Equations 7, 12, 13, 14, 15, and 16:

	What has been neglected thus far is the effect the die has on the system.  Equation 16 shows the relationship between pressure and flow rate for isothermal pressure flow for an incompressible Newtonian fluid through a die:

where  is the die constant.  The die constant is a term lumping together geometry of the die, for example, the die constant for a tubular die can be solved for:

where  is the length of the die and  is the radius of the die.  For more complex die geometry the die constant must be solved for experimentally (Tadmor and Gogos 2006, 451).  The operating point of the extruder is found by setting the flow rate through the screw and die equal and setting the pressure rise over the screw equal to the pressure drop over the die.  The final flow rate and discharge pressure of the system can be calculated by setting the flow rate of the die and screw equal as shown in Equation 20 & 21: 


where  is the average angle of the screw core and barrel.  It is noteworthy that the viscosity term in Equation 20 is cancelled out.  This work uses the viscosity calculated in the screw channel for all calculations allowing for the viscosity term to drop.  These equations make the primary model for estimating machine output and discharge pressure.

[bookmark: _Toc48292163][bookmark: _Toc48332618]The Feed Zone
The feed zone has historically been studied less than the metering and compression zones, as it is assumed to be operating properly.  Under proper operation the metering zone is provided with adequate flow and is the rate-limiting part of the process (Campbell and Spalding 2013, 247).  Air between pellets all the way up to a full melt in the compression zone is forced back through the screw and out of the hopper.  When the feed zone is operating incorrectly, material can begin melting prematurely in the feed zone.  This makes the metering zone no longer rate controlling, and flow rate and pressure consistency deteriorate as a result (Campbell and Spalding 2013, 131).  Therefore, it is typical to have a water-cooled casing at the feed zone entry below the hopper.  The casing constricts the feed zone temperature to that section of the barrel and prevents heat from rising into the hopper (Campbell and Spalding 2013, 132).  It should be noted that both machines, in this case, are smooth hopper and barrel style, as opposed to grooved systems.  
	The model used in this research was developed by Campbell and his students at Clarkson University (Campbell and Spalding 2013, 139-141).  This was the first model to introduce the idea of the screw flight pushing the polymer bed.  All similar models treat the polymer as a solid incompressible plug that travels down the screw.  A force balance is made containing pressure and contact forces as shown in Figure 13.
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[bookmark: _Toc48290545][bookmark: _Toc48331229][bookmark: _Toc48332862][bookmark: _Toc48333331]Figure 13: Forces on polymer in the feed zone (Campbell and Spalding 2013, 708).
A derivative relationship between angles is substituted in and integration is performed resulting in Equation 22:  

where  is the solids forwarding angle,  is the lateral stress ratio in the x and y directions,  is the pressure at the start of the solids conveying section,  is the pressure at the end of the solids conveying section, and , , &  are dynamic coefficients of friction at the screw flights, screw core, and barrel, respectively. The solids conveying angle is the angle between the barrel velocity and the velocity difference between the barrel and plug and is typically in the range of 2-7 degrees (Campbell and Spalding 2013, 134).  Equation 23 shows that the lateral stress ratio is a simple relationship between stress in the x and z directions.  

Under the assumption that the hopper is sufficiently filled, the initial pressure is calculated using Equation 24 by calculating the weight of pellets on themselves:

where g is gravitational constant and D is the diameter of the hopper.  By relating the velocity of the plug and its geometry Equation 25 is found:

Flow rate data or Equation 20 is used to find  via Equation 25 and  is plugged into Equation 22 to obtain pressure at the end of the feed zone.
[bookmark: _Toc48292164][bookmark: _Toc48332619]The Compression Zone – Four Zone Model
The compression zone is increasingly difficult to characterize and simulate due to its complex nature.  The material is undergoing a phase change, the channel depth is decreasing, and the melted material is flowing around the solid bed as the solid bed decreases in size.  A photograph of solidified resin in a compression zone from a solidification experiment is shown in Figure 14.  The melt pool gathers along the pushing flight and steadily increases in size as the solid bed melts.  The cross section at multiple points along the compression zone is shown in Figure 15.  It can be observed that melt films are forming and increasing all around the solid bed, leading to the four
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[bookmark: _Toc48290546][bookmark: _Toc48331230][bookmark: _Toc48332863][bookmark: _Toc48333332]Figure 14: Cross section of resin in compression zone from a solidification experiment (Campbell and Spalding 2013, 193).
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[bookmark: _Toc48290547][bookmark: _Toc48331231][bookmark: _Toc48332864][bookmark: _Toc48333333]Figure 15: Cross section of resin in compression zone axially down the compression zone (Campbell and Spalding 2013, 197).

 zone model proposed by Campbell and Spalding in Figure 16, where A is the solid bed, B is the film on the pushing flight, C is the film at the barrel, D is the film at the screw core, and E is the film at the trailing flight.  Energy dissipation and melt pool velocities are used to iterate down the compression channel until full melt is reached.  The expected profile for solid bed width, , and height, , is shown in Figure 17.    It should be noted that the melting is completed when  is equal to zero, as the primary melting takes place directly from barrel heat into the top of the solid bed causing its height to decrease at a faster rate than its width.  
	The velocity of the solid bed at the beginning of the compression zone must first be established:

where  is the depth of the feed section.  Another diameter of interest is established at the surface of the solid bed and its interface with film C, .  The velocity at this location is calculated through Equation 27:
Equations 8-10 will now need to be calculated at each increment since the diameter of the core is decreasing.  The average z velocity is calculated by Equation 28:

The vectorial velocity of each film, , can now be calculated with Equation 29 through 32:
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[bookmark: _Toc48290548][bookmark: _Toc48331232][bookmark: _Toc48332865][bookmark: _Toc48333334]Figure 16: Schematic of four zone melting model (Campbell and Spalding 2013, 204).
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[bookmark: _Toc48290549][bookmark: _Toc48331233][bookmark: _Toc48332866][bookmark: _Toc48333335]Figure 17: Schematic of solid bed width (top) and height (bottom) down the compression channel (Campbell and Spalding 2013, 210).


By completing an energy and material balance for the melting process melting velocities for the four films are established in Equations 33-36:




where  is each melt film thickness,  is the barrel temperature,  is the resin melt temperature,  is the temperature of the screw, and  is the temperature of the solid bed.  The thickness of melt film C is calculated via Equation 37:

Where  is a fitting factor.  Similarly, the thickness of zone E is calculated through Equation 38:

The thicknesses of Zones B and D can be found by difference:


Where  is the channel depth at the current increment.  The solid bed width and height are found by subtracting the reduction over a small distance, , at each increment, :



The volumetric flow rate of melted material is calculated at each increment:

The pressure change at each increment based on rotational and pressure flow is calculated via Equation 45:

Finally, the pressure at each increment is calculated:


[bookmark: _Toc48292165][bookmark: _Toc48332620]Hagen-Poiseuille Pressure Flow
To bridge the gap between exit pressure and discharge pressure, non-Newtonian tubular pressure flow was assumed via the Hagen-Poiseuille equation:

where , and  is the pressure drop across the nozzle tip.  This enables the pressure between the end of the screw (discharge pressure) and exit to be more complex than just a linear drop.


[bookmark: _Toc48292166][bookmark: _Toc48332621]Experimental Approach to Pressure Profile

[bookmark: _Toc48292167][bookmark: _Toc48332622]Introduction
	In order to validate the analytical model, pressure data during normal operations was conducted.  Data was gathered from both machines, the BAAM and the Microtruder, over a range of RPMs, nozzle sizes, pressure locations, and materials.  A sensor and DAQ setup were purchased for testing separate from each machine’s built in sensing systems.  Testing procedures for each machine varied due to the nature of each system, as explained below.

