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Abstract 

This report is a documentation of a fluid dynamic analysis of the proposed Automated 

Static Culture System (ASCS) cell module mixing protocol. The report consists of a 

review of some basic fluid dynamics principles appropriate for the mixing of a patch of 

high oxygen content media into the surrounding media which is initially depleted of 

oxygen, followed by a computational fluid dynamics (CFD) study of this process for the 

proposed protocol over a range of the governing parameters. The time histories of 

oxygen concentration distributions and mechanical shear levels generated are used to 

characterize the mixing process for different parameter values. 

Introduction 

The ASCS is being developed for use on the International Space Station to support 

cell science experiments in a microgravity environment. As shown in Figure 1, the 

proposed culture bag design consists of a rigid header block with two access ports for cell 

culture inoculation and sampling and a flexible bag material, sealed to the header. Each 

header block will also have a fluid transfer line for automated media exchange. The 

ASCS will have multiple modules with each module consisting of three or more bag 

assemblies. The proposed bag dimensions are 6.45 cm (2.54") from header to bag tip, 

4.65 cm (1.83") wide at the header, and 0.76 cm (0.30") high at the header. This gives a 

nominal volume of 10 ml of media inside each bag. 

A mixing protocol is needed for these static culture bags to distribute inoculum, 

infused fresh media, or other media treatments as uniformly as possible throughout the 

bag medium volume. In the absence of external mixing, a highly nonuniform distribution 

of environmental parameters and cell number density will result, leading to poor cell 

growth and compromised cell science experimental results. Thus, the mixing protocol 

should be used each time media exchange or other treatments are made. It may also be 

desirable to provide periodic mixing of the bag contents during normal culture times to 

redistribute cells and/or environmental variables within the bag. 
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Figure 1. Top and side views of proposed ASCS bag assembly. 

The mixing protocol must provide a good distribution of the infused scalar throughout 

the bag volume, but must also produce low mechanical stress levels, to avoid damaging 

the shear sensitive mammalian or other types of cells. Since the system is designed for 

nominally static cultures, the mixing is expected to be done only for short periods 

following infusion. 

Proposed Protocol 

The proposed protocol consists of partially dividing the bag to form a U-shaped 

structure either by 1) a fixed partition or 2) applying pressure along the bag centerline to 

completely seal one leg of the bag from the other as shown in Figure 2. Then, by 

applying pressure alternately to the bag surface on either side of the partition, a back-and- 

forth flow can be induced from one side of the bag to the other around the end of the 

parti ti on. 
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Figure 2. Bag with partition. 

Note: The present analysis will assume there is sufficient volume of media in the bag 

that the prescribed displaced volume is available as each side of the bag is squeezed. 

This requirement may have to be met by carefully maintaining the proper volume of 

media in the bag by adding or removing media through the fluid transfer tube after 

inoculation or sampling and during the periodic feeding. It will also be assumed that 

the mechanism for applying the pressure to the bag surfaces will have motion limits 

to prevent crushing of cellular material in the bag legs. 

Analysis 

The oscillatory motion of fluid in the main region between the partition tip and the 

header can cause two types of mixing. If the flow is vigorous enough it could become 

turbulent, resulting in very efficient mixing, but with possibly high shear stresses. At 

lower rates of oscillation, the flow would be laminar, but unsteady. To determine the 

nature of the flow, the flow Reynolds number must be estimated. The flow Reynolds 

number, Re, is given by Re = UL/v, where U and L are characteristic velocity and length 

scales and v is the media kinematic viscosity. Since the proposed bag geometry is long 

and wide compared with the height, the proper length scale for the flow is the bag height. 



