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ABSTRACT 
Navy ships generate a variety of liquid wastes: bilge water, black water, gray water, 
shipboard “industrial” wastes, and solid residuals from existing treatment systems. Many 
of the current Navy waste treatment systems would benefit from the efficient removal of 
solids (e.g., oily waste ceramic membranes are susceptible to face plugging and 
mechanical failure). However, available solids removal technologies have not been 
particularly effective, necessitating the development of improved solids removal 
technologies. The High-Shear Rotary Membrane System (HSRMS), which consists of 
stacked, rotating membrane disks, has shown superior abilities to separate and 
concentrate Navy and non-Navy wastewater solids (e.g., oily wastes, underwater hull 
cleaning sludge, non-skid deck cleaning wastewater, metal hydroxide suspensions). 
However, the HSRMS has been confined to land-based applications where space is not a 
critical design consideration. The goal of this research is to overcome limitations and 
improve the HSRMS for shipboard wastewater and solids residual treatment by 
addressing the following objectives: 
 
1) Increase HSRMS permeate flux to decrease system size by employing backpulsing and 

continuous membrane physical surface cleaning. In addition to increasing the flux, 
these improvements should allow the use of larger membrane disks, decrease 
cleaning/maintenance frequency/residuals, and increase membrane life. 

2) Increase “active” membrane packing density (active membrane surface area/system ft2 
and ft3) by increasing the membrane diameter and/or employing overlapping disks. 
Single-shaft rotating membranes increase shear induced scouring intensity at distances 
farther from the disk center. The inner portion of the disk has less shear applied thus 
less permeate produced compared to the more “active” outer regions. Overlapping 
disks should create a more uniform distribution of turbulence/shear over the membrane 
surface, increasing the “active” membrane area. 

3) Conceptually design, fabricate, and test a laboratory-scale HSRMS that incorporates a 
combination of backpulsing, continuous membrane cleaning, larger disks, and disk 
overlap. An improved HSRMS placed shipboard will have increased waste treatment 
throughput, a smaller footprint, and may be constructed of lighter weight/cheaper 
materials. 

 
Four Navy wastewaters were selected for HSRMS evaluation and prioritized by the 
Naval Sea Systems Command (NAVSEA) Technical Warrant Holder (TWH) for 
Environmental Systems based on current and anticipated regulatory requirements for 
discharge to the sea (highest to lowest priority): 1) bilge water, 2) black water (black 
water-gray water), and 3) plasma arc waste destruction system (PAWDS)/metal 
hydroxide and biosolids (tie). Commercially-available membrane disks of the following 
materials and pore sizes were selected for baseline evaluation with the four Navy wastes: 
stainless steel (SS) (0.1 micrometer (um), 0.5 um, and 3 um pore sizes), 
polytetrafluoroethylene (PTFE) (1-2 um pore size), and ceramic (7 nanometer (nm), 30 
nm, 60 nm, 0.2 um, 0.5 um, and 2 um pore sizes). As a result of the baseline tests and 
initial backpulsing evaluations performed during bilge water treatment, the 60 nm pore 
size ceramic disk was selected to investigate the effects of membrane disk diameter, 
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rotational speed, backpulsing, and continuous surface cleaning on HSRMS treatment of 
Navy waste streams.  
 
Overall, the 60 nm ceramic membrane manufactured by Keramische Folien GmbH 
(KERAFOL) produced the greatest flux for bilge water and black water. For the metal 
hydroxide waste, flux performance was influenced by pore size. Although the stainless 
steel and PTFE membranes with larger pores produced higher fluxes, the ceramic 
membranes with larger pore sizes (0.2 um, 0.5 um, and 2.0 um) may perform as well as 
the other membrane materials and future investigation would be warranted for this waste. 
Biosolids were not evaluated for all membranes; input from the NAVSEA TWH for 
Environmental Systems indicated that black water results would likely be representative 
of biosolids.  
 
Numerical results varied by wastewater, but the permeate flow rate benefit of increasing 
membrane diameter was demonstrated for bilge water, black water, and metal hydroxide 
wastewater. Larger membranes at lower rotations (e.g., 14.7-inch at 500 revolutions per 
minute (rpm)) produced permeate at flow rates equal to or greater than smaller 
membranes at higher rotations (e.g., 10.5-inch at 1150 rpm). KERAFOL manufactures 
membrane disks in 12.3-inch and 14.7-inch diameters (both disk sizes have inner 
diameters of 3.6 inches) and recommends rotational speeds no greater than 500 rpm for 
both. The system benefits of fewer 14.7-inch disks (2.1 square feet (ft2)/disk using 5-inch 
hub) versus more 12.3-inch disks (1.4 ft2/disk using 5-inch hub) would need to be 
weighed in designing the improved HSRMS. An overlapping disk design, such as the 
system commercialized by Andritz Separations, should also be considered as a way to 
increase the active membrane packing density.  
 
The effects of backpulsing and continuous surface cleaning on membrane performance 
also varied by wastewater. For treatment of bilge water, the highest priority wastewater, 
backpulsing did not improve flux. For single-disk HSRMS bilge water treatment, 
continuous surface cleaning showed great promise in increasing flux for all rotations 
evaluated (100, 250, 500, 750, and 1150 rpm). However, when scaled-up to a multi-disk 
system, continuous surface cleaning had a significant flux benefit at the lower rotations, 
but only increased flux by 10% at 500 rpm. Therefore for improved HSRMS treatment of 
bilge water, the CSC flux benefit could be matched by increasing membrane area. The 
decision is best left up to the system manufacturer as each option possesses obstacles that 
would need to be overcome; the former would have additional maintenance/consumables 
and require additional evaluation to determine attachment lifespan while the latter may 
involve increased motor and/or membrane stacks to meet permeate production 
requirements. A conservative flux value for bilge water treatment at 500 rpm is 150 
gallons per square foot per day (GFD).  
 
The effects of backpulsing and continuous surface cleaning on single-disk HSRMS 
treatment of black water and metal hydroxide wastewater were not determined, but based 
on the bilge water results it is recommended that multi-disk HSRMS evaluation of black 
water and metal hydroxide wastewater using backpulsing and continuous surface 
cleaning be performed before proceeding with improved HSRMS design for these wastes. 
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At 500 rpm, single-disk baseline black water flux at 500 rpm was approximately 75 GFD 
and was increased approximately 55% with backpulse (BP) and approximately 37% with 
continuous surface cleaning. At 500 rpm, single-disk baseline aluminum hydroxide flux 
was approximately 150 GFD and increased approximately 20% with backpulse; 
continuous surface cleaning was not investigated. The effects of scale-up on the flux 
benefits of backpulsing and continuous surface cleaning could influence the design of an 
improved HSRMS for black water or inorganic particulate waste treatment.  
 
The project results demonstrate the ability of the HSRMS to effectively treat a variety of 
solids-bearing Navy wastes and the impacts of potential flux enhancements (continuous 
surface cleaning, backpulsing), disk diameter, rotation, membrane selection, and 
membrane surface turbulence enhancements (wagon wheels) on minimizing system 
footprint and volume. The use of advanced HSRMS technology will enable more 
efficient solids removal prior to existing shipboard treatment processes, direct 
replacement of problematic treatment systems with the more robust, higher efficiency 
system, and concentration of sludge, waste oil, and process residuals. The ultimate 
benefit to the Department of Defense (DOD) is a robust “barrier” technology that is easy 
to operate, not labor intensive, is capable of being cleaned in place, can withstand harsh 
environments, and is potentially mobile. 
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1 OBJECTIVES 
Navy ships generate a variety of liquid wastes: bilge water, black water, gray water, 
shipboard “industrial” wastes, and solid residuals from existing treatment systems. Many 
of the current Navy waste treatment systems would benefit from the efficient removal of 
solids (e.g., oily waste ceramic membranes are susceptible to face plugging and 
mechanical failure). However, available solids removal technologies have not been 
particularly effective, necessitating the development of improved solids removal 
technologies. The HSRMS has shown superior abilities to separate and concentrate Navy 
and non-Navy wastewater solids (e.g., oily wastes, underwater hull cleaning sludge, non-
skid deck cleaning wastewater, tank car latex waste, metal hydroxide suspensions).   
 
HSRMS is a barrier technology using ultrafiltration or microfiltration membranes to 
separate practically all solids (e.g., particles, oils, fibers, colloidal particles) from liquid 
waste streams.  During membrane separation, solids accumulate at the membrane surface 
decreasing throughput and are the major factor limiting membrane use. Conventional 
cross-flow systems pump the waste at high flow rates/cross flow velocities parallel to the 
membrane surface creating a scouring/cleaning action. However, at high feed 
concentrations/viscosities pumping becomes difficult and the high velocities needed to 
scour the surface are not possible. In contrast, HSRMS consist of stacked rotating 
membrane disks that produce greater turbulence/shear at the membrane surface. By 
rotating the membrane, scouring energy is applied exactly where it is needed (i.e., 
membrane surface). The decoupling of the feed delivery/pressurization from 
turbulence/shear promotion allows the HSRMS to produce highly concentrated wastes, 
operate at lower pressures, reduce fouling layer compaction/pore plugging, increase 
membrane life, and decrease cleaning frequency/residuals production.  
 
This work responds to Statement of Need (SON) #A-09-01 Advanced Methods for 
Removing Solids from Shipboard Waste Streams. The HSRMS has shown a superior 
ability to separate and concentrate solids from Navy and non-Navy wastewaters. 
However, the HSRMS has been confined to land-based applications where space is not a 
critical design consideration. The goal of this research is to overcome limitations and 
improve the HSRMS for shipboard wastewater and solids residual treatment. To 
accomplish this broad goal the following research objectives will be addressed:  
 
1) Increase HSRMS permeate flux to decrease system size by employing backpulsing and 

continuous membrane physical surface cleaning. In addition to increasing the flux, 
these improvements should allow the use of larger membrane disks, decrease 
cleaning/maintenance frequency/residuals, and increase membrane life. 

2) Increase “active” membrane packing density (active membrane surface area/system ft2 
and ft3) by increasing the membrane diameter and/or employing overlapping disks. 
Single-shaft rotating membranes increase shear induced scouring intensity at distances 
farther from the disk center. The inner portion of the disk has less shear applied thus 
less permeate produced compared to the more “active” outer regions. Overlapping 
disks should create a more uniform distribution of turbulence/shear over the membrane 
surface, increasing the “active” membrane area. 
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3) Conceptually design, fabricate, and test a laboratory-scale HSRMS that incorporates a 
combination of backpulsing, continuous membrane cleaning, larger disks, and disk 
overlap. An improved HSRMS placed shipboard will have increased waste treatment 
throughput, a smaller footprint, and may be constructed of lighter weight/cheaper 
materials. 

 
Improved HSRMS shipboard applications include: 1) more efficient solids removal prior 
to existing shipboard treatment processes; 2) direct replacement of problematic treatment 
systems with the more robust, higher efficiency system; and 3) concentration of sludge, 
waste oil, and process residuals. The ultimate benefit to the DOD is a robust “barrier” 
technology that is easy to operate, not labor intensive, is capable of being cleaned in 
place, can withstand harsh environments, and is potentially mobile.  
 
A diagram of project tasks is presented in Figure 1. Task descriptions are provided below. 
Go/No-Go decisions occur at the end of Tasks 3 and 6.  
 

 
 

Figure 1. Diagram of the Project Technical Approach 

 

1.  Develop Synthetic Wastes and Define Research Criteria 

2. Screen Commercially Available Membranes 

3. Perform Baseline HSRMS Tests 

5. Modify/Test HSRMS for Backpulsing 

4. Modify/Test HSRMS for Continuous Cleaning

6. Conceptual Design of Improved HSRMS 

7. Fabricate/Test Improved HSRMS 

Go/No-Go 

Go/No-Go 
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Task 1: For each Navy wastewater and solids residual identified: 1) develop a synthetic 
version for laboratory testing and 2) determine design flow rates (mean and peak), total 
waste volumes, discharge limits, and available footprint areas/volumes for different types 
of vessels. 
 
Task 2: Identify and acquire several commercially available membranes, evaluate their 
performance in treating wastes identified in Task 1 using stirred cell tests, and select 
appropriate membranes for HSRMS testing.  
 
Task 3: For each selected waste-membrane combination, determine HSRMS baseline 
behavior using a standard testing regimen. Baseline behavior data in combination with 
information from Task 1 will be used to determine the effectiveness of modifications in 
Tasks 4 through 7.  
 
Task 4: Modify the existing HSRMS to include continuous physical membrane cleaning.  
For the appropriate wastewater/residual streams, test the modified HSRMS and compare 
with baseline behavior and evaluate which shipboard applications are now viable. 
 
Task 5: Modify the existing HSRMS to include backpulsing. For the appropriate 
wastewater/residual streams, test the modified HSRMS and compare with baseline 
behavior and evaluate which shipboard applications are now viable. 
 
Task 6: Conceptually develop an improved HSRMS for shipboard placement. 
Improvements from earlier tasks will be included if warranted and potential 
improvements (e.g., larger disks, overlapping disks) will be evaluated conceptually. At 
the end of this task a Go/No-Go decision will occur as to whether a bench/laboratory 
scale HSRMS system is fabricated and tested. 
 
Task 7: Fabricate and test the improved HSRMS. Improvements from earlier tasks—less 
expensive and lighter materials and a more space-efficient layout (for shipboard 
placement)—will be used. 
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2 BACKGROUND 
Navy ships generate a variety of wastewaters, such as bilge water, black water, and gray 
water. Public Law 96-478, Act to Prevent Pollution from Ships (APPS), implements the 
provisions of the International Convention for the Prevention of Pollution from Ships 
(MARPOL) and the annexes to which the United States is a party. Annex I addresses the 
prevention of pollution by oil and Annex IV addresses the prevention of pollution by 
sewage from ships. The discharge of these wastewaters is regulated to preserve the 
marine environment and the requirements for allowed overboard discharge include 
meeting specific contaminant levels as well as area of discharge. In order for the Navy to 
effectively operate in an environmentally responsible manner, the ships must be able to 
treat and/or hold regulated wastewaters as required for disposal afloat or ashore. An 
improved HSRMS can help the Navy meet these requirements through reduction of 
required wastewater holding tank volumes through solids concentration and wastewater 
treatment for discharge overboard. 

2.1 Navy Waste Background 
Bilge water, defined as an oily wastewater, has oil (free and emulsified), fibers (cotton, 
natural, glass) and suspended solids (mean concentration = 11,000 milligrams per liter 
(mg/L), range 4,800 to 19,000 mg/L). Before discharging overboard, oil must be reduced 
to below 15 mg/L. Parallel plate oil water separators (OWS) are efficient in removing 
free oils (98% efficiency), but the presence of emulsifiers reduce OWS effectiveness. 
Thus, on large ships, ceramic ultrafiltration membrane systems are used to further 
decrease the oil content. Typical ultrafiltration pore sizes range from 10-1000 A (0.001 to 
0.1 μm). Navy membranes have lumen or channel diameters of about 4 millimeters (mm). 
The small lumen size makes them susceptible to face plugging by fibers and fibrous 
solids (see Figure 2 (Lee and Price, 2003)). Face plugging increases differential pressures 
leading to potential membrane shifting and fracture resulting in concentrate/oil passage. 
Additionally, solids accelerate membrane fouling, sensor failure, and mechanical seal 
failure. In-line strainers/screens are maintenance intensive and have not been particularly 
effective in preventing membrane performance degradation necessitating the 
development of improved solids removal technologies.  
 

 
Figure 2. Membrane Face Plugging  

Black water (sewage) is collected by gravity or by vacuum. The vacuum collection 
method produces a smaller but more concentrated wastewater. Gray water consists of 
wastewater from kitchen, laundry and showers. Four combinations of black and gray 
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water exist. The combinations depend on collection method (gravity versus vacuum) and 
whether the black and gray waters are combined (MIL-PRF-30099). Solids 
concentrations range between 700 and 7,400 mg/L with the vacuum-collected black water 
having the highest solids concentration. Black and gray waters are treated by biological, 
physicochemical, or advanced oxidation processes. These processes (e.g., membrane 
bioreactors, advanced oxidation processes) will benefit from having solids removed prior 
to treatment. Replacement of existing treatment technologies by a more robust barrier 
treatment system is also possible.  
 
Shipboard “industrial” activities produce solid-laden waters containing fly ash, 
incomplete milled material, non-skid deck surface particles, and biological and coatings 
solids from underwater hull cleaning operations. These wastes are also candidates for 
HSRMS treatment. Finally, the concentration of residuals from “primary” treatment 
systems would make the downstream residual handling and management easier. For 
example, oily waste holding tank and biological sludge tanks volumes could be reduced 
as the HSRMS is capable of concentrating sludges to high levels (>40% solids).   

 

2.2 HSRMS Background 
Microfiltration (MF) and ultrafiltration (UF) are pressure-driven membrane separation 
processes used to remove materials ranging in size from 0.1 m to 10 m for MF and 
0.001 to 0.1 m for UF (Cheryan, 1997). Membrane systems are typically operated in 
either dead-end or a cross-flow configurations. For both configurations, particles are 
transported to the surface with the permeate flow where they form a solute boundary 
layer. The accumulation of solute particles at the membrane surface is known as 
"concentration polarization" for UF applications and as “cake layer” for MF applications. 
Solute/particle accumulation at the surface is the primary reason why fluxes for waste are 
much lower than those for clean water. The buildup of solute at the membrane surface is 
reduced by providing turbulence/shear at the membrane surface (Cheryan, 1997; Jonsoon 
and Tragardh, 1990).   
 
