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Abstract

Title: Validation of an External Bioreactor Filtration Loop Prototype for a Tissue
Engineering Test Bed
Author: Jonah Martin Melegrito
Advisor: Dr. James Brenner, Ph. D.

As a cell line thrives within a culture, some of the cells undergo the natural process
of death. Whether it is due to apoptotic or necrotic causes, cell death is a significant
hurdle for tissue engineering and cell cultivation. When cells attached to a scaffold
die, they slough off from the scaffold into the bloodstream. If left unchecked, these
dead cells and any cellular waste products accumulate and could affect the living
cells’ ability to survive. The objective of this thesis was to construct a separation
system that can filter away any unwanted suspended solids while allowing nutrients
to recycle back into the bioreactor. The capacity of the filters used in this separation
system was determined by utilizing a resistance-in-series model. The upper limit of
control variables for operation such as pressure drop and turbidity for the filters is
also established in this thesis.
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Notation
𝐽

= Volumetric flux passing through the filter, mL cm-2 s-1

𝛥𝑃

= Pressure drop across the filter, Pa

µ

= Viscosity of the filtrate, Pa s

𝑅𝑇

= Total resistance in filter, cm-1

𝑅𝑚

= Media resistance, cm-1

𝑅𝑐

= Cake resistance (reversible), cm-1

𝑅𝑓

= Fouling resistance (irreversible), cm-1

𝑟1

= Particles from suspension sticking to fibrous mesh

𝑟−1

= Particles into suspension desorbing from fibrous mesh

𝑟2

= Particles from suspension sticking to other particles

𝑟−2

= Particles into suspension desorbing from other particles

[𝐴]

= concentration of particles in suspension, g L-1

[∗]

= concentration of available surface sites on fibrous mesh, cm-2

[𝐴 ∗] = concentration of surface sites on fibrous mesh with sticking particles, cm-2
[𝐴𝑀 ∗] = concentration of surface sites on fibrous mesh with particles
stuck as a part of a multilayer film, cm-2
𝐿

= number of layers of particles

𝑓

= fraction of the maximum multilayer particle film that is currently
occupied

𝑓𝑚

= fraction of sites that have a particle on them that have 2+ particles on
them

[𝐶]

= capacity of filter, cm-2

ix

𝜀

= Porosity of the bed

V

= Velocity based on the empty cross-section of the bed

dp

= Particle diameter

𝛷𝑠

= Sphericity of the particles in the bed

𝑅𝑒

= Reynolds number

𝑘

= Viscous permeability

𝑟2

𝜀𝑝

= Percolation threshold

𝜎

= Osmotic reflection coefficient

𝜋

= Osmotic pressure of the polarized layer

x

Chapter 1 – Introduction
Dr. James Brenner’s “Tissue Engineering Test Bed” project looks to introduce
automation to the tissue engineering development process by utilizing an Arduinobased system that includes multiple sensors that can track and control variables
within the test bed, including feeding, in vivo imaging, and waste removal without
having to take the cells out of incubation. This thesis explores the importance and
viability of an automated waste removal system.
Of the different types of cell death, necrosis is the one requires the most attention
because it affects the filtration system of the tissue engineering test bed the most.
Cells undergoing necrosis swell, then rupture, releasing their contents out to the
environment (Kroemer, et al., 2009). It is important to remove this dead cell debris
from the media because of the inflammatory response it stimulates on nearby healthy
cells (Rock & Kono, 2008). Inflammation of healthy cells can be a detriment by
impairing the natural healing process of the tissue or, in some cases, killing healthy
host cells (Martin & Leibovich, 2005).
This nanosized cellular debris can permeate through most of a particular film built
upon a porous fibrous mesh before completely blocking the pore. This phenomena,
called biofouling, can cause major problems to the filtration system by reducing
membrane flux through the filter (Abd El Aleem, Al-Sugair, & Alahmad, 1998) or
increasing the pressure drop across the system, affecting filtration performance
(Herzberg & Elimelech, 2007). Another significant contributor of biofouling in the
filter membrane is the adhesion of extracellular polymeric substances (EPS) such as
polysaccharides, proteins, nucleic acids, and lipids (Nguyen, Roddick, & Fan, 2012).
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In order to fully understand the big picture of filtration, a closer look on the
components and mechanisms involved within the filter while in operation is
necessary. At a constant rate of flux, as solid particles get trapped by the filter
membrane, the pressure drop across the filter and the osmotic pressure applied by
any biosolids will start to increase (Chen, Fane, Madaeni, & Wenten, 1997). There
are three distinct phases in the pressure drop progression that are observed during
operation (Elmoe, Tricoli, Grunwaldt, & Pratsinis, 2009). The first phase is when
particles are adsorbed into the pores, slightly increasing pressure drop. Once there
are enough particles on the filter to cover the entire surface area, a “polarization”
phase will take over during which particles start sticking to other particles, further
increasing the differential pressure within the filter. Finally, at a critical thickness of
solid cake formed, the smallest particles that would usually pass through the filter
will get trapped in the cake, significantly increasing the pressure drop as illustrated
by the Ergun equation (Erdim, Akgiray, & Demir, 2015):
−

𝜟𝑷
𝑳

= 𝟏𝟓𝟎µ

(𝟏−𝜺)𝟐 𝑽
𝜺𝟑 𝒅𝟐𝒑

+ 𝟏. 𝟕𝟓𝝆

(𝟏−𝜺)𝟐 𝑽
𝜺𝟑 𝒅𝒑

(1)

The Kozeny-Carman equation (Erdim, Akgiray, & Demir, 2015; Tien & Ramarao,
2013) is viewed as an improvement on the Ergun equation:

−

𝛥𝑃
𝐿

=

180µ (1−𝜀)2
2
𝛷𝑠2 𝑑𝑝

𝜀3

𝑉

(2)

where 𝜀 is the porosity of the bed, V is the velocity based on the empty cross-section of the
bed, dp is the particle diameter, and 𝛷𝑠 is the sphericity of the particles in the bed.

