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Performance Gains from Stable TMP Control: A Comparative Study of
Equilibar SDO vs Pinch Valves in Single-Use TFF

A COMPARATIVE STUDY ON TMP CONTROL STRATEGIES: HOW FEED FLOW & PRESSURE
STABILITY IMPACT TFF PERFORMANCE

Background

Tangential Flow Filtration (TFF) is a fundamental process used in biopharmaceutical manufacturing to purify and
concentrate biomolecules. Unlike traditional depth filtration, where fluid moves perpendicularly through a
membrane, TFF directs fluid parallel to the membrane surface, allowing selective molecules or fluids to pass
through to the permeate stream while larger components are retained.

At its core, TFF is a pressure-driven separation process. The performance of any TFF system is governed by
transmembrane pressure (TMP)—the pressure differential across the filter membrane. TMP determines the
permeate flux rate, which is the flow rate of filtered media. As TMP increases, permeate flux initially rises but
eventually plateaus, as excessive TMP leads to membrane fouling and diminishing returns, highlighted by the
following example plate-membrane flux vs TMP curve:
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Figure 1 — Example Flux vs TMP curve for a membrane filter
Process engineers establish TMP strategies during process development and scale-up to balance filtration
efficiency and membrane longevity. Excessive TMP accelerates fouling and reduces long-term filter
performance?l, while low TMP extends filtration times and increases recirculation exposure in batch processes.
Finding the optimal TMP setpoint is critical for efficiency.

Maintaining a stable TMP is essential, as it directly impacts key process parameters:

e Filtration Efficiency — TMP directly controls permeate flux, impacting processing time.

1 Huter, & Strube, Jochen. (2019). “Model-Based Designh and Process Optimization of Continuous Single Pass Tangential Flow
Filtration Focusing on Continuous Bioprocessing. Processes.” 7. 317. 10.3390/pr7060317. Accesses January 29, 2025
[Online]. Available: DOI:10.3390/pr7060317
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e Protein Quality - Excessive TMP fluctuations can also affect protein quality?.

e Filter lifespan — Excessive TMP accelerates fouling and gelling, reducing effective filter area and
increasing processing time.

e Shear stress on biologics — TMP fluctuations expose biomolecules to shear forces, which can reduce

yield and compromise product stability3.

As the industry moves toward higher-value bioprocesses and continuous manufacturing, the need for more
stable TMP control methods becomes critical to ensuring consistent, high-yield filtration performance.

This study will focus on Repligen’s Midikros 20 CM Filter and evaluate pressure and flow variations impact on a
simple batch TFF process. This filter has the following behaviors:
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Figure 2 & 3 — Retentate dP effects from feed flow (left) and viscosity (right)
Based on the filter performance, the behaviors expected would be that:

- Feed flow fluctuations affect the retentate dP in proportion to the flow variation, which proportionally
impacts TMP control requirements to keep TMP stable
- TMP variations disproportionately affect filtration flux in several negative ways:
o Excessively high TMPs accelerate fouling
o Excessively low TMPs exponentially affect filtration flux

The Challenge

All TFF systems rely on four key components:

o Afeed flow pump to drive fluid through the system;
o ATFF filter (hollow fiber, membrane cassette, etc.) for separation;
e A pressure regulation device (e.g., pinch valve, back pressure regulator) to maintain TMP;

2 shuhong Jiang, Yalei Zhang, Fangchao Zhao, Zhenjiang Yu, Xuefei Zhou, Huagiang Chu, “Impact of transmembrane pressure (TMP) on membrane fouling in microalgae harvesting with a uniform shearing
vibration membrane system”, Algal Research, Volume 35, 2018, Pages 613-623, ISSN 2211- 9264. Accessed Jan 27, 2025, [Online]. Available: https://doi.org/10.1016/j.algal.2018.10.003

3 Miron, S.M., de Espindola, A., Dutournié, P. et al. “Study of the relationship between applied transmembrane pressure and antimicrobial activity of lysozyme.” Sci Rep 11, 12086 (2021). Accessed Jan 28,
2025, [Online] Avaitabler https://doi.org/10.1038/541598-021-91564-x
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e Acontrol loop to monitor pressure and flow, adjusting settings to maintain the desired process conditions.

