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List of Terms and Abbreviations 

 

CM  Continuous Miner 

CMM  Coordinate Measurement Machine 

BPF  Blade Pass Frequency 

REL   Recommended Exposure Limit 

PEL  Permissible Exposure Limit 

NIOSH National Institute for Occupational Safety and Health 

OSHA  Occupational Safety and Health Administration 

dB  Decibel 

dBA  Decibel accounting for human hearing (A-weighting) 

RPM   Revolutions per minute 

NIHL  Noise Induced Hearing Loss 

ADPAC Advanced Ducted Propfan Analysis Code (CFD) Software 

CFD  Computational Fluid Dynamics 

CFM   Cubic Feet per Minute 

SCFM  Standard Cubic Feet per Minute 

HP   Horsepower 

PR  Pressure Ratio 

TE  Trailing edge 

LE  Leading edge 

Cd  Drag coefficient 

CL  Lift coefficient 

Vinf  Freestream Velocity 

CR   Counter Rotating (modes) 

M   Mach number (or circumferential mode order number) 

Cr  Rotor average chord 

Hz   Hertz 
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ABSTRACT 

 

In the mining industry, Noise Induced Hearing Loss (NIHL) affects 90% of miners by 

age 50 [Camargo et al., 2008]. This is a consequence of exposure to noise above the 

Permissible Exposure Level (PEL) or Recommended Exposure Limit (REL) as defined 

by NIOSH, i.e. a dose of 100% or an 8 hour time weighted average of 90 dBA sound 

pressure level at the miner’s ear. In the particular case of Continuous Miners (CMs), 

NIOSH [3] estimates that up to 86% of the CM operators are exposed to levels above the 

PEL. Also, excessive noise levels affect communication inside mines and create a hazard 

when operators cannot hear alarms. Although most mining related injuries and illnesses 

have been reduced in recent years, hearing loss is an exception. Reducing the noise from 

the CMs would significantly improve the working environment and therefore reduce the 

potential of NIHL.  

 

AVEC’s approach to achieve noise reduction in the CM is to target one of the major 

noise sources, the scrubber fan system used to remove harmful coal dust from the air. 

The goal of this project is to completely redesign the fan (rotor and stator) of the CM 

scrubber system’s for reduced noise while keeping the required performance. The 

approach is to use modern computation tools and technologies, including some 

innovative technologies utilized for designing quiet propulsors for unmanned aerial 

vehicles such as ducted fans. The primary objective of this design effort is to reduce 

noise, and maintain the duct collection performance of the scrubber fan. Whereas, current 

scrubber fan designs generally only consider efficiency as the main design parameter. 

The design for noise and aerodynamic efficiency is an approach that AVEC has 

successfully implemented previously in different military and commercial projects where 

noise is a major concern, e.g. unmanned air vehicles.  

 

A redesign of the rotor and stator pair was performed using modern tools and 

technologies. Significant noise reductions were made by selecting an appropriate rotor 

and stator blade count, increasing the spacing between the rotor and stator, reducing the 

stator chord length, and designing new airfoils for both the rotor and stator. In particular, 

the stator vanes are well designed airfoils as compared to the curved flat plate currently 

implemented in the CMs. Analytical/numerical studies were used at this stage for 

aerodynamic performance and noise predictions, i.e. no experiments or measurements. 

Based on these studies, the new advanced fan design produces 20 dB less noise and 

continues to produce the same flow rate and produce the same pressure rise (head) 

required for dust collection. Although, the entire 20 dB of noise reduction will not be 

observed due to other noise sources becoming dominant, such as the scrubber fan inflow 

distortion noise. These other noise sources will be addressed in the Phase II.  
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Significant (Key) Findings 

 

The specific aim of the project is to reduce the noise produced by continuous mining 

machines with focus on redesigning the fan, the major noise source. The current scrubber 

fan design has remained mostly unchanged for 20 years or more and was designed 

without considering noise as a factor. Some of the major sources of noise on the scrubber 

fan were found to be a result of the very short distance between the rotor and stator, the 

number of blades, and unnecessarily long and poorly designed stator vanes. Multiple 

inefficiencies were also found to exist in the baseline system. For example, a significant 

design flaw of the demister and ductwork geometry cause significant flow blockage 

resulting and a highly distorted inflow at the scrubber fan inlet. Additionally, the current 

acoustic liner treatment is not designed properly and is not effective. These system 

inefficiencies will be addressed in Phase II of this project. 

 

Trade studies were performed to assess the effect of various fan parameters on the overall 

noise of the fan. Rapid design iterations were performed adjusting fan parameters that 

were determined to have the highest impact on the fan noise, i.e. seeking the quietest 

design in the trade studies. Significant noise reductions were made by selecting an 

appropriate rotor and stator blade count, increasing the spacing between the rotor and 

stator, reducing the stator chord length, and implementing an airfoil shape on the stator 

vanes, as opposed to the curved flat plate the baseline fan uses. Studies on the 

aerodynamic performance of the advanced fan was performed which showed that the 

current design continues to produce the same flow rate and produce the same pressure 

rise (head). Aerodynamic efficiency is mostly conserved for the advanced fan with only 

an overall decrease on the order of 2-3%, e.g. from 86% to 83%. 

 

The current advanced fan design was found to be significantly quieter than the baseline 

configuration. Noise predictions show that the advanced fan is up to 20 dB quieter than 

the baseline fan. It is likely that not all of this noise reduction will be possible due to the 

existence of flow distortion in the baseline continuous miner ductwork. Preliminary 

estimations show that the overall noise could be decreased by at least 3 dB by simply 

correcting the inflow distortion with the existing fan. The combination of the new fan 

design and the correction on the inflow distortion has the potential to achieve the 20 dB 

noise reduction (or better) predicted in this project’s study. Noise increases caused by the 

ductwork flow distortion are out of the scope of this Phase I project and will be 

investigated more closely in Phase II.  

 

Translation of Findings 

The findings of this project can be used to prevent workplace injuries such as Noise 

Induced Hearing Loss (NIHL) by the implementation/installation of the newly design 

scrubber fan and stator. The new scrubber fan design is not ready for implementation yet 

since it is only a design and a set of design guidelines. The Phase II project will redesign 

other scrubber fan system components that contribute to the noise produced by the fan, 

such as upstream disturbances interacting with the spinning fan, further refine the 

scrubber fan design, and build and test a prototype scrubber fan system to confirm 
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predictions. AVEC has been closely working with Joy Mining Machinery, a leading 

manufacturer of mining equipment in the world, in this Phase I effort. In fact, AVEC has 

already partnered with Joy Mining Machinery and agreed to a licensing condition for the 

implementation of any future scrubber fan systems. This cooperation between AVEC and 

Joy has the main advantage of providing a direct path for the translation of technology 

and the potential for improvement in the wellbeing of miners in shortest amount of time.  

 

The current advanced fan design is up to 20 dB quieter than the baseline fan. If all 20 dB 

of noise reduction is observed, the noise exposure of the CM operator would likely fall to 

below the MSHA PEL. This would eliminate the increased risk of NIHL and allow for a 

much safer work environment. Once the scrubber fan system design is completed in the 

Phase II, rapid implementation into the workplace can be achieved through new machines 

and retrofits. 

 

 

Outcomes/Impact 

Multiple beneficial potential outcomes are a result of this project. This project leads to 

improvements in occupational safety and health by directly reducing Noise Induced 

Hearing Loss for miners exposed to the continuous miner machine. The new scrubber fan 

design is projected to have up to a 20 dB noise reduction relative to the current scrubber 

fans in continuous mining operations. Considering the MSHA Permissible Exposure 

Limit, a 20 dB noise reduction would decrease the miner’s noise exposure to below the 

MSHA PEL reducing the risk of NIHL. With a decrease in continuous miner noise, the 

surrounding workplace environment would be quieter. This quieter workplace 

environment would allow more efficient communication which is vital for worker safety 

in such a hazardous work environment. Moreover, mine owners/corporations will benefit 

from the lowered noise by reduced health costs related to NIHL and a more comfortable 

working environment. Furthermore, the findings in this study can be used to serve as a 

fundamental baseline for acoustically efficient ducted fan design, particularly for 

outdated heavy machinery. The trade studies and resulting correlations between fan 

parameters and overall noise performed within this Phase I project can serve as a first 

step to designing an acoustically efficient ducted fan.   
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1. Introduction 

This section (2) summarizes the technical work and tasks performed for the project 

“Quieting of Continuous Miner Scrubber Fan Noise”, under NIH contract 

#1R43OH010282-01. This section is organized into chapters. The first introduction 

chapter discusses the nature of the problem/background, and the approach used to address 

the problem. The second chapter discusses the currently used scrubber fan (baseline), the 

aerodynamic and acoustic properties of the fan, and the deficiencies of the fan. The third 

chapter discusses the trade studies and investigations performed to reduce the noise. The 

fourth chapter evaluates a collection of new scrubber fan designs and their aerodynamic 

and acoustic performance. The fifth chapter discusses additional noise control options, 

such as acoustic liners and serrations. The sixth chapter discusses the impact of the noise 

reduction on the miner. The final chapters include a summary of the findings, 

recommendations for future work (Phase II), references, publications, and appendices.  