A comprehensive list of correlations relating pressure drop to the properties of the
fibrous mesh filters (Fotovati, Hosseini, Tafreshi, & Pourdeyhimi, 2011; Benet,
Badran, Pellegrino, & Vernerey, 2017) and/or the size distribution, the zeta potential,
and the mechanical properties of the filtered solids (Iritani, Katagiri, Tsukamoto, &
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Hwang, 2014; Osterroth, Preston, Markicevic, Iliev, & Hurwitz, 2016; Erdim,
Akgiray, & Demir, 2015) is found in Erdim, Akgiray, and Demir (2015). In
particular, that paper shows that wall effect corrections to the Ergun and KozenyCarman equations are necessary, particularly at Re > 500, and are better represented
by Equation 3:
𝑓𝑣 = 160 + 2.81𝑅𝑒 0.904

(3)

Whereas the aforementioned references are for particulate films growing on fibrous
meshes, the viscous permeability,

𝑘
𝑟2

, for molecules permeating through fibrous

porous media have been best defined by Tomadakis where 𝜀𝑝 is defined as the
percolation threshold (Tomadakis & Sotirchos, 1993; Tomadakis & Robertson, 2005):

𝑘
𝑟2

=

𝜀

𝛼+2

(𝜀−𝜀𝑝 )
𝛼

2

8𝑙𝑛2 𝜀 (1−𝜀𝑝 ) [(𝛼+1)𝜀−𝜀𝑝 ]

3

(4)

1.1 - Inspiration
The overall project’s main goal is to introduce automation to the tissue engineering
development process by utilizing an Arduino-based system that includes multiple
sensors that can track and control variables within the test bed, including feeding,
waste removal and in vivo imaging, without having to take the cells out of incubation.
The inspirations for this project comes from LabSmith’s (Fig 1.1.1; Labsmith, 2018)
commercialization of technology developed by a research group at Vanderbilt
University (Wikswo, et al., 2013) led by Wikswo and Cliffel. In LabSmith’s kit, the
feed from the 1 mL tanks is pumped by automated syringe pumps to the lab-on-achip (middle right), which is connected to a waste tank (top right).

Figure 1.1.1 – LabSmith microfluidics kit (Labsmith, 2018, Reprinted with
permission)
The Vanderbilt research group licensed this design (Figure 1.1.2a) to LabSmith and
have multiple syringe pumps to allow for feedstocks necessary to tissue culturing
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(Wikswo, et al., 2013). They later introduced a Nikon microscope inside their
incubated volume, but external to the bioreactor, to image their samples (LabSmith,
2018). The Vanderbilt group also developed a multi-analyte concentration
monitoring sensor to measure pH, glucose, and lactate concentrations, and blood
oxygen saturation in (Fig. 1.1.2b; Wikswo, et al., 2013). The red left side contains
the sources, similar to arteries, while the blue side contains the sinks, acting as the
veins. On the left is a multiport valve with eight inputs and one common output,
while on the right is a multiport valve with a common input and eight outputs. Dr.
Brenner's research group will build upon their ideas and improve them. One of the
biggest limitations with the Vanderbilt setup is that it is very expensive for the
number of reactors in their system. We will improve upon their concept by increasing
the number of bioreactors in parallel while reducing the cost. In order to do this, an
overhaul of the parts that will be part of the work of others in Dr. Brenner’s group
will be required.

Figure 1.1.2 - a) Vanderbilt research group tissue engineering test bed design (left)
and b) concentration monitoring sensor (right); (Wikswo, et al., 2013); Open Access.
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1.2 – Hazard and Operability Analysis (HAZOP)
Given the complexity of the experimental apparatus, a hazardous operability, or
HAZOP, study was merited. A partial example of the HAZOP study is shown Table
1.2. An incomplete, but more thorough example than Table 1.2 is in Appendix C.
HAZOP studies involve applications of each of the process variables and key words
or phrases such as "too high", "too low", "not", etc. For example, if there is not
enough flow through the flowmeter for the recirculation loop, then the peristaltic
pump will eventually burn out. Such a lack of recirculation will kill any cells
eventually as well. Moreover, the lack of recirculation is a likely indicator that there
is an obstruction in the system causing a large pressure drop. The current HAZOP
study covers many, but certainly not all, of the potential hazards associated with this
work. Table 1.2 shows how the group will approach the problem — starting with
identifying the problem, then discerning probable causes for each problem, and
finally finding out possible solutions to each of the identified problems.
Table 1.2 – Hazard and Operability Analysis
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1.3 – Thesis Objectives
This thesis aims to create a working prototype of a filtration and recirculation system
for an automated tissue engineering development process. This prototype will be the
basis for the filtration system that will go into Dr. Brenner’s “Tissue Engineering
Test Bed” project.
The following are the main objectives for this thesis:
1.) Assemble and validate a working prototype for the external
recirculation loop;
2.) Determine the upper control limits of each variable to be
monitored; and
3.) Assess the performance capability of the filters and whether they
can be regenerated via backwashing like a traditional swimming
pool filter.
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Chapter 2 – Theory
A set of equations will be used to model the filters that will be put in place within the
recirculation loop (Anirban Roy, 2015). These equations relate flux and pressure
drop as well as filter and cake resistances while the filter is in operation.
𝑱=

