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Numerical Simulation and
Experimental Measurement of
Pressure Pulses Produced by a
Pulp Screen Foil Rotor
Pressure screening is an efficient means of removing various contaminants that d
the appearance and strength of paper. A critical component of a screen is the rotor,
induces a tangential velocity to the suspension and produces pressure pulses to k
screen apertures clear. To understand the effect of key design and operating varia
a NACA foil rotor, a computational fluid dynamic (CFD) simulation was developed
FLUENT, and the results were compared to experimental measurements. Compar
pressure pulses obtained through CFD to experimental measurements over a wid
of foil tip speeds, clearances, angles of attack, and foil cambers, general trends
pressure pulses were similar, but the overall computed values were 40% smaller th
measured values. The pressure pulse peak was found to increase linearly with the
of tip speed for all the angles of attack studied. The maximum magnitudes of n
pressure pulse occurred for the NACA 0012 and 4312 foils at a 5 deg angle of atta
for the NACA 8312 foil at 0 deg. The stall angle of attack was found to be,5 deg for
NACA 8312,,10 deg for NACA 4312, and,15 deg for NACA 0012. The posit
pressure peak near the leading edge of the foil was eliminated for foils operatin
positive angle of attack. The magnitude of the negative pressure coefficient p
creased as clearance decreased. Increased camber increases both the magnit
width of the negative pressure pulse.fDOI: 10.1115/1.1881672g
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Introduction
Pulp screens are used in virtually all pulp and paper opera

worldwide. Pressure screening is the most industrially effe
means of removing oversized contaminants that can degrad
appearance and strength of paper. Pressure screens are i
ingly used to fractionate fibers by length so that the long or s
fiber streams can be processed separately or used in high
paper grades. For these reasons, pressure screens are ass
special importance in the production of mechanical and recy
pulps, as well as for the manufacture of high-quality mecha
printing papers.

Pulp screens divide a contaminated feed flow into an ac
stream of clean pulp and a reject stream laden with contamin
During screening, the pulp and contaminants typically ente
screening zone tangentially. The pulp suspension flows betw
rotor and the inlet side of a cylindrical screen. The fibers
through the apertures in the screen cylinder and exit throug
accept port. The oversized particles and a fraction of the
fibers are retained by the screen cylinder and travel down
annulus, leaving the screen through the reject port. To preve
apertures from becoming plugged by the fibers, foils are pa
over the feed side of the screen surface to create negative pr
pulses that backflush the apertures. The screen rotor compris
foils, or some other pulse-inducing hydrodynamic elements,
the support structure.

The rotor plays a critical role in screen operation. Despite
ous differences in rotor design, all rotors serve two main f
tions. One function is to accelerate the pulp suspension o

1Now with Temec Engineering Group Ltd. Suite 375, 6450 Roberts St., Bur
BC, Canada, V5G 4E1
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feed side of the screen to a high tangential velocity. This ind
turbulence at the surface of the screen plate, which mixe
suspension and keeps the pulp fluidized. The second, and
important, function is to create a negative pressure pulse
backflushes the screen apertures, clearing any fiber accumu
and preventing plugging of the apertures.

The principal measures of screen performance aresid contami-
nant removal efficiency, defined as the mass percentage o
taminants leaving the screen through the reject port relative t
entering the screen;sii d capacity, the maximum mass flow rate
pulp in the accept stream;siii d power consumption, the pow
consumed by the rotor normalized by the accept mass flow r
fibers; andsivd reject rate, the mass flow of fibers rejected with
contaminants. Achieving high capacity and high efficiency
reduced power consumption at a low reject rate is the goal
optimal screen design.

Although rotor design is critical in determining pulp scr
performance, the mechanism of pressure pulse generation a
factors that affect the magnitude and shape of the pressure
are not well understood. To better understand the critical
design factors affecting screen performance, computational
dynamicssCFDd was used to analyze the complex flow create
the rotor. In particular, this study considered how the key de
and operating variablessi.e., rotational speed, clearance, angl
attack and camber of a NACA foil rotord influence the pressu
pulse at the screen plate surface. The numerical results wer
compared to experimental measurements. This information
vides a basic physical understanding of rotor performance
provides an experimentally validated computational tool for o
mal rotor design.

Literature Review
The pressure pulse generated by a foil rotor has been the

ject of little published research. However, a few studies

y,

H.

