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ABSTRACT 

This project provides a detailed analysis of varying flow rates to prove that dead-legs in a piping 

system, ultimately, cannot adequately be cleaned in a pharmaceutical setting. A test station, 

equipped with dead-legs at varying orientations, was designed, fabricated, and tested to 

demonstrate insufficient cleaning of the dead-legs at a wide range of flow rates. This 

examination is beneficial to the industry in exploring the complications that dead-legs can pose 

on a system. 
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1.INTRODUCTION 

What is a Dead-leg and Why Does it Need to be Cleaned? 

A dead-leg is a volume of trapped air in a piping system that could lead to contamination of the 

product within the system. These are piping segments that are exposed to the process but are 

not impacted by normal flow, including lines closed by caps, flanges, or other fittings. Dead-legs 

are a prominent source of safety incidents, causing process fluid release, fluid pooling, reduced 

cleanability, contamination, among other complications (Sloley, 2011). 

 

The biopharmaceutical industry set standards for dead-legs in processing equipment over a 

decade ago. The ratio of six times the length over the diameter of the dead-leg, L/D, was the 

historical maximum ratio acceptable in industry use in 1997. However, numerous studies have 

promoted designing the L/D ratio less than two in order to increase cleanability, which is 

achievable due to modern technology (ASME Standards, 2017). 

 

Through multiple studies and observations, the industry found that the optimum cleaning of 

the process system was attainable with a turbulent flow rate of 5 ft/sec. If the cleaning solution 

passed through at this velocity, sufficient cleaning (clean in place, CIP), with dead-legs of ratio 

of less than 2:1, is possible. 

 

Proper cleaning is defined when the air pocket in the dead-leg is displaced and the cleaning 

solution can contact the component during CIP (adequate flow rate is not enough to define 

actual cleaning as the process is much more complicated but that is outside the scope of the 

report).  

 

Cotter Brothers Corporation designed a test similar to the one presented in this report in 2010, 

utilizing a fixture from 1.5 inch Schedule 40 clear PVC tubing in order to model the cleaning of 

the system under typical CIP. They fabricated the test station with a variety of dead-legs with 

varying L/D ratios. Water was used to test a range of flow rates and red dye to indicate the 

turbulence created by the flow of water across the legs. Cotter testing concluded that 

insufficient cleaning was established after the allotted time for CIP (“Standard: ASME 

STP/PT-065, 2013). 

 

There are a variety of studies that prove that L/D of 2 or less possibly prevents the branch of 

the system from being categorized as a dead-leg, but the orientation and size of the branch are 

also crucial in determining complications that the branch may pose on the system. If sufficient 
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flow is achievable through the pipeline, a branch would not constitute as a dead-leg (“Zero 

dead-legs,” 2013). 

 

In order to demonstrate the kind of dead-leg our project covered, refer to Figure 1, below. The 

illustration depicts the typical tee found in a system. 

 

Figure 1: Illustration of a Dead-leg in a Tee (“Zero dead-legs,” 2013) 

 

Table 1: L/D Variation in Tee Size 
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The table above references the L/D variance for tees. The former standard ratio of cleanable 

size of dead-legs was a 6:1 ratio or less. Due to current findings and research, any branch above 

a 2:1 ratio is considered to be a dead-leg and is unable to be adequately cleaned. There are 

numerous points in a system that can harbor dead-legs, but the main focus in this report is on 

dead-legs in a tee structure. 

 

The main goal of this report is to provide information regarding the flow conditions required to 

displace, or fail to displace, air from piping branches in the appropriate timeframe. In order for 

cleaning to take place, the cleaning solution must contact the branched components being CIP, 

if there is no contact with the CIP solutions, cleaning is not achieved.  

2. SCOPE AND OBJECTIVES 

Scope:  

Design and fabricate a test station to demonstrate flow rates/velocities needed to 

clean/remove entrained air, etc. from piping systems and the associated branch lines 

(dead-legs). Additionally, construct a representative piping system to show impact of flowing at 

different flow rates on the dead-legs. 

Objectives: 

1. Identify why industry standards have changed from 6D to 2D  

2. Analyze effectiveness of 5 ft/sec fluid velocity in regards to cleaning linear pipe with 

dead-legs. 

3. Learn if lower/higher flow rates adequately remove soil from dead-legs at various 

orientations and sizes. 

4. Learn which dead-leg orientation/specifications are most compatible with cleaning flow 

rates. 

5. Identify dead-leg orientations/specifications that are not able to be adequately cleaned. 

3. BACKGROUND 

3.1 Problem Arising through the Dairy Industry 

During the rise of Industrialization in America, the dairy industry had come into fruition.  As the 

desire for dairy increased in America, the need for large-scale operations in the dairy industry 

also increased.  Urban centers were not able to produce high enough yields to satisfy the dairy 

desires of their growing populations based on old techniques.  Thus, the need for large scale 
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piping systems to help the transportation of milk proceed from the cattle to the rest of the 

process was at an all time high.  