[bookmark: _Toc48292168][bookmark: _Toc48332623]DAQ System and Melt Pressure Sensor
	To obtain pressure data at the new nozzle location, a DAQ and pressure sensor were purchased.  The pressure sensor, a Dynisco TPT4634-5M-3/18-SIL2, featured a melt pressure sensor capable of up to 5,000 psi.  The TPT4634 also came equipped with a Type J melt flow thermocouple that was used during tests done on the Microtruder.  It should be noted that the TPT4634 is a transmitter and not a transducer.
	A National Instruments (NI) DAQ was purchased to go alongside the TPT4634, a cDAQ-9174 chassis with a NI 9219 analog voltage input model and a NI 9207 combo voltage and current input module.   The NI 9219 was utilized for the melt thermocouple, as it provides built in excitation.  The NI 9207 was utilized for the pressure sensor due to its capability for mA input.  

[bookmark: _Toc48292169][bookmark: _Toc48332624]BAAM Experimental Procedure
To establish a base set of data for this study an experiment with 20% CF-ABS, the custom nozzle adapter and simple print parameters was conducted.  The 20% CF-ABS was first dried at 85 °C for 4 hours.  The back pressure screw was set to 25%.  A single layer of linear beads measuring 30” x 0.3” x 0.15” were printed long enough for the machine to reach steady state as shown in Figure 18.  A range of RPMs and print speeds were utilized in order to keep the bead’s dimensions consistent (Table 7).  The BAAM slicing software automatically determined print speeds for the various RPMs to maintain the bead’s dimensions.  This meant that the higher the RPM, the shorter the run time per bead.  These beads were weighed, and pressure data was used to obtain the time it took to print each bead in order to calculate mass flow rate.   Discharge pressure was obtained via the BAAM’s built-in pressure sensor within the end cap and logged directly to its controller PC.  Nozzle pressure was gathered from the Dynisco TPT4634 sensor combined with the NI DAQ and a laptop computer at 50 Hz.  Drooled material was wiped off the nozzle before each test to ensure no extra material would be added to the result.  The entire range of RPMs, 50-350 in 50 RPM increments, were ran for the 0.3” and 0.4” nozzle.  The 0.2” nozzle was not ran at 200, 250, 300, and 350 RPM due to potential issues with pressures above the BAAM’s capability.  A sample of raw pressure data at the nozzle at 50 RPM is shown in Figure 19 with extrusion start and stop indicated.  This sample demonstrates the need to remove data near the start and stop of each bead to obtain the steady state pressure that the model predicts. 
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[bookmark: _Toc48290550][bookmark: _Toc48331234][bookmark: _Toc48332867][bookmark: _Toc48333336]Figure 18: BAAM printing single beads for experiment.  Photo courtesy of Oak Ridge National Laboratory, US Dept. of Energy.

[bookmark: _Toc48147362]Table 7: Print speeds for all RPMs tested.
	Test RPM
	Print Speed (mm/s)

	50
	39.06

	100
	78.11

	150
	117.17

	200
	156.23

	250
	195.28

	300
	234.34

	350
	278.98
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[bookmark: _Toc48290551][bookmark: _Toc48331235][bookmark: _Toc48332868][bookmark: _Toc48333337]Figure 19: Pressure data from nozzle sensor for one bead of CF-ABS at 50 RPM.
[bookmark: _Toc48292170][bookmark: _Toc48332625]Microtruder Experimental Procedure
	A more extensive set of tests were conducted on the Randcastle Microtruder.  A nozzle adapter was used as discussed in section 2.5.  All materials covered in Chapter 2 were tested.  Tests were done at 30-110 RPMs.  Additionally, a wider variety of nozzle sizes were tested.  The full scope of tests is shown in Table 8.  Materials were dried before testing and the machine was allowed to achieve steady flow before each test was conducted by keeping the hopper full of material.  As opposed to the BAAM system tests, each RPM was ran at the same amount of time of 1.5 minutes.  This was more desirable as the extruder was allowed to reach steady state before tests, therefore eliminating the need to remove transient data later.  A sample of screw pressure data for CF PLA at 110 RPM with a 0.1” nozzle is shown in Figure 20, that is noticeably more linear than that of Figure 19 due to reaching steady state before running each test.  It should be noted that the sinusoidal nature of the screw pressure data is due to the rotation of the screw and is expected (Campbell and Spalding 2013, 546-548).   Again, the time of the pressure data and 
[bookmark: _Toc48147363]
Table 8: Scope of tests completed on the Microtruder System.
	Scope of Microtruder Testing

	Material
	Nozzle Diameter
	Sensor Location

	
	0.1
	0.15
	0.2
	0.25
	

	PLA
	 
	 
	 
	 
	Barrel

	
	 
	 
	 
	 
	Nozzle

	20% CF PLA
	 
	 
	 
	 
	Barrel

	
	 
	 
	 
	 
	Nozzle

	LLDPE
	 
	 
	 
	 
	Barrel

	
	 
	 
	 
	 
	Nozzle

	ABS
	 
	 
	 
	 
	Barrel

	
	 
	 
	 
	 
	Nozzle

	20% CF ABS
	 
	 
	 
	 
	Barrel

	
	 
	 
	 
	 
	Nozzle

	
	
	
	
	
	

	
	
	
	
	Tested:
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[bookmark: _Toc48290552][bookmark: _Toc48330815][bookmark: _Toc48331236][bookmark: _Toc48332869][bookmark: _Toc48333338]Figure 20: Sample data for screw pressure with CF PLA, 0.1” nozzle at 110 RPM.

weight of the resulting beads were used to calculate mass flow rate.  The starts and stops of the bead were made by manually cutting the bead coming out of the nozzle during data start and data stop.  The Dynisco TPT4634 with the NI DAQ at 25 Hz was used at two locations: the end of the screw and the nozzle tip to obtain discharge pressure and nozzle pressure, respectively.  This meant that each “run” was done independently at each sensor location.  This increased testing procedure resulted in nozzle pressure only gathered for ABS and CF ABS.  Each run was done twice and their result average for the final results.

[bookmark: _Toc48292171][bookmark: _Toc48332626]BAAM Experimental Results & Discussion
The results of mass flow rates from the BAAM testing are shown in Figure 21.  It is clear that as nozzle size increases, flow rate increases, especially at higher RPM.  Results for the nozzle pressure are shown in Figure 22, and the screw pressure in Figure 23.  Interestingly, the nozzle pressure tapers off as RPM increases more so than at the screw sensor. 

[bookmark: _Toc48292172][bookmark: _Toc48332627]Microtruder Experimental Results & Discussion
Results for mass flow rates of all Microtruder tests are shown in Figure 24.  Interestingly, ABS and CF-ABS seem to be the only materials where flow rate increases with nozzle size.  This is likely due to several factors that will be discussed further.  One of these factors is that there were extrusion issues with neat PLA due to pellet size.  Table 5 tabulates the pellet size and the PLA pellets were exceeding the limit of the Microtruder recommended pellet size.  This led to feed problems with the material and under extrusion.  Another factor was how LLDPE, PLA, and CF-PLA all had flow surging issues.  The full pressure results for all materials are shown in Figures 25 through 29.  Figures 25-27 highlight some of the pressure inconsistencies visually.  Figures 28 

[bookmark: _Toc48140927][bookmark: _Toc48290553][bookmark: _Toc48331237][bookmark: _Toc48332870][bookmark: _Toc48333339]Figure 21: Mass flow rate results for BAAM testing for CF ABS at all nozzle sizes and RPMs.

[bookmark: _Toc48140928][bookmark: _Toc48290554][bookmark: _Toc48331238][bookmark: _Toc48332871][bookmark: _Toc48333340]Figure 22: Nozzle pressure results for BAAM testing for CF ABS at all nozzle sizes and RPMs.