The value for this design is the maximum height of L = 0.76 cm. The characteristic 

velocity can be found from the peak volume flow rate of the displaced fluid divided by 

the flow cross-sectional area. Choosing to displace one-fourth of the bag volume in 1 

second, the Reynolds number can be estimated as 

= 96 
UL Q L Q L - 2.5cm3 1 1 

- Re = ~ = _- = ~- 

v A v  Lw12v s 2.34cm 1 .12~1O-~cm~ I s  

where the area has been estimated as the bag height times half the bag width (one leg 

width). This value of Reynolds number is far below the laminar-turbulent transition 

value for a channel flow (several thousand) [l]. Thus, the flow could be expected to be 

laminar; however, the flow might separate around the partition end, possibly resulting in 

a shear layer, which could be unstable andlor turbulent. To properly handle this 

possibility, a simple turbulence model was used for all CFD calculations. 

For the laminar flow situation, mixing of a scalar is a diffusion process augmented by 

convective transport. Since the diffusivity will be nearly constant for the conditions of 

the bag, the diffusive flux will be proportional to the local scalar concentration gradient. 

To enhance the mixing process, the local scalar concentration gradient can be made 

steeper by inducing a velocity gradient in the direction of the scalar flux. To understand 

this process, consider a uniform patch of high-concentration fluid next to a solid 

boundary as shown in Figure 3. The fluid will stick to the wall, forming a velocity 

boundary layer with zero velocity at the wall and velocity increasing with distance from 

the wall. The scalar will tend to move with the fluid, resulting in the straining of the 

initial patch into the flow direction. This straining motion creates a steeper concentration 

gradient normal to the surface, with enhanced diffusive transport of the scalar away from 

the surface at the initial location and transport toward the surface under the patch 

downstream. As the original fluid patch is elongated, the patch width must decrease to 

maintain constant volume. This narrowing steepens the concentration gradient normal to 

the surface, increasing the diffusive flux out of the patch, into the adjacent fluid. At the 

same time, the surface area over which diffusion takes place is constantly increasing due 
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to the straining motion. Both of these effects result in greatly enhanced mixing of the 

patch into the surroundings. 

, velocity 7 4- - 
patch at time to 
1 

patch at time tl 

wall 

Figure 3. Scalar concentration flux in a strain rate field. 

In a nearly two-dimensional flow like the bag, the enhancement of the diffusive 

transport is primarily in a direction normal to the wall. This means that best results can 

be expected when convective transport is used to move fluid across the bag (in the long 

dimensions) and allow enough time for diffusive transport toward and away from the 

walls (in the short-dimension direction). 

The effects of the strain rate field will be most effective when the velocity gradient 

extends across the entire height of the gap. This distance can be estimated for the 

oscillatory flow in the bag by considering the classic unsteady Stokes flow above an 

oscillating flat plate, where a plate is oscillated along its length in a steady harmonic 

motion (Stoke’s second problem [l]) (see Figure 4). 

The solution for the velocity field as a function of distance above the plate is 
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Figure 4. Velocity above an oscillating plate. 

Thus, the length scale normal to the wall is the viscous wavelength, h = 2.n ~ , where d'wv 
ci) is the angular frequency in radiands. For the ASCS bag at a frequency of 1 Hz, the 

length scale is 3.75 mm, which is comparable to the distance from the wall to the 

centerline of the bag. This means that, for frequencies much higher than 1 Hz, the flow 

will have steep velocity gradients near the wall and a more nearly uniform flow away 

from the wall, while flows at lower frequencies will have significant velocity gradients 

across the entire domain. That is, it will be best for mixing to operate in the range of 

1 Hz or lower frequencies. 

The flow in the ASCS bag using the proposed protocol is obviously more complex 

than these simple examples. However, these limiting cases do provide reasonable initial 

estimates for the operating parameters and a basic understanding of the physical 

mechanisms involved in the mixing process. The full problem will be solved for a range 

of parameters using CFD for a more realistic, yet still somewhat simplified geometry. 

Mathematical Model 

Since the geometry of the bag was specified, there are only three main parameters to 

the partition location, the frequency of oscillation, and the be varied in this study: 
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amplitude of the oscillation. The partition location will be specified by the distance from 

the partition tip to the header block, H. The frequency of oscillation, f, will be specified 

in Hz. The amplitude of oscillation, V, will be specified in terms of one half of the 

volume of fluid displaced from each leg from full expansion to full compression. 