𝜟𝑷−𝝈𝝅
µ(𝑹𝑻 )

(5)

Equation 5 shows the relationship between flux (J), pressure drop (ΔP), total
resistance in the filter (RT), and an osmotic pressure term consisting of the osmotic
reflection coefficient (𝝈) and the osmotic pressure of the polarized layer (𝝅) (Chen,
Fane, Madaeni, & Wenten, 1997). Because the choice of diatomaceous earth—as a
first, albeit inadequate, approximation for the particulate feed—has negligible
osmotic pressure, the term was neglected in this work. The osmotic pressure term
will need to be included when future students assess the effects of protein adhesion.
For proteins, 𝝈 = 1 (Iritani, Katagiri, Tsukamoto, & Hwang, 2014).
The total resistance found within the filter can be broken down into the sum of the
media resistance, cake resistance, and fouling resistance:
𝑹𝑻 = 𝑹𝒎 + 𝑹𝒄 + 𝑹𝒇

(6)

The media resistance within the filter can be found experimentally by running clean,
distilled water through the system and measuring the pressure drop and the flow rate.
Since there are no solids in the recirculation loop to filter out, neither the pressure
drop nor the flow rate will change, allowing for an easy calculation for the media
resistance as shown in Equation 7, presuming no osmotic resistance:
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𝜟𝑷

𝑹𝒎 = µ(𝑱)

(7)

where 𝑅𝑐 and 𝑅𝑓 = 0
Fouling resistance is due to solid particles that were adsorbed in the fibrous filter
media. These solid particles can get stuck inside the media in such a way that no
amount of backwashing removes them. The resistance due to this irreversible fouling
can be determined with the following equation:
𝜟𝑷

𝑹𝒇 = µ(𝑱) −𝑹𝒎

(8)

Once the solids get introduced into the system and start getting captured by the filter,
the cake resistance increases over time, the pressure drop across the filter increases
while the flux decreases. Since the resistance applied by the media stays the same
throughout operation given a specific pressure drop and flux, the resistance made by
the cake of solid can be determined:
𝑱 = µ(𝑹

𝜟𝑷

𝒎 +𝑹𝒄 +𝑹𝒇

𝜟𝑷

⟹ 𝑹𝒄 = µ(𝑱) − 𝑹𝒎 − 𝑹𝒇
)

(9)

2.1 – Mass Balance Accounting
This project would not be a proper chemical engineering thesis without a thorough
mass balance analysis. For this thesis, mass balance accounting needs to be done on
the filters for the solid concentration within the recirculating fluid and the
concentration of available surface sites on the fibrous mesh. I will assume that the
solids are of uniform size, charge, and reactivity. With these, the rate of filter usage
can be determined. The mass balances are as follows:
𝑽𝒔𝒖𝒔𝒑

𝒅[𝑨]
𝒅𝒕

= −𝒓𝟏 + 𝒓−𝟏 − 𝒓𝟐 + 𝒓−𝟐

9

(10)

𝑽𝒔𝒖𝒔𝒑

𝒅[𝑨]
𝒅𝒕

= 𝑽𝒔𝒖𝒔𝒑 (−𝒌𝟏 [𝑨][∗] + 𝒌−𝟏 ([𝑨 ∗] + [𝑨𝑴 ∗]) − 𝒌𝟐 [𝑨]([𝑨 ∗] +
(11)

[𝑨𝑴 ∗]) + 𝒌−𝟐 [𝑨𝑴 ∗])

𝒅[𝑨]
𝒅𝒕

= −𝒌𝟏 [𝑨][∗] + 𝒌−𝟏 [𝑨 ∗](𝟏 + 𝒇𝒎 ) − 𝒌𝟐 [𝑨][𝑨 ∗](𝟏 + 𝒇𝒎 ) + 𝒌−𝟐 [𝑨 ∗]𝒇𝒎
(12)

where:
𝑨 −[𝑨]

𝑨𝒐 = [𝑨 ∗](𝟏 + 𝒇𝒎 (𝑳 − 𝟏)𝒇) + [𝑨] ⟹ [𝑨 ∗] = (𝟏+𝒇 𝒐 (𝑳−𝟏)𝒇)

(13)

𝒎

𝒇 is the fraction of the maximum multilayer particle film that is currently occupied
while 𝒇𝒎 is the fraction of sites that have more than one layer of particle on them.
Substituting Equation 13 into Equation 12 and de-dimensionalizing Equation 12
yields:
[𝑨𝒐 ]

𝒅(

[𝑨]
)
𝑨𝒐

𝒅𝒕

[𝑨]

(𝟏−

[∗]

= −𝒌𝟏 𝑨𝒐 ( 𝑨 ) [𝑪] ([𝑪]) + 𝒌−𝟏 (𝟏 + 𝒇𝒎 ) (𝟏+𝒇
𝒐

[𝑨]

𝒌−𝟐 𝑨𝒐 𝑨

𝒐

(𝟏−

[𝑨]
)
𝑨𝒐

(𝟏−

(𝟏+𝒇𝒎 (𝑳−𝟏)𝒇)

𝑨𝒐 + 𝒌𝟐 (𝟏+𝒇

[𝑨]
)
𝑨𝒐

𝒎 (𝑳−𝟏)𝒇)

[𝑨]
)
𝑨𝒐

𝒎 (𝑳−𝟏)𝒇)

