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I ncreasing demand for biologics and 
continuing limitations with single-
use bioreactors (up to 5,000 L) 
compel some biopharmaceutical 

manufacturers to transfer their 
production processes into large-scale 
(20,000-L) stainless-steel bioreactors. 
Over decades of advancement, the 
industry has developed high–cell-
density (HCD) cell-culture processes.

When transferring an HCD cell 
culture from 2,000-L to 20,000-L 
production bioreactors, process 
engineers first must assess whether the 
larger bioreactors can meet the high 
oxygen demands required for high-
density cultures. If so, the next 
consideration is whether the process 
requires aggressive impeller-agitation 
and gas-flow rates for oxygenation, both 
of which can generate high levels of 
shear. Using aggressive impeller and 
gas-flow strategies will compel 
engineers to explore scale-up 
methodologies to minimize adverse 

impacts from excessive shear on cell 
growth and productivity.  

During cell-culture operations, 
oxygen is a key rate-limiting factor for 
cell growth and protein production. Cells 
consume dissolved oxygen (DO) in liquid 
media. Thus, the primary function of a 
bioreactor is to support cell respiration 
by maintaining needed DO concentrations, 
which can be accomplished through 
sparging and impeller agitation. Impeller 
agitation disperses sparged gas bubbles 
and promotes mass transfer of those 
bubbles through the gas–liquid (medium) 
interface. 

The rate of oxygen transfer (OTR) 
from gas to liquid in a cell culture is a 
function of growth-medium properties 
and bioreactor design and operating 
parameters (1, 2). Herein, we present a 
study on OTR performed using a 
20,000-L stirred-tank bioreactor (STBR). 
We discuss how data from such studies 
can be used to assess the maximum cell 
density that a given bioreactor can 

support. In addition, we elucidate a 
shear-proof design space for our 
bioreactor’s operating conditions.

Methods for Studying  
Oxygen Mass Transfer
Pseudomedium Preparation and Mass-
Transfer Measurement: The volumetric 
oxygen-transfer coefficient (kLa) serves as 
a quantifiable measure of how efficiently 
oxygen is transferred from a gas phase to 
a liquid medium. The variable kL is the 
mass-transfer coefficient (m/h), and a is 
the interface area available for mass 
transfer per unit volume of liquid. 
Because the dynamics of sparged gas 
bubbles vary continuously inside a 
bioreactor, measuring kL independently 
from a and vice versa is difficult. Thus, 
those terms are measured together and 
reported as kLa in units of (1/h) (3). 
Bioreactor operating parameters that 
influence kLa include operating volume, 
impeller-agitation rate, and gas-flow rate 
through a sparger and overlay (4–6).

Figure 1: (A) Effect of poloxamer 188 concentration on culture-medium surface tension; 
(B) effect of antifoam-agent concentration on bioreactor volumetric oxygen-transfer 
coefficient (kLa)
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Effect of Salinity on kLa: The solubility 
of DO decreases as salinity increases. 
Osmolality is a surrogate measurement 
of salinity. Most cell-culture growth 
media are formulated to an osmolality 
of 290–320 mOsmol/kg (4). We prepared 
a pseudomedium using a simple NaCl 
solution to mimic the osmolality of cell-
culture medium. When NaCl dissolves in 
water, it completely dissociates into Na+ 
and Cl–. Thus, for every mole of NaCl 
per liter of medium, the osmolality 
increases by 2 Osmol/L (7). The amount 
of NaCl in our pseudomedium is 
calculated as 9 g/L (Equation 1). 

Effect of Surfactant Concentration on 
kLa: Pluronic F-68 poloxamer 188 
surfactant (from BASF) is among the 
most frequently used shear-protecting 
agents in cell-culture medium 
formulation. Such agents reduce surface 
tension at the gas–liquid (medium) 
interface. However, the resulting drop in 
liquid surface tension follows an 
exponential decay curve that plateaus 
after 1 g/L (Figure 1A). Therefore, most 
commercially available, off-the-shelf 
cell-culture media are formulated to a 
poloxamer concentration of 1 g/L. 
Higher concentrations have little effect 
on liquid surface tension to protect cells 
from shear (8). Sieblist et al. report a 
small-to-negligible impact on kLa for 
poloxamer 188 concentrations of  
0.1–1.0 g/L (9). Because bubble 
appearance and size depend strongly on 
sparger type, the team notes that their 
experiments involved drilled-hole 
spargers. Given such information in 
available literature, we did not include 
surfactant when preparing our 
pseudomedium.

