View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by DSpace@MIT

Damping Pressure Pulsations in a Wave-Powered
Desalination System

Brandon J. Hopkins, Nikhil Padhye ¥ Alison Greenlee,
James Torres, Levon Thomas, Dean M. Ljubicic, Mortiz P. Kassner
Alexander H. Slocum
Department of Mechanical Engineering
MIT, Cambridge, MA 02139

Email: npdhye,slocum@mit.edu

ABSTRACT

Wave-driven reverse osmosis desalination systems candst-affective option for providing a safe and reliable
source of drinking water for large coastal communities.Sgystems usually require the stabilization of pulsating
pressures for desalination purposes. The key challenge@vert a fluctuating pressure flow into a constant pres-
sure flow. To address this task, stub-filters, accumulasord,radially elastic-pipes are considered for smoothing
the pressure fluctuations in the flow. An analytical modeffligidic capacitance of accumulators and elastic pipes
are derived and verified. Commercially available accunougiih combination with essentially rigid (and low cost)
piping are found to be a cost-effective solution for thislaggion, and a model for selecting accumulators with the
required fluidic-capacitance for the intended system is firesented.

1 Introduction

Approximately 38% of 1.1 billion people lacking access tieshinking water reside in coastal areas [1] where access to
wave energy is abundant. Fossil fuels are used to produablpatater in existing desalination processes, but théedoitity
of fossil fuels is limited [2, 3]. Thus, using renewables tvel desalination processes and to provide energy to daastas
is gaining popularity [4-9].

An ongoing project at Resolute Marine Energy (RME), outlime Figure 1, uses ocean waves to power a desalination
machine that filters beach-well water to provide potableewafhe advancing and receding waves drive a wave-paddle
pump that pushes beach-well water through a reverse-osifiR®) membrane. The cyclical nature of the waves causes the
pump to push the beach-well water in pulses. In order to sehseccessful filtration, however, the incoming beach-well
water must be delivered to the RO membrane at a relativelgtaahpressure,.B8+ 0.3 MPa. For the application at hand,
the RO system uses an energy recovery unit that allows water fed into the RO system at53k 0.1 MPa. The pressure
fluctuations generated by the wave-paddle pump can be mibdeke sinusoid with a period of 5 seconds and a peak to trough
pressure variation of.8 to 0MPa. The desire flow rate of the whole system is approximately |¥#n. The purpose of
this paper is to identify a low-cost, robust, energy-effitieolution that rapidly damps the pressure pulsationsrgés by
the wave-paddle,.8 to 0MPa, to an acceptable constant feed pressute+3.1 MPa, to the RO system.

The paper is outlined as follows. Novel and commonly usechout to smooth pressure are outlined in section 2.
Stub filters that use destructive interference to smootkgure are analyzed and found to be inappropriate for the give
application. Off-the-shelf accumulators that use fluidipacitance to damp pressure pulsations are investigatedticE
pipes are also studied as a potential pressure-smoothmative. Several shapes of elastic pipes are studiedctiose
3 to identify which shape of pipe can produce the largest amotifluidic capacitance for the lowest cost. Based on this
investigation, a novel spherical-node design is also e@o In section 4, a lumped-element model is created dasgrib
the entire wave-paddle-RO system to estimate how muchdlaajpacitance is needed for the given application. The model

*Address all correspondence for any issues to this author.
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Fig. 1. Schematic of Resolute Marine Energy [10] wave-powered desalination system. The paddle, driven by ocean waves, powers a pump
that sucks water from a beach well and pushes it towards a reverse osmosis membrane. The pressure pulsations in the beach well water are
stablized by a pressure damping device.

is experimentally investigated in section 5. The cost ofgpleerical-node design and off-the-shelf accumulatork thié
necessary fluidic capacitance are calculated in sectiondsofthe-shelf accumulators are found to be the most enicad
solution. The conclusions are summarized in section 7.

2 Pressure Smoothing Methods
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Fig. 2. (a) Stub-filters (b) Elastic Pipe and (c) Accumulators.