 

Originally, the dairy industry created piping systems that were removable to help with the 

cleaning process.  However, removable pipes were not the best solution because of the high 

chances in human error.  Human labor was never consistent when it came to cleaning the 

pipes, which caused many early health issues in the dairy industry.  Removable pipes also 

meant that more money needed to be spent on labor, rather than improvements to the current 

system. (BRIAO, V. B. and TAVARES, 2007) 

 

Another issue with cleaning removable pipes was the dairy industry's transition from clear glass 

pipes to stainless steel pipes.  Since the stainless steel pipes were not clear it was hard for 

employees to determine the cleanliness of the pipes.  Due to the issues with removable pipes 

and lack of visibility, the dairy industry searched for an alternative cleaning method, which was 

found in the 1950’s.  The new method of cleaning was referred to as the “Clean in Place” or CIP 

process.  The CIP system allowed for pipes to be cleaned without manual labor process of 

disassembly, cleaning, and assembly.  Instead the CIP method would provide the piping systems 

with continuous pumping of rinsing material that would clean out the pipes.  However, because 

this system was new, there were still flaws.  For example, it took years for the CIP process to 

develop standard cleaning flow rates and tactics.  Another cause for concern with the CIP 

process was the use of dead-legs in the piping system.  Dead-legs cause an issue in the CIP 

process due to the lack of mixing at certain flow rates.  Although the CIP process had not solved 

all of the problems, it became the standard for pipe cleaning in the dairy industry due to the 

efficiency of the process and the lack of exposure to harmful chemicals that employees 

experienced.  Later success in the dairy industry allowed other industries to take full advantage 

of the CIP process, such as pharmaceutical companies (Cleaning and Sanitizing of Containers 

and Equipment).  

3.2 Materials of Construction 

Determining the correct materials of construction for the piping structure is significant in 

developing a successful design.  In terms of piping parts alone, the following pieces are 

necessary: linear piping, elbows, tees, caps, ball valves, reducing bushings, female and male 

adapters, and PVC glue.  More specifically, the piping for the main pipe line is 2” schedule 40 

clear PVC piping and the dead-legs comprise of three 2” and six 1.5” schedule 40 clear PVC 

pipes.  More specifications for length will be discussed in a following section.  The elbows are at 

a 90 degree angle, and were used to connect main line piping when a change in direction was 

necessary.  Tees were inserted along the main pipeline to connect dead-legs perpendicular to 

the main line.  Reducing bushings were used between each tee and dead-leg pipe to allow the 
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change in pipe diameter from the 2” main line to the 1.5” dead-legs.  Caps were placed on each 

upward dead-leg to enclose the structure, while ball valves were placed on all downward 

dead-legs to allow drainage/blockage when necessary.  Female and male adapters were placed 

at the start of the piping to connect the piping structure to​ ​the tank via a hose, as well as at the 

end of the piping to connect the piping structure to the centrifugal pump via a hose.   Piping 

glue was used to fasten all of the parts to one another.  In addition to piping parts, other 

materials were needed in completing the entire design.  Some construction pieces include pipe 

hangers, plywood and a cart for the entire framework to sit on.  Two pieces of 8’x4’ plywood 

were attached to create an 8’x8’ platform.  The piping network was laid onto this platform and 

fastened at an angle with the pipe hangers.  This entire system stood upward on a cart which 

was used to transport the system to different areas in which it will be utilized. Refer to 

Appendix 1 for the detailed bill of materials (BOM). 

3.3 Material of Pipes 

All piping materials were made of clear PVC. The purpose of the system was to observe 

different flow rates within the pipes and to ensure chemicals were being cleansed of the pipe, 

so it is crucial to use transparent materials in order to be able to see what is occurring 

internally.  Therefore, the clear PVC was used to allow monitoring during testing. 

3.4 Pipe Sizing 

The main pipeline was 26’ long.  In order to fit the entire system on the 8’x8’ board, the pipes 

were built in an “S” shape with three sections of 7’ horizontal pipe, a 2’ vertical section and a 3’ 

vertical section to connect all three horizontal segments.  The dead-legs varied in length 

depending on the diameter of the dead-leg.  There was a total of 9 dead-legs, 6 upward and 3 

downward.  The different orientations were tested to see if cleaning occurs better for upward 

or downward dead-legs.  The first horizontal section had all three upward dead-legs of a 2” 

diameter.  The corresponding length of the dead-legs were 4”, 8” and 12”.  The next horizontal 

section had three 1.5” diameter upward dead-legs of 3”, 6” and 9” lengths.  The last horizontal 

section had three 1.5” downward dead-legs of 3”, 6” and 9” lengths.  The reason for the 

different dead-leg lengths comes from the dead-leg diameter.  The length of the dead-leg pipes 

are experimented with 2D, 4D and 6D .  Therefore, 2D, 4D and 6D results in different lengths 1

for the bottom horizontal sections.  The reason for this variation in dead-leg diameter and 

length is to test and see what flow rates are necessary to potentially clear all contaminants 

from the highest dead-leg, or if this is even possible.  Therefore, three runs were conducted at 

seven different flow rates to see what diameter dead-legs result in cleaner dead-legs, and how 