[bookmark: _Toc48140929][bookmark: _Toc48290555][bookmark: _Toc48331239][bookmark: _Toc48332872][bookmark: _Toc48333341]Figure 23: Screw pressure results for BAAM testing for CF ABS at all nozzle sizes and RPMs.



[bookmark: _Toc48290556][bookmark: _Toc48331240][bookmark: _Toc48332873][bookmark: _Toc48333342]Figure 24: Mass flow rate results for Microtruder testing for all materials and nozzle sizes at 70 RPM.

[bookmark: _Toc48290557][bookmark: _Toc48331241][bookmark: _Toc48332874][bookmark: _Toc48333343]Figure 25: Screw pressure results for LLDPE on Microtruder system at all nozzle sizes.

[bookmark: _Toc48290558][bookmark: _Toc48331242][bookmark: _Toc48332875][bookmark: _Toc48333344]Figure 26: Screw pressure results for PLA on Microtruder system at all nozzle sizes.

[bookmark: _Toc48290559][bookmark: _Toc48331243][bookmark: _Toc48332876][bookmark: _Toc48333345]Figure 27: Screw pressure results for CF-PLA on Microtruder system at all nozzle sizes.

[bookmark: _Toc48290560][bookmark: _Toc48331244][bookmark: _Toc48332877][bookmark: _Toc48333346]Figure 28: Screw and nozzle pressure results for ABS on Microtruder system at all nozzle sizes.

[bookmark: _Toc48290561][bookmark: _Toc48331245][bookmark: _Toc48332878][bookmark: _Toc48333347]Figure 29: Screw and nozzle pressure results for CF-ABS on Microtruder system at all nozzle sizes.
and 29 show both the nozzle and screw pressure for neat ABS and CF-ABS.  It is observed that at larger nozzle sizes of 0.2 and 0.25 inch, the pressure stays relatively constant.  This was due to these nozzle sizes not providing ample back pressure proper for the machine.  The 0.1 inch nozzle saw a steep increase in pressure relative to other nozzle sizes for all materials.  The 0.1 inch nozzle size is close to what similar scale machines use.

[bookmark: _Toc48292173][bookmark: _Toc48332628]BAAM Experimental Results Compared to Analytical Model
Before being able to review results of the model, the die constants had to be found.  Initially, it was planned to gather data with nozzles the same sizes as the machine throat so that the die constant could be calculated analytically using Equation 19.  However, issues with accuracy came from just using this result, and die constants were calculate from data as well.  
	The die constant calculation is the only direct interaction between data and the model.  Since the die constants are a function of die geometry, it should remain constant across various pressures and materials for the same nozzle & throat.  Die constants were calculated using pressure data, mass flow rate data, and Equation 18.  The result for die constants of the BAAM are shown in Figures 30 through 32.  These plots show die constants calculated directly from data, curves fit to the data, the Newtonian round tube assumption, the non-Newtonian tube assumption, and the die constant plugged into the model.  The die constant plugged into the model was at the middle of RPMs tested using the curve fit to data.  The die constants are increasing for increasing nozzle size as expected, and the die constants were found to be relatively non-constant across RPM.  This was likely due to variations in data from the BAAM data testing itself.
	Figures 33 through 35 show flow rate and pressure results.  Interestingly, the model predicts accurately for the 0.2 and 0.3 inch nozzles, but less so on the 0.4 inch nozzle.  Flow rate
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[bookmark: _Toc48290562][bookmark: _Toc48331246][bookmark: _Toc48332879][bookmark: _Toc48333348]Figure 30: Die constants from BAAM 0.2 nozzle tests.
[image: ]
[bookmark: _Toc48290563][bookmark: _Toc48331247][bookmark: _Toc48332880][bookmark: _Toc48333349]Figure 31: Die constants from BAAM 0.3 nozzle tests.
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[bookmark: _Toc48290564][bookmark: _Toc48331248][bookmark: _Toc48332881][bookmark: _Toc48333350]Figure 32: Die constants from BAAM 0.4 nozzle tests.
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[bookmark: _Toc48290565][bookmark: _Toc48331249][bookmark: _Toc48332882][bookmark: _Toc48333351]Figure 33: Flow rate and pressure results for BAAM 0.2 nozzle tests and code.
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[bookmark: _Toc48290566][bookmark: _Toc48331250][bookmark: _Toc48332883][bookmark: _Toc48333352]Figure 34: Flow rate and pressure results for BAAM 0.3 nozzle tests and code.
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[bookmark: _Toc48290567][bookmark: _Toc48331251][bookmark: _Toc48332884][bookmark: _Toc48333353]Figure 35: Flow rate and pressure results for BAAM 0.4 nozzle tests and code.
 data for the 0.4 inch nozzle is trending above the analytical prediction.  It is possible that this inaccuracy in only the 0.4 inch nozzle is due to it not providing proper back pressure to the machine, and the machine is over extruding as a result.
	Lastly, Figures 36 through 38 show pressure map results for all the nozzle sizes.  It is observed that as nozzle size increases the analytical model lines up more accurately with the nozzle data.  This suggests the need for more rigorous flow theory in the nozzle than Hagen-Poiseuille.

[bookmark: _Toc48292174][bookmark: _Toc48332629]Microtruder Experimental Results Compared to Analytical Model
The die constants for CF-ABS on the Microtruder with the 0.1 inch nozzle are shown in Figure 39.  The die constants on the Microtruder were more linear than those on the BAAM.  The full die constant plots are found in Appendix A3.  Mass flow rate and pressure results for CF-ABS at all nozzle sizes are shown in Figures 40-43.  It is observed that all analytical predictions are consistently below than the data.  One explanation for the inaccurate result is the compression ratio of each screw.  The Microtruder’s compression ratio is 3.05, and the recommended range for ABS single screw extrusion is 2.25-2.7 (Campbell and Spalding 2013, 196).  
The mass flow rate and pressure results for all other materials with the 0.1 inch nozzle are shown in Figures 44-47.  The best fit is found to be CF-PLA, whereas neat PLA came out very poor.  This result was actually expected, as the neat PLA’s pellet size was much larger than Randcastle’s recommended max as shown in Table 5.  The CF-PLA pellet size was much smaller than the neat PLA and extruded properly, providing an accurate analytical prediction.  The neat ABS’s inaccuracy is again explained by the incorrect compression ratio for the material.  The LLDPE result also came out inaccurate.  This can be explained by the compression rate of the machine, as LLDPE requires a compression rate of less than 0.0055 without solid bed breakup 
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[bookmark: _Toc48290568][bookmark: _Toc48331252][bookmark: _Toc48332885][bookmark: _Toc48333354]Figure 36: Pressure map results for BAAM 0.2 nozzle.
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[bookmark: _Toc48290569][bookmark: _Toc48331253][bookmark: _Toc48332886][bookmark: _Toc48333355]Figure 37: Pressure map results for BAAM 0.3 nozzle.
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[bookmark: _Toc48290570][bookmark: _Toc48331254][bookmark: _Toc48332887][bookmark: _Toc48333356]Figure 38: Pressure map results for BAAM 0.4 nozzle.
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[bookmark: _Toc48290571][bookmark: _Toc48331255][bookmark: _Toc48332888][bookmark: _Toc48333357]Figure 39: Die constants for CF-ABS Microtruder 0.1 nozzle tests.
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[bookmark: _Toc48290572][bookmark: _Toc48331256][bookmark: _Toc48332889][bookmark: _Toc48333358]Figure 40: Flow rate and pressure results for Microtruder 0.1 nozzle and CF-ABS tests and code.
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[bookmark: _Toc48290573][bookmark: _Toc48331257][bookmark: _Toc48332890][bookmark: _Toc48333359]Figure 41: Flow rate and pressure results for Microtruder 0.15 nozzle and CF-ABS tests and code.
[image: ]
[bookmark: _Toc48290574][bookmark: _Toc48331258][bookmark: _Toc48332891][bookmark: _Toc48333360]Figure 42: Flow rate and pressure results for Microtruder 0.2 nozzle and CF-ABS tests and code.
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[bookmark: _Toc48290575][bookmark: _Toc48331259][bookmark: _Toc48332892][bookmark: _Toc48333361]Figure 43: Flow rate and pressure results for Microtruder 0.25 nozzle and CF-ABS tests and code.
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[bookmark: _Toc48290576][bookmark: _Toc48331260][bookmark: _Toc48332893][bookmark: _Toc48333362]Figure 44: Flow rate and pressure results for Microtruder 0.1 nozzle and ABS tests and code.
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[bookmark: _Toc48290577][bookmark: _Toc48331261][bookmark: _Toc48332894][bookmark: _Toc48333363]Figure 45: Flow rate and pressure results for Microtruder 0.1 nozzle and LLDPE tests and code.
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[bookmark: _Toc48290578][bookmark: _Toc48331262][bookmark: _Toc48332895][bookmark: _Toc48333364]Figure 46: Flow rate and pressure results for Microtruder 0.1 nozzle and CF-PLA tests and code.
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[bookmark: _Toc48290579][bookmark: _Toc48331263][bookmark: _Toc48332896][bookmark: _Toc48333365]Figure 47: Flow rate and pressure results for Microtruder 0.1 nozzle and PLA tests and code.
issues (Campbell and Spalding 2013, 192), and the Microtruder has a compression rate of 0.00625.  This is one example of why LLDPE is not seen in the additive extrusion field and is only used as a purge material with the BAAM.  The complete set of Microtruder data plots can be found in Appendix A4, as well as tabulated data in Appendix A5.