A stub filter, shown in Figure 2(a), is a long straight pipaeltted orthogonally to the flow direction of a pipe. Pressure
waves travel up the orthogonal pipe, reflect off the end ofipe, return to the central pipe, and cancel out pressuresvav
of a specific frequency. For a given frequencyad/sec and a wave-speeim/swhich in this case is the speed of sound in
water, an appropriate pipe-lendtim of a stub filter can be calculated as follows [11].
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If pressure waves travel at approximately 180G at a frequency of about®Hz, the length of the pipe needed would
be more than 5060, which is impractical. Other filters that utilize the sam@piple of destructive-wave interference, such
as H filters, also exist but they fail to attenuate the preseuer a large frequency ranges [11]. Due to these limitafistub
filters are not considered.

An accumulator, Figure 2(c), is a device that is connected fioid line and has a mechanism that expands or con-
tracts according to pressure fluctuations in the fluid linee €xpansion and contraction of the device smoothes peessur
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Fig. 3. Bladder accumulator.

fluctuations. There are a variety of accumulators availtdsla wide range of applications. This study will focus ondalar
accumulators as they have a large acceptable pressureafioatuange and rapidly react to pressure pulsation. Figdire
shows the inner workings of a bladder accumulator. A bladdeally filled with nitrogen gas is encased in an outer metal
exterior shell. The nitrogen is initially pressurized topesific pressure or precharge pressure. If the pressure ificiiv

line increases, the bladder contracts and liquid from tefliows into the accumulator. If the pressure in the line ezses,
the bladder expands and liquid in the accumulator flows ock bathe line. Fluidic capacitance is the fluidic analogue of
capacitance in an electrical circuit. Just like electrizagbacitors, fluidic capacitors store and release energyaistystem.

In a fluid system, the capacitance is defined as follows.

AV
Ci=— 2
N 2
In equation 2,AV and AP are increments in the volume and the internal pressure ctgplg. According to the above
definition, the fluidic capacitance of a bladder accumuletgtven as follows [12].
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In equation 3Pharged is the pre-charge pressure of the filled 9&gsumator is the volume of the accumulator aRgle is the
line pressure. The greater the available fluidic capac#athe more the pressure fluctuations in a line will be smabthe
Accumulators have been used for decades to smooth presscigations in pipelines, but the pipes themselves can
expand and contract just as the bladder in the accumulamtmth pressure fluctuations. If the pipeline connectirg th
wave paddle to the RO system is made of a compliant matdr@pipeline itself can be designed so that fluidic capacianc
is inherently in the pipe itself without the use of an accuasi. Also bladder accumulators must be maintained relgular
because the bladders fatigue and rupture regularly. Ifapactance was built into the pipe itself and the pressuceétions
induced stresses below the yield of the material, perhapaiatemance-free low cost solution could be designed. U&ng
the fluidic capacitance of various pipes can be calculated.



Fig. 4. Different shapes tested for pipe.
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Fig. 5. Material and flow cross-sections in the pipe.

3 Analysisof Elastic Piping

Since we are not limited to the choice of a circular crossigeal pipe, it is worth exploring whether pipes with diféet
cross-sections can lead to enhanced fluidic capacitaniseadsumed that the pipes are free to expand and contradband t
gravity effects are negligible. In the case of a circularssrgection pipe the volume of material per unit capacitasice
defined as follows and is derived in the Appendix.

4PE
Mpipe = e (4)
y

In equation 4P is the pressure variatiok is the elastic modulus, ara, is the yield stress.

Circular, triangular, square, rectangular, rhombic, altigtieal cross-sectional pipes are studied. Analyticadels
are constructed for circular and triangular cross-sestard compared with respective finite element models. Otiosse
sections are modeled using the finite element. Differerepgre defined to have the same internal pressure, maximum von
Mises stress, and fluidic capacitance. In the Appendix,sh@wvn that the pressure drop across the pipe is small relativ
the absolute pressure in the pipe. By fixing these paraméterfow cross-section and material cross-section arerdited
for each pipe shape.

Table 1 demonstrates that the circular cross-section nesjdi to 5 times less material than the amount of material
required for the triangular cross-section to achieve timeestuidic capacitance. The stress concentrations at threeof
the triangle require extra wall-thickness to limit the nmaxim von Mises stress and thereby require a large materiss-cro
section as can be seen in Figure 6. Also, the flow area for thelar pipe is larger than the flow area for the triangulaepip



Table 1. Comparison between FEA and analytical results.