Conventional cross-flow membranes pump the feed at high flow rates to produce large 
tangential velocities/turbulence/shear near the membrane surface. The surface is “scoured” 
and the thickness and density of the solute boundary layer are reduced which increases 
the permeate flux. Pumping produces maximum tangential velocities of about 4.6 meters 
per second (m/s) (15 ft/s) as well as the transmembrane pressure (TMP) needed to drive 
water/permeate through the membrane. The high pumping rate is maintained by either 
recycling the retentate back to the membrane feed tank (about 98% recycled) or by using 
multiple staged single-pass systems (the concentrate from stage n is the feed to stage n+1). 
As feed concentration increases (with time or stage number) it becomes increasingly 
difficult to maintain high velocities because of the increased feed viscosity. The lower 
cross-flow velocity and higher solute concentration leads to a reduction in permeate flux 
and an increased likely hood of membrane fouling/plugging.   
 
HSRMS can overcome decreasing turbulence/shear by decoupling the hydraulic scouring 
action from feed pumping and transmembrane pressurization. For HSRMS, the 
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turbulence/shear is obtained by rotating the disk versus the moving the bulk fluid. The 
pump is only required to provide transmembrane pressure and feed to the system. Several 
commercial high shear systems have been developed that differ in their geometry and 
how the turbulence/shear are developed: horizontally stacked rotating disks (Metso, 
Finland; Westfalia, Germany; Hitachi, Japan; SMS, Germany); vertically stacked rotating 
disks (SpinTek Filtration, USA.) and vibratory vertically stacked disks (New Logic, 
USA). The principal investigators (PI) on this proposal have extensive experience with 
the SpinTek Filtration (SpinTek) HSRMS.   
 
The SpinTek HSRMS consists of vertically stacked membrane disks that rotate about a 
hollow shaft inside a cylindrical housing (see Figure 3). The feed stream enters the 
membrane chamber under pressure and is distributed across the membrane surface. 
Permeate is forced through the membrane and discharged through the hollow center shaft. 
Concentrate exits the vessel at the edge of the membrane disk pack. In the HSRMS 
system, turbulence/shear is induced by membrane rotation; thus the pump is only 
required to provide transmembrane pressure and a small amount of feed flow (feed flow 
greater than permeate flow). The energy to minimize concentration polarization/cake 
formation is applied exactly where it is needed (i.e., membrane surface), unlike 
conventional systems where energy is provided across the flow channel (wasted energy). 
To further enhance turbulence/shear at the membrane surface, stationary turbulence 
promoters are located on each side of the disk pack. In the HSRMS system, maximum 
liquid velocities of ~18 m/s (60 ft/s) are possible compared with 4.6 m/s (15 ft/s) for 
conventional cross-flow system. Also, because the feed delivery/pressurization are 
decoupled from turbulence/shear promotion, the HSRMS can be operated at lower 
pressures which decreases solute boundary layer compaction (decreased cake resistance, 
increase permeate flow) and pore plugging. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Schematic of SpinTek HSRMS (Single-Disk Shown) and Turbulence 
Promoters 

2.3 HSRMS Solids Concentration Benefit 
The superiority of the HSRMS systems over conventional UF/MF systems has been 
clearly demonstrated for oily wastes, underwater hull cleaning sludge, non-skid deck 
cleaning wastewater, dairy process wastewaters, ferric hydroxide suspensions and the 
separation of adsorbents from a Navy wastewater containing copper (Reed et al., 2014a; 
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Viadero et al., 2000; Reed et al. 2000; Viadero and Reed, 1999; Viadero et al., 1999; 
Reed et al., 1998; Reed et al., 1997; Frappart et al., 2006, Bouzerar et al., 2000). In 
Figure 4, results are presented from a bench-scale pier-side HSRMS test at Naval Station 
San Diego. A hull cleaning residual (ACTIFLO® process; iron oxide sludge; 5% solids) 
was concentrated (Reed et al., 2014a). Two membranes were tested (ceramic, pore size = 
0.1 μm and a sintered metal, pore size = 3 μm) and both were able to effectively 
concentrate the iron oxide residual while maintaining a reasonable permeate flux. At the 
end of the sintered metal membrane run the solids concentration was over 40%, an 8-fold 
decrease in waste volume. Further concentration would have been possible if additional 
ACTIFLO® sludge was available - runs were ended because of low feed tank volume, 
not low fluxes. Permeate quality was excellent, the turbidity was always less than 1 
nephelometric turbidity units (NTU) (drinking water limit), and suspended solids were 
non-detectable. The membranes were easily cleaned with tap water with minimal 
production of cleaning residuals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. HSRMS Navy Hull Cleaning Sludge Concentration 

2.4 HSRMS Rotational/Pressure Theory 
Whether the HSRMS systems are vertically or horizontally stacked, the membrane rotates 
with a stationary turbulence promoter (SpinTek, HitiChi, SMS) or the membrane is 
stationary with rotating impermeable disks (WestFalia, Metso), the forms of the Reynolds 
numbers (Re), shear stress and net transmembrane pressures are qualitatively similar to 
those of a rotating disk next to a stationary surface. These equations are provided below: 

Res = ωs2/ν (1) 
Rer = ωr2/ν (2) 

τ = ƒ(ρ ν1/5 (Kω)9/5 r8/5) (3) 
PNet-TMP(r) = Papplied – ρ(ωr)2/2  (4) 

 
where Res = Reynolds number in the axial direction between the membrane disk and 
vessel housing; ω = rotational speed; s = gap distance (between membrane disk and 
vessel housing); ν = kinematic viscosity; and Rer = radial Reynolds number; r = radial 
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distance; τ = shear stress; ρ = feed density; K = ratio of tangential fluid velocity to the 
rotating disk; PNet-TMP(r) = net transmembrane pressure (TMP); and Papplied = pressure 
from the pump (Murkes and Carlson, 1988; Belfort et al.,1993; Dolcek et al., 1995). The 
highest Rer occurs at the outer portion of the membrane disk and Res increases with gap 
distance. The flow patterns in the HSRMS can be placed into four regimes depending on 
the rotational speed and gap distance (Murkes and Carlson 1988; Lee et al., 1995) with 
Stepan et al. (1999) reporting that the SpinTek HSRMS was best described as turbulent 
and wide gap (Region 4). 
 
From equations 1 through 4 it can be seen that the inner portion of the membrane, which 
is subjected to the highest net transmembrane pressure, receives the lowest 
turbulence/shear while the outer portion of the disk which is subjected to the lowest net 
pressure receives the highest turbulence (opposite of what is desired). This results in an 
“active” or usable membrane area that is less than the physical area. The “active” portion 
of the membrane can be increased by providing a more uniform distribution of 
turbulence/shear. This may be accomplished by overlapping the membrane disks such 
that the outer edge of one disk is rotating over the inner portion of another (see Figure 5).    
 

 
Figure 5. Disk Overlap 

If disks are mounted on separate shafts, the disks can be rotated at different speeds and 
directions to improve system performance. Ding et al. (2006) studied the use of 
overlapping disks using the Westfalia multi shaft disk (MSD) system (rotating 
membranes; no turbulence promoter; 15.5% overlap of disk area) and reported the 
differential speed of the fluid between adjacent disks was uniform and was 51% higher 
than the azimuthal rim speed of the disk. The permeate flux of the two-shaft system was 
about double that of a single-shaft system (note, flux is normalized so differences in 
membrane area are accounted for). One concern was that at high feed concentrations 
(>200 g/L CaCO3(s)) there was a buildup of cake between the disks which was attributed 
to the high CaCO3(s) concentration and a low feed flow (feed flow was only slightly 
greater than the permeate production flow). Increasing the feed flow would have reduced 
the cake buildup. In a more current study, He et al. (2007) investigated overlapping disks 
rotating at different speeds (one rotating membrane; one rotating impermeable metal 
disk). Specific energy (energy spent/m3 of permeate produced) was lowest when the 
metal disk was rotated at low speed and the membrane was rotated at high speeds. Cake 
buildup was again a concern due to high solids and low feed flow. In the proposed work, 
the effect of feed flow on process performance will be studied, but it will always be 
higher than the permeate flow to minimize cake buildup (note, for UF applications where 
the solute is smaller the problems encountered with cake buildup should be lessened).   
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The net TMP (Equation 4) is a function of r and of ω because a backpressure develops 
due to the centrifugal forces (2nd term of Equation 4). If the disk diameter or rotation are 
too large the outer edge of the membrane can experience a negative pressure (permeate 
back flow, see Figure 6) that results in 1) a decrease in “active” membrane area and 2) 
potential membrane destruction as the outer portion of the membrane can lift up and 
make contact with the stationary turbulence promoters. Sidwell (1998) used Fluent 
(computational fluid dynamics (CFD) software) to model the fluid flow and shear in the 
SpinTek HSRMS. The fraction of active membrane area to the actual area decreased with 
increasing membrane diameter and ω. Serra and Wiesner (2000) also used CFD to 
demonstrate the importance of choosing operating/design parameters so that the active 
membrane area was maximized. At lower ω, a larger disk can be used because the 
rotationally-induced back pressure is lower. However, the flux deceases with decreasing 
ω (increased solute boundary layer resistance) so the increase in actual membrane area 
realized from using larger disks is offset by a lower flux. Rotating the membrane at 
higher speeds also requires a higher TMP. Ideally, UF/MF systems should be operated at 
lower TMP to minimize cake buildup/compaction (in MF) and concentration polarization 
(UF). It has been observed that at high TMPs, the initial fluxes are high but declined 
rapidly while at lower TMPs, the initial flux is lower but the flux is sustained for longer 
time periods which results in a more optimal treatment performance (Cheryan, 1997). 
What is needed is a system that operates at lower ω and TMP but still produces a large 
permeate flux. Developing methods other than hydraulic action to reduce the solute 
boundary layer resistance would allow the use of lower ω and TMP. Two such 
approaches are presented in the next section. 
 

 
Figure 6. Pressures on Rotating Disk 

 

2.5 HSRMS Backpulsing and Continuous Physical Cleaning 
Two methods for increasing the flux are back pulsing and continuously physically 
cleaning the membrane.  
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2.5.1 Backpulsing 
During backpulsing (back pressure > TMP), the permeate backflow dislodges solute that 
accumulate at the membrane surface and within the pores essentially producing a clean 
membrane that behaves as it did at earlier portions of the run. Backpulsing can only be 
used on membranes that will not delaminate (i.e. self-supporting membranes such as 
hollow fiber, metal and some ceramic membranes). Backpulsing is used extensively in 
water, wastewater, and industrial membrane applications (Zeman and Zydney, 1996; 
AWWA, 1996). Operational parameters of most concern are backpulse duration and 
frequency. A preliminary backpulsing test was conducted at UMBC laboratories using a 
single-disk HSRMS (See Figure 7). A high solids waste from a mobile cleaning, recovery 
and recycle system (MCRRS) flight deck cleaning operation aboard USS THEODORE 
ROOSEVELT (CVN 71) was tested. Back pressure was applied by reducing the TMP 
while the membrane was still rotating (see Figure 6 for pressure distributions in the radial 
direction). The centrifugally generated back pressure caused a back flow that was a 
function of the membrane radius (largest flow at the outer portion of the membrane, 
lowest at small radii). Backpulsing increased the permeate flux to that which was 
observed initially when the solute boundary had not completely formed (see Figure 7). 
The flux then declined as the solute boundary layer reformed. Backpulsing can also be 
applied by forcing permeate back through the system (as is done in conventional systems) 
which produces back flow over the entire disk. During actual operation, the backpulse 
would be repeated at a duration and frequency that maximized the cumulative volume of 
permeate produced (balance the “loss” of permeate during backpulsing with the increase 
in flux after a backpulse event occurs). Backpulsing could also help solve the cake 
formation issues that Jaffrin’s research group reported on when the feed flow was only 
slightly larger than the permeate flow (Ding et al., 2006; He et al., 2007). 
 

 
Figure 7. HSRMS Backpulse Benefit 

 

Run Time, hr

0 1 2 3 4 5 6

P
e

rm
ea

te
 F

lu
x,

 g
al

/ft
2 -

d

0
10
20
30
40
50
60
70
80
90

100
200

400

600

800

1000

1200

Effect of Backflushing on Permeate Flux rate
USS Rosevelt Flight Deck Water
Suspended Solids = 6.3 g/L ; pH =  6.8  Conductivity = 425 uS/cm
Membrane:  0.2 um pore size Stainless Steel
Operation:   TMP = 22 psi;  Rotation: 1,100 RPM
Recycle Mode; Temp = 26oC



NSWCCD-63-TM-2014/70 Rev 1                                                     
 

14

Metal and some ceramic membranes are not susceptible to delamination, but mechanical 
failure can result when the membrane lifts upward into the path of the HSRMS 
turbulence promoters (especially if backpulsing). Solutions to this problem include: 1) 
attaching the membrane sheet to the solid disk in a number of locations so that the height 
the membrane can lift up is less than the gap distance (distance between the membrane 
and turbulence promoter); 2) eliminating the stationary promoter and placing 
vanes/guards directly on the membrane surface (prevents membrane lift and promotes 
turbulence); 3) use of a guard to minimize membrane lift (stationary turbulence 
promoters remain) and 4) using a membrane that is similar to a hollow fiber membrane 
(i.e., the membrane is a one piece, self-contained entity).   
 
The use of vanes to promote turbulence/shear has been studied by several researchers (the 
focus of these studies was increasing turbulence/shear, not preventing membrane lift). 
Brou et al. (2002) reported that the increase in flux over that of a smooth disk was due to 
an increase in the velocity factor (fluid angular velocity/disk angular velocity) and mixing 
from vortices formation. Permeate flux increased with the number of vanes and the vane 
height while the specific energy deceased. He et al. (2007) reported a 50-60% higher 
permeate flux when metal disks with vanes were used compared to using only smooth 
ceramic disks. Bouzerar et al. (2000a) reported that shear rates on the rotating disks were 
twice those calculated on the adjacent stationary surface. Thus, the use of vanes on the 
membrane surface in place of the stationary turbulence promoter appears feasible and the 
vanes will also reduce membrane lift during backpulsing. Elimination of the stationary 
turbulence promoters is especially appealing for the overlapping disk version of the 
HSRMS as their absence will simplify design/construction and increase number of 
membrane disks/chamber volume. 
 
As mentioned earlier, hollow fiber membranes can be backpulsed because the entire fiber 
is the membrane, unlike a tubular membrane where a thin skin membrane is attached to a 
solid support. A company in Germany (KERAFOL; http://www.kerafol.com) 
manufactures a membrane that can be backpulsed (membrane is also used as a fine air 
diffuser). If their claims can be substantiated and the membrane can be mounted on the 
HSRMS (or the HSRMS can be modified to accept the KERAFOL membrane), these 
membranes will be studied.  
 

2.5.2 Continuous Physical Cleaning 
Continuous Physical Cleaning: At the pier-side bench-scale testing of the HSRMS for 
ACTIFLO® residual concentration at Naval Station San Diego, it was observed that 
seaweed became trapped in the turbulence promoter and was continuously physically 
cleaning the membrane surface, especially near the center where the rotational induced 
turbulence/shear was minimal but TMP the highest. At UMBC labs, a soft brush like 
material (“wiper”) was attached to one “spoke” of the “wagon wheel” turbulence 
promoter. The flux doubled when continuous cleaning was used (see Figure 8), which if 
sustainable would effectively half the size of the system. For continual physical cleaning 
the sustainability of the higher flux, membrane and wiper durability are some of the 
questions that need to be addressed. 



NSWCCD-63-TM-2014/70 Rev 1                                                     
 

15

 
Figure 8. Mechanical Cleaning of HSRMS 

Continual physical cleaning has been applied to cross-flow tubular membranes by 
passing sponge balls through the membrane channels. Sponge balls, which have a 
diameter slightly greater than the channel diameter (1”), “scrub” the membrane surface of 
accumulated solids. For a pier-side test at Naval Station Pearl Harbor, a hull cleaning 
waste containing aqueous and particulate copper was treated by adsorbent addition (to 
remove aqueous copper) followed by membrane treatment to remove the copper-laden 
adsorbent and particulate copper. During the course of the membrane run the flux 
decreased as the solute boundary formed (see Figure 9). At about 4 hours, sponge balls 
were routed through the system (once/min) producing a flux gain of about 250%. 
Permeate quality was not degraded (permeate was solids free). It is envisioned that for a 
hull cleaning waste, tubular membranes and the HSRMS would be used in tandem, with 
the HSRMS concentrating the residual from the tubular system. At a HSRMS test at the 
Naval Station San Diego, the HSRMS concentrated hull cleaning treatment residual to 
1/8th its original volume (Reed et al., 2014a).   

