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laboratory and pilot-scale test data have shown that the innovative 
feed presentation of the crossflow separator provides improved 
metallurgy when compared to traditional hindered-bed or teeter-bed 
classifiers. this design feature prevents excess water from entering 
the separation chamber and disrupting the overall fluidization 
flow rate within the teeter zone. recent side-by-side industrial-
scale evaluations have verified that this technology can improve 
overall efficiency, reduce the cut point of separation, and increase 
throughput capacity. this paper describes the important features that 
make this novel separator ideally suited for size classification and 
density concentration. test data from heavy mineral, phosphate, and 
industrial mineral applications are also discussed.

IntroductIon
hydraulIc sIze classIfIcatIon
hydraulic separators are frequently used in the minerals processing 
industry to classify fine particles according to size, shape or density 
(wills, 1997). although many types of equipment exist, a device that 
has been gaining popularity in recent years is the teeter-bed or hindered-
bed separator. the traditional design consists of an open top vessel into 
which elutriation water is introduced through a series of distribution pipes 
evenly spaced across the base of the cell. during operation, feed solids 
are injected into the upper section of the separator and are permitted to 
settle. the upward flow of elutriation water creates a fluidized “teeter-
bed” of suspended particles. the small interstices within the bed create 
high interstitial liquid velocities that resist the penetration of the slow 
settling particles. as a result, small/light particles accumulate in the 
upper section of the separator and are eventually carried over the top of 
the device into a collection launder. large/heavy particles, which settle 
at a rate faster than the upward current of rising water, eventually pass 
through the fluidized bed and are discharged out one or more restricted 
ports through the bottom of the separator.

hydrodynamic studies indicate that quiescent flow/non-turbulent 
conditions must exist in a teeter-bed separator to maintain a high 
efficiency (heiskanen, 1993). excessive turbulence or changes in flow 
conditions can result in the unwanted misplacement of particles and 
a corresponding reduction in separation efficiency. unfortunately, 
hydraulic separators typically utilize a feed injection system that 
discharges directly into the main separation chamber. these simplistic 
feed systems consist of a vertical pipe that terminates approximately 
one-third of the way into the main separator body. the pipe discharge 
is usually equipped with a distribution plate to kill the flow velocity and 
disperse the feed slurry, but this approach creates turbulence within the 
separator that is detrimental to an efficient separation. another problem 
with the feed injection system is the discontinuity in flow velocity created 
by the additional water that enters with the feed solids and reports to 
the overflow launder. Below the feed point, the flow rate of water is 
dictated only by the fluidization water rate. this situation is desirable 
since it allows the operator to accurately control the separation size 
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by adjusting the fluidization flow rate. however, above the feed 
injection point, the flow rate is the sum of both the feed water and 
fluidization water flow rates. as a result, the total upward velocity of 
water is higher above the feed injection point. In fact, at higher feed 
rates, the volume of water entering with the feed slurry may be greater 
than the volume flow of fluidization water. the discontinuity created 
by the feed water often results in a secondary interface of fluidized 
solids, which varies uncontrollably as the solids content of the feed 
varies. the increased/variable flow severely impacts the separation 
performance by increasing cut size, reducing efficiency (greater 
particle misplacement), and limiting throughput capacity.

equipment maintenance is also an important issue in the design of 
a hydraulic separator. conventional teeter-bed designs use a series 
of lateral pipes or a steel plate located at the base of the separation 
zone. these pipes and plates are perforated at regular intervals with 
large numbers of small diameter holes. elutriation water is injected 
through these holes over the entire cross-section of the separator. 
the large water flow rates combined with the small injection hole 
diameters leave the device susceptible to blockage/plugging due to 
contaminants in the process water. when several orifices become 
blocked, a dead zone occurs in the fluidization chamber resulting in 
a loss of performance in this area. as a result, conventional teeterbed 
separators have an inherent design flaw that limits both the capacity 
and efficiency of the unit.

hydraulIc densIty concentratIon
In addition to particle sizing applications, teeter-bed separators are 
also frequently used to separate various minerals based on differences 
in particle density. In this case, the high-density particles settle against 
the rising flow of water and build a bed of teetering solids segregated 
according to mass. this bed of solids has an apparent density much 
higher than the elutriation water. since particle settling velocity is 
driven by the density difference between the solid and liquid phase, 
the settling velocity of the particles is reduced by the increase in 
apparent density of the teetering bed. this artificial density forces 
lowdensity particles to report to the overflow of the separator, and 
high-density particles to report to the underflow.