 

1.1. Description of Problem and Background 

In the mining industry, Noise Induced Hearing Loss (NIHL) affects 90% of miners by 

age 50 [1]. This is a consequence of exposure to noise above the Mine Safety and Health 

Administration (MSHA) Permissible Exposure Level (PEL). In the particular case of 

Continuous Miners (CMs), MSHA and NIOSH [2,3] estimate that up to 86% of the CM 

operators are exposed to levels above the PEL. Additionally, CMs were the number one 

machine among all mining equipment whose operators exceeded 100% noise dosage [4]. 

Also, excessive noise levels affect communication inside mines and create a hazard when 

operators cannot hear alarms. Although most mining related injuries and illnesses have 

been reduced in recent years, hearing loss is an exception. It estimated that at least 30 

million workers are exposed to excessive noise levels and studies show that 70 to 90 

percent of all miners have NIHL large enough to be classified as a hearing disability 

[5].These facts suggest that reducing the noise from the CMs would significantly improve 

the working environment and also reduce the potential of NIHL. 

 

In order to reduce the noise generated by CMs, it is first necessary to determine the major 

noise sources. A typical approach is to rank the noise sources according to their loudness 

and to approach the noise reduction efforts starting with the loudest one. Several 

techniques can be used to determine (and thus rank) the loudest noise sources. One of 

such techniques is known as Microphone Phased Arrays (MPAs) [6]. This advanced 

approach implements a large number of sensors in a particular pattern and post-

processing techniques to obtain an acoustic map. These results allow visualizing the 

major noise sources on a machine (overlaid with a picture or CAD drawing) as “red 

spots” in a contour plot. AVEC has collaborated in the past with NIOSH Pittsburg 

Research Laboratory (PRL) to use this technique on a CM and a Vibrating Screen [7]. In 

the case of the CM, the measurements were used to characterize the machine as well as to 

quantify the noise reduction obtained with a urethane-coated tail roller. Pictures of the 

CM and the test setup in PRL’s hemi-anechoic chamber are shown in Figure 1 and Figure 

2. Although the main goal was to quantify the noise reduction obtained with the newly 

designed tail roller, a few configurations were run with the scrubber fan ON. These 
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results showed that the scrubber fan system is louder than the conveyor tail roller, even 

without the urethane coated tail roller (see Figure 3).  

 

 
Figure 1: Pictures of the 14CM machine tested by AVEC using phased array 

measurements at NIOSH Pittsburg Research Laboratory. 

 

 
Figure 2: Test setup for phased array measurements of a continuous miner conducted by 

AVEC at NIOSH Pittsburg Research Laboratory. Detail of tested tail rollers. 

 

 
Figure 3: Sample acoustic maps for standard tail roller and scrubber fan OFF (left) and 

ON (right) showing noise increase at operator location due to scrubber system noise. 
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As a consequence of this and other noise control devices implemented in recent years, the 

noise from the scrubber fan system has become a dominant noise source in a CM. A 

picture of the currently used scrubber fan (rotor, stator, motor, and housing section) is 

shown in Figure 4. The scrubber system of a CM consists of a duct extending from the 

cutting heads to the back of the machine. The duct contains a fan and filter screens (see 

Figure 5 and Figure 6). Previous noise measurements of the scrubber system and a 

preliminary study of the acoustic sources conducted by AVEC suggest several 

opportunities for noise reduction.  

 

 
Figure 4: Scrubber fan currently used on Joy CM. 

 

 
Figure 5: Scrubber system of a Joy Mining Machinery CM (Susey, 2008). 

 

Fan Scrubber/demister Outlet 
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Figure 6: Diagram of scrubber system of a Joy Mining Machinery CM. 

 

Although several noise control devices have been proposed in previous work, it is 

believed that in order to obtain a significant noise reduction the problem needs to be 

attacked at its root, the fan itself. This fan noise represents a minimum noise level that 

can be attained even if all other noise sources were reduced or removed.  

 

For several years, the industry’s design objective for this type of fan was high efficiency 

and reliability. However, the fan was not designed with low-noise as a priority. Although 

acoustic performance and efficiency are often in opposition, technologies developed in 

the last 20 years and the availability of modern computational tools allow for reduction of 

noise with minimal impact on efficiency. The authors of this report have developed a 

similar approach for ducted fans and open rotors. As a result, previous projects have 

proven that significant noise reduction can be achieved while maintaining aerodynamic 

efficiency (2-3% reduction in efficiency). As in many applications, the trade-off between 

noise and efficiency must be set as an objective. This type of objective would be 

determined in collaboration with the industry to ensure that the final product can be 

implemented beyond the research stage. Joy Mining has made the commitment to support 

and participate in the Phase II project (see letter of support, Appendix B). This early 

collaboration with industry suggests that a successful scrubber fan design would rapidly 

transition to the mining field and therefore quickly benefit workers in the mining 

industry. 

 

As a testimony to the high noise levels in underground mines, AVEC was recently 

contacted by an Industrial Hygiene specialist requesting assistance to reduce scrubber fan 

noise on their underground CM. The actual email received from this Industrial Hygiene 

specialist is shown in Appendix A. Discussions with this industry specialist confirmed 

that the scrubber fan noise was indeed the highest level noise source in their mines. This 

specialist discovered this Phase I research abstract when researching the high noise levels 

of the scrubber fan system online.  
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1.2. Objective/Approach 

The objective of this Phase I work is to conduct a proof-of-concept design for a 

particular CM using state-of-the-art computational tools and noise control technologies. 

The newly designed fan properties (aerodynamic and acoustic) are compared to those of a 

current CM fan to determine the potential of the proposed approach.  

 

The approach to achieve noise reduction in the CM is to target one of the major noise 

sources, the fan (rotor-stator) of the scrubber duct system. Although several attempts 

have been made over the years to reduce the noise from CMs by acoustic treatment and 

other small modifications, the fan noise itself has not been targeted in previous studies, 

e.g. control at the source. Furthermore, most of these fans were designed over 20 or 30 

years ago. The main problem with the current fan is that it was designed with efficiency, 

pressure rise and reliability in mind, while not considering noise as a major design 

variable.  

 

It is the hypothesis that completely redesigning the fan (rotor and stators) using modern 

computational tools and technologies would have a very significant impact on the noise. 

In this process, low noise will be considered the major target. This is an approach that 

AVEC has successfully implemented in different military and commercial projects where 

noise is a major concern, e.g. unmanned air vehicles. Even in these highly-demanding 

applications it was found that aerodynamic efficiency can be kept high while significantly 

reducing noise. 

 

The first task in this project is to analyze the current scrubber fan design to define a 

baseline. The analysis of the baseline fan includes both aerodynamic and acoustic 

performance. Full analysis of the baseline design allows for a metric to compare new 

designs against. The second task is to perform trade studies to determine the acoustic 

effect of varying fan properties. Multiple parameters of the scrubber fan are considered 

available for change, such as: rotor and stator blade count, rotor-stator spacing, hub to tip 

ratio, chord distributions, and others. Some of the parameters are assumed to be held 

constant, such as: aerodynamic performance (flow rate and pressure rise), rotor rotational 

speed (3600 RPM), and rotor tip diameter. The next task is to refine the studies and make 

a set of actual designs. Of these preliminary designs, the quietest and most efficient 

design will be selected and full computational fluid dynamic (CFD) analysis will be run. 

