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Abstract 
The pharmaceutical industry has realized a need to obtain rapid solutions to pharmaceutical technology 
and engineering related problems. This article discusses rapid solutions to problems related to scale-up, 
technology transfer, mechanical integrity of equipment, and explosion containment. 
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Introduction 
The pharmaceutical industry faces new challenges associated with increased globalization of markets, 
demands for cleaner environments, higher customer expectations, increased profitability, tighter FDA 
regulations, and the ever increasing demand to reduce time-to-market. There is a general thrust to 
reduce waste and improve process efficiency. The traditional approach of taking a product from 
laboratory to pilot plants and then to production is no longer attractive. Process and product 
development are often initiated simultaneously and as a result, rapid prototyping and analysis are 
required. To meet these challenges, innovation is required at all phases of development. 
 
The pharmaceutical industry involves a wide variety of process equipment, and a process unit is 
required to perform a wide variety of duties. Hence, it becomes essential to predict and understand its 
performance under a wide variety of operating conditions. The throughput of a typical processing unit is 
quite high. Given the economics of most processing units, even small improvements in efficiency and 
performance can result in a significant increase in revenue and cost savings. At the same time, any down 
time associated with process failure or mechanical breakdown results in substantial loss of revenue. As a 
result, the need to apply engineering knowhow and appropriate technologies that can rapidly solve 
process and mechanical problems is ever increasing. These challenges can be met by integrating key 
technologies in the design and development process. The key technologies can also provide rapid 
solutions to failure problems. Typically a multi-disciplinary approach encompassing various disciplines, 
such as chemical/process, mechanical, electrical and metallurgy/materials science, is required. 
 

Pharmaceutical Technologies and Process Engineering 
The challenges associated with the development of new processes, scale-up or transfer of technology 
from one manufacturing site to another, investigation of process failure, or mechanical breakdown of 
process equipment can be handled using key engineering technologies. Analysis methods based on 
engineering principles, computer-based predictive analysis of varying rigor, and selective experimental 
testing are applied to arrive at solutions to complex process engineering problems.   
 
The following section illustrates the use of key technologies to overcome various process engineering 
challenges and mechanical problems in the pharmaceutical industry.  
 
Mixing 
Mixing processes lie at the heart of the pharmaceutical industry. A wide variety of mixing equipment, 
such as static mixers, stirred tanks, homogenizers, and emulsifiers, is used in the pharmaceutical 
industry. Mixing may involve blending two streams of the same fluid but at different temperatures 
(thermal mixing) or it may involve mixing two or more different fluids with or without chemical 
reactions. The degree of mixing required and the equipment applied depends on the actual application. 
For example, the requirements for liquid-liquid mixing are very different from those of liquid-solid 
mixing or liquid-gas mixing.   
 
Scale-up or scale-down of mixing processes is not easy. Scale-up of lab processes to pilot and production 
scale is difficult. Scale-up problems are made worse by trying to use existing pilot and production mixers 
for new processes. Very often scale-up or scale-down is carried out using trial-and-error methods based 
on prior experience and equipment vendor suggestions. Time and effort spent on process scale-
up/scale-down using trial-and-error methods can be significant.  Engineering based predictive methods 
have been developed; these methods significantly reduce the time required to design a mixing process, 
scale a mixing process or transfer technology from one site to another.   
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The engineering based predictive methods can be grouped into three tiers. Tier one analysis is based on 
general guidelines and dimensional analysis for mixing equipment.  Sizing and specification of 
equipment is carried out using this approach. Tier two analysis involves application of empirical data 
along with solutions of mass and momentum on a global scale. In this approach, fundamental equations 
of fluid dynamics are simplified based on experimental results and solved for rapid analysis of stirred 
vessels. These tools are valuable in identifying good and bad blending practices and estimating average 
mixing characteristics. For the given stirred vessel configuration, tier two methods are applied to 
estimate important mixing parameters such as tangential velocity distribution, power, axial velocity 
distribution, mixing time, overall energy dissipation rate and turbulence. These parameters are 
computed at the lab-scale, pilot-scale or production-scale for process scale-up or scale-down. The 
impact of configuration changes on stirred vessel performance can be rapidly estimated. Table 1 
provides an example of the type of information generated using these methods.  
 

