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Large-Scale Stirred-Tank 
Bioreactors
Key Design Parameters and  
Considerations for Cell-Culture Operations
NaveenGanesh Muralidharan, Tyler Younger, Grace Chan, 
Shandilyn Ball, Mark Davis, and Emma Bolduc

CC ell-culture operating 
conditions often are limited 
by a bioreactor’s design. Over 
the past few decades, as 

demand has grown for culture 
processes with increasingly higher 
cell densities, bioreactor suppliers 
have continued working to 
understand the demands and 
weaknesses of current bioreactor 
designs. Herein, we review design 
considerations for stirred-tank 
bioreactors (STRs) used in 
mammalian cell culture, including 
bioreactor aspect ratio, impeller type 
and number, and drilled-sparger 
configuration. We assess such 
factors’ influences on shear stress 
and mixing time, which are 
essential to achieving desired cell-
culture conditions and productivity. 
We also address common challenges 
(e.g., impeller flooding) and 
emphasize the importance of 
enhancing gas–liquid interactions to 
maintain suitable environments for 
cell growth. Special attention is 
given to the design of drilled-hole 
spargers, highlighting their effects 
on shear forces, bubble dynamics, and bubble-bursting behavior at 
liquid surfaces. Our review also provides information about the 
design and sizing of vent filters and mass-flow controllers (MFCs) as 
well as practical recommendations for improving bioreactor 
performance and efficiency. By integrating such insights into a 
handy resource, we aim to contribute to further advancements in 
bioreactor design and operation, enhancing biopharmaceutical 
production.

Back to Contents

Figure 1: ”Rule-of-thumb“ parameters for stirred-tank reactor design

VHS = 0.20VT

DB = 0.1DT

CB = 0.33DB

0.1Ci  
to 0.3Ci 

DT C i =
  0

.3
5D

T 
   

   
  t

o 
7.

5D
T

Di =    0.5DT

H
B =

 (1
.1

H
T) 

– 
H

L

0.
3D

i t
o 

2.
5D

i

H
L =

 1
D

T t
o 

1.
5D

T 

H
T =

 1
.5

H
L t

o 
2H

L 

CB = baffle clearance from tank bottom, Ci = impeller clearance from 
tank bottom, Di = impeller diameter, DT = tank diameter, HB = baffle 
height, HL = liquid height in tank, HT = tank height, VHS = headspace 
volume, VT = total tank volume
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Building Blocks for Bioreactor Design
In large-scale STRs, optimizing performance requires careful 
consideration of design parameters such as vessel aspect ratio, 
headspace, and impeller configuration. Values for bioreactor aspect 
ratio — the proportion of culture liquid height (HL) to tank diameter 
(DT) — typically range from 1.0 to 1.5 (Figure 1, see previous page). 
Headspace is kept at 20% of the total geometric reactor volume to 
facilitate gas exchange and accommodate foam. The recommended 
ratio of total vessel height (HT) to tank diameter is 1.5–2.0 (1).

Baffle Design: Baffles play a critical role in enhancing mixing 
efficiency and improving overall process performance. The 
number, location, and width of baffles are key design parameters 
that significantly affect fluid dynamics and mass transfer within a 
reactor. Ideally, a bioreactor should have four baffles, although 
three baffles can provide adequate mixing. Using more than four 
baffles does not improve mixing efficiency significantly (2). The 
width of each baffle (WB) is typically 0.08× to 0.1× that of the tank 
diameter (DT), ensuring that a baffle is sufficiently wide to disrupt 
solution flow and promote effective turbulence without causing 
excessive resistance (1). The recommended clearance for baffles (CB) 
from a vessel tank is represented as either CB = 0.01 × DT or  
CB = 0.33 × WB, with the recommended baffle height (HB) equaling 
(1.1 × HT) – HL (1, 3).

Choice of Impeller: When selecting impellers for cell-culture 
bioreactors, careful consideration of shear sensitivity and mixing 
efficiency is crucial for optimizing performance. For mammalian 
cell cultures, which are highly sensitive to shear forces, pitched 
blade turbines and marine propellers typically are preferred for 
their low-shear characteristics, which help to minimize cell 
damage while ensuring effective mixing (4, 5). High-shear 
impellers, such as Rushton turbines, generally are inappropriate in 
these applications as they can induce significant shear stress that 
may harm delicate cells (4, 5).

The ratio of impeller diameter to tank diameter (di/DT) typically 
ranges from 0.35 to 0.55, with a preferred value of 0.5 for 
bioreactor operation. The choice of impeller is determined by a cell 
line’s sensitivity and specific mixing requirements (1, 3). 

Impeller Numbers and Spacing: A general guideline is to 
use between one and three impellers in a cell-culture bioreactor, 
depending on the reactor volume and impeller type. Low-shear 
impellers may be best for shear-sensitive processes, and the 
number of impellers can be adjusted accordingly. To achieve 
suitable power input, scientists should arrange for the distance 
between impellers to be 1.2× to 1.5× the impeller diameter. Such 
spacing ensures that impellers will operate independently from 
one other (6).

Positioning of Bottom Impellers: In STRs, liquid height 
must be maintained above that of an impeller at a value 0.3× to 
2.5× greater than the impeller diameter. Keeping the liquid level at 
0.3× that of the di minimizes the risk of excessive foaming, 

Back to Contents
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whereas a maximum height of 2.5× the di value prevents poor 
mixing. For best results, a volume of 0.5× to 1.0× the di value is 
recommended for operation. Moreover, the impeller clearance from 
the bottom of the tank should be set between 0.35× and 0.75× the 
DT value to ensure efficient mixing and prevent dead zones (3).

