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Abstract. This study presents the tests of an Immersed Membrane BioReactor (IMBR) equipped with a
draft tube and focuses on the influence of hydrodynamic conditions on membrane fouling in a pilot-scale
using a hollow fiber membrane module of ZW-10 under ambient conditions. In this system, the cross-flow
velocities across the membrane surface were induced by a cylindrical draft-tube. The relationship between
cross-flow velocity and aeration strength and the influence of the cross-flow on fouling rate (under various
hydrodynamic conditions) were investigated using Multi-Dimension Scaling (MDS) analysis. MDS technique
is especially suitable for samples with many variables and has relatively few observations, as the data
about Membrane Bio-Reactor (MBR) often is. Observations and variables are analyzed simultaneously.
According to the results, a specialized form of MDS, CoPlot enables presentation of the results in a two
dimensional space and when plotting variables ratio (output/input) rather than original data the efficient
units can be visualized clearly. The results indicate that: (i) aeration plays an important role in IMBR
performance; (ii) implementing the MDS approach with reference to the variables ratio is consequently
useful to characterize performance changes for data classification.

Keywords: aeration; cross-flow velocity; draft tube; Immersed membrane bioreactor; membrane fouling;
multi-dimension analysis.

1. Introduction

The scarcity of water resources in arid and semi-arid areas of the world, especially in the Middle East
region, has changed public attitude towards wastewater management. Adequate management of
wastewater is now a necessity and not an option (Sophonsiri et al. 2004, Rieger et al. 2005, Macedonio
et al. 2006, Koning et al. 2008, Salgot 2008).

Membrane BioReactor (MBR) in which the membrane separation process is combined with biological
processes is an efficient alternative for wastewater treatment and reuse (Drews et al. 2006, Lesjean and
Leiknes 2006, Wenbo et al. 2006, Choi et al. 2008, Oron et al. 2008, Sridang et al. 2008). The MBR
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presents many advantages over conventional processes due to its high organic loading rate, improved
effluent quality, small footprint and low surplus sludge production (Bick et al. 2005, Qin et al. 2007,
Abegglen et al. 2008, Chang et al. 2008). However, the major process problem with MBRs is the
membrane fouling due to the physicochemical interactions between the membrane material and the
components in the mixed liquor (Pollice et al. 2005, Le-Clech ef al. 2006, Mosqueda-Jimenez et al.
2006, Petala et al. 2006, Shon et al. 2006, McAdam et al. 2007, Shon et al. 2008, Matos et al. 2008,
Tan et al. 2008, Beyer et al. 2010). Fouling results in a permeate flux decrease or Trans-Membrane
Pressure (TMP) increases over time when the process is operated under constant TMP or constant flux
conditions, respectively. Along with the fouling, membrane permeability decreases and energy demand
increases (Song et al. 2004, Chae et al. 2006, Bick et al. 2007).

In immersed MBR (IMBR), hydrodynamic characteristics, which fluctuate with various operating
conditions, play an important role concerning membrane fouling and system performance. A crossflow,
induced by air bubbles rising from a diffuser below the membrane modules, creates shear stress and
generates a mass back-transport of the deposited particles along the membrane surface. The crossflow
has proved it’s efficiency for minimizing membrane fouling (Jiang et al. 2003, Gillerman et al. 2006).

The purpose of this study is threefold: (i) to investigate the membrane fouling rate under different
operating conditions, (ii) to optimize the performance of an IMBR system which was equipped with a
hollow fiber membrane module and a draft tube, and; (iii) to estimate the application of operational
research tool of Multi-Dimension Scaling (MDS) analysis for performance analysis: a methodology for
presenting data graphically. Results from the first stage of operation of the IMBR are thus presented.