Input: Independent Parameters

Circular Pipe Triangular Pipe

FEA  Analytical FEA  Analytical
Pressure (MPa) 4.14 4.14 4.14 4.14
Internal Stress (MPa) 110 110 110 110
Changein cross-sectional area (cP) 24.0 24.0 24.0 24.0

Output: Derived Parameters

Circular Pipe Triangular Pipe
FEA  Analytical FEA  Analytical
Material cross-sectional area (cn) 2330.1 2522.6 | 10838.4 9187.8
Flow Area (cr?) 50671.9 33544.1| 142045  7817.7

Similar issues were found with square and elliptical pipasshown in Figure 7.

In the next finite element study, the material cross-seciiternal pressure, and von Mises stress are fixed so that a
capacitance per unit length could be calculated. Once theeprdimensions for comparing the different pipe shapes are
found, as shown in Table 2 the change in volume can be cadclifedm the finite element model, and the fluidic capacitance
per unit length can be solved. The circular cross-sectiamged or unclamped at the ends, exhibits the largest fluidic
capacitance and flow cross section. The results can be egglay the fact that circular pipes allow for the most uniform
loading of the material in the wall. The material uniformlyedches up to the limiting stress, in this study half thddyie
strength of steel, which therefore allows for a maximum fluichpacitance. In the other shapes studied, the stresses ar
non-uniform, and therefore not all of the material can bstéally loaded and stretched to achieve a high change umvel
for a given fixed pressure.

(@) (b)

Fig. 6. (a) Cylindrical pipe with uniform stress field. (b) Triangular pipe with non-uniform stress field and stress concentration at the corners
on the inner side.

Given the conclusion that the greater the uniformity ofssran the pipe the greater the fluidic capacitance, another
possible design is investigated involving spherical natésched to a pipe, as shown in Figure 8. The amount of mhteria
volume per unit fluidic capacitance of a spherical elemedeidved in the Appendix. A sphere requires approximately on
third the amount of material required for a cylindrical pipeachieve the same fluidic capacitance. The material pér uni
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Fig. 7. (a) Square pipe with non-uniform stress field and stress concentration at the corner on the inner side. (b) Elliptical pipe with non-
uniform stress field and higher stress levels on the major axis.

Table 2. Results from FEA simulations on different cross-section.
Circular Circular Triangular Square Ellipse Rhombus Rectangle
Uncapped Capped
Input:Independent Parameters
Pressure 11.37 11.37 11.37 11.37 11.37 11.37 11.37
(MPa)
Material 20.32 20.26 20.32 20.26 20.32 20.26 20.13
CA
(cm?)
Internal 113 110 109 118 106 115 100
Stress
(MPa)
Output:Derived Parameters
A Area 0.077 0.090 0.006 0.013 0.013 0.006 0.006
(cm?)
Flow Area | 81.03 91.55 14.65 25.81 17.10 24.78 16.39
(c?)
capacitance of a sphere is as follows.
m, ~PE
e of(1-v)

®)

In equation 5P is the pressure variatiok, is the elastic modulusgy is the yield stress and poisson’s ratio. From the given
analysis, spherical nodes on a pipe would yield the largestuat of fluidic capacitance for the least amount of material
For the analyses carried out here the material propertisteef have been chosen, however, in principle any otheriakate

could have been considered.

4 Lumped-Element Model of RO System
Accumulators and a pipe with spherical nodes have been ftmhd valid options to smooth pressure pulsations. The
next step in the analysis is to calculate how much fluidicstasice is required for the given application. In order toweestie
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Fig. 9. Circuit diagram for Input-Output model. lj, is the incoming pulsating flow and lgy is the flow to the resistor. Pg, is the line charge
pressure and is only present if an accumulator is used. Rrp is the resistance of the RO membrane and C is the capacitance of the fluidic
capactitive element.

the necessary fluidic capacitance, the entire system is lewbdsing a lumped parameter model. The model includes the
wave-paddle pump, pipeline, and RO membrane. It is worthtim@ng that in the lumped-element model, flow rate is
analogous with current and pressure is analogous withg®ltathe electrical model. It is assumed that the wave-pesver
pump is a displacement pump and is not pressure limitedalssassumed that by stabilizing the flow, pressure fludnati
will be reduced. The pipe connecting the wave paddle to thesy&Pem can be modeled as an infinite chain of resistors,
inductors, and capacitors that can be approximated as areatt link in a chain [13], as shown in Figure 9. In Figure
9, the current source represents the wave paddle, thearegpresents the RO membrane, and capacitor represenigia flu
capacitance element. Based on this circuit the transfetifumis as follows.