This CFD solution will be compared to the full analysis performed on the baseline fan to 

estimate the overall noise reduction. In addition to redesigning the scrubber fan, other 

noise sources are explored. Preliminary studies on acoustic liners and Howden Buffalo 

experimental data detailing the flow characteristics of the scrubber system are taken into 

account. 

 

Note that the advanced scrubber fan design from this Phase I effort should not be 

considered fully optimized. True optimization will be performed in the Phase II 

accompanying a complete design of the scrubber fan system, i.e. filter screen, demister, 

rotor/stators, exhaust, and acoustic liners.  
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1.3. Review of Previous Work 

For completeness, the previous work performed on the topic of noise reduction has been 

reviewed and summarized in this section. The first major study was performed for and 

summarized by the master’s thesis of Benjamin Carter at Pennsylvania State University 

(PSU) in 2003 [8]. The second major study was performed by Howden Buffalo in 2008 

[9].  

 

The thesis by Carter investigated various methods to reduce both broadband and tonal 

noise. A 3600 RPM, 7000 CFM, 30 HP vaneaxial fan was used in this analysis. This 

vaneaxial fan consisted of a 12 blade, 3.68” chord rotor and a 15 blade, 10.5” chord 

stator. The combination of 12 rotor blades and 15 stator vanes will be represented in this 

document as 12/15 (shorthand). The currently used scrubber fan provided by Howden 

Buffalo for the current project consisted of a 12 blade, 5.62” chord rotor, a 15 blade, 9.8” 

chord stator, and featured a perforated housing downstream of the rotor trailing edge. 

This partially perforated housing is shown in Figure 7. Various fan housings were also 

analyzed in Carter’s thesis. It is important to note that all experiments performed for 

Carter’s thesis did not consider the aerodynamic performance of the fan. Primary 

methods to reduce broadband noise were through sound absorption materials and the 

reduction of turbulence. Absorption of sound was performed via absorptive foam 

(acoustic blanket) integrated into the fan housing system. Reduction of turbulence was 

performed via installing an inlet shroud and a discharge extension at the fan outlet. The 

inlet shroud was a converging, circular piece that was bolted to the inlet of the vaneaxial 

fan in order to smooth the air flow. The discharge extension was bolted to the outlet of 

the vaneaxial fan and removable deflecting vanes which direct the discharge airflow. 

However, these reduction techniques (inlet shroud and discharge extension) would not be 

available for implementation in the continuous mining machine due to space restrictions; 

these techniques were investigated to highlight the importance of flow management. The 

methods to reduce tonal noise were: increasing the spacing between the rotor and the 

stator, varying the rotor blade circumferential spacing (modulation), and modifying the 

stator vane leading edge geometry.  
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Figure 7: Baseline fan casing for PSU tests featuring partially perforated housing and 

acoustic blanket/foam. 

 

Experimental testing of the above mentioned noise reduction techniques led to the 

following conclusions. Absorptive foam integrated into the fan system was found to 

reduce broadband noise levels. Specifically, foam wrapped around the fan housing and 

foam lining the discharge extension produced the largest noise decrease. The installation 

of the inlet shroud and discharge extension sufficiently smoothed the airflow to reduce 

turbulence ingested by the fan. This reduction in turbulence slightly decreased the noise 

but more importantly highlighted the importance of flow management. It was found that 

smooth airflow (i.e. minimizing ingested turbulence into the fan from the 

scrubber/demister) reduced noise. It was found that increasing the distance between the 

rotor trailing edge and stator leading edge reduced noise as well. Unevenly spaced rotor 

blades (i.e. modulated blades) produced strong tones at harmonics of the shaft rotational 

frequency as well as the blade passage frequency. Evenly spaced rotor blades produced 

tones primarily at harmonics of the blade passage frequency. Due to this, it was suggested 

to abandon the modulated blade spacing in favor of an evenly spaced rotor. The stator 

vane leading edge geometry affected the amount of radiated noise at harmonics of the 

blade passage frequency. Modifying the stator vane leading edge from a straight edge 

perpendicular to the airflow to a diagonal profile (i.e. vane sweep) reduced the tonal 

noise. Additional literature is available on noise reduction through modifying vane 

geometry and fan sweep [10, 11, 12].  

 

It should be noted that the absorptive foam (acoustic blanket) used as an acoustic liner in 

this study is not a traditional acoustic liner design, i.e. there is no solid backing to the 

liner to prevent sound leakage, and the wall perforations and wall thickness are extremely 

large (1/4”) and thick (1/4”) for acoustic liners. More discussion of the deficiencies of the 

PSU acoustic liner (and currently implemented acoustic liner) is in section 5.1.  
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The results and conclusions from the Carter thesis were used to create a new fan housing. 

The new housing was manufactured by Howden Buffalo and featured increased rotor-

stator spacing, stator leading edge sweep, and a fully perforated housing (with 

perforations and absorptive foam extending over the rotor plane). Original tests using this 

housing were performed for the thesis. Tests were also performed using this housing at a 

Howden Buffalo facility in 2008 [9]. A review of the measurements and results are 

shown here. A picture of one of the tests with the previously described PSU fan housing 

manufactured by Howden Buffalo is shown in Figure 8. The primary objective of the 

testing was to determine the effect of scrubber ductwork and fan interaction on 

aerodynamic performance and outlet noise levels. Another objective of the test was to 

determine the aerodynamic performance and acoustic impact of modifying the existing 

ductwork or fan in order to reduce fan noise levels or improve aerodynamic performance. 

Various duct-filter screens were tested with and without an acoustically lined discharge 

insert and discharge silencer supplied by Joy. A spool piece (straight pipe extension) 

between the scrubber discharge and the fan inlet was also investigated.  

 

 
Figure 8: PSU fan casing featuring a fully perforated housing. 

  

The overall noise results from the tested configurations are shown in Table 1. The most 

pertinent combinations (serial numbers are 8022A, 8048, 8049, 8049A, and 8050A) are 

shown in Figure 9. Results show that noise is reduced by 7 dB when the discharge insert 

and silencer are added. It was found that the addition of the spool piece (additional 

spacing) decreased noise by about 3 dB (8048B to 8049B). The results also showed that 

the addition of the scrubber and filter increase noise by 3 dB (8022A vs 8048B). The 

cause of the increased noise is very likely the flow distortion created by the demister’s 4” 

blockage along the bottom of the duct and 1” blockage across the top of the duct. The 

duct cross-section and resulting duct blockage of the demister outlet are clearly seen in 

Figure 10. Implementation of the PSU fan casing resulted in at least another 3 dB sound 

level decrease at the cost of fan performance [17]. Recall that the PSU fan casing not 

only had additional absorptive foam, but it also had a different rotor-stator blade count 

and additional rotor-stator spacing. 
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Table 1: Howden Buffalo scrubber fan test matrix and results. 

 
 

 
Figure 9: Howden Buffalo noise test results. 
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Figure 10: Spool piece inlet cross-section and resulting duct blockage (photo by Howden 

Buffalo Inc.). 

 

Test configuration # TSN8022A tested just the fan with the outlet duct while all of the 

other tests included fan and scrubber ductwork interaction. Comparing test TSN8022A to 

test TSN8048 shows that the scrubber to fan interface is a large source of noise (+3 dB) 

due to poor flow characteristics. The 3 dB increase indicates the flow distortion 

interacting with the fan is as loud as the fan itself. A Pitot tube traverse of the airflow at 

the scrubber outlet showed that the current scrubber outlet vanes discharge the air at 

approximately 20° relative to the centerline of the duct [9]. Howden Buffalo concluded 

that flow distortion is the major factor in the increase in system sound. At least a 3 dB 

noise reduction appears to be possible by simply straightening the flow leaving the 

scrubber/ demister and eliminating the duct blockage [17]. Potential options for this 

are either a redesign of the scrubber itself or inserting a flow straightening device.  