2. Materials and methods
2.1 Management modeling

Management modeling provides effective means of rapidly testing and evaluating different scenarios
for a given system operated under diverse conditions (Chen et al. 2005, Rossi et al. 2005, Jiang et
al. 2007, Oehmen et al. 2007, Bick et al. 2009, Chen et al. 2010). Well-defined models allow
examination of diverse hypothetical situations, which yield perceptive insight into the analyzed
phenomena. The various aspects of IMBR can be viewed at the following levels: (i) the local level
of the isolated process: economic, chemical, microbial and membrane performance criteria (Cicek et
al. 2002, Joss et al. 2005, Joss et al. 2006, Abegglen et al. 2008, Agashichev 2009, Yang et al.
2009), and; (ii) at the regional level of water sources utilization, which includes membrane
technology issues (Salgot 2008, Bottino ef al. 2009). At this level, IMBR performance is only one
link in a multi-component system. Other phases to be considered in management modeling include
environmental considerations, disposal of concentrates, treatment efficiencies, regulatory and risk
issues (Leiknes and @degaard 2007, Winward et al. 2008).

2.2 Multi-Dimension Scaling (MDS) and CoPlot

The Technical Efficiency (TE) of a system can be defined as the ratio r,, between outputs of the
system and inputs where it is imperative to consider multiple inputs and outputs (Charnes et al.
1978).
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This method differs from other decision supporting methods and it does not focus on the complete
data set, but rather on individual Decision-Making Units (DMU). These DMU use a variety of
identical inputs to produce a variety of identical outputs. It can be assumed that there is data
available for n DMUs’ (IMBR test records). Essentially, the higher the ratio (r.,) a unit receives, the
more efficient the DMU is considered over that specific attribute (Charnes ef al. 1978).

Many research questions dealing with TE require the analysis of complex multivariate data. Briefly,
most multivariate approaches can be broadly classified as dependence methods (e.g., multiple regression,
discriminant analysis, multivariate analysis of variance) that are typically used to evaluate the
association between dependent and independent variables or as interdependence methods (e.g.,
principal component analysis, factor analysis, cluster analysis) that are typically used to evaluate the
mutual association among all variables with no distinction made among the variable types (Schilli et
al. 2010). One interdependence method, multidimensional scaling (MDS), facilitates the analysis of
multivariate data by reducing multidimensional data into a two-dimensional structure that attempts
to uncover the ‘hidden structure’ in a data set by creating a pictorial representation of the data. The
MDS map graphically represents the proximities (or similarities) between objects (i.e., observations
or events). Similarities between the observations in the data set are transformed into distances on a
map such that similar observations are closer together than less similar observations.

In this way, a single picture illustrates the relationships among all the observations. MDS, initially
developed in the 1960s, has been used to evaluate the relationships among observations, to identify
clusters of similar observations, and to find outliers (Raveh 2000). However, MDS maps have two
key limitations: (i) MDS does not simultaneously map the variables and the observations, and; (ii)
the MDS map has no orientation, thereby limiting the map’s interpretability.

This paper describes an adaptation of MDS, called CoPlot that addresses both these limitations.
CoPlot is a method for the graphical analysis of multivariate data that enables simultaneous analysis
of observations and variables (hence, its name). Additionally, CoPlot maps the observations and
variables in a manner that preserves their relationships, allowing richer interpretations of the data.
Importantly, CoPlot allows analysis of a dataset where the number of variables is greater than the
number of observations and CoPlot map could also be used to identify outliers and errors in the
data, assessment of the relationships within the data, and for selection of key variables for subsequent
analysis.

CoPlot has been used previously in economics to evaluate the performance of banks (Lipshitz and
Raveh 1994, Adler and Raveh 2006), but has not been used in water treatment. In this paper, the
utility of CoPlot is demonstrated for visual representations of multivariate MBR test data.

Coplot’s output is a visual display of its findings [Given an input matrix Ynxv of v variable values
for each of n observations (see for example Table 1)]. It is based on two graphs that are superimposed
on each other (Bravata et al. 2008). The first graph maps the n observations into a two-dimensional
space. This mapping, if it succeeds, conserves distance: observations that are close to each other in v
dimensions and are also close in two dimensions, and vice versa. The seconds graph (Fig. 1) consists
of v arrows, representing the variables, and shows the direction of the gradient along each one. Thus,
CoPlot is an exploratory tool, which graphically represents: (i) correlation among the attributes using
which the groupings are made, (ii) correlation among the units under observation, and; (iii) mutual
relationship among the units and their measuring attributes (Sonicki et al. 2009).

