Add-on Mixing Chamber for Mechanical Ventilator
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Team Members:  Missy Haehn, Laura Sheehan, Ben Sprague, Andrea Zelisko

Client: Matt O’Brien, RPT

Advisor: Professor Webster

March 5, 2004

Problem Statement:  

To develop a mixing chamber to help stabilize oxygen percentage delivered from mechanical ventilators to critically ill patients; this chamber would allow for increased accuracy of metabolic measurements.  

Background:  

Metabolism is defined as the amount of energy one uses throughout the course of a day (1). The body’s metabolism is similar to a scale balance in that the calories fed to a person must equal the amount of heat energy produced by the patient’s body (Figure 1).
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Contrary to popular belief, critically-ill patients receiving supplemental oxygen via a mechanical ventilator “resting” in bed actually have a much greater metabolic rate than healthy resting individuals (2).  Due to the higher metabolic rate of a ventilated patient, a different caloric intake needs to be calculated tailored to the patients needs.  This is very important because of the incidence of malnutrition among critically ill patients on mechanical ventilators (3).  This malnourishment can lead to lengthened hospital stays and unnecessary ventilator support (4).  The vital task of determining the caloric needs of a patient falls to the Pulmonary Respiratory Technician.  Calculating this need is done by a method called “indirect calorimetry.”  According to The American Association for Respiratory Care, metabolic measurements use indirect calorimetry “to reduce the incidence of overfeeding and underfeeding and to decrease costs associated with total parenteral nutrition (5).”  Indirect calorimetry is performed by measuring the dimensionless respiratory quotient, RQ, which is the CO2 produced divided by the O2 consumed (4).  From this value, one can determine if the patient is receiving too few or too many calories, because what someone eats affects the level of CO2 production.  For example, a patient consuming a diet consisting of primarily carbohydrates produces a significantly higher amount of CO2 from metabolism.  Because of this high level of CO2, it is harder to maintain a sufficient level of ventilation and can result in either respiratory failure or difficulty in weaning the patient from the ventilator due to a reduction in respiratory muscle strength (2).  Ideally, a reasonable adjustment in the patient’s diet is to reduce the carbohydrates and increase the lipids consumed, thus reducing the amount of CO2 produced by the patient’s metabolism and making ventilation easier.  The patient’s diet is modified accordingly and metabolic measurements are repeated shortly afterward to determine the effectiveness of the new nutritional regimen.  

The validity of the metabolic measurement can be assessed by looking to see if the RQ is appropriate for the patient’s diet and if it is within the “normal” physiological range, this being 0.67 to 1.3 (5).  Generally, overfeeding increases this value while underfeeding decreases it (3).  Occasionally, a technician finds him or herself with an RQ outside the “normal” range and must determine why this unusual data is occurring.  Recalling that RQ is the ratio of carbon dioxide expired to oxygen inspired, one would expect to theoretically find the percent oxygen inspired by the patient (also called the fractional inspirational oxygen or FIO2) equal to what percent oxygen the ventilator is delivering.  However, often the FIO2 value is inconsistent due to the varying concentrations of oxygen delivered to a patient from breath to breath.  This can be caused by one of two factors: the mixing of the gasses or changes in gas pressure between one end to another (pressure drops).  Therefore, the FIO2 must be measured on a breath-to-breath basis during these metabolic tests and the inconsistencies from gas concentration and pressure must be made as small as possible in order to have appropriate RQ values.  The Association of American Respiratory Care states that this can be done by either a blender for high-pressure gas or “an inspiratory mixing chamber between the ventilator main flow circuit and the humidifier (5).”  Lastly, to ensure complete understanding of how the testing of these metabolic measurements is performed, the set-up of the hardware involved should be explained in more detail.

The critically ill patient is breathing via a mechanical ventilator.  This ventilator has two scissors valves, which, from the percent oxygen entered by the technician or physician on the ventilator display, calculate the respective amounts of air and oxygen to be mixed and subsequently delivered to the patients.  This mixture of gas leaves the mechanical ventilator and heads to the humidifier device where it is heated and humidified.  From the humidifier the gas travels down a tube to the patient’s lungs.  However, before it reaches the patient it enters a pneumotach during metabolic measurements.  The pneumotach is a device that determines the rate of flow of the gas.  In order to measure the FIO2, there is a gas sample line that constantly is sucking out a tiny amount of the gas mixture to be delivered to the patient (figure 2).  This gas sample is then analyzed on a breath-by-breath basis by the metabolic measurement software (our client’s is made by MedGraphics, Figure 3) and from this data, the RQ is determined and the necessary nutritional adjustments can be made.  The mixing chamber, which is recommended above to create a more uniform gas mixture, would be placed between the ventilator and humidifier.  The improvement made from the addition of this chamber would be seen from the sample taken at the site of the pneumotach and its analyzation.  Theoretically, a more stable FIO2 should be found with the addition of this mixing chamber.     
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Motivation:  