𝑨𝒐

𝑨𝒐 −
(14)

This mass balance evaluates the rate of change in the solid concentration within the
fluid. It includes the rate of adsorption and desorption of solid particles to and from
the fibrous mesh, as well as from other solid particles. These equations also account
for any extra layers of solid particles over the initial film.
Similar to the mass balance on the concentration of suspended solid in the fluid, the
mass balance on the concentration of available surface sites on the filter also contains
the rate of adsorption and desorption as defined in the following equations:
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Boundary Conditions:
𝑓(𝑡 = ∞) = 1
𝑓(𝑡 = 𝑜) = 0
[𝐴](𝑡 = 0) = 𝐴𝑜 ⟹
[∗](𝑡 = 0) = [𝐶]
𝑓𝑚 (𝑡 = 0) = 0

[𝐴]
(𝑡 = 0) = 1
𝐴𝑜

𝜶∗

where: 𝛼 =

𝜶∗

𝜶∗

= −𝒓𝟏 + 𝒓−𝟏

𝒅𝒕

𝟒
𝟑

(15)

𝝆𝒔𝒑𝒉𝒆𝒓𝒆 ( 𝝅𝒓𝒔𝒑𝒉𝒆𝒓𝒆 𝟑 )

, assuming spherical particles

𝟒𝝅𝒓𝟐
𝒅[∗]
𝒅𝒕

𝒅[∗]
𝒅𝒕

[∗]

𝜶 ∗ [𝑪]

𝒅[∗]

𝒅([𝑪])
𝒅𝒕

= −𝒌𝟏 [𝑨][∗] + 𝒌−𝟏 ([𝑨 ∗] + [𝑨𝑴 ∗])

[𝑨]

= −𝒌𝟏 𝑨𝒐 ( ) [∗] + 𝒌−𝟏 [𝑨 ∗](𝟏 + 𝒇𝒎 )
𝑨

(16)

(17)

𝒐

[𝑨]

[∗]

[𝑨∗]

= −𝒌𝟏 𝑨𝒐 ( ) [𝑪] ([𝑪]) + 𝒌−𝟏 [𝑪] ( [𝑪] ) (𝟏 + 𝒇𝒎 ) (18)
𝑨
𝒐

The set of equations for multilayer adsorption does not lead to an analytical solution.
For the single layer case (𝑓𝑚 ≈ 0), the film doesn’t build up into multilayers, and
𝐿 ≤ 1:
[∗]𝒆𝒒

𝑲𝒆𝒒 =

𝒌𝟏 [𝑨]𝒆𝒒 [𝑪] [𝑪]
𝒌−𝟏 ([𝑨∗]𝒆𝒒 +[𝑨𝑴∗]𝒆𝒒 )

11

(19)

At equilibrium, for the case where there is no multilayer particle film formation:
𝒌𝟏 [𝑨][∗] = 𝒌−𝟏 [𝑨 ∗] ⟹

𝒌−𝟏
𝒌𝟏

[𝑨]

𝒅( 𝑨 )
𝒐

=−

𝒅𝒕

[𝑨]
𝑨𝒐

−

(20)

= 𝑲𝒆𝒒

[∗]
)
[𝑪]

𝒅(

(21)

𝒅𝒕

[𝑪]

= − ([𝑪] − [𝑪])

𝑨𝒐

𝑨𝒐

[𝑨∗]

[∗]

𝑨𝒐

[𝑨]

𝟐−

[𝑨][∗]

=

(22)

[∗]

= [𝑪]

(23)

From Equation 18, for the case of no multilayer adsorption:
[∗]

[𝑪]

𝒅(𝟐−

[𝑨]
)
𝑨𝒐

𝒅𝒕

−

𝒅(

[𝑨]
)
𝑨𝒐

𝒅𝒕

𝒅([𝑪])
𝒅𝒕

[𝑨]

[∗]

[𝑨∗]

(24)

(25)

= −𝒌𝟏 𝑨𝒐 ( 𝑨 ) [𝑪] ([𝑪]) + 𝒌−𝟏 [𝑪] ( [𝑪] )
𝒐

[𝑨]

[𝑨]

[𝑨]

𝒐

𝒐

𝒐

= −𝒌𝟏 𝑨𝒐 ( 𝑨 ) (𝟐 − 𝑨 ) + 𝒌𝟏 𝑲𝒆𝒒 (−𝟏 − 𝑨 )

[𝑨] 𝟐

[𝑨]

[𝑨]

= −𝒌𝟏 𝑨𝒐 (𝟐 𝑨 ) + 𝒌𝟏 𝑨𝒐 ( 𝑨 ) − 𝒌𝟏 𝑲𝒆𝒒 − 𝒌𝟏 𝑲𝒆𝒒 ( 𝑨 )
𝒐

𝒅(

[𝑨]
)
𝑨𝒐

𝒅𝒕

𝒐

𝒐

[𝑨] 𝟐

[𝑨]

= −𝒌𝟏 𝑨𝒐 ( 𝑨 ) + (𝟐𝒌𝟏 𝑨𝒐 + 𝒌𝟏 𝑲𝒆𝒒 ) ( 𝑨 ) + 𝒌𝟏 𝑲𝒆𝒒
𝒐

𝒐

12

(26)

(27)

∫

𝒅𝒙
[𝑨] 𝟐
[𝑨]
𝒂( ) +𝒃( )+𝒄
𝑨𝒐
𝑨𝒐

= ∫ −𝒌𝟏 𝑨𝒐 𝒅𝒕

(28)

where:
𝑎 = 1; 𝑏 = − (1 +

𝐾𝑒𝑞
𝐾𝑒𝑞
); 𝑐 = −
𝐴𝑜
𝐴𝑜

Upon integration, for the case with no adsorption of particles on other particles:
[𝑨]