 
Figure 9. Effect of Sponge Ball Cleaning on Tubular Membranes 
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2.5.3 Backpulsing and Continuous Physical Cleaning – Effect on 
Membrane Disk Size 

As the diameter of the membrane disk increases, a negative pressure/permeate back flow 
can occur at the outer edge of the disk (see Equation 4 and Figure 6) essentially 
decreasing the ratio of “active” membrane area/physical membrane area. The negative 
pressure can be reduced by using a lower ω but a lower permeate flux and membrane 
fouling will result (Reed and Viadero, 1999; Viadero et al., 2000). If backpulsing and/or 
continual physical cleaning are used to minimize the solute boundary layer resistance 
then it is possible that the disks can be rotated at lower speeds without adversely affecting 
the permeate flux thus, a larger diameter membrane disk can be used decreasing footprint 
(ft2) and space (ft3) requirements. 
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3 MATERIALS AND METHODS 

3.1 Stirred Cell Experiments 
Commercially-available membranes were screened using Amicon stirred cells (Amicon, 
Millipore, USA) to evaluate permeate flux and quality of each membrane-Navy waste 
combination. The stirred cell operates in dead-end filtration mode (all fluid entering 
through the cell lid passes through the membrane at the cell base and exits; all particles 
larger than the membrane pores are retained at the membrane surface, building up a filter 
cake on the membrane surface which reduces filtration efficiency) although the magnetic 
stirring minimizes particle build up at the membrane surface (concentration polarization). 
The membrane was cut to fit the stirred cell and placed inside the test cell between the 
base and the magnetic stir bar. The stirred cell was placed on a stir plate; the plate stir 
speed setting was the same for all stirred cell apparatuses. Feed flowed from a 
pressurized (30 pounds per square inch (psi)) vessel, into the stirred cell, and the fluid 
that passed through the membrane (permeate) exited the stirred cell and was collected on 
a scale. The cumulative mass of permeate was recorded at one minute intervals and flux 
(J, volume permeate per area-time) was calculated. At the end of the experiment, 
turbidity of a composite permeate sample was measured. The membrane was flushed 
with warm water followed by flow through of 200 mL of cleaning solution. Figures 10 
and 11 show the stirred cell and experimental set-up.  
 
Prior to membrane evaluation with Navy wastes, the cut membranes were compressed by 
filling the pressurized (30 psi) feed vessels with reverse osmosis (RO) water and running 
the stirred cells.  
 

 
Figure 10. Stirred Cell 
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Figure 11. Stirred Cell Experimental Set-Up 

 

3.2 HSRMS Technology Description 
Two single-disk HSRM systems (HSRMS 1 and HSRMS 2) were procured from SpinTek 
Filtration. A simplified schematic of the HSRM systems is shown in Figure 12. 
Wastewater in the feed tank is pumped through a shell/tube heat exchanger and into the 
membrane chamber. Fluid that passes through the rotating membrane disk exits the 
chamber through the rotating shaft and can either exit the system boundary (for 
concentration or batch down mode) or can return to the feed tank to operate in recycle 
mode. Fluid that does not permeate the membrane (“retentate”) returns to the feed tank. 
Feed and permeate flow rates, temperatures, and pressures are measured.  
 
The original membrane chambers on HSRMSs 1 and 2 were sized for a single, 11-inch 
diameter disk. A larger diameter membrane chamber was fabricated for HSRMS 2 to 
accommodate the 14.7-inch membrane manufactured by KERAFOL. HSRMS 1 was 
returned to SpinTek for conversion to a 5-disk design for membranes with outer 
diameters of 11 inches and smaller with an inner diameter of one inch.  
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A four-liter permeate reservoir is downstream of the membrane chamber on the permeate 
line that returns to the feed tank. The permeate reservoir ensures that sufficient permeate 
is available to backpulse the membrane. Air-actuated valves on the permeate line control 
the flow of permeate during backpulsing. During normal (forward) operation, BP valve 1 
is open and BP valve 2 (pressurized air) is closed. During a backpulse, BP valve 1 closes 
and BP valve 2 opens and the pressurized air (pressure is manually set to provide the 
desired backpulse net pressure (P)) to re-direct permeate back through the membrane; 
BP valve 1 opens and BP valve 2 closes to restore forward flow.  
 

 
Figure 12. Simplified Schematic of HSRMS 

 
Two oil content monitors (OCMs) were obtained to measure the permeate quality during 
oily waste treatment experiments. The ET-35N OCM is the standard OCM used onboard 
U.S. Navy Combatants and measures the amount of light a sample scatters and transmits 
(turbidity) after it has been subject to ultrasonic emulsification. The Deckma OMD-2005 
OCM measures the turbidity of a sample but there is no preconditioning. The Deckma 
OCM was used as a back-up to the ET-35N because if there are surfactants in the 
permeate, the ET-35N ultrasonic emulsification creates bubbles that set off the ET-35N 
alarm 3 and prevent an oil content measurement.   
 
The OCM detection ranges are 0-140 parts per million (ppm) (at-sea range) for the ET-
35N and 0-30 ppm (trend up to 50 ppm) for the Deckma OMD-2005 (NAVSEA, 1999, 
Deckma, 2008). The HSRMS permeate flow rate and pressure were less than those 
required by the ET-35N (5-25 psi gauge (psig), 0.4-1 gallons per minute (gpm)) and 
Deckma (0.1-1 bar, 0.1-4 liters per minute) so permeate collected during experiments for 
permeate flowrate measurements was pumped through the OCMs to obtain an oil content 
reading.  
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Permeate quality during non-oily waste experiments was monitored by measuring 
turbidity and reported in NTUs. For select experiments evaluating membranes with 
biological wastes, feed and permeate samples were collected and sent to a third-party 
laboratory for total suspended solids (TSS), chemical oxygen demand (COD), and 5-day 
biochemical oxygen demand (BOD5) analysis.  
 

3.2.1 Equipment Differences Between HSRMS 1 and HSRMS 2 
The HSRMS 1 rotary shaft is belt-driven by an offset motor, allowing the membrane 
chamber to be oriented horizontally, making it easier to conduct the continuous surface 
cleaning experiments using it. The HSRMS 2 rotary shaft is driven by an in-line motor so 
the membrane chamber is tilted to prevent fluid entry into the motor and an air bleed 
valve was added to the top of the membrane chamber to ensure there were no air pockets 
in the membrane chamber during experiments. HSRMS 2 was used to perform 
backpulsing experiments. Both systems were used to perform baseline experiments.   
 
A magnetic-inductive flow sensor (ifm electronic efector 300; measuring range 0-6.60 
gpm; resolution 0.01 gpm) was used to measure permeate flow on HSRMS 1. The 
magnetic-inductive flow sensor was accurate over the entire measurement range. A 
thermal mass flow meter (measuring range 0-1325 mL/min) was installed on HSRMS 2 
to measure permeate flow rates below the detection/resolution range of the ifm flow 
meter. The thermal mass flow meter was accurate at the lower end of the measurement 
range which covered the six-inch ceramic membranes experiments, but despite multiple 
calibrations, it was not accurate over the entire measurement range. Once this issue was 
discovered, permeate on both HSRM systems was measured by collecting and weighing 
the mass of permeate collected over a timed interval (permeate density determined to be 
equal to water density).  
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Figure 13. HSRMS 1 
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Figure 14. HSRMS 2 

 

Control Panel 

Feed Line 

Membrane 
Chamber 

(MC) 

Return 
Flow 

Permeate 
Flow Meter 

Deckma OCM

Permeate 

ET-35N 
OCM 

Feed Pump 
Pump for OCMs 

Permeate 
Reservoir 

Return 
Flow 

Permeate 
Sample Line

Permeate 
Composite 
Sample 
Collection

Feed 
Tank

BP 
Valve 1

MC Drain 
Valve 

Bleed Valve 

BP 
Valve 2



NSWCCD-63-TM-2014/70 Rev 1                                                     
 

23

3.3 Standard HSRMS Experiments 
All treatment runs were performed with the system in recycle mode (permeate returned to 
the feed tank) and a transmembrane pressure of 27 psi, unless otherwise noted. Feed flow 
was set at 1.5 gpm per the recommendation of SpinTek. Membrane disks (11-inches and 
smaller in diameter) were attached to the rotating shaft using three-inch diameter hubs 
(standard diameter); standard hub size for 14.75-inch diameter membrane disks was five-
inches. The exposed membrane surface is represented by a flat, rotating ring. 
 
The transmembrane pressure is the difference between the feed (applied) pressure and the 
backpressure induced by membrane rotation (Equation 4). The backpressure averaged 
across the exposed membrane surface was calculated using the radius of gyration (I) for a 
flat, rotating ring, feed solution density (), and rotational speed (radians per second) 
(Viadero, 1997). 
 

௕ܲ௔௖௞ି௔௩௚ ൌ
ఘሺூఠሻమ

ଶ
 (5) 

 

The equation for the radius of gyration for a flat, rotating ring is:  
 

ܫ ൌ ቂ
൫ோ೔

మାோ೚
మ൯

ଶ
ቃ
భ
మ
 (6) 

 

where Ri = inner radius and Ro = outer radius. Tables 18-20 in Appendix A shows the 
applied pressures required for a TMP of 27 psi for the different disk sizes-hub-rotation 
combinations. 
 
Membranes were rotated at speeds ranging from 100 rpm to 1150 rpm. Permeate flow 
rate was measured by collecting and weighing permeate and used to calculate membrane 
flux (exposed membrane surface area divided by permeate flow rate). Fluxes were 
temperature-corrected to 20°C using the standard viscosity correction factor (Lorch, 1987) 
where temperature is in degrees Celsius.  
 

ଶ଴ܬ ൌ ்ܬ ൈ 1.03ሺଶ଴ି்ሻ    (7) 
 

Initial experiments were performed using a single disk rotational speed per run. A 
rotational step-down approach was later adopted where the run is started at the highest 
rotation (e.g., 1150 rpm) with the feed/applied pressure that corresponds to a 
transmembrane pressure of 27 psi. The flux was allowed to reach steady state which is 
defined as a 2% or less change in flux per measurement interval for three intervals in a 
row. Once the flux reached steady state, the rotation was lowered to the next rotation and 
the feed pressure was reduced to the applied pressure that corresponds to the disk/rotation 
combination. The standard rotation step-down sequence is 11501, 750, 500, 250, and 100 
rpm. Steady-state fluxes from rotation step-down experiments were comparable to 
steady-state fluxes from single rotation experiments at the same conditions. This new 
methodology condensed the testing schedule by eliminating the disk cleaning step needed 

                                                 
1 A few runs used 1000 rpm as the starting rotation.  
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between each run. Experiments performed using the rotation step-down mode are 
identified as such.  
 
Membrane disks were cleaned between each run using a two-step cleaning method 
consisting of a base solution cleaning and an acid solution cleaning. The system and 
membranes were flushed with water between the two steps. See Appendix A for method 
details. The effectiveness of membrane cleaning procedure was evaluated by comparing 
the initial fluxes of consecutive treatment runs. If a low initial flux was observed, the run 
was terminated and the membrane cleaning repeated to restore the initial flux to its 
original level.  
 

3.4 Continuous Surface Cleaning Experiments 
Sponges and brushes were selected as potential continuous surface cleaning (CSC) 
attachments. Cleaning attachments were added to two of the eight spokes of the 
turbulence promoters (see Figure 15) that sit above and below the membrane disk. 
Treatment runs with and without CSC were performed.  
 

 
Figure 15. Continuous Cleaning Sponge (Left) and Brush (Right) Attachments 

 

3.5 Backpulsing Experiments 
Backpulse treatment runs were performed using the parameters below. The backpulse net 
pressure is the difference between the transmembrane pressure and the backpulse 
pressure (pressure of air applied to fluid in the permeate reservoir to reverse permeate 
flow).  

 Backpulse frequency: 0 (baseline), 1 minute, and 2 minute 
 Transmembrane pressure: 27 psi 
 Backpulse net pressure: 10, 20, and 30 psi 
 Rotational speed: 100, 250, 500, 750, 1000, and 1150 rpm.  
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Table 1 shows the experimental matrix used in initial backpulsing experiments to determine the optimal backpulsing parameters 
(backpulse frequency and net pressure) for each membrane-waste-rotation combination. For a given membrane-waste-rotation-
backpulse frequency combination, the HSRM system was run in a backpulse net pressure step-down mode (e.g., one hour at ΔP = 30 
psi, 30 minutes at ΔP = 20 psi, and 30 minutes at ΔP = 10 psi). The standard length of the backpulse was set at 2 seconds. After 
identifying the best backpulse parameters, backpulsing experiments were performed using the rotation step-down method.  
 
 

Table 1. Experimental Matrix for Backpulse Treatment Runs with Constant Transmembrane Pressure 

(All Membranes) 
 

TMP = 27 psi 
Backpulse 
Frequency 

Rotation 
1,150 rpm 1,000 rpm 750 rpm 500 rpm 250 rpm 100 rpm 

0 (Baseline) P: 0 P: 0 P: 0 P: 0 P: 0 P: 0 
1 Minute P: 30, 20, 10 psi P: 30, 20, 10 

psi 
P: 30, 20, 10 

psi 
P: 30, 20, 10 

psi 
P: 30, 20, 10 

psi 
* 

2 Minutes P: 30, 20, 10 psi P: 30, 20, 10 
psi 

P: 30, 20, 10 
psi 

P: 30, 20, 10 
psi 

P: 30, 20, 10 
psi 

* 

*Experiments were not performed at these conditions because flux without backpulsing was deemed too low to be practical. 
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3.6 Radial Distance Experiments 
Hubs of different diameters (e.g., five-inch, seven-inch, and nine-inch) were used to 
evaluate the effect of radial distance on permeate flux during standard HSRMS treatment 
and treatment using backpulsing. Experiments were performed in rotation step down 
mode. Figure 15 shows a membrane loaded on a single-disk HSRMS.   
 
 

  
Figure 16. Three-Inch Upper Hub Securing Membrane to Rotating Shaft (Left) and 

Stack of Upper and Lower Hubs (Right) 
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4 RESULTS AND DISCUSSION 

4.1 Development of Synthetic Wastes and Design Criteria 

The project team met with technical experts from the NSWCCD, Environmental Quality 
Department, Wastewater Management Branch (NSWCCD Code 633) and the Solid 
Waste, Pollution Prevention, and Hazardous Material Management Branch (NSWCCD 
Code 634) to identify the Navy liquid wastes that will best represent Navy wastes 
applicable to the HSRMS. The goal was to select organic, inorganic, and oily wastes that 
have different solids characteristics and therefore different fouling/membrane cleaning 
characteristics. Four shipboard navy waste streams were chosen for HSRMS evaluation:  
1) oily bilge water, 2) combined black/graywater, 3) ash water from the PAWDS being 
developed by PyroGenesis Canada, Inc. using a Navy-patented plasma arc eductor, and 
4) biosolids (residual from future black, black/graywater treatment systems). The oily 
bilge water and black/graywater wastes were identified as current waste streams of 
concern by the Weapons Systems and Platforms SON 09-01. PAWDS ash water and 
biosolids represent future waste streams of concern. At a meeting with the NAVSEA 
TWH for Environmental Systems and Materials Engineering and representatives from the 
NAVSEA Shipboard Environmental Program (SEA 05P25), NSWCCD Wastewater 
Management Branch, and NSWCCD Solid Waste, Pollution Prevention, and Hazardous 
Material Management Branch, it was agreed upon that bilge water and black/graywater 
are the high-priority wastes. Both PAWDS and biosolids have the potential to be elevated 
to a higher position on the list if disposal of ash becomes regulated or if biosolids-
producing equipment is installed on more ships.   
 
For oily bilge water, representative synthetic recipes already exist (Maribo, 2004) and 
have been used by the NSWCCD Wastewater Branch for years for laboratory oily system 
evaluations. The synthetic oily waste made up of free oil and fuel, detergents 
(emulsifying agents), and fibers was selected because membrane face-plugging by 
fibrous debris has been an issue in system evaluations (Maribo, 2007; Lee, 2008). The 
oily waste consists of 1000-ppm navy standard bilge mix #4 (NSBM, 50 vol% marine 
diesel, 25 vol% 2190 TEP steam lube oil, and 25 vol% 9250 diesel lube oil), 100-ppm 
detergent mix (DM) #4 (50 vol% Type 1 general purpose detergent, 25 vol% commercial 
detergent Tide Ultra® (liquid), and 25 vol% Stoddard solvent), 100-ppm Arizona test 
dust (coarse), and 0.70-ppm cloth fibers (lint mostly 25-150 um in length). This bilge 
water concentration is sometimes referred to in this report as “1X”. Bilge water mixtures 
of higher concentrations are referred to as 2X (2000-ppm NSBM #4), etc.  
 
Several performance specifications for oily waste treatment systems exist, including: 

 MIL-PRF-32041A (Ultrafiltration System, 50-Gallon Per Minute Oily Waste 
Membrane (OWMS-50)) for use on CVN 77/78 

 MIL-PRF-32098A (Ultrafiltration System, 10-Gallon Per Minute Oily Waste 
Membrane (OWMS-10)) for use on LPD Class   

In order for an improved HSRMS to be used onboard ships to treat oily bilge water, it 
would have to meet the appropriate specifications (e.g., producing a permeate containing 
15 ppm free oil or less). An alternative use would be to further concentrate the oil-rich 
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waste stream produced by existing oily waste treatment systems to reduce the volume of 
oil-rich waste that must be stored in the oily waste holding tank until the ship returns to 
shore.   
 