[bookmark: _Toc48292175][bookmark: _Toc48332630]Summary and Conclusions

[bookmark: _Toc48292176][bookmark: _Toc48332631]Summary of Research Work
	This work stemmed from the goal of improving print quality through more accurate print settings.  To meet this demand, predictions and simulations of single screw extrusion had to be made and tailored to the machines at hand: the BAAM at the MDF and the Microtruder at UT.  Several models, methods, and traditions were explored before settling on Newtonian theory for a rate controlling metering zone to estimate discharge pressure and machine output.  In addition to the theory for the metering zone, theories for the feed zone, compression zone, and nozzle were added to complete the pressure map down throughout each system.  A Matlab code was developed to house these theories and was written in such a way that new machines, materials, data, and theory can be easily added on.  A wide variety of pressure and flow rate data was gathered from both machines to ensure validity of theory.  The result of this work allows for testing of new machine settings and materials without performing timely physical testing.
[bookmark: _Toc48292177][bookmark: _Toc48332632]Conclusions 
Several conclusions can be made from the results of this work:
(i) When nozzle size is equal to throat size of the machine, extrusion issues will appear due to low back pressure in the system.  The BAAM accounts for this via the adjustable back pressure screw.
(ii) Die constants have a large impact theory accuracy.  It is crucial to gather accurate data to properly encapsulate the die geometry into a die constant.
(iii) Non-Newtonian effects must be accounted for, for the materials and systems tested.  In early testing using just the Newtonian assumption, the analytical pressures diverged wildly from reality.
(iv) Screw designs can be better tailored to material demands, namely, on the Microtruder system.  Several extrusion issues arose in Microtruder testing, and the theory reinforced this idea.

[bookmark: _Toc48292178][bookmark: _Toc48332633]Future Work
From the beginning it was known that this work should be done with future work in mind.  Due to the broad scope of this research, there is a large area of potential for expansion and use.  Direct use of this work includes improving print parameters through theory estimation, testing of new material grades and comparing to previous material grades, and finding machine limits for certain settings and materials.  
	The BAAM system is naturally of specific interest for future work.  More data can be gathered, especially at more back pressure screw settings, and a full map of die constants for the system can be generated.  The tests can be ran with the gantry in-air and not printing for more accurate pressure and flow rate data.  
	As a result of setup for this study, the Microtruder is now outfitted for quick testing in our laboratory with a die similar to that of the BAAM system.  This removes the need to go through the MDF for certain data and adds a simpler direct source at UT.
	Lastly, and potentially most important, the code is designed such that new models and theories can be tacked on.  Certain research targets certain areas of the screw or new machine design can be united with the code resulting from this work.
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All materials were provided by Techmer PM LLC.
	Material
	Product Label

	LLDPE
	PF-0218-F

	Neat PLA
	Natureworks 4043D

	CF-PLA
	Electrafil® PLA 2007 3DP

	Neat ABS
	Hifill® ABS 1512 3DP

	CF-ABS
	Electrafil® ABS 1501 3DP 
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Jake Dvorak obtained his bachelor’s degree in Mechanical Engineering from the University of Tennessee in 2017.   He continued to do graduate work by becoming a graduate research assistant under Dr. Chad Duty and a graduate teaching assistant under Dr. Matthew Young.   While working his teaching assistantship in the MABE Maker Lab he conducted research for Dr. Duty and the Manufacturing Demonstration Facility.  Jake will be continuing graduate work to obtain his PhD under Dr. Tony Schmitz doing machining research and improving the University of Tennessee’s machining capability and presence. 


BAAM Experimental Flow Rate Results

0.2 nozzle	50	100	150	200	250	300	350	5.6160000000000005	10.44	13.788	0.3 nozzle	6.12	11.484	15.444000000000001	20.484000000000002	25.416	27.324000000000002	30.635999999999999	0.4 nozzle	6.3	11.700000000000001	17.712	22.571999999999999	27.864000000000001	36.756000000000007	45.468000000000004	Screw RPM


kg/hr




BAAM Experimental Nozzle Pressure Results

0.4 nozzle	0.75862068965517238	1.0517241379310345	1.2155172413793103	1.3793103448275863	1.4827586206896552	1.5603448275862069	1.5948275862068966	0.3 nozzle	2.0344827586206895	2.2241379310344827	2.5	2.7586206896551726	2.9885057471264367	3.1982758620689653	3.1896551724137931	0.2 nozzle	50	100	150	200	250	300	350	4.068965517241379	4.6206896551724137	5.0862068965517242	Screw RPM


MPa




BAAM Experimental Screw Pressure Results

0.4 nozzle	1.9	2.56	2.86	3.16	3.39	3.7	3.83	0.3 nozzle	3.22	3.72	4.1399999999999997	4.5199999999999996	4.8	5.12	5.39	0.2 nozzle	50	100	150	200	250	300	350	4.9800000000000004	5.87	6.57	Screw RPM


MPa




Microtruder Experimental Mass Flow Rates at 70 RPM

0.1 Nozzle	LLDPE	Neat PLA	20% CF PLA	Neat ABS	20% CF ABS	0.7268	0.47244000000000003	0.96760000000000002	0.85082000000000002	0.93378000000000005	0.15 Nozzle	LLDPE	Neat PLA	20% CF PLA	Neat ABS	20% CF ABS	0.70535000000000003	0.48168	1.0225500000000001	0.85585	0.94667999999999997	0.2 Nozzle	LLDPE	Neat PLA	20% CF PLA	Neat ABS	20% CF ABS	0.74156	0.46	0.96369000000000005	0.86985999999999997	0.95665	0.25 Nozzle	LLDPE	Neat PLA	20% CF PLA	Neat ABS	20% CF ABS	0.71557000000000004	0.46133999999999997	0.99680000000000002	0.88000999999999996	0.95340999999999998	
Mass Flow Rate (kg/hr)