Effect of Antifoam Concentration on kLa: 
Routledge reports that addition of an 
antifoam agent — e.g., simethicone — 
increases bubble coalescence in cell-
culture medium, leading to a reduced 
mass-transfer area and thereby reducing 
the kLa value (10). McAndrew and 
Kauffman provide an empirically 
derived equation that predicts the 
effects of antifoam concentration on kLa 
values (11). When evaluating 
simethicone concentrations of 1 ppm to 
100 ppm with antifoam C emulsion 
solution in a drilled-hole–sparger 
bioreactor system, the writers observed 
a decrease of up to 50% in kLa values 

beyond concentrations of 30 ppm 
(Figure 1B). (Equation 2 provides the 
expression for the percentage reduction 
in kLa according to the antifoam 
concentration.) Figure 1B shows that the 
reduction in kLa follows an exponential 
decay curve that plateaus for antifoam 
concentrations exceeding 30 ppm. 
Because the amount of antifoam used in 
cell-culture processes usually ranges 
from 0 to 30 ppm, and because the 
effect of antifoam concentration on kLa 
is predictable, we did not include such 
surfactant when preparing our 
pseudomedium.

Changes in Bioreactor-Fluid Density 
and Viscosity: Several factors influence 
the magnitude and rate of change in 
culture-medium viscosity and density. 
They include viable-cell density (VCD), 
culture duration, supplement 
concentrations in a formulated growth 
medium, feed additions, cell-metabolism 
rates, and base-titrant consumption 
rates. During culture, cells produce 
proteins, debris, metabolites, and 
growth factors, all of which increase the 
surrounding fluid density and viscosity. 
At the same time, cells also consume 
proteins, glucose, nutrients, and growth 
factors, reducing fluid density and 
viscosity (12). In fed-batch mammalian-
cell culture, fluid viscosity can range 
from 0.85 to 1.05 mPa.s, and the 

density can range from 1,007 kg/m3 to 
1,015 kg/m3 over a transition from a 
cell-free medium to a spent HCD-harvest 
medium (12, 13).

Effect of Fluid Density and Viscosity on 
kLa: Equation 3 represents Higbie’s 
penetration theory for gas diffusion 
from gas bubbles rising in liquid (14). 
Here, DL represents the diffusion 
constant for oxygen, єL is the dissipation 
rate of turbulent kinetic energy per unit 
mass, µ denotes the liquid viscosity, and 
ρ is the liquid dynamic density. 
Equation 3 shows a proportional 
relationship between liquid density and 
the mass transfer coefficient (kL) and an 
inverse relationship between liquid 
viscosity and kL. 

In accord with Higbie’s penetration 
theory, Xu et al. and Solecki report that 
increasing viscosity results in a reduced 
kLa value (15, 16). Moreover, Koide et al. 
and Yoshida et al. write that an increase 
in liquid density results in a kLa 
increase (17, 18). 

Magnitude of Change in Density and 
Viscosity During Cell Culture and Its Effect 
on kLa: Pappenreiter et al. observe no 
significant changes in kLa between cell-
free media and spent harvest media 
from a Chinese hamster ovary (CHO) 
fed-batch culture (19). Therefore, 
changes in viscosity are considered to 
have a minimal overall impact on such 

Figure 2: Calculating a bioreactor’s volumetric oxygen-transfer coefficient (kLa); panel (A) 
depicts dissolved oxygen (DO) levels, with C referring to a concentration at a given time 
(t), C0 as the DO concentration upon initial pressure increase, and C* as the saturation 
concentration; panel (B) plots results from application of the “dynamic pressure model” 
(DPM) to obtain –kLa values (20).
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Equations 1–3: Effect of culture-medium components on volumetric oxygen mass-
transfer coefficient

Equation 1:
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values. Hence, we did not implement 
changes in viscosity and density for our 
kLa predictive-model study.

Measurement Method: Linek et al. 
propose a method for accurate 
measurement of kLa in a large-scale 
bioreactor, a concept that they call the 
“dynamic pressure method” (DPM) (20). 
In the DPM, when the measured DO 
value is stabilized for specific bioreactor 
operating parameters (such as culture 
volume, impeller agitation rate, sparger 
gas-flow rate, and pressure), then total 
pressure increases by 20%. 