The CoPlot analysis consists of four stages. The aim of the first stage is to normalize the variables,
which is needed in order to be able to relate them to each other, although each has different units
and scale. This is done in the usual way. In other words, the elements of the matrix Y are scores
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Table 1 A sample of IMBR pilot plant parameters (Air flow 5.1 m*/hr)

DMU Input Output
(Decision Accumulated Temp. Trans-membrane Permeate flux  Fouling rate dP/dt
making unit)  operating hours (°C) pressure (TMP) (bar) (Liter/m>-hr) (bar)
1 0.83 27.5 0.09 45.7 0.000
2 2.5 25.2 0.15 73.5 0.000
3 4 25.0 0.20 89.8 0.007
4 6.67 25.4 0.25 101.2 0.007
5 8.17 26.2 0.30 114.4 0.007
6 10.33 26.2 0.35 128.9 0.017
7 12.5 26.0 0.42 142.2 0.037
8 14.5 26.6 0.51 158.3 0.067

0 X

Fig. 1 CoPlot: Adding the variable vectors. The point p; corresponds to the coordinates for observation i =1, .
.. ,n. The vector v; is for the variable j=1, . . . ,m. The x-axis is rotated through an angle 6 to give a
point p;, which is the projection of p; onto the vector v;. The correlation between the n new projected
scores and the original » values for variable j are computed, and the choice for 6 is the one that
maximizes this correlation.

and the deviations from column means Y;, divided by their standard deviations (Dj), are normalized
into Z; as follows

Zij = (Yij_?j)/Dj 2

In the second stage, a measure of dissimilarity S;>0 between each pair of observations (rows of
Znxv) is chosen and a symmetric nxn matrix is produced from all the different pairs of observations.
To measure Sy, the sum of absolute deviations (generally defined as city-block distance) as a measure
of dissimilarity is used

Sy = Z|Zij_zkj| (3)
j=1

In stage three, the matrix S; is mapped by means of a MDS method. Such an algorithm maps the
matrix Sy into an Euclidean space, of two dimensions in our case, such that “close” observations
(with a small dissimilarity between them) are close to each other on the map, while “distant” ones
are also distant on the map. Formally the requirement is as follows. Consider two observations, i and
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k, that are mapped a distance of d; from each other. This distance has to reflect the dissimilarity Sy
(this is actually a relative measure), and the important constraints are: Sy <S),, if dy<d),,.

CoPlot procedure uses the Guttman’s Smallest Space Analysis, or SSA (Guttman 1968, Raveh
2000). SSA uses the “coefficient of alienation”, ® as a measure of “goodness-of-fit”. The intuition
for ® comes directly from the above MDS requirement: A success of fulfilling it implies that the
product of the differences between the dissimilarity measures and the map distances are positive. In
a normalized form, a new variable is defined as

D Su=Si)(dy—d,,)

Lo, = i,k,l,m (4)
Z |Sik_Sldeik_d/m‘

i,k,l,m

Thus ., can attain the maximal value of 1 (Raveh 2000). This variable is used to define ® as

follows
0=J1-u, )

The details of the SSA algorithm are beyond the scope of this paper, and were presented in the
literature (Guttman 1968). It is a widely used method in social sciences, and several examples along
with intuitive descriptions can be found (Raveh 2000). The outcome of this stage is a two-dimensional
map of n observations and the CoPlot user can color code observations with any categorical variable
that has up to 16 different values.

The map generated thus far is a classical MDS map without orientation or meaningful axes. In the
fourth stage of the CoPlot method, v arrows are drawn on the Euclidean space obtained in the
previous stage. Each variable j is represented by an arrow j, emerging from the center of gravity of
the » points. The direction of each arrow is chosen so that the correlation between the actual values
of the variable j and their projections on the arrow is maximal (the arrows’ length is undefined).
Therefore, observations with a high value in this variable should be in the part of the space the arrow
points to, while observations with a low value in this variable will be at the other side of the map.
The magnitude of the j maximal correlations measures the “goodness—of-fit” of the j regressions.
Higher is the correlation, the better is the arrow representations of the variables and those having
low correlations should be eliminated.