Precise coordination of these elements is essential for operating at the optimal point on the flux vs. TMP curve as
the process evolves. We can examine a typical batch ultrafiltration unit operation, which is used to concentrate
drug product for further processing. As ultrafiltration (UF) progresses, fluid properties change, requiring dynamic
adjustments in flow and pressure control. The most significant impact is the increase in viscosity, which directly
affects pressure drop, TMP regulation, and flow stability.

e Viscosity Increase & Pressure Drop — A typical UF process may experience viscosity rising from 1 to 10 cP
or more. Because pressure drop is directly proportional to viscosity, this results in a 10x increase in
pressure loss across the retentate side.

e Control Device Turndown Requirements — Increased retentate dP means the TMP control device must
handle a 5x increase in turndown range to maintain stable operation.

e Density Variations — While less significant than viscosity changes, an increase in density (e.g., SG from 1.0
to 1.4) can contribute to minor shifts in system response, requiring real-time adjustments.

e Flow Reduction Effects — Higher viscosity leads to greater resistance in the system, impacting pump
performance. Centrifugal pumps are particularly affected, as increasing downstream pressure shifts their
operating point along the head-pressure vs. flow curve, requiring careful regulation.

These challenges become particularly critical in Single-Pass TFF, where the process does not allow for recirculation
to compensate for pressure variations. In such systems, TMP regulation must be highly responsive to viscosity-
driven pressure shifts. Control devices with a broad operating range and high turndown capability ensure stable
operation as fluid properties change dynamically. Sources of Instability in Single-Use TFF Systems are:

e Control loop response time — The controller’s loop rate determines how quickly it can detect and correct
deviations. If the loop rate is too slow, TMP fluctuations go uncorrected; if too fast, it can cause
overcorrection and oscillations.

e PID tuning tradeoffs — Aggressive PID settings react quickly but can cause instability during steady-state
operation, leading to filter fouling. Conversely, conservative tuning slows corrections, delaying return to
setpoint and extending unit operation time.

e TMP Device Response Variability — Pinch valves exhibit hysteresis and delayed response due to tubing
elasticity and mechanical inconsistencies. The control system must rely on small, incremental adjustments
(0.0X mA steps) to maintain stable TMP. However, tubing does not always respond predicably, leading to
two potential failure modes:

o Overcorrect, leading to runaway conditions where TMP oscillates
o lgnore control inputs with built-in logic to prevent excessive adjustments, which allows system
operating points to be non-conformant until control is re-established.

These effects are evident in the TMP vs Time plots presented later in this study.

The first element in TFF system performance is to review feed flow control and categorize hardware performance,
typically managed by positive displacement pumps (diaphragm, peristaltic) or centrifugal pumps.

e Positive Displacement Pumps — Flow is generated by mechanical displacement, resulting in pulsatile flow
patterns, but remain relatively consistent regardless of head pressure.
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e Centrifugal Pumps — These pumps provide smooth, continuous flow but are highly sensitive to head

fluctuations.
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Figure 4 & 5 — Example Pump curves for Positive Displacement (left)? vs Centrifugal (right)®

Feed Flow Pump Study

To study the flow stability based on pump technology, Equilibar plotted instantaneous flow measured by a Coriolis
flow meter for each of three typical pump options at a 400 — 500 mL/min setpoint to note the steady-state
performance of each pump type. See graph below.
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Figure 6 — Flow plots of various single use pumps

4 PSG Biotech. [QF1200SU Eccentric Shaft 5° — Liter plot] retrieved January 29, 2025, at

https://www.psgdover.com/quattroflow/products/single-use-pumps/qf1200su
5 Levitronix. [Flow Pressure Curve] retrieved January 30, 2025, from https://www.levitronix.com/product/puralev-single-
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Fluctuations observed correspond to the number of displacement elements and the steady state RPM set on the
pump. This data demonstrates the real-world flow profile of these pump choices, but control loop speed, sensor
sampling rate & accuracy, and PID values will have a significant effect on the realized flow in the system.

The Role of Pressure Regulation in TMP Stability

To evaluate how different regulation methods impact TMP stability, Equilibar conducted a comparative study
measuring the steady-state performance of its Single-Use SDO back pressure regulator (SDO) against an industry-
leading pinch valve. This study aimed to isolate TMP control behavior by minimizing external flow disturbances
using a single-use centrifugal pump as a stable feed source, as seen in Figure 6. The pressure devices were tested
using a Levitronix® LCO-i100 control console, an advanced automated process control platform designed to
integrate with both Levitronix pumps and third-party components. This setup ensured precise, real-time TMP
regulation under controlled conditions.

