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Mechanical Engineering, The University of British Pressure screening is an efficient means of removing various contaminants that degrade
Columbia, 2385 East Mall, Vancouver BC, the appearance and strength of paper. A critical component of a screen is the rotor, which
Canada, V6T 174 induces a tangential velocity to the suspension and produces pressure pulses to keep the

screen apertures clear. To understand the effect of key design and operating variables for
a NACA foil rotor, a computational fluid dynamic (CFD) simulation was developed using

Carl Ollivier-Gooch FLUENT, and the results were compared to experimental measurements. Comparing the
Department of Mechanical Engineering, pressure pulses obtained through CFD to experimental measurements over a wide range
The University of British Columbia, of foil tip speeds, clearances, angles of attack, and foil cambers, general trends of the
2324 Main Mall, Vancouver BC, pressure pulses were similar, but the overall computed values were 40% smaller than the
Canada, V6T 1C4 measured values. The pressure pulse peak was found to increase linearly with the square

of tip speed for all the angles of attack studied. The maximum magnitudes of negative
pressure pulse occurred for the NACA 0012 and 4312 foils at a 5 deg angle of attack and

Rohert W. Gooding for the NACA 8312 foil at 0 deg. The stall angle of attack was found te-Beleg for
Advanced Fiber Technologies (AFT) Inc., NACA 8312,~10 deg for NACA 4312, and-15 deg for NACA 0012. The positive
Montreal QC, Canada, H4A 1G2 pressure peak near the leading edge of the foil was eliminated for foils operating at a

positive angle of attack. The magnitude of the negative pressure coefficient peak in-
creased as clearance decreased. Increased camber increases both the magnitude and
width of the negative pressure puld®OIl: 10.1115/1.1881672

Introduction feed side of the screen to a high tangential velocity. This induces
turbulence at the surface of the screen plate, which mixes the

Pulp screens are used in virtually all pulp and paper Operati%ﬁspension and keeps the pulp fluidized. The second, and more

worldwide. Presgure scregning is the_most industrially Effec“\ffw ortant, function is to create a negative pressure pulse that
means of removing oversized contaminants that can degra_de l?stgkflushes the screen apertures, clearing any fiber accumulations
appearance and strength of paper. Pressure screens are inc Dreventing plugging of the apertures
ipgly used to fractionate fibers by length so that the Io_ng or shor The principal measures of screen perférmance(iareontami-
fiber streams can be processed separately or used in h'gh'vq’l‘a{ﬁt removal efficiency, defined as the mass percentage of con-
paper grades. For these reasons, pressure screens are assumiigliaants leaving the screen through the reject port relative to that
special importance in the production of mechanical and recyclg tering the screerii) capacity, the maximum mass flow rate of
pu_Ip_s, as well as for the manufacture of high-quality mechanic, Ip in the accept streantiii ) ,power consumption, the power
printing papers. _ _ consumed by the rotor normalized by the accept mass flow rate of
Pulp screens divide a contaminated feed flow into an accgfifers: andiv) reject rate, the mass flow of fibers rejected with the
stream of clean pulp and a reject stream laden with contaminant§ntaminants. Achieving high capacity and high efficiency with
During screening, the pulp and contaminants typically enter thgq,ced power consumption at a low reject rate is the goal of an
screening zone tangentially. The pulp suspension flows betweegp'ﬁmm screen design.
rotor and the inlet sid_e of a cylindrical_ screen. The_ fibers flow Although rotor design is critical in determining pulp screen
through the apertures in the screen cylinder and exit through thgrformance, the mechanism of pressure pulse generation and the
accept port. The oversized particles and a fraction of the lofgetors that affect the magnitude and shape of the pressure pulse
fibers are retained by the screen cylinder and travel down thgs not well understood. To better understand the critical rotor
annulus, leaving the screen through the reject port. To prevent #igsign factors affecting screen performance, computational fluid
apertures from becoming plugged by the fibers, foils are passgshamics(CFD) was used to analyze the complex flow created by
over the feed side of the screen surface to create negative presggéerotor. In particular, this study considered how the key design
pulses that backflush the apertures. The screen rotor comprisesghg operating variable.e., rotational speed, clearance, angle of
foils, or some other pulse-inducing hydrodynamic elements, aggtack and camber of a NACA foil rotpinfluence the pressure
the support structure. pulse at the screen plate surface. The numerical results were also
The rotor plays a critical role in screen operation. Despite vaitompared to experimental measurements. This information pro-
ous differences in rotor design, all rotors serve two main fungides a basic physical understanding of rotor performance and
tions. One function is to accelerate the pulp suspension on thgyvides an experimentally validated computational tool for opti-
mal rotor design.