1 D refers to Diameter, 2D means two times the diameter  
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high up the dead-leg the cleaning can occur.  Whichever was more efficient was determined as 

the prime dead-leg length for this project. 

3.5 Equipment 

The two main pieces of equipment used in this experiment are a centrifugal pump and a 600 

liter tank.  The pump is an Alfa Laval LKH Centrifugal Pump, Size 20.  More specifications of the 

pump can be found in Appendix 2.  This pump is used to pressurize the liquid into the piping 

structure at various flow rates.  These flow rates were altered on the pump itself.  The tank is a 

600 liter vessel that holds all the liquids (water, NaOH, and HCl) during the experiment.  When 

chemicals were added to the system, they were added directly into the tank.  The liquid left the 

tank to enter into the pipes, and returned to the vessel after a full cycle.  The reentering of the 

liquid back into the tank resulted in splashing creating mixing  between all substances.  These 

two pieces of equipment are, respectively, the source of uniform mixing and power throughout 

the entire system. 

3.6 How is the Fluid Velocity Affected by Materials? 

Friction from the walls of the pipe and fittings used in the piping system both have effects on                  

fluid velocity and pressure. PVC pipe in particular has a significant effect on fluid flow. At high a                  

Reynolds numbers, these effects must be accounted for if maintaining velocity and pressure is a               

priority. 

 

The Reynolds number for a fluid passing through a pipe indicates the profile of the flow. The                 

three profiles that scientists use to categorize flow are laminar, transitional, and turbulent. 

 

Eq. 1 

Re = μ
ρV l  

 

Reynolds numbers depend on a variety of parameters, as shown in the above equation. The 

characteristic of length (​l​) is adopted for the specific duct or pipe shape. For instance, a 

cylindrical pipe has a characteristic length equal to the diameter.  

 

The velocity profile of a given fluid progresses from laminar, to transitional, to turbulent flow as 

the Reynolds number increases. Reynolds numbers are most often manipulated through 

changes in fluid velocity. The fluid profiles of laminar and turbulent flow through a cylindrical 

pipe are shown below. 
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Figure 2: Laminar flow profile shown left, Turbulent flow profile shown right 

 

Turbulent flows are characterized as much more chaotic than laminar flows. The molecules are 

moving sporadically as they flow down the pipe. 

 

Generally, for engineering purposes, the flow is considered laminar for Reynolds numbers less 

than 2100, and the flow is considered turbulent for Reynolds numbers greater than 4000. The 

region between the two is most often defined as transitional flow. 

 

The Bernoulli Equation can be used to effectively analyze flow situations. Two points across a 

length of pipe, with conditions known, experience some sort of loss through a variety of factors. 

 

Eq. 2 

h h h h o + ρg
PO + 2g

V 2
O + Δ p = h1 + ρg

P 1 + 2g
V 2

1 + Δ f + Δ m  

 

Specifically, we are focusing on the major losses due to friction in pipes and related to the 

viscosity of the liquid, and the minor losses due to fittings. Major losses are directly related to 

velocity, which is squared, so the friction has a drastic effect on fluid velocity ("What Is 

Bernoulli's equation?"). 

Eq. 3 

h ( )( ) major loss = λ l
dh

v2

2g  

 

Polyvinyl Chloride piping has a significantly higher loss due to friction than steel piping. At the 

turbulent flow rate of 10 gallons per minute, 2” diameter PVC piping holds a loss of 0.2 feet per 

100 feet of pipe, while Steel piping of the same diameter carries a loss of 0.1 feet per 100 feet. 

The difference becomes even more apparent with higher flow rates. At 80 gallons per minute, 

PVC piping causes a loss of 10.2 feet per 100 feet of pipe, while Steel piping causes a loss of 6.0 

feet per 100 feet of pipe ("Losses in Pipes."). 

 

Minor losses due to fittings are also of interest because of the complexity of our testing unit. 

Four elbows, and nine tees will contribute to a notable loss in the system.  
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Table 2: Minor losses due to fittings in our system 

 90​o​ Elbow, sharp inside radius Tee - run flow 

2” PVC Minor loss 8.6 4.3 

 

These losses are much higher than any loss due to friction, especially at higher flow rates. For 

100 feet of PVC pipe, four elbows, and nine tees, the total loss calculates out to 17.66 feet. 