According to Henry’s law, an increase 
in bioreactor pressure will lead to a 
simultaneous change in the oxygen 
concentration of all bubbles that are 
dispersed in the liquid, thereby 
reducing the influence of nonideal 
mixing of the gas phase on the kLa 
measurement. Upon initiation of a step-
change increase in bioreactor pressure, 
the %DO value increases and reaches a 
new saturation value (Figure 2A). As 
shown in Figure 2B, plotting the 
expression ln[(C* – C) ÷ (C* – C0)] as a 
function of time yields a slope of (–kLa). 
For the equations in those figures, t is 
the time in seconds, C* is the saturation 
concentration of oxygen (expressed as a 

percentage), CO is the concentration of 
oxygen (as a percentage) at initial 
pressure change, and C is the oxygen 
concentration at any time (as a 
percentage) (5, 20).

Predictive kLa Modeling
Bioreactor Power: We applied a partial-
factorial design form as the design of 
experiment (DoE) to characterize kLa 
and develop a predictive response-
surface model. For kLa characterization, 
we selected the following inputs: 

• impeller agitation rate — at 20, 30, 
and 40 revolutions per minute (rpm) 

• sparger air-flow rate — at 250, 450, 
and 900 liters per minute (lpm)

• vessel working volume — at  
10,000 L and 16,800 L. 

We studied eight conditions with 
different combinations of volume, 
impeller agitation rate, and sparger gas 
flow rate (Figure 3). For each condition, 
we measured and calculated a kLa value 
using the DPM. Applying a standard 
least-square regression model (using JMP 
16.0 software) enabled development of a 
predictive model, which is shown in 
Figure 4A. 

Figure 4B displays observed and 
predicted values. R2 is a statistical 
measure of how well a predictive 
expression fits observed data. The 
obtained value of R2 = 0.95 demonstrates 
the reliability of our predictive 
expression. Moreover, we obtained a 

p-value (0.0046) <0.05, demonstrating 
that the strength of association between 
the input and output variables is 
statistically significant. 

Figure 4C depicts a prediction 
profiler for the magnitude of change in 
the response variable (kLa) that occurs 
when one input parameter is changed 
while all others are held constant. As 
expected, Figure 4C shows increases in 
kLa and impeller-agitation rates with a 
decrease in working volume. Of interest 
is that our data show an increase in kLa 
with increasing gas-flow rate up to  
550 lpm; however, kLa starts decreasing 
at higher flow rates. That result could be 
explained as an impeller flooding 
regime. At a certain combination of low 
impeller agitation speed and high gas-
flow rate, bubbles are not dispersed 
across the liquid by impeller agitation 
and simply escape out of the liquid (6).

Calculating Maximum Cell 
Densities Using kLa Values
Measuring Oxygen Mass Transfer: OTR 
measures how much oxygen can be 
transferred in a bioreactor per unit of 
time for a specific kLa value at a 
specified fraction of oxygen in the gas 
phase. That rate can be calculated using 
Equations 4–6 and kLa values (1/h) 
determined by the predictive-model 
expression shown in Figure 4A. 

As noted above, C* is the saturation 
concentration of oxygen in mmol/L, as 

Figure 4: Predictive model for measuring a bioreactor’s volumetric oxygen-transfer 
coefficient (kLa)
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(lpm = liters per minute, rpm = revolutions 
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Equations 4–6: Oxygen transfer rate (OTR)

mmol
L 

mmol
L 

mmol
L Equation 4:  OTR = kLa(C* – CL) = kLa(1.07          – 0.112          )  = kLa × 0.96

mmol
L.atm 

mmol
L Equation 5:  C* = H × P × foxy = 1.07           × 1 atm × 1 = 1.07

Equation 6:  CL = H × P × 0.21 × DOst.pt = 1.07          × 1 atm × 0.21 × 0.5 = 0.112mmol
L.atm 

mmol
L 
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the response variable 
(kLa) that occurs when 
one input parameter is 
changed while all others 
are held constant.
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calculated from Equation 4. The variable 
H denotes Henry’s coefficient for oxygen 
solubility in water. For typical culture 
operating conditions at 37 °C,  
H = 1.07 mmol/(L.atm) is a good 
approximation. 

The average bioreactor pressure (in 
atmospheres) is denoted as P. In a 
bioreactor, positive pressure is 
maintained; pressure in the headspace 
and from the liquid height sum up to be 
>1 atm. However, for simplicity in our 
calculation, we assume that P = 1 atm. 