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

Some experimental studies have been conducted to explai
screening performance is affected by the pressure pulse gen
by the rotor. According to Niinimaki and Dahlf1g, pressure pulse
influence screening in two ways. First, the suction pressure p
keep the screen apertures unplugged by disrupting the fibe
and lifting the lodged particles away from apertures into the
bulent zone above the screen plate. Also, the suction pulses
a considerable amount of water and fines from the accept cha
back into the screen basket, and thus dilute pulp on the
surface of the screen basket. According to Cox and Fredrik
f2g, dewatering or thickening occurs during the phase of pos
flow through the screen plate. This loss of water is compen
by filtrate recovered from the accept side of the screen bask
a long suction pulse. The amount of filtrate recovered ca
controlled by the intensity and duration of the suction pulse.

Further experimental studies have been done on the factor
influence the shape and magnitude of the rotor pressure puls
the effect of these pulse parameters on screen performance.
f3g studied the pressure pulse created by a foil-type roto
screening of secondary fibers. He stated that the magnitud
shape of the pressure pulse were dependent on the foil sha
speed, and clearance between the foil and the screen cy
Levis suggested that as rotor speed was increased, the mag
of the pressure pulse increased. Furthermore, he hypothesize
higher pulse magnitudes decreased the contaminant remova
ciency but increased the maximum capacity of the screen
showed that a critical tip speed existed after which no fur
increase in capacity was achieved by increasing the rotor s
Repo and Sundholmf4g investigated the effect of rotor speed
separation of coarse fibers in a pressure screen. Their expe
tal results indicated that decreasing rotor speed reduced the
reject rate and improved separation efficiency compared
higher speed. Goodingf5g measured the pressure pulse in an
dustrial Hooper PSV 2100 pulp screen. His results showed
increasing rotor speed strongly increased pulse strength. Alth
increased rotor speed shortened the duration of the pulse
shape of the pulse was relatively unchanged. Increasing the
of the rotor can consume significantly more power. Levisf3g
found that the consumed power increased with rotor tip spe
the power of 2.5. Niinimakif6g presented the power consumpt
measured at different rotor speeds and pulp consistencie
showed that power consumption increased as rotating spe
creased and consistency had only a small effect on power
sumption.

Typical experimental studies on the effects of clearance an
angle of attack were reported by Yu and DeFoef7g and Niinimaki
f6g. Yu and DeFoef7g studied the pressure pulse signatures f
foil rotor and contoured drum rotor. The results of Yu and De
showed a significant decrease in pulse magnitude for foil-
rotors when clearance increased. Niinimakif6g reported the ef
fects of clearance between the foil and screen surface on s
performance. As the clearance was reduced, the magnitude
pulse increased, so screening efficiency decreased and ca
increased. He found that changes in foil angle of attack h
significant effect on screen performance. Furthermore, he sh
that a greater angle of attack reduced the screening effic
markedly with a corresponding increase in screen capacity. I
dition, Niinimaki suggested that screen performance can be
mized by adjusting the foil angle of attack, especially if scree
at higher consistencies.

The interaction between the fibers makes the flow behavi
pulp suspensions quite different from water. It was shown ex
mentally by Gonzalezf8g and Wikströmf9g that the magnitude o
pressure pulses decrease as the consistency increases.

A significant number of CFD studies examined the flow aro

a two-dimensionals2Dd foil. Although there are still challenges
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for CFD prediction of turbulent shear and separation, comp
tions can generally predict surface pressures, velocity pro
skin friction, lift, and drag with reasonably good accuracy
angles of attack below stall. Standard CFD methods provide
sonable prediction of flow variations with Reynolds numbers
low stall, but predictions of when stall occurs are inconsisten
the skin friction predictions are often too high. Even with th
limitations, CFD is a powerful technique for industrial equipm
design and optimization.

Despite a rapid and substantial increase in the use of com
simulation in the pulp and paper industry in recent years,
CFD research has been done to study the pressure pulse ge
by foil-type rotors. One useful study in this area was mad
Karvinen and Halonenf10g who assessed rotor pressure pulsat
using experimental and computational techniques. They f
that the backflushing action of the pressure pulse was creat
the acceleration of the flow through the gap between the mo
rotor tip and stationary screen plate. This acceleration cause
local pressure on the feed side of the screen plate to decre
the point that the flow through the aperture reversed. The
then passed from the accept side of the screen plate to th
side and released any plugged fibers. They used numerical
ods to calculate the turbulent velocity field in a clearance bet
the rotating foil and screen basket and to simulate the pre
pulse generated in a screen. Their results showed that th
shape greatly affected the form of pressure pulse. In addition
found that the peak-to-peak pressure differencesmaximum pres
sure minus minimum pressured increased rapidly with increas
rotational speed.