Adding in the thirteen fittings contributed to an additional 7.46 feet of loss.  

3.7 What is Phenolphthalein? 

Phenolphthalein is an organic compound that is used as an acid-base indicator.  The molecular 

formula of phenolphthalein is C​20​H​14​O​4 ​,with a molecular weight of 318.3 g/mol.  The molecular 

structure is: 

 

 

Figure 3: Phenolphthalein Structure 

 

In the aqueous form phenolphthalein is acidic ("Phenolphthalein." National Center for 

Biotechnology Information). This indicator was originally used as a laxative, but modern science 

determined that it was carcinogenic and is no longer used as such.  Instead phenolphthalein is 

used in a variety of biology and chemistry labs across the world. One reason why 

phenolphthalein is a desirable indicator is due to the low indication value.  At a pH value of 8.5 

the phenolphthalein changes the solution to a pink-purple type of color.  Phenolphthalein also 

has a second color change after the pH reaches 9.  Once it reaches 9 the color of the solution 

changes from pink-purple to a deep red.  When acid is added to the indicator it will turn back 
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from a pink-purple color to a clear solution (The Editors of Encyclopedia Britannica. 

"Phenolphthalein"). 

3.8 What is titration? 

Titration allows for determining the exact endpoint of a reaction and allows for the exact 

amount of reactant to be produced in the titration flask.  Titration gives the volume or 

concentration of reactant that needs to be added in order to create the solution. Most titration 

endpoints are easily identifiable due to a color change once the endpoint is reached.  For a 

successful titration, the endpoint change should be known before the experiment is conducted 

(“What is a Titration”).  

4. METHODOLOGY & PROCEDURE 

In order to test the cleaning of dead-legs of varying sizes and orientations, a test station needed 

to be designed and fabricated. A design was sketched before official measurements were built 

into a CAD design. The sketch can be seen in Figure 4 and the CAD design in Figure 5 (further 

CAD detail can be found in Appendix 4). 

 

 

Figure 4: Design Sketch of Test Station 
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Figure 5: CAD Design of Test Station 

 

Next, we proceeded to prepare the parts for assembly.  We began by determining where the 

brackets would be placed on the board to correctly and securely hold the pipes in place.  The 

general guideline for number of brackets is three brackets per linear pipeline.  Since we have 

three sections of horizontal pipeline, we used a total of nine brackets. In order to achieve 

drainability, the horizontal pipelines must be slightly tilted.  The general heuristic that we 

followed was to allow ⅛” of tilt for every square foot of piping.  Therefore, each linear section 

was tilted approximately 1”.  Per section, each of the three brackets were drilled into the board 

equidistant from each other with a 1” slope between each to achieve the total 2” slope. Next, 

prior to gluing, all ends of the PVC pipe and fixtures were rubbed down and cleaned with 

acetone in order to remove any debris to ensure a primed base for the PVC glue to stick.  Once 

the acetone dried and the cleansed area was no longer softened by the acetone, PVC glue was 

painted onto each end and the pipes and fixtures were attached.  We first assembled each 

horizontally linear section individually, saving the elbows and vertical sections for later.  This 

means that we only glued mainline sections of piping to tees, and then glued the bushings, 

dead-legs, and caps together for each dead-leg.  Once those three sections were complete, we 

secured each of the three sections onto the board with the brackets.  We then moved onto the 

elbows and two vertical sections.  This required more thought because​ ​the piping system would 

be made to have a slope steeper than that of the board to balance the entire system.  This 

piping weight would then offset the board create the balance.  To achieve this, we used three 

different length threaded rods (for each linear section) to connect the bracket screwed into the 

board to the pipe holder.  The threaded rods measured 12”, 8”, and 4”.  This created the slope 
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to the system, allowing us to glue the elbows and vertical sections on at the appropriate angle. 

We glued an elbow to each end of the vertical pipe sections, and with the horizontal sections 

still on the board, we glued on the vertical sections to compete the overall pipeline assembly. 

An image of the fabricated test station can be see in Figure 6 below.  Also shown in Figure 6 is 

the labeling system that was used during the experiments.  The dead-legs were labeled based 

on the flow direction of the liquid in the piping system. 