The variable foxy represents the 
fraction of oxygen in the incoming gas. 
The fraction of oxygen in air is 0.21 
(21%); however, to assess the maximum 
capability of our bioreactor, we assume 
here that it is sparged with pure oxygen 
(foxy = 1). The variable CL is the setpoint 
oxygen concentration maintained in the 
bioreactor (expressed in mmol/L), as 
calculated from Equation 6. DO probes 
are calibrated to 100% through 
exposure to atmospheric oxygen 
concentrations. Therefore, a 50% DO 
setpoint indicates 50% of 21%.

Measuring Oxygen Uptake: Oxygen is 
crucial to cell metabolism. The primary 
metric for bioreactor capability is the 
system’s ability to meet cells’ oxygen-
respiration rate — the oxygen uptake 
rate (OUR). As shown in Equation 7, the 
OUR is the product of the VCD value and 
the specific oxygen-consumption rate of 
cells in a bioreactor (QO2) (4). The latter 
variable is defined as the amount of 

oxygen consumed per cell per unit time 
(pmol/(cell.day)). The variable Xi 
represents the VCD (106 cells/mL).

Specific OUR (QO2) Values Differ Across 
Mammalian Cell Lines: For mammalian 
cells, QO2 values are cell-line specific. 
Jorjani et al. report maximum QO2 
values for baby hamster kidney (BHK), 
murine hybridoma, and CHO cells that 
are cultured at 37 °C as 7.2, 5.28, and  
7.44 pmol/cell.day, respectively (21).

Effect of Temperature on QO2 Values for 
Mammalian Cells: During cell-culture 
processes, operators often shift 
temperature from 37 °C to 29–35 °C to 
increase productivity and maintain 
product quality. Such a downward 
temperature shift has been shown to 
improve cell viability and specific 
productivity (22, 23). All biological and 
chemical reactions are temperature 
dependent and can be modeled by the 
Arrhenius equation (see Figure 5). 
There, A is the Arrhenius constant, and 
E represents the activation energy  
(kJ/mol). R is the ideal-gas constant 
(0.00831 kJ/mol.K), and T is the 
temperature in kelvins. Figure 5 models 
the change in QO2 as a function of 
temperature for BHK, hybridoma, and 
CHO cell lines using A and E values 
reported by Jorjani et al. (21).

Dynamic Change in Bioreactor QO2 
Values: The change in cell density per 
unit of time is defined as the growth 
rate (cells/h); the change in cell density 
per cell per unit of time is defined  

as the specific cell-growth rate  
(cells/(cell.h)) or (1/h). In protein-
biologics manufacturing, bioreactors 
often are operated in fed-batch mode. As 
cells proliferate during culture, the 
medium composition changes 
constantly, diminishing nutrient levels 
and accumulating toxic metabolites. 
That situation changes the cells’ 
physiological state and thus reduces the 
specific cell growth rate. 

The VCD profile of a culture in batch 
or fed-batch mode includes phases for 
exponential cell growth, stationary 
growth, and decline. Cell growth rates 
begin high (during the exponential 
phase) and plateau as cells enter the 
stationary phase. Growth rates fall as 
cells enter the declining phase. Note 
that the specific cell growth rate 
represents cells’ physiological state (and 
thus their ability to proliferate) rather 
than their growth rate as such. In fed-
batch cell cultures, analysts typically 
observe both a decrease in the specific 
cell-growth rate and an increase in the 
rate of cells produced.  

Effect of Culture Time on Cell-Specific 
OUR: Ihling et al. report that the specific 
OUR of a CHO-cell culture decreased 

Figure 5: Specific oxygen-uptake rate 
(QO2) as a function of temperature for 
baby hamster kidney (BHK, blue), murine 
hybridoma (Hyb, purple), and Chinese 
hamster ovary (CHO, orange) cell lines
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Table 1: Values for calculation of specific 
oxygen-uptake rate (QO2) in Figure 5 for 
baby hamster kidney (BHK), murine 
hybridoma, and Chinese hamster ovary 
(CHO) cell lines; A = Arrhenius constant,  
E = activation energy, and R = gas constant