some common examples of density-based teeter-bed applications 
include the separation of coal from rock, silica from iron ore, and 
silica from various heavy minerals (zircon and ilmenite). unfortunately, 
plant data indicate that efficient concentration can only be achieved 
if the particles are in the size range of 75 microns (200 mesh) to 
several millimeters and if the particle size ratio (top size to bottom 
size) is less than about 4:1. In practice, coarse, lowdensity particles 
will tend to gather at the surface of the teeter-bed interface because 
the elutriation water velocity is not sufficient to transport these larger 
particles into the overflow launder. the large particles continue to 
gather at the teeter-bed interface until mass action forces them into 
the teeter bed, where they eventually are misplaced into the high-
density product. this inherent inefficiency can be partially corrected 
by increasing the elutriation water velocity to force the coarser low-
density solids into the overflow product. unfortunately, this action has 
a detrimental effect on concentrate grade since it also causes the finer 
high-density solids to be misplaced into the overflow launder. Because 
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of these shortcomings, the separation efficiency obtained using teeter-
bed separators is often cited as poor by industrial standards. In most 
cases, the valuable component frequently must be reprocessed in 
polishing circuits to achieve the desired product quality. the problem 
is that conventional teeter-bed separators, when used for density 
concentration, are inherently inefficient when treating particles that 
have either a wide size distribution or a narrow density distribution.

crossflow separator
the crossflow separator has been developed as a new generation 
of teeter-bed separator. It incorporates several novel design features 
to improve process performance (separation efficiency and capacity) 
and reduce operating costs (power consumption and water usage). a 
schematic of the crossflow is provided in figure 1.

compared to a conventional hydraulic classifier, the crossflow design 
uses an improved feed delivery system that gently introduces the feed 
slurry across the top of the separator as opposed to injecting the slurry 
at a high velocity directly into the teeter-bed. as previously stated, 
high slurry feed volumes create turbulent mixing that has a detrimental 
impact on separator performance. In the new feed delivery system, the 
feed velocity is reduced using a transition box. the purpose of this box 
is two-fold. first, the feed transition box increases the flow area to the 
full width of the separator so that the slurry velocity, and any associated 
turbulence, is minimized. the second unique feature is its ability to 
tangentially feed the separator. this stilling-well, which is located at 
the top of the separator, smoothly passes the feed slurry horizontally 
across the top of the cell and into the overflow launder. compared to 
conventional systems, the tangential feed introduction system ensures 
that variations in feed slurry characteristics (e.g., solids content) do 
not impact separator performance. In the crossflow, the teeter-water 
velocity remains constant throughout the separation chamber at all 
times, while the velocity in a conventional classifier generally increases 
above the feed addition point (figure 2). a duck plate is also located 
at the discharge end of the feed well to prevent short-circuiting of solids 
directly to the overflow launder.

another design feature incorporated into the crossflow classifier is 
the improved water distribution system. a novel approach has been 
developed that incorporates a baffle plate to disperse the elutriation 
water across the base of the separator. In this design, a horizontal 
slotted plate is located at the base of the separation chamber. water 
is introduced beneath the plate through a series of large diameter 
holes (>1.25 cm). however, unlike existing separators, these orifices 
are located at distant intervals (typically >15 cm) and serve simply 
to introduce the water, while water dispersion is achieved by the 
baffle plate. this modification essentially eliminates problems 
associated with plugging of distributor plates or pipes. the combined 
use of the improved feed injection system and simplified water 
distribution system makes it possible to increase both the separation 
efficiency and throughput capacity while eliminating mechanical 
problems associated with traditional designs. Because of the higher 
throughput capacity, the operating demands in terms of power, water 
consumption and maintenance are lower for the crossflow when 
reported on a per ton of concentrate basis.