™ : ©)
lin  LCS?+ (Rpipe+ Rro)Cs+1

The variablely is the flow through the RO membrane, alis the flow coming in from the wave-paddle pump. The
manufacturers fluidic resistance of the desalination syskko, is significantly larger than the resistance of the pipeline
Rpipe, and the inductance of the pipelirig,pe. Under these conditions the transfer function simplifiefodsws.

Iout o 1
Tin  ReoCs+1 (7)

Using this equation, the capacitance required to achieyeaified reduction in pressure ripple is obtained. The per-
centage flow ripple is defined as 100 timgg/lin. Let wrad/sec be the frequency of the incoming wave. The equation 7
can be modified as follows.

%ripple= ———o—o— 8
oripple Rt (8)
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Fig. 10. Assembled experimental setup.

A smaller ripple leads to greater pressure stabilizatiam.tRis application, the desired ripple is specified and dséstance
of the reverse osmosis membrane, and the average wavericyopre fixed. With these defined values, an appropriate €luidi
capacitance of the syste@, can be approximated. In section 5 equation 8 is experirigimgestigated. In section 6, the
cost comparison of achieving desired fluidic capacitanoafaccumulators, elastics pipes and spheres is compared.

5 Experimental Investigation of Model

The purpose of the experiment is to identify how well the patage ripple can be predicted when a calculated fluidic
resistance is added to the system as shown in Figure 9. FibQighows the experimental set up, and Figure 11 shows a
flow chart of the experimental setup. While either elastidigpsr an accumulator could be used as the capacitive element
in the experiment, the accumulator was selected for therewpat because of its compact nature. The cyclic pressuvesva
are created using a pressurized-air driven pump. An airkaggr is controlled by a LabView program to create sinuabid
pressure waves. A large water supply is connected to the piihReynolds number of the fluid in experiment is matched
to that of the planned scaled system. The water passes bgdtmalator and exits through a needle valve. The needlevalv
mimics the fluidic resistance of the reverse osmosis memabrahhe resistance of the needle valve is defined as follows.

Table 3. Description of the experimental setup as shown in Figure 10.
Object Function

Pressure Sensor 1 | Measures the gauge-pressure at the inlet

Pressure Sensor 2 | Measures the gauge-pressure after accumulator

Flow Sensor 1 Measures the flow-rate at the inlet

Flow Sensor 2 Measures the flow-rate at the outlet

Regulator Controls the air-flow into the pump

Pump Provides incoming pulsating-flow and is driven by air
Reservoir Contains water

Reservoir Valve Acts like a check-valve at the outlet of the reservoir
Accumulator Provides fluidic-capacitance
Needle Valve 1 Acts like a regulator for inlet air that drives the water pump

Needle Valve 2 Acts as a resistance, like RO-membrane
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Fig. 11. Flowchart for experimental setup.
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In equation 9R;ne is the pressure before the needle valve @gd is the volumetric flow exiting the needle valve.

The effect of including an accumulator to the system is showligure 12(a), and demonstrates that adding fluidic
capacitance to the system stabilizes the flow. It should hednthat the mean pressure is substracted from the values
displayed in the plot to highlight the damped pressure fatidns. In Figure 12(b), the estimated ripple described in
equation 8 is compared to the experimentally observedeipphe ripple is plotted against the non-dimensional pateame
o = RCw. In the experiment the wave frequency and the resistancadependently controlled parameters. The observed
results are consistently off by a factor of two from the petidns. This deviation may be explained based on the deperde
of Rro andC on flow frequencyw and other experimental uncertainties. The experimensaillt®suggest that the model
captures the trend for low and higtvalues but seems to be off by a factor of two. The model doesapitire the effect that
happens neax = 40. The application at hand, however, is expected to occurvalues abover = 50 where the proposed
model appears to capture the trend. Six samples were caldléot each observeul value.
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Fig. 12. (a) Flow at the inlet and after accumulator. Average pressure substracted from presented values. (b) Comparison of % ripple based
on prediction experiments. Factor of 2 Fit is the predicted value multiplied by a factor of 2.