Our client, Matt O’Brien, is a Pulmonary Respiratory Technician at the UW Hospital who performs metabolic measurements and is interested in having more accurate and reliable data in the tests he performs.  He believes that the inadequate mixing of oxygen and air could be to blame for some inconsistent RQ measurements he has made.  Thus, he has requested our team to design and build him a small mixing chamber to sufficiently mix the gas in hopes for a more stable FIO2 value and thus logical RQ data.  This will aid in a more accurate nutritional assessment of mechanical ventilator-dependent patients and help prevent over and underfeeding of these critically ill patients.   

Client and Design Requirements:


Our client has made a number of requests and requirements for the design of the mixing chamber.  The first and foremost requirement was an improved method of mixing the gas, resulting in more stable FIO2 measurements.  The chamber to be built is to be reduced in size from the existing chamber he owned (dimensions: 15.9 x 5.1 x 8.3 cm).  The inlet and outlet ports of the new chamber must have an outer diameter of 22mm and inner diameter of 15mm in order to adequately fit the tubes leaving the ventilator and entering the humidifier and maintain an airtight seal.  Another client requirement was for the chamber to be able to be sanitized yet maintain its airtight seal.  This is important because according to The American Association for Respiratory Care, “connections used in the inspiratory limb of the circuit proximal to the humidifier should be wiped clean between patients (4).”  The chamber should be constructed of a transparent material, most likely Plexiglas.  Lastly, the device must be able to withstand use approximately once a week.  


Design Alternatives:

Design #1:

The objective of our new design is to create a better mixing environment for the air coming out of the ventilator.  Because air is a fluid, we can use fluid flow to model turbulence and to calculate what dimensions we need for a prototype.

The Reynolds number is a dimensionless number that determines what type of flow is present, either laminar or turbulent.  Laminar flow can be described as organized and comprised of streamlines; turbulent flow can be described as unidirectional.  Using turbulent flow (or turbulence) is one way to induce mixing within a container.  Nonetheless, turbulence is not the same as mixing.  The ratio of inertia forces to viscous forces within the fluid is the factor that determines which type of flow is present and is expressed by the following equation.

R= ρVD/μ

In an open cylindrical container, if the number is less than 2000, then the flow is laminar.  However, if the number is above 4000 the flow is completely turbulent.  Anything in between these two values is a mixture of both laminar and turbulent flow (8).  When calculating our Reynolds number using the inlet size as the diameter for the equation, we obtained a Reynolds number of approximately 724.  This was a clear indication that turbulence would not be created alone in the tube.  We then thought of inserting a grid inside a cylinder to create grid turbulence. According to Tim Shedd, assistant professor of mechanical engineering at the University of Wisconsin - Madison, the Reynolds number only needs to be between 10 and 100 to create turbulence with a grid.  The diameter used to calculate this number is the diameter of the grid rods because the separation between the openings is what causes vortices to form in the space after the grid and therefore fuel turbulence.  After recalculating this number, we obtained a number of approximately 36.  Grid turbulence would be possible in our situation.  

The second alternative design would consequently be a cylindrical container with a grid made up of cylindrical or square rods inserted inside the container (Figure 4).
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When the gases from the ventilator are inserted into this device, the grid would allow the air to become turbulent (Figure 5).  According to William Easson, professor of fluid mechanics at the University of Edinburgh, turbulence will be fully mixed about 30 to 50 diameters downstream of the rod diameter in the design.  Therefore, the length of the cylindrical container would need to equal this in length.

An advantage to this design alternative would be the simplicity of the device.  It would be fairly easy to manufacture and low in cost.  As for cleaning the device, one of the ends of the cylinder could be removable so that it could be sanitized, yet maintain an airtight seal. 

After initially speaking with Professor Chesler, assistant professor of biomedical engineering at the University of Wisconsin – Madison, this design alternative seemed to be the simplest, most direct way to mix the gases from the ventilator.  Professor Chesler definitely supported the use turbulence in order to fully mix the gases, but did not know if this was obtainable due to our design constraints.  However, after speaking with Professor Shedd and confirming grid turbulence, our design would work.  Using the cylinder alone would not be possible, but modifying this design by adding a grid would create enough vortices to create turbulence and thus induce mixing.  A disadvantage of this design is that the mixing is completely dependent on the grid turbulence created; there are no other forces mixing the air within this design.  It is also known that any induced turbulence will quickly die out.  To account for this problem multiple grids can be inserted into the cylinder, but in theory if the number of grids is infinitely increased a filter will result and pressure drop will be a concern.  However, the only actual way to determine the pressure drop would be to test the design.