Mixing-Time Requirements
Several factors influence bioreactor mixing time (tmix), including 
impeller design, reactor geometry, and operating conditions (7). 
Optimizing mixing time is critical for efficient cell-culture 
operations. Effective mixing ensures uniform distribution of 
nutrients, oxygen, and cells, helping to maintain culture viability 
and productivity. Optimal tmix values also are critical for achieving 
target cell densities and preventing formation of nutrient gradients, 
which can impede cell growth and diminish culture productivity (8). 
Reducing tmix while ensuring uniform conditions can improve 
culture performance and control over cell metabolism (9). 

Bioreactor mixing time refers to the duration required for culture 
solution to reach a specified level of homogeneity starting from a 
completely segregated state. Homogeneity is achieved after multiple 
circulations of reactor contents. According to Doran, for an STR 
equipped with several baffles and a low di/DT ratio, the tmix value is 
about 4× the circulation time (tcir) needed for 95% homogeneity 
(Equation 1) (7). Circulation time represents how long it takes for an 
entire bioreactor volume to pass through an impeller. Mathematically, 
it is the ratio of liquid volume (VL, in m3) to impeller discharge rate 
(Qimp, in m3) (7). The impeller discharge rate represents the volume of 
fluid moved by an impeller per unit of time, as shown in Equation 1 
(7), in which NF is the impeller flow number and N is the impeller 
agitation rate in revolutions per minute (rpm):

 
Equation 1:  4 × tcir  =  4VL ÷ Qimp  =  4VL ÷ (NF × N × di

3)

Understanding NF values for different impellers ensures effective 
agitation and thereby improves process efficiency. Expressing a 
ratio between tmix and N, an impeller flow number provides a 
dimensionless measure of an impeller’s mixing performance. 
Reported values for different impeller types offer valuable insights 
into their relative efficiencies and operational characteristics.

Designed for gentle mixing, marine impellers have low NF 
values, generally around 0.5. Pitched-blade impellers, including 
A310, A315, and A320 variants, exhibit a range of flow numbers 
that reflect their respective mixing efficiencies. A310 impellers 
typically have an NF value of 0.3, providing a balance between 
mixing performance and shear force, whereas NF values for A315 
impellers generally are around 0.75, indicating slightly higher 
efficiency and moderate shear levels. A320 impellers are known for 
optimal mixing performance, and they usually feature NF values of 
0.62, making them particularly effective for applications requiring 
efficient yet gentle agitation (4).

Back to Contents
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Reported NF values are instrumental 
in guiding selection of impellers for 
specific applications. By considering 
such features, process engineers and 
scientists can make informed decisions 
to optimize mixing conditions and 
achieve desired outcomes.

Oxygen Requirements: 
Bioreactor mixing time significantly 
affects dissolved oxygen (DO) 
gradients, which are essential for 
optimizing culture conditions. The 
oxygen characteristic time (tC) is a ratio 
of the oxygen concentration (C*) in a 
feeding gas to the rate of cellular 
oxygen consumption, expressed as 
shown below (9): 

Equation 2:  tC = C* ÷ OUR 

Muralidharan et al. have demonstrated that, under typical 
bioreactor operating conditions at 37 °C and 1 atm pressure, the 
oxygen uptake rate (OUR) can be determined by this equation (9): 

Equation 3:  OUR  =  Χi × SCR  =  0.23 × Χi(mmol/L.h)

That calculation is the product of a culture’s viable cell density  
(Χi, in units of 106 cells/mL culture) and cells’ specific oxygen-
consumption rate, with QO2 estimated at 5.5 pmol/cell.day (9, 10).

Using Equation 2, process engineers can plot tC values against 
viable cell densities (VCDs). Figure 2 provides such a plot, 
indicating that for a cell density of 50 million cells/mL, a tmix  
value of <60 seconds is necessary to prevent heterogeneity and 
maintain uniform oxygen distribution within a bioreactor. 

Shear from Impeller Agitation
In STRs, shear forces generated by impeller agitation significantly 
influence cell viability and productivity. Impeller-tip speed (Utip) is 
a key parameter here because it directly influences localized shear 
rates and consequently the shear stress that cells experience (11). 
Values for Utip (in m/s) can be calculated as shown here:

Equation 4:  Utip = (π × Di × N) ÷ 60
 
Tip speeds should be <1.8 m/s to protect cells from excessive shear 
stress, which can hinder their growth and functionality (9).

Design of Drilled-Hole Spargers
Mammalian cells are particularly sensitive to the high shear forces 
generated by microspargers, which can diminish cell viability and 

Back to Contents

Figure 2: Oxygen characteristic time (tC) against viable-cell 
density (VCD) 
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productivity. Consequently, we concentrate on the design and 
optimization of drilled-hole spargers as an alternative. By providing 
gentle, controlled gas dispersion, such spargers mitigate some shear 
stress in a culture environment, thereby improving process 
outcomes. Our focus is supported by recent studies indicating that 
drilled-hole spargers offer more-uniform and less-disruptive gas 
transfer than that from microspargers. Below we describe a general 
method for designing drilled-hole spargers. 

Find the Oxygen Demand and Required kLa for a 
Bioreactor Design: OUR is a pivotal parameter in bioreactor 
design, quantifying the rate at which cells consume oxygen during 
culture. Representing the amount of oxygen depleted per unit 
volume per unit time, OUR values for mammalian-cell cultures often 
are expressed in units such as mg/L.h or mmol/L.day (1). The 
parameter serves as a direct measure of culture metabolic activity, 
reflecting both the biological demand for oxygen and the efficiency 
of oxygen-transfer systems within a bioreactor. By evaluating OUR, 
process engineers can determine a culture’s oxygen demand, then 
design appropriate aeration and agitation systems to meet those 
requirements (1). Such assessment ensures that a bioreactor will 
provide sufficient oxygen to sustain cell growth and productivity, 
thereby optimizing process performance and supporting scale-up 
strategies. Accurate OUR measurements help in adjusting operational 
parameters to maintain optimal culture conditions and achieve 
desired outcomes in both research-scale and industrial bioprocesses.