INow with Temec Engineering Group Ltd. Suite 375, 6450 Roberts St., Bumabﬁ,. .
BC, Canada, V5G 4E1 iterature Review
Contributed by the Fluids Engineering Division for publication in therNAL oF The pressure pulse generated by a foil rotor has been the sub-

FLuips ENGINEERING. Manuscript received by the Fluids Engineering Division August . . .
11, 2003; revised manuscript received October 29, 2004. Review conducted byJﬁ(Ft of little pUb“Shed research. However, a few studies have

Johari. given quantitative information about the effect of rotor design
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parameters. The literature review given here represents the deve
opment of experimental and computational studies on rotor desigr
in the pulp and paper industry.

Some experimental studies have been conducted to explain hoy
screening performance is affected by the pressure pulse generats
by the rotor. According to Niinimaki and Dahl], pressure pulses
influence screening in two ways. First, the suction pressure pulse
keep the screen apertures unplugged by disrupting the fiber me
and lifting the lodged particles away from apertures into the tur- ;
bulent zone above the screen plate. Also, the suction pulses mov /
a considerable amount of water and fines from the accept chambe Sareen @ & Accepts
back into the screen basket, and thus dilute pulp on the innel Plate v Fﬁr v
surface of the screen basket. According to Cox and Fredrikssor
[2], dewatering or thickening occurs during the phase of positive .—_'
flow through the screen plate. This loss of water is compensatec
by filtrate recovered from the accept side of the screen basket by
a long suction pulse. The amount of filtrate recovered can be
controlled by the intensity and duration of the suction pulse.

Further experimental studies have been done on the factors that
influence the shape and magnitude of the rotor pressure pulse %}d
the effect of these pulse parameters on screen performance. L?i {
[3] studied the pressure pulse created by a foil-type rotor fg[(

screening of secondary fibers. He stated that the magnitude afidh 5" ¢ attack below stall. Standard CFD methods provide rea-
shape of the pressure pulse were dependent on the foil shape able prediction of flow variations with Reynolds numbers be-

ipe_ed, and ctle(?rtf;\]n(t:e bet¥veen ths foil f?‘“d the Scrtﬁen cylln_ Sélstall, but predictions of when stall occurs are inconsistent and
evis suggested that as rotor spéed was increased, the magniyiiteq, i, friction predictions are often too high. Even with these

of the pressure pulse increased. Furthermore, he hypothesized g tations, CFD is a powerful technique for industrial equipment
higher pulse magnitudes decreased the contaminant removal sign and optimization.

ciency but increased the maximum capacity of the screen. Repggpite 4 rapid and substantial increase in the use of computer
showed that a critical tip speed existed after which no furthf, jation in the pulp and paper industry in recent years, little
increase in capacity was achieved by increasing the rotor SpEEgn research has been done to study the pressure pulse generated
Repo and Sundholrfn]_ investigated the effect of rotor speed or, foil-type rotors. One useful study in this area was made by
separatlon_of coarse fibers in a pressure screen. Their experimenr inen and HaloneFL0] who assessed rotor pressure pulsations
taI_ results |nd|cat_ed that decreasmg rotor _speed reduced the Rg experimental and computational techniques. They found
reject rate and improved separation efficiency compared 1oy the backflushing action of the pressure pulse was created by
higher speed. Gooding] measured the pressure pulse in an inge acceleration of the flow through the gap between the moving
dustrial Hooper PSV 2100 pulp screen. His results showed thgt tip and stationary screen plate. This acceleration caused the
increasing rotor speed strongly increased pulse strength. Althoyghg| pressure on the feed side of the screen plate to decrease to
increased rotor speed shortened the duration of the pulse, {§g point that the flow through the aperture reversed. The flow
shape of the pulse was relatively unchanged. Increasing the spgggh passed from the accept side of the screen plate to the feed
of the rotor can consume significantly more power. Lef8$  sjge and released any plugged fibers. They used numerical meth-
found that the consumed power increased with rotor tip speeddgs to calculate the turbulent velocity field in a clearance between
the power of 2.5. Niinimaki6] presented the power consumptione rotating foil and screen basket and to simulate the pressure
measured at different rotor speeds and pulp consistencies. hise generated in a screen. Their results showed that the foil
showed that power consumption increased as rotating speed dAape greatly affected the form of pressure pulse. In addition, they
creased and consistency had only a small effect on power c@dund that the peak-to-peak pressure differefrmaximum pres-
sumption. sure minus minimum pressyrécreased rapidly with increased
Typical experimental studies on the effects of clearance and feytational speed.
angle of attack were reported by Yu and Deffdpand Niinimaki ~ Marko and LaRivierg11] used CFD software to model a 2D
[6]. Yu and DeFod7] studied the pressure pulse signatures for gice of an industrial pressure screen. Their results showed that the
foil rotor and contoured drum rotor. The results of Yu and DeFogressure pulse signatures had a reasonable correlation between the
showed a significant decrease in pulse magnitude for foil-typReasurements and numerical predictions. It was found that mesh
rotors when clearance increased. Niinim§g] reported the ef- shape and density were very important to provide a good correla-
fects of clearance between the foil and screen surface on scréigf with experimental results. Wikstrof9] investigated the hy-
performance. As the clearance was reduced, the magnitude of ggdynamics inside a pulp screen using commercial CFD simula-
pulse increased, so screening efficiency decreased and capaify software. Although the general flow behavior was captured
increased. He found that changes in foil angle of attack hadwll, pressure pulse data showed a deviation in absolute values
significant effect on screen performance. Furthermore, he showgden comparing simulations and experiments for water. CFD
that a greater angle of attack reduced the screening efficienfydel overestimated the magnitude of pressure pulses, and simu-
markedly with a corresponding increase in screen capacity. In agdtion showed a delay in pressure drop at the beginning of the
dition, Niinimaki suggested that screen performance can be opjulse.
mized by adjusting the foil angle of attack, especially if screening None of the CFD studies on pressure-pulse generation included
at higher consistencies. the detailed information required to evaluate the quality of the
The interaction between the fibers makes the flow behavior GFD analysis. Moreover, while several studies have compared foil
pulp suspensions quite different from water. It was shown expeshapes, none has examined a generic foil shape and considered
mentally by Gonzaleg8] and Wikstrom[9] that the magnitude of how parameters affect flow patterns and the pressure pulse.
pressure pulses decrease as the consistency increases. This work focuses on examining the pressure produced on the
A significant number of CFD studies examined the flow arounslrface of a screen cylinder. We do not include the details of the
a two-dimensional2D) foil. Although there are still challenges cylinder because the geometry of the cylinder varies significantly
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Fig. 1 Schematic diagram of cross-sectional screen