For black/gray waste, MIL-PRF-30099 (Treatment System, Blackwater and Combined 
Blackwater/Graywater, For Surface Ships) provides detailed characteristics of black 
water, gray water, and combined black/gray water characteristics and treatment system 
requirements. The NSWCCD Wastewater Branch has used municipal sewage and 
commercial laundry water for years to make synthetic black/gray water for laboratory 
evaluations. The opportunity in the black/gray water area for a HSRMS is the removal of 
solids prior to the wastewater treatment system to lower organic content and reduce the 
size of the black/gray water treatment system. Since the HSRMS will target the solids, 
the project team decided to use primary sludge diluted to 700-2,400 mg/L TSS to 
simulate the black/gray water (see Table 2).  
 
The PAWDS is planned for installation on USS Gerald R. Ford (CVN 78) which is 
expected to be complete in 2015 (Alexander et al., 2008). The system uses a plasma arc 
eductor to gasify and combust all plastic, paper, cardboard, rags, and wood waste 
generated onboard ships and produces an ash water stream from its quench step. Ash 
water (0.3-0.6% solids) and dry ash were collected from the PAWDS test system during 
an evaluation conducted in fall 2009 for use in the HSRMS evaluation. In year three and 
beyond, an aluminum hydroxide waste (inorganic particulate waste) was used to simulate 
PAWDS ash water because it could easily be mixed up in varying concentrations; a 3.5% 
total solids solution was used to evaluate the effects of a higher solids load on HSRMS 
performance.  
 
The biosolids represent the sludge waste generated by black/graywater and blackwater 
treatment systems. Only a few Navy ships currently have treatment systems installed, 
such as T-AKE 1 (Red Fox, biological, conventional bioreactor), and LCS-1 (Evac Orca, 
physical/chemical, macerate/chlorinate system). The NSWCCD Wastewater Branch has 
also evaluated other biological and physical/chemical treatment systems such as a fixed 
activated sludge treatment system manufactured by Smith & Loveless, Inc. and the 
Neptumatic MSD (Marques, 2003; Riggs, 2007). Data on the biosolids generation rate 
and characteristics are limited, but rough estimates are that the biosolids generation rate is 
5-10% of the black/gray waste generation rate and contains 2-2.5% solids. The 
opportunity in the biosolids area for a HSRMS is dewatering of the biosolids to reduce 
the volume and weight of biosolids that must be stored during travel within restricted 
waters. Primary sludge diluted to the 2-2.5% solids was used to simulate the biosolids 
waste (see Table 2). 
 
Table 2 shows characteristics of the waste streams, performance specifications, and 
discharge limits (MIL-PRF- 3009; MIL-PRF-32041A; MIL-PRF-32098A; Maribo, 2004; 
Riggs, 2007). 
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Table 2. Navy Liquid Waste Characteristics by Ship Class 

 Oily Bilge Water Black/Graywater PAWDS Ash Water Biosolids 
Objective of 
HSRMS processing 

1) Treatment to discharge limits 
Or 
2) Further concentration of oil-
rich waste stream from existing 
bilge water treatment systems 
to reduce volume that must be 
stored 

1) Solids removal prior to 
black/gray water treatment 
systems 

1) Solids removal 
prior to ash water 
discharge to sea 

1) Solids removal to 
reduce volume of sludge 
that must be stored 

Generation Rate or 
Existing System 
Capacity 

10 gpm and 50 gpm 48 gal/person/day applies to all 
classes for combined vacuum-
collected blackwater and gravity 
collected graywater 

 2.4-4.8 gal/person/day  
(5-10% of the wastewater 
volume processed) 

Aircraft Carriers 
(CVN) 

 297,600  gallons per day (gpd) 
(CVN 65-76) 
158,400 gpd (CVN 67) 
206,400 gpd (CVN 68) 

9 gpm 14,880 -29,760 gpd  
(CVN 65-76) 
7,920 – 15,840 gpd (CVN 
67) 
10,320 – 20,640 gpd 
(CVN 68) 

Destroyers DDG  18, 240 gpd (DDG 89 and 
follow) 

Not applicable 912 – 1,824 gpd 

Waste Properties Assumed same as synthetic 
mixture of oil, detergent, and 
particles: 
1000 ppm NSBM #4 
100 ppm Detergent Mix #4 
100 ppm Coarse AZ Test Dust 
0.7 ppm lint 

530-1,300 mg/L BOD5 
700-2,400 mg/L TSS 
100-220 mg/L oil and grease 
 

0.3%-0.6 % solids 2-2.5% solids 

Discharge Limits Free oil ≤15 ppm BOD5 ≤ 25 mg/L 
COD ≤ 125 mg/L 
6 ≤ pH ≤ 8.5 
TSS ≤ 35 mg/L 

Allowed when ship is 
greater than 12 
nautical miles from 
land. 

See black/graywater 
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4.2 Screening of Commercially-Available Membranes 

 

4.2.1 Stainless Steel and Polytetrafluoroethylene Membranes 
Four membranes available as sheets (three SS and one PTFE were selected for stirred cell 
evaluation. Membrane characteristics and manufacturer information are in Table 3 below.  
 

Table 3. Membrane Characteristics 

Membrane Part 
Number 

Material Pore Size Manufacturer 

PM0110 PTFE 1-2 um Porex 
M020 Stainless steel 0.1 um Pall 
M050 Stainless steel 0.5 um Pall 

SS-316-03 Stainless steel 3 um SpinTek 
 
The stirred-cell testing results were similar to what has been typically observed in the 
literature: 1) the permeate flux decreased from an initially high value due to formation of 
the solute boundary layer at the membrane surface which caused an increase in resistance 
to permeation and 2) a slower decrease in flux caused by waste thickening and possibly 
membrane fouling/plugging.  
 
An example of the average flux and composite turbidities versus run number is presented 
in Figure 16 for bilge water treatment. In general, the flux versus time data was not a 
function of run number indicating that membranes were able to be restored with cleaning 
with no deterioration in permeate production/permeate quality. 
 
The average permeate flux and composite permeate turbidities for all waste-membrane 
combinations are presented in Tables 4 and 5. All membranes performed well based on 
permeate flux/quality and thus it was decided to carry forward all membranes-waste 
combinations to baseline pilot-scale testing. Figure 18 below shows a SpinTek disk made 
using a stainless steel membrane and a representation of the cross-section of the 
membrane disk. The membrane lies on top of a mesh (this provides channels for the 
permeate to flow to the hollow, rotating shaft and leave the membrane chamber) which 
lies on top of a solid support. The outer edge of the disk is sealed; the hubs that attach the 
disk to the shaft provide the seal at the inner radius. The disk inner hole matches the 
shape (circle with two flat sides) of the rotating shaft which physically locks the 
membrane to the shaft.  
 



NSWCCD-63-TM-2014/70 Rev 1                                                     
 

31

 
Figure 17. Average Stirred Cell Permeate Flux and Composite Turbidities for Bilge 

Water Treatment 
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Table 4. Average Permeate Flux (GFD) ± Standard Deviation for Stirred Cell Test 
Runs 

Membrane Bilge Black/Gray PAWDS Biosolids 
PTFE 29±8 9.7±3.5 625±70 3.8±0.7 
SS-0.1 16±2.1 8.6±1.8 1150±180 9.8±4.3 
SS-0.5 26±4.6 9.5±1.4 920±96 8.7±1.7 
SS-3 31±7.1 14.5±2 950±113 10±2.3 

 
 

Table 5. Permeate Turbidities (NTU) ± Standard Deviation for Stirred Cell 
Composite Samples 

Membrane Bilge Black/Gray PAWDS Biosolids 
PTFE 15±4.0 5.0±2.6 0.40±0.2 1.13±1.0 
SS-0.1 16±9.0 4.2±3.7 0.36±0.2 0.54±0.2 
SS-0.5 34±28 5.1±5.0 0.36±o.3 0.71±0.3 
SS-3 16±9.1 4.0±0.6 0.34±0.1 0.31±0.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 18. SpinTek Membrane Disk and Cross-Sectional View 

 
 

4.2.2 Ceramic Membrane Disks 
Ceramic membrane disks manufactured by KERAFOL with pore sizes of 7 nm, 30 nm, 
60 nm, 0.2 um, 0.5 um and 2 um were selected for evaluation. The ceramic membranes 
are available in three sizes, but only the smallest disk (152 disk, 6-inch diameter) fits in 
the HSRMS membrane chamber so the commercial screening was performed using 6-
inch disks of each pore size. Figure 19 shows a cross-section of a KERAFOL ceramic 

Membrane 
Mesh Solid support 

Outer seal 
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disk. All of the disks consist of a ceramic support (2 um pore size) which is coated with 
layers of a material with smaller pore sizes. Tables 6 and 7 provide characteristics and 
dimensions of KERAFOL ceramic disks. Mounting of the ceramic membranes on the 
rotating shaft was different from the SpinTek mounting scheme because KERAFOL 
recommended that there be no contact between the membrane disk and the rotating shaft. 
The ceramic membrane mounting scheme relied on compression of the hubs on either 
side of the membrane and the friction between the hub gaskets and the membrane to 
rotate the ceramic membrane.  
 

 
 

Figure 19. Cross-Section of KERAFOL Ceramic Disk 

 
 

Table 6. KERAFOL Ceramic Membrane Characteristics 

Membrane 
Characteristic 

Microfiltration Ultrafiltration 

Mean Pore 
Size 

2 um 0.5 um 0.2 um 60 nm 30 nm 7 nm 

Material  Al2O3  Al2O3 Al2O3 ZrO2 TiO2 MgAl2O4 
 

Table 7. KERAFOL Ceramic Disk Geometry 

Disk Outer Diameter (cm) Inner Diameter (cm) Surface Area (m2) 
152 15.2 2.55 0.14 
312 31.2 9.1 0.56 
374 37.4 9.1 0.83 

 
The ceramic membranes were screened using the tests outlined in Table 1 with the goal 
of downselecting to one or two pore sizes and ordering disks sized to fit the HSRMS 
membrane chamber in those pore sizes. Due to the number of tests required, the 
evaluation was based on the treatment of the highest priority wastewater: bilge water.  
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4.2.2.1 Membrane Selection Based on Permeate Quality 
Permeate quality was the initial screening criterion. The discharge oil content limit is 15 
ppm and all membranes were able to easily meet this requirement (see Table 8 below). 
There was no correlation between permeate oil content and operation parameters (BP 
frequency, rotation, and P). Thus, membrane selection was based on permeate flux.  
 

Table 8. Summary of 6-Inch Ceramic Membrane Permeate ET-35N Oil Content 
Results 

Membrane Average Oil Content ± Standard 
Deviation, ppm 

Oil Content Range, ppm 

7 nm 4.5 ± 2.6 1-12 
30 nm 4.9 ± 2.6 0-11 
60 nm 4.5 ± 2.4 0-11 
0.2 um 6.0 ± 3.4 1-15 
0.5 um 5.4 ± 2.5 1-10 
2 um 6.0 ± 3.4 0-11 

 

4.2.2.2 Membrane Section Based on Permeate Flux 
 

4.2.2.2.1 Effect of Backpulse Net Pressure  
For all UF membranes (7 nm, 30 nm, and 60 nm) providing backpulsing increased the 
permeate flux over that observed for the no backpulsing case, but increasing the rotation 
tended to decrease the beneficial effect of backpulsing.  This was expected because the 
thickness of the solute boundary layer at the higher rotational speeds (higher shears at 
membrane surface) is reduced significantly (and with it the resistance to water flow). 
Figure 20 provides an example of the effects of ΔP on bilge water treatment using the 7 
nm membrane. 
 
For the MF membranes (0.2 um, 0.5 um, and 2 um) the results were less conclusive partly 
due to the large variability of the fluxes which can be attributed to the larger pores being 
plugged by the oil droplets and small diameter solids. Membranes have a range of pore 
sizes with the reported diameter being an average or nominal size; a membrane with a 
reported diameter of 0.5 um will have a significant number of pores with diameters 
greater than 0.5 um. These larger pores often account for a large percentage of the clean 
water flow but are susceptible to plugging when exposed to a waste. When the larger 
pores are plugged the permeate flux decreases significantly with time. This is 
demonstrated in Figure 21 where the flux at different interval times are presented (bottom 
graph). For many tests, the flux did not stabilize with time, thus, it was difficult to obtain 
a steady state mean flux (unlike for the UF membranes for which the flux-time curves did 
not vary with interval number – see Figure 22). It is hypothesized that for the MF 
membranes the flux continued to decrease because with time more and more of the larger 
pores were being plugged and backpulsing was unable to dislodge the particles from the 
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pores. In addition, it appeared that cleaning did not always unplug the membrane pores, 
thus, inconsistent results between runs were observed.   
 
The amount of permeate used during backpulsing was small regardless of the magnitude 
of ΔP while the reduction in time the system was not producing permeate was 3.3% for a 
1 minute (min) BP frequency and 1.7% for a 2 minute BP frequency. The loss of 
treatment capability (by using permeate to backpulse and not processing waste during the 
backpulse event) was small relative to the improvement in permeate flux observed for 
backpulsing.  The permeate flux was highest for ΔP = 30 psi, thus, the data from this 
portion of the testing will be used to evaluate the effect of BP frequency membrane type. 
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Figure 20. Mean Permeate Flux versus Rotation for 7 nm Ceramic Membrane 
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Figure 21. Mean Permeate Flux versus Rotation for 0.2 um Ceramic Membrane 
(Top) and Permeate Flux versus Time for 500 rpm-P=30 psi-1 minute BP 

Frequency (Bottom) 
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Figure 22. Permeate Flux versus Interval Time for 7 nm Ceramic Membrane for 
500 rpm-P=30 psi-2 minute BP Frequency 

 

4.2.2.2.2 Effect of Backpulse Frequency 
The effect of BP frequency was evaluated at ΔP = 30 psi. Example permeate fluxes for 1 
minute and 2 minute BP frequency at ΔP = 30 psi are presented for the 7 nm membrane 
in Figure 23. Results are summarized by membrane as follows: 

 7 nm: permeate fluxes were approximately equal at 1 minute and 2 minute BP 
frequency 

 30 nm: results inconclusive 
 60 nm: permeate fluxes were approximately equal at 1 minute and 2 minute BP 

frequency  
 0.2 um: results inconclusive 
 0.5 um: results inconclusive 
 2 um: permeate fluxes were greater at 1 minute than at 2 minute BP frequency 

 
Results were either inconclusive or there was no significant effect of BP frequency thus 
in the next round of testing using larger ceramic membranes both BP frequencies were 
investigated further. 
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Figure 23. Mean Permeate Flux versus Rotation for 7 nm Ceramic Membrane at 

P=30 psi and 1 and 2 minute BP Frequencies 

 

4.2.2.2.3 Effect of Membrane Type 
In Figure 24, permeate flux versus rotation results are presented for 1 minute and 2 
minute BP frequencies at ΔP = 30 psi for the six membranes tested. The 60 nm and 7 nm 
were generally higher than the other membranes and provided more consistent results 
over the course of the testing. Larger membranes (10.5-inch diameter) were ordered from 
KERAFOL in these two pores sizes for further evaluation.  
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Figure 24. Mean Permeate Flux versus Rotation as a Function of Ceramic 
Membrane Pore Size for 1 minute BP Frequency (Top) and 2 minute BP Frequency 

(Bottom) 
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4.3 Effect of Continuous Surface Cleaning on Membrane Flux 
 

4.3.1 Stainless Steel and PTFE Membranes 
Continuous surface cleaning using sponge and brush attachments was investigated using 
the 0.5 um stainless steel and 1-2 um PTFE membranes to treat PAWDS ash water and 
bilge water, respectively. Bilge water was used because it is the highest priority waste; 
PAWDS ash water was selected because it is the most abrasive of the four Navy wastes 
and therefore the best waste to evaluate the potential for membrane deterioration due to 
friction from the cleaning attachments.  
 
For both types of cleaning attachments, permeate flux with continuous cleaning was 
equal to or less than experiments without continuous cleaning despite the reduction of the 
cake layer thickness. Figures 25 and 26 present example permeate flux versus time data 
for continuous cleaning tests using sponges and brushes, respectively. Pictures of the 
membrane disks after PAWDS waste treatment with and without sponge and brush 
cleaning attachments are shown in Figures 27 and 28, respectively. Permeate turbidity 
was always less than 0.55 NTUs for all experiments indicating excellent rejection of the 
solids by the membrane.   
 

 
Figure 25. Permeate Flux versus Time for PAWDS Waste CSC Experiment using a 

0.5 um Stainless Steel Membrane and Sponges 
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Figure 26. Permeate Flux versus Time for PAWDS Waste CSC Experiment using a 

0.5 um Stainless Steel Membrane and Brushes  

 
Figure 27A shows the thick cake that developed on the membrane during the Without 
Sponges experiment.  The cake layer was estimated to be about ¼-inch thick at the center 
and about 1/8-inch thick at disk edge.  The thickness of the cake decreased with the 
radius due to higher shear at the outer edge of the membrane disk. One strip of the 
membrane was cleaned manually to show the thickness of the cake.   
 