 

Figure 6: Labelled Test Station 

4.1 Setting up testing 

When dealing with high pressure air lines and high flow rates, caution must be taken in order to 

ensure safety of all operators and nearby personnel. In the testing lab, there are a number of 

connections required in order to use the equipment correctly. The various ports on our 600 liter 

storage vessel provide us with flexibility when stationing the unit around other objects in the 

lab. A hydraulic valve on the bottom of the vessel provides the most logical route into the 

pump. Connecting the pump from the bottom valve of the vessel with a flexible hose, stainless 

steel clamps, and rubber gaskets marks the first part to assembling our testing station. Next, 

the pump outlet connects to the bottom of the piping system; once again using a flexible 

braided hose, clamps, and gaskets. The return back to vessel connects from the top of the PVC 

piping system to a feed port on top of the vessel. Setting the flow in this directions provides a 

means of mixing the contents of the tank, without the need of an agitator. The fluid flows out 

the bottom of the vessel, and returns back in through the top, splashing inside. 
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The final piece to getting the system in operating condition requires attaching the compressed 

air line, and pump power lines. The compressed air line runs from the supply on the wall, for 20 

feet on the ground and then into a ball valve on our storage vessel. The ball valve may be 

opened after making a secure connection. The power cables from the pump motor and pump 

control unit couple to the corresponding 240 volt and 120 volt outlets on the wall, they are 

color coded. After ensuring the necessary valves are have been opened, testing may begin. 

4.2 Determination of Flow Rates 

Six different flow rates were strategically chosen to test mixability in the piping system.  Ideally, 

a horizontal pipe requires a minimum of 5 ft/s to achieve proper cleanability.  This velocity is 

when turbulent flow is achieved, causing an aggressive enough rate to pick up soiled particles 

(GMP LOGFILE Features).  Table 3 displays recommended flow rates depending on pipe 

diameter to reach 5 ft/s.  The man pipeline in the system has a 2” diameter which correlates to 

a 162 L/min flow rate.  Therefore, this was the median flow rate to be tested.  Flow rates above 

this were tested in case 5 ft/s was not sufficient and flow rates below were tested in order to 

show how mixing gradually occurs from slower flow rates to faster.  Overall, using flow rates 

above and below a velocity of 5 ft/s allowed for a broad range of resulting data. 

 

Table 3: Recommended flow rates to achieve 5 ft/s 

 

As for the faster flow rates above 162 L/min, flow rates above 200 L/min were not used in order 

to prevent from exceeding pipe limits.  To gage a variety of data points, three flow rates 

between 162 L/min and 200 L/min were chosen, resulting in 174 L/min, 186 L/min and 198 

L/min.  Two flow rates were chosen below 162 L/min, which are approximately equal intervals 

between 0 L/min and 162 L/min, resulting in 32 L/min and 97 L/min.  Overall, these six flow 
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rates produced a broad spectrum to view the variability of flow rates on the amount of mixing 

and extent of cleansing. In order to determine the amount of time each flow rate will be run 

for, a simple calculation was made, found in Appendix 8. 

4.3 Personal Protective Equipment  

To ensure personal protection and maximum caution throughout our testing, we followed the 

regulatory gowning requirements Pfizer follows and as directed by the MSDS sheets available in 

Appendix 6.  

 

4.4 Gathering Data 

The most efficient means of gathering data involved measuring both the fluid height and mixing 

height of each dead-leg, at each flow rate. Our excel spreadsheet provided the organization 

required for data analysis. The following table presents a screenshot of a portion of our excel 

spreadsheet (the rest of our data collection can be found in Appendix 7). 

 

Table 4: Data Collection Excel Spreadsheet 

 

 

In addition to physically measuring the fluid height and mixing height at each flow rate, we 

recorded close-up video of each dead-leg mixing. The fluid dynamics involved in the mixing 

process would be better evaluated as a description of the video, rather than simply just as two 

measurements. 
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The six flow rates chosen represent conditions in relation to five ft/sec fluid velocity. At the 

lower end, 32 L/min provides data for a very slow system. 198 L/min is much higher than the 

standard developed by the industry, while 162 L/min is exactly five ft/sec through our system. 

Each flow rate was repeated three times for accuracy. 

5. RESULTS & DISCUSSION 

Gathering data consisted of first running a basic solution through our system to initiate the 

change to the deep purple color which represents a dirty state, as seen in Figure 7. Recycling 

the equivalent of three full system volumes through the process ensured proper mixing. At this 

point, shutting off the pump, and adding acid to recycle three times as well, resulted in a clear 

solution indicating a pH below the turning point. The clear liquid represented a clean state, and 

the calculations regarding the acid and base addition can be found in Appendix 8. 

 

 

Figure 7: Test Station with Indicator 

 

The fluid height in our upwards dead-legs represents the distance that the solution level travels 

up each dead-leg when the flow rate increases. The mixing height in these dead-legs 

represented the level of purple fluid still remaining in each component when the process 

undergoes a clean state. The air trapped in the dead-leg must be compressed in order for the 

liquid level to rise. 
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Table 5: Fluid Height and Mixing Height of D,E, and F 

 

Table 6: Fluid Height and Mixing Height of G, H, and I 

 

 

Every upwards facing dead-leg completely mixed over the allotted time. Therefore, the mixing 

height measured zero for all properly operating dead-legs. Dead-leg “E” experienced moderate 

leaking and filled completely when the pump ran. The data from dead-leg “E” presented little 

value, due to its malfunctioning. 