Marko and LaRivieref11g used CFD software to model a 2
slice of an industrial pressure screen. Their results showed th
pressure pulse signatures had a reasonable correlation betw
measurements and numerical predictions. It was found that
shape and density were very important to provide a good co
tion with experimental results. Wikströmf9g investigated the hy
drodynamics inside a pulp screen using commercial CFD sim
tion software. Although the general flow behavior was capt
well, pressure pulse data showed a deviation in absolute v
when comparing simulations and experiments for water.
model overestimated the magnitude of pressure pulses, and
lation showed a delay in pressure drop at the beginning o
pulse.

None of the CFD studies on pressure-pulse generation inc
the detailed information required to evaluate the quality of
CFD analysis. Moreover, while several studies have compare
shapes, none has examined a generic foil shape and cons
how parameters affect flow patterns and the pressure pulse

This work focuses on examining the pressure produced o
surface of a screen cylinder. We do not include the details o

Fig. 1 Schematic diagram of cross-sectional screen
cylinder because the geometry of the cylinder varies significantly

Transactions of the ASME
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between manufacturers and applications. We consider a s
smooth surface to represent the cylinder. In addition, we as
that no flow is going through the cylinder for two reasons:sid we
consider the flow through the cylinder to be small with respe
the tangential velocity andsii d we are specifically interested in t
pressure that can be generated at the point where the cylin
plugged with pulp fibers and there is no longer any fluid fl
through the cylinder.

Experimental Apparatus
The pressure pulses induced by foil rotors were measured

wide range of design and operating variables. These mea
ments were of interest in their own right, but also served as a
to validate the subsequent CFD solutions.

A laboratory cross sectional screensCSSd was designed t
simulate a slice of an industrial PSV 2100 pressure screen, a
been done in several experimental studiesse.g.,f8,12–14g. Figure
1 shows a schematic of the flow loop and the principal com
nents of this apparatus. The CSS test section has a diame
30 cm and depth of 5 cm. A 6 cm wide removable screen cyli
coupon is located in the bottom wall, with the remaining circ
ference a solid wall. The flow loop consists of a 150 l reser
tank, a mixer, pump, two flow meters, two pressure transdu
valves, and PVC piping. A flow meter and pressure senso
installed in both the feed and reject lines to monitor flow rate
pressure. The test fluidsin this study waterd flows through a
25 mm diameter round pipe and flow meter and then enter
CSS through the feed port at the upper part of the CSS. So
the suspension flows out through the openings of the slot co
si.e., the accept flowd. The accept flow is approximately zero
this study. The restsi.e., the reject flowd leaves the test sectio
through the reject port and flows back to the reservoir tank.

A high-speed data acquisition system was used to recor
form of the pressure pulsations. In particular, a high- freque
4 mm diameter pressure transducer was installed flush wit
inside sfeedd surface on the top wall of the CSS. This top w
represents the screen cylinder in an industrial pressure scre

The pressure sensor was a strain-gage-based transducer
specified accuracy of less than ±0.5%. The pressure trans
was calibrated with a standardized static pressure calibrat
ensure the measurement bias is less than 0.5% of the max
pressure. The measured pressure was fluctuating due to the
lent motion of the fluid. The standard deviation is 3 kPa, w
corresponds to a pressure coefficient fluctuation of 0.074 a
lowest rotor velocity of 9 m/s. To more accurately estimate
mean pressure profile, 120 pulses were averaged to provide
confidence interval in the measured Cp of ±0.006.

An optical encoder, with a resolution of 2048 signals per re
lution, was installed on the shaft of the rotor to precisely mea
the position of the rotor. The rotary position sensor locates
position of the rotor to within an arc length of 0.5 mm. The
sulting foil position is then ±0.25 mm or in terms of chord len
is ±0.625% of chord for the 40 mm long foils used in this stu
The position sensor is continuously recorded by the data ac
tion system to provide a highly accurate rotational speed an
tip speed. Tip speed is estimated to have an accuracy greate
±0.1%

The CSS has been designed to measure the effect of som
operating and rotor design variables on screen performanc
pulse generation. Figure 2 shows a schematic of the foil an
fines the angle of attack and clearance. The rotor is driven
7.5 kW electric motor, controlled by a variable frequency dr
The gap between the outer wall and the foil was set using ma
calipers and is extremely accurate. The estimate of the error i
than 0.05 mm. The accuracy of the measured angle of atta
estimated to be approximately ±0.1 deg. Angle was also set

machined calipers.