OUR values can be calculated from SCRs using a straightforward 
formula that incorporates cell density (see Equation 3). That 
relationship directly translates the metabolic activity of individual 
cells into a bulk measure of oxygen consumption for an entire 
culture. By multiplying an SCR value by the cell density, the OUR 
quantifies the total oxygen consumption rate per unit volume of a 
culture medium, providing essential information for oxygen transfer 
rate (OTR) requirements in a given bioreactor (7). Accurate 
calculation of OUR is crucial for maintaining appropriate oxygen 
levels and optimizing cell growth and productivity.

Muralidharan et al. have reviewed SCRs across different cell lines 
and bioreactor culture conditions (10). That study also examined 
typical cell densities observed in biomanufacturing processes. Based 
on their investigation, the writers recommended an SCR value of  
5.5 pmol/cell.day as a reliable estimate for designing bioreactors. The 
review also demonstrated that for every 1 million cells/mL, the OUR 
is 0.23 mmol/L.h (10). Therefore, if a bioreactor is designed to 
support 50 × 10⁶ cells/mL, then the required OUR value should be 
greater than 50 × 0.23 mmol/L.h = 11.5 mmol/L.h. Typically, 
bioreactors are designed to support 30 mmol/L.h (1). Assuming a 
sparging regimen with pure oxygen, Muralidharan et al. showed 
that a volumetric oxygen mass-transfer coefficient (kLa) of 1 (1/h) 
can support about 4 × 10⁶ cells/mL (10). Therefore, if a bioreactor is 
designed to support 50 × 10⁶ cells/mL, then the required kLa value 
should be greater than (50 ÷ 4) = 12 (1/h).
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Find the Required Gas Flow Rate (Qg) from the kLa 
Value: The simplest and most practical approach to designing 
bioreactor spargers, particularly when process-specific information 
is unavailable, involves a “rule-of-thumb” setting, with the total 
gas flow rate for sparging at 0.05 volumes of gas per volume of 
liquid per minute (vvm). That guideline provides a reliable starting 
point for ensuring adequate gas transfer and distribution in the 
absence of detailed process data (12, 13).

When process information is available, process engineers can 
determine gas-flow rates based on kLa values to ensure that 
bioreactor designs will meet process-specific oxygen demands. 
Estimating kLa values is critical to optimizing the efficiency of gas–
liquid mass transfer (14). The van ’t Riet model is a widely used 
empirical correlation for kLa prediction (15). Based on superficial gas 
velocity (ug) and power input per unit volume (P/V), the model 
effectively predicts kLa values across a breadth of power inputs and 
gas velocities. The general form of that correlation is (16):

Equation 5:  kLa  = 0.022(P/V)0.7 × ug
0.5

Equation 5 can be rearranged as shown below to solve for the 
superficial gas velocity. Then, Equation 7 enables calculation of the 
required gas flow rate (in m3/s).

Equation 6:  ug = (                   )1/0.5

Equation 7:  Qg = ug × AS,T

AS,T represents the cross-section area of a tank (in m2). That 
empirical correlation allows for practical estimation of kLa by 
integrating operational parameters. Researchers and process 
engineers can predict how changes in gas flow and power input 
influence oxygen-transfer rates. Doing so is essential for designing 
STRs for cell-culture processes when kLa is unknown. P/V values 
significantly influence oxygen-transfer efficiency and overall 
process performance. Recommended values differ with scale, 
ranging 15 to 50 W/m3 (17). 

Sparger Length, Hole Diameter, Gas Entrance Velocity, 
and Pressure Drop: During design of drilled-hole spargers, 
equipment engineers must make precise calculations for sparger 
pipe diameter and for hole diameter, number, and spacing to 
optimize gas dispersion and mass-transfer efficiency.

Once equipment engineers have determined the total required 
gas-flow rate, they can calculate sparger-hole diameter (dh) values 
to suit specific process requirements. According to Sandadi et al., 
drilled-hole tube spargers commonly have hole diameters between 
0.5 and 1 mm (18). Small diameters within that range are 
particularly effective for generating fine bubbles, which are ideal 
for STRs with volumes <500 L. For example, HyPerforma single-use 

kLa

0.022(P/V)0.7
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bioreactors (Thermo Fisher Scientific) feature dh values of 0.2 mm 
for systems of 50 to 100 L, 0.23 mm for 250-L reactors, 0.4 mm for 
500-L vessels, and 0.58 mm for 2000-L systems (19). Sartorius 
BioStat single-use bioreactors feature a standard hole size of  
0.8 mm for systems of 50–2000 L, with increasing numbers of 
holes to accommodate larger scales (6). Cytiva XDR single-use STRs 
typically feature sparger-hole diameters of 0.5 to 1.0 mm for 
systems up to 2000 L (20). Yunos et al. have observed that dh 
values between 0.5 and 1.25 mm can generate bubbles of 5–7 mm 
in diameter depending on gas velocities (21). Such parameters are 
optimal for maintaining cell-culture health and performance.

For large-scale reactors, dh values must increase to accommodate 
high gas-flow rates and ensure effective gas–liquid interactions. 
Khan has reported use of stainless-steel STRs with sparger-hole 
sizers of 4.0 mm for 20,000-L systems and 1.5 mm for 1000-L and 
4000-L vessels (3). Similarly, Bruninghaus et al. (22) and Li et al. 
(23) have documented dh values of 1.0 mm and 1.6 mm, 
respectively, for stainless-steel bioreactors with capacities of up to 
20,000 L. Such systems are designed to support high gas-flow 
rates with a gas-entrance velocity (GEV) of up to 65 m/s. 