CFD prediction of turbulent shear and separation, computa-
Rs can generally predict surface pressures, velocity profiles,
in friction, lift, and drag with reasonably good accuracy at
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between manufacturers and applications. We consider a sim C oOronce
smooth surface to represent the cylinder. In addition, we assul h ‘ ‘

that no flow is going through the cylinder for two reasofiswe

consider the flow through the cylinder to be small with respect 1

the tangential velocity andi) we are specifically interested in the a = <

pressure that can be generated at the point where the cylinde // j\\ ,ﬁ\\

plugged with pulp fibers and there is no longer any fluid flov // | | \\

through the cylinder. s AL L A\}\ Y
Angle of Afttock- :

. Fig. 2 Schematic of foil showing angle of attack and clearance
Experimental Apparatus

The pressure pulses induced by foil rotors were measured for a
wide range of design and operating variables. These measutd=D Model

ments were of interest in their own right, but also served as a basi%FD evaluations were conducted to extend and support the ex-
to validate the subsequent CFD solutions. ) perimental measurements and to provide a more complete under-
_A laboratory cross sectional scre¢@SS was designed 10 sianding of how some key rotor parameters affect the flow struc-
simulate a slice of an industrial PSV 2100 pressure screen, as s around the foil and the resulting pressure pulse profile.
been done in several experimental studieg.,[8,12-14. Figure  \ymerical results were used to establish the relationship between
1 shows a schematic of the flow loop and the principal comp@se pressure pulse shape and rotor design and operating variables

nents of this apparatus. The CSS test section has a diamc‘ate(epé” rotating speed, angle of attack, foil clearance, and camber
30 cm and depth of 5 cm. A 6 cm wide removable screen cylinder

coupon is located in the bottom wall, with the remaining circum- Numerical Method. The commercial codeLUENT 5.4 (Fluent
ference a solid wall. The flow loop consists of a 150 | reservolnc. [15]) was used for the numerical solution of the Navier-
tank, a mixer, pump, two flow meters, two pressure transducef$okes equations. The numerical method is based on a finite vol-
valves, and PVC piping. A flow meter and pressure sensor aige formulation applicable to structured grids. All variables, in-
installed in both the feed and reject lines to monitor flow rate arluding velocity components and pressure, are averages applied to
pressure. The test fluigin this study water flows through a a control volume. A second-order spatial interpolation method was
25 mm diameter round pipe and flow meter and then enters t&@ployed to obtain the velocity components and pressure on the
CSS through the feed port at the upper part of the CSS. Somecontrol volume faces from those at the control volume centers.
the suspension flows out through the openings of the slot coupbhe control volume face values of the dependent variables are
(i.e., the accept floy The accept flow is approximately zero forused to evaluate the convective fluxes.
this study. The resti.e., the reject flow leaves the test section Fluent's segregated steady-state solver was used for the numeri-
through the reject port and flows back to the reservoir tank.  cal simulations. The numerical method is based on a multiblock,
A high-speed data acquisition system was used to record fiieite-volume formulation to solve the discretized Navier-Stokes
form of the pressure pulsations. In particular, a high- frequendgguations in conjunction with the turbulence model. BherLEC
4 mm diameter pressure transducer was installed flush with tAgorithm is used to couple pressure and velocity. A second-order
inside (feed surface on the top wall of the CSS. This top wallpwind scheme was used for the space discretization of the con-
represents the screen cylinder in an industrial pressure screenvection terms in momentum and turbulence equations in all simu-
The pressure sensor was a strain-gage-based transducer wigfigns. Also, a second-order accurate scheme was used to inter-
specified accuracy of less than +0.5%. The pressure transduelate the pressure value on the control volume faces from those
was calibrated with a standardized static pressure calibrator&bthe control volume centers in the momentum equations. The
ensure the measurement bias is less than 0.5% of the maxim@iffusion terms are approximated by a second-order accurate
pressure. The measured pressure was fluctuating due to the tufgintral-difference scheme. The stopping criteria for all calcula-
lent motion of the fluid. The standard deviation is 3 kPa, whichons were when all residuals were below 10
corresponds to a pressure coefficient fluctuation of 0.074 at thelhe standardk—e turbulence model is used for all calculations.
lowest rotor velocity of 9 m/s. To more accurately estimate thEransport equations fd, the kinetic energy of turbulence, aad
mean pressure profile, 120 pulses were averaged to provide a 9b%rate of dissipation, are solved together with the continuity and
confidence interval in the measured Cp of +0.006. momentum equations.