The flow field must satisfy the continuity and Navier Stokes equations subject to 

appropriate boundary conditions. The only parameter from the governing equations is 

the Reynolds number described previously. The scalar concentration field must further 

satisfy the scalar transport equation. This solution depends upon the Schmidt number, 

Sc = v/D, and Reynolds number, where D is the binary scalar diffusivity. For the current 

study, a value of D = 2 . 5 ~ 1 0 - ~  m2/s [2] is used to characterize the diffusion of oxygen into 

water (assumed the same as culture medium). This gives a value of Sc = 452 for all 

cases. 

The full solution of the problem would require detailed knowledge of the bag 

boundary motion at all times. For the deformable bag, this information is not known. 

One possible approach would be to arbitrarily specify a bag surface motion and then 

solve the problem for a deformable region as a function of time. This approach is 

complex, time-consuming, and deemed unnecessary for design purposes. Instead, a 

much simpler problem was solved as an approximation to the full bag problem. 

Simplified Problem 

The main volume of the bag and the region that is expected to be the hardest to mix is 

the region near the header block. This region has the largest gap and lowest velocities 

(smallest relative displacements). For the fluid motion in the main bag region, the bag 

legs act as fluid sources and sinks and are the regions of bag boundary deformation. 

Thus, parts of the bag legs are replaced in the simplified model by constant height 

sections with flow inlets at the far ends. The computational domain for the simplified 

model is shown in Figure 5. The inlets, on the right-hand ends of the two legs in 

Figure5, have periodic uniform velocities imposed out of phase with each other to 

maintain constant fluid volume in the bag at all times. 
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2.54cm 

Figure 5. Simplified geometry (partition gap 0.508 cm wide). 

Note: Flat wall surfaces, except the partition tip, are used to reduce numerical 
computation time. The partition tip has a 0.254-cm radius. 

The purpose of the constant height extensions on each leg of the bag is to provide 

regions to collect the outflow from the main bag section, which would then be reinjected 

into the main section during the next half cycle of the flow oscillation. This is in some 

ways similar to the actual deformable bag, although the mixing within this region is 

expected to be less than in the actual bag. The height of the leg extensions was chosen to 

approximate the time-averaged height of the actual bag leg. 

Note: Details of the mixing will be different between the model and actual bag in the 

extension regions. Exercise care when interpreting results in this region, although the 

actual bag is likely to provide better mixing than the model in these regions. 

Boundary conditions for the velocity field are no-slip, no-penetration conditions on all 

solid surfaces and the uniform periodic flows at the leg extension ends just described, the 

flow field assumed to start from rest. The scalar concentration field is subject to zero 
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diffusive flux on all surfaces and assumed to start with zero concentration of oxygen 

everywhere except in a small patch of fluid started at saturated conditions as described below. 

Numerical Methods 

The commercial software package FLUENT was used to solve for the velocity and 

scalar concentration distributions in the bag as functions of time. The full Reynolds 

averaged Navier Stokes and the scalar transport equations were solved with a standard 

k-r turbulence model for the velocity and concentration fields. The open ends of the 

extended legs had l'velocity inlet" boundary conditions [3] with user-defined functions 

[4] written in C language to implement the oscillatory uniform velocity conditions with 

zero scalar concentration gradient normal to the surfaces (zero scalar diffusion). 

Results 

In order to study the mixing characteristics, we dispersed a cylindrical-shaped patch 

of fluid that was initially saturated with oxygen, using the "patch" function, into the 

domain that was set to zero initial oxygen concentration. For all cases, the initial patch 

was cylindrical in shape oriented with its axis across the gap and 10 mm in diameter. The 

patch axis was generally started at 10 mm from the mid-plane (half-width location) and 

5 mm from the header block (y = 10 mm, z = 5 mm). 

Concentration Distributions 

To aid in interpreting the results, the concentration was normalized by the saturation 

value throughout the study. All concentration values then represent the oxygen level 

relative to that at saturation. 