Selecting an appropriate dh size is critical for balancing gas flow, 
mass-transfer efficiency, and shear stress, especially for sensitive 
cell cultures. Bioreactor design should begin with the smallest 
diameter suitable for a system’s scale, allowing for subsequent 
adjustments to meet specific requirements for gas-entrance 
velocity, bubble size, spacing between bubbles, sparger-pipe length 
(L), pressure drops across sparger holes (ΔPSpr,hole), and pressure 
drops across the cross-sectional area of the sparger pipe (ΔPP). 
Optimizing such features ensures that a system will operate at 
peak efficiency. 

Amer et al. have found that a ring sparger with a diameter (L) of 
0.8× the impeller diameter (di) shows improved gas hold-up and 
mass-transfer efficiency across a range of impeller speeds (24). 

In a sparger, gas naturally tends to take the path of least 
resistance. If a pressure drop across the sparger holes is too low, 
then gas might flow predominantly through one or a few holes, 
leading to uneven gas distribution throughout a bioreactor. The 
pressure drop across the sparger hole can be modeled using the 
Darcy–Weisbach equation (25): 

Equation 8:  ΔPSpr,hole =  
2 × Cd

2

Therein, Cd is the discharge coefficient, with 0.65 being a good 
approximation (26). Benz (4) and related studies (24, 27) have 
reported that, to prevent uneven gas flow across sparger holes, the 
sparger should be kept level, and the pressure drop across the 
sparger hole at peak airflow should be designed to 10× the pressure 
drop across the gas flow through the sparger pipe.

Together, studies by Zhu et al. and Chaudhary et al. provide GEV 
values of 30 to 60 m/s as a general range for maintaining optimal 

ρg × GEV
2
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mammalian-cell growth and productivity in STRs. Specifically, Zhu 
and colleagues determined that a GEV exceeding 30 m/s can harm 
murine myeloma (NS0) cells (28). Meanwhile, Chaudhary’s team 
established that a GEV of 60 m/s is critical for Chinese hamster 
ovary (CHO) cells (29). However, levels above that can cause 
excessive shear, diminishing cell health and process efficiency. 

Number of Holes, Sparger-Pipe Diameter, Hole Spacing, 
and Sparger Location: The required number of sparger holes 
(Nh) is determined by dividing the total gas flow rate (Qg) by the 
flow rate per hole (Qg,h) as shown below:

Equation 9:  Nh  =  Qg ÷ Qg,h  = 

Knaebel has provided a simple way (Equation 10) to characterize 
the relationship of sparger-hole diameter (Dh), sparger-ring 
diameter (Dp), and sparger-hole number (Nh) (30). Rearranging that 
equation solving for Dp yields Equation 11.

Equation 10:  Dh ≤ 0.7(Dp ÷ Nh
1/2)

Equation 11:  Dp = 1.4286 × Dh × Nh
1/2

Benz has recommended, as a rule of thumb, that the ratio of the 
total area of all sparger holes to the cross-sectional area of the pipe 
should be maintained at ≥1.0 (4). More precisely, the cross-
sectional flow area of the sparger pipe should be at least 2× the 
total area of the sparger holes (31).

Amer et al. have identified a spacing factor (Sh) of 3.5–4.5× the 
hole diameter as effective for optimizing gas distribution and 
pressure drops in microbial fermentors (24). Both Karimi et al. (27) 
and Hamood-Ur-Rehman et al. (32) recommend Sh values between 
3 and 5 to accommodate different reactor scales and operational 
parameters. Karimi et al. specifically demonstrate that an Sh of 4 
achieves optimal gas hold-up and oxygen-transfer efficiency in 
aerobic fermentation systems (27). Those insights suggest that a 
spacing factor of 3.5 to 4.0 should provide a practical range for 
most applications, with possibility for adjustment based on reactor 
scale, liquid properties, and process conditions to enhance mass 
transfer and operational performance. 

To ensure uniform distribution of gas flow across all holes along 
the length of a sparger, the ΔPSpr,hole value should be 10× the 
pressure drop across sparger length (ΔPSpr,lgt). The latter parameter 
is given by Equation 12. Therein, f is the fanning friction factor, L 
is the sparger length, ρg is the gas density, and θ is the cross-
velocity of gas across the internal diameter of a sparger pipe (33).

Equation 12:  ΔPp =  f ×      × 

Qg 

GEV × (π(Dh
2) ÷ 4)

ρg × θ2

2
L
Dp
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A sparger typically is mounted near the bottom of a bioreactor, 
often positioned within 0.1–0.4× the position of the lowest 
impeller. Such placement helps in maximizing gas distribution 
throughout a reactor while preventing direct interference with an 
impeller’s flow pattern (3, 7).

Assess the Maximum Process Flow Rate To Account 
for Impeller Flooding: Impeller flooding arises when an impeller 
becomes excessively submerged, disrupting its ability to mix and 
aerate a culture medium. That phenomenon often stems from very 
high gas rates or insufficient impeller speeds, which can generate 
buoyancy forces that overwhelm an agitator’s pumping action. 
Warmoeskerken and Smith have provided an empirical correlation 
to predict the flooding point, as shown below (34):

Equation 13:  Na � (30 × NFr × (      )3.5)

Therein, the STR aeration number (Na) is a dimensionless 
parameter that describes the ratio of gas flow rate to impeller 
speed and diameter, as calculated here (4, 7, 11): 

Equation 14:  Na = Qg ÷ (N × di
3)

Froude’s number (Fr) is a dimensionless parameter used in 
bioreactor design to characterize the balance between inertial 
forces and gravitational forces in a fluid system, particularly in 
STRs. It helps in understanding flow behavior, especially when 
scaling up bioreactors and assessing the impact of impeller speed 
on fluid flow (Equation 15) (4, 7, 11).