An optical encoder, with a resolution of 2048 signals per revo- Mesh Generation. Gambit, the meshing tool packaged with

lution, was installed on the shaft of the rotor to precisely measULe .\t CED software. was used to generate a 2D multiblock

the position of the rotor. The rotary position sensor locates ﬂ?r‘?esh based on the surface information obtained from models of
position of the rotor to within an arc length of 0.5 mm. The e

sulting foil position is then +0.25 mm or in terms of chord Iengtrilne experimental CSS apparatus. Figure 3 shows a structured
- Itiblock grid typical of those used in this study. A C-mesh is
is £0.625% of chord for the 40 mm long foils used in this stud o gric ypi " I 1S Stucy I

o . i Yased around the foil to provide good resolution around the leading
T_he position sensor Is con_tlnuously recorded_by the data acquig ge of the folil, in the wake, and in the boundary layer. Because
tion system to provide a highly accurate rotational speed and fQiljqarithmic wall law is used to compute the skin friction coef-
tip speed. Tip speed is estimated to have an accuracy greater thafnt the first grid cell near the airfoil should be in the logarith-

+0.1% . = , . , o
. ic region, i.e., the dimensionless distance to wgfl=U y/v,
The CSS has been designed to measure the effect of some %reUT is the friction velocity,y is the physical distance of the

operating and rotor design variables on screen performance centroid from the wall, and is the kinematic viscosityfor

pulse generation. Figure 2 shows a schematic of th_e fo!l and fie first cell center should be between 30 and 60. Near-wall mesh
fines the angle of attack and clearance. The rotor is driven by,

. . . sﬁacing was checked as a postprocessing step to ensure that this

T o, LY T qurementwas met AN mesh s sed Up. and dousican o
- . : I foil to provide good mesh quality elsewhere.

calipers and is extremely accurate. The estimate of the error is less

than 0.05 mm. The accuracy of the measured angle of attack iBoundary Conditions for Fluid Flow. A rotating reference

estimated to be approximately +0.1 deg. Angle was also set usiingme was used so that the flow was modeled in a coordinate

machined calipers. system moving at the same speed as the rotating foil. In this case,
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¥ lating the skin friction on a NACA 0012zero camberairfoil in a
straight channel at zero angle of attack for Reynolds nurtiRer
F|g 3 Representative Computationa' mesh defined as RepUC/,u, Whel’ep is the denSIty,U is the inlet ve-

locity, c is the chord of the foil, ang is the dynamic viscosifyof

3x10°. In Fig. 5, the local friction drag coefficieti€;) distribu-
the flow was steady relative to the rotating frame. For the wdibn obtained by th&-e model shows reasonable agreemget,
boundary conditions, the relative angular velocity was set to zewdthin 10%) with the numerical results calculated using a bound-
for the foil and inner wall, which moves at the speed of the rotagry layer code by Lombardi et g]16]. The airfoil skin friction
ing frame and, hence, are stationary in the rotating frame. Theefficient rapidly increases from a value of zero at the stagnation
outer wall is stationary in the nonrotating frame of referencgoint to a peak value shortly downstream of the leading edge. This
therefore the velocity was set to zero in the absolute referen@pid increase is due to the rapidly increasing velocity as the flow
frame. If the wall velocities are specified in this manner, then onxternal to the boundary layer rapidly expands around the leading
the rotating speed of the reference frame needs to be changéde. Beyond the peaki; monotonically decreases in the same
when there is a change in rotating speed of the foil. qualitative manner as for a flat plate. The results for friction drag

The simplification of a rotating inner wall allows us to effi-from the boundary layer code of Lombardi et El6] had been

ciently model the area of interest near the foil. The inner wall igalidated with experiment and were considered the baseline for
not a physical wall but is a boundary that represents the portionagcuracy. Based on this validation case of an airfoil, we have
the fluid that rotates as a solid body with the rotor. We chose thigasonable confidence in the predicted drag coefficient for at-
boundary condition so that the fluid is rotating with the sam&ched flows.