Table 1: Stirred vessel performance for various impeller types (pilot-scale) 
 

Mixing parameter  
Pitched-Blade 
Impeller (45o) 

Rushton-Turbine 
Impeller 

A310 Impeller 
Dia. = 0.25m 

A310 Impeller 
Dia. = 0.3m 

Mixing power (W) 145 65.3 40.5 99.0 

Average tangential 
velocity (m/s) 

.293 .219 .187 .257 

Circulation flow rate 
(m3/s) 

.053 .047 .0337 .045 

Average circulation 
velocity (m/s) 

.41 .433 .257 .349 

Mean period of 
circulation (s) 

1.96 2.24 3.12 2.3 

Vortex depth (m) .0298 .0198 .0162 .025 

Mixing time (s) 52.2 53.9 83 61.5 

Micro-mixing time (s) 1.72 2.12 3.46 2.19 

 
Detailed evaluation is carried out using computer-based predictive analysis using tier three methods. 
These methods are based on the solution of fluid flow equations and are useful in evaluating detailed 
flow patterns in complex geometries and in situations where tier two methods are not applicable. Tier 
three methods provide full-field data. Flow variables at each and every location in the domain are 
available and a graphical representation of the flow can be created. The following study examines the 
influence of impeller location on the flow field. Tier three methods are employed to analyze the flow 
field and study vessel flow characteristics. Single-phase flow in a flat-bottomed, baffled tank with dual 4-
bladed Rushton impellers is modeled. Rushton impellers are typically employed to generate radial flow. 
Figure 1a shows properly placed impellers in the vessel. The radial flow field generated by the impellers 
leads to formation of four toroidal recirculation regions. The impellers in this case operate with little, if 
any, interaction between them. If the impellers are placed closer to each other, a converging flow 
pattern is generated, as depicted in Figure 1b. The upper impeller pumps downward and the lower 
impeller pumps upwards. However, if the impellers are placed further apart, a diverging flow pattern is 
generated (Figure 1c). In this case, the lower impeller pumps downward and the upper impeller 
continues to pump radially outwards. Changes in impeller position lead to a drastic change in the flow 
pattern. This has a strong effect on vessel performance, mixing characteristics and hence product quality 
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and efficiency. Impeller interaction is a strong non-linear effect and cannot be predicted by simple 
empirical correlations.   
 

   
  

  
 
 
Computer-based predictive methods are also applied to predict shear stress distribution within a stirred 
vessel. This is important for dissolution, emulsification and dispersion. Shear stress distribution is also 
important for biochemical products where excessive shear may lead to damage of biocells and loss of 
product efficacy. 
 
These methods are also suitable in identification of sampling regions. The worst and best location to 
draw samples for quality control can be identified using detailed computer-based modeling. Figure 2 
depicts regions for sampling in a conical bottom mixing vessel.   
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Figure 2: Sampling regions overlaid on velocity field    

 
Vortex draw down into a mixing vessel can result in a forth formation affecting the product quality. The 
interaction of the free surface with the impeller can lead to dynamic excitation of the agitator resulting 
in mechanical problems. Computer-based simulations can be applied to predict vortex draw down 
(Figure 3) so that optimum fill level in a mixing vessel can be established. These methods also provide 

Sampling regions 

Figure 1a: Stirred tank, radially 
pumping impellers (optimal 

placement) 

Figure 1b: Stirred tank, 
closely placed impellers 

Figure 1c: Stirred tank, 
impellers too far apart 
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information to address agglomeration and air entrainment issues. This technology can be applied to 
solve many other mixing related applications.  
 
 

      

 

 
 

 

Figure 3: Vortex draw down 

 
Clean-In-Place 
Science-based methods using engineering principles can be applied to several manufacturing processes 
including the design of Clean-in-Place (CIP) facilities. The general purpose of the CIP is to allow 
repeatable cleaning of the skids and the associated piping. Cleaning is achieved by physical action of 
high velocity flow, jet sprays, agitation, and chemical action of cleaning agents enhanced by heat.   
 