The With Sponges photos in Figure 27 (B and C) show the disk surface after two separate 
experiments. In Figure 27B, the sponges were successful in keeping the membrane free 
of PAWDS solids; the rings of solids were due to the plastic ties used to attach the 
sponges to the turbulence promoters (the ties did not contact the membrane disk). In the 
Figure 27C Sponges experiment, the membrane was stationary for the first seven minutes 
of the run because the applied pressure was less than the minimum pressure of 30 psi 
(programmable logic controller (PLC) program prevents membrane rotation until there is 
sufficient applied pressure because there is the potential for membrane uplift into the 
turbulence promoters). The cake layer observed is much less than that of Without 
Sponges and it is possible that the cake layer formed during the first seven minutes of the 
experiment was too dense for the sponges to remove or that the sponges were not in 
direct contact with the membrane during this experiment.   
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Figure 27. Stainless Steel Membrane Surface Without and With CSC Sponge 
Attachments 
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Without Brushes 
 

 
 

With Brushes 
 

 

Figure 28. Stainless Steel Membrane Surface Without and With CSC Brush 
Attachments 

 
The same issue of no membrane rotation at the beginning of the experiment occurred 
during the Brushes experiment (Figure 28B) and the brushes did not completely clean the 
membrane as observed Figure 27B. The brush bristles may not have been stiff enough to 
push through the cake layer, although there were spots on the membrane that were 
cleaned.   
 
Figure 29 presents results of a continuous surface cleaning experiment using the 1-2 um 
PTFE membrane and sponges to treat bilge water. Permeate flux with CSC was less than 
without CSC. Permeate turbidity ranged from 5 NTU to 17 NTU.  
 

A B 
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Figure 29. Permeate Flux versus Time for PTFE Sponges Continuous Cleaning 

Experiment Using Bilge Water 

 
Overall, the effect of continuous surface cleaning on flux with the stainless steel and 
PTFE membranes was unexpected given that the cake layer thickness on the membrane 
was noticeably less than what was observed for baseline behavior (no cleaning 
attachments) and the observations of CSC that occurred in a previous study (e.g., sponge 
balls introduced into a tubular membrane system during pier-side underwater hull 
cleaning tests at Naval Station Pearl Harbor described in Section 2.5.2). Potential reasons 
for the flux reduction include solids were forced into the membrane pores due to direct 
contact of the cleaning attachment and the reduction or absence of the cake layer allowed 
smaller PAWDS solids access to the surface (if the cake layer was there the smaller 
solids would be filtered out).   
 

4.3.2 Ceramic Membranes 
The effect of continuous surface cleaning was evaluated using 10.5-inch ceramic 
membranes (7 and 60 nm pore sizes) and two wastewaters: bilge water and black water. 
For bilge water, two sets of experiments were conducted: short-term runs and long-term 
runs. For black water, only short-term runs were performed. 
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4.3.2.1 Bilge Water: Short-Term and Long-Term Experiments 
In the bilge water short-term runs, 1X and 10X bilge water were treated with the HSRMS 
operated in recycle mode using the conditions listed in Table 9.  
 

Table 9. Experimental Conditions for Short-Term CSC Runs 

Feed Concentration, nX Rotation, rpm Sponges? 
1X 500 No 
1X 500 Yes 
10X 1150 No 
10X 1150 Yes 

 
Permeate oil content was below 15 ppm for all short-term experiments and permeate 
fluxes with sponges were always greater than without sponges. In Figure 30 permeate 
fluxes versus run time for 500 rpm sponges and no sponges are presented. The open 
symbols represent data from experiments with sponges and the filled symbols represent 
data from no sponge work. Solid lines are regression analyses and dashed lines are the 
corresponding 95% confidence levels. The average increase between sponge- no sponge 
permeate fluxes was 44 gal/ft2-d (31% increase) with a range of 23 to 63 gal/ft2-d (18 to 
63% increase).   
 

Short Term Runs - Effect of Continuous Cleaning 
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Figure 30. 60 nm Ceramic Membrane Permeate Flux versus Run Time for Short-

Term CSC Experiments Treating 1X Bilge Water 

In Figure 31 results from 10X bilge water for 60 and 7 nm membranes are presented. 
Also included in Figure 31 are the regression lines from the 1X work. For the 60 nm 
membrane the 10X permeate flux is almost identical to the 1X data and this independence 
of the permeate flux from feed concentration between 1X and 10X was observed in a 
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number of experiments. The 7 nm membrane flux was about 100 gal/ft2-d lower than the 
60 nm membrane and because both membranes produced permeate that was acceptable 
(oil content less than 15 ppm), additional tests using the 7 nm membrane were not 
conducted.   
 

Effect of Continuous Cleaning - Short Term Runs
1X and 10X Bilge, 500 rpm, TMP: 27psi
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Figure 31. 60 nm and 7 nm Ceramic Membrane Permeate Flux versus Run Time for 
Short-Term CSC Experiments Treating 1X and 10X Bilge Water 

 
The long-term bilge water runs were performed with the HSRMS operated in semi-batch 
mode during which permeate was removed from the system while feed was added at the 
same rate as permeate removal. During semi-batch operation the feed tank concentration 
increases with time. After a predetermined time, no new feed was added to the feed tank 
but permeate was continually removed (“batchdown”). During batchdown operation 
significant levels of feed concentration can occur (concentration factor, CF, greater than 
20X). Conducting the experiments in this manner represents the operation closest to what 
would occur shipboard and takes into account the effect of run time and feed 
concentration on permeate flux and quality. Feed temperature control was not practiced 
during these experiments. The 60 nm membrane was used for all long-term tests under 
the following conditions: 500 rpm-no sponges; 500 rpm-sponges; 1150 rpm-no sponges; 
and 1150 rpm-sponges. Permeate oil content was measured hourly at the beginning of the 
run and more often at later times when the feed concentration began to increase 
significantly.  
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Permeate oil content was below 15 ppm for all experiments (see Table 10). In Figures 32 
through 34, permeate flux of the 60 nm membrane versus run time are presented for 1150 
rpm-no sponges, 500 rpm-no sponges, and 500 rpm-sponges, respectively. Each 
experiment was conducted two to three times and the results summarized by fitting a 
regression curve to all of the data (solid lines are regression curves; dashed lines are 95% 
confidence intervals). In Figure 35, the regression lines are presented for all conditions. 
The fluxes presented in Figures 32 through 35 are temperature-adjusted to 20°C. The 500 
rpm-sponges and 1150 rpm-no sponges are almost identical which indicates that the loss 
of rotationally-induced “cleaning action” on the membrane surface can be compensated 
for by using continuous cleaning at the lower rotations. Note that the inclusion of sponges 
at 1150 rpm did not improve performance most likely because the solute membrane layer 
thickness was small because of the high rotation. The average difference between sponge 
and no sponge permeate fluxes at 500 rpm was 46 gal/ft2-d (41%) with a range of 34 to 
74 gal/ft2-d (33 to 51%) which were similar to the improvements observed in short-term 
runs. Thus for the bilge water, the inclusion of sponges improves the membrane flux by 
approximately 44-46 gal/ft2-d at a rotation of 500 rpm. Given that larger disks are 
typically rotated at slower speeds, it appears that the flux loss due to decreased 
rotationally-induced turbulence can be compensated for by including sponges without 
deterioration in permeate quality.  
 

Long Term Operation - Effect of Continuous Cleaning
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Figure 32. 60 nm Ceramic Membrane Permeate Flux versus Run Time for Long-

Term CSC Experiments Treating 1X Bilge Water at 1150 rpm - No Sponges 
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Long Term Operation - Effect of Continuous Cleaning
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Figure 33. 60 nm Ceramic Membrane Permeate Flux versus Run Time for Long-
Term CSC Experiments Treating 1X Bilge Water at 500 rpm - No Sponges 
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Long Term Operation - Effect of Continuous Cleaning
60 nm membrane; TMP:  27 psi;  500 rpm 
Feed:  1X Bilge; Feed Tank Contents Concentrating
Sponges

 
Figure 34. 60 nm Ceramic Membrane Permeate Flux versus Run Time for Long-

Term CSC Experiments Treating 1X Bilge Water at 500 rpm - Sponges 
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Long Term Operation - Effect of Continuous Cleaning
60 nm membrane; TMP:  27 psi
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Figure 35. Regression Curves for 60 nm Ceramic Membrane Permeate Flux versus 
Run Time for All Long-Term Experiments Treating 1X Bilge Water: 500/1150 rpm 

and Sponges/No Sponges 

The long-term bilge experiment results are presented without the temperature correction 
in Figures 36 through 38. The permeate flux, concentration factor, feed temperature, and 
permeate oil content versus time for 1150 and 500 rpm-sponges experiments are 
presented in Figures 36 and 37, respectively. The permeate fluxes versus concentration 
factor are presented in Figure 38. Because temperature control was not practiced, the feed 
temperature generally increased with run time especially for the 1150 rpm experiments 
because of the increased energy imparted to the liquid at the high rotations. The permeate 
flux increased with temperature because of the decrease in viscosity of water which is 
permeating through the pores; thus operating the system at higher temperatures is 
advantageous. However, permeate quality can suffer, especially for oily wastes because it 
is easier for oil to permeate through the pores. During the course of these experiments 
permeate oil was always less than 15 ppm even at high temperatures (highest temperature 
was 44oC) and high feed content (over 35X). The turbidity of the permeate was less than 
1 NTU and had no color.  
 
Permeate flux generally decreased initially with time due to the formation of the solute 
boundary layer, then reached a somewhat steady value over a large portion of the run and 
then decreased during batchdown operation when the concentration of the feed increased 
significantly. Table 10 summarizes the long-term experiment results. The addition of 
sponges at 500 rpm produced results that were slightly below (about 10%) 1150 rpm 
results. Also apparent from Table 10 data is the strong effect of temperature on permeate 
flux (and thus the size of a full-scale system). Increasing the temperature from 20oC to 
32oC increased the flux from about 142-162 to 203-228 gal/ft2-d (41-43% increase).  
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Given that permeate quality was unaffected by operation at higher temperature the system 
should be operated at as high as temperature as possible. 
 

Table 10. Summary of Long-Term Experiment Results 

Rpm 
 

Sponges 
 

Volume 
Treated, 

gal 

Final 
CF, nX 

 
Avg. J, 
gal/ft2-d 

Avg. T, 
oC 

Avg J at 
20oC,  

gal/ft2-d 

Avg. oil, 
ppm 

 
1150 no 128 27.8 214 30 159 3.9 
1150 no 122 32.0 241 34 164 3.0 
1150 yes 103 23.8 234 37 157 3.3 
500 Yes 120 25.6 207 32 145 3.5 
500 yes 101 21.3 178 32 128 5.2 
500 yes 128 29.8 224 33 153 4.1 

Average of 
Runs 

1150 No 125 29.9 228 32 162 3.5 
500 Yes 116 25.6 203 32 142 4.3 
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Long Term Operation
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Figure 36. 60 nm Ceramic Membrane Permeate Flux, Concentration Factor, 
Temperature, and Permeate Oil Content versus Run Time for 1150 rpm 
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Long Term Operation
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Figure 37. 60 nm Ceramic Membrane Permeate Flux, Concentration Factor, 
Temperature, and Permeate Oil Content versus Run Time for 500 rpm - CSC 
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Long Term Operation
60 nm Membrane
TMP:  27 psi; Feed:  1X Bilge
1150 rpm
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Figure 38. 60 nm Ceramic Membrane Permeate Flux versus Feed Concentration 

Factor for 1150 rpm and 500 rpm - CSC 
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4.3.2.2 Black Water: Short-Term Experiments 
Short-term black water experiments were conducted on black water that was received 
from Noman M. Cole, Jr., Pollution Control Plant (Lorton, Virginia). Based on prior 
performance, only the 60 nm membrane was studied. Runs were conducted with and 
without sponges for 500 and 1150 rpm at a constant transmembrane pressure of 27 psi 
and the system was operated in recycle mode. For one 500 rpm-sponge experiment the 
rotation was increased to 1150 rpm approximately midway through the run. In order to 
determine the BOD5, COD, and TSS reduction potential of the HSRMS, feed and 
permeate samples were collected and sent to Martel Laboratory (Baltimore, Maryland) 
for analysis.  
 
For all short-term black water runs, the permeate turbidity was below 0.5 NTU and 
permeate was visually clear. Feed and permeate BOD5, COD, and TSS data are presented 
in Table 11 below. The feed BOD5 and TSS levels were much lower than the assumed 
black/gray water feed characteristics outlined in Table 2, but the HSRMS does 
demonstrate the potential for reducing these constituents to below the discharge limits.  
 

Table 11. Black Water Feed and Permeate Quality Data 

Parameter Discharge Limits HSRMS Feed HSRMS Permeate 
BOD5 ≤ 25 mg/L 170-290 mg/L < 20 mg/L (detection limit) 
COD ≤ 125 mg/L 800 mg/L < 20 mg/L 
TSS ≤ 35 mg/L 460-590 mg/L < 1 mg/L 
 
In Figure 39 permeate fluxes versus run time for 500 rpm and 1150 rpm, sponges and no 
sponges, are presented. The use of sponge CSC increased permeate flux at 500 rpm (76 to 
104 gal/ft2-d; 37% increase). However, unlike for bilge water, the addition of sponges at 
500 rpm did not increase the flux to what was observed at 1150 rpm-no sponges (172 
gal/ft2-d). There was no CSC flux benefit at 1150 rpm and this was also observed during 
bilge water treatment. For one 500 rpm run, the rotation was increased to 1150 rpm at 
about 3 hours and the flux increased to the levels observed for the 1150 runs. This 
indicates that the layer of solids that formed on the membrane surface is responsible for 
the differences in flux at the two rotations (as opposed to pore plugging which would not 
be reversed with an increase in surface turbulence). If cake layer resistance is the 
operative fouling phenomenon then it is unclear why sponges at 500 rpm did not produce 
fluxes similar to 1150 rpm-no sponges. 



NSWCCD-63-TM-2014/70 Rev 1                                                     
 

56

Effect of Continuous Cleaning
Black Water
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Figure 39. Permeate Flux versus Run Time for 500 and 1150 rpm, Sponges and No 

Sponges 

 

4.4 Effect of Backpulsing on Membrane Flux 
Low permeate flux rates are attributed to the buildup of particles on the membrane 
surface and within the membrane. In attempt to minimize solids accumulation impacts 
and to maintain a high flux rate, a backpulse technique can be incorporated into the 
membrane process. Backpulsing is the redirection of water flow from the permeate side 
of the membrane to the feed side of the membrane. The water flow is reversed by 
supplying a greater pressure on the permeate side of the membrane. The flow of solution 
is redirected and breaks up the solids gel layer carrying particles away from the 
membrane surface.  
 
The backpulse technique is different from backwashing in that backpulsing is done more 
frequently and for shorter durations. A typical backpulse operation is performed once a 
minute for less than a second. The use of a backpulse has been found to reduce 
membrane fouling and maintain a greater flux rate during filtration.   
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4.4.1 Stainless Steel Membranes 
The standard SpinTek membrane disks shown in Figure 18 were not suitable for 
backpulsing due to membrane uplift when permeate flow reverses (membrane can be 
damaged if it contacts the stationary turbulence promoters and due to flexing where it 
contacts the hub). SpinTek attempted three times to make the Pall 0.5 um SS membrane 
backpulsable by sintering the membrane material in place. The first two attempts 
produced membranes that were not usable. The membrane that resulted from the third 
attempt was backpulsable and underwent the following tests: 1) clean water flux (both 
backwards and forward), 2) rejection tests using a SrCO3 waste (a surrogate U.S. 
Department of Energy (DOE) waste, Figure 40) and 3), synthetic bilge water (Figures 41 
and 42). Clean water fluxes for forward (permeation) and backward flows (occurs during 
backpulsing) were similar. No lifting of the membrane during backpulsing was observed.   
 
The 0.5 um SS membrane was then tested using a 5% SrCO3 (solid) DOE synthetic waste 
(this waste is an analog for the material that is contained in the Hanford DOE storage 
tanks). The membrane rejected the SrCO3 particles while maintaining a high permeate 
flux. The initial decrease in permeate flux was expected and due to the buildup of the 
cake layer on the membrane. As the cake layer built up with time, the permeate turbidity 
decreased which was most likely due to the additional rejection that occurs through the 
cake layer.  
 