Equation 15:  NFr = (Ni
2 × Di) ÷ g

Assess Bubble Size and CO2 Removal Efficiency: The 
Sauter mean bubble diameter (db) can be approximated using the 
empirical relationship modeled below (35):   

Equation 16:  db = 1.17 × GEV
0.4 × dh

0.8 × g –0.2

Microbubbles (with diameters of <0.1 mm) are known to 
diminish cell health and productivity. In such cases, bubble 
movement is dominated by liquid surface tension, which reduces 
bubble-rise velocity and extends bubble residency times within a 
bioreactor. The result is inefficient CO2 removal from a cell culture 
(14). Although small bubbles provide higher mass-transfer areas 
than large bubbles do, they exhibit slower rising velocities and 
reduced CO2 driving forces. Muralidharan et al. demonstrated 
theoretically that a bubble size of 10 mm is optimal for balancing 
oxygen transfer and CO2 removal (14). Under low gas-flow rates 
and agitation levels that are typical for animal-cell culture, the 
sizes of bubbles generated at the sparger are likely to be consistent 
with those elsewhere in the bioreactor (14). A bubble size of 10 mm 

di

DT



13       BioProcess International       23(3)e1       MARCH 2025       E-Book

also aligns with previously 
recommended bubble sizes: Varley and 
Birch (35) suggest 5–6 mm, and Khan 
proposes 10–20 mm (3). 

As bubbles are introduced into STRs, 
shear can be assessed at three stages. 
The first point is at the surface of the 
sparger holes. There, shear is 
calculated in terms of GEV (see 
“Supplemental Equations 1”). 

The second measurement possibility 
occurs as bubbles rise through the 
bioreactor liquid height. Shear levels 
can be determined through calculation 
of the bubble-wake eddy length: As 
bubbles rise, they carry circulating 
fluid behind them, resulting in 
microeddies. A bubble-wake eddy 
length that is less than or equal to the 
size of the cultured cells will harm 
them. Hence, good design practice for 
most mammalian-cell cultures calls for 
eddy lengths of >20 μm to prevent 
negative effects on cell growth. 

The third measurement stage occurs 
when bubbles burst at the gas–liquid 
interface. As a bubble rises, cells 
become trapped in the film around it. 
On reaching the gas–liquid interface, a 
cavity forms on the bubble surface. The cavity soon collapses, 
forming a liquid jet as the bubble bursts and disappears. Cells 
carried in the bubble-film volume will die from shear when the jet 
forms and the bubble disintegrates. Bubble-burst shear is assessed 
by determining the burst energy-dissipation rate (EDR), calculated 
as a function of bubble diameter. 

Muralidharan et al. developed a predictive model to evaluate 
shear stress associated with bubble bursting (10). That model 
leverages a nonlinear exponential approach, derived from data 
provided by Boulton-Stone and Blake (37). The model is designed to 
offer a robust framework for assessing shear stress in STR systems. 

EDRs of around 104 W/m3 are typically sublethal for most cell-
culture processes. Thus, associated shear levels generally do not 
damage cells significantly (38). In summary, considering the 
balance between shear and CO2 stripping, sparger designs should 
aim to generate bubble sizes of 5–20 mm.

The above approach to drilled-hole sparger design assumes that 
the maximum GEV does not exceed 60 m/s, ensuring that shear 
from bubble generation at the sparger-hole surface remains 
negligible. As demonstrated in Figure 3, the EDR from bubbles 
bursting at the liquid surface comes to 103 W/m3, which is well 

Supplemental Equations 1: Bubble-rise and bubble-burst shear 
assessment (19, 24, 36)

Shear When a Bubble Rises Through the 
Bioreactor Liquid Height — Bubble-Rise Eddy Length (36)

Bubble area (m2): Ab =                   4 
πdb

2

Bubble velocity (m/s): θb = (          +          )1/2

db ρ
2σ

g
0.5db

Drag force from bubble (kg.m/s–2): Fb = (Cd × θb
2 × Ab × ρ ) ÷ 2

Bubble EDR (W/m3 or kg.m2/s–3): Fb × θb 

εb 
ν3

Shear When a Bubble Bursts at the 
Gas–Liquid Interface — Bubble-Burst Eddy Length

EDRburst = e[–194.43×(log(db))3] – [217.02×(log(db))2] – [129.07×(log(db))] – 19.599

     Here, bubble diameter (db) is calculated in centimeters.

Specific EDR (W/kg): εb = 0.8 × (EDR) ÷ (          m3 × 1000        )6 
πdb

3

m3 
kg

Bubble Eddy Length: ηb = 106 × 

Ab = bubble surface area, Cd = drag coefficient for rising bubbles, 
assumed to be 2.6 (dimensionless) (19, 24), db = bubble diameter, 
EDR = energy-dissipation rate, EDRburst = bubble-burst energy-
dissipation rate, Fb = bubble drag force, g = gravitational 
acceleration, εb = dissipated kinetic energy per unit mass,  
ηb = bubble eddy length, θb = bubble velocity, ν = fluid kinematic 
viscosity (9.8 × 10–7 m2/s), ρ = liquid density (1015 kg/m3),  
σ = liquid surface tension (0.65 N/m)
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below levels that would compromise 
cell-culture performance. That finding 
is consistent for sparger-hole sizes of 
0.25 to 3.25 mm, even under the 
maximum assumed GEV of 60 m/s. 