Cell Line A Value E Value

BHK 6.08 × 1012 79 kJ/mol

Hybridoma 3.20 × 1014 90 kJ/mol

CHO 1.28 × 1015 93 kJ/mol

R = 0.008315 kJ/mol.K

Equations 7–8: Oxygen transfer rate (OTR), oxygen uptake rate (OUR), and maximum cell 
density; QO2 = specific oxygen-consumption rate for cells in a bioreactor, kLa = volumetric  
oxygen-transfer coefficient 

106 cells
mL 

mL
1 L 

10–12 mol
cell.day 

103 mmol
mol 

1 day
24 h   =                 × 103          × 5.5                  ×                  ×            = 0.23 mmol

L.h 

Equation 7:  OUR = xi × QO2

Equation 8:  Maximum cell density:
kLa      × 0.96 

1
h 

mmol
L 

0.23 (      )mmol
L.h 

=   kLa × 4.18 xi,max (          ) =106 cells
mL 

Equations 9–10: Dynamic change in specific oxygen uptake rate

Equation 9: Predicted viable-cell density: xn = xn–1 × eΔt×μe
     Δt = tn – tn–1 : duration (in hours)      μ : assumed specific growth rate (1/h)
     xn : cell density at tn                                 xn–1 : cell density at tn–1

Equation 10: Specific oxygen-uptake rate: QO2 = 17.328 × μ0.2813

      μ : assumed specific growth rate (1/h)
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from 5.7 to 2.4 pmol/cell.day at 96 hours 
after inoculation (24). Deshpande et al. 
similarly observe a specific OUR 
decrease from 7.7 to 4.8 pmol/cell.day as 
early as 50 hours after inoculation (25). 

Effect of Specific Growth Rate on Cell-
Specific OUR: As cells proliferate, they 
require more oxygen for respiration. 
Thus, specific OURs are directly 
proportional to specific growth rates (3). 
Using data reported by Deshpande et al. 
(25), we developed an exponential 
correlation expression between the cell 
specific growth rate and specific OUR 
(Figure 6A) (Equation 10).

Effect of Cell Density on Cell-Specific 
OUR: As VCD increases during culture, 
so do metabolite concentrations because 
of cell metabolism and feed additions. 
Those increases reduce specific OURs. 
Sand et al. identify that phenomenon as 
a “metabolic-crowding effect” in 
mammalian suspension cell culture 
(26). As shown in Figure 6A, we 
developed a logarithmic correlation 
expression between VCD and specific 
OUR based on data from Wohlpart et al. 
(27) and Deshpande et al. (25). For a 
typical mammalian-cell culture in a fed-
batch bioreactor operation with a cell 
density of 0.5–50 × 106 cells/mL, the 
specific oxygen consumption rate ranges 
from 6.0 to 3.5 mmol/cell (Figure 6B). 

For the purpose of illustration, we 
assume a specific growth rate ranging 
from 0.03 to 0.001 (1/h) and a seeding 
density of 0.5 × 106 cells/mL (28), and 
using Equations 9 and 10, we simulated 
a VCD profile and corresponding cell-
specific OUR (Figure 7). The results 
show that QO2 = 5.5 pmol/(cell.day) is a 
good approximation of conditions 
during typical mammalian-culture 
bioreactor operation. That expression 
can be applied for conservative 
calculation of maximum VCD when 
assessing bioreactor capability (1 pmol = 
10–12 mol) (29, 30) (Figure 8). 

During cell-culture operations, 
bioreactor OTR should equal bioreactor 
OUR. By setting Equations 4 and 7 as 
equal, we can calculate the maximum 
cell count that can be supported for a 
given kLa value. Equation 8 indicates 
that ~4 × 106 cells/mL can be supported 
for a kLa value of 1 (1/h) when pure 
oxygen is used as the sparge gas.

Figure 6: Comparing specific oxygen consumption rate (QO2) with specific growth rate 
and viable-cell density (VCD)
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Equations 11–13: Impeller mixing time