Since the mixing process will be a function of position across the gap, relative 

concentration distributions were recorded as functions of time at two locations, at the 

wall and on a plane at the half-gap location (x = 0). Wall shear stress contours were also 

recorded to show the maximum shear levels in the fluid media. 

The first case is that of pure diffusion to provide a reference for comparison of other 

results. The inlet velocities were zero. Still frames from the video are shown in Figure 6 

for a few selected times. Even after nearly 2 hrs, the patch is still poorly mixed into the 
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surrounding media. The peak concentration is over 0.44 of saturation and a large portion 

of the media volume remains below 0.01 of saturation. This case clearly demonstrates 

the need for a mixing protocol for the ASCS bags. 

I 
1 
1 

Figure 6. Oxygen patch diffusion with no flow in first 2 hrs. 

Partition tip position H = 1.27 cm from header block. 
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The effects of partition gap, H, and the oscillation amplitude and frequency are 

interrelated because they all affect the overall patch displacement and fluid strain rates. 

Mixing should be enhanced by larger displacements and higher velocities, resulting in 

higher strain rates and larger diffusion surface area. However, increasing the frequency 

of oscillation holding the displaced volume constant will decrease the time for diffusion 

during one oscillation cycle. Therefore, each parameter needs to be investigated with 

respect to overall mixing efficiency. 

Bag Mixing Process 

Before exploring the effects of each parameter, the overall flow pattern and mixing 

process in the model system should be understood. Shown in Figure 7 is the concentration 

distribution at one-half period time increments for the case of H = 1.27 cm, f = 0.3 Hz, and 

V = 1.5 cc. Time is increasing from left to right, then top to bottom. Thus, the left side 

figures are at even multiples of the oscillation period, while the right side figures are at odd 

half periods. Figure 8 shows the corresponding distributions at the bag surface. 

Note: The color-scale range changes betweenfigures, to span the complete range of 

values at that time. Exercise care when comparing one distribution to another at a 

different time. 

The figures indicate a greatly improved mixing compared with the pure diffusion case 

shown above. In just 10 s, the maximum-to-minimum concentration range has dropped 

to about 14% of the initial range and the concentration uniformity has greatly improved, 

compared with 44% of saturation range at 2 hrs with no mixing protocol. 

Comparing the contours at the half-gap location, Figure 7, with those at the bag wall, 

Figure 8, two additional mixing effects can be seen. As the flow progresses around the 

partition tip, a large-scale rotational motion is observed. This motion further increases 

the surface area for diffusion and transports fluid across the bag. Second, the high- 

concentration regions in the half-gap plane move outward, away from the partition tip 

toward the header block. The bag surface contours indicate a transport in the opposite 

direction, from the outer surfaces toward the partition. Thus, there is a secondary flow of 
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fluid toward the half-gap plane at the partition coming from the bag surfaces. This is 

driven by the pressure gradient associated with the curvature of flow around the partition 

tip. The higher-speed flow on the half-gap plane is thrown outward by centrifugal force 

creating a pressure gradient across the flow, while the low-momentum fluid near the bag 

surfaces is driven toward the center of curvature by this pressure gradient. This effect 

can be seen in Figure 7 as higher-concentration fluid appears near the partition in the last 

three figures. This vertical transport of fluid greatly enhances the overall mixing efficiency. 

Note: Contours that reach theflow inlets at the bag leg ends are distorted on the return 

cycle due to the zero gradient (zero diffusion) conditions imposed on these boundaries. 

Care must be exercised when interpreting the returnedflow from these regions. Only the 

fluid that has not left the computational domain should be considered for interpretation. 

These areas can be identified by nearly horizontal contours extending from the inlets into 

the bag leg. 