rotational velocity as the rotor far from the cylind@uter wal). For the configuration of interest in this study of a foil moving
This simplification allows us to only model the area of interestiear a curved wall, a mesh refinement study has been conducted
around the foil near the wall. for the extreme cases of our test matrix. The pressure and velocity

Due to symmetry of the flow domain, calculations were pemwere shown to be independent of the number of cells used above
formed for a sector of 180 de(Fig. 4 and periodic boundary the number used in this study.
conditions were imposed in the circumferential directions at the
two ends of the sector. The flow entering the computational model . .
through one periodic plane was set identical to the flow exiting t esults and Discussion
domain through the opposite periodic plane. The pulse form for a range of rotor variables was examined
using the aforementioned experimental measurements and CFD

h Estimates. The technical characteristics and range of variables
Furbulence model gsed, espemal!y for separated flows. Theref Ested in the present experimental and numerical study and in
it is worth considering the errors in the-& model for CFD study industry applications are listed in Table 1.

of pressure pulsation. Model validation was conducted by calcu-1pa il shape is defined by the NACA four-digit designation.

The first digit defines the percent camber of the foil, the second
digit defines the location of the camber in tenths of chord from the
prelii) leading edge, and the last two digits define the thickness of the
- “‘?::_»__;_""“ﬂx\ foil as a percent of chor¢e.g.,[17]).
i . The comparison of CFD predictions with the corresponding ex-
ry . perimental measurements is valuable for the assessment of CFD
-~ o simulations. It was found that although features and general trends
4 -~ . A of the pressure pulses were similar, the overall computed values of
f{\ & A pressure pulse were 40-50% smaller than the measured values.
. \ \ The reason for the discrepancies might be that the 2D physical
/ " S ) \\. model used in the CFD study did not account the complex three-
. dimensional(3D) flow features in the experimental CSS. The
L H presence of the side walls at the front and back of the CSS slows

Duter Wwall

the rotational velocity of the fluid relative to the foil. The in-
creased relative velocity would account for the higher experimen-

Periodic 1 Periodic 2 tally measured pressure pulses than that calculated. In industrial
pressure screens, there are no front and back walls to slow the
Fig. 4 Calculation domain and boundary conditions fluid, and we would expect better correlation.
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Table 1 Technical characteristics and variables in present numerical and experimental study
and in industry applications

Characteristics and parameters  Present numerical and experimental study Industry applications
Fluid Water (20°C) Pulp suspensiof60—-90°Q
Screen cylinder diameter 0.3m 0.3-1m
Foils NACA 0012, 4312, and 8312, all with a Hooper etc., chord length from

) chord length of 40 mm 30-80 mm
Rotor rotating speed 600, 800, 1000, 1200 and 1400 rpm 500-1000 rpm
Clearance between the foil and 2,3,4,and 5 mm 2—-10 mm
screen plate
Foil angle of attack 0, 5, 10, 15, and 20 deg N/A

Tip Speed. Pressure pulses at the outer wall were calculateédieen the CFD calculatiofFig. 9 and measurementgig. 10 is
using CFD at five different rotational speeds for 0 deg angle gbod—but CFD estimates under predict (g magnitude of the
attack. The negative suction pressure peaks varied betwesrtion pulse by 50%. The collaps&j curves in Figs. 7 and 9
10 kPa at 600 rpnitip speed=9.24 mj)sand 60 kPa at 1400 rpm indicate that magnitudes of positive and negative suction pressure
(tip speed=21.55 mjdor a NACA 0012(zero camberairfoil, as  pulse peak are proportional to the square of the tip velocity of the
shown in Fig. 6. The magnitudes of both positive and negativeil.
pressure pulses increased with increased rotating speed for all th
angles of attack studied. Pressure coefficié,@g, defined as
pl/3pUf,, whereP is the pressurep is the density, andJy, is
rotor tip speeglwas obtained by normalizing the pressure with th
dynamic pressure associated with the foil tip speed and fluid d

ﬁngle of Attack. The variation of pressure distribution and
flow pattern with angle of attack for a NACA 0012 foil are shown

in Fig. 11. For a low angle of attack<10 deg the flow passes
Emoothly over the foil and is attached over most of the surface.
: P . - qq(')wever, as the angle of attack increases beyond 10 deg, the flow
sity. All the Préssureé curves in Fig. 6 collapsed into a sirgje tends to separate from the top surface of the foil, creating a vortex
curve, as shown in Fig. 7. that extends beyond the trailing edge of the foil, as shown by the

fg gomparislon fOf thekCFD "’t‘)nd %xpgrirgebntal result§ forhthe Ca'i eamlines in the figure. One consequence of the separated flow
of 0 deg angle of attack can be obtained by comparing the resuliS,ion angles of attack is a large increase in pressure drag on the

of Figs._? and 8. The forms of th_e pressure p‘!'ses at the outer V‘f%'l Under these conditions, the increase in drag will increase the

are similar, but CFD under predicts tfig magnitude of the nega- d’:lmount of power required to operate the rotor.

tive pulse by about 40%. Likewise, the agreement of the nondi-rjqre 12 shows the calculated pressure pulse profiles on the

mensional pressure pulse form for a 20 deg angle of attack Rjeen cylinder surface for the NACA 0012 foil with five different
angles of attackO, 5, 10, 15, and 20 dé@t a constant clearance.
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W]ith increased angle of attack.