 

Howden Buffalo recommends using turning vanes to straighten the flow leaving the 

scrubber [18], however, this upstream vanes can also produce distortion and noise. This is 

the reason that all commercial aircraft engines with upstream vanes to straighten the flow 

were put out of service.  Additionally, it was recommended that the corner blockage on 

the top and bottom of the demister should be decreased. Also, the orange screen guard 

visible in Figure 10 can be removed with the addition of flow turning vanes. A square to 

round transition combined with flow straightening vanes located at the square end could 

potentially eliminate flow irregularities. Note that the approach recommended by AVEC 

in the Phase II is to redesign the scrubber system (duct, demister, etc.) itself such that 

the outlet flow is straight rather than to make “corrections” to the existing one.  
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2. Analysis of Baseline Scrubber Fan  

The physical, aerodynamic, and acoustic properties of the baseline scrubber fan must be 

determined. This section details these characteristics of the baseline scrubber fan. 

 

2.1. Description of Baseline Fan 

The currently used scrubber fan system and 2 additional rotors were received on 3-27-

2013. The scrubber fan was equipped with the standard flow rotor while the 2 additional 

rotors were for high flow and low flow applications. The 2 additional rotors (high and 

low flow) were not analyzed at this stage. The supplied scrubber fan has 12 rotor blades 

and 15 stator vanes. The scrubber fan is shown in Figure 11. The standard flow rotor, 

stator, housing, and other properties of this currently used scrubber fan system are also 

referred to as the “baseline” fan. Also note that the combination of 12 rotor blade and 15 

stator vanes will be represented in this document as 12/15 (rotor blades/stator blades: 

used as shorthand). 

 

 
Figure 11: Scrubber fan currently used in CM. 

 

The fundamental rotor properties were measured with a coordinate measuring machine 

(CMM) at Techsburg on 3-28-2013. Figure 12 shows the CMM. Measurements of the 

stator vanes were primarily performed using technical drawings. 
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Figure 12: Coordinate measurement machine 

 

Table 2 shows various properties measured by the CMM for the baseline normal flow 

scrubber fan as well as other parameters measured from technical drawings. It is worth 

noting that the rotor and stator chords tend to vary linearly from the hub to tip. A picture 

and diagram of the rotor airfoil is shown in Figure 13. This airfoil has a very 

blunt/rounded trailing edge (best seen in the diagram).  

 

Table 2: Properties of baseline scrubber fan system. 

Property Value 

Hub Radius 8.58” 

Tip Radius (casing/housing) 10.59” 

Rotor chord 5.39” (hub), 5.85” (tip) 

Stator chord 9.82” (hub), 9.78” (tip) 

Rotor-stator hub spacing 1.7” 
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Figure 13: Baseline physical rotor airfoil and measured rotor tip airfoil. 

 

The baseline scrubber fan consists of a 12 blade rotor and 15 vane stator. The axial 

spacing at the hub between the rotor and stator is 1.7” (or 30% of rotor chord). This 

standard flow scrubber fan operates between a flowrate of 6000 to 9000 CFM. These 

flowrates produce a static pressure rise between 15.5 and 5 IWG respectively. 

Additionally, the total pressure rise across the stage is between 16 and 6 IWG, 

respectively. Any new/advanced fan design produced from this project must be able to 

operate at these conditions or better (i.e. higher flowrates and higher pressure rise). 

 

Explanation of fan variable flowrate and pressure rise: Fan flowrate is set to the 

maximum 9000 CFM at the beginning of a shift. As the demister separates the particles 

from the flow, the system resistance increases thus increasing the static pressure rise that 

the fan must operate. There comes a point when the fan cannot produce enough torque to 

pull the flow through the system. This occurs when the system resistance reaches a 

maximum. The system stalls at this pressure rise and the demister filter must be emptied 

and cleaned. For the baseline fan, the stall point is at 5913 CFM at a total pressure of 

16.10 IWG. 

 

2.2. Aerodynamic Analysis of Baseline Fan 

For the study of the baseline rotor and stator, a CFD solution of the baseline rotor and 

stator were computed using CFD. The CFD solution was calculated by Techsburg in 

ADPAC. The CFD solution was computed using the conditions shown in Table 3. The 

flow being ingested by the rotor is assumed to be clean (well behaved) and straight. The 

solution includes the effect of the spinner and stators. The CFD solution at 25%, 50%, 

and 75% span are shown in Figure 14. Figure 15 shows the CFD solution without 

streamlines at the 50% span along with a second view showing the inflow flow velocity 

and streamlines. The normalized axial velocity for a rotor blade and stator vane is shown 

in Figure 16. The pressure and streamlines for a rotor blade and stator vane are shown in 

Trailing edge 
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Figure 17. The reference pressure is atmospheric. The rotor wakes were extracted from 

the CFD solution at two locations, directly at the rotor trailing edge (TE) and directly at 

the stator leading edge (LE). The solution at these locations are shown in Figure 18A and 

B. The color scale is the axial velocity normalized by the freestream velocity (141.7ft/s). 

The wake profile at the rotor trailing edge is more traditionally shaped than the wake at 

the stator LE. Although the wake can still be seen in the stator trailing edge plot (Figure 

18B), the low velocity (blue) section at the tip of the stator trailing edge plot indicates 

that a tip vortex was formed at the rotor and is propagating downstream.  

 

Table 3: Parameters used in the computation of the CFD solution.  

Parameter  Value  

Flow  8000 SCFM  

P0 rise  19 in. H2O  

ηadiabatic  91.3%  

Torque  37.9 ft-lb  

Power  26 HP  

 

 

 
A) 

 
B) 

 
C) 

Figure 14: CFD solution of the baseline fan and stators at A) 25% radius, B) 50% radius, 

C) 75% radius. All shown with flow streamlines. 
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Figure 15: CFD solution of the baseline fan and stators at 50% radius.  

 

 
Figure 16: CFD axial velocity profile at multiple axial locations along the rotor and 

stator. Axial velocity is normalized to 943 ft/s 
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Figure 17: The pressure and streamlines on the suction surface of a rotor blade and stator 

vane. 

 

 

                     
A)         B)     

Figure 18: CFD solution at the A) rotor TE and the B) stator LE. The scale is 

Vaxial/Vinf.  

 

The baseline fan was found to produce 8000 CFM at 14.0 IWG (total pressure rise). Note 

that this value is slightly different (higher) than the nominal values of the baseline fan 
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obtained from the specification sheets (Joy). This is due to slightly different definitions of 

pressure rise and differences between CFD and actual measurements.  

 

2.3. Acoustic Analysis of Baseline Fan  

The noise levels of the baseline scrubber fan system were predicted using proprietary 

AVEC noise prediction tools. Noise was predicted for each source and then combined to 

represent the total noise from the scrubber fan. The sources predicted were the rotor-

alone broadband, rotor-alone tones, and rotor-stator interaction tones. These noise 

sources are traditionally the most prominent for axial fans [13,14] Although other sources 

may exist in the system, they are not predicted for one of two reasons: the noise source is 

not part of this Phase I project (i.e. the grazing flow noise over the perforated housing, or 

the interaction noise caused by the inflow distortions), or the source is traditionally very 

quiet. For example, literature indicates that the rotor-stator broadband noise source is 

traditionally 20 dB below the rotor-alone broadband [22]. The noise levels predicted for 

the baseline fan are shown in Figure 19 and Figure 20. The rotor-stator tonal noise 

(yellow) is by far the dominant noise source. The rotor-alone broadband (blue) is the 

second most important source, while the rotor-alone tonal noise is predicted to be very 

low. The noise source that contributes the most to the overall A-weighted noise level of 

the scrubber fan is the rotor-stator tones. Specifically, the 2
nd

 BPF of the rotor-stator 

interaction noise is very high.  

 

 
Figure 19: Noise levels for the baseline scrubber fan system shown in third octave bands. 

Note, noise due to flow distortion is not modeled or predicted here.  
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Figure 20: Overall noise levels for the baseline scrubber fan system, broken down by 

predicted noise source. Note, noise due to flow distortion is not modeled or predicted 

here. 

 

Actual measured data of a continuous miner has been made available to AVEC as part of 

this Phase I investigation for comparison with the above noise predictions. Two measured 

data sets have been obtained: one data set measured by Howden Buffalo in 2008 (see 

previous work section), and one data set measured by NIOSH PRL at their facility. This 

data is shown here to demonstrate the high noise levels of the scrubber fan. The data is 

also compared against AVEC noise predictions as a validation of the noise prediction 

tools. The measured and predicted spectrums of the baseline fan are shown in Figure 21. 