The Equilibar® SDO is a dome loaded single use back
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Control Loop Setup & TMP Regulation Simplified Cross-section view of Equilibar SDO

The experiment utilized a batch-mode TFF loop, with a pump (P1) providing a controlled flow rate to the TFF
membrane, measured by a flow sensor FM1. TMP was regulated using a back pressure valve (BV1) controlled via
PID loop using the Levitronix LCO-i100 Console. TMP was monitored using three pressure transducers (PT1, PT2,
PT3):

e PT1 (Pre-Membrane Pressure) — Measures upstream feed pressure;
e PT2 (Post-Membrane Pressure) — Captures retentate pressure;
e PT3 (Permeate Pressure) — Tracks pressure at the permeate outlet.

This automated control system allowed real-time TMP adjustments, ensuring precise pressure regulation across
the filtration membrane. See schematic diagram below.
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Figure 7 — Control TMP Control Method Schematic

Comparing two control devices

To create a side-by-side comparison of the two control devices, the LCO-i100 Console and Levitronix® Puralev-i100
Pump System were used in both setups. The first test setup utilized an Equilibar SDO Single as BV1. The SDO was
controlled by an electronic pilot regulator with the setpoint defined by the LCO-i100 console. The second setup
used an industry-standard automated pneumatic pinch valve at BV1 using an identical control loop controlled by
the LCO-i100 console. Pressure and flow data using the two setups were collected and plotted to highlight
performance differences.

Results
Comparison results from tests of the two BV1 control methods are shown in the figures below. The system was
tuned to optimize performance for steady state control, so startup conditions were not plotted.
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Figure 8 — Plot of TMP over time during TFF process at 150 ml/min feed flow at 10 psi TMP pressure setpoint.
At 300 seconds the pinch valve loses control while the SDO maintains control throughout.
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Figure 9 — Plot of Feed Flow over time during TFF process at 150 ml/min setpoint and at 10 psi TMP pressure setpoint.
At 200 seconds the pinch valve loses control which had unintended effects on feed flow.
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Figure 10 — Plot of Permeate Flow over time during TFF process at 150 ml/min feed flow setpoint and 10 psi TMP pressure setpoint.
At 300 seconds, the permeate flow using the pinch valve is inconsistent due to the feed flow fluctuations shown in the previous plot

Discussion

The pinch valve exhibited noticeable hysteresis effects, particularly around the five-minute mark (300 sec).
Throughout the beginning of the run, the pinch valve oscillated by £0.003 inches in an effort to stabilize TMP.
However, a runaway condition occurred at the 5-minute mark due to one of the following causes:
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e Stepwise mechanical adjustments — The pinch valve failed to generate the same restriction in the tubing
when given the same mA setpoint

e Unexpected tubing response — elastic recovery of the tubing created an unexpected change in cross-
sectional area from a single step change on the pinch valve, resulting in a significant change in pressure.

This deviation in TMP control resulted in unintended feed flow variations, which directly impacted permeate
flow consistency. The root cause of this instability lies in the non-linear pressure response and tubing mechanics
of the pinch valve, making it inherently difficult for precise, repeatable TMP regulation.

In contrast, the Equilibar SDO maintained precise and stable TMP throughout the experiment. Unlike the pinch
valve, the operation of the SDO allows it to respond instantly to system changes due to its large flow turndown
ratio and direct pneumatic control, ensuring continuous and proportional pressure adjustments. The differences
in operation of these two devices are:

Pinch valve SDO

Operate by physically constricting tubing, Responds instantly to system changes and delivers
introducing discrete pressure changes continuous pressure adjustments

When tubing is pinched >50%, small adjustments Wide operational range allows fine control across
cause large TMP changes, making fine control entire range

difficult

Often exhibit slow response to feed flow variations, | Immediate response to feed flow changes, keeping
leading to TMP instability TMP at setpoint

The SDO valve has a 1,000:1 flow turndown, meaning for the tested conditions it presents the following margins:

- Full-open dP at 10 cP and feed flow = 108 mL/min : <0.1 psig

- Viscosity Range : 1 to >1000 cP with feed flow at 150 mL/min & 10.0 psig TMP

- Flow Range : 1 mL/min to >1 LPM for water-like fluids at a 10.0 psig TMP

- TMP Control Range : 0.05 -> 60 psig for water-like fluids at 150 mL/min feed flow

Further Testing: Impact of TMP control on IgG stability and retention

To assess the broader implications of TMP stability, additional experiments were conducted using an industry-

standard Repligen KPMi system to evaluate protein stability and process efficiency. These studies examined the
impact of TMP control on IgG retention, processing time, and molecular stability over extended filtration runs.