6 Cost Comparison of Elastic Piping vs. Accumulator

Using equations 4 and 5 for pipes and spheres respectihel\gdst of system capacitance using pipes and spheres
can be estimated. The material cost is assumed to be 22 USBgkgning the pipes and spheres are made of steel and that
material and manufacturing costs are included. Using ému&t3 and 8 the required accumulator volume can be calcllate
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Fig. 13. Cost comparison of different shapes at varying internal pressure.
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Fig. 14. Cost of ownership of Spheres and Accumulators over the course of time.

to estimate the cost of using accumulators. The prechartieea@tccumulator is approximated as follows.

%ripple
I:)charge = Iqine(l_ Tpg) (10)

Combining equations 3, 8 and 10, the equatiorMgg is as follows.

ippl
L PnQua 1 (ot a
e Peharged

The purchasing cost of elastic piping, spheres, and acaiorglare in Figure 13. Current prices of accumulators
from different vendors are tabulated in the Appendix. Thetad the capacitive system is dependent on the pressure,
assuming a constant flow, at which the system must operajard-il4 is the cost of ownership for the different capacitive
elements. While the spherical node pipe is a one time cost, with regular bladder replacement, the cost of accumudator
is significantly lower than that of elastic piping or sphatinode piping to achieve equal fluidic capacitance.

7 Conclusions

In this paper, the task of developing solutions to stabiliEefluctuating flow for the desalination application hasrbee
addressed. To achieve this task, first stub-filters werdeduahd found impractical. Two strategies were investigjae
detail namely capacitive pipes and off-the-shelf accutouta It was possible to obtain a desired level of fluidicamfance
from the expansion in the pipe walls so as to accommodateigimg ipressure. Analytical models and FEA simulations
were carried out to predict the capacitance of the pipesdiffbrent cross-sectional areas. Pipes with circularsisesctions
exhibited the highest fluidic-capacitance due to unifommasst fields in the pipe walls compared to the pipes with tri¢arg
square, and elliptical cross sections, which showed str@ssentration at the corners. A design based on the splheric
nodes serving as capacitive elements was also explored asdound to be superior compared to the cylindrical pipe
design. Finally, off-the-shelf accumulators were stud@mdthe application at hand and an experimental setup wdstbui
verify the capacitance model. The model generally undenasts the amount of fluidic capacitance to achieve a spécifie
ripple but demonstrates the trend of lowering ripple witbr@asing capacitance. Finally, a cost comparison for reiffe



fluidic-capacitance solutions over a wide range of opegapiressures was carried out, and accumulators were fourel to b
the most cost-effective solution. It is predicted that tbewsmulators over fifty years of operation would cost less thalf
of the cost of other solutions studied.
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9 Appendix
9.1 Fluid-Dynamicsin Pipe
The inviscid Navier-Stokes equation in tKedirection as shown in Figure 15 is as follows.

OVy ovx\ _@

The above equation states the pressure grad%gmdepends upon the temporﬁg{—’() and spatial %) variations in the
velocity. In other words, a variation in velocity field eithepace or time is likely to cause a variation in pressuregatbe
flow direction.

In order to develop conditions in which the pressure gradgezero i.e. pressure is uniform along the length of the pipe
a scaling analysis is carried out as follows.

2
Yo, Y%\ _ 4P
p(r+|_>_ L (13)

In equation 13, the first terni/f’() represents the change of velocity with respect to time theadgecond term"é) is the

convective acceleration. The terﬁ%‘() is the pressure loss over the length.
The velocity for an internal flow in the pipe can be estimatefbilows.