FIGURE 1
schematic of the crossflow classifier

FIGURE 2
water flow velocities in classifiers
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classIfIcatIon
pIlot-scale tests
an on-site test program was conducted at an industrial phosphate 
plant to evaluate the potential benefits of the crossflow separator 
for particle classification. the 0.6x0.6-m (2x2-ft) pilot-scale unit was 
installed to partition the 1.0x0.1-mm (16x150 mesh) plant feed for 
the existing flotation circuits into narrowly-sized fractions. comparison 
tests were also performed using a pilot-scale conventional classifier 
so that any improvements in sizing performance could be accurately 
quantified. table 1 provides a summary of the operating conditions 
examined for each classifier. for each test, representative samples 
were collected from the feed, overflow, and underflow. the samples 
were subjected to sieve analysis and the results were mass balanced 
using a sum-of-least-squares method to assess the reliability of the 
experimental data. data that mass balanced poorly were deemed 
unreliable and eliminated from the analysis.

the mass balanced data were used to construct partition curves for 
each test run performed for the two classifiers. figure 3 shows an 
example of a partition curve obtained using the crossflow separator. 
the partition number represents the recovery of dry solids from the 
feed to the underflow (oversize) product for each size class. the 
partition curves were used to determine the imperfection (I) for each 
test. the imperfection is a dimensionless number commonly used to 
quantify the efficiency of sizing units. a lower number represents a 
steeper curve and thus a better separation. a vertical line represents a 
perfect separation. the imperfection (I) is determined by:

 I = (d75 − d25)/2d50 [1]

using this approach, the test results were analyzed to compare the 
performance of each separator. these results, which are compared 
in figure 4, show the imperfection of each unit as a function of dry 
feed rate. the test results indicate the crossflow unit consistently 
performed at a higher level of efficiency (i.e., lower imperfection). 
close examination of the test results indicated that the lower efficiency 
associated with the conventional classifier was due to misplacement 
of coarse material to the overflow product created by the higher 
flow rate and greater turbulence within the upper section of the 
conventional sizer. on the other hand, the crossflow hindered-bed 
separator maintained a uniform (laminar) flow pattern and thus the 
amount of misplaced material was minimized.

It is also important to note that the unique design of the crossflow 
makes it possible to accurately control the particle cut size. the cut 
size is defined as the particle size corresponding to the 50% recovery 
point on the partition curve, and is considered to be separation size 
for a given test. as stated previously, variations in the characteristics 
of the feed (such as solids content) do not significantly impact the 
cut size since the teeter water velocity remains constant throughout 
the unit. as a result, the particle cut size is controlled predominantly 
by the teeter water flow rate. In fact, the data in figure 5 show that 
an approximately linear relationship exists between flow rate and 
particle cut size. as a result, on-line adjustment of size of the overflow 
and underflow products can be achieved through simple water flow 
control for the crossflow classifier.

Test Variable Conventional CrossFlow

feed rate 
(tph/m2) feed 20-90 10-70

solids (%) 15-40 15-50

water rate 
(m3/hr) 43 9-20

TABLE 1
crossflow pilot-scale test conditions

Figure 3
example of a crossflow partition curve



5More information is available at www.eriezflotation.com

full-scale tests
In light of the promising results obtained using the pilotscale crossflow 
unit, a full-scale classifier at an industrial phosphate beneficiation plant 
was retrofit using the crossflow feed introduction system. the data 
obtained from the retrofitted unit were then compared to those obtained 
from the conventional full-scale classifiers operating in parallel. due 
to fluctuations in the plant feed tonnage, the test results are reported 
as an average of seven sets of experiments conducted over a range 
of circuit feed rates from 1400 to 1980 tph (1270 to 1800 stph). 
In each test, representative samples of feed, oversize and undersize 
solids were collected and subjected to sieve analysis. the resulting size 
data were used to construct partition curves for both the conventional 
and crossflow units. the data points were then fit using an empirical 
partition function given by:

 p = (exp{α(d/d50)} − 1)/(exp{α(d/d50) − exp{α} − 2) [2]

in which p is the partition factor, d is the particle size, d50 is the 
particle size cut point (defined at p=50%), and α is a parameter that 
reflects the sharpness of the size separation (defined as the slope 
at p=50%). note that a larger value of α indicates a sharper (more 
efficient) particle size separation.

the results of the side-by-side comparison of the conventional and 
crossflow classifiers are provided in table 2. the test data show that 
the crossflow reduced the particle cut size from 729 to 362 microns 
while maintaining the same feed throughput. at the same time, the 
crossflow substantially improved the efficiency of sizing (alpha was 
increased from 3.4 to 8.1). In fact, the amount of misplaced coarse 
(+0.425-mm) solids in the fine product overflow was reduced by more 
than five-fold (from 9.0% to 1.7%). these impressive results illustrate 
the superior performance of the crossflow separator for industrial 
classification applications.

a second round of testing was completed in order to compare the 
two classifiers at a similar particle size cut point. since the particle cut 
size had been reduced simply by changing the feed arrangement, the 
teeter water and effective density of the retrofitted unit were adjusted 
until the cut size between the two units were similar. presented in 
table 3 are the results of this comparison. In addition, figure 6 shows 
the separation curves for the two units normalized to their respective 
cut points. It is easily seen that the retrofitted classifier offers a much 
sharper separation curve when compared to the existing unit. a 
comparison of the Imperfections indicates that the retrofitted separator 
operated with a 33% higher efficiency.