LLDPE Pressure vs RPM

0.1 Nozzle	30	50	70	90	110	3.2059500000000001	4.4960500000000003	5.7820999999999998	6.57735	7.2544500000000003	0.15 Nozzle	30	50	70	90	110	1.867	2.8420999999999998	3.8985500000000002	4.4774000000000003	5.0312000000000001	0.2 Nozzle	30	50	70	90	110	1.6009500000000001	2.5844499999999999	3.5341499999999999	3.3127499999999999	3.7355999999999998	0.25 Nozzle	30	50	70	90	110	1.8124	2.6509	3.39025	3.9990999999999999	4.4576500000000001	Screw Speed (RPM)


Pressure (MPa)




Neat PLA Pressure vs RPM (Barrel Location)

0.1 Nozzle	30	50	70	90	110	5.38225	7.8628	9.4138000000000002	10.592750000000001	11.4427	0.15 Nozzle	30	50	70	90	110	3.6957	5.7012499999999999	7.0037000000000003	7.6292	8.4396000000000004	0.2 Nozzle	30	50	70	90	110	3.0223499999999999	4.4813499999999999	5.4822499999999996	6.6044999999999998	6.9979500000000003	0.25 Nozzle	30	50	70	90	110	2.7463000000000002	3.92475	5.0412499999999998	5.7196999999999996	6.4016000000000002	Screw Speed (RPM)


Pressure (MPa)




20% CF PLA Pressure vs RPM

0.1 Nozzle	30	50	70	90	110	3.6025	5.5990500000000001	6.7232000000000003	7.6863999999999999	8.3003999999999998	0.15 Nozzle	30	50	70	90	110	2.8791500000000001	4.2114500000000001	5.1410999999999998	5.8147500000000001	6.3248499999999996	0.2 Nozzle	30	50	70	90	110	3.1494	4.3644999999999996	5.11355	5.6771500000000001	6.0312999999999999	0.25 Nozzle	30	50	70	90	110	2.3358500000000002	3.5743	4.3224	4.7952500000000002	5.2108999999999996	Screw Speed (RPM)


Pressure (MPa)




Neat ABS Pressure vs RPM

0.1 Nozzle	30	50	70	90	110	5.9344000000000001	6.5696000000000003	7.2846500000000001	7.8357999999999999	8.2873000000000001	0.15 Nozzle	30	50	70	90	110	3.4322499999999998	4.6643499999999998	5.3918499999999998	5.8776999999999999	6.2527499999999998	0.2 Nozzle	30	50	70	90	110	3.51945	4.20885	4.7435	5.1820500000000003	5.4645999999999999	0.25 Nozzle	30	50	70	90	110	3.4245999999999999	4.0736499999999998	4.5627500000000003	4.9128999999999996	5.2188999999999997	0.1 Nozzle - Nozzle Location	30	50	70	90	110	1.94215	2.5559500000000002	3.0005000000000002	3.32525	3.4392499999999999	0.15 Nozzle - Nozzle Location	1.2948999999999999	1.2998499999999999	1.4424999999999999	1.56545	1.6845000000000001	0.2 Nozzle - Nozzle Location	0.20530000000000001	0.37014999999999998	0.49395	0.57789999999999997	0.65305000000000002	0.25 Nozzle - Nozzle Location	0.25314999999999999	0.2666	0.32900000000000001	0.39400000000000002	0.45379999999999998	Screw Speed (RPM)


Pressure (MPa)




20% CF ABS Pressure vs RPM

0.1 Nozzle	30	50	70	90	110	6.024	7.8251499999999998	10.135300000000001	10.690300000000001	11.219150000000001	0.15 Nozzle	30	50	70	90	110	6.0593500000000002	7.2496	8.0046999999999997	8.8966499999999993	9.4910499999999995	0.2 Nozzle	30	50	70	90	110	4.8311000000000002	5.6823499999999996	6.2758000000000003	7.1035000000000004	7.3956999999999997	0.25 Nozzle	30	50	70	90	110	4.1021000000000001	5.3763500000000004	6.0030999999999999	6.4846000000000004	6.8498000000000001	0.1 Nozzle - Nozzle Location	2.7203499999999998	3.0064000000000002	3.2898999999999998	3.5168499999999998	3.6953499999999999	0.15 Nozzle - Nozzle Location	0.90129999999999999	1.2225999999999999	1.41235	1.54	1.69695	0.2 Nozzle - Nozzle Location	0.2999	0.46829999999999999	0.59789999999999999	0.70230000000000004	0.78520000000000001	0.25 Nozzle - Nozzle Location	0.21490000000000001	0.29349999999999998	0.37495000000000001	0.45274999999999999	0.51439999999999997	Screw Speed (RPM)


Pressure (MPa)
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image109.png
Screw Speed Trial # Mass of Time (s) Mass Flow Rate Average Mass Flow | Average Pressure | Average Pressure for
ria ime (s
[RPM) Extrudate (g) {kg/hr) Rate (kg/hr) [MPa) Each RPM {Mpa)
14 14
4

30 970 90.24 0.1983 01933 5.5165 53823

30 2 4.710 90.00 0.1884 L 5.2480 L

50 8.970 90.20 0.3580 0.3441 8.0670 78628

50 2 8.290 90.40 0.3301 L 7.6586 L

70 1.98 90.24 0.4779 0474 9.4875 9.4138

70 2 1.70 90.20 0.4670 9.3401

20 519 89.84 0.6087 0.6160 10.516 10.593

20 2 570 90.68 0.6233 L 10.669 L

110 9.28 90.24 0.7692 0.7600 11,533 11493

110 2 8.82 90.24 0.7508 11.353





image110.png
Screw Speed g Mass of Time (s) Mass Flow |Average Mass Flow| Average Average Pressure
(RPM} Extrudate (g} Rate (kg/hr}) Rate (kg/hr}  [Pressure (MPa}|for Each RPM (Mpa})
30 4.240 90.72 0.1683 0.1955 3.2973 36957
30 2 5.610 90.64 0.2228 4.0941
50 8.150 89.72 0.3270 0.3441 5.4647 57013
50 2 9.020 89.92 0.3611 5.9378
70 12.01 90.08 0.4800 04817 6.9690 70037
70 2 12.09 90.04 0.4834 7.0384
90 14.61 91.32 0.5760 0.5822 7.5824 7629
90 2 14.71 90.00 0.5884 7.6760
110 18.25 89.96 0.7303 0.7318 8.4557 8.4396
110 2 18.30 89.84 0.7333 8.4235
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Screw Speed S Mass of Time (5] Mass Flow | Average Mass Average  |Average Pressure for
(RPM} ra Extrudate (g} i & Rate (kg/hr} | Flow Rate (kg/hr} [Pressure (MPa}| Each RPM (Mpa}

¥

30 4.530 89.92 0.1814 0.1951 2.8875 3024

30 2 5.230 90.20 0.2087 3.1572
| 4 4

50 8.430 90.00 0.3372 0.3381 4.4436 14814

50 2 8.470 89.96 0.3390 L 45191

70 11.49 89.92 0.4600 0.4600 5.4661 54823

70 2 11.51 90.08 0.4600 5.4984

90 15.98 89.68 0.6415 0.6395 6.5928 6.6015

90 2 15.93 89.96 0.6375 L 6.6162

110 18.19 89.96 0.7279 0.7378 6.9324 6.9980

110 2 18.65 89.80 0.7477 7.0635





image112.png
Screw Speed TR Mass of Time (s Mass Flow Average Mass Average Average Pressure for
(RPM) ra Extrudate (g) Hs = Rate (kg/hr) | Flow Rate (kg/hr) | Pressure (MPa) | Each RPM (Mpa)
30 1 4.810 89.84 0.1927 0.1878 2.7898 27163
30 2 4.560 89.76 0.1829 2.7028
50 1 7.640 89.76 0.3064 03102 3.9361 39218
50 2 7.840 89.88 0.3140 3.9134
70 1 12.03 89.80 0.4823 0.4613 5.1768 50413
70 2 11.02 90.08 0.4404 4.9057
90 1 14.89 90.32 0.5935 0.5990 5.6835 57197
90 2 15.09 89.88 0.6044 5.7559
110 1 17.28 89.92 0.6918 0.7262 6.1868 6.4016
110 2 19.00 89.92 0.7607 6.6164
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Screw Speed Trial # Mass of Time (5 Mass Flow Average Mass Average Average Pressure
(RPM) ra Extrudate (g) ime (s Rate (kg/hr) | Flow Rate (kg/hr) | Pressure (MPa) [for Each RPM (Mpa)