Moreover, arrows associated with highly correlated variables will point in about the same direction,
and vice versa. As a result, the cosines of angles between these arrows are approximately proportional
to the correlations between their associated variables (Raveh 2000).

The “goodness-of-fit” measure for each variable is obtained as follows: For each possible variable
vector, CoPlot projects the points onto the vector, thereby yielding » projected values. These projected
values can now be compared with the observed values. The axis that is chosen is the one that
maximizes the correlation between the projected values and the observed values. Fig. 1 depicts how
this is performed. The point p; corresponds to the coordinates for observation i=1, . . . ,n. The
vector v; is for the variable j =1, . . . ,m. The x-axis is rotated through an angle 0 to give a point p;,
which is the projection of p; onto the vector v;. The correlation between the n new projected scores
and the original » values for variable j are computed, and the choice for 6 is the one that maximizes
this correlation. Note that this maximization can be achieved numerically by calculating all 360°
possibilities for 6. This calculation is performed separately for each variable vector.
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These variable vectors have four useful properties. First, vectors for highly correlated variables
point in the same direction, vectors for highly negatively correlated variables are oriented along the
same axis but in opposing directions, and vectors for variables that are not correlated are orthogonal
to each other. Second, each vector emanates from the center of gravity, which serves as the origin.
An observation located at or near the origin is an average observation (it has an average value in all
variables). Third, the length of each vector is proportional to the correlation (namely the “goodness
of fit”) between the original data for that variable and the projections of the observations onto the
vector. Finally, the angle between the vectors v; and v, is a reflection of the correlation between the ;™
and k" variables because the data are normalized, the cosine of the angle between the vectors is the
correlation. Therefore, the researcher can study the correlational structure among the variables in a
single graphical output (Raveh 2000).

In practical terms, the user imports data, selects variables and observations for inclusion in the
analysis, creates the CoPlot map, evaluates “goodness-of-fit” parameters, selects the map to view
(observations only, variables only, or both observations and variables), and then selects variables for
color coding the observations for greater interpretation. Qualitative variables can be selected for
color coding and may either be included in the computation of the map or can be excluded from the
computation of the map but still used for color coding. For example, if a variable was found to have
low “goodness-of-fit”, it might be excluded from the computation of the map but could still be used
to color code variables to facilitate the interpretation of the data.

CoPlot produces two “goodness-of-fit measures”: one that describes how well the CoPlot map
represents the observations and another that describes how well the CoPlot map represents the
variables. The first “goodness-of-fit” measure is a “coefficient of alienation”, which indicates the
relative loss of information that arises when the multidimensional data are transformed into two
dimensions. The lower the value of the “coefficient of alienation”, the smaller the loss of information
in the process of reducing the original data set to a two-dimensional map. In other words, the lower
the “coefficient of alienation”, the more precise the representation of the MDS model to the
proximities, and values below 0.15 are considered good (Guttman 1968).

In general, as the number of variables increases, the “coefficient of alienation” increases. The
“coefficient of alienation” measures the discrepancy between every pair of points and the original
matrix of “similarities” that comprises distances between points, so that this index provides a
comparison between two matrices: The matrix similarities (which are “inputs”) and the matrix of
the distances on the map (which are “outputs™) obtained by the algorithm. When these two matrices
(inputs and outputs) are identical, the “coefficient of alienation” is zero (perfect).