Aqueous-based cleaning recipes are commonly adopted; these use alkaline and acid solutions to clean 
and return the equipment to its original use condition. A general aqueous scheme utilizes: 
  

 a water pre-rinse to remove gross soil, 

 a hot alkali recirculation step to digest and dissolve away the remaining soil, 

 a water wash to remove residual alkali, 

 an acid wash to remove soils that do not react with alkalis, 

 a water wash to remove residual acid, and 

 a final hot water for injection (HWFI) wash. 
 
Cleaning is a complex process based on both chemical and physical principles. The primary task of 
cleaning is the detachment of soil from a surface. Soil is attached to the surface by a combination of 
three physical effects – van der Waals forces, electrostatic forces, and mechanical adhesion. For the 
same vessel processing different types of cultures, the cleaning demands can be very different. For 
example, in one case a 1 minute pre-rinse may be sufficient to remove gross soil; in another case a 5 
minute pre-rinse may leave behind a lot of adhering debris. The effectiveness of mechanical/chemical 
cleaning is related to four primary variables: time, temperature, concentration, and physical action. The 
effect of time, temperature and concentration on CIP effectiveness is very complex and depends on the 
specific nature of the soil and chemistry. An optimum value for these parameters cannot be determined 
using engineering analysis or theory. The effect of flow variables on physical action (mechanical action) 

Vortex draw down 

Experimental measurements Simulations 
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as it relates to the CIP process can be understood using a multi-tiered analysis method consisting of 
simple analytical calculations and detailed flow simulations.   
 
The physical action of flow rate, pressure, and spray coverage is controllable by engineering design. 
There is no universal recipe for all cycle and soil types. General guidelines (reported by various 
researchers) are used for flow assessment. Average velocity, pressure drop, and average turbulence 
level can be computed analytically (Table 2). The effect of flow variation on these quantities can be 
evaluated. The flow requirements for formulation vessels and spray balls can be estimated using 
engineering calculations and general guidelines for CIP systems.   
 

Table 2: Key flow variables in CIP piping 
 

Flow rate 
(lpm) 

Mean 
velocity 

(m/s) 

Peak 
velocity 

(m/s) 

Wall shear 
stress (Pa) 

Turbulent 
kinetic energy 

(m2/s2) 

Turbulent 
dissipation 

(m2/s3) 

Turbulent 
velocity 

(m/s) 

200 4.0 4.3 24.0 0.08 1.40 0.30 

100 2.0 2.8 8.0 0.02 0.20 0.10 

 
Difficult to clean regions in a CIP system can be examined in detail using computer-based modeling. 
Figure 4 depicts the velocity and shear stress distribution in a section of piping that is difficult to clean 
(bends and turns in piping).   
 

   
 

Figure 4: Difficult to clean section of piping 

 
 
Filling Systems 
Filling of suspension drugs is usually carried out using recirculation loops. The fluid in the filling line is 
continuously recirculated to ensure continuous mixing of the suspension and uniformity of the product. 
While designing a recirculating filling line, it is essential to ensure that product stays in a suspended 
stage and the distribution of the suspended material is as uniform as possible. The minimum flow rate to 
ensure a suspended state depends on several factors such as line size, particle size, particle shape, fluid 
density, and fluid viscosity. Calculation methods based on engineering principles can be applied to 

Region of low flow 
and low shear 

Predictive analysis 
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estimate flow rates in recirculation lines to ensure uniformity. Key flow variables such as turbulence 
level and particle settling velocity are used as flow metrics.   
 
The effect of valves, fittings, bends, and other geometric features in the line can be estimated using 
computer-based simulation methods. Time dependent effects associated with shutdown and startup of 
a filling line are also analyzed using computer-based simulation methods. Localized concentration 
profiles in associated equipment and regions of the filling line can be analyzed.  
 
Pharmaceutical products in liquid form are primarily supplied in vials or bottles. To shorten time to 
market and increase productivity, there is a general thrust to decrease filling time. The same filling 
equipment is adapted to package different products. Splashing, spill-over, and frothing are some of the 
problems associated with such filling lines. Computer-based predictions can be applied to conduct 
virtual experiments before changes are made to the filling lines or package geometry. This allows a wide 
range of conditions to be tested leading to an optimized filling process. Figure 5a shows that during the 
initial stages of filling, liquid climbs up the walls of the vial; this fluid then rolls over and traps an air 
pocket resulting in froth formation. Figure 5b is a smooth rise of liquid in the vial without entrapment of 
air. These plots are typical of solution results that are used to optimize filling processes to increase 
throughput and reduce foaming.  
 