However, Figure 3 highlights a 
limitation in bubble-rise eddy length 
when sparger-hole diameters reach  
1.75 mm. At that diameter, eddy 
lengths exceed 40 µm. Although 
maintaining an EDR above 20 µm is 
considered to be safe for cell-culture 
operations, best practices for sparger 
design account for potential bubble 
coalescence under STR conditions. The 
generally accepted engineering 
principle is to use a safety factor of 2 
to address uncertainties and ensure 
reliability under worst cases (39). Such 
a conservative approach should 
account for variability in bubble 
dynamics and turbulence, which could 
generate larger-than-expected bubbles 
or cause EDR deviations during 
operation. Thus, it is advisable to design 
sparger-hole sizes to achieve an eddy 
length greater than 2 × 20 μm = 40 μm 
to ensure robust and consistent 
performance.

Optimize Sparger-Hole Design 
for Efficient Mass Transfer and 
Shear Control: As discussed above, 
researchers have reported sparger-hole 
sizes of 0.5 to 4.0 mm for large-volume STRs, depending on the 
scale of operation. Configurations differ significantly across 
bioreactor designs and manufacturers. Therefore, equipment 
engineers must understand process requirements and priorities from 
an end-user perspective, both to ensure efficient cell-culture 
applications and to harmonize methodologies for sparger design. 

Sparger design must account for shear potential from bubble 
bursting (e.g., by establishing an EDR of <10³ W/m³), gas entrance 
velocity (GEV < 60 m/s), and target bubble size (5–10 mm). The 
optimal sparger-hole size should maximize the total mass-transfer 
surface area of the bubbles generated per unit of gas flow rate 
while adhering to shear-related parameters and bubble-size 
requirements. The “Supplemental Equations 2” box details 
calculations for the total mass-transfer surface area generated per 
unit gas flow rate based on different sparger-hole sizes.

To illustrate the concepts discussed above, we performed 
calculations for sparger-hole size using a gas flow rate of 0.05 vvm 

Figure 3: Sparger-hole size (Dh) against bubble-rise microeddy 
length and bubble-burst energy dissipation rate (EDR)
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Supplemental Equations 2: Calculation of total mass-transfer 
surface area from bubbles generated at a sparger hole (per unit 
of gas-flow rate) 

Volume of a Single Bubble: Vb = π                  
6 

db
3

Number of Bubbles Generated (per unit time): Nb = Qg ÷ Vb                 

Area of a Single Bubble: Ab = π db
2                 

Total Mass-Transfer Area (per unit gas flow rate): ATNB = Ab × Nb                 

Ab = bubble area, ATNB = total mass-transfer surface area,  
db = bubble diameter, Nb = number of bubbles generated,  
Qg = gas flow rate 
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and a GEV value of 60 m/s. Figure 4 plots 
those values against calculations for bubble 
size and total mass-transfer surface area 
generated per unit gas flow rate for three 
bioreactor scales. Based on established 
bubble-size constraints (5.0–20 mm, to 
ensure effective CO2 removal) and a sparger-
hole size of 1.75 mm at a GEV of 60 m/s (to 
maintain the bubble-rise microeddy length 
below 40 µm), we determined optimal 
sparger configurations, shown in the white 
region in Figure 4. The “Typical Bioreactor 
Settings” box summarizes corresponding 
ranges for those configurations across 
bioreactor scales of 10,000–20,000 L.

Gas Filter Area Sizing
Bioreactor design requires meticulous 
consideration of hydrophobic-filter sizing 
for both sparger and exhaust systems to 
ensure effective gas management and 
sterile conditions. For both sparger and 
exhaust or vent applications, hydrophobic 
filters (typically with a pore size of 0.2 µm) are crucial to 
preventing contamination by retaining particulates and 
microorganisms before they can enter a bioreactor. The filter area 
must be sufficient to accommodate the desired gas-flow rate. Filters 
used in fermentation processes are required to meet high 
microbial-retention standards and provide high flow rates with 
relatively low pressure drops (1–5 psi) (40). Vendors of 0.2-µm 
hydrophobic filters often provide data sheets with graphs plotting 
pressure against gas flow rate per filter area. From those materials, 
users can select the required filter area based on the gas-flow rate 
needed to ensure that pressure drops remain between 1 and 5 psi.

Mass-Flow Controller Selection for  
Typical Bioreactor Gas-Flow Rates
Bioreactor design also involves selection of mass-flow controllers 
(MFCs). Selection is based on different gas-flow rates. The bottom 
of the “Typical Bioreactor Settings” box summarizes cell-culture gas 
flow rates for spargers and headspace volumes (1).

Improving Upstream Production 
STR design plays a pivotal role in optimizing cell growth and 
maximizing productivity during biopharmaceutical production. Our 
review has highlighted the importance of critical design elements, 
such as vessel aspect ratio, impeller selection, and sparger 
configuration, with particular emphasis on mitigating shear stress 
and improving gas–liquid interactions. Addressing potential 
problems such as impeller flooding and ensuring efficient mixing 

Typical Bioreactor Settings

Recommended Sparger 
Configurations (0.05 volumes of 
gas per volume of liquid per minute 
(vvm), 60 m/s, with no detrimental  
impact to cell culture):

10,000 L: 2831 × 0.25 mm,  
708 × 0.50 mm, 177 × 1.00 mm,  
113 × 1.25 mm, 79 × 1.50 mm

15,000 L: 1026 × 0.5 mm,  
265 × 1.00 mm, 170 × 1.25 mm,  
118 × 1.50 mm, 87 × 1.75 mm

20,000 L: 354 × 1.0 mm,  
226 × 1.25 mm, 157 × 1.50 mm,  
116 × 1.75 mm

Typical Gas-Flow Rates for 
Mammalian-Cell Cultures (1):