Although the measured and predicted spectrums do not match perfectly, the key 

characteristics of the spectrum are captured well. For example, the first few BPFs of the 

predicted and measured spectrums match, and the low frequency broadband noise 

matches well. The overall noise levels, shown in Figure 22, are within 3.3 dB for the 

Howden Buffalo and predicted levels. Also, the predicted noise levels are higher than the 

measured which is considered conservative. 
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Figure 21: Measured and predicted third octave band sound power levels. 

 

 
Figure 22: Measured and predicted overall sound power levels. 
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pressure level at the miner’s ear). However, sound power levels do not directly 

correspond to the type of measurements used to estimate PEL dosage. Therefore, it can 
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measurements performed for a NIOSH report [3] are used for this purpose. Data from the 

measurements of 14 CM operators and helpers ranged from 44% to 347% MSHA PEL 

dose, where 100% is the maximum MSHA PEL. As an example, the reference’s author 

included a representative cumulative dose plot with task observations for a single CM 

operator (8 hour shift). This plot is reproduced in Figure 23. It is assumed that the 

reference’s author included this plot because it was the most representative of the CM 

operator’s dosage history. Therefore, it was assumed that the average 8 hour dosage of a 

CM operator is approximately 300% of the MSHA PEL dose (5 dB exchange rate). This 

equates to a miner being exposed to an 8 hour TWA of 100 dBA (sound pressure level), 

or 10 dB above the MSHA PEL. This increases the miner’s risk of NIHL. Therefore, if 

the noise level of the current/baseline CM machine is reduced by 10 dB, the CM operator 

would be able to operate the CM machine for the full 8 hour shift without increasing the 

risk of NIHL. This establishes a clear target for the noise reduction of the scrubber 

system, e.g. 10 dB or more. 

 

 
Figure 23: Cumulative dose plot for continuous mining machine operator. 100% dose 

corresponds to an 8 hour TWA of 90 dBA.  

 

 

2.4. Baseline Fan Deficiencies 

This section discusses the noise sources in the baseline scrubber fan. Based on the 

previous experience of AVEC engineers and rough calculations during this project, the 

following characteristics of the scrubber fan were determined to cause increased noise 

levels. The first three characteristics are considered the most important (bolded for 

effect). 

 

The rotor-stator spacing is very short, i.e. about 1.7” axial spacing from the rotor 

trailing edge to the stator leading edge. Rotor-stator spacing is usually measured by the 

number of rotor chord lengths and the generally recommended spacing is more than 2 

rotor chord lengths. In this case, 1.7” spacing corresponds to 0.29 rotor chord lengths 

which is significantly lower than the current “best practices”.  
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The rotor and stator blade count is not optimal. Blade count is referred as the number of 

blades in the rotor and stator. Simple calculations have been performed by AVEC 

engineers and have determined that the 12/15 combination is not optimal. Simply 

selecting an appropriate rotor and stator blade count combination has the potential to 

significantly reduce tonal noise levels at the 1
st
 and even 2

nd
 BPF.  

 

The rotor airfoil has a very blunt trailing edge. Literature [15] is widely available which 

proves that strong turbulent vortex shedding occurs for airfoils with thick trailing edges. 

This vortex shedding is a source of high frequency rotor-alone broadband noise. Also, the 

sharp trailing edge blade shape has the potential to reduce the rotor’s velocity deficit, thus 

reducing rotor-stator interaction noise. The rotor airfoil trailing edge thickness can be 

seen in Figure 13 in section 2.1. The figure shows that the trailing edge thickness is about 

50% of the airfoil thickness while “best engineering practices” result in a much sharper 

edge, typically 1% of chord or less.   

 

The stator chord is unnecessarily long. The baseline scrubber fan features stator vanes 

with a 9.8” chord. For the given task of removing torque from the flow, this chord length 

is quite long. Also, reducing the stator chord length would allow for increased rotor stator 

spacing (see above).  

 

The stator vanes were also found to be basically a cambered flat plate, i.e. not a 

traditional airfoil shape. Although the type of the airfoil used for the stators (flat plate vs 

airfoil) does not affect noise significantly, it is generally best practice to use a traditional 

airfoil shape. This will also reduce the required chord length.  

 

The current acoustic “liner” is not a conventional design. In fact, this configuration is 

more consistent with an “acoustic blanket”. As pictured (Figure 24), the current design 

likely allows noise to leak out instead of absorbing/reducing the acoustic energy.  

 

The baseline scrubber fan housing has perforations for the acoustic “liner”. The 

perforations are 0.25” diameter holes and approximately 0.25” deep (wall thickness). 

Perforations this large are likely to cause “grazing flow noise” which is an increase in 

noise in the high frequency due to flow turbulence as it passes over the perforated wall. 

These large perforations also increase the system drag, reducing efficiency. 
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Figure 24: View of perforated housing downstream of the stator vanes (left) and foam 

material encasing the perforates (right). 

 

The upstream hub spinner is very flat/blunt (Figure 25 left). This upstream flat hub 

introduces a large surface and relatively sharp turn for the flow. The sharp turn can cause 

flow non-uniformity and flow separation. Essentially, this hub is not streamlined. 

 

The downstream hub geometry is not streamlined either (Figure 25 right). In fact, the 

downstream hub geometry is basically the electric motor housing. Although this is likely 

used for thermal management purposes, this design appears to be very non-streamlined. 

This is likely to cause separated flow and vorticity.  

 

 
Figure 25: Upstream (left) and downstream (right) hub geometry. 

 

The current ductwork and demister box causes significant flow distortions. These flow 

distortions include the demister box, blockages causing non-uniform flow, and the 

presence of upstream pipes. Testing by Howden Buffalo [17] reported that the flow 

leaving the demister box is 20° off axis. Additionally, large duct blockages were 

discovered at the junction between the scrubber fan housing and the demister exit. This 

junction is shown in Figure 26. At this junction, the demister exit is square shaped while 
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the scrubber fan housing is circular. Further flow blockage and distortion is created by 

the presence of metal bars across the top and bottom of the duct leading to the demister 

inlet. These flow distortion causes are not addressed in the Phase I, but will be a key part 

of the design process in the Phase II project.  

 

 
Figure 26: Spool piece inlet cross-section and resulting duct blockage (photo by Howden 

Buffalo Inc.). 

 

In most of the cases listed above, the baseline fan deficiency is unnecessary. The 

additional noise could be greatly reduced with a proper design that exhibits minimal flow 

irregularities throughout the ductwork. The interfacing of the ductwork combined with 

the poorly designed demister exit is primarily responsible for the flow non-uniformity. 

Non-uniform flow and separation is the root of unfavorable aerodynamic and acoustic 

performance. Correcting the fan’s inlet flow and optimizing the fan and hub geometry 

while implementing a proper acoustic liner will greatly reduce the overall noise. 

 

3. Overview of Trade Studies Performed in the Project 

A number of trade studies were performed to determine the effect of individual 

fan/system parameters on scrubber fan noise. The trade studies were performed in two 

main groups. The preliminary trade studies were performed to determine the effect of 

individual fan/system parameters on scrubber fan noise. The advanced trade studies were 

performed using a more advanced aerodynamic prediction tool and utilized the lessons 

learned from the preliminary studies. The trade studies that were performed were: 

- Rotor and Stator blade count study 

- Rotor-Stator spacing study 

- Radial chord length distribution study 

- Rotor tip speed study 

- Hub radius study 

- Converging/diverging duct 

- Converging rotor area study 

- Rotor-stator spacing study (refined) 
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These parameters were selected because they are fan properties that can be easily 

designed and implemented in currently operating continuous mining machines. Fan 

properties such as the outer diameter, total length, and RPM were not investigated as 

changes in these properties would require redesigning a portion of the CM. The current 

dimensions that the baseline fan occupies in the duct will remain constant such that the 

new design could be a retrofit (optionally). Keeping a constant RPM allows the currently 

installed motor to be used. These parameters will be analyzed in the Phase II project to 

determine their effect.  

 

The conclusions and lessons learned from these trade studies are discussed briefly in this 

section. The complete review and discussion of the trade study results are not shown in 

this report for brevity.  