𝒒 ( 𝑨 −𝒑)
𝒍𝒏{[ ] [𝑨]𝒐 }
𝒂(𝒑−𝒒)
𝒑 ( −𝒒)
𝟏

𝑨𝒐

where 𝑝 =

−𝑏−√𝑏 2 −4𝑎𝑐
2𝑎

and 𝑞 =

−𝑏+√𝑏2 −4𝑎𝑐
2𝑎
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= −𝒌𝟏 𝑨𝒐 𝒕

(29)

Chapter 3 – Materials and Methods
Most of this section will focus on the selection of sensors and controls to be used in
the project.
3.1 – Materials
3.1.1 – Differential Pressure
As the cells deposit in the filter, pressure at the effluent side of the filter starts to
decrease. The pressure difference within the filter increases as time increases,
affecting the efficiency of the rate of filtration. In order to monitor this pressure drop,
there will be pressure transducers (Fig 3.1.1; Freescale Semiconductor, 2009) before
and after the filters. A correlation study was conducted to match the differential
pressure with the percentage of filter spent. The pressure transducer specifications
are in Appendix A in Figures A3.1.1.1 through A3.1.1.3.

Figure 3.1.1 – Integrated silicon pressure sensor on-chip signal conditioned,
temperature-compensated and calibrated used for pressure monitoring (Freescale
Semiconductor, 2009)
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3.1.2 – Turbidity
Turbidity is the measure of transparency of a liquid. Typically, due to solids
suspended within the liquid, the turbidity increases as the concentration of the solids
increase. One should expect turbidity measurements to obey Beer’s Law. Turbidity
will be used to monitor how many cells and/or solid waste are suspended within the
recirculating fluid. In order to monitor this variable, a turbidity meter (Fig. 3.1.2;
DFRobot, 2019) was placed before the filters. The turbidity was expected to slowly
build up as the filter cake builds up. Once the force of gravity exceeds the attractive
force of particle-particle interactions at the outer edge of the filter cake, the turbidity
starts to increase significantly, and the filter will require backwashing. Specifications
for the turbidity meter are in Appendix A in Figure A3.1.2.1.

Figure 3.1.2 – Turbidity sensor used for turbidity monitoring (DFRobot, 2019)
It is important to note that this turbidity sensor has difficulty reading lower turbidity
values. This is due to the range of voltage that the sensor outputs. The sensor has an
output voltage range of 3.3V – 5V, allowing only a range of 1.7V for measuring
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turbidity. In addition to this, the sensor was found to only be able to output a
maximum voltage of 1.31V (DI water at 0.05 NTU).
3.1.3 – Flow Rate
A diaphragm pump will be used for the prototype, for cost reasons; therefore,
backpressure will be an issue as the filter cake builds up. This backpressure will
slowly decrease the flow in the system, eventually affecting the rate of filtration. In
order to account for this backpressure, a flow meter (Fig 3.2.3; DFRobot, 2019) was
installed vertically before the filters. A relationship between differential pressure due
to increasing cake resistance and flow rate was determined. Specifications for the
turbidity meter are in Appendix A in Figure A3.1.3.1.

Figure 3.1.3. – Hall effect water flow sensor used for flow rate monitoring
(DFRobot, 2019)
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3.1.4 – Filter
A 5-micron pleated capsule filter (Fig. 3.1.4; EBay capsule filter, 2019) is to be used
for the filter in this thesis and installed horizontally. In order to maximize operation
efficiency and reduce the amount of time a bioreactor is down for maintenance, there
will be two capsule filters installed in each recirculation system in parallel. With a
pore diameter of 5 microns, it will be assumed that most, if not all, of the cells and
accumulated within the bioreactor system will be filtered out. Finer filters of 0.22-,
0.45-, and/or 2-micron diameter are roughly 10 times more expensive and would
likely not filter out proteins released until the proteins have aggregated some. The
construction of this filter allows backwashing by switching the influent and effluent
sides of the filter and have liquid flow opposite of the filter’s normal flow pattern.

Figure 3.1.4 – 5-micron capsule filter (EBay capsule filter, 2019)
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3.1.5 – Pump
In order to make this thesis, and by extension the entire project, a fiscally viable,
cost-effective solution is required. As such, a diaphragm pump (Fig. 3.1.5; EBay
diaphragm pump, 2019) was selected as the pump for the recirculation loop. The
pumps to be used in this thesis can pump water at a rate of ~25 mL/sec (1.5 L/min)
without any resistances. When installed in the recirculation loop, the flow rate
reduces to ~15 mL/sec (0.9 L/min). This is due to all the resistances introduced by
the filter, the connections, and the increased length of tubing.

Figure 3.1.5 – Diaphragm pump (EBay diaphragm pump, 2019)

3.1.6 – Solids
In order to successfully simulate the operation of the bioreactor with a recirculation
loop, solids that have the same range of particle sizes as cells is paramount. For this
thesis, diatomaceous earth will be used to mimic the presence of cells in the system.
Diatomaceous earth is expected to behave similarly to cells and solid wastes as it
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gets filtered out of the system. The bag of food grade diatomaceous earth is made by
DiatomaceousEarth and was purchased from amazon.com.