CéNhen the foil is at a nonzero angle of attack, greater than or
gyal to 5 deg, the positive pressure pulse at the leading and trail-
edges of the foil are-0. The positive pressure pulse is re-
uced for positive angles of attack because the stagnation point at

: : leading edge of the foil is located on the surface of the foil
(Fig. 13 show that a 5 deg angle of attack has the highest ma 1€ lec . . .
nitgde of negative suctiorﬁJ prgssure pulse. Both exp%riment ?posne to the screen cylinder and the f9'| eﬁeptlvely blocks the
and computationally, the value of negative suction pulse peak lgh-pressure region around the stagnation point from th? cylin-
a 0 deg angle of attack falls between the values for a 15 a gr- The resulting pressure pulse is flat with a sharp negative peak

20 deg angle of attack. As the angle of attack increases beyd y in the vicinity of the foil. Reduction of the positive pressure

5 deg, theC, magnitude of the negative suction pulse decreasBY'S€ While maintaining a high negative pulse may significantly
! P IAcrease contaminant and fractionation efficiency of the screen by

avoiding any tendency for the rotor to force contaminants through
the apertures, while at the same time providing the strong back-
atap (b flushing pulse that ensures good screen capacity.

Figures 12(CFD) and 13(experimental both show a pressure
plateau after the negative pressure peak for angles of attack
>15 deg. This plateau would appear to be a result of flow sepa-
ration from the upper surface of the foil. It is not clear that this
aspect of the pulse form offers any particular benefit in the opera-

The corresponding experimental results for the effect of angle
attack are shown in Fig. 13. There is a very good corresponden
between the experimental measurements and numerical pre&
tions for the form of the pulses and effect of changes in angle
attack. Both numerical result§ig. 12 and experimental results

pup tion of the pulp screen rotor. What the above data do show is that

af the foil angle of attack has a strong effect on the shapeGnd

YY) I ; et magnitude of the pressure pulse and must be optimized for spe-
¥ cific applications, especially if higher consistency screening is the

desired purpose.

Foil Clearance. The clearance between the foil and screen cyl-
inder may be adjusted in industrial screening applications to en-
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Fig. 11 Pressure contour and particle path lines. degree of Fig. 13 Experimental pressure coefficient versus position,
attack (a)=0, (b)=5, (¢)=10, (d)=15, and (e)=20 x/Chord for five different angles of attack
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I;gn[he rotor pressure pulse, numerical and experimental studies

hance the pressure pulsation. Pressure pulses for three dn"fewere conducted with NACA 0010 camber, NACA 4312 (4%

angles of attack0O, 5, and 20 degwith a range of clearances

2-5 mm (5%, 7.5%, 10%, and 12.5% of chgrdre shown in cambe}, and NACA 8312(8% _cambe)fons._
Figs. 14-16. Although increasing the clearance decreaseSthe Figure 18 shows the numerically determined pressure pulses for

; L . three airfoils with 0%, 4%, and 8% camber at 0 deg angle of
magnitude of both the positive and negative pressure pulse pea{ ! . .
e e T
The tip speed is held constant at 18.47 m/s. 9 p P - F19 p

mentally determined pressure pulses for the same three airfoils as

Flgure 17 shows th@P magnltut_je of the computed negatlveFi(% 18(0%, 4%, and 8% cambprThe experimentally measured
suction pressure peaks as a function of clearance for the range

angles of attack along with experimental results for the zero an%efﬁlgse Spr)lL(J)Iivisins?ﬁgvnhhrﬁeﬁir;ﬁelgglréas@drmagnltude and
of attack. The experimental and computed peaks demonstrate the. Lo .
igures 20 and 21 show the flow streamlines and pressure dis-

the nogative préssure puise. We also see that the foi at 5 JUJUIon Or the NACA 4312456 camberand NACA 8312(8%
le of attack. which creates the grea@sinagnitude of nega- ca%b_e} at five angles of attack equal to 0, 5, 10, 15! and 2_0 deg.
fil\r;g peak, is thé most sensitive to 8ariati§ns ig clearance 93" The filled pressure contours show that the stagnation point pro-
Decrea,sing the clearance increases Gemagnitude of. the gressively moves downstream of the leading edge over the bottom
face of the airfoil as the angle of attack is increased. This

. - syr
pressure pulse and the rotor's ability to clear plugged aperturesréults in a decrease of the positive pressure pulse at the screen
smaller clearance also increases the probability of large contarw inder surface near the leading edge of the foil

nants _becomlng vyedged bgtween the cyllnder and Fhe rotor anthq ¢ii camber is increased, the adverse pressure gradient on
potentially damaging the cylinder. For this reason, foil clearanc%e foil surface facing the screen cylinder increases, and the flow
are seldom below 2 mm. separates at lower angles of attack. The stall angle of attack is