 

The fluid heights increased with increasing flow rate. As shown in table 5, running at 32 L/min 

produced the lowest fluid height of 0.125 inches at dead-leg “D” and dead-leg “E”. This flow 

rate is not suitable for thorough cleaning dead-leg “D” measured 9 inches long, therefore 8.875 

inches or 99% of the component remained unclean at 32 L/min. Dead-leg “E” measures 3 inches 

long, therefore 2.875 or 96% of the component remained unclean.  

 

On the contrary, table 6 shows that running at 198 L/min produced the highest fluid height of 

the properly operating dead-legs. At a fluid height of 5.75 inches in dead-leg “G” for this flow 

rate, only 52% of the component remained unclean. Running at 198 L/min, dead-leg “I” 

produced a fluid height of 2.75 inches. These conditions correlated to only 1.25 inches or 31% 

of the component remaining unclean. 

 

The flow rate of 162 L/min corresponds with the industry heuristic our advisor suggests of a 

minimum fluid velocity 5 ft/sec when cleaning. At 162 L/min, 2 inches or 67% of the 3 inch long 

dead-leg “F” remained unclean, the highest percentage. At the same flow rate,  2 inches or 50% 
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of the 4 inch long dead-leg “I” remained unclean, the lowest percentage. At the 162 L/min flow 

rate, the 1.5 inch diameter dead-legs averaged 65% remaining unclean. The 2 inch diameter 

dead-legs averaged 56% remaining unclean. 

 

The dead-legs “D” and “G” both referred to six times their diameters. At the 162 L/min flow 

rate, they averaged 62% of their total heights unclean. Comparatively, the dead-legs “F” and “I” 

corresponded to two times their diameters. At the 162 L/min flow rate, these dead-legs 

averaged only 58% remaining uncleaned. 

Table 7: Fluid Height and Mixing Height of G,H, and I 

 

 

The downward facing dead-legs, “A”, “B”, and “C”, all posed a different issue than the upward 

facing branches (data for the average of three trials can be found in Table 7, above). Mixing was 

much more visible within these three legs. As demonstrated in Figure 8, the mixing within the 

6L/D dead-leg over time is clearly shown. The image depicts what occurs in all three of the 

downward facing branches (ranging from 2L/D to 6L/D), the 6L/D displaying the most dramatic 

mixing. Although all of the dead-legs appeared to display complete mixing at all flow rates, but 

when the valves were opened to drain fluid after each run, a small amount of indicator was 

observed. The amount was just enough to coat the bottom endcap and therefore, the results 

conclude that adequate cleaning cannot be achieved. 
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Figure 8: Visible Mixing Over Time in Dead-Leg “A” 

 

The figure below compares “A” and “B” to demonstrate the difference in cleaning times for a 

4L/D and 6L/D dead-leg. At all flow rates, dead-leg “B” appeared clean within the first 40 

seconds, whereas dead-leg “A” did not visually appear clean until over 80 seconds of cleaning 

were achieved. The calculated time that the system was cleaned was 3 minutes as calculated. 
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Figure 9: Visible Mixing Over Time in Dead-Leg “A” Compared to Dead-Leg “B” 

5.1 Troubleshooting 

The completion of a project, as a student, in a professional environment presents many 

obstacles. From the preparation of solutions, to the construction and operation of our station, 
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challenges we faced required critical thinking, research, and seeking advice from experts in 

order to complete our project. 

 

After successfully connecting all portions of the station together, the first run held nothing 

more than water in the system. At this point, flaws in the construction revealed themselves. 

Leaks at two critical points in the system presented insurmountable problems. One of the 

upwards facing dead-legs had a leak right at the adhesion point between the straight pipe and 

the cap. Therefore, when the flow rate increased, and the trapped air became pressurized, the 

air escaped and was replaced with water. The fluid level rose until the water began leaking out 

of the cap. Although the leak voided any data taken from that section, the leak was very slow 

and posed no threat to the integrity of our station. The next leak positioned itself at the 

adhesion point between the recycle hose back into the tank, and the final straight pipe section 

of our testing station. The connection involves a pvc thread, thread seal tape, and a stainless 

steel connector. The connection was not able to successfully seal, and a small leak dripped onto 

the board. Once again, the leak was very slow and posed no threat to the integrity of our 

station. Both leaks were virtually unfixable. Absorbing mats were positioned below the leaks. 