Sparger Air: 0.001–0.05 vvm

Sparger O2: 0.001–0.05 vvm

Sparger CO2: 0.001–0.01 vvm

Sparger N2: 0.001–0.01 vvm

Headspace Air: 0.01–0.1 vvm

Headspace N2: 0.01–0.1 vvm

Figure 4: Optimization of sparger-hole size (Dh) for bioreactors of 
different scales when accounting for bubble diameter and the 
total mass-transfer area from bubbles generated a sparger hole 
(area per unit of gas-flow rate)   
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are vital for maintaining desired cell-culture environments. 
Furthermore, advanced designs for drilled-hole spargers and 
appropriate sizing of vent filters have been shown to enhance 
bioreactor performance significantly. By incorporating insights from 
published studies into bioreactor design and operation, 
biomanufacturers can achieve high protein yields, improve product 
quality, and enhance process efficiency. Ultimately, we want our 
review to serve as a useful guide for industry professionals aiming 
to refine STR technology and optimize cell-culture applications, 
contributing to the ongoing advancement of bioprocess technologies.
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a-refresher-on-fluid-flow-and-mixing.

Part 3: Experimental Determination 
and Application of Oxygen Mass- 
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experimental-determination-and-
application-of-oxygen-mass--transfer-
rate-mass-transfer-coefficient-and-
oxygen-uptake-rate.
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Part 5: Theoretical and Empirical 
Correlations for Predicting the Mass-
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Accelerating Bioreactor 
Design with Computational 
Fluid Dynamics Modeling
A Deep Dive into the Development Processes 
Underlying a Next-Generation Bioreactor
Ken Clapp

II ndustry demand for mammalian cell 
cultures of increasingly high 
productivity and robustness has driven 
the need for high-performing, scalable, 

and modality-agnostic bioreactors. Such 
requirements affect process developers and 
bioreactor manufacturers alike: Efficient 
design and predictable scalability are key 
to reaching program milestones on time. 
Understanding nonmeasurable parameters 
(such as shear rate and turbulence) and 
demonstrating scalability are vital to 
meeting performance criteria.

Computational fluid dynamics (CFD) 
modeling can reduce experimental 
requirements in bioreactor design by 
simulating bioreactor geometry, fluid flow, 
and component design and positioning. 
Herein, we discuss how we used CFD 
modeling to accelerate agitator and sparger 
design for the next-generation Xcellerex 
X-platform bioreactor and to predict shear 
stress and concentration gradients.

CFD-Model and Bioreactor 
Development Stages
We leaned on agile ways of working to 
develop our CFD model so that it would 
capture current and future bioreactor 
geometries and behaviors. Designing the 
tool and bioreactor simultaneously enabled 
us to condense product-development time 
and confirm final-product performance.

We verified the tool at different time points and used it “at risk” 
for key bioreactor-geometry verification work. To reduce risk, we 
developed the CFD model in parallel with continued “wet” testing 

Figure 1: Outline of phases during codevelopment of our 
bioreactor product and computational fluid dynamics (CFD) 
model; G-L = gas–liquid model, L-L = liquid–liquid model 
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of early component designs (e.g., impeller types, sparge options, 
and baffle configurations), optimizing performance yet still 
reducing the need for further testing.

After tuning the tool for liquid–liquid (L-L) performance, we used 
it for early screening of interim designs. Later, once a gas–liquid 
(G-L) CFD model was available, outputs for shear and turbulence 
were used to confirm that the final bioreactor design operated within 
targeted performance behavior (Figure 1, previous page).

Phase 1: Confirm 200-L Tank Geometry  
and CFD Liquid–Liquid Model
We determined model conditions for the bioreactor tank geometry 
and established preliminary fluid assumptions. We used both the 
current Xcellerex XDR bioreactor geometry and a new bioreactor 
design to ensure the model’s suitability for our project. Our goals at 
this stage were to establish and test the first pass of the single-phase 
CFD L-L model, to establish and test the first pass of the two-phase 
CFD G-L model, and to consider new target geometries and customer 
applications (e.g., viscosity, bubble size, agitation, and gas flow rate).

We tested an early G-L model against experimental results to 
identify gaps in the model’s predictions. To verify the model’s 
performance, we used oxygen mass-transfer results that were 
generated empirically using a mock medium. The model presumed 
that Pluronic poloxamer did not influence bubble formation. Internal 
high-speed camera evaluations confirmed bubble sizing. 

Our team used 19 design-of-experiments (DoE) conditions 
covering different vessel volumes, sparge rates and options, and 
agitation speeds to verify the early G-L model. Outputs were within 
≈30% of the empirical data.

To verify the single-phase L-L model’s reliability, we used 
empirical torque and mixing-time data (Figure 2). Meanwhile, 
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Figure 2: Computational fluid dynamics (CFD) model from phase 1 describing liquid–liquid mixing; (left) the confirmed 
200-L tank geometry; (right) predicted and experimental mixing-time values (T95 = time to reach 95% homogeneity) 
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results for the G-L model indicated the need for further tuning, 
which we undertook in model-development phases 2, 2A, and 2B. 
During phase-2 efforts, our bioreactor team used outputs from the 
L-L model for bioreactor product development. Phase-2 testing also 
allowed for occasional use of the G-L model for product-design 
decisions if the model performed predictably.

Phase 2: Optimize Gas–Liquid Model Accuracy
In this phase, we focused on enhancing the G-L model for 
identifying bubble distributions and using direct bubble 
measurements from key sparge options. Results from tuning and 
testing enabled us to select the sparge porosity while the final form 
of the sparge elements was being settled. 

We had three goals for phase-2 model development. First, we 
wanted to evaluate and optimize the G-L model for accurate 
prediction of outputs when mass transfer, shear rate, and 
turbulence would be used. Our second objective was to reduce 
process-simulation time from one to two days down to a few hours. 
Finally, phase-2 efforts were intended to verify the G-L model by 
comparison with empirical results.