Effects of H on Mixing 

Smaller H will increase the averaged fluid velocity through the partition gap. An 

increased velocity will have the direct effect of increased strain rates and also can change 

the flow pattern. Figures 9 and 10 show the concentration contours for the conditions 

H = 0.76 cm, f = 0.3 Hz, and V = 1.5 cc. The most noticeable difference, when compared 

with the previous case, is in the strength of the circulatory motion induced by the higher 

velocity through the narrower gap at the partition tip. This increased rotation enhances 

the overall mixing process, resulting in a range of concentrations at 9.99 s of 0.11 versus 

0.14 for H = 1.27 cm. This is a relatively small improvement for a 40% decrease in gap 

width. The effect of gap width on shear levels is shown below. 
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Figure 7. Relative oxygen concentration contours on center plane. 

H = 1.27 cm, f = 0.3 Hz, V = 1.5 cc. 
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Figure 8. Relative oxygen concentration contours on bag wall. 

H = 1.27 cm, f = 0.3 Hz, V = 1.5 cc. 
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Figure 9. Relative oxygen concentration contours on center plane. 

H = 0.76 cm, f = 0.3 Hz, V = 1.5 cc. 
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Figure 10. Relative oxygen concentration contours on bag wall. 

H = 0.76 cm, f = 0.3 Hz, V = 1.5 cc. 
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Effects of Frequency on Mixing 

As previously discussed, the mixing process depends upon the strain rates imposed by 

the oscillatory flow. The strain rates will scale with the frequency of oscillation for a 

given maximum volume of flow displacement. Figures 11 and 12 show the concentration 

contours at %-s intervals for H = 1.27 cm, f = 1.0 Hz, and V = 1.5 cc for the center plane 

and bag walls, respectively. At the end of only 5 s, the range of concentrations has 

reduced to 12% of saturation, compared with the 14% at 10 s for the f = 0.3 Hz case. 

n ._ 
I 

I .  -, -.& 
ipr. . . 

I .  

I' 

I 

*&,A I 

I 
w,ipr..i&d- "&&W 

Figure 11. Relative oxygen concentration contours on center plane. 

H = 1.27 cm, f = 1.0 Hz, V = 1.5 cc. 
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Figure 12. Relative oxygen concentration contours on bag wall. 

H = 1.27 cm, f = 1.0 Hz, V = 1.5 cc. 

Figure 13 shows another way of viewing the frequency dependence. The concentration 

contours after three complete cycles is shown for oscillation frequencies of 0.1, 0.3, and 

1.0 Hz. The corresponding contours at the center plane and bag wall are quite similar. 

The concentration ranges are slightly different, with the low frequencies being better 

mixed (14% variation versus 19%). This can be understood as more time for diffusion 

(30 s versus 3 s) for the 0.1-Hz compared with the 1.0-Hz case. This shows that it is 

primarily the number of cycles of oscillation that is important for mixing, rather than the 

frequency of oscillation. 
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Figure 13. Relative oxygen concentration contours H = 1.27 cm, V = 1.5 cc, 

a) center plane f = 0.1 Hz, b) bag wall f = 0.1 Hz, c) center plane f = 0.3 Hz, 

d) bag wall f = 0.3 Hz, e) center plane f = 1.0 Hz, f) bag wall f = 1.0 Hz. 

Effects of Amplitude of Oscillation on Mixing 

Shown in Figure 14 are the concentration contours at 9.99 s for H = 0.76 cm, 

f = 0.3 Hz, and V = 1.0, 1.5, and 2.0 cc. As expected, the large amplitude cases provide 

better distribution of the oxygen, as well as better mixing as indicated by the reduced 

concentration ranges as V is increased. However, it must be remembered that the 

19 



horizontal concentration contours extending from the inlets into the legs are an artifact of 

the imposed boundary condition and should be ignored. Still, the improvements in 

mixing are evident. It should also be recognized that increased amplitude also will cause 

higher shear levels, as shown below. 