Figure 4
Imperfection vs. solids feed rate

Figure 5
cut size vs. fluidization water rate

Test Variable Conventional CrossFlow

particle cut size 729 µm 362 µm

alpha Value 3.4 8.1

Misplaced 
+0.425 mm 9.0% 1.7%

Table 2
comparison of full-scale classifiers
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densIty separatIon
pIlot-scale tests
the use of hindered-bed separators for heavy mineral beneficiation 
has long been examined. dunn et al., 2000, reported that the 
allflux® separator has been tested successfully in concentration 
applications including quartz ands, iron ore, and heavy minerals. 
also, several coal cleaning applications have been successfully tested 
(reed et al., 1995, Kohmuench et al., 2005). successful use of the 
floatex density separator to recover zircon from previously rejected 
mill tailings was also demonstrated (McKnight et al., 1996).

further investigation by dunn et al., 2000, indicated that hindered-
bed separators offer heavy mineral recovery in excess of 95% while 
rejecting approximately 90% of the quartz contaminants from a wet 
mill concentrate. In these studies, the product grade averaged 33% 
tio2 and 95% heavy mineral. furthermore, it was reported that the 
crossflow feed presentation system offered a significant capacity 
advantage over other teeter-bed technologies.

figure 7 shows the results from capacity tests undertaken in this work. 
specifically, the crossflow was shown to have a clear capacity 
advantage. at a target heavy mineral recovery of 95%, the crossflow 
was shown to have a capacity 1.8 times that of a conventional unit. 
It was concluded that this increase in capacity was a result of the 
elimination of the high velocity zone in the upper section of the teeter-
bed. In addition, as a direct result of the higher capacity, the overall 
teeter water requirement for the crossflow system was 60% of the 
conventional system.

full-scale unIts
follow-up testing conducted by eisenmann (2001) evaluated the 
performance of the crossflow separator at a wider range of 
operating parameters. the overall performance curves for all tests 
are presented in figure 8. as shown in this figure, heavy mineral 
recovery ranged between 90% and 100% with quartz rejection 
up to 75%. the benefits of rejecting the quartz contaminates from 
the wet mill concentrate include reduced transportation, scrubbing, 
and drying costs. It is also anticipated that the subsequent dry mill 
and zircon upgrade processes will be improved (i.e., more efficient) 
due to the higher grade of the feed for each of the downstream unit 
operations. Based on these findings, a full-scale crossflow has been 
purchased and is currently being installed.

other evaluations included work on a south american barite sample. 
laboratory test work indicated that the crossflow separator was 
able to achieve a Baso4 (sG 4.5) recovery greater than 90% while 
simultaneously rejecting, on average, over 90% of the sio2 (sG 
2.65) contaminant. In fact, due to the success of the initial test work, 
a second round of testing was implemented to confirm the metallurgy. 
the final underflow product was assayed at better than 98% Baso4 
with a silica content of less than 1%.

Based on these results a full-scale separator was installed and 
commissioned in 2002. figure 9 shows the average plant metallurgy 
with respect to the two sets of pilot-scale test runs. this figure indicates 
that a good correlation was achieved between the pilot and full-

Test Variable Conventional CrossFlow

particle cut size 490 µm 420 µm

alpha Value 3.2 7.2

Imperfection 0.162 0.109

Table 3
comparison of full-scale classifiers

Figure 6
separation curves for industrial sizers

Figure 7
capacity tests (after dunn et al., 2000)
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scale units. as shown, the plant averaged approximately 90% Barite 
recovery at a silica rejection of 90%. In general, scale-up for teeter-
bed separators is straightforward provided that the flow per square 
area of separator area is maintained relatively constant. this ensures 
that the velocity and hindered-settling profiles under both the pilot and 
full-scale approaches are consistent.