 

3.1. Preliminary Trade Studies 

This section discusses the preliminary trade studies performed to determine the effect of 

individual fan/system parameters on scrubber fan noise. 

 

Rotor-Stator Blade Count Study 

A preliminary analysis of the rotor and stator blade count was performed using a set of 

conventional tools. This preliminary study suggested that the optimal blade count pairs 

would be 11/17, 12/17, and 13/18 (rotor/stator blade counts), i.e. not the baseline 12/15 

pair. These blade count pairs could potentially eliminate the noise from the 1
st
 and also 

2
nd

 BPFs (approximately 720 Hz and 1440 Hz) which are both major contributors to 

overall noise for the baseline configuration. The 12/15 baseline configuration was found 

to produce noise at the 1
st
 and 2

nd
 BPFs (also observed in the measured spectrums) and 

was also found to potentially have higher noise at some of the higher harmonics as well.  

 

Rotor-Stator Spacing 

The rotor-stator spacing was analyzed using the fundamental analytical/numerical fan 

design tool (same tool used in rotor-stator blade count study). Recall that the rotor-stator 

spacing for the baseline is 1.7” or 0.29 rotor chords. This is considered very close when 

compared to the suggested best practices of 2 to 5 chord lengths. Fans with increased 

rotor-stator spacing were designed and analyzed. As expected, maximizing the rotor-

stator spacing resulted in a decrease in rotor-stator interaction tones. For example, 

increasing the spacing from 1.7” (0.29 rotor chords) to 10” (1.77 rotor chords) decreased 

the noise level by over 11 dB. Spacing was not increased beyond 10” due to space 

limitations of the scrubber fan system. Since rotor-stator interaction tones are the 

overwhelmingly dominant noise source, the overall noise decreases significantly when 

this parameter is optimized.  

 

Rotor and Stator Chord Length 

The rotor and stator chords were varied to determine their effect on overall noise. Again, 

the fundamental analytical/numerical fan design tool was used. It was found that 

decreasing the rotor and the stator chords decreased the overall noise. Decreasing the 
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stator chord significantly decreased the overall noise while decreasing the rotor chord had 

a smaller effect on the noise.  

 

Rotor Tip Speed (RPM) 

It was decided that due to constraints, such as the size and type of electric motor, the 

rotor tip speed would not be varied in this Phase I project. However, the effect of the 

rotor tip speed was briefly investigated for completeness. This preliminary tip speed 

study was not as conclusive as the previous trade studies. However, the general trend of 

overall noise decreasing with decreasing rotor tip speed was observed.  

 

Lessons Learned from Preliminary Trade Studies 

The most important lesson learned from these trade studies was that the baseline scrubber 

fan system does not have an appropriate blade count. Additionally, increasing the blade 

count enables a shorter chord to be used. The rotor and stator chord should be minimized 

to reduce noise without compromising the aerodynamic performance of the fan. The 

second most important lesson was that the rotor-stator spacing was extremely small and 

can be increased significantly within the geometric bounds of the current fan. It was 

found that the rotor-stator spacing was the most dominant parameter due to the fact that 

increasing the spacing produced the largest decrease in predicted overall noise.  

 

3.2. Advanced Trade Studies 

Based on these lessons learned from the preliminary trade studies, a collection of more 

advanced scrubber fan designs were produced and analyzed in a few additional precise 

trade studies. A new, more advanced tool was used to assist with the aerodynamic design 

of the scrubber fans. The advanced trade studies included varying the hub radius 

(constant/converging/diverging), and a more precise analysis of rotor-stator spacing. The 

results of these advanced trade studies are discussed here. 

 

Hub Radius Study (constant axially) 

Fan designs were generated for a hub radius 8.5” diameter (baseline) down to 7” 

diameter. Recall that the outer fan radius was held constant due to space constraints. This 

study found that decreasing the hub radius (increasing rotor annulus area) generally 

increased noise.  

 

Converging/Diverging Duct  

Fan designs were generated for several hub configurations that featured converging or 

diverging hub radii between the trailing edge of the rotor and the leading edge of the 

stator. The converging duct case, example shown in Figure 27 left, was hypothesized that 

less aggressive blades could be used to compress/accelerate the flow because of the 

converging duct. The diverging duct case, shown in Figure 27 right, was hypothesized 

that the additional flow diffusion would help with aerodynamic efficiency. The results of 

this study showed that neither the converging nor the diverging ducts reduced noise. In 

fact, the study showed that the noise was increased over the baseline for both of these 

configurations. 
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Figure 27: Meridional View of the 1” Converging and Diverging Ducts, respectively. 

 

Converging Rotor Area Study 

The rotor leading edge hub radius was decreased while keeping the rotor trailing edge 

hub radius constant. This created a converging annuls area across the rotor, see Figure 28. 

It was hypothesized that the reduced annulus area through the rotor would allow for 

increased aerodynamic efficiency and assist with compressing or accelerating the flow. 

The results showed that the converging rotor area did not decrease noise, but in some 

cases actually increased noise. 

 

 
Figure 28: Meridional Views of Rotor LE Hub Radius Variance for 13/18 Fan. 

 

Rotor-Stator Spacing Study 

A simple spacing study was performed utilizing the more advanced aerodynamic fan 

design tool. Spacing was varied from 2” to 8” (trailing edge rotor to leading edge stator). 

This study was also repeated for multiple rotor-stator blade count pairs. The results of 

this study were definitive that increased spacing reduces noise. The largest decrease in 

noise due to the increased spacing was predicted to be nearly 25 dB for the 13/18 

configuration. Such a large noise decrease may not be attained in actual circumstances, 

but if at least half of these reductions are achieved, then the miner would experience 

significantly lower noise levels and reduced NIHL.  

 

The preceding trade studies effectively provided input and guidance with which to begin 

the design of the new advanced scrubber fan. 
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4. Evaluation of New Scrubber Fan Design 

This section will present the new advanced scrubber fan that was designed based on 

lessons learned from the above trade studies. The first subsection discusses the acoustic 

results of the advanced scrubber fan design. The second section discusses the 

aerodynamic performance of the advanced scrubber fan. The performance of the 

advanced scrubber fan will be compared to the baseline.  

 

4.1. Description of Advanced Scrubber Fan Design  

Based on the preliminary and advanced trade studies discussed in section 3, the advanced 

scrubber fan design was created. A visualization of the advanced design is shown in 

Figure 29. Some of the major characteristics of the advanced scrubber fan are shown in 

Table 4. The characteristics of the baseline scrubber fan are also shown in this table for 

comparison. Based on the results of the trade study, the rotor and stator blade count was 

set to 13/18. The rotor-stator spacing was maximized to 8” such that the distance between 

the rotor leading edge and the stator trailing edge is approximately within the current 

geometric bounds of the baseline scrubber fan. The stator chord length was shortened to 

7” and a traditional airfoil shape was implemented for the stator vanes. The rotor airfoil 

shape was changed to feature a sharper trailing edge (see Figure 30). The inlet hub 

geometry was adjusted to be much smoother. Also, predictions for this advanced scrubber 

fan assume that the acoustic liner used will have traditionally designed perforations so as 

to not create additional noise due to grazing flow. 

 

 
Figure 29: Advanced Scrubber Fan design. 
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Table 4: Primary characteristics of the advanced scrubber fan compared to the baseline.  

 Baseline Design  Advanced Scrubber Fan  

Blade count  12/15  13/18  

Spacing  1.7”  8”  

Stator Chord  10.5”  7”  

Rotor Airfoil  Blunt TE  Sharper TE  

Upstream flow 

distortions  

Significant inflow 

distortions  

Assumes minimal inflow 

distortions  

Acoustic Liner/ 

Perforations  

Unconventional  Tuned to peak frequencies 

(conventional)  

Inlet hub 

geometry  

Blunt/flat  Smoother  

 

 

 
A)       B) 

Figure 30: A) Baseline rotor airfoil, and B) advanced scrubber fan rotor airfoil. 

 

4.2. Acoustic Performance of Advanced Scrubber Fan Design 

The acoustic performance of the advanced scrubber fan is discussed in this section. The 

acoustic analysis/prediction of the advanced scrubber fan follows the exact same 

procedures and methods that were used for the baseline fan noise analysis.  