In Figures 41 and 42, sintered SS membrane testing results using synthetic bilge water 
are presented for no backpulsing and backpulsing, respectively. For no backpulsing, the 
steady state permeate flux was low (20 gal/ft2-d) and the permeate quality was poor (oil 
content greater than 50 ppm). Similar results were observed for the tests where 
backpulsing was practiced (Figure 42). Backpulsing did not increase the permeate flux; 
thus further testing on the stainless steel membrane was abandoned. 
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Figure 40. 0.5 um Sintered Stainless Steel Membrane Permeate Flux and Turbidity 
for DOE Synthetic SrCO3 Waste 
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Navy Bilge Water
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Figure 41. 0.5 um Sintered Stainless Steel Membrane Permeate Flux and Turbidity 
for Synthetic Bilge Water -- No Backpulsing 
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Figure 42. 0.5 um Sintered Stainless Steel Membrane Permeate Flux and Turbidity 

for Synthetic Bilge Water -- Backpulsing 

 

4.4.2 Ceramic Membranes 
Experiments were performed using the rotation step down method on both 6-inch and 
10.5-inch diameter disks with bilge, black, and aluminum hydroxide wastewaters. 
Subtracting flow rates of varying membrane sizes and hub sizes provides an 
understanding of flux as for separate membrane areas. For example, subtracting the 6-
inch disk results from the 10.5-inch disk results provides the flow for the disk portion 
from 6 inches to 10.5 inches. Note that additional experiments were performed to better 
understand unexpected results for bilge water.  
 

4.4.2.1 6-Inch and 10.5-Inch Disk Backpulse Results for Bilge, Black, and 
Aluminum Hydroxide Wastewaters 

For bilge experiments, testing was performed using a 1X concentration factor. For 
aluminum hydroxide experiments, testing was performed using a 3.5% total solids 
precipitate of aluminum hydroxide particles. For black water experiments, testing was 
performed using feed stock from three different grab samples of black water obtained 
from Noman M. Cole, Jr., Pollution Control Plant (Lorton, Virginia). The total solids (TS) 
levels of those samples were 1,433 mg/L, 2,797 mg/L and 8,625 mg/L. It should be noted 
that increases in the feed solids concentrations decreases the permeate flux rates. 
 
For bilge water, the backpulse and no backpulse experiments were performed in triplicate 
for both disk sizes. For black water, backpulse and no backpulse experiments were 
performed in triplicate for both disk sizes. For aluminum hydroxide wastewater, only one 
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experiment was performed with the 10.5-inch diameter disk. Where applicable, the 
presented result represents the average of repeated experiments.  
 
For the bilge water (Figure 43), flux steadily increased for all increases in rotation. Also, 
the larger diameter disks produce a greater flux rate than the smaller disks averaging 
roughly 50 GFD greater. However, the results indicate that operation with and without 
backpulse produced similar flux rates. The without backpulse results represent the 
average of three tests. The results with backpulse represent an individual test. The results 
with backpulse are within the same range/standard deviation of the without.  

 
Figure 43. 1X Bilge Water Backpulse Results by Rotation for 6-Inch and 10.5-Inch 

60 nm Disks 

For black water (Figure 44), flux steadily increased for all increases in rotation. Also, the 
larger diameter disks produce a greater flux rate than the smaller disks averaging roughly 
50 GFD greater. These results are similar to the bilge water results. However, contrary to 
the bilge water, black water operation with backpulse indicates a substantial flux 
improvement. For the 6-inch disk, the flux improvement averaged 21 GFD with a 
maximum increase of 48 GFD at 1150 rpm. For the 10.5-inch disk, the improvement 
averaged 35 GFD with a maximum increase of 51 GFD at 250 rpm. The results indicate 
backpulse provided an average flux improvement of 65%. The results indicate that for 
black water, the HSRMS can be operated at lower rotation with backpulse and produce 
similar results to operation at higher rotation without backpulse. For example, on the 
10.5-inch disk at 500 rpm with backpulse the flux was 117 GFD and the flux at 1150 rpm 
without backpulse was 134 GFD (only a 15% increase). Therefore, operating the HSRMS 
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at 500 rpm with backpulse produces a similar flux to operating at 1150 rpm rotation 
without backpulse.  

 
Figure 44. Black Water Backpulse Results by Rotation for 6-Inch and 10.5-Inch 60 

nm Disks (1,433-8,625 mg/L TS) 

 
For aluminum hydroxide waste (Figure 45), flux steadily increased up until 750 rpm and 
then flattened out going to 1150 rpm. This represents the only waste for all testing to date 
that reached a limiting rotation. Similar to continuous surface cleaning impacts, the 
backpulse only had a benefit at the lower rotations. For higher rotations, the backpulse 
benefit was marginal. For example, at 100 rpm the backpulse increased steady state flux 
from 31 GFD to 101 GFD providing a 225% increase in flux. While at 750 rpm, the flux 
without backpulse was 188 GFD and 190 GFD with backpulse providing essentially no 
flux benefit. The results indicate that for aluminum hydroxide, the HSRMS can be 
operated at lower rotation represented by a 250 rpm with backpulse flux (164 GFD) 
producing similar performance to 500 rpm (150 GFD) without backpulse. 
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Figure 45. 3.5% TS Aluminum Hydroxide Backpulse Results by Rotation for 10.5-

Inch 60 nm Disk 

 

4.4.2.2 Inner and Outer Membrane Area Analysis 
The next section discussing the impact of radial distance on flux performance suggests 
that the flow from 6 inches (outer edge of small disk) to 10.5 inches (outer edge of large 
disk) provides substantially more flux (100% for bilge and 700% for black) than the 
portion from 3 inches (standard hub diameter) to 6 inches. A similar analysis, with and 
without backpulsing can provide insight into which portion of the membrane (e.g., inner 
versus outer) benefits most from backpulsing. This analysis was only conducted for black 
water. It was not performed for bilge as results indicate backpulse was not significantly 
beneficial and it was not performed for aluminum hydroxide waste as no 6-inch disk 
experiments were performed.     
 
For black water (Figure 46 and Figure 47), results indicate that backpulse provided 
benefits for both the inner and outer portions. For the inner portion, the benefit increased 
with increase in rotation. For example, at 100 rpm the flux was identical with and without 
backpulsing, at 250 rpm the backpulse increased flux by 5 GFD or 30% and at 1150 rpm 
the backpulse increased the flux 50 GFD or 100%. These inner portion results indicate 
that at high rotations the backpulse provides additional fouling layer disturbance that 
increases flow for the inner portions. This additional benefit fades at lower rotation where 
the overall rotational shear and backpulse cannot similarly overcome the fouling layer 
compaction. For the outer portion, the backpulse benefit as a percent of total flow 
decreased with increased rotation. For example, at 250 rpm the backpulse increased the 
flux by 146% but at 1150 rpm the backpulse only increased the flux by 12%. These 
results indicate that at low rotations the backpulse provides additional fouling layer 
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disturbance that increase flow for the outer portions. This additional benefit fades for the 
outer portion as the increased rotational turbulence outweighs the backpulse.  
 

 
Figure 46. Black Water 6-Inch versus 10.5-Inch Disk With and Without Backpulse 
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Figure 47. Black Water 6-Inch versus 10.5-Inch With and Without Backpulse 

 

4.4.2.3 Bilge Water and Backpulse Troubleshooting 
The inability of the backpulse to increase the permeate flux during bilge water treatment 
was unexpected. Therefore, several troubleshooting methods were attempted to 
understand the reason. The backpulse was operated for a longer duration at differing 
frequencies thinking that perhaps there was not enough backwards flow. Backpulse 
frequency was increased to every 30 seconds for 2 seconds and then also decreased to 
every 5 minutes with a 30 second duration. In addition, tests were performed stopping 
rotation during backpulse to reduce centrifugal forces that might be minimizing 
backpulse effectiveness. All frequency and duration results produced a similar conclusion 
that backpulse effectiveness on bilge water is marginal. Separate from these tests, a 
consolidated data set across all experiments having similar conditions is provided in 
Figure 48. These results show that for the large disks, the backpulse may even decrease 
performance at high rotations and that perhaps the only situation the backpulse may be 
effective is for the small disk inner portion at high rotations. 
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Figure 48. Effect of Backpulsing, Rotation, and Disk Size on 60 nm Ceramic 

Membrane Bilge Water Treatment 

 
The effect of bilge water solids level and backpulsing (2 seconds/1 minute) on flux was 
investigated by performing concentration factor experiments using 10.5-inch diameter 60 
nm and 7 nm membranes. One run per condition (7 nm backpulse, 7 nm no backpulse, 60 
nm backpulse, 60 nm no backpulse) was performed using a transmembrane pressure of 
27 psi and disk rotation of 750 rpm. The treatment run was started with 5X bilge water 
and the system was operated in recycle mode. When steady-state flux was achieved 
(steady-state definition same as that used in the rotation step-down mode) bilge water 
components (Navy Standard Bilge Mixture #4, Detergent Mixture #4, coarse Arizona 
Test Dust, and lint) were added to the feed tank to increase the feed concentration. Bilge 
feed concentration factor sequence was 5X, 10X, 20X, and 40X. The test results (Figure 
49) show that bilge water treatment performance is similar with and without backpulsing.  
 
The research team believes this is a membrane-waste specific issue. Backpulsing 
provided significant benefit in the treatment of aluminum hydroxide water and black 
water. Since backpulsing is effective for the other wastes and not bilge water this 
indicates that perhaps the oils create a backpulse-resistant fouling layer.  
 

10.5-Inch

10.5-Inch

6-Inch

6-Inch
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Figure 49. Effect of Increased Bilge Water Solids Level on Ceramic Membrane Flux 

 

4.5 Effect of Radial Distance on Permeate Flux and Flow Rate 
To maximize permeate flux rates, disks are typically operated at maximum rotation. 
However, an understanding of shear and net transmembrane pressure lead to conflicting 
advantages and disadvantages of high rotation speeds. The inner portion of the membrane, 
which is subjected to the highest net transmembrane pressure (pressure decreases with 
radial distance from rotation), receives the lowest shear while the outer portion of the 
disk which is subjected to the lowest net pressure receives the highest shear (opposite of 
what is desired). This could result in an “active” or usable membrane area that is less than 
the physical area (Figure 50). The “active” portion of the membrane can be increased by 
providing a more uniform distribution of turbulence/shear. Simply increasing the disk 
diameter is not viable for two primary reasons. At high rotations, the backpressure from 
rotation becomes greater than the feed pressure providing no driving force for filtration. 
Additionally, disk diameter is physically limited by the physical membrane flexibility 
properties. At higher rotation, disks will warp risking membrane integrity and leading to 
potential physical damage.  
 

10.5-Inch Ceramic Membrane 



NSWCCD-63-TM-2014/70 Rev 1                                                     
 

68

 
Figure 50. Representation of Active and Inactive Membrane Areas 

 
To date, all presented literature discusses flux as a function of radial distance via 
theoretical modeling. No laboratory experiments have been presented. This section 
provides laboratory experimental results that specifically target understanding permeate 
flux as a function of radial distance. The research objective was to understand flux as a 
function of radial distance to enable optimal disk diameter design coupled with rotation 
speed selection that maximizes permeates flux. 
 
Experiments (no backpulse) were performed using the rotation step-down method on 
both 6-inch and 10.5-inch diameter disks with bilge, black, and aluminum hydroxide 
wastewaters. For the 10.5-inch diameter disks, rotation step-down methods were also 
performed using larger hubs of 5-inch, 7-inch and 9-inch diameters. These larger hubs 
block off additional membrane areas as depicted in Figure 51. Subtracting flow rates of 
varying membrane sizes and hub sizes provides an understanding of flux for separate 
membrane areas. For example, subtracting the 7-inch hub results from the 5-inch hub 
results provides the flow for the disk portion from 5 inches to 7 inches. The same method 
can not only be used for the hubs, but also for comparing the 6-inch and 10.5-inch disk 
areas and flux rates.  
 
 

Active Area

Inactive Area
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Disk Portion 
(radius)  

Flow Subtractions 
(radius)  

1.5" to 2.5"  2.5" minus the 1.5"  

2.5" to 3.5"  3.5" minus the 2.5"  

3.5" to 4.5"  4.5" minus the 3.5"  

4.5" to 5.25"  5.25" minus the 4.5” 
 

Figure 51. How to Evaluate Performance of Various Membrane Regions 

 

4.5.1 Bilge Water Results 
On the 1X bilge water, all experiments were performed in triplicate. Results discussed 
here represent the average for each experimental condition. In comparing the 6-inch 
diameter to 10.5-inch diameter disks results, Figure 52 breaks out the flux by rotation and 
membrane area. These results indicate that for inner (diameter less than 6 inches) and 
outer (diameter greater than 6 inches) regions, the flux increases with increases in 
rotation. For example, the outer region flux is 5 times greater at 1150 rpm versus 100 rpm. 
It is also noted that the increase in flux decreases as the rotation increases. For example, 
in the outer region an increase from 100 rpm to 250 rpm doubled the flux from 40 GFD 
to 80 GFD (100% increase). While an increase in rotation from 750 rpm to 1150 rpm 
only increased the flux from 177 GFD to 205 GFD (16% increase). When comparing the 
inner region to the outer region, the outer region averages roughly 76% greater flux than 
the inner region.  The flux difference varies by rotation, but does not follow a consistent 
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pattern besides the generalization that the outer region produces more flux than the inner 
region.  
 

 

 
Figure 52. Bilge Water 6-Inch versus 10.5-Inch Disks 

 
Reviewing the membrane-hub results similarly shows that an increase in rotation 
increases the permeate flux for all membrane regions regardless of radial distance. 
However, the data varies as a function of radial distance (Figure 53). This is opposite of 
what is expected. The innermost region has the highest flux rate for rotations of 500 rpm 
or less. For rotations greater than 500 rpm, the highest flux stems from the 3.5-inch to 
4.5-inch radial distance and not the innermost or outermost regions.  
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Figure 53. Bilge Water - Hubs 

 
Bendick et al. (2014) further analyzed the hub experimental data using a power-law 
relationship to relate the effect of Reynolds number and shear rate () on flux using the 
equations below and equations 2 and 6 presented in Sections 2.4 and 3.3: 
 

ReI = ωI2/ν (for any given membrane section) (8) 
lam = 1.81(k)1.5r-0.5  (9) 
turb = 0.057(k)1.8r1.6-0.8 (10) 

 
where  = kinematic viscosity, I = radius of gyration, k = velocity coefficient (0.4-0.5 for 
a smooth disk); and turbulent conditions exist for Re ≥ 200,000. The bilge water J- 
relationship was found to be J = 0. (R2 = 0.94); the J-Re relationship was J = 
0.015Re0.73 (R2 = 0.96). Comparison of the hub experimental data to the relationships 
showed the J- bilge water better predicted actual behavior. The J-relationship was used 
to predict J and flow rate (Q) for the larger ceramic membranes manufactured by 
KERAFOL (12.3-inch outer diameter/3.6-inch inner diameter and 14.7-inch outer 
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diameter/3.6-inch inner diameter). Table 12 shows percent increases in J and Q disk 
diameter as increased. For both parameters, the percent increases are independent of 
rotation above 100 rpm. The flow rate predictions suggest that larger disks operated at a 
lower rotation can produce flows that are equivalent to smaller (e.g., 10.5-inch) disks 
operated at higher rotations.  
 

Table 12. Effect of Ceramic Membrane Diameter Increase on Flux and Flow Rate 

Parameter % Increase for 
10.5-Inch  12.3-Inch 

% Increase for 
12.3-Inch  14.7-Inch 

Flux (J) ~17% ~17% 
Flow Rate (Q) 49% 66% 

 
Additional bilge water experiments were performed using 14.7-inch 60 nm membranes to 
validate the predicted fluxes at rotations of 100, 250, and 500 rpm. As shown in Table 13, 
the experimental results supported the J-model.  
 

Table 13. Validation of Ceramic Membrane Disk size Versus Performance Model 

Rotation (rpm) Predicted Flux (GFD) Actual Flux (GFD) % Difference 
100 31 37 +19 
250 74 84 +13 
500 146 153 +5 
 

4.5.2 Black Water Results 
On raw un-concentrated black water, experiments were performed in triplicate. Results 
discussed here represent the average for each experimental condition. Note that the 
experiments were performed using feed stocks from three different grab samples. The 
total solids levels of those samples were 1,433 mg/L, 2,797 mg/L and 8,625 mg/L. It 
should be noted that increases in the feed solids concentrations decreases the permeate 
flux rates. The larger difference may lead to variable results. In comparing the 6-inch 
diameter to 10.5-inch diameter disks results, Figure 54 breaks out the flux by rotation and 
membrane area. These results indicate that for the inner (diameter less than 6 inches) and 
outer (diameter greater than 6 inches) regions, the flux always increases with an increase 
in rotation. For example, the outer region flux is eight times greater at 1150 rpm versus 
100 rpm. It is also noted that the increase in flux decreases as the rotation increases. For 
example in the outer region, an increase from 100 rpm to 250 rpm doubled the flux from 
56 GFD to 114 GFD (100% increase). While an increase in rotation from 750 rpm to 
1150 rpm only increased the flux from 342 GFD to 452 GFD (28% increase). When 
comparing the inner region to the outer region, the outer region averages roughly 700% 
greater flux than the inner region. The flux difference varies by rotation, but does not 
follow a consistent pattern besides the generalization that the outer region produces more 
flux than the inner region. The black water hub results (Figure 55) are similar to bilge 
water results with no logical trend.  
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Figure 54. Black Water 6-Inch versus 10.5-Inch Disks 
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Figure 55. Black Water - Hubs 

 
Bendick et al. (2014) further analyzed the hub experimental data using a power-law 
relationship to relate the effect of Reynolds number and shear rate on flux using the 
equations 8, 9, and 10. The bilge water J- relationship was found to be J = 1.09 (R2 = 
0.90); the J-Re relationship was J = 0.039Re0.63 (R2 = 0.96). Comparison of the hub 
experimental data to the relationships showed the J- bilge water better predicted actual 
behavior.  
 