Equation 11:  Impeller discharge rate (m3/s): Qimp = NF × n × di3

Equation 12:  Impeller circulation time (s): tcir = V
Qimp

Equation 13:  Impeller mixing time (s): tmix = 4 × tcir

Figure 7: Typical values for cell growth rate, specific cell growth rate, and specific 
oxygen consumption rate (QO2); data provided by AGC Biologics.
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expression in Figure 4A; values were determined as a function of volume (calculated in 
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agitation rate of 30 rpm. Panel (B) presents a contour profile of the maximum viable-cell 
density (VCD, 10⁶ cells/mL) predicted by Equation 9 for each kLa  value in Figure 8A.
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Assessing Bioreactor Mixing Time
The impeller discharge rate (m3/s) is the 
volume pumped from an impeller blade 
per unit of time. Analysts can calculate 
that rate using Equation 11, in which NF 
represents the impeller flow number,  
n is the impeller agitation rate (in rpm), 
and di signifies the impeller diameter 
(in meters). Circulation time is defined 
as the ratio of liquid volume (in m3) to 
impeller discharge rate (in m3/s) 
(Equation 12). Bioreactor mixing time 
refers to the time required to combine 
completely segregated culture materials 
to a given level of homogeneity. After 
several circulations, a desired 
homogeneity is reached (2). Doran 
reports that the mixing time for a STBR 
with several baffles and a small 
impeller-to-tank-diameter ratio is about 
four times the circulation time (2) 
(Equation 13). 

In our 20,000-L bioreactor, the 
agitation system includes two Lightnin 
A320 impellers (SPX Flow) with an NF 
value of 0.62. Figure 9A plots mixing 
times for different impeller-agitation 
values. As shown there, we calculated 
that mixing time would not improve 
significantly with agitation rates beyond 
30 rpm.

Assessing Shear and  
Impeller-Agitation Rates
Once we established a kLa predictive 
model, our next step was to identify 
limitations on impeller-agitation rates. 
The most frequently used parameters 
for scaling up impeller-agitation rates 
are the power-to-volume ratio (P/V, 
expressed in W/m3) and impeller-tip 
speed (in m/s). 

Power indicates energy consumed 
over time. Thus, P/V represents the 
average power consumed by an impeller 
divided by a bioreactor’s entire volume. 
The P/V approach helps process 

engineers not only to scale impeller 
speeds for different sizes of a given 
impeller design, but also to scale 
between different impeller designs and 
geometries; impeller-power calculations 
accommodate design differences in 
impeller configurations (31–33). 
Commercial-scale bioreactors typically 
operate at P/V values of <50 W/m3 to 
minimize deleterious effects on cell 
health (35). Equation 14 lists the 
calculation for P/V. There, Np represents 
the impeller power number provided by 
the manufacturer, and ρ is the culture-
medium density, for which 1,015 kg/m3 
is a good approximation (12). 

Although average P/V is used across 
the biopharmaceutical industry as a 
parameter for determining impeller 
speeds for a range of STBR scales, the 
metric does not account for scale-
dependent shear heterogeneity, which 
often occurs inside bioreactors and is 

especially prevalent in large-scale 
STBRs. Hu, Berdugo, and Chalmers 
observe that 70.5% of the total power 
consumed by a pitched-blade impeller 
dissipates in the liquid volume near the 
impeller zone (36). Shear rate is the 
change in fluid velocity over a given 
distance. In impeller-based STBRs, 
impeller-tip speed serves as a surrogate 
measurement for the maximum shear 
level inside the reactor because the 
maximum fluid velocity is observed at 
the tip of the impeller blade as it 
revolves in the fluid (33). 

For a P/V value maintained across 
different sizes of bioreactors, impeller-
tip velocity rises with increases in 
bioreactor scale (4). Hence, tip velocity 
is deemed to be a critical parameter 
needing evaluation when scaling 
impeller speed. Such assessments 
consider only the impeller diameter and 
agitation speed, not the impeller design. 

Figure 9: (A) Comparing mixing time (s) with impeller-agitation rate (rpm); (B) plotting tip 
speed (m/s) and power:volume ratios (P/V, in W/m³) versus impeller-agitation rate
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Equation 14:  Power-to-volume ratio (W/m3):        = ρ (          )      P
V

Npdi5n3  
V

Equation 15:  Impeller-tip speed: θImp,Tip = πdin 
60

Figure 10: Volume of liquid per minute 
(vvm) and sparge-gas energy dissipation 
rate (EDR, in W/m³) plotted against gas-
sparge flow rate (in liters per minute, lpm)
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Impeller-tip speed is calculated using 
Equation 15. For typical cell-culture 
processes, process engineers 
recommend maintaining an impeller-tip 
velocity of 0.6–1.8 m/s to prevent 
adverse effects on cell growth (37). 
Figure 9B plots the impeller-tip speed 
and P/V at different agitation rates for 
an STBR with an operating volume of 
16,800 L. We observe a limitation in 
the impeller agitation rate at 30 rpm for 
a maximum acceptable impeller-tip 
velocity of 1.8 m/s and at 40 rpm based 
on the maximum acceptable P/V limit of 
50 W/m3. Therefore, we conservatively 
set 30 rpm as the impeller rate based 
on a maximum tip speed of 1.8 m/s. 