 

The overall noise from rotor-alone broadband, rotor-alone tonal, and rotor-stator 

interaction sources are summed. The overall A-weighted 1/3
rd

 octave band noise spectra 

computed from the baseline fan CFD solution and the advanced scrubber fan CFD 

solution are presented in Figure 31 and Figure 32, respectively. The rotor-alone 

broadband noise clearly has a greater effect on the overall noise for the baseline fan. 

Additionally, the 1
st
 and 2

nd
 BPFs dominate the overall noise for the baseline fan while 

the advanced scrubber fan predicts that the first 2 BPFs do not radiate noise. Realistically 

there will be some amount of sound power at these cut-off BPFs, albeit the levels will 

likely be quite low. For both fans, the rotor-alone broadband noise dominates the low 

frequency range. The rotor-stator interaction produces the highest sound power levels for 
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both fans. The baseline noise predictions (Figure 31) show that rotor-alone broadband 

and tonal noise does not contribute significantly to the overall noise. The baseline fan’s 

rotor-stator interaction noise essentially accounts for 100% of the fan noise. For the 

advanced fan design (Figure 32), the rotor-alone broadband and tonal noise is 

insignificant to the overall fan noise.  

 

 
Figure 31: Overall A-weighted 1/3

rd
 octave band noise spectrum for baseline fan. 

 

 
Figure 32: Overall A-weighted 1/3

rd
 octave band noise spectrum for advanced scrubber 

fan. 
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The overall A-weighted noise for the baseline fan and the advanced scrubber fan with the 

relative contributing sound power levels from all considered sources are shown in Figure 

33. The advanced scrubber fan is approximately 20 dB quieter than the baseline 

configuration. The rotor-alone broadband and rotor-alone tonal noise decreased slightly. 

The rotor-stator interaction noise greatly decreased and is the dominant source of noise. 

 

 
Figure 33: Overall noise for baseline and advanced scrubber fan. 

   

The impact of the predicted 20 dB noise reduction on the miner is not discussed in this 

section. See section 6 for further discussion of the impact of the noise reduction on the 

miner.  

4.3. Aerodynamic Performance of Advanced Scrubber Fan Design 

This section discusses the aerodynamic performance of the advanced scrubber fan.  

 

The aerodynamic performance of the advanced scrubber fan was analyzed using CFD. 

The CFD solution was calculated by Techsburg in ADPAC, similar to the baseline fan 

analysis. The flow being ingested by the rotor is assumed to be clean (well behaved) and 

straight. The solution includes the effect of the spinner and stators. The CFD solution at 

25%, 50%, and 75% span are shown in Figure 34. The normalized axial velocity for a 

rotor blade and stator vane is shown in Figure 35. The pressure and streamlines for a 

rotor blade are shown in Figure 36. The reference pressure is atmospheric. 
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A) 

 
B) 

 
C) 

Figure 34: CFD solution of the advanced scrubber fan and stators at A) 25% span, B) 

50% span, C) 75% span. All shown with flow streamlines. 

 

 

 
Figure 35: CFD axial velocity profile at multiple axial locations along the rotor and 

stator. Axial velocity is normalized to 943 ft/s. 
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Figure 36: The pressure and streamlines on the suction surface of a rotor blade. 

 

As was done with the baseline, the rotor wakes were extracted from the CFD solution at 

the rotor trailing edge (TE) for use in the noise prediction software. The rotor wake for 

the baseline fan and advanced fan are shown in Figure 37. The color scale is the axial 

velocity normalized by the freestream velocity (141.7 ft/s). Both plots were set to the 

same color scale. The main rotor wake deficit is observed as the blue region extending 

from the hub to the tip. The rotor wake deficit for the advanced fan is slightly smaller 

than the baseline wake deficit in this region, especially near the hub and mid-span. 

However, the wake for the advanced fan shows a significant wake in the tip region. There 

is likely separation occurring along the chord of the rotor blade near the tip. The results 

shown above in Figure 36 suggest this as well. The separation near the tip manifests as a 

significant wake observed as the long blue color region along the tip in Figure 37.  

 

        
A)             B) 

Figure 37: CFD solution at the A) baseline rotor at the TE and the B) advanced rotor at 

the TE. The scale is Vaxial/Vinf where Vinf is 141 ft/s. 

 

The performance curve containing the total pressure rise for the advanced scrubber fan 

and the baseline scrubber fan are shown in Figure 38. The new scrubber fan was designed 
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with a higher head (total pressure rise) than the baseline to ensure that at least the same 

performance is achievable. This slight difference in pressure rise is likely within the 

margin of error for the aerodynamic performance prediction tools.  

 

The efficiency of the advanced scrubber fan design is predicted to be approximately the 

same as the baseline fan’s efficiency. This fan efficiency for the baseline and the 

advanced scrubber fan design is shown in Figure 39. Additionally, the power required for 

the fan (shaft power) is predicted to be higher for the advanced scrubber fan (Figure 40). 

It is believed that the higher power required is not a problem as long as the power 

required does not exceed the available power of the currently installed motor. The 

currently installed motor is rated for 30 Hp, which is sufficient for the maximum 

predicted power draw of the advanced fan in Figure 40.  

 

 
Figure 38: Fan performance curve, pressure rise and flow rate. 

 

 
Figure 39: Scrubber fan design efficiency. 
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Figure 40: Power required from electric motor. 

 

 

5. Additional Noise Control Options 

This section discusses the research performed for additional noise control options for the 

scrubber fan, and also additional noise sources not specifically addressed elsewhere in the 

report. The first subsection discusses acoustic liners, liner types, and their proper 

implementation. The second subsection discusses the upstream flow distortion and how it 

affects noise produced from the scrubber fan. The third section discusses alternative noise 

control methods which could be analyzed and implemented in future designs. These 

additional noise control options reinforce the notion that the scrubber fan must be 

investigated and designed as a complete system.  

 

5.1. Acoustic Liners 

A deficiency in the current baseline scrubber fan is the absence of a proper acoustic liner. 

The current fan casing treatment includes perforations that have a diameter and depth of 

0.25” with a roll of foam wrapped around the outside of the fan casing. This 

configuration is not traditionally considered an acoustic liner. One of the faults of this 

design is that the casing wall perforations allow noise to propagate through the wall and 

foam to radiate to the surrounding environment instead of propagating only in the fan 

duct/casing. Additionally, the large diameter of the perforations results in strong vortex 

shedding and turbulence which produces self noise. This is referred to in this report as 

“perforated plate” noise or “grazing” noise. Extensive industry research in grazing flow 

over perforated surfaces indicates that smaller diameter perforations with thinner walls 

are desired to be used with acoustic foam for effective noise attenuation. It is also a 

common practice to bond a very thing wire mesh to smooth out the flow over the 

perforation and minimize the vortex shedding.  

 

When considering traditional/conventional acoustic liners, there are two basic types of 

liners: locally reacting and bulk reacting. A locally reacting liner features a local acoustic 

impedance value that is independent of whatever occurs at any other part of the liner. 
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Sound propagation does not occur in any other direction than normal to the surface. 

Locally reacting liners are typically comprised of a solidly backed honeycomb structure 

with a perforated face sheet. The honeycomb structure forms an array of Helmholtz 

resonators that can be tuned to attenuate sound in certain frequency ranges by simply 

varying the depth of the honeycomb cavity. The primary difference between a bulk 

reacting liner and a locally reacting liner is that sound is able to propagate in all 

directions through the bulk liner. Bulk liners typically consist of a wire mesh face sheet 

over a cavity filled with an acoustically absorptive material that has a solid backing. They 

are somewhat better to attenuate broadband noise. 

 

For the implementation of the advanced scrubber fan on the CM, it is suggested to use a 

bulk reacting liner consisting of a wire mesh face sheet containing an air cavity. It is 

recommended that the face sheet material be the only absorptive component (for example 

fiber metal sheet) and leave the liner cavity empty due to the expected dust and water 

particles in the flow downstream of the demister. If absorptive material is placed in the 

liner cavity it would likely become clogged and useless over time.  