Journal of Fluids Engineering
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CFD Model
CFD evaluations were conducted to extend and support th

perimental measurements and to provide a more complete u
standing of how some key rotor parameters affect the flow s
tures around the foil and the resulting pressure pulse pr
Numerical results were used to establish the relationship be
the pressure pulse shape and rotor design and operating va
se.g., rotating speed, angle of attack, foil clearance, and camd.

Numerical Method. The commercial codeFLUENT 5.4 sFluent
Inc. f15gd was used for the numerical solution of the Nav
Stokes equations. The numerical method is based on a finit
ume formulation applicable to structured grids. All variables
cluding velocity components and pressure, are averages app
a control volume. A second-order spatial interpolation method
employed to obtain the velocity components and pressure o
control volume faces from those at the control volume cen
The control volume face values of the dependent variable
used to evaluate the convective fluxes.

Fluent’s segregated steady-state solver was used for the n
cal simulations. The numerical method is based on a multib
finite-volume formulation to solve the discretized Navier-Sto
equations in conjunction with the turbulence model. TheSIMPLEC

algorithm is used to couple pressure and velocity. A second-
upwind scheme was used for the space discretization of the
vection terms in momentum and turbulence equations in all s
lations. Also, a second-order accurate scheme was used to
polate the pressure value on the control volume faces from
at the control volume centers in the momentum equations
diffusion terms are approximated by a second-order acc
central-difference scheme. The stopping criteria for all calc
tions were when all residuals were below 10−5.

The standardk−« turbulence model is used for all calculatio
Transport equations fork, the kinetic energy of turbulence, and«,
the rate of dissipation, are solved together with the continuity
momentum equations.

Mesh Generation. Gambit, the meshing tool packaged w
FLUENT CFD software, was used to generate a 2D multib
mesh based on the surface information obtained from mode
the experimental CSS apparatus. Figure 3 shows a struc
multiblock grid typical of those used in this study. A C-mes
used around the foil to provide good resolution around the lea
edge of the foil, in the wake, and in the boundary layer. Bec
a logarithmic wall law is used to compute the skin friction co
ficient, the first grid cell near the airfoil should be in the logar
mic region, i.e., the dimensionless distance to wallsy+=Uty/n,
whereUt is the friction velocity,y is the physical distance of t
first centroid from the wall, andn is the kinematic viscosityd for
the first cell center should be between 30 and 60. Near-wall
spacing was checked as a postprocessing step to ensure th
requirement was met. AnH mesh is used up- and downstream
the foil to provide good mesh quality elsewhere.

Boundary Conditions for Fluid Flow. A rotating referenc
frame was used so that the flow was modeled in a coord

Fig. 2 Schematic of foil showing angle of attack and clearance
system moving at the same speed as the rotating foil. In this case,

MARCH 2005, Vol. 127 / 349
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the flow was steady relative to the rotating frame. For the
boundary conditions, the relative angular velocity was set to
for the foil and inner wall, which moves at the speed of the ro
ing frame and, hence, are stationary in the rotating frame.
outer wall is stationary in the nonrotating frame of refere
therefore the velocity was set to zero in the absolute refer
frame. If the wall velocities are specified in this manner, then
the rotating speed of the reference frame needs to be ch
when there is a change in rotating speed of the foil.

The simplification of a rotating inner wall allows us to e
ciently model the area of interest near the foil. The inner wa
not a physical wall but is a boundary that represents the porti
the fluid that rotates as a solid body with the rotor. We chose
boundary condition so that the fluid is rotating with the sa
rotational velocity as the rotor far from the cylindersouter walld.
This simplification allows us to only model the area of inter
around the foil near the wall.

Due to symmetry of the flow domain, calculations were
formed for a sector of 180 degsFig. 4d and periodic boundar
conditions were imposed in the circumferential directions a
two ends of the sector. The flow entering the computational m
through one periodic plane was set identical to the flow exiting
domain through the opposite periodic plane.

Model Validation. The pressure pulsations are affected by
turbulence model used, especially for separated flows. Ther
it is worth considering the errors in thek−« model for CFD stud
of pressure pulsation. Model validation was conducted by c

Fig. 3 Representative computational mesh
Fig. 4 Calculation domain and boundary conditions
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lating the skin friction on a NACA 0012szero camberd airfoil in a
straight channel at zero angle of attack for Reynolds numbersRe,
defined as Re=rUc/m, wherer is the density,U is the inlet ve
locity, c is the chord of the foil, andm is the dynamic viscosityd of
33106. In Fig. 5, the local friction drag coefficientsCfd distribu-
tion obtained by thek−« model shows reasonable agreementsi.e.,
within 10%d with the numerical results calculated using a bou
ary layer code by Lombardi et al.f16g. The airfoil skin friction
coefficient rapidly increases from a value of zero at the stagn
point to a peak value shortly downstream of the leading edge
rapid increase is due to the rapidly increasing velocity as the
external to the boundary layer rapidly expands around the le
edge. Beyond the peak,Cf monotonically decreases in the sa
qualitative manner as for a flat plate. The results for friction
from the boundary layer code of Lombardi et al.f16g had bee
validated with experiment and were considered the baselin
accuracy. Based on this validation case of an airfoil, we
reasonable confidence in the predicted drag coefficient fo
tached flows.