   
 
 
 
 
HVAC in Facilities 
The manufacture of certain high-precision products and pharmaceuticals requires a contaminant-free 
environment known as a cleanroom. A number of electronic components and pharmaceutical drugs are 
manufactured in a cleanroom environment.  
 
The cleanroom environment is maintained by blowing filtered air in a regulated manner. The flow 
pattern generated by the heating and ventilation system (HVAC) plays a very important role in the 
cleanroom environment. Using computer-based simulations the flow behavior in a cleanroom can be 
examined in detail. Regions of low flow where particles are likely to be deposited can be identified. A 
number of design changes can be evaluated using computer-based simulations. Figure 6a depicts a 

Figure 5a: Filling of liquid air 
entrapment occurs 

Figure 5b: Filling of liquid 
without air entrapment 
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computer-based model of a cleanroom facility. The supply ducts, return openings in the wall, and 
objects in the room are depicted in different colors. The flow is visualized using computed path lines 
(Figure 6b).  
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Figure 6a: Computer-based model of a clean-room facility 

 

   
 

Figure 6b: Computer path lines of air flow movement in a cleanroom 

 
   

Mechanical Integrity 
The structural and mechanical behavior of process equipment used in the pharmaceutical industry can 
be examined using computer-based predictive analysis. These methods are used to compute stress 
distribution due to various types of static and dynamic loads, such as gravitational loads (weight) and 
forces due to motion. Deformation due to structural and thermal loads (temperature) and vibration 
frequency and amplitude can be computed. Typical results from computer-based predictive analysis are 
depicted in Figure 7.  
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Figure 7: Mixing vessel shaft vibration 

    
Mechanical integrity and fitness-for-service of vessels and structures is computed using computer-based 
predictive methods. Fatigue data obtained using testing along with either measured or predicted stress 
data is applied to estimate remaining life of equipment.   
 
Explosion Containment 
Dry powder materials used for processing are prone to explosion; the effect of such an explosion can be 
catastrophic (Figure 8a). Special strategies are implemented to prevent such catastrophic failures. The 
typical strategies include the following: 
 

 Inerting – The system carrying the powder is run in an inert atmosphere, thereby reducing or 
eliminating the explosion probability.  

 Suppression – The explosion is suppressed by using chemical inhibitors.   

 Venting – The excess pressure generated due to explosion is vented from the equipment, 
thereby reducing damage. This is a common strategy adopted for controlling the effects of an 
explosion.  

 Containment – The structure is reinforced to contain and withstand the explosion.  
 
These methods are applied to contain explosions in duct work, fans, fluid bed dryers, and dust collection 
units.  The stresses generated due to explosion loads are applied to compute structural integrity.   Figure 
8b shows stress distribution after an explosion in a fan used for pneumatic conveying. 
 

Vibration mode analysis of mixer shaft 
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Figure 8a: Collapsed ductwork due to explosion 

 
 

 
 

Figure 8b: Stress distribution due to explosion 

 
Conclusions 
Computer-based modeling methods have expanded to the point where computer analysis frequently 
replaces all or part of the traditional physical testing used to make decisions concerning scale-up, 
technology transfer, and equipment upgrades. These techniques offer speed, cost-savings, and 
increased insight into the physical processes underlying all pharmaceutical processing operations, but 
must be applied with caution to ensure that accurate information is obtained. 
 
Unit operations in the pharmaceutical industry handle large amounts of fluid and as a result, small 
increments in efficiency lead to large increments in product cost savings. Computer-based modeling 
solutions help accomplish this. Key processes in the pharmaceutical industry can be improved with the 
aid of these techniques. The aerospace, automobile and chemical industries have already integrated 
simulation methods into their design process. The pharmaceutical industry is now beginning to integrate 
this technology. The full potential for process improvements using computer-based predictive methods 
is yet to be realized.  

Red color denotes regions of 
high stresses. 
Grey color denotes plastically 
deformed regions. 