The J-relationship was used to predict J and flow rate for the larger ceramic membranes 
manufactured by KERAFOL (12.3-inch outer diameter/3.6-inch inner diameter and 14.7-
inch outer diameter/3.6-inch inner diameter). Table 14 shows percent increases in J and Q 
as disk diameter increased. For both parameters, the percent increases are independent of 
rotation above 100 rpm. Similar to the bilge water model, the permeate flow rates 
predicted by the black water model suggest that larger disks rotated at lower speeds will 
produce permeate flows equivalent to smaller disks rotated at higher speeds.  
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Table 14. Effect of Ceramic Membrane Diameter Increase on Flux and Flow Rate 

Parameter % Increase for 
10.5-Inch  12.3-Inch 

% Increase for 
12.3-Inch  14.7-Inch 

Flux ~15% ~15% 
Flow Rate 46% 63% 

 
Additional black water experiments were performed using 14.7-inch 60 nm membranes 
to validate the predicted fluxes at rotations of 100, 250, and 500 rpm. The black water 
waste for these experiments was primary sludge obtained from the Little Patuxent River 
Water Reclamation Plant (Savage, Maryland) because black water was not available from 
the Noman M. Cole, Jr., Pollution Control Plant (Lorton, Virginia). The black water was 
diluted to be similar in solids content to the black water used in previous tests (0.1-0.9% 
TS). Unlike the bilge water experiments with 14.7-inch membranes, the experimental 
results (see Table 15) were unexpectedly low for 250 and 500 rpm and did not support 
the J-model; results for 100 rpm exceeded the predicted flux. The anomalous results 
may have been due to the difference in waste source, but there was not enough time to 
repeat the experiment using black water from the Noman M. Cole, Jr. Pollution Control 
Plant.  
 

Table 15. Validation of Ceramic Membrane Disk size Versus Performance Model 

Rotation (rpm) Predicted Flux (GFD) Actual Flux (GFD) % Difference 
100 25 43 +70 
250 54 32 -41 
500 98 59 -40 
 

4.5.3 Aluminum Hydroxide Water Results 
An individual hub-membrane experiment was performed with 3.5% TS aluminum 
hydroxide feed. The purpose of this experiment was to use a consistent non-oily solid 
feed to potentially produce permeate flux results in line with expectations (e.g., flux 
increases as a function of radial distance). These results (Figure 56) did provide more 
consistent results. For all rotations, the inner area provided lower flux than the outermost 
area. There was some variation across the regions as radial distance increased, but in the 
majority of cases the flux increases as radial distance increases for all rotations and the 
difference is greater at higher rotations. The aluminum hydroxide hub experimental data 
was not analyzed using a power-law relationship to relate the effect of Reynolds number 
and shear rate on flux. 
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Figure 56. Aluminum Hydroxide - Hubs 

 

4.6 Additional Experiments 
Additional experiments were conducted to investigate the effect of bilge water solids, 
turbulence promoters, and transmembrane pressure and rotation on membrane 
performance, and the performance of a one-step membrane cleaning product that is used 
with membrane systems currently onboard Navy ships.  

4.6.1 Effect of Bilge Water Solids on Permeate Flux and Oil Content 
The purpose for conducting these experiments was to address the question posed by the 
Wastewater Management Branch (NSWCCD Code 633) of whether oil was adsorbing on 
to bilge water solids (mostly coarse Arizona test dust) which could lead to increased oil 
retention because the membranes retain 100% of the solids. If there was significant oil 
adsorption by the bilge water solids then eliminating solids from the feed could result in 
an increase in permeate oil content. For 1X bilge water the oil content of the solids and 
no-solids permeates was always less than 10 ppm. In Table 16, mean permeate oil content 
± 1 standard deviation are presented for 10X bilge water. The permeate oil content was 
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similar for both feeds thus the presence of solids did does not affect the permeate quality 
for 1X and 10X bilge water. In Figure 57, the permeate flux versus rotation for 1X and 
10X bilge water with and without solids are presented. Permeate flux was not affected by 
either the presence of bilge water solids or feed concentration (from 1X to 10X).   
 
Table 16. Mean Oil +/- 1 Standard Deviation for Solids/No Solids 10X Bilge Water 

Experiments 

Solids Run Number Rotation, rpm Mean Oil ± 
Standard 

Deviation, ppm 
No 
No 
No 
Yes 
Yes 

1 
2 
3 
1 
2 

1150 37 ± 0 
23 ± 7 
21 ± 7 
32 ± 9 
30 ± 8 

No 
No 
No 
Yes 
Yes 

1 
2 
3 
1 
2 

750 45 ± 22 
22 ± 6 
19 ± 6 
34 ± 13 
33 ± 6 

No 
No 
No 
Yes 
Yes 

1 
2 
3 
1 
2 

500 23 ± 6 
20 ± 4 
23 ± 9 
45 ± 15 
36 ± 11 

No 
No 
No 
Yes 
Yes 

1 
2 
3 
1 
2 

250 30 ± 1 
30 ± 8 
22 ± 9 
51 ± 10 
39 ± 13 
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Figure 57. 60 nm Ceramic Membrane Permeate Flux versus Rotation for 1X and 

10X Bilge Water With and Without Solids 

 

4.6.2 Effect of Turbulence Promoters on Membrane Performance 
The objective of these experiments was to determine if wagon wheels improve flux by 
increasing turbulence at the membrane surface. Experiments were performed using 7 nm 
and 60 nm membranes (10.5-inch disk) treating 1X bilge water. Figure 58 shows that the 
effect of wagon wheels varies with rotation and membrane with flux increases ranging 
from 2 to 30%. SpinTek indicated that in a single-disk system the wall effects are great 
and no differences between wagon wheels and no wagon wheels would be expected 
whereas in a multi-disk system the turbulence created by stationary wagon wheels has a 
larger effect on flux, especially on the inner disks. In addition, wagon wheels (with at 
least 10% open area) positioned between membrane disks disrupt the pressure/flow 
forces that pull the edges of disks together and can lead to disk weakening and/or 
breakage. Based on SpinTek’s recommendation, the improved system re-design will 
include turbulence promoters.  
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Figure 58. Effect of Wagon Wheels, Ceramic Membrane Pore Size, and Rotation on 

Steady-State Permeate Flux 

 

4.6.3 Effect of Transmembrane Pressure and Rotation on Membrane 
Performance 

The effect of transmembrane pressure and membrane rotational speed was investigated 
using 10.5-inch, 60 nm membranes while treating 1X bilge water treatment in recycle 
mode. Figure 59 shows the relationship between permeate flux and transmembrane 
pressure. At lower transmembrane pressures, permeate flux increases with pressure 
increases. At higher transmembrane pressures, permeate flux is controlled by mass 
transfer rates rather than transmembrane pressure. Permeate fluxes are also reduced as 
feed concentration increases or shear at the membrane surface decreases. Figure 60 
shows the 1X bilge water steady-state permeate fluxes versus rotation and 
transmembrane pressure. Similarly to Figure 59, Figure 60 shows flux increases with 
rotation for all pressures and displays a pressure-controlled region which ranges from 8 
psi at 250 rpm to 27 psi at higher rotational speeds. At low rotation (analogous to high 
feed concentration), flux rates are maintained. Looking forward to improved HSRMS 
design, these data demonstrate that there is no benefit to operating at transmembrane 
pressures above 27 psi and that as the waste is concentrated, it may be beneficial to 
decrease the transmembrane pressure.  
 
 
 

10.5-Inch Ceramic Membrane 
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Figure 59. Relationship Between Permeate Flux and Transmembrane Pressure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 60. Relationship Between 60 nm Ceramic Membrane Permeate Flux and 
Transmembrane Pressure 
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10.5-Inch Ceramic Membrane
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4.6.4 Minimization of Cleaning Residuals 
As part of the effort to minimize cleaning residuals, a one-step membrane process using 
Kleen MCT 403 (GE Betz), which is used to regenerate current shipboard membrane 
modules, was evaluated during the initial backpulsing experiments (10.5-inch disk, 60 nm 
membrane, operated at 750 rpm, no backpulse and backpulse (8 seconds/1 minute, 30 psi 
backpulse net pressure)).  The membrane disks were flushed in recycle mode with a 
solution of 0.9 pounds Kleen MCT per gallon water (concentration that is used shipboard) 
for two hours.  Membrane performance after disk cleaning using the standard two-step 
process (detergent wash followed by citric acid wash; details in Appendix A) was 
compared to membrane performance after disk cleaning using Kleen MCT 403.  
 
Permeate fluxes for no backpulse and 8 second backpulse per one minute runs using disks 
cleaned with Kleen MCT 403 were noticeably lower (19 to 26% for no backpulse; 9 to 29% 
for backpulse) than those performed with disks cleaned using the two-step process.  
Performance was restored following use of Kleen MCT 403 by cleaning disks with the 
two-step basic and acidic cleaning process.  Figure 61 presents the average fluxes of no 
backpulse runs performed after the two-step cleaning process, average fluxes of no 
backpulse runs performed after Kleen MCT 403 cleaning, and the flux of one run 
performed after the disk was cleaned with the two-step process after the Kleen MCT 403 
runs.  Despite the poorer cleaning performance of Kleen MCT, the savings in cleaning 
time (clean water flushes before and after citric acid wash are eliminated), reduced 
residuals, and reduced logistics of using a membrane cleaning product that is already 
shipboard-approved may be worth the trade-off in cleaning performance.   
 

 
Figure 61. Effect of Membrane Cleaning Process on 60 nm Ceramic Membrane 

Flux 
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4.7 Conceptual Design of Improved HSRMS 
Based on the experimental results presented in sections 4.1 through 4.6, some key 
conclusions can be made that will drive the conceptual design of an improved HSRMS.  
 

4.7.1 Membrane Selection 
Initial HSRMS experiments evaluated stainless steel (0.1 um, 0.5 um, and 3 um pore 
sizes) and PTFE (1-2 um pore size) membranes; sintered stainless steel (0.5 um pore size) 
membranes were evaluated for backpulsing. Ceramic membranes (7 nm, 30 nm, 60 nm, 
0.2 um, 0.5 um, and 2 um pore sizes) were later investigated due to their ability to be 
backpulsed without the issue of membrane uplift; based on baseline tests, the ceramic 
membranes were downselected to the 7 nm and 60 nm pore sizes. Figures 62, 63, and 64 
show the steady state permeate fluxes when treating 1X bilge water, black water, and 
metal hydroxide wastes, respectively, without backpulsing or continuous surface cleaning. 
 
For bilge water, the ceramic membranes and the 3 um stainless steel membrane steady 
state fluxes were noticeably higher than the other stainless steel and PTFE membranes. 
However, the stainless steel and PTFE membrane permeate quality was poor (turbidity 
was greater than 6 NTU). The ceramic membranes all produced permeate containing 15 
ppm and less oil (turbidity was 0-2 NTU) and performance was consistently restored 
using the two-step base-acid cleaning process. When the single-step regeneration process 
(Kleen MCT 403) used with current shipboard membrane systems was applied to the 
ceramic HSRMS membranes, fluxes were approximately 10 to 30% lower than the 2-step 
cleaning process. The 60 nm ceramic membrane produced greater flux than the 7 nm 
membrane and since there was no difference in permeate quality between the two 
ceramic membranes, the 60 nm ceramic membrane is recommended for use in the 
improved HSRMS for bilge water treatment.  
 
For black water, the 60 nm ceramic membrane was higher than the stainless steel and 
PTFE membranes. Thus, the 60 nm ceramic membrane is recommended for use in the 
improved HSRMS for black water treatment.  
 
For inorganic particulate wastes (PAWDS, aluminum hydroxide), the 3 um stainless steel 
membrane steady state flux was superior to all other membranes. However, the ceramic 
membranes with larger pore sizes (e.g., 2 um) were not evaluated with PAWDS or 
aluminum hydroxide wastes and may offer comparable fluxes. For treatment of metal 
hydroxide wastes in the improved HSRMS, the 3 um stainless steel membrane is 
recommended along with further investigation of the ceramic membrane with larger pore 
sizes. 
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Figure 62. 1X Bilge Water Treatment Flux Comparison for All Membranes  

 
Figure 63. Black Water Treatment Flux Comparison for All Membranes  
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Figure 64. PAWDS/Aluminum Hydroxide Treatment Flux Comparison for All 

Membranes  

 

4.7.2 System Design Considerations by Membrane-Waste Combination 
The overall project goal was to improve the HSRMS for shipboard wastewater and solids 
residual treatment where space is a critical design consideration. One way to accomplish 
this is to increase the active membrane packing density (active membrane surface 
area/system ft2 and ft3) by increasing the membrane diameter and/or employ overlapping 
disks (Project Objective). The radial distance experiments (Section 4.5) demonstrated the 
benefits of increasing the membrane disk diameter and the use of larger membranes 
(12.3-inch or 14.7-inch) is recommended. Due to the larger diameter, the membranes 
must be rotated at a slower speed (500 rpm). Even at the lower rotation, the larger 
membranes have a higher permeate flow rate for bilge water and aluminum hydroxide as 
demonstrated in Figures 65 and 66, respectively. Figure 67 shows similar data for black 
water and despite the anomalous results for the 14.7-inch membrane, it is believed that 
black water treatment would also benefit from larger membranes.  
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Figure 65. Bilge Water Treatment Flow Rate Comparison for All Ceramic 

Membrane Diameters 

 
Figure 66. Aluminum Hydroxide Treatment Flow Rate Comparison for All Ceramic 

Membrane Diameters 
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Figure 67. Black Water Treatment Flow Rate Comparison for All Ceramic 

Membrane Diameters 

 
Although the project team was unable to obtain a HSRMS with an overlapping disk 
design for evaluation, it is believed that an overlapping disk design would still be worth 
investigating for an improved HSRMS design. An overlapping disk design would 
increase the number of membranes per membrane stack unit height by replacing the 
turbulence promoters with the membranes on the second membrane stack. Andritz 
Separations has commercialized a HSRM system that has two stacks of overlapping 12.3-
inch ceramic membranes and comes in membrane surface areas ranging from 2.0 to 16.0 
m2 (21.5 to 172 ft2).  
 
In addition to increasing active membrane packing density, system size can be reduced by 
increasing the HSRMS permeate flux by employing backpulsing and/or continuous 
surface cleaning (Project Objective). These system modifications would also replace 
some or all of the membrane surface shear effect (scouring action) that is lost when 
operating at the lower rotation required for larger diameter membranes. The effects of 
backpulsing and continuous surface cleaning on permeate flux varied by waste and are 
summarized in Table 17 for 10.5-inch 60 nm membranes operated at 500 rpm in the 
single-disk HSRMS. In addition to increasing the flux, these improvements will decrease 
the membrane cleaning/maintenance frequency and residuals which should increase 
membrane life.  
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Table 17. Effect of Backpulsing and Continuous Surface Cleaning on Permeate Flux 
for Single-Disk HSRMS Using 60 nm Ceramic Membrane at 500 rpm 

Waste Continuous Surface Cleaning Backpulsing 
Bilge Water Flux increased No flux improvement 
Black Water Flux increased Flux increased 
Aluminum Hydroxide Not evaluated Flux increased 
 
A five-disk system capable of using the 10.5-inch ceramic membranes incorporating 
backpulsing and continuous surface cleaning was designed and fabricated by SpinTek 
Filtration to validate the effect of scale-up on the modifications’ performance. Due to 
project schedule limitations, the improved HSRMS was not designed for the 14.7-inch 
membranes which would have required re-design of the rotating shaft to accommodate 
the larger inner diameter (3.6 inches) of the larger membrane. The multi-disk system was 
evaluated using 1X bilge water. Results for both multi-disk and single-disk HSRM 
systems treating 1X bilge water with and without continuous surface cleaning in rotation 
step-down mode are shown in Figure 68.  
 
Scale-up of the HSRMS was successful and yielded unexpected results. For the single-
disk HSRMS, CSC increased steady-state fluxes for all rotations (~45% increase at 500 
rpm). For the multi-disk HSRMS, CSC increased flux significantly at the lower rotations 
while the flux increase was slight at 500 rpm (10%) and nonexistent at 750 rpm. It is 
believed that the presence of multiple rotating disks in the membrane chamber led to 
greater mixing and turbulence at the membrane surface at the higher rotations, reducing 
the benefit of CSC. This is supported by the “without CSC” fluxes which were greater for 
the multi-disk HSRMS versus the single-disk HSRMS “without CSC”. Therefore, in the 
treatment of bilge water using a multi-disk HSRMS at 500 rpm, the flux benefit of CSC 
may not outweigh the additional cleaning attachment requirements (consumables, 
maintenance, and unknown lifespan of the cleaning attachments) that would need to be 
addressed, especially when a 10% increase in membrane area without CSC would match 
the benefits of bilge water treatment with CSC. It is expected that a multi-disk HSRMS 
using 14.7-inch disks will experience the flux increase exhibited by scale-up to the multi-
disk HSRMS using 10.5-inch disks.  
 