For the configuration of interest in this study of a foil mov
near a curved wall, a mesh refinement study has been cond
for the extreme cases of our test matrix. The pressure and ve
were shown to be independent of the number of cells used a
the number used in this study.

Results and Discussion
The pulse form for a range of rotor variables was exam

using the aforementioned experimental measurements and
estimates. The technical characteristics and range of var
tested in the present experimental and numerical study a
industry applications are listed in Table 1.

The foil shape is defined by the NACA four-digit designat
The first digit defines the percent camber of the foil, the se
digit defines the location of the camber in tenths of chord from
leading edge, and the last two digits define the thickness o
foil as a percent of chordse.g.,f17gd.

The comparison of CFD predictions with the corresponding
perimental measurements is valuable for the assessment o
simulations. It was found that although features and general t
of the pressure pulses were similar, the overall computed valu
pressure pulse were 40–50% smaller than the measured v
The reason for the discrepancies might be that the 2D phy
model used in the CFD study did not account the complex t
dimensionals3Dd flow features in the experimental CSS. T
presence of the side walls at the front and back of the CSS
the rotational velocity of the fluid relative to the foil. The
creased relative velocity would account for the higher experim
tally measured pressure pulses than that calculated. In indu
pressure screens, there are no front and back walls to slo

Fig. 5 Computed skin friction coefficient distributions over an
NACA 0012 airfoil
fluid, and we would expect better correlation.
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Tip Speed. Pressure pulses at the outer wall were calcul
using CFD at five different rotational speeds for 0 deg ang
attack. The negative suction pressure peaks varied be
10 kPa at 600 rpmstip speed=9.24 m/sd and 60 kPa at 1400 rp
stip speed=21.55 m/sd for a NACA 0012szero camberd airfoil, as
shown in Fig. 6. The magnitudes of both positive and neg
pressure pulses increased with increased rotating speed for
angles of attack studied. Pressure coefficientsCp, defined a
p/ 1

2rUtip
2 , where P is the pressure,r is the density, andUtip is

rotor tip speedd was obtained by normalizing the pressure with
dynamic pressure associated with the foil tip speed and fluid
sity. All the pressure curves in Fig. 6 collapsed into a singleCp
curve, as shown in Fig. 7.

A comparison of the CFD and experimental results for the
of 0 deg angle of attack can be obtained by comparing the re
of Figs. 7 and 8. The forms of the pressure pulses at the oute
are similar, but CFD under predicts theCp magnitude of the neg
tive pulse by about 40%. Likewise, the agreement of the no
mensional pressure pulse form for a 20 deg angle of attac

Table 1 Technical characteristics and variables
and in industry applications

Characteristics and parameters Present numer

Fluid Wate
Screen cylinder diameter 0
Foils NACA 0012, 431

chord len
Rotor rotating speed 600, 800, 1000
Clearance between the foil and
screen plate

2, 3, 4,

Foil angle of attack 0, 5, 10, 1

Fig. 6 Numerical estimates of effect of rotating speed on pres-
sure pulse „0 deg angle of attack constant gap …

Fig. 7 Numerical pressure coefficient versus position,

x/Chord, „0 deg angle of attack constant gap …
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tween the CFD calculationsFig. 9d and measurementssFig. 10d is
good—but CFD estimates under predict theCp magnitude of th
suction pulse by 50%. The collapsedCp curves in Figs. 7 and
indicate that magnitudes of positive and negative suction pre
pulse peak are proportional to the square of the tip velocity o
foil.

Angle of Attack. The variation of pressure distribution a
flow pattern with angle of attack for a NACA 0012 foil are sho
in Fig. 11. For a low angle of attacks,10 degd the flow passe
smoothly over the foil and is attached over most of the sur
However, as the angle of attack increases beyond 10 deg, th
tends to separate from the top surface of the foil, creating a v
that extends beyond the trailing edge of the foil, as shown b
streamlines in the figure. One consequence of the separate
at high angles of attack is a large increase in pressure drag
foil. Under these conditions, the increase in drag will increas
amount of power required to operate the rotor.