| 4 | 4

30 1 9.380 90.16 0.3745 03770 6.1507 5.9344

30 2 9.520 90.32 0.3795 L 5.7181 L

50 1 15.44 89.96 0.6179 06149 6.6196 6.5696

50 2 1532 90.12 0.6120 L 6.5196

70 1 21.29 90.12 0.8505 0.8508 7.2842 79847

70 2 21.27 89.96 0.8512 7.2851

90 1 27.24 89.92 1091 1091 7.8391 78358

90 2 27.30 90.00 1.092 1.8325

110 1 33.28 90.08 1330 138 8.3040 8873

110 2 33.17 90.00 1.327 8.2706
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Screw Speed e Mass of Time (s) Mass Flow |Average Mass Flow Average Average Pressure for
ria ime (s,
(RPM) Extrudate (g) Rate (kg/hr) Rate (kg/hr) Pressure (MPa)| Each RPM (Mpa)
30 1 9.050 92.72 0.3514 0.3690 3.4125 34323
30 2 9.670 90.04 0.3866 3.4520
50 1 15.39 90.12 0.6148 06179 4.6499 46644
50 2 15.63 90.60 0.6211 4.6788
70 1 21.46 89.96 0.8588 0.8558 5.3881 53919
70 2 22.46 94.80 0.8529 5.3956
90 1 27.48 89.92 1.100 1.100 5.8960 58777
90 2 27.53 90.08 1.100 5.8594
110 1 33.23 90.08 1.328 1332 6.2479 62528
110 2 33.39 90.00 1.336 6.2576
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Screw Speed e Mass of Time (5 Mass Flow |Average Mass Flow Average Average Pressure
(RPM) ra Extrudate (g) Hs Rate (kg/hr) Rate (kg/hr) Pressure (MPa) (for Each RPM (Mpa)
30 9.600 90.04 0.3838 03823 3.6190 35195
30 2 9.520 90.00 0.3808 L 3.4199
50 15.58 89.84 0.6243 06289 42131 4.2089
50 2 15.83 89.96 0.6335 L 4.2046
70 21.70 90.32 0.8649 0.8699 4.7373 47835
70 2 21.86 89.96 0.8748 L 4.7497
90 27.84 90.08 1.113 1111 5.1884 51801
90 2 27.78 90.08 1.110 5.1757
110 33.64 90.04 1.345 1301 5.4481 5 4646
110 2 33.43 90.08 1.336 54811
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Screw Speed Trial Mass of Time (s} Mass Flow | Average Mass Average Average Pressure for
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr)| Pressure (MPa) | Each RPM (Mpa)
30 9.700 90.08 0.3877 03865 3.5094 30206
30 2 9.640 90.04 0.3854 3.3398
50 15.85 90.04 0.6337 06386 4.0972 10737
50 2 15.58 87.16 0.6435 4.0501
70 21.98 90.08 0.8784 08800 4.5645 15628
70 2 22.04 90.00 0.8816 4.5610
90 28.05 90.00 1122 1117 4.9262 19129
90 2 27.80 90.08 1111 4.8996
110 33.97 89.96 1.359 1361 52211 57189
110 2 34.07 90.00 1.363 5.2167
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Screw Speed . Mass of . Mass Flow Average Mass Average Average Pressure for
Trial # Time (s)
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr}| Pressure (MPa) | Each RPM (Mpa)
14 14
30 1 7.730 90.24 0.3084 3.2440
0.3059 3.2060
30 2 7.580 89.96 0.3033 L 3.1679 L
50 1 12.49 89.96 0.4998 0.4999 4.4818 44961
50 2 12.50 90.00 0.5000 45103
70 1 18.60 89.96 0.7443 0.7268 5.9061 57821
70 2 17.70 89.84 0.7093 L 5.6581 L
90 1 21.55 90.16 0.8605 08777 6.5320 65774
90 2 22.58 90.84 0.8949 L 6.6227 L
110 1 26.60 90.20 1.062 1.068 7.2340 7,545
110 2 26.77 89.68 1.075 7.2749
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Screw Speed el Mass of Time (s Mass Flow Average Mass Average Average Pressure for
(RPM) ra Extrudate (g) His Rate (kg/hr) |Flow Rate (kg/hr)|Pressure (MPa)| Each RPM (Mpa)
30 7.520 90.16 0.3003 02915 1.9089 1.8670
30 2 7.090 90.28 0.2827 1.8251
4
50 11.5 90.24 0.4604 0.4693 2.7804 28091
50 2 12.02 90.48 0.4783 2.9038
70 1743 90.44 0.6938 3.8423
0.7054 3.8986
70 2 18.0 90.44 0.7169 3.9548
90 21.68 90.00 0.8672 0.8625 4.5162 44770
90 2 215 90.28 0.8577 4.4386
110 22.23 75.64 1.058 1045 5.0646 50312
110 2 25.74 89.76 1.032 4.9978
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Screw Speed
(RPM)

30
30
50
50
70
70
90
90
110
110

Trial #

Mass of
Extrudate (g)

7.220
7.300
12.61
13.40
19.18
17.99
22.42
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Time (s)

90.52
89.68
92.36
89.80
90.32
90.12
90.36
91.72
90.08
90.00

Mass Flow
Rate (kg/hr)

0.2871
0.2930
0.4915
0.5372
0.7645
0.7186
0.8932
0.8525
1.032
1.065

Average Mass
Flow Rate (kg/hr)

0.2901

0.5144

0.7416

0.8729

1.049

Average
Pressure (MPa)

1.5938
1.6081
2.4884
2.6805
3.5720
3.4963
3.3852
3.2403
3.6775
3.7937

Average Pressure for
Each RPM (Mpa)