Setup: Impact on TMP Stability and Filtration Performance Using IgG
A series of experiments were conducted to compare the impact of TMP control methods on IgG stability and
filtration efficiency. The study evaluated nine experimental conditions, using the following process options:

e 3 Pump types
o Centrifugal
o Peristaltic
o Diaphragm
e 3 TMP control setups
o Pinch Valve
o SDO
o No TMP control (baseline)
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BioX, an industry-leading single use technology consulting & testing firm, conducted this experiment using an
industry-standard Repligen KPMi system in the following configuration:

Back Pressure Control Valve
= e
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Figure 11 — Schematic of the BioX experimental setup to test impact of TMP control on IgG stability and retention

All testing was conducted at the BioX Process Optimization and Development (POD) applications testing lab in
Salem, NH utilizing calibrated instrumentation and transmitters and, when required, was standardized prior to
use. Instrumentation and Equipment information below:

- KMPi Retentate Scale was standardized prior to use and within calibration due date 30-Oct-24
- KMPi Permeate Scale was standardized prior to use and within calibration due date 30-Oct-24
- Inline Pressure Sensors (Feed, Retentate and Permeate) were zeroed

- Inline Permeate Flow Meter was zeroed

- Cedex Bioanalyzer HT was within calibration due date of 20-Nov-24

- Ashcroft Digital Pressure Gauge within calibration due date of 30-Oct-24

Data was collected against the following settings:

- Starting concertation: 2.0 g/L I1gG
- DV Objective: 7 DV

- Bag Volume: 5L

- TMP Target: 7 psi

- Concentration Factor: 5x

Results: Impact on TMP Stability and Filtration Performance Using IgG

DEVIATION FROM BASELINE
(RELATIVE TO EACH PUMP) :
CONTRIBUTION OF TMP CONTROL ON
PROTEIN CONCENTRATION

Pinch  sD0 SDO Improvements on KMPi system
Valve (g/L (g/L

Pump ge) o) ¢ MasterFlex Pump : 14 min faster (121 min)
Levitronix 0.05 802« Quattroflow Pump : 18 min faster (117 min)

MasterFlex 0.02 0.00 . . . .
| * Levitronix Pump : 23 min faster (112 min)
Quattroflow 0.17 0.09

Figure 11 and 12 — IgG concentration improvements vs pump selection & TMP control device (left) and Time processing improvements
based on pump type (right)
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Analysis of IgG retention and filtration time demonstrated that the SDO gave a clear advantage through superior
TMP control, resulting in less protein dissociated and faster processing time. The Equilibar SDO reduced IgG loss
by approximately 1%, translating to an estimated $10,000 per batch in drug product savings for small-scale
monoclonal antibody (mAb) production.

TMP stability also significantly impacted processing time, with the SDO reducing filtration cycles by 14 to 23
minutes per run, depending on the pump configuration. The best overall performance was observed in the
Levitronix + SDO setup, which preserved IgG integrity over a 120-minute process window, demonstrating
superior molecular stability. When used at a CDMO site, this benefit observed in one unit operation would scale
and provide exponential ROl if widely adopted.

Contact Equilibar

Equilibar is a provider of unique and innovative fluid control solutions based near Asheville North Carolina. Our
dome-loaded, multiple-orifice technology is used in a wide array of processes including biopharmaceutical,
catalysis, fuel cells, supercritical and other industrial applications. Equilibar Single Use products focus on
delivering solutions tailored for single-use and multi-use biopharma customers. Contact us at 828-650-6590 or
inquiry@equilibar.com Learn more at Follow us on

,@, About the Author: Ryan Heffner, P.E has 10 years of experience designing fluid
= control products for the biopharmaceutical industry.

Levitronix® is a leader in magnetically levitated bearing-less motor

S technology, specializing in supplying process equipment for
m microelectronics, life science, and industrial applications. Products
range from pump systems, mixers, and blowers to flow sensors
and viscometers. www.levitronix.com
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