Figure 12 shows the calculated pressure pulse profiles o
screen cylinder surface for the NACA 0012 foil with five differ
angles of attacks0, 5, 10, 15, and 20 degd at a constant clearanc

resent numerical and experimental study

l and experimental study Industry applications

0°Cd Pulp suspensions60–90°Cd
0.3–1 m

nd 8312, all with a
of 40 mm

Hooper etc., chord length from
30–80 mm

00 and 1400 rpm 500–1000 rpm
d 5 mm 2–10 mm

and 20 deg N/A

Fig. 8 Experimental pressure coefficient versus position,
x/Chord „0 deg angle of attack …

Fig. 9 Numerical pressure coefficient versus position,
in p

ica

r s2
.3 m
2, a
gth
, 12
an

5,
x/Chord „20 deg angle of attack …
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The corresponding experimental results for the effect of ang
attack are shown in Fig. 13. There is a very good correspond
between the experimental measurements and numerical p
tions for the form of the pulses and effect of changes in ang
attack. Both numerical resultssFig. 12d and experimental resu
sFig. 13d show that a 5 deg angle of attack has the highest
nitude of negative suction pressure pulse. Both experimen
and computationally, the value of negative suction pulse pea
a 0 deg angle of attack falls between the values for a 15
20 deg angle of attack. As the angle of attack increases be
5 deg, theCp magnitude of the negative suction pulse decre

Fig. 10 Experimental pressure coefficient versus position,
x/Chord „20 deg angle of attack …

Fig. 11 Pressure contour and particle path lines. degree of

attack „a…=0, „b…=5, „c…=10, „d…=15, and „e…=20
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with increased angle of attack.
When the foil is at a nonzero angle of attack, greater tha

equal to 5 deg, the positive pressure pulse at the leading and
ing edges of the foil are,0. The positive pressure pulse is
duced for positive angles of attack because the stagnation p
the leading edge of the foil is located on the surface of the
opposite to the screen cylinder and the foil effectively blocks
high-pressure region around the stagnation point from the c
der. The resulting pressure pulse is flat with a sharp negative
only in the vicinity of the foil. Reduction of the positive press
pulse while maintaining a high negative pulse may significa
increase contaminant and fractionation efficiency of the scre
avoiding any tendency for the rotor to force contaminants thr
the apertures, while at the same time providing the strong b
flushing pulse that ensures good screen capacity.

Figures 12sCFDd and 13sexperimentald both show a pressu
plateau after the negative pressure peak for angles of a
.15 deg. This plateau would appear to be a result of flow s
ration from the upper surface of the foil. It is not clear that
aspect of the pulse form offers any particular benefit in the o
tion of the pulp screen rotor. What the above data do show is
the foil angle of attack has a strong effect on the shape anCp
magnitude of the pressure pulse and must be optimized for
cific applications, especially if higher consistency screening i
desired purpose.

Foil Clearance.The clearance between the foil and screen
inder may be adjusted in industrial screening applications to

Fig. 12 Numerical pressure coefficient versus position,
x/Chord for five different angles of attack

Fig. 13 Experimental pressure coefficient versus position,

x/Chord for five different angles of attack
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hance the pressure pulsation. Pressure pulses for three di
angles of attacks0, 5, and 20 degd with a range of clearanc
2–5 mm s5%, 7.5%, 10%, and 12.5% of chordd are shown in
Figs. 14–16. Although increasing the clearance decreases tCp
magnitude of both the positive and negative pressure pulse p
it appears to have a stronger effect on the suction pressure
The tip speed is held constant at 18.47 m/s.

Figure 17 shows theCp magnitude of the computed negat
suction pressure peaks as a function of clearance for the ran
angles of attack along with experimental results for the zero a
of attack. The experimental and computed peaks demonstra
same trend: reducing the clearance increases theCp magnitude o
the negative pressure pulse. We also see that the foil at
angle of attack, which creates the greatestCp magnitude of nega
tive peak, is the most sensitive to variations in clearance.

Decreasing the clearance increases theCp magnitude of th
pressure pulse and the rotor’s ability to clear plugged apertur
smaller clearance also increases the probability of large con
nants becoming wedged between the cylinder and the roto
potentially damaging the cylinder. For this reason, foil cleara
are seldom below 2 mm.