1.6010

2.5845

3.5342

3.3128

3.7356
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Screw Speed T Mass of Time (s Mass Flow Average Mass Average Average Pressure for
ria ime (s
(RPM) Extrudate (g) Rate (kg/hr) | Flow Rate (kg/hr) | Pressure (MPa) Each RPM (Mpa)
30 1 7.960 90.00 0.3184 03115 1.8508 18124
30 2 7.620 90.08 0.3045 1.7740
50 1 12.48 89.96 0.4994 0.5061 2.6267 56500
50 2 12.80 89.88 0.5127 2.6751
70 1 18.35 89.92 0.7347 0.7156 3.4516 3.3903
70 2 17.42 90.04 0.6965 3.3289
90 1 23.35 89.92 0.9348 09178 4.0455 3.9991
90 2 22.53 90.04 0.9008 3.9527
110 1 26.88 90.04 1.075 1.095 4.4180 14577
110 2 27.85 89.96 1.115 4.4973
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Screw Speed . Mass of . Mass Flow Average Mass Average Average Pressure for
Trial # Time (s)
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr) | Pressure (MPa)| Each RPM (Mpa)
30 10.10 89.96 0.4042 03921 3.7176 3.6025
30 2 9.500 90.00 0.3800 L 3.4874 L
50 17.72 89.88 0.7098 0.6972 5.6315 5.5091
50 2 18.27 96.08 0.6846 L 5.5666 L
70 23.86 90.00 0.9544 09676 6.7087 6.7932
70 2 24.52 90.00 0.9808 L 6.7377 L
90 36.47 105.5 1.245 7.6460
1.258 7.6864
90 2 31.72 89.84 1.271 7.7268
110 38.85 90.00 1.554 8.3257
1.549 8.3004
110 2 38.53 89.84 1.544 8.2751
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(RPM)
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1.025
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1581
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0.4439
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Screw Speed TR Mass of Time (5] Mass Flow Average Mass Average |Average Pressure for
(RPM} ra Extrudate (g} HiE R Rate (kg/hr} |Flow Rate (kg/hr}|Pressure (MPa}| Each RPM (Mpa}
30 10.83 90.32 04317 04322 3.1166 31494
30 2 10.88 90.52 0.4327 L 3.1822
50 18.02 90.48 0.7170 0.7201 4.3403 4.3645
50 2 18.13 90.24 0.7233 L 4.3887
70 23.75 90.60 0.9437 09637 5.0584 51136
70 2 25.16 92.08 0.9837 L 5.1687
90 32.20 90.80 1.277 1267 5.7276 56772
90 2 31.68 90.64 1.258 5.6267
110 39.30 90.20 1.569 1550 6.1071 6.0313
110 2 38.55 90.56 1.532 5.9555
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Screw Speed oy Mass of Time (s) Mass Flow Average Mass Average | Average Pressure for
ria ime (s
(RPM) Extrudate (g) Rate (kg/hr) Flow Rate (kg/hr)|Pressure (MPa)| Each RPM (Mpa)
30 10.82 90.00 0.4328 04310 2.3001 2 3359
30 2 10.74 90.08 0.4292 2.3716
50 23.51 117.7 0.7192 07184 3.5703 35713
50 2 1797 90.16 0.7175 3.5783
70 25.08 90.04 1.003 09968 43290 4324
70 2 24.76 89.96 0.9908 43158
90 32.59 89.96 1.304 1267 49187 47953
90 2 30.77 90.04 1.230 46718
110 38.94 90.04 1.557 1568 5.1920 59109
110 2 39.53 90.12 1.579 5.2298
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Screw Speed e Mass of Time (s} Mass Flow | Average Mass Average |Average Pressure for
(RPM} ra Extrudate (g} = & Rate (kg/hr} [Flow Rate (kg/hr}|Pressure (MPa}| Each RPM (Mpa}

30 10.66 90.48 0.4241 0.4239 5.9392 6.0240

30 2 10.62 90.24 04237 L 6.1088 L

50 17.10 90.60 0.6795 0.6344 7.7318 7825

50 2 17.25 90.08 0.6894 L 7.9185 L

70 23.33 90.24 0.9307 09338 10.113 10.135

70 2 23.65 90.88 0.9368 10.158

90 29.26 90.08 1.169 1177 10.671 10,690

90 2 29.64 90.12 1.184 L 10.709 L

110 38.63 96.08 1.447 141 11.228 11219

110 2 35.89 90.04 1.435 11.211
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Screw Speed . Mass of Time (s) Mass Flow Average Mass Average Average Pressure for
rial ime (s
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr)|Pressure (MPa}| Each RPM (Mpa)
30 1 10.62 91.40 0.4183 0.418) 6.0555 6.0504
30 2 10.52 90.60 0.4180 6.0632
50 1 17.04 90.36 0.6789 0.6795 7.2892 7496
50 2 16.96 89.76 0.6802 7.2100
70 1 23.70 90.24 0.9455 0.6467 7.9721 3.0047
70 2 23.76 90.24 0.9479 8.0373
90 1 30.48 90.20 1.217 1217 8.8202 3.8967
90 2 30.56 90.32 1.218 8.9731
110 1 37.64 90.40 1.499 1.484 9.4399 9.4911
110 2 36.93 90.52 1.469 9.5422
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Screw Speed e Mass of Time (s) Mass Flow Average Mass Average Average Pressure for
(RPM) ra Extrudate (g) MEH Rate (kg/hr) |Flow Rate (kg/hr)| Pressure (MPa)| Each RPM (Mpa)
30 10.51 90.16 04197 04173 4.9325 48311
30 2 10.46 90.76 0.4149 4.7297
50 17.28 90.36 0.6885 0.6843 5.7033 5 6824
50 2 16.99 89.92 0.6802 5.6614
70 23.94 89.92 0.9585 0.9567 6.2962 62758
70 2 23.85 89.92 0.9549 6.2554
90 30.81 90.96 1.219 L1 7.1154 71035
90 2 30.76 90.52 1.223 7.0916
110 37.49 90.40 1.493 1.49) 7.3891 713957
110 2 37.44 90.36 1.492 7.4023
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Screw Speed Trial # Mass of Time (s} Mass Flow Average Mass Average Average Pressure for
(RPMY} ra Extrudate (g} = & Rate (kg/hr) |Flow Rate (kg/hr}| Pressure (MPa}| Each RPM (Mpa)
30 9.800 90.48 0.3899 0.4036 3.9650 21001
30 2 1043 90.00 0.4172 4.2392
50 17.34 90.24 0.6918 0.6950 5.3625 5 3764
50 2 17.54 50.44 0.6982 5.3902
70 23.96 90.52 0.9529 0.9534 5.9888 6.0031
70 2 23.88 90.12 0.9539 6.0174
90 30.66 90.36 1.222 1220 6.4920 6.4845
90 2 30.56 90.36 1218 6.4772
110 37.42 90.56 1.488 1482 6.8446 6.8498
110 2 37.08 90.40 1.477 6.8550
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Screw Speed g Mass of Time (s) Mass Flow Average Mass Average Average Pressure for
(RPM} Extrudate (g} Rate (kg/hr} |Flow Rate (kg/hr}|Pressure (MPa}| Each RPM (Mpa}

30 9.710 90.00 0.3884 0.3386 1.8912 1912

30 2 9.730 90.08 0.3889 L 1.9931 L

50 15.96 89.92 0.6390 0.6385 2.5409 5 5560

50 2 15.98 90.16 0.6381 L 2.5710 L

70 22.43 90.28 0.8944 0.3910 2.9877 3.0005

70 2 22.20 90.04 0.8876 3.0133

90 27.71 90.04 1.108 1107 3.3562 33753

90 2 27.71 90.12 1.107 L 3.2943 L

110 34.04 90.12 1.360 1347 3.4110 34393

110 2 33.45 90.24 1.334 3.4675
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Screw Speed o Mass of Time (5 Mass Flow | Average Mass Average  |Average Pressure for
(RPM) ra Extrudate (g) ime (s Rate (kg/hr) [Flow Rate (kg/hr)|Pressure (MPa)| Each RPM (Mpa)
30 1 9.640 90.12 0.3851 03847 1.4376 12949
30 2 9.630 90.20 0.3844 1.1522
50 1 15.73 90.00 0.6292 06312 1.3388 12999
50 2 15.83 90.00 0.6332 1.2609
70 1 2191 90.00 0.8764 08782 1.4489 L4475
70 2 22.03 90.12 0.8800 1.4361
90 1 28.04 90.00 1122 114 1.5684 15655
90 2 28.17 90.00 1.127 1.5625
110 1 34.07 90.04 1.362 1366 1.6944 16845
110 2 34.26 90.04 1.370 1.6746
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Screw Speed e Mass of Time (5] Mass Flow Average Mass Average  |Average Pressure for
(RPM) ra Extrudate (g) Hs Rate (kg/hr) |Flow Rate (kg/hr)| Pressure (MPa)| Each RPM (Mpa)