As purchased, the

diatomaceous earth has a lognormal distribution of particle sizes ranging from 1 µm
to over 100 µm (Dragan Petrovic, 2011). Because some of the smallest particles got
trapped in the 5-micron filter media mesh in the first runs, the runs reported in later
chapters were for diatomaceous earth that had been meshed with a 270 mesh (50 m)
screen.
3.2 – Process Flowsheet

Figure 3.2.1 – Process flow diagram
Figure 3.2.1 shows the process flow for the recirculation unit of each bioreactor in
the tissue engineering test bed design. The fluids inside the bioreactor is pumped out
and into a tee where the flow can either be directed to the recirculation filters or to a
purifier at the end of the system. There is a flow meter installed after the pump to
measure the rate of flow throughout operation. A turbidity meter is also in place to
monitor the concentration of solids within the fluid. When the flow is valved to the
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recirculation loop, it is split again into two streams, one for each filter. Although
there will be two filters installed for each bioreactor, only one will be in operation at
any given time, while the other one is available for backup when maintenance is
required on the primary filter. Valves will be in place before and after each filter for
isolation. Pressure transducers will be installed on the feed and effluent ends of the
filters to measure pressure drop between the two points. A full piping &
instrumentation diagram (P&ID) is in Appendix B in Fig. B3.2.1.
3.3 – Filtration System Assembly

Figure 3.3.1 – Experimental setup
Figure 3.3.1 shows the setup for the experiments to be conducted for this thesis. A
“bioreactor” will be constantly mixed by an electric stirrer. As the solid is kept
suspended in the liquid, the water is pumped by the diaphragm pump. This water
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goes through the flow meter, then the filter, then back to the “bioreactor”. There are
a couple tees in the influent and effluent side of the filter where the liquid flows into
the high pressure side and the low pressure side of the pressure transducer.
3.4 – Experimental Procedure
3.4.1 – Sensor Validation Test
Multiple tests were done in order to achieve an accurate representation of the
variances involved within the filters and the sensors. Using the same weight of solids
on each experiment and using fresh filters on each run, a comparison on the data
gathered was done to determine whether each test’s data were comparable within
experimental error. Achieving similar data over multiple tests showed that the tests
(and in extension, the sensors and the filters) are reliable and are not affected by
unknown significant variances.
3.4.2 – Filter Tests
The two most important pieces of information needed in a filtration system are a)
knowing what the upper control limits (UCL’s) on each variable are supposed to be,
and b) how many times a filter can be backwashed before the filtration efficiency
drops too low. The step-by-step procedure for finding out the number of times a filter
can be backwashed is as follows:
1.) Add diatomaceous earth to 1 liter of liquid in the mixing tank.
2.) Turn on the pump.
3.) Allow the system to filter as much solid as it can until either the flow of liquid
stops due to backpressure or the value of turbidity stops decreasing.
4.) Turn off the pump.
5.) Remove filter from the filtration system, and prepare to backwash.
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a. Install the filter to the backwash pump with the EFFLUENT of the
filter connected to the FLOW OUT side of the pump.
b. Turn on the backwash pump for at least 10 minutes.
c. While the pump is running, agitate the filter to remove as much solid
in the filter as possible.
d. After 10 minutes of backwashing, remove filter from the backwash
system, and reinstall it into the filtration system.
6.) Repeat steps 2-5.
7.) If the turbidity reaches the same steady-state point as the previous run and is
not the minimum turbidity that the sensor can measure (when all solids are
filtered out), repeat the entire experiment with less mass of diatomaceous
earth.
8.) When the turbidity reaches the minimum turbidity that the sensor can
measure, the number of backwashes performed is the maximum limit a filter
can undergo while still being able to filter solids effectively.

In order to know when a filter requires a backwash, an upper control limit must be
set. The upper control limits will be determined in this thesis by taking the highest
steady-state differential pressure or lowest steady-state turbidity on each backwash
number from the filter tests.
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3.5 – Budget
One of the main goals of the entire tissue engineering test bed project is to create a
working bioreactor setup with cost-efficient alternatives. The prototype also abides
to this goal. The following is the breakdown of the cost of making the prototype
recirculation loop:
Table 3.5 – Budget Breakdown

Pump
Turbidity sensor
Differential pressure transducer
Flow meter
Valves
Arduino Uno
Tubing
Filter
Tee hose barb fitting
Tube connectors

Number of
items used
1
1
1
1
5
1
1
2
2
4
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Cost per piece
($)
4.16
11.99
17.99
3.13
0.25
4.16
4.29
12.50
2.49
0.34
Total

Total cost ($)
4.16
11.99
17.99
3.13
1.25
4.16
4.29
25.00
4.98
1.37
78.32

Chapter 4 – Results and Discussion
4.1 – Individual Sensor Validation
The concentration of particles in the solution can be quantified as a function of
turbidity. Figure 4.1.1 and 4.1.2 shows two possible options to consider for the
relationship of particle concentration and turbidity. A third option (linear equation of
Fig 4.1.1) according to Beer’s Law is possible, but the equation does not fit the points
very well. For the rest of the experiments, a polynomial equation was used to estimate
particle concentration. Because of the nonlinearity at low particle concentrations,
future work will include increasing the gain when turbidity is less than 500 NTU by
a factor of five. This will increase the noise as well, so appropriate filtering will be
done in software.

Turbidity vs. Particle Concentration
4500
4000

Turbidity = (-4.53±.73)*Concentration3 + (77.37±11.25)*Concentration2 +
(66.80±44.60)*Concentration + (34.20±44.66)
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2500
2000
1500
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Figure 4.1.1 – Turbidity vs. particle concentration curve (polynomial)
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Log Turbidity vs. Log Concentration
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Figure 4.1.2 – Turbidity vs. particle concentration curve (log-log)
For each individual sensor validation test, 5 g of diatomaceous earth was used to
make sure that all solids were filtered out. For each run, the sensor readings were
allowed to reach steady state before any solids were introduced.