 

Once we worked out our operating procedure it was time to start adding our solutions. We 

began with a small amount of phenolphthalein indicator and a basic sodium hydroxide solution. 

The amount we calculated would be required to cause the transition from a clear to a red 

solution was insufficient. We continued to add the basic solution until it became evident that 

the pH measured far above the transition point, which posed an unforeseen problem. The first 

solution was to add more indicator, perhaps that would help the approximately 650 liters 

turnover. To no avail, the additional indicator was unable to change the color. After consulting 

with the indicator expert on campus, he presented us with phenolphthalein powder. The 

powder dissolved in a 50:50 ethanol and water solution, so we prepared that indictor for 

addition to our system. The prepared solution drastically changed the color of our stored 

solution from clear to a deep red. Our group concluded that the original vials of 

phenolphthalein must have been expired or at the very least lost potency over time. 

 

Pfizer’s campus allocates the preparation of solutions to the Department of Solutions Services. 

These employees receive requests for upcoming batches or experiments and formulate them 

accordingly. As contractors, we had to send our requests indirectly through our full-time 

employee contacts. This caused one of orders to be put in late, delaying our trials, and causing 

scheduling conflicts with students balancing classes and making the lengthy trip to Andover. 

The best method for ordering solutions is to order more than you think you need, and much 

earlier than you need it. Being conservative in this way ensures experiments are performed 

sufficiently and on time. 
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Lastly, maneuvering a large storage vessel, testing unit, and accompanying pieces proved a 

difficult task. Consulting with employees in the various laboratories in which our units moved 

through, the final placement of our testing station lies in a position as to provide easy access to 

all sections, and allows employees to access all compartments needed to perform their jobs.  

7. CONCLUSION 

The upward oriented dead-legs experienced complete mixing at all six of the experimental flow 

rates, and therefore, complete cleaning was achieved. Similarly, all three downward oriented 

dead-legs also experienced complete mixing and cleaning at all six flow rates. However, there 

was an extremely minute amount of unmixed solution that remained at the very end of the 

caps in dead-legs A and B. This was an immeasurable amount of solution that was only seen 

when the valves on the caps were opened and the solution was released. Otherwise, it was too 

small to measure and was, therefore, not recorded as data. Overall, the downward dead-legs 

achieved complete mixing, but not enough to completely clean the cap. 

 

More of an issue than improper dead-leg mixing was the trapped air in the upward dead-legs. 

These air pockets made it difficult for the liquid level to rise inside of the dead-legs. There was 

no way to rid the system of these pockets, therefore cleaning could not be extended into the 

tops of the dead-legs at the experimental flow rates. This was especially an issue in the taller 

and more narrow dead-legs. Therefore, shorter and wider dead-legs are better and more 

efficient in cleaning.  In conclusion, although proper mixing was achieved to create complete 

cleaning inside of all sizes and orientations of dead-legs, this cleansing can only be achieved at a 

fraction of the necessary height in upward dead-legs. 

8. RECOMMENDATIONS 

Our team devised a number of recommendations throughout the duration of the project. First 

and foremost, our team advises avoiding the presence of dead-legs altogether whenever 

possible. With the development of technology in the biopharmaceutical field, there are 

numerous valve configurations to avoid dead-legs. An example of a tank valve can be seen in 

Figure 10 and another example of a block body in Figure 11. These newly developed 

configurations minimize and/or eliminate uncleanable dead-legs (“Zero Dead-legs,” 2013). 
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Figure 10: Tank Valve 

 

Figure 11: Complex Block Bodies 

Finding appropriate fittings to prevent the dead-legs eliminates the complications that they 

pose on the system, such as fluid pooling and reduced cleanability/sterilization, and prevents 

contamination of the process.  If dead-legs are not able to be avoided in the construction of a 

new piping system, our team recommends that the dead-legs should be no longer than 2D. 

Once a dead-leg starts to reach a length longer than 2L/D the efficiency of mixing slows.  This 

could potentially create a need to use higher flow rates than desireable to clean a piping system 

in the required timeline. 

 

Higher flow rates pose both benefits and risks to the system. A higher flow rate would clean the 

2L/D dead-legs effectively but the system may not be able to handle the higher flow rate. For 

example, the other equipment in the process, such as flow meters, valves, etc., may not be 

rated for the higher flow rates and will therefore fail if exposed to this situation.  
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Appendix 1: Bill Of Materials  

PART # # OF ITEMS ITEM DESCRIPTION 

2CEX8 4 90 degree  elbows clear 
schedule 40 nominal 2” 
PVC 
 

Clear schedule 40 
nominal 2” PVC 

14P015 9 Pipe Clamps For mounting 2” main 
pipe system to test 
station structure (3 
clamps per horizontal 
linear pipe) 