Figure 14. Relative oxygen concentration contours H = 0.76 cm, f = 0.3 Hz, 

a) center plane V = 1 .O cc, b) bag wall V = 1 .O cc, c) center plane V = 1.5 cc, 

d) bag wall V = 1.5 cc, e) center plane V = 2.0 cc, f) bag wall V = 2.0 cc. 
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Shear Levels 

Thus far, it has been shown that the mixing process roughly scales by the strain rate and 

amplitude of oscillation. A simple analysis of the stress levels in the fluid media suggests 

that the stress increases linearly with the velocity scale. For the region between the 

partition tip and the header block, the velocity should scale linearly with the oscillation 

amplitude (displacement volume) times oscillation frequency and inversely with the flow 

cross-sectional area. The flow cross-sectional area is approximately H times the gap height 

(L = 0.76 cm). The flow velocity parameter can be defined as 

0.76 

1.02 

The velocity parameter for all of the cases investigated and the maximum wall shear 

stress levels obtained from the wall shear stress contours are shown in Table 1. The most 

0.3 2.0 0.029 1.103 

1 .o 3.0 0.100 4.138 

striking observation from these results is that the maximum shear levels are very low, being 

< 0.1 dyne/cm2 for all cases. This is well below the levels generally accepted as doing 

damage to mammalian cells [5 ,  6, 7, 81. In addition, these levels occur only for short 

periods and only in a small region of the domain, near the partition tip. The majority of the 

domain is much below even this low level. 
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Figure 15. Wall shear stress contours at maximum shear. H = 1.27 cm, f = 1 .O Hz, 

V =  1.5 cc. 

Figure 15 shows a typical wall shear stress contour plot used to estimate the peak shear 

levels. The high stress levels at the upper inlet must be ignored because it is simply an 

artifact of the imposed uniform velocity condition at the flow exit (during this part of the 

oscillation cycle). The physically unrealistic uniform flow condition leads to high apparent 

stresses. The maximum stress level actually occurs on the partition surface near the tip. 

The value is estimated as 0.44 Pascal or 0.044 dyne/cm2 from the color bar on the left. 

Figure 16 shows the maximum wall shear stress level from Table 1 for all of the cases 

investigated plotted versus the velocity parameter. This figure shows excellent collapse of 

the cases to a single straight line when plotted versus the velocity parameter. 
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Figure 16. Maximum wall shear stress versus flow velocity parameter. 

The relatively large scatter in the figure is due to the large uncertainty of identifying the 

stress level associated with a particular color on the color bar. The linear curve fit is shown 

by the dashed line and equation, while the solid line corresponds to the wall shear stress 

computed from an assumed parabolic velocity profile with the same flow rate across the 

partition gap. These results indicate that the shear stresses are near those predicted by a 

quasi-steady, two-dimensional model. 

Conclusions 

From our findings, we derive the following conclusions: 

Some form of active mixing is very important for distribution of infused scalars in 
the ASCS culture bags. Without mixing, scalars will take several hours to diffuse 
to a reasonably uniform distribution. This would most likely have serious 
consequences both to the viability and quality of cell cultures. Mixing will be 
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useful in several aspects of the culture: inoculation, feeding, and fixing of the 
culture. In addition, periodic mixing might be desirable during cultures. 

The partition location has only a minor affect on the mixing efficiency. 

The mixing efficiency is affected most by the number of oscillations and 
oscillation amplitude. This results in the mixing time being inversely related to 
the oscillation frequency. 

The proposed mixing protocol is very effective over the range of parameters 
tested. The mixing times using the protocol is approximately the time to complete 
10 cycles of the oscillatory motion. This time is measured in seconds, compared 
with many hours required without mixing. 

The amplitude of oscillation will most likely be limited by the volume of fluid 
available in the deformable legs in an actual design. The results indicate this 
should not be a problem, since effective mixing can be accomplished at lower 
amplitudes with increased oscillations. 

Note: It is extremely important that the fluid in the legs be protected from stresses 

associated with squeezing by limiting the travel of the motion. 

The proposed protocol produces very low mechanical shear stress levels. The 
results shown in Figure 16 can be used to estimate the maximum shear stress level 
to be expected in the bag. Since all of the parameter values tested produce very 
effective mixing, the frequency and amplitude of oscillation will most likely be 
dictated by the design of the mechanical mixing mechanism. Figure 16 then can 
be used to find the expected shear levels. 
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