Foil Camber. Classical aerodynamics theory predicts tha
cambered airfoil will produce more lift than a noncambered ai
at a given angle of attack. The same mechanism will result
higher magnitude of negative pressure pulse on the screen
der. The degree of camber is the maximum distance betwee
mean camber line and the chord line in percent of chord. To
termine the effect of foil camber on theCp magnitude and shap

Fig. 14 Numerical pressure coefficient versus position,
x/Chord for four different clearances „0 deg angle of attack …

Fig. 15 Numerical pressure coefficient versus position,

x/Chord for four different clearances „5 deg angle of attack …
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of the rotor pressure pulse, numerical and experimental st
were conducted with NACA 0012sno camberd, NACA 4312 s4%
camberd, and NACA 8312s8% camberd foils.

Figure 18 shows the numerically determined pressure puls
the three airfoils with 0%, 4%, and 8% camber at 0 deg ang
attack. The increased camber increases both theCp magnitude an
width of the negative pressure pulse. Figure 19 shows the e
mentally determined pressure pulses for the same three airfo
Fig. 18 s0%, 4%, and 8% camberd. The experimentally measur
pressure pulses show the same increase inCp magnitude an
width as shown in the numerical results.

Figures 20 and 21 show the flow streamlines and pressur
tribution for the NACA 4312s4% camberd and NACA 8312s8%
camberd at five angles of attack equal to 0, 5, 10, 15, and 20
The filled pressure contours show that the stagnation point
gressively moves downstream of the leading edge over the b
surface of the airfoil as the angle of attack is increased.
results in a decrease of the positive pressure pulse at the
cylinder surface near the leading edge of the foil.

As foil camber is increased, the adverse pressure gradie
the foil surface facing the screen cylinder increases, and the
separates at lower angles of attack. The stall angle of atta
,5 deg for NACA 8312,,10 deg for NACA 4312, and,15 deg
for NACA 0012. More precise determination of the stall an
would require computation at intermediate angles of attack.
stalling phenomenon shown in Figs. 20 and 21 is termed “trai
edge stall.” We see a progressive and gradual movement of
ration from the trailing edge toward the leading edge as the

Fig. 16 Numerical pressure coefficient versus position,
x/Chord for four different clearances „20 deg angle of attack …

Fig. 17 Numerical and experimental suction pressure coeffi-

cient peak versus clearance for three different angles of attack
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of attack is increased. The larger low-pressure region for
bered foils in the gap between the rotating foil and screen cyl
means that the widthsor durationd of the negative pressure pu
is larger for cambered foils than for noncambered foils.

Figures 22 and 23 show the numerical and experimental
sure pulse profiles on the screen cylinder wall for a NACA 4
foil with five different angles of attacks0, 5, 10, 15, and 20 degd.
These figures show that 5 deg angle of attack has the hi
negative suction pressure pulse and, thus, is expected to gi
highest capacity. As the angle of attack increases beyond 5
the Cp magnitude of the negative suction pulse decreases
positive pressure peak near the leading edge of the foil is
pletely eliminated for foils operating at a positive angle of att

Figure 24 shows the computed pressure pulses at the s
cylinder for the NACA 8312 foil. This figure indicates that theCp
magnitude of the negative suction pulse decreases as the an
attack increases due to the onset of separation. Thus for a N
8312 foil the maximum magnitude of pressure pulse occu
0 deg angle of attack.

Figure 25 shows the minimum pressure coefficients of the
sure pulses for the three cambers over all angles of attack fo
the experimental and numerical results. The numerical and e
mental Cp magnitudes of pressure pulse peak have the
trends. TheCp magnitudes of negative pressure peak obtaine
experimental measurements are larger than the ones obtain
CFD calculations. There are substantial deviations of neg
pulse peak for the NACA 4312 at 15 and 20 deg angle of a

Fig. 18 Numerical pressure coefficient versus position „x/
Chord … for 0 deg angle of attack

Fig. 19 Experimental pressure coefficient versus position „x/

Chord … for 0 deg angle of attack
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between CFD calculations and the experimental data. The r
for the discrepancy between the experimental and numerical
sure peaks for these two points is unknown.

For the three foils and five different angles of attack that w
studied, the NACA 4312s4% camberd at 5 deg angle of attac
provided the highest magnitude of negative suction pulse pea
angle of attack increased beyond 5 deg, theCp magnitude of th
negative suction pulse decreased with increased angle of
because of flow separation. The largest negative peak fo
NACA 8312 foil occurred at 0 deg angle of attack. This is bec
flow separation occurred at less than 5 deg angle of attack.