The second “goodness-of-fit” measure is produced at the stage of calculating the correlation
between the original data for each variable and the projection of each observation onto that vector
in the CoPlot map. In general, the methodology maximizes the “correlations” (actually the normalized
cross-products) of the vector of “inputs”, which are the actual distances from each point to every
other point, and the “outputs”, which are the coordinates of the vectors that go into the map. Thus,
the “goodness-of-fit” measures are the correlational measure that relates the “input” with the
“output”. The closer these are, in a correlational sense, the better the fit. Individual correlations are
obtained for each of the k variables separately. These magnitudes are the £ maximal correlations that
measure the “goodness-of-fit” of the k regressions. A correlation of 1 means that the vectors have a
perfect fit with the original variable data. In general, as the number of (poor) variables decreases,
the average correlation increases and average of correlations of 0.7 or greater provide maps that fit
the data well (Bravata et al. 2008).
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2.3 Experimental setup

The schematic diagram of the experimental setup is shown in Fig. 2. The pilot MBR was equipped
with a hollow fiber ultrafiltration (UF) membrane module of ZW-10 (Zenon Environmental Inc.,
Canada). The cylindrical module was submerged in a 190 L (working volume) drum-tank. The
membranes had a nominal pore size of 0.04 um and a total filtering surface area of 0.93 m?. A 2"
draft tube, @ =235 mm was used to induce the crossflow velocity. The draft-tube was located in the
centre of the bioreactor and divided the bioreactor into a riser zone, where the membrane module
was submerged in the centre, and a down-comer zone, which was connected by a bottom flow
channel and an upper flow channel. Air supply was maintained by coarse air bubble spargling from
4 small holes (@ =2 mm) which were located at the bottom of the membrane bundle (Yang et al.
2006).

2.4 Operating conditions

The experiments were conducted under ambient conditions in the Sde Boker campus, Ben Gurion
University of the Negev, Israel. Domestic wastewater was taken from the mobile houses (Caravans)
residential area in Kiryat Sde-Boker, and fed into the bioreactor through a 0.8 mm screen. Initially,
the bioreactor was inoculated with the activated sludge collected from the Beer Sheva Municipal
Wastewater Treatment Plant.

During the operating period, excess sludge was discharged daily to maintain the concentration of
Mixed Liquor Suspended Solids (MLSS) around 6.5 g/L. The average SRT was 30 days. The permeate
was intermittently extracted with a suction mode of 5 min and 15 seconds of backwashing. The
experiments were manipulated under combined hydraulic conditions with different aeration rates
and different permeate rates, according to the scheme of the integrated experimental design. The

7 \)—b Effluent
Process pump v

A

L 0.8mm Backwash tank Air bubble

Pressure

Screen Membrane module

Aeration
Feed water
meter

—— Membrane module
Blower
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zone

Bioreactor — [ <}~  Drainage Riser zone

(Excess sludge) Bioreactor

Crossflow loop Draft-tube
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Fig. 2 Schematic diagram of the MBR. (a) Sectional figure ; (b) Above view. % indicates velocity measuring
points
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Table 2 Qualities of influent and effluent (mean + standard deviation) and related removal

Parameter, mg/L Influent *Effluent Removal, %
Alkalinity 269+41 213£71 21.1
PO,/ ~-P 11£2.0 9.1+1.8 16.3
DO 3.3£0.9 -— -
COD 510£112 10654 79.1
BOD; 188+57 6.4+3.3 96.6
NH,-N 42+5.4 23+11 45.0
NOs;-N 0.7+0.5 **8.0+6.5 -—-
Total-N 47453 32+7.9 31.1

*Effluent qualiy: Turbidity mean value 0.2 NTU
**Nitrate concentration in the effluent (permeate) was higher than that in the Influent, probably due to extra
nitrification carried out by Nitrospira bacteria on the membrane biofilm

temperature range in the reactor during the operating period was 6.1 to 31.1°C with the mean of
19.5°C. The water qualities of the influent and effluent are shown in Table 2 [COD, BODs, NH,"-N,
Total-N, PO,*~-P and Alkalinity were analyzed according to the Standard methods (APHA, 1998),
NO;™-N was determined with a second-derivative spectroscopy, following by a specific analysis
(Ferree and Shannon 2001)].

In order to remove the sludge deposited on the membrane surface (during each experimental stage),
at the end of each test, stopping suction, aeration at 3.4 m’/hr without filtration was continued for
24 hrs. Then the next test was conducted. Chemical cleaning with a 750 mg/L sodium hypochlorite
solution was carried out after each experimental stage for the membrane permeability recovery.