Foil Camber. Classical aerodynamics theory predicts that a5 deg for NACA 8312,~10 deg for NACA 4312, and-15 deg
cambered airfoil will produce more lift than a noncambered airfofor NACA 0012. More precise determination of the stall angle
at a given angle of attack. The same mechanism will result invgould require computation at intermediate angles of attack. The
higher magnitude of negative pressure pulse on the screen cyftalling phenomenon shown in Figs. 20 and 21 is termed “trailing-
der. The degree of camber is the maximum distance between €fige stall.” We see a progressive and gradual movement of sepa-
mean camber line and the chord line in percent of chord. To deation from the trailing edge toward the leading edge as the angle
termine the effect of foil camber on th@, magnitude and shape
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Fig. 15 Numerical pressure coefficient versus position, Fig. 17 Numerical and experimental suction pressure coeffi-
x/Chord for four different clearances (5 deg angle of attack ) cient peak versus clearance for three different angles of attack
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of attack is increased. The larger low-pressure region for cat SttcPrssie
bered foils in the gap between the rotating foil and screen cylind 2.08E+04
means that the widtkor duration of the negative pressure pulse 1122:3
is larger for cambered foils than for noncambered foils. et
Figures 22 and 23 show the numerical and experimental pre 5.30E+03
sure pulse profiles on the screen cylinder wall for a NACA 431 ° ZAge
foil with five different angles of attackO, 5, 10, 15, and 20 deg -4.02E+03
These figures show that 5 deg angle of attack has the high By
negative suction pressure pulse and, thus, is expected to give ::-:jgm
highest capacity. As the angle of attack increases beyond 5 d -1.96E404
-2.2TE+04

the C,, magnitude of the negative suction pulse decreases. T
positive pressure peak near the leading edge of the foil is com-
pletely eliminated for foils operating at a positive angle of attacksig. 20 Pressure contour and particle path lines for NACA

Figure 24 shows the computed pressure pulses at the screere: degree of angle of attack (a)=0, (b)=5, (¢)=10, (d)=15,
cylinder for the NACA 8312 foil. This figure indicates that t8g  and (e)=20
magnitude of the negative suction pulse decreases as the angle of
attack increases due to the onset of separation. Thus for a NACA
8312 foil the maximum magnitude of pressure pulse occurs jgétween CFD calculations and the experimental data. The reason
0 deg angle of attack. for the discrepancy between the experimental and numerical pres-

Figure 25 shows the minimum pressure coefficients of the presure peaks for these two points is unknown.
sure pulses for the three cambers over all angles of attack for bothFor the three foils and five different angles of attack that were
the experimental and numerical results. The numerical and expe&fiudied, the NACA 43144% camber at 5 deg angle of attack
mental C, magnitudes of pressure pulse peak have the sapgvided the highest magnitude of negative suction pulse peak. As
trends. Thd:p magnitudes of negative pressure peak obtained fa‘flgle of attack increased beyond 5 deg,ﬂbe'nagnitude of the
experimental measurements are larger than the ones obtainechéyative suction pulse decreased with increased angle of attack
CFD calculations. There are substantial deviations of negatigecause of flow separation. The largest negative peak for the
pulse peak for the NACA 4312 at 15 and 20 deg angle of attagkACA 8312 foil occurred at 0 deg angle of attack. This is because

flow separation occurred at less than 5 deg angle of attack.
The ideal pulse form has not been established in the published
02— literature. Intuitively, the negative pressure pulse magnitude and

1 width would be the key parameters. Figure 26 shows that the
negative pressure pulse width, defined as the width at half the
negative pressure pulse, decreased as angle of attack increased for
NACA 0012, 4312, and 8312 foils. The pulse widths for cambered
% foils were wider than that for noncambered foil.

The “normalized pulse strength” is proposed here as an alter-
nate, and perhaps more effective, means of characterizing the ef-
fectiveness of a foil pulse. The normalized pulse strength is de-
fined as the pulse width normalized by chord length multiplied by
minimum pressure coefficient. Figure 27 shows that the normal-
ized pulse strength for NACA 4312 at 5 deg and NACA 8312 at
0 deg had the highest value with almost the same magnitude.

= NACA 0012 (0% Camber)
—=— NACA 4312 (4% Camber)
—+— NACA 8312 (8% Camber)

Pressure Coefficient, Cp

1 ' 0 ' 1 ' 2 Discussion
Position x/Chord The shape and magnitude of the rotor-induced pressure pulses
Fig. 19 Experimental pressure coefficient versus position (x/ are widely believed to have a fundamental effect on screen capac-
Chord ) for 0 deg angle of attack ity, efficiency, and other key operating parameters. A positive
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and deformable contaminant particlesich as “stickies; which

are adhesives found in recycled pulp. In this regard, the small or
nonexistent positive pressure pulses generated by foils at nonzero
angle of attack would be ideal for removing deformable contami-
nants.