Assessing Shear  
and Gas-Flow Rate
Key Parameters: Process engineers often 
assess the average amount of shear in an 
STBR using the energy-dissipation rate 
(EDR) for sparged reactors, as reported by 
Bhavaraju, Russell, and Blanch (38). The 
average EDR is calculated from Equation 
16, in which Qg is the gas-flow rate (in 
m3/s), dT is the bioreactor-tank diameter, 
g is the acceleration rate (9.8 m/s2),  
hT is the bioreactor liquid height (in 
meters), and P1 and P2 represent the 
pressures on the surface of the bioreactor 
liquid and at the sparging point, 
respectively (in kg.m−1.s−2 or pascals). 
Based on values from 24 studies of shear 

assessment, Hu, Berdugo, and Chalmers 
report an EDR of 104 W/m3 as sublethal 
for most mammalian cells (36).

Another parameter that is assessed 
frequently when scaling cell-culture gas-
flow rates is the gas volumetric rate per 
bioreactor unit volume, expressed as the 
volume of air per unit volume of liquid 
per minute (vvm). That parameter 
influences shear levels differently 
across bioreactor scales, and holding it 
constant does not account for 
differences in sparger configurations 
and designs, which often are distinctive 
to bioreactor models and manufacturers 
(Figure 10). Chisti reports a decrease in 
specific cell-growth rate at gas-flow 
rates >0.04 vvm (39). 

Other parameters for scaling 
bioreactor gas-flow rates in STBRs 
include superficial gas velocity, which is 
a ratio of the volumetric gas-flow rate to 
a bioreactor’s crosssectional area. 
Because the calculation for that 
parameter is part of the average EDR 
equation for gas sparging (Equation 16), 
superficial gas velocity needs no further 
discussion for our purposes.

Bubble Assessment: Localized shear 
introduced by sparging gas into an STBR 
is assessed at three phases: when a 
sparger hole generates a gas bubble, 
when that bubble rises upward across 
the liquid height in a bioreactor, and 
when the bubble reaches the surface 
and bursts at the gas–liquid surface 
interface (39) (Figure 11A). When bubbles 
are generated, shear can be assessed 
based on gas-entrance velocity (GEV) at 
the sparger orifice (Figure 11B). GEV is 
calculated as a ratio of the volumetric 
gas-flow rate to the total area available 
for gas to exit (Equation 17). In that 
calculation, Qg denotes the gas-flow rate 
(in L/s), do signifies the diameter of a 
single sparger hole (in meters), and no is 
the number of holes in the sparger. Zhu  
et al. (40) and Chaudhary et al. (41) 
identify >30 m/s and >60 m/s as critical 
GEV values for preventing adverse 
effects on cell growth and productivity 
in nonsecreting murine myeloma (NS0) 
and CHO cells, respectively. Figure 12A 
shows that the critical GEV of 60 m/s for 
CHO cells is reached at a sparge gas-flow 
rate of 200 lpm.

When evaluating bubbles rising along 
the bioreactor liquid height, shear levels 

Equations 16–27: Shear from sparging gas

Shear When a Bubble Forms at a Sparger Hole — Bubble-Entrance Velocity

Equation 16:  Average EDR from gas sparging =                   ×             
     P2 = P1 + (ρ × g × hT) 

Qg × P2
(πdT

2) ÷ 4 
ln(P1 ÷ P2)
(P1 – P2) 

Equation 17:  Gas-entrance velocity =                                Qg ÷ (n0 ×         )4 
πdT

2

Shear When a Bubble Rises Through 
the Bioreactor Liquid Height — Bubble-Rise Eddy Length (38)

Equation 18:  Bubble area (m2): Ab =                   4 
πdb2

Equation 19:  Bubble velocity (m/s): θb = (          +          )1 /2

     σ : liquid surface tension (0.65 N/m)      
   ρ : liquid density (1,015 kg/m3)      g : acceleration due to gravity (9.8 m/s2)

dbρ
2σ

g
0.5db

Equation 20:  Drag force from bubble (kg.m/s–2): Fb = (Cd × θb2 × Ab × ρ ) ÷ 2
     Cd : drag coe�cient for rising bubbles, assumed to be 2.6 
      (dimensionless) (38, 47)

Equation 21:  Bubble EDR (W/m3 or kg.m2/s–3): Fb.θb 

Equation 22:  Specific EDR (W/kg): εb = 0.8 × (EDR) ÷ 

Equation 23:  Bubble-eddy length: ηb = 106 (     )1/4 εb 
v3

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

Equation 24:  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.