 

The amount of noise reduction (attenuation) from the recommended bulk liner has been 

estimated as part of this study using the methods described in reference 16. The acoustic 

liner would primarily be used to attenuate the broadband noise; this broadband noise has 

a maximum sound power level around 800 to 1000 Hz. Other frequencies will be 

analyzed to determine attenuation at a range of other frequencies ranging from the first to 

second BPF. Attenuation rate calculations were performed for a 1” thick (air cavity) 

acoustic liner with flow resistivity of 1ρc and 2ρc. These results are presented in Table 5 

and Table 6. An estimate of the noise reduction assuming a liner length of 20” is also 

presented. 

 

Table 5: Estimated attenuation for 1” thick 1ρc liner. 

Frequency 

(Hz) 

Attenuation 

(dB/inch of 

duct length) 

Attenuation for 

20” of treatment 

(dB) 

800 0.24 4.8 

1000 0.36 7.2 

1250 0.4 8.0 

1600 0.6 12.0 

 

Table 6: Estimated attenuation for 1” thick 2ρc liner. 

Frequency 

(Hz) 

Attenuation 

(dB/inch of duct 

length) 

Attenuation for 

20” of treatment 

(dB) 

800 0.32 6.4 

1000 0.48 9.6 

1250 0.58 11.6 

1600 0.76 15.2 
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5.2. Effect of Upstream Flow Distortion  

This section discusses the noise source caused by upstream flow distortion. This section 

also discusses the noise reduction potential from reducing or eliminating the flow 

distortions.  

 

For the current scrubber fan system configuration, upstream flow distortions caused by 

system elements have been found to be a significant noise source. These flow 

disturbances are caused by required components in the flow, such as the demister, and 

support struts. The demister is used to remove water droplets and solid particles from the 

air and the support struts are used to hold up the duct walls. As was discussed in the 

previous work section 1.3, the Howden Buffalo test in 2008 discovered that the demister 

created a significant amount of flow non-uniformity [17]. The demister box blocks the 

flow in the duct at the bottom and top (Figure 10). The demister box also exhausts the 

flow at a 20° angle from the axial centerline. The shape of the duct also contributes to the 

flow distortion. The ductwork upstream of the demister box is rectangular while the 

ductwork downstream of the demister box is circular. There is also an aggressive 

diverging duct area directly upstream of the demister box [18]. All of these discontinuous 

duct shapes cause flow distortions.  

 

The flow non-uniformities enter the fan and generate noise. Although the noise is 

generated at the fan, the actual design of the fan has little effect on the noise produced. 

As long as the fan is spinning, this “rotor-interaction” noise source will exist. The only 

way to reduce this noise is to decrease the amplitude of the flow distortion or increase the 

distance between the flow distortion and the fan to allow for the distortion to dissipate. 

For the CM scrubber fan system, space limited. Therefore, increased distortion-fan 

spacing is not a viable solution. Eliminating the sources of the flow distortion would be 

the better solution by far.  

 

As mentioned previously, this flow distortion source was studied previously by Carter [8] 

and Howden Buffalo [9]. Both studies concluded that flow distortion is a major factor in 

the increase of system sound. Howden Buffalo’s measurements found that at least a 3 dB 

noise reduction appears to be possible by simply straightening the flow leaving the 

scrubber/ demister and eliminating the duct blockage [18]. 

 

It is important to realize that the CM components that cause flow distortion are 

weaknesses of the baseline system (discussed in section 2.4). In order to eliminate or 

greatly reduce the flow distortion ingested by the rotor, the scrubber system must be 

redesigned and analyzed as a complete system and not as single components. This higher 

order design strategy will be implemented in Phase II. 

 

5.3. Other Noise Control Options 

Other noise control options can be implemented in future advanced scrubber fan designs. 

Examples of these potential future noise control options are rotor trailing edge serrations, 

stator vane lean and sweep, rotor modulation, and potentially others. These noise control 

options are not recommended to be implemented at this time since their benefit would be 
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small, especially in comparison to the flow distortion noise source and the potential 

reduction from the acoustic liner.  

 

Serrated trailing edges are a modification to the trailing edge designed to reduce self-

noise generation. Significant literature proving the noise reduction capability of serrations 

are available [19,20,21]. The serrations appear as a sawtooth pattern. The serrated trailing 

edges for the scrubber fan system would be implemented on the rotor blades trailing 

edge.  

 

A modulated rotor features variable angular spacing between blades. Note that rotor 

modulation is currently implemented on the baseline fan. However, this modulation was 

found by Carter to increase noise levels. Note that rotor blade modulation should reduce 

noise, so additional studies should be performed to determine if this technology can help 

reduce noise if properly implemented.  

 

6. Impact on Miner 

Recall from the introduction section that the scrubber fan is one of the loudest noise 

sources on the CM. In fact, in a test performed by NIOSH [3], where CM operators and 

CM helpers wore a noise dosage meter, it was shown that the MSHA Permissible 

Exposure Level (PEL) was exceeded by 86% of the monitored CM operators. Restated, 

86% of the CM operators/helpers tested exceeded the 100% dose. Recall that the (PEL) is 

defined as an 8-hour time-weighted average (TWA8) sound level of 90 dBA, or 100% 

dose. MSHA uses a 5 dB exchange rate. In mines where CM machines were used, the 

CM operator/helper was the occupation with the highest noise exposure/dose. Data from 

the measurement of these CM operators/helpers ranged from 44% to 347% PEL dose. In 

section 2.3, it was assumed based on NIOSH data [3] that the average CM operator was 

exposed to approximately 300% dose of the MSHA PEL (see Figure 23) in an 8 hour 

work shift. To eliminate the increased risk of NIHL, the noise from the CM would have 

to be reduced by about 10 dB.  

 

It was predicted that the advanced scrubber fan design would reduce the noise from the 

CM scrubber fan by 20 dB (section 4.2). However, this prediction does not include the 

effect of inflow distortion. And also does not include noise from other CM components, 

such as the chain conveyor system. As such, the actual amount of CM noise reduction 

will be less than 20 dB. In fact, the inflow distortion noise source was measured to be 

approximately the same level as the baseline fan. Thus, if the inflow distortion noise 

source is not addressed, the actual expected noise reduction would only be about 3 dB. 

Although the scrubber fan inflow distortion noise source is related to the scrubber fan, the 

method of noise control for this noise source is to address the demister box design, i.e. 

redesign in Phase II (see section 5.2). Additional reduction of the inflow distortion noise 

source can also be obtained by implementation of an acoustic liner (see section 5.1). If 

the inflow distortion source is reduced, there is significant potential to meet the MSHA 

PEL requirement, i.e. additional 10 dB noise reduction.  
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In summary, the noise caused by the scrubber fan itself has been significantly reduced 

(i.e. 20 dB). However, other noise sources, such as the scrubber fan inflow distortion 

noise, have become the dominant noise source. These other sources will be addressed in 

the Phase II.  

 

 

7. Summary/Future Work 

The current baseline scrubber fan systems on CM machines are not designed with low 

noise as a primary goal. The high noise levels produced by these machines lead to noise 

induced hearing loss in mining personnel [1,5]. A redesign of the CM scrubber fan 

system using low noise as the primary design goal reduces the likelihood of hearing loss 

in mining personnel and increases workplace safety. Deficiencies of the current baseline 

scrubber fan design were identified. To summarize, the baseline fan design was found to 

be very acoustically inefficient. Various trade studies were performed to determine the 

effect of various fan parameters on fan aerodynamic and acoustic performance. Trade 

studies included studying the effect of rotor and stator blade count, rotor-stator spacing, 

hub radius, and others. Based on these trade studies, a 13 blade rotor and 18 vane stator 

design-pair was created and iterated on to converge on the advanced scrubber fan design. 

This advanced fan design is predicted to be about 20 dB quieter than the current baseline 

scrubber fan. However, flow distortion produced by the poorly designed ductwork and 

demister which is then ingested by the fan was also found to be a significant source of 

noise in the scrubber fan system. This inflow distortion and other noise sources will 

become dominant if the scrubber fan noise source is reduced, thus reducing the 

effectiveness of the new advanced scrubber fan. The other, new and dominant, noise 

sources, such as the inflow distortion, will be investigated in the Phase II project.  
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11. Appendix A  

Email from Industrial Hygiene Specialist at OCI (mining company). 
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12. Appendix B  

Letter of Support from Joy Mining. 
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