The maximum achievable capacity is thought to be strongly
correlated with the magnitude of the negative pressure pulse. The
negative pulse reverses the flow through the apertures, backflush-
ing the apertures and clearing particles lodged near the slot inlet
and lifting them into the turbulent zone. As the peak strength
increases, the suction pulse is more effective at clearing the
screening apertures. Increasing the rotation speed will increase the
pulse strength and the frequency of pulses. This correlation would
be expected to exist only over a limited range, however, since too
high a backflushing flow would reduce the net volumetric flow
through the screen cylinder without producing any benefit.

Using a foil that produces a strong negative pressure peak pro-
vides the opportunity to reduce the total energy consumed by the
rotor by providing a sufficient negative pulse at a low rotational
speed. Ideally, the rotor speed would be set just high enough to
meet the required capacity and runnability but no higher to mini-
mize energy usage. Optimization of the rotational speed, clear-
ance, angle of attack, and foil camber makes it possible to achieve
increased efficiency at a reduced power consumption for each
pulp type.

As discussed previously, the ability of the foil to remove pulp
accumulation may be due to a combination of pulse height and
width. For this reason, a “normalized pulse strength” term was
defined as a combination of both width and magnitude of the
pulse. The “performance” of the screen is indeed a composite of
several indices, including capacity, efficiency, power, etc. Like-
wise the rotor produces several actions, including the backflushing
duration, backflushing strength, pulp fluidization, rotational accel-
eration, etc. The interrelationships are typically nonlinear, and a
single parameter is very unlikely to capture all of what is sought
in “rotor performance.” However there may be composite param-
eters, such as normalized pulse strength, which more completely
reflect the rotor action and facilitate rotor optimization. This will

pressure pulse component is hypothesized to decrease the ¢agilitate the conduct of more fundamental studies that seek to

taminant removal efficiency of the screen. This is because the h

ighderstand and optimize the form of the pressure pulse as a func-

positive pressure pulsgound at the leading and trailing edge oftion of variables related to the shape and positioning of the rotor

the foil at 0 deg angle of attagknight force contaminants through
narrow apertures. This might be especially true for flexible fibe

foil.
rs One should, of course, be cautious not to overstate the imme-
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Fig. 22 Numerical pressure coefficient versus position (x/Chord ), NACA4312 (five

angles of attack )

Journal of Fluids Engineering

MARCH 2005, Vol. 127 / 355



Pressure Coefficient, Cp

—=— NACA 4312 (Angle of Attack 0 Degrees)

-0.6 - {Angle of Attack 5 Degrees)
| —a— (Angle of Attack 10 Degrees}
0.7 4 —v— (Angle of Attack 16 Degrees)
i —— (Angle of Attack 20 Degrees}
-0.8 T T T T 4 1
1 0 2

Position, x/Chord

Fig. 23 Experimental pressure coefficient versus position

of attack )

diate industrial impact of this study. The tests and simulation work
shown above was made for water flows, not pulp. There are sub-
stantial differences in the character and behavior of these fluids.
Likewise the lack of a clear model for what constitutes an “ideal” 3.
rotor pulse limits the immediate impact of this work. That said,
this detailed study does point toward some clear opportunities for4.
improvements in rotor design and for a better appreciation of the

sensitivity of the pressure pulses to common rotor variables.

Conclusions

Using both numerical and experimental approaches, the key5'
design and operating variables affecting the pressure pulse on the
surface of a pressure screen cylinder were investigated. Although
the general pressure pulse signatures were captured well by the
CFD model over a wide range of foil tip speed, clearance, angle of
attack, and foil camber, comparison with experimental pressure

pulse measurements showed deviationsCinvalues by up to
50%.

Tip speed, angle of attack, clearance, and camber were al
found to significantly affect the pressure pulse generated by tH

foil. In particular, it was shown that:

1. The magnitude of the pressure pulse peak increased linearlv

with the square of rotor tip speed for all angles of attac
studied.
2. The maximum magnitude of negative pressure pulse c

curred for the NACA 0012 and 4312 foils at 5 deg angle ¢cE ‘°-15‘:

(x/Chord ), NACA4312 (five angles

near the leading edge of the foil was completely eliminated
for foils operating at greater or equal to 5 deg angle of at-
tack.

The C, magnitude of the negative pressure peak increased as
clearance decreased.

The stall angle of attack was-5 deg for NACA 8312,
~10 deg for NACA 4312, and-15 deg for NACA 0012. As

the foil camber was increased, the flow separated at lower
angles of attack because of the higher adverse pressure gra-
dient on the foil surface near the screen cylinder.

The C, magnitude and the width of the negative suction
pulse increased with increased camber.

Most importantly, we have shown that CFD is an important
tool for the optimal design and operation of rotors in indus-
trial pressure screens.
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