Turbidity Validation
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Figure 4.1.3 – Turbidity validation test
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Figure 4.1.4 – Differential pressure validation test

Flow Rate Validation
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Figure 4.1.5 – Flow meter validation test
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Figure 4.1.6 – Differential pressure and flow rate test
4.2 – Filter Tests
For the filter tests, 20 g of diatomaceous earth was used as the initial weight of solids
mixed into 2 L of water. The initial concentration in the system is 10 g/L, or 1% w/v.
A backwash time of 10 minutes was utilized, and sufficient agitation of the filter was
applied until the effluent of the backwash has been clear for a few minutes.
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Filter Performance Based On Turbidity Over
Multiple Backwash Cycles
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4 Backwash

5 Backwash

3500

4000

Figure 4.2.1 – Filter reusability test with turbidity

Using the values of turbidity in Fig 4.2.1, the mass in grams adsorbed per filter run
was estimated. This was achieved using the equation found in Fig 4.1.2. It was found
that 4 g of solids were filtered out for the first few runs. Table 4.2.1 shows the
breakdown of solid removal for every backwash (BW) done on the filter.
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Table 4.2.1 – Mass of Solids Removed
Initial
1 BW
2 BW
3 BW
4 BW
5 BW
Final

Turbidity (NTU) Concentration (g/L) Mass of Solid (g) Mass Removed (g)
4294
10.2
20.4
3146
8.2
16.3
4.1
2125
6.1
12.3
4.0
1291
4.3
8.6
3.7
565
2.4
4.7
3.9
219
1.2
2.4
2.3
40
0.4
0.7
1.7

The maximum capacity of the filter is determined to be approximately 4 grams of
solids. Because the solids were not being replenished after each backwash, the mass
of diatomaceous earth removed after each run continued to decrease until all solids
were filtered out of the system.

Filter Performance Based On Differential
Pressure Over Multiple Backwash Cycles
Differential Pressure, Pa
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Figure 4.2.2 – Filter reusability test with differential pressure
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The differential pressure at t = 0 in the fresh filter run was significantly lower than
subsequent runs. This shows that there is irreversible fouling, Rf, after every run that
even backwashing cannot remove. The upper control limit (Fig 4.2.3) increase after
the first two backwashes is also due to this irreversible fouling.

Upper Control Limits of Differential Pressure
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Figure 4.2.3 – Upper control limits (UCL’s)
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Effect of Flow Rate on Differential Pressure
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Figure 4.2.4 – Differential pressure change based on flow rate

Effect of Flow Rate on Total Resistance
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Figure 4.2.5 – Total resistance change based on flow rate
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4.3 – Verification of theoretical model
In addition to the assessment of the filter capability, a verification of the filter’s
conformance to the proposed model was also conducted. The model used, stated in
Equation 29 in Chapter 2, assumed that particles in the media is adsorbed only by the
filter, creating a film of solids of only one layer thick.

0.98

7.9

0.93
0.88

6.9

0.83

[A]/Ao

0.78

5.9

0.73
0.68

4.9

0.63
0.58

3.9

0.53
0.48
0

200

400

600

800

1000

Time, sec
Experimental

fm=0, L=1

Figure 4.3.2 – Experimental data vs. theoretical model
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Experimental Data vs. Model