acId washInG
pIlot-scale tests
acid leaching is used in heavy minerals beneficiation for the 
treatment of zircon. specifically, acid is used to improve the surface 
properties of the mineral by removing iron coatings. typically, a high 
concentration of sulfuric acid is mixed with the zircon ore at high 
temperature. however, the elevated acidity of the ore must then be 
neutralized to a range between 5 and 8 for materials handling and 
customer requirements.

unfortunately, equipment such as belt filters and hydrocyclones can 
retain up to 45% of the acidic liquor due to the moisture content 
of the cake or the water split within the cyclone. this results in a 
poor rejection of the acid (i.e., 90%). even after several stages of 
conventional washing, a large amount of residual acid may remain 
with the zircon. In fact, to get a reasonable removal of acid, up to 
eight stages of washing may be required. the logarithmic nature in 
which ph is measured can exacerbate this problem, as even a 99% 
rejection of acid can result in only a modest increase in ph.

as such, the crossflow separator was evaluated for increasing the 
ph of the zircon product. the continuous upward current of teeter 
water offers an infinite number of washes when compared to either 
hydrocyclones or belt filters. the counter-current nature of the device 
helps to improve the washing action as the freshest teeter-water 
initially contacts the particles with the highest ph and continually 
makes its way upward through the separator, contacting increasingly 
acidic particles. secondary benefits include i) the comparatively small 
amount of acidic liquor generated and ii) a relatively small footprint 
when compared to other processes such as multi-stage belt filter and 
hydrocyclone circuits.

In this evaluation the unit was operated with nearly 100% of the 
solids reporting to the underflow. the teeterwater rate was adjusted 
until the bed was adequately suspended. feed rates ranged between 
10 and 25 tph/m2. offered in table 4 are the laboratory results from 
this test work.

full-scale unIts
Based on the performance achieved in the laboratory evaluation, two 
full-scale units were installed and commissioned to neutralize a low 
ph zircon feed. two 1.2x1.2-meter (4.0x4.0-ft) cells were chosen 
for this application. a single taller unit was originally nominated for 
this duty; however, a dual stage circuit was preferred due to height 
restrictions and to ensure failsafe performance. data from site indicate 
that the final zircon product ph ranges between 7 and 8, which is 
better than anticipated. this is most likely the result of the elevated ph 
of the plant water supply.

Figure 8
crossflow testing of heavy mineral concentrate 

(after eisenmann, 2001)

Figure 9
pilot and full-scale results for barite

Unit Size 100x400 mm 50x200 mm

feed rate 23 tph/m2 23 tph/m2

feed solids 60% 65%

teeter-water rate 10.2 tph/m2 20.0 tph/m2

acid feed rate 12% (w/w) 7% (w/w)

product ph 6.1 6.4-6.7

Table 4
acid washing test work for heavy Material
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suMMary
laboratory, pilot, and full-scale evaluations have shown 
that the innovative feed presentation system utilized in the 
crossflow separator has several benefits which are a direct 
result of preventing excess water from entering the separation 
chamber and disrupting the fluidization rate within the 
teeter-zone. these benefits include an overall improvement in 
separation efficiency, a reduction in the separation cut size, 
and an increase in throughput capacity. specifically,

1. pilot-scale testing has shown that the crossflow feed 
presentation system offers improved separation efficiency 
in comparison to conventional hindered-bed classifiers.

2. a subsequent full-scale retrofit of an existing hydrosizer 
with a crossflow feed system verified that at equivalent 
cut points, the classification efficiency is improved by 
more than 33%.

3. teeter-bed separators provide an efficient separation 
between valuable heavy mineral and silica gangue in a 
wet mill concentrate. In addition, data indicate that the 
crossflow feed presentation system offers a higher unit 
capacity and lower water requirement when compared 
to conventional units.

4. a full-scale crossflow separator was installed for 
a barite application that showed good correlation 
between laboratory data and the full-scale units. typical 
results show that over 90% of the available barite can 
be recovered at a silica rejection of greater than 90%.

5. hindered-bed separators offer an efficient means of 
reducing the ph of heavy mineral ore. the teeter-bed 
action within the separator gives each particle an 
infinite amount of washes in a single stage. full-scale 
data show that typical zircon ore can be effectively 
neutralized using this technology (ph 1.5 vs. ph 7-8).