Filtration performance was evaluated by fouling tendency. Under constant-flux mode, TMP
increases over time and (dP/dt) indicates the membrane fouling rate. In order to determine the
fouling rate for the conditions tested, a flux-step method was employed (Germain, et al. 2005):
without backwashing, increased permeate flux step by step with a step duration of 1.5 hours.
Between each step, the membrane was backwashed with permeate for 30 min in order to eliminate
the reversible fouling built up during one step to be transferred to the next step. The flux-step
method was used to determine membrane fouling rate under the combinations between permeate
flux and aeration rate (1.7, 2.55, 3.4, 4.25, 5.1 m’/hr) in 2" draft tubes. The permeate fluxes at different
temperatures were normalized to 20°C according to Eq. (13) (Bersillon and Thompson 1998)

Iy :thﬂ :Jt'efo.0239(rfzo) 6)
Hao
where J, is the permeate flux at t time, L/(m*hr); J, is the normalized permeate flux (at 20°C),
L/(m*-hr); g4, and 15 is the viscosity of permeate at # time and 20°C, mPa.s; 7 is the temperature at
t time, °C.

The airflow rate was controlled by a rotameter. The filtration flux was monitored using a volumetric
method. The TMP was monitored by a digital pressure indicator. The mixed liquor temperature was
monitored by a temperature indicator located on the reactor wall. The effluent temperature was
detected using a thermometer.

The crossflow velocities were measured by an electromagnetic flow velocity meter (Model 2000,
Marsh-McBirney, USA) at 12 measuring sites (Fig. 2), respectively. For each site, the observed flow
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velocity was an average of 6 measured values. The final adopted crossflow velocities were the mean

values of the observed data.

3. Results and discussion

3.1 MBR performance

According to “traditional” point of view, the use of mathematical modeling and direct observation
technique to analyse flux decline is constructive (Lin et al. 2008, Jamal Khan et a/. 2009, Marselina
et al. 2009, Rodrigues ef al. 2010) and practical (Zondervan et al. 2009). Concerning these aspects,
it seems that the tests were conducted within a short period of time without consideration on the
change of mixed liquor characteristics due to DO concentration over long term operation (Fig. 3 and
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Fig. 5 MDS map, generated by the proposed method (CoPlot): IMBR performance at different aeration rate
m’/hr (2" draft tube, @ =235 mm). (Aeration rate: white circles =1.70 m3/hr, yellow circles =2.55
m3/hr, green circles = 3.40 m3/hr, red circles =4.25 m3/hr and blue circles = 5.1 m3/hr). The location
of each point (test data) was mapped by an algorithm: ‘close’ observations (with a small dissimilarity
between them) are close to each other on the map, while ‘far-off” ones are distant on the map. The
number near each point specifies the aeration rate in m*/hr. The variables are: normalized flux per time
NFLUX/TIME, normalized flux per Celsius centigrade NFUX/C, and normalized flux per Trans
membrane pressure NFUX/TMP. Each variable is represented by an arrow, emerging from the centre
of gravity of the » points. The direction of each arrow is chosen so that the correlation between the actual
values of the variable and their projections on the arrow is maximal. [MDS Statistics: “Coefficient of
alienation”, 0.055, Average of Correlations: 0.969 (NFLUX/TIME, 0.94; NFLUX/TMP, 0.99; NFLUX/
C, 0.97)]. The “goodness-of-fit” measures (concerning the “Coefficient of alienation” and the variables
correlations) is satisfied both for the observations and the variables.

Fig. 4) and the researchers will be advised to conduct further analysis in order to reach the plateau.
Concerning MDS analysis of the test results, there is no need to continue the experiments because
fouling rate was reduced significantly with the increase of aeration rate at 5.1 m’hr (Fig. 5 and
Table 1) and the results tended to be superior and clearly outlying compare to the other experiments
(Tests that were performed with aeration rate less than 3.5 m*/hr).

3.2 Discussion

It is being argued in this paper that MDS can be used to present the result graphically, by using
the ratio of variables (output,/input,) rather than the original data. The efficient units in a MDS
appear in the outer ring or sector of observations in the plot and it is easy to identify over which
ratios specific observations are particularly good.