Equation 27:  First-order bubble death rate constant: Kd,bub = Vkill,b × Rb

Cell Death Rate Constant

Equation 25:  Rate of bubble generation: Rb = (Qg ÷ vb )  ÷ v =                   ÷ v
Qg

(πdb
3) ÷ 6

Equation 26:  Kill volume: Vkill,b =            –                

     δ : bubble-film thickness = 50 μm (38)

πdb
3

6
π(db+ δ)3

6
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are based on bubble-wake microeddy 
length. As bubbles rise through a 
bioreactor, the circulating fluid carried 
behind them experiences the greatest 
drag force (Figure 11C). Bubble-wake 
eddy length can be calculated from 
Equations 18–23 (39). A microeddy 
length that is less than or equal to the 
diameter of cultured cells is detrimental 
to cell viability. Hence, that length 
should be maintained at >20 μm for 
most mammalian cell-culture operations 
(4, 39). Figure 12B shows that, for sparge 
gas-flow rates up to 450 lpm, the bubble 
wake eddy length is >34 µm.

As a bubble rises, cells become 
trapped in the film around it. A cavity 
forms on the bubble surface as it 
reaches the gas–liquid interface, and as 
the bubble bursts and the cavity 
collapses, the resulting liquid jet shears 
the cells carried in the bubble-film 
volume (Figure 11D). Shear from bubble 
bursting is assessed by calculating the 
EDR at the burst location as a function 
of bubble diameter (Equation 24). We 
derived Equation 24 from data presented 
by Boulton-Stone and Blake (42). That 
information was obtained using a 
nonlinear exponential model with JMP 
16.0 software (36, 42–44). Walls et al. 
observe that CHO cells die when 
exposed to EDR levels >106–108 W/m3 
(44). Hu, Berdugo, and Chalmers report 
that EDR levels of ~104 W/m3 are 
sublethal for most cell-culture 
operations (36). Figure 12C shows that 
the bubble-burst EDR is <104 W/m3 
across the entire range of applied gas-
flow rates (20–450 lpm).  

The above method for calculating 
bubble-burst EDR depends on the bubble 
diameter only; however, the technique 
does not account for the total amount of 
bubbles generated in a culture or the rate 
of bubble generation. Tramper et al. 
present a first-order calculation for the 
cell-specific death rate constant (Kd) as a 
function of bubble size, rate of bubble 
generation per unit volume of culture, 
and bubble film volume or kill volume 
(45). The latter parameter is the volume 
of media over which cells are carried 
before experiencing shear as a bubble 
bursts at the gas–liquid interface (26). 
The death rate constant can be calculated 
from Equations 25–27. For shear-proof 
control conditions, Tramper et al. (45) 

and Chisti (39) demonstrate that the 
death rate constant is ~0.032 (1/h). Thus, 
a gas-sparger design yielding a Kd value 
of <0.032 (1/h) helps to ensure shear-
proof conditions for the cells. Figure 12D 
shows that, for sparge gas-flow rates up 
to 450 lpm, the bubble-burst EDR is  
<104 W/m3, while kd is <0.032 (1/h).

Determining Maximum  
Cell Density in an STBR
The presented assessment for 
determining the maximum cell density 
that can be supported for a given kLa 
value assumes 5.5 mmol/(cell.day). That 
value is appropriate for most fed-batch 
mammalian-cell cultures. However, 
Goudar et al. note that some clones of 
CHO cells have cell-specific OURs of  
<10 pg/(cell.day) (30). Process engineers 
and upstream-production scientists 
should evaluate the assumed specific 
OUR carefully in such cases. For shear 
assessment, the maximum tip speed, 
GEV, and bubble-burst EDR represent the 
region of a shear-proof design space 
based on previously reported studies. 
That region does not necessarily 
indicate the edge of failure; therefore, if 
necessary, a marginal increase in any of 
the above shear assessments could be 
explored with an appropriate scale-
down model or detailed risk assessment.
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