10P575 6 1’ Threaded Rods, ⅜” 
diameter, 16 thread 
size 

Connects pipe clamps 
to station 

2CEW8 9 2” PVC Tees Clear schedule 40 

2ORK14 3 Ball Valves Bottom of each 
downward facing 
dead-leg 

2CFA8 2 2” Clear PVC Female 
Adapters 

For connections at 
beginning and end of 
piping system 

2CFC8 2 2” Clear PVC Male 
Adapters 

For connections at 
beginning and end of 
piping system 

2CFD8 3 2” Clear PVC Caps For capping the 2” 
dead-legs 

2CFD7
 

6 1.5” Clear PVC Caps For capping the 1.5” 
dead-legs 

22FK55 6 Reducing Bushings 
Clear PVC 

For reducing 2” pipe to 
1.5” for dead-leg 
connections 

1AAZ7 1 8’ clear schedule 40 
nominal 1.5” PVC pipe 

For dead-legs 

1AAZ8 4 8’ clear schedule 40 
nominal 2” PVC pipe 

For dead-legs 
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Appendix 2: Pump specifications: 

 

Alfa Laval LKH Centrifugal Pump, Size 20, 2 ½” Suction x 2” Discharge, Full Size 165mm Impeller,                 

Single Mechanical Seal Type, Silicon Carbide Vs. Silicon Carbide Seal Face Combination, FDA             

EPDM Elastomers, No Leg Bracket, 213TC/215TC Frame Size, 32Ra Mechanical 7.5 HP, 3600             

RPM, 3 Phase, 60 Hz, 230/460V, Inverter Duty, Wash-down Rated, Sterling Electric Motor,             

Vacon X series Inverter, 460V Input, 3 Phase, Wired to Motor with 20 Foot Cord 
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Appendix 3: Equations 

Eq. 1 

Re = μ
ρV l  

ρ :density of the fluid (SI units [ ])b /f tl m
3   

V :fluid velocity (SI units [​ft/s​]) 
l :characteristic length (SI units [​ft​]) 
µ :dynamic viscosity (SI units [ ]).b /f tl m  

 

Eq. 2 

h h h h o + ρg
PO + 2g

V 2
O + Δ p = h1 + ρg

P 1 + 2g
V 2

1 + Δ f + Δ m  

h​o​: height [ft] 

P​o​: pressure [psi] 

g: gravitational constant [ft/s​2​] 
v: velocity [ft/s] 

Δh​p​: loss  

 

 

Eq. 3 

h ( )( ) major loss = λ l
dh

v2

2g  

λ: friction coefficient 

d​h​: ​ ​hydraulic diameter [ft] 

v: velocity [ft/s] 

g: gravitational constant [ft/s​2​] 
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Appendix 4: Detailed CAD Design 

 

 

Shown in the figure above is the piping structure designed in Autocad 3D 2016.  The figure 

shows three different views of the piping system.  The first view in the top left corner 

represents the piping structure in a southwest isometric view.  The view in the top right corner 

is the piping system shown from the left side.  From this view the angle of the piping system is 

displayed.  This view also shows the vertical nature of the dead-legs.  The view in the bottom 

left corner shows the piping system from a top left view.  This is representative of looking down 

on the piping system from a ladder on the left side.  Finally, the bottom right quadrant is the 

various lengths of piping that was used during the construction of the system.  The horizontal 

pieces of the piping system were assembled in order to fit 26 horizontal feet on an 8’ by 8’ 

board.  Along the horizontal piping, dead-legs at varying widths and heights were attached.  The 

bottom row of the piping system consisted of dead-legs with a 1.5 inch diameter.  The lengths 

of the dead-legs were 3 inches, 6 inches, and 9 inches.  
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The orientation of these dead-legs were downward facing.  The middle row dead-legs had the 

same diameter and lengths as the bottom row, but had an upward orientation.  The group 

decided to switch the orientation of the bottom and middle row in order to determine the 

difference in mixing between upward and downward dead-legs.  Finally, the top row of 

dead-legs had a 2 inch diameter and had lengths of 4, 8, and 12 inches.  These dead-legs had an 

upward orientation.  The team decided to use different dead-leg diameters to determine the 

difference in cleaning between various sized diameters.  
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Appendix 5: Clean Time Calculations 

 

inear V olume 4f t  L : 1 3  

f t 8.32L1 3 = 2  

4f t 28.32L/f t ) 96.48L1 3 * ( 3 = 3  

62L/min f rom chart for 5f t/s found in Table 3 1  

96.48L 1min/162L) .447min to adequately clean3 * ( = 2  
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Appendix 6: Phenolphthalein MSDS
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Appendix 7: Data Collection 
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Appendix 8: Calculation of Acid and Base Addition 

 

The same volume of HCl will be needed to return the solution to a pH of 7. 
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