VX =

Q
A

Here,Q is the flow rate and\ is the area of cross-section of the pipe. In the current abe= 0.0029m%/sec and, for
a circular pipe of radius = 0.1 mi.e. areaA = 0.0314n? yieldsvyx ~ 1.0m/sec. Thet is 5 sec. Thus,

Both these terms are small when multiplied by the densitylartte the pressure drop across the pipe is estimated to
be small compared to the line pressure. EverlLfof 100 meters the pressure drdpp is only 0.14 MPa, indicating that
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Fig. 16. Stress generation in a circular pipe under internal pressure.

the assumption of the uniform pressure is accurate. Thtis i€haracteristic time scale) for the variation is large and the
flow rate Q or velocity vy is small, then the pressure gradients along the pipe-leragithe neglected. The central idea of
extracting fluidic-capacitance from a long pipe relies ugeexpansion under increasing internal pressure. In jpliecany
pipe with elastic properties can be applied for this purpdseo choices to be made are (i) material selection for the pip
(Rubber, PVC, Steel, etc.) and, (ii) cross-sectional sludipiee pipe i.e. circular, square, etc.

9.2 Circular Crossection
The main stress component in a cylindrical pipe is given Hevis [14].

PR
Oge = T

The von-Mises stress (i.e. the equivalent stress) is gigdolws.

O
O-V:?y

We set half the yield strength as the maximum desired earivakress.

o}
oy = 7"
Therefore, the wall thickness is as follows.
2PR
t=—
Oy
The volume change is then computed as follows.
1
€gg = =(0O
60 = = (Oop)

AVhoop = AAL = LT (R+ Regg)? — R?) = 2LTeggR2 — HoopVol umechange.



Higher order terms have been neglected.

TR2L
Ay =%
E
The amount of material for this pipe is as follows.
M = 2rRLt

Thus, the amount of material/capacitance for cylindrieametry is as follows.

M _4PE
A\/toti O')Z,

9.3 Spherical
In case of a thin-walled sphere [14], the two stress compisrame as follows.

oo = TR
99—2t
o — PR
o

Thus, in this case von-mises is as follows.

202 = (Ogp — Ogy)? + (Ogp)* + (Tep)?

PR
t=—
Oy

For finding the volume change for a closed pipe we use theWollp strain measures.

1
€oo = E(Gee —V0Ogp)



We plug in the values for both the stresses and then compaiteti#d volume change as follows.

4
AVigtal = én(RﬁeN —R34) = 3R%gp — Hoopvol umechanges

4TR3(1-v)oy

AVsphere = E

Thus, the amount of material in the sphere is given as follows

M = 4TiR%t

Substituting the value dfwe calculate the amount of material per unit change in theraelas follows.

M _ EP
AVigt o3(1—v)

9.4 Triangular

@) (b) (©

Fig. 17. (a) Triangular cross-section (b) Uniformly Loaded beam (c) Pinned-Pinned end-conditions.

There is no analytical solution to estimate the expansiantafingular cross-section; but we attempt this by modeling
each side of the triangle as a beam with pinned-pinned enditomms and estimate the deflection of beam [15] and thereby
estimate the overall change in the area. (The pinned-piandaondition leads to an over estimate in the fluidic-capace
of pipe). The maximum stress occurring in the pinned-pinoeaim is given as follows.

_ IMmx|C wL?

S T

here, Mpax = WS—'-IZ, wherew is the load per unit length anidis moment of inertial(= %). For internally loaded
pressurized tubes the following equation holds.
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where,pis the internal pressure. After substitution followingukss achieved.

Under the pinned-pinned assumptid(the deflection) is given as follows.

_ WX 3 o2
5= 2L +x3)

Then, total change is cross-section area per unit depfh=£ foL adx) is as follows.

poL>
AA=
10Et3
Thus, total change in cross-sectional area is giveh &gty = 3AA = ig&&z

9.5 Accumulator Prices

Table 4. A list of commercial accumulators. Specifications taken from HYDAC (manufacturers) and Filtration Fluids (distributors).

Model Number Pressure | Fluid Disp. | Bladder Cost | Total
(psi) (gallons) (USD) (USD)
SB330 - 6A1/112S210C| 3000 1.5 276.00 905.00
SB330 - 10A1/112S210C 3000 25 306.00 1,194.00
SB330 - 20A1/112S210C 3000 5.0 427.00 1,521.00
SB330 - 32A1/112S210C 3000 10.0 688.00 2,250.00
SB330 - 42A1/112S210C 3000 11.0 839.00 2,339.00
SB330 - 54A1/112S210C 3000 15.0 875.00 3,163.00