The effect of scale-up on treatment of black water and aluminum hydroxide wastes were 
not determined, but it would be worthwhile to investigate in the future.  
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Figure 68. Bilge Water Treatment Steady State Fluxes for Multi-Disk and Single-

Disk HSRMS With and Without Continuous Surface Cleaning 
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5 CONCLUSIONS AND IMPLICATIONS FOR FUTURE 
RESEARCH/IMPLEMENTATION 

 
HSRM systems have shown a superior ability to separate and concentrate solids from 
Navy and non-Navy wastewaters. However, the space limitations of shipboard 
applications require improvements to decrease system size. The objectives of this project 
were to: 1) improve membrane flux through backpulsing and/or continuous surface 
cleaning; 2) increase active membrane packing density by increasing membrane diameter 
and/or employing overlapping disks; and 3) conceptually design, fabricate, and test a 
laboratory-scale HSRMS that incorporates a combination of backpulsing, continuous 
surface cleaning, larger disks, and disk overlap. Four Navy wastewaters were selected for 
HSRMS evaluation and prioritized by the NAVSEA TWH for Environmental Systems 
based on current and anticipated regulatory requirements for discharge to the sea (highest 
to lowest): 1) bilge water, 2) black water (black water-gray water), and 3) plasma arc 
waste destruction system (PAWDS)/metal hydroxide and biosolids (tie). The project 
objectives were met as the research results demonstrate the ability of the HSRMS to 
effectively treat a variety of solids-bearing Navy wastewaters and the impacts of potential 
flux enhancements (continuous surface cleaning, backpulsing), disk diameter, rotation, 
membrane selection, membrane surface turbulence enhancements (wagon wheels), and 
system scale-up (multi-disk versus single-disk) on minimizing system footprint and 
volume. The use of advanced HSRMS technology will enable more efficient solids 
removal prior to existing shipboard treatment processes; direct replacement of 
problematic treatment systems with a more robust, higher efficiency system; and the 
concentration of sludge, waste oil, and process residuals. In addition to shipboard 
applications, HSRMS is being used by DOE as part of a radioactive waste treatment 
process and by industries such as food and beverage, and bio-pharmaceuticals.  
 
Overall, the 60 nm ceramic membrane manufactured by KERAFOL produced the 
greatest flux for bilge water and black water. For the metal hydroxide waste, flux 
performance was influenced by pore size. Although the stainless steel and PTFE 
membranes with larger pores produced higher fluxes, the ceramic membranes with larger 
pore sizes (0.2 um, 0.5 um, and 2.0 um) may perform as well as the other membrane 
materials and future investigation would be warranted for this waste. Biosolids were not 
evaluated for all membranes; input from the NAVSEA TWH for Environmental Systems 
indicated that black water results would likely be representative of biosolids.  
 
Numerical results varied by wastewater, but the permeate flow rate benefit of increasing 
membrane diameter was demonstrated for bilge water, black water, and metal hydroxide 
wastewater. Larger membranes at lower rotations (e.g., 14.7-inch at 500 rpm) produced 
permeate at flow rates equal to or greater than smaller membranes at higher rotations (e.g., 
10.5-inch at 1150 rpm). KERAFOL manufactures membrane disks in 12.3-inch and 14.7-
inch diameters (both disk sizes have inner diameters of 3.6 inches) and recommends 
rotational speeds no greater than 500 rpm for both. The system benefits of fewer 14.7-
inch disks (2.1 ft2/disk using 5-inch hub) versus more 12.3-inch disks (1.4 ft2/disk using 
5-inch hub) would need to be weighed in designing the improved HSRMS. An 
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overlapping disk design, such as the system commercialized by Andritz Separations, 
should also be considered as a way to increase the active membrane packing density.  
 
The effects of backpulsing and continuous surface cleaning on membrane performance 
also varied by wastewater. For treatment of bilge water, the highest priority wastewater, 
backpulsing did not improve flux. For single-disk HSRMS bilge water treatment, 
continuous surface cleaning showed great promise in increasing flux for all rotations 
evaluated (100, 250, 500, 750, and 1150 rpm). However, when scaled-up to a multi-disk 
system, continuous surface cleaning had a significant flux benefit at the lower rotations, 
but only increased flux by 10% at 500 rpm. Therefore for improved HSRMS treatment of 
bilge water, the CSC flux benefit could be matched by increasing membrane area. The 
decision is best left up to the system manufacturer as each option possesses obstacles that 
would need to be overcome; the former would have additional maintenance/consumables 
and require additional evaluation to determine attachment lifespan while the latter may 
involve increased motor and/or membrane stacks to meet permeate production 
requirements. A conservative flux value for bilge water treatment at 500 rpm is 150 GFD.  
 
The effects of backpulsing and continuous surface cleaning on multi-disk HSRMS 
treatment of black water and metal hydroxide wastewater were not determined, but based 
on the bilge water results it is recommended that multi-disk HSRMS evaluation of black 
water and metal hydroxide wastewater using backpulsing and continuous surface 
cleaning be performed before proceeding with improved HSRMS design for these wastes. 
At 500 rpm, single-disk baseline black water flux at 500 rpm was approximately 75 GFD 
and was increased approximately 55% with backpulse and approximately 37% with 
continuous surface cleaning. At 500 rpm, single-disk baseline aluminum hydroxide flux 
was approximately 150 GFD and increased approximately 20% with backpulse; 
continuous surface cleaning was not investigated. The effects of scale-up on the flux 
benefits of backpulsing and continuous surface cleaning could influence the design of an 
improved HSRMS for black water or inorganic particulate waste treatment.  
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    APPENDIX A: STANDARD OPERATING PROCEDURES 
 
Installing a Membrane Disk: 
To install a disk, refer to the membrane dimensions attachment and install in this manner: 

1. With membrane chamber open, inspect for and remove any debris that remains in 
the chamber.  

2. Ensuring that the o-rings are in place on the shaft sleeve and lower hub, place the 
lower hub around the shaft and hold the gasket in place over the hub. 

3. Slide the disk around the shaft and over the hub washer, aligning the membrane 
so that it is centered on the shaft. 

4. Place the next gasket and the upper hub around the shaft on top of the membrane.   
5. Tighten the hub nut using the adjustable crescent wrench.  In order to keep the 

rotor shaft from spinning freely while tightening, either hold the membrane disk 
in place or hold the rotor shaft in place using a ½” wrench on the exposed portion 
of the shaft behind the motor.    

6. Lift the upper cover into place so that the grooves on the upper and lower cover 
align and the covers are secure.  Make sure that the bleed valve on the face of the 
cover is closed (sleeve is pulled out toward user) and positioned at the top of the 
chamber. 

7. Place the clamp around the seam between the chamber covers and push the 
threaded rod into place.  Using a ½” combination wrench (do not use a socket) 
tighten the nut on the threaded rod so that the clamp is tight.   

8. Secure the retentate hose to the face of the upper cover using a 7/8” combination 
wrench. 

9. Before starting the system, make sure that the valve underneath the membrane 
chamber is closed. 
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System Startup and Shutdown Procedures: 
The basic startup steps are similar for each type of experimental or baseline test. Prepare 
the system for any test according to these steps.  
 

1. Install the disk to be tested according to the procedure outlined in the Installing a 
Membrane Disk section. 

2. Prepare the feed according to the specifications and, making sure that the feed 
tank drain valve is closed, put the feed in the feed tank. Turn on the mechanical 
mixer if necessary. 

3. Press the “SETPOINTS” button on the upper right hand corner of the PLC screen 
to set the feed pressure and backpulse settings. The feed pressure sets the applied 
pressure on the membrane, the max pulse pressure sets the point at which the 
backpulsing will shut off due to high pressure. The feed pressure should always 
start no higher than 15 psi to fill the membrane chamber. When setting the 
backpulse interval the first and third values should be equal to the desired length 
of the backpulse, and the second value establishes the interval between pulses. 
Press “MAIN MENU” in the upper left hand corner when finished.  

4. Set the backpulse pressure using the needle valve between the PLC and the feed 
tank. In order for a backpulse to be effective, the backpulse pressure (as read on 
the gauge) must be higher than the feed pressure to allow permeate to push 
backwards through the membrane. The important figure to consider when setting 
the backpulse pressure is the pressure difference, “delta p” between the backpulse 
pressure and the feed pressure.   

5. Once the setpoints are established and the data acquisition program is set as 
desired turn on the pump by pressing the green “PUMP START” control button 
on the front of the PLC cabinet. The feed flow rate is adjusted using feed flow 
knob and should be set to 1.4 gpm. Once the feed pressure has stabilized, open the 
bleed valve located on the front of the membrane chamber. This will allow the air 
in the chamber to escape and the chamber to fill up with feed. Hold a bucket in 
front of the valve to catch the feed when it starts to travel through the valve. Once 
feed exits through the valve close it (and stop the pump since pressure will jump. 
Push “PUMP START again.) and adjust the feed pressure to the desired value 
using the setpoints menu. The feed pressure will increase rapidly when the bleed 
valve is closed before it begins to decrease to the feed pressure established in the 
setpoints menu. Example feed pressure setpoints are provided in the Feed 
Pressure Correction section. 

6. As the feed pressure builds to the setpoint, start rotating the membrane at a low 
speed using the green “ROTOR START” button to avoid dead-end filtration. 
Increase the rotation to the desired speed as the feed pressure reaches the setpoint. 
If backpulsing is to be used, turn it on with the green “BACKPULSE START” 
button once the feed and rotation (if used) have stabilized. When the “backpulse 
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start” button is pressed, there will be a backpulse immediately, followed by a 
second backpulse at an irregular interval. After the second backpulse, the interval 
between pulses should be steady at the setting in the setpoints menu.   

7. Monitor the data acquisition and take samples for volumetric flow rate calculation 
during the course of the run (Weigh permeate on scale for ten minute intervals 
and calculate volumetric flow rate). Use the small pump to run the composite 
sample through the oil content monitors and take the turbidity of the collected 
permeate at least twice at every setting used during the run. Make sure the level in 
the feed tank does not drop too low since the system is no longer in recycle mode 
when collecting permeate.  
 

The shutdown procedures are as follows: 
 

1. To shut down the system, turn off the backpulse, rotor, and pump in the reverse 
order that they were turned on (i.e. turn off pump last) with the red “STOP” 
buttons located below the start buttons on the PLC cabinet.   

2. Open the valve under the membrane chamber to drain the contents of the 
membrane chamber. To release the vacuum on the pressurized chamber, the bleed 
valve can be opened as well. 

3. Remove the clamp from around the edge of the membrane chamber using a ½” 
combination wrench. 

4. Carefully lift off the upper cover of the membrane chamber and set it aside, being 
sure to avoid contact with the membrane inside. With the membrane still mounted 
to the shaft, record any observations about the condition of the membrane and 
take a photograph if necessary.   

5. Remove the membrane by unscrewing the hub nut with a 1-1/16” wrench or 
adjustable crescent wrench. To keep the shaft from rotating freely while 
unscrewing the hub nut either hold the membrane in place or hold the shaft in 
place from behind the motor with a ½” wrench.  

6. Examine all o-rings and gaskets for signs of wear or fouling so that any in poor 
condition can be replaced.   

7. Clean the membrane according to the cleaning procedures specific to the 
membrane and type of waste used.   
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Feed Pressure Correction: 
All treatment runs were performed with a transmembrane pressure of 27 psi, unless 
otherwise noted. The transmembrane pressure is the difference between the feed (applied) 
pressure and the average backpressure (averaged across the exposed membrane surface) 
induced by membrane rotation and is calculated using the radius of gyration for a flat, 
rotating ring, feed solution density, and rotational speed2 (Viadero, 1997). 
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The equation for the radius of gyration for a flat, rotating ring is:  
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where Ri = inner radius and Ro = outer radius.  Two disk sizes were used: 6-inch (“small”) 
and 10.5-inch (“large”) outer diameter. Four hub sizes (determines the inner radius of 
exposed membrane area) were used: 3-inch (standard), 5-inch, 7-inch, and 9-inch outer 
diameter. Tables 18, 19, and 20 show the pressure corrections for the three disk and all 
hubs evaluated.  
 

Table 18. Applied Pressure Corrections for Six-Inch Diameter Disks at 27 psi 
Transmembrane Pressure 

Rotation, rpm Pback,avg, psi 
Corrected Applied 

Pressure, psi 
100 0.03 27 
250 0.18 27 
500 0.72 28 
750 1.62 29 
1000 2.89 30 
1150 3.82 31 

 
 
 
 
 
 
 
 
 
 

                                                 
2 Disk rotational speed in radians per second is used to calculate the average backpressure. 
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Table 19. Applied Pressure Corrections for 10.5-Inch Diameter Disks at 27 psi 
Transmembrane Pressure 

Rotation, rpm 
Corrected Applied Pressure, psi 

3-Inch Hub 5-Inch Hub 7-Inch Hub 9-Inch Hub 
100 27 27 27 27 
250 28 28 28 28 
500 29 29 30 30 
750 31 32 33 34 
1000 35 36 37 39 
1150 37 39 41 43 

 
Table 20. Applied Pressure Corrections for 14.7-Inch Diameter Disks at 27 psi 

Transmembrane Pressure 

Rotation, rpm 
Corrected Applied Pressure, psi 

5-Inch Hub 7-Inch Hub 9-Inch Hub 
100 27 27 27 
250 28 28 28 
500 29 30 30 
750 32 33 34 
1000 36 37 39 
1150 39 41 43 

 
 
Preparing Feed Solutions 
Mix solutions in the feed tank with the mechanical mixer on prior to turning on the feed 
pump. Make sure that the feed solution is well mixed before the feed pump is turned on 
to avoid mixing occurring in the pump cavity or piping.   
 
Bilge water:  
To simulate bilge water that would be processed shipboard, oil and detergent are mixed 
with water in the following manner for the 1X bilge concentration. 
 
To 50 L tap water, add:  
 50.06g Navy Standard Bilge Mix #4  
 5.005g Detergent Mix #4  
 5.005g Arizona Test Dust (coarse) 
 0.035g Lint 
 
NSBM #4 can be obtained from the oily waste lab, and Detergent Mix #4 can be made by 
mixing by volume 50% Type 1 general purpose detergent, MIL-D-16791G; 25% 
commercial detergent Tide Ultra® (liquid); and 25% Stoddard Solvent, MIL-PRF-680, 
Type III. DM #4 stock can also be mixed by mass in the amount of 50 g MIL-D-16791G, 
25 g Tide and 19 g Stoddard to yield the correct ratio by volume. When adding the DM 
#4 and NSBM #4, care must be taken to keep solution well mixed.  
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The resulting composition of 1X bilge water is 1000 ppm NSBM #4, 100 ppm DM #4, 
100 ppm Arizona Test Dust (coarse), and 0.7 ppm lint. 10X bilge water is ten times the 
concentration of 1X bilge water.  
 
Cleaning Ceramic Membranes  
The ceramic membranes are cleaned in situ using a two-step process. New membranes 
must be cleaned prior to first use or else the first run results will be inconsistent with 
future results. The first step is a basic clean using sodium hydroxide and detergent, and 
the second step uses citric and hydrochloric acid.   
 
The cleaning solution for the basic cleaning step is prepared by mixing the following 
components in 5 gallons of hot water and mixing thoroughly: 
 100 g Biz laundry detergent 

40 mL Dawn dish detergent (measure 45 mL to account for viscosity of detergent 
holding a small amount in the graduated cylinder) 

 20 mL 10N NaOH 
 
Add this cleaning solution to the feed tank with the drain valve closed. With the 
membrane in place in the chamber, turn the feed pump on at 35 psi. Use the heat 
exchanger to maintain the temperature as high as possible and run the system for 40 
minutes with a membrane rotation of 250 rpm. With a pH meter, test to make sure the pH 
of the return flow is above 11.5. An indication of the cleaning effectiveness is that the 
permeate flow rate will increase to a value higher than observed during the previous run. 
Eventually the flow rate will begin to decline once again, indicating that the step is 
complete.  
 
Once the basic cleaning step is finished, drain the feed tank of the cleaning solution and 
turn the hose on to flush the system. Flushing the unit and disk is important so that the 
next (acid) solution does not come in contact with the basic cleaning solution and react in 
the membrane chamber or feed pipes. The system can be flushed by leaving the hose 
running in the tank at a low flow rate so that a few inches of water are maintained in the 
tank while the feed pump is running. To prevent basic permeate or feed from returning to 
the tank, allow the permeate hose to drain outside of the feed tank and change both valves 
on the return line so that the return flow is drained as well. When the pH of the permeate 
is equal to the pH of the water from the hose, the system and disk have been sufficiently 
flushed.   
 
The second cleaning solution is prepared by mixing 50 g pure anhydrous citric acid and 5 
mL 6 N hydrochloric acid in 10 L warm water. Once mixed, add this solution to the feed 
tank. Run this solution at 35 psi for approximately 40 minutes with a membrane rotation 
of 250 rpm. Be sure to put the permeate hose back into the feed tank and put the return 
line back into recycle mode so that the feed solution does not run out. Do not use the heat 
exchanger during this step, as this step is designed to remove scale deposits which will 
precipitate out of solution onto the membrane at a higher temperature. Once the cleaning 
step is complete, flush the system in the same manner as in the previous step.   
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