When designing model inputs and assumptions for shear, 
turbulence, and bubble-sizing factors, we first screened the most 
likely and best-fitting model inputs that matched with empirical 
results representing application ranges for agitation and sparge-gas 
flow rates. Then, when necessary, we used response-surface 
modeling to narrow model-input selection. We used 24 condition 
sets to screen the behavior of key input factors. Key factors 
considered at this stage related to turbulence-kinetic modeling 
parameters.

Turbulence assumptions depend on turbulence kinetic energy (k) 
and energy-dissipation rate (ε). We were able to select from several 
factors here, including the standard k-ε, renormalization group 
(RNG) k-ε, realizable k-ε, Chen–Kim k-ε, optimized Chen–Kim k-ε, 
and Reynolds stress models. We avoided models with factors that are 
better suited to laminar fluid environments than to turbulent flow 
conditions.

Final inputs for the G-L model were verified along the full range 
of application performance using 10 condition sets. To confirm 
final model behavior, we compared predicted outputs with 
empirical results for torque and the volumetric oxygen mass-
transfer coefficient (kLa), with wet experiments performed in 
triplicate. Additionally, we evaluated the steadiness and transience 
of oxygen mass transfer behavior at different points in the culture 
volume and found that the predicted mass-transfer behavior 
reflected that observed at a single sensor.

Phase 2A: Tuning the Model for Bubble Size 
Our goals in this phase were to enhance the G-L model for bubble 
size, to down-select sparge requirements through G-L model tuning, 
and to down-select an impeller design using the L-L model. We 
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started with an in-progress version of our 
next-generation bioreactor tank design and 
a few existing sparge designs.

We used a high-speed camera to 
determine an average bubble size, 
sampling at least 30 bubbles per image 
and determining the average bubble 
diameter across four axes of the two-
dimensional images (Figure 3). With that 
information, we selected user inputs for 
bubble dispersal and coalescence to 
match the high-speed bubble diameter 
estimates. Once the bubble diameters 
matched, we verified model performance.

Verification consisted of experiments 
in sets of 10, 5, and 5 conditions for each 
sparge type. We compared model outputs 
for those conditions with empirical 
oxygen mass-transfer data, as well as 
results from the new bioreactor geometry 
and one of the new impeller options 
under consideration. The model 
performed within the limit of ±20%, 
except in low mass-transfer conditions.

CFD Phase 2B: Near-Final 
Bioreactor Design
With a reliable G-L model in place, we 
focused on verifying it in the context of 
our near-final bioreactor design. Our goal 
was to optimize the impeller using the L-L 
model and then to confirm the bioreactor 
design and G-L model for performance in a 
verification experiment set. Thus, we 
could confirm the model and the 
bioreactor design simultaneously. And 
having determined the sparge porosity 
and the possible impeller form, we were 
able to conduct a thorough exploration of 
the bioreactor application range.

Testing showed consistent model behavior within ±20% of 
empirical results for oxygen mass transfer and torque. Results also 
confirmed the performance of the final 200-L bioreactor design 
(Figures 4 and 5).

Phase 3: Confirm Gas–Liquid Model  
and New Bioreactor Performance
With development of the CFD G-L model complete, we set out to 
confirm its behavior using a wet test of the finalized bioreactor 
geometry at 200-L scale. A parallel goal for bioreactor-product 

Back to Contents

Figure 4: Model grid-size impact on gas hold-up distribution; 
comparing coarse, medium, and fine grid model accuracies, we 
chose the final grid sizing to optimize for processing time and 
accuracy of simulation output.
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development was to confirm vessel performance 
for shear rate and turbulence, testing both the 
200-L bioreactor and a 2000-L prototype based on 
geometric scaling. During this phase, all tests were based on 
experiments designed for each bioreactor size. We assessed both 
oxygen mass transfer and torque to ensure that the 200-L product 
was characterized fully and that we had enough data to assess the 
G-L model.

Results indicated that the model was within ±20% of empirical 
results and thus could be used to confirm the behavior of the 
200-L and 2000-L bioreactors. Both formats provided the targeted 
performance for mixing time and mass transfer (oxygen and 
carbon-dioxide stripping).

Finally, we applied the G-L model to confirm design limits for 
shear rate and Kolmogorov eddy turbulence (Figures 6 and 7). Both 

Figure 5: Gas–liquid computational fluid dynamics model performance after phase 2B, with predicted and observed 
values for (left) volumetric oxygen mass transfer (kLa) and (right) torque
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diameter are represented in red. Results here are not the 
final performance results for the bioreactor design.
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factors behaved within the requirements set for the new 
bioreactor design. Please note that results shown here are not 
the final performance values for the product design.

The Benefits of Parallel  
Development Activities
The CFD G-L model-development process was extremely useful 
for establishing the new Xcellerex X-platform bioreactor, and 
the process led us to a design philosophy that we can apply 
more generally. Now we can use a robust gas–liquid model to 
accelerate the development and improvement of future 
bioreactor designs.

That model enabled us to confirm the scalability of our new 
bioreactor design and to screen new features such as impeller 
types, sparge forms, and baffle options more efficiently than 
we could in previous programs. Now, all performance claims 
have been verified through wet testing using internal product 
prototypes.

The key benefits of developing a CFD model alongside a 
bioreactor were condensed product-development time and early 
access to complete characterization performance data. 
Compared with what we could achieve during other bioreactor-
design projects, we obtained deeper quantitative insights into 
the predicted behavior of bioreactor design iterations in fewer 
performance runs.

Learn more about the Xcellerex X-platform single-use 
bioreactor at https://cytiva.link/hiomg.   
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