4.4 – Discussion
Based on the data acquired in the validation tests, it is reasonable to accept that the
turbidity sensor is accurate and precise (Fig 4.1.1). The sensor was also able to detect
the change in turbidity immediately after the diatomaceous earth was introduced.
This is important because having a sensor that is sensitive to immediate changes will
help operators be alerted for any abnormal fluctuations in the system.
The differential pressure sensor validation test gave mixed results. The differential
pressure transducer produced relatively stable data (Fig 4.1.2), which is vital due to
its importance in determining the condition of the filter. However, the graph clearly
shows that at higher differential pressure (more solids captured by the filter), the
variance between tests starts to increase. This is most likely due to the fact that the
diatomaceous earth has a range of particle sizes. Because the differential pressures
between t = 0 to t = 350 seconds had very small differences, it is reasonable to assume
that some tests may have had more of the larger particles than the others.
In contrast to the turbidity data, a big concern that would need to be addressed in the
future is how unstable the data from the flow meter is (Fig 4.1.3). The flow rate
values fluctuate to as much as 15 mL/sec. Despite this, the flow rate data shows a
clear trend of decreasing over time. Data smoothing was done to the flow meter graph
in order to see this trend easier. A moving average with n = 25 is applied to the data
on the first run (Fig 4.4.1) to demonstrate the effects of data smoothing to unstable
data.
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Figure 4.4.1 – Moving average of flow rate validation test (run 1), n = 25
The decrease of flow rate over time is to be expected because of the sensitivity of the
pump to backpressure. To document this, a test to track changes in differential
pressure and flow rate was done (Fig 4.1.4). As differential pressure increases, the
flow rate decreases. This is substantial because a lower rate of flow decreases
filtration rate, which then reduces the efficiency of the filter.
Figure 4.2.1 and Figure 4.2.2 shows the number of backwashes a filter can undergo
while still able to filter effectively. Additional tests were done with the weight of the
solid introduced were higher, and they showed that 20 g of diatomaceous earth in 2
L of water is the maximum concentration that the filter can clean. Therefore, a filter
can be backwashed at most 4 times before it must be replaced. The data gathered
from the differential pressure test (Fig 4.2.2) also gives insight to the resistances of
the filter and its cake. As previously stated on p. 26, clear indication of irreversible
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fouling was determined. The filter tests also confirm that the efficiency of filtration
decreases with increasing backwash number. This is shown best in Figure 4.2.2
where the steady state differential pressure decreases at increasing backwash
number.
When determining the upper control limits (UCL) of turbidity and differential
pressure, it is important to consider the condition of the bioreactor. Because the goal
of the filtration system is to remove as much solid as it can before needing a
backwash, the UCL of turbidity should be not much higher than the turbidity of fresh,
clean water. During operation, it will be expected that the differential pressure of the
system will reach its upper control limit before any significant change in turbidity
will be detected. For the UCL of differential pressure (Fig. 4.2.3), the highest steady
state value can be used. The UCL of differential pressure will decrease over multiple
backwashes due to the diminishing efficiency of the filter caused by irreversible
fouling. Two exceptions are the steady state values for backwashes 1 and 2. This
increase is attributed to the increase in initial differential pressure due to irreversible
fouling. For backwashes 1 and 2, using the UCL of a fresh filter is adequate for
controls.
Figures 4.2.4 and 4.2.5 shows how significant a variable flow rate affects the
performance of the filter. At a constant flow rate, the differential pressure within the
filter is significantly higher compared to a system with a variable flow rate. The
inverse is true for the total resistance applied by the filter. As the solids deposit into
the filter, the differential pressure increases. This increase in differential pressure will
start affecting the flow rate due to backpressure, decreasing the flow through the
system. As this flow further decreases, the total resistance increases much more
rapidly.
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In Figure 4.3.1, it is clear that more than one layer of solids is deposited to the filter
via particles polarizing to each other. Because Equation 25 was derived from the
mass balance on the available surface sites and does not contain a multi-layer case,
the results from the verification of the theoretical model proved that, at the very least,
the filter qualitatively trends with the theory, but that the particulate film is quite
thick, consistent with the ~4 g per backwash data.
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Chapter 5 – Conclusions and Future Work
A working prototype filtration system was successfully created for the tissue
engineering test bed project. The sensors were also able to show the capability of the
filters to be used in the system. The 5-micron capsule filter was found to be able to
completely filter out 10 g/L of diatomaceous earth after 4-5 backwashes. Because of
the declining filtration rate efficiency of the filters after each backwash, the upper
control limits of differential pressure decreases from >115 kPa with a fresh filter to
88 kPa after 4 backwashes.
For future recommendations, it is highly recommended that a different pump is
installed instead of a diaphragm pump. A pump that is unaffected by backpressure,
such as a rotary vane pump, will allow water to flow at a constant rate regardless of
the increase in differential pressure. Based on the data acquired throughout this
thesis, it is also recommended that a better, more stable flow meter should be
implemented in order to accurately track the flow rate in the system.
If the capability of the filters is not enough, switching the capsule filter with a
membrane filter is a step towards the right direction. With a membrane filter,
backwashing becomes more effective, allowing for more usage of each filter. The
theory presented in this thesis will be more accurate, if replaced, because it is based
on the modeling of a membrane filter.
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Appendix A
A3.1.1 – Differential Pressure

Figure A3.1.1.1 – Pressure transducer schematics (Freescale Semiconductor, 2009)

Figure A3.1.1.2 – Pressure transducer operating characteristics (Freescale
Semiconductor, 2009)
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Figure A3.1.1.3 – Voltage output vs. differential pressure (Freescale
Semiconductor, 2009)

42

A3.1.2 – Turbidity

Figure A3.1.2.1- Turbidity sensor schematics (DFRobot, 2019)
Table A3.1.2.1 – Turbidity sensor specifications (DFRobot, 2019)
Operating Voltage
Operating Current
Response Time
Insulation Resistance
Output Method:
Analog Output
Digital Output
Operating Temperature

Value
5
40
< 500
100

Units
V; DC
mA; MAX
ms
MΩ; Min

0-4.5
V
High/Low level signal
o
5 ~ 90
C
o

Storage Temperature

-10 ~ 90

Adapter Dimensions

38 x 28 x mm
10
1.5 x 1.1 x inches
0.4
30
g

Weight

43

C

A3.1.3 – Flow Meter

Figure A3.1.3.1 – Flow meter schematics (DFRobot, 2019)
Table A3.1.3.1 – Flow meter specifications (DFRobot, 2019)
Value

Units

Inner Diameter
Outer Diameter
Proof Water Pressure
Water Flow Range
Voltage Range
Operating Current
Insulation Resistance
Accuracy
Output Pulse High Level

4
7
< 0.8
0.3 ~ 6
5 ~ 12
15
> 100
± 5%
>4.5

mm
mm
MPa
L/min
V
mA (DC 5V)
MΩ

Output Pulse Low Level
Output Pulse Duty Ratio
Water-flow Formula
Working Humidity Range
Dimensions

<0.5
VDC
50% ± 10%
1L = 5880 square waves
35% ~ 90%
RH
58 x 35 x 26
mm
2.28 x 1.37 x 1.02 inches
30
g

Weight
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VDC

Appendix B: B3.2.1 – Piping & Instrumentation Diagram

Figure B3.2.1 – Filtration system P&ID
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Appendix C: C1.2 – Hazard and operability analysis (HAZOP)

Figure C1.2 – Example of a more thorough hazard and operability analysis
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