14 14

30 8.740 90.84 0.3464 0.3555 0.19410 0.20530

30 2 9.140 90.24 0.3646 0.21650

50 15.31 90.20 0.6110 0.6099 0.36400 0.37015

50 2 1541 91.12 0.6088 L 0.37630 L

70 21.50 90.12 0.8589 0.8604 0.49960 0.49395

70 2 21.46 89.64 0.8619 L 0.48830 L

90 27.47 90.28 1.095 1096 0.58230 0.57790

90 2 27.53 90.40 1.096 L 0.57350 L

110 33.54 90.44 1.335 131 0.65040 0,65305

110 2 33.76 90.16 1.348 0.65570
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Screw Speed . Mass of . Mass Flow Average Mass Average Average Pressure for
Trial # Time (s)
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr)| Pressure (MPa)| Each RPM (Mpa)
30 1 9.660 90.40 0.3847 0.29000
0.3865 0.25315
30 2 9.790 90.76 0.3883 0.21630
50 1 15.56 90.64 0.6180 06235 0.27430 026660
50 2 15.72 89.96 0.6291 0.25890
70 1 21.83 90.48 0.8686 0.8688 0.33140 032900
70 2 2191 90.76 0.8691 0.32660
90 1 27.90 90.64 1.108 1.109 0.39580 039400
90 2 27.87 90.48 1.109 0.39220
110 1 33.92 90.52 1.349 1.358 0.45430 045380
110 2 34.15 89.96 1.367 0.45330
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Screw Speed T Mass of Time (5] Mass Flow | Average Mass Average Average Pressure for
(RPM} ra Extrudate (g} HiE R Rate (kg/hr} |Flow Rate (kg/hr}|Pressure (MPa}| Each RPM (Mpa}

30 10.18 90.04 0.4070 0.4096 2.7892 57204

30 2 10.35 90.40 0.4122 2.6515 L

50 16.85 90.32 0.6716 0.6720 3.0377 3.0064

50 2 16.90 90.48 0.6724 2.9751 L

70 23.33 90.24 0.9308 0.9314 3.2962 32899

70 2 23.27 89.88 0.9320 3.2836

90 29.90 90.00 1.196 1195 3.5102 35169

90 2 30.02 90.44 1.195 3.5235 L

110 36.46 90.48 1451 1449 3.6986 36954

110 2 36.26 90.20 1.447 3.6921
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Screw Speed Trial # Mass of Time (5 Mass Flow | Average Mass Average  |Average Pressure for
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr)| Pressure (MPa)| Each RPM (Mpa)
30 1 10.51 90.04 0.4202 04210 0.89440 0.90130
30 2 10.54 89.96 0.4218 0.90820
50 1 17.05 90.44 0.6787 06348 1.2223 12226
50 2 17.32 90.24 0.6910 1.2229
70 1 23.62 90.16 0.9431 09439 1.4182 1414
70 2 23.67 90.20 0.9447 1.4065
90 1 30.88 89.88 1.237 1223 1.5441 15400
90 2 30.82 91.80 1.209 1.5359
110 1 37.46 90.92 1.483 1483 1.6992 L6970
110 2 37.39 90.84 1.482 1.6947
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Screw Speed . Mass of Time {s) Mass Flow Average Mass Average Average Pressure for
ria ime (s
(RPM) Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr)|Pressure (MPa)| Each RPM (Mpa)

| 4 | 4

30 1 10.37 89.84 0.4155 04158 0.29900 029990

30 2 10.39 89.88 04162 L 0.30080 L

50 1 17.06 89.76 0.6842 06345 0.46610 0.46830

50 2 17.09 89.84 0.6848 L 0.47050

70 1 23.75 89.88 0.9513 0.9501 0.60070 059790

70 2 23.67 89.80 0.9489 0.59510

90 1 31.17 89.84 1.249 1.230 0.70630 0.70230

90 2 30.23 89.80 1.212 0.69830

110 1 37.32 90.32 1.488 1.486 0.78440 0.78520

110 2 37.05 89.88 1.484 0.78600
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Screw Speed Trial # Mass of Time (5 Mass Flow Average Mass Average |Average Pressure for
(RPM} Extrudate (g) Rate (kg/hr) |Flow Rate (kg/hr)| Pressure (MPa)| Each RPM (Mpa)
30 1 10.46 89.52 0.4206 04229 0.22340 091490
30 2 10.59 89.68 0.4251 0.20640
4
50 1 17.2 90.12 0.6887 06383 0.29470 029350
50 2 17.19 89.96 0.6879 0.29230
70 1 23.79 89.88 0.9529 09573 0.37590 0.37495
70 2 23.74 89.80 09517 0.37400
90 1 30.28 89.76 1.214 1220 0.45350 0.45275
90 2 30.59 89.80 1.226 0.45200
4
110 1 369 90.12 1.476 1476 0.52130 0.51440
110 2 36.92 90.00 1.477 0.50750
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Microtruder Technology

Feed Sections': Select the feed
section that is right for your feed
stock, output and pressure stabilty:
“Standard  (smooth bore)
Classic  (smooth  bore)
-Aggressive (smooth_bore)
Grooved  Bore  Series’

Roler Feed (for soft strps)

Melt Feed_(for reactors)

Hopper: Stainless steel (5.,
optionally sealed for nitrogen
purge or powdered foed stocks.
Feed Section Cooling:
Hardened s.s. features (3) LID's
of directed cooling for positive
temperature control of solids
conveying.

Stainless Steel Cover:
Screw: Working LD 24:1to 50:1 in — Cooing fans are optonal for
standard  and  cusiom  designs precison amperature contol,
idung ﬂe|m?:g.|)m mixing o Barrel Heaters: Standard
(pate - — mica or high _temperature
Barrel: Nirided stainless steel or b- Tinoral fcd.
metalic lined for cortosion or wear Type “J” Thermocouple
resistance. Ports
= Pressure Port & Rupture
Heated Clamping  Plate: Disc?: Pressure measurement
Heaters provide themal control to before the breaker pate i a
prevent freeze-off. = Screws secure recommended option.
ransfer tube forleak ree operaton. o .
B Surge  Suppressor
Die: Avalable dies include I Autoratic surge reduction  in
strand, fim,  monofilament, o' every srew.
coextusion, tubing, and shee. : Barrel Flange: Change
Transfer Tube: Heated by o/ H o e pauders ot
the barrel and the clamping direction’ by rotating the

plate to eliminate cold spots, the
transfer tube holds the breaker
plate.

Breaker Plate: Holds the
screen pack in streamlined
stainless steel construction.

Gear Reducer: Double
enveloping, low  backlash
gearing with high performance
integral thust bearings.

'AC Motor: Variable uniforf speed
control with over amperage protection.

flange on the gearbox.
Flange cooling keeps the
geabox ol cool.
Assembly is shown for
standard fight to left
operation.

Adjust Height and
Level:  Change the
center line of the output as
needed on swivel brass
pads. Optional mounting
systems availabled.

U. S. PATENTS: 5,486,328; 5,515,672; 5,569,429. Other U.S. and foreign patents pending.

* A technical bulltin or a published paper is avalable on this topic.
2 Rupture discs are standard on allsizes except the 1/4 inch Microtruder.
3 Drawings are availabe.
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Fe m ntul |
F,=forwarding force at the barrel wall and centered on surface.
F,=force due to pressure and centered on surface.

F,= retarding force and centered on surface.
tarding force and centered on surface.
tarding force and centered on lower surface.
force due to pressure and centered on surface.

Fe=

F;= force due to pressure and centered on pushing surface.
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Melt pool Barrelside

Screw side Solidbed

Figure 6.2 Photograph of resin solidified in the transition section after a Maddock solidification
experiment for an ABS resin. The pushing fiight is on the left side of the photograph
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Solid Bed

Pushing Trailing
Side Side
Figure 6.12 Schematic for the zones of the new melting concept: Zone A is the solid bed,
Zone B1is the melt pool, Zone C is the melt film located between the solid bed and the barrel
wall, Zone D is the melt ilm between the solid bed and the screw root, and Zone E is the melt
film between the solid bed and the trailing fight. The cream color represents molten resin
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Figure 6.14 Qualitative shape of X and ¥ bed dimensions and melt film thickness for melting
in a conventional transition section: a) top view, and b) side view. The cream color represents
molten resin
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