In our case (IMBR) the inputs are: feed temperature [C], test duration [TIME] and trans-membrane
pressure and the output is the normalized flux[NFLUX].[The ratios (r,,) are: normalized flux per
time NFLUX/TIME, normalized flux per Celsius centigrade NFUX/C, and normalized flux per Trans
membrane pressure NFUX/TMP (permeability)].

The higher the ratio (r,,) a unit receives, the more efficient the DMU is considered over that specific
attribute and it is clearly shown (Fig. 5) that the best IMBR performance is achieved with air flow



Multi-Dimension Scaling as an exploratory tool in the analysis of an immersed membrane bioreactor 115

of 5.1 m*/hr. At high aeration rate of 5.1 m*/hr, the normalized flux per time, the normalized flux per
Celsius centigrade, and the normalized flux per trans membrane pressure were found to be excellent.

The “goodness-of-fit” of the Coplot technique is assessed by two types of measures: the “coefficient
of alienation” ® and the magnitudes of the v maximal correlations that measure the “goodness-of-fit”
of the v regressions.

The smaller the “coefficient of alienation” the better the output and values below 0.15 are considered
good. In this case a coefficient of 0.055 is considered as an excellent figure. The “goodness-of-fit”
of the v regressions help in deciding whether to eliminate or add variables: Variables that do not fit
into the graphical display, namely, have low correlations, and should be removed. The higher the
variable’s correlation, the better the variable’s arrow represents common direction and order of the
projections of the n points along the axis.

Based on this test case, the correlations of MDS data are excellent: average 0.969 [(NFLUX/TIME,
0.94; NFLUX/TMP, 0.99; NFLUX/C, 0.97)]. The two “goodness-of-fit” measures (“coefficient of
alienation” for the first step and three correlations for each one of the variables for the second step)
enable the researchers to point out the importance of the aeration rate. According to the experimental
data the MDS plot (Fig. 5) is preferable on the flux decline illustration (Fig. 3) and the permeability
illustration (Fig. 4): (i) it takes into account temperature, duration time and the Trans-Membrane
Pressure (TMP), and; (ii) the new variables clearly show the effect of aeration (experimental points
are not adjacent when aeration rate is beyond 3.4 m*/hr).

4. Conclusions

This paper makes two important contributions. First, it presents the Coplot technique, a multivariate
statistical method that is remarkably robust: handles a wide variety of instances and obtains results
competitive with customary methods (fouling rate and permeability). Second, it provides new insights
about IMBR performance and air flow, giving a clear view of what needs to be done next. The
procedure allows determining the relative technical efficiency (a function of temperature, trans-
membrane pressure, normalized permeate flux and filtration duration).

The Coplot technique provides a powerful analytic tool for IMBR analysis. The results indicate
that: (i) aeration plays an important role in IMBR performance. At a high aeration rate of 5.1 m*/hr,
the normalized flux per time, the normalized flux per Celsius centigrade, and the normalized flux
per trans membrane pressure were found to be excellent, (ii) implementing the MDS approach with
reference to the technical efficiency is consequently useful to characterize performance changes for
data classification, clearly illustrates the conflicting influence of membrane fouling and aeration rate
and can detect small deviations from expected performance of the system.
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Nomenclature

d distance
dp differential membrane pressure change
dt differential time change

D column standard deviations
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Subscripts

“T o3 — A

permeate flux, L/(m2.hr)

normalized permeate flux (at 20°C), L/(m?-hr)
number of test records

normalized flux

normalized flux per Celsius centigrade
normalized flux per time

normalized flux per Trans-membrane pressure
ratio between outputs of the system and inputs
sum of absolute deviations

temperature, °C

Trans-membrane Pressure

variables number

matrix average data

matrix data

normalized matrix data

variable used for computation of the “coefficient of alienation”, dimensionless
viscosity of permeate, mPa.s

viscosity of permeate at 20°C, mPa.s

“coefficient of alienation”, dimensionless

test record observation index
test record observation index
test record observation index
test record observation index
test record observation index
variable index

variable index

time
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