The ideal pulse form has not been established in the publ
literature. Intuitively, the negative pressure pulse magnitude
width would be the key parameters. Figure 26 shows tha
negative pressure pulse width, defined as the width at ha
negative pressure pulse, decreased as angle of attack increa
NACA 0012, 4312, and 8312 foils. The pulse widths for camb
foils were wider than that for noncambered foil.

The “normalized pulse strength” is proposed here as an
nate, and perhaps more effective, means of characterizing t
fectiveness of a foil pulse. The normalized pulse strength is
fined as the pulse width normalized by chord length multiplie
minimum pressure coefficient. Figure 27 shows that the nor
ized pulse strength for NACA 4312 at 5 deg and NACA 831
0 deg had the highest value with almost the same magnitud

Discussion
The shape and magnitude of the rotor-induced pressure p

are widely believed to have a fundamental effect on screen c

Fig. 20 Pressure contour and particle path lines for NACA
4312: degree of angle of attack „a…=0, „b…=5, „c…=10, „d…=15,
and „e…=20
ity, efficiency, and other key operating parameters. A positive
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pressure pulse component is hypothesized to decrease th
taminant removal efficiency of the screen. This is because the
positive pressure pulsesfound at the leading and trailing edge
the foil at 0 deg angle of attackd might force contaminants throu
narrow apertures. This might be especially true for flexible fi

Fig. 21 Pressure contour and particle path lines for NACA
8312: degree of angle of attack „a…=0, „b…=5, „c…=10, „d…=15,
and „e…=20

Fig. 22 Numerical pressure coefficient ver

angles of attack …
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on-
gh

s

and deformable contaminant particlesssuch as “stickies”d, which
are adhesives found in recycled pulp. In this regard, the sm
nonexistent positive pressure pulses generated by foils at no
angle of attack would be ideal for removing deformable cont
nants.

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

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

As discussed previously, the ability of the foil to remove p
accumulation may be due to a combination of pulse height
width. For this reason, a “normalized pulse strength” term
defined as a combination of both width and magnitude of
pulse. The “performance” of the screen is indeed a compos
several indices, including capacity, efficiency, power, etc. L
wise the rotor produces several actions, including the backflu
duration, backflushing strength, pulp fluidization, rotational ac
eration, etc. The interrelationships are typically nonlinear, a
single parameter is very unlikely to capture all of what is so
in “rotor performance.” However there may be composite pa
eters, such as normalized pulse strength, which more comp
reflect the rotor action and facilitate rotor optimization. This
facilitate the conduct of more fundamental studies that se
understand and optimize the form of the pressure pulse as a
tion of variables related to the shape and positioning of the
foil.

One should, of course, be cautious not to overstate the im

position „x/Chord …, NACA4312 „five
sus
MARCH 2005, Vol. 127 / 355
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diate industrial impact of this study. The tests and simulation w
shown above was made for water flows, not pulp. There are
stantial differences in the character and behavior of these fl
Likewise the lack of a clear model for what constitutes an “id
rotor pulse limits the immediate impact of this work. That s
this detailed study does point toward some clear opportunitie
improvements in rotor design and for a better appreciation o
sensitivity of the pressure pulses to common rotor variables

Conclusions
Using both numerical and experimental approaches, the

design and operating variables affecting the pressure pulse o
surface of a pressure screen cylinder were investigated. Alth
the general pressure pulse signatures were captured well b
CFD model over a wide range of foil tip speed, clearance, ang
attack, and foil camber, comparison with experimental pres
pulse measurements showed deviations inCp values by up to
50%.

Tip speed, angle of attack, clearance, and camber we
found to significantly affect the pressure pulse generated b
foil. In particular, it was shown that:

1. The magnitude of the pressure pulse peak increased lin
with the square of rotor tip speed for all angles of att
studied.

2. The maximum magnitude of negative pressure pulse
curred for the NACA 0012 and 4312 foils at 5 deg angle
attack and NACA 8312 at 0 deg. The positive pressure

Fig. 24 Numerical pressure coefficient versus position „x/

Fig. 23 Experimental pressure coefficient versu
of attack …
Chord …, NACA8312 „five angles of attack …
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near the leading edge of the foil was completely elimin
for foils operating at greater or equal to 5 deg angle o
tack.

3. TheCp magnitude of the negative pressure peak increas
clearance decreased.

4. The stall angle of attack was,5 deg for NACA 8312
,10 deg for NACA 4312, and,15 deg for NACA 0012. A
the foil camber was increased, the flow separated at l
angles of attack because of the higher adverse pressur
dient on the foil surface near the screen cylinder.

5. The Cp magnitude and the width of the negative suc
pulse increased with increased camber.

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