Alternative #2:

During the research phase of our design, Mechanical Engineering Professors Jaal Ghandi and Chris Ruthland were consulted.  Due to their involvement in mixing gases for internal combustion engines, they were able to provide useful background information. 


Jaal Ghandi provided a few things to consider.  He said that there isn't any specific medium that helps promote mixing, and there aren't any properties of gases that would be useful to focus on in our design.  He suggested focusing on the fluid mechanics and dimensional analysis areas instead.  Also, by optimizing hole sizes and possibly making them smaller, we could create uniform flow through all of the holes.  The design currently used isn't very effective, because a large proportion of the gas is most likely going through the hole closest to the input port.  Professor Ghandi recommended that we take advantage of the small pressure difference between the entrance and exit and create turbulence by logically placing holes, wall heights, etc.  This would have the same effect as having an electrically powered fan. 


After coming up with a few ideas, Chris Rutland was asked to provide some feedback.  One idea that he had was to make the gas flow over or under a barrier.  This technique would help add some turbulence.  He also said that it's important to consider both the large and small scale.  Having large holes and small holes incorporated into the design would address large scale and small-scale levels of mixing.


This design’s prototype involves a setup similar to the design currently in use.  A diagram of the prototype with dimensions is shown in Figure 6.  In order to create more mixing, the first divider was made with a slit across the top and the bottom.  This forces some the gas to rise and some of it to sink.  The next divider has large holes and is very similar to the dividers from the original design. However, one major improvement has been made.  A concern with the initial design is that since the air flows in one side of the container, the gas flow isn't uniform throughout.  More gas was flowing through the holes closest to the input port than the holes on the opposite end of the chamber.  To combat this problem, the new divider has holes of increasing size.  The holes closest to the input valve are smaller than the holes farther away.  Ideally, after the gas goes through this divider, the airflow should be uniform throughout the length of the container.  The last divider has a number of small holes.  These small holes will help mix patches of air and oxygen that were not mixed well enough by the first two dividers.  The divider with the large holes will break up big patches of air and oxygen, and the divider with the small holes will repeat what the big screen did but on a smaller scale.  Therefore, the small holes break apart small patches of oxygen and air.  Chris Rutland suggested that using a screen instead of a divider with small holes might be more effective.  During the testing stage, we will test the prototype with the divider and then replace it by a screen to compare the results.  This will be easy to do, because the dividers and screen will slide in and out of tracks on the side of the container. 


The advantages of this design are that it is simple, easy to clean, and deals with both large scale and small scale mixing problems.  However, there is no way of knowing how much better this design will work than the previous one without testing it first.  It is based on the suggestions of professors in the field, but there is not any other information to currently support this design.  Also, the pressure drop across this design is going to be higher than the pressure drop against the current product.  This could potentially be an issue if the pressure drop is significantly more than the current chamber.  

Alternative #3:


This design includes the use of three stationary turbines, oriented in opposite rotation directions to the one preceding it (Figure 7).  All three turbines will be mounted on a slender rod running down the center of a section of clear plastic tubing.  This tubing will be an alteration of a 

screw-top plastic container, with a hole in each end for the inlet and outlet ports, and an airtight seal surrounding the screw joint.  The entire tubing length will be approximately 10cm with a diameter of 3cm.  The slender center rod will be mounted within the container by attaching a three-branch prong on either end that rests on the inside of the container to keep the rod centered.  Each one of these turbines will be approximately 2.5 cm in diameter and be spaced along the rod 3 cm apart.  Because these turbines will not be spinning, we don’t have to worry about bearings or the precise position of the turbines within the tube.  These turbines will be acting strictly as an obstacle to the air flow, forcing it to travel in one direction as it passes the first turbine, in the other direction to pass the other and then back in the first direction to pass the third.  


The advantages of this design are that it is rather simple, small, and because of its screw top, it can be easily dismantled and the inside of the tubing, rod, and turbines clean easily.  By using a tube shape, this design minimizes the amount of glued joints where a potential leak could occur.  Keeping this in mind, using pre-made plastic products limits our own construction error in cutting and forming the plastic that could lead to lower quality or reliability.  Such a design with a long slender shape would be very inconspicuous and would not get in the way of the technician. 


However, it is difficult to gauge the effectiveness of this design in mixing the gases compared to the other designs until testing is done.  In addition, it is unknown to what degree the pneumotach oxygen analyzer can measure the mixing of the gases and how many obstacles are necessary for consistent measurements from the analyzer.

Final Design:

In order to determine a final design, the prototypes were compared and judged on a variety of requirements. This is represented in chart form in Figure 8 and also described in paragraph form below. 

Figure 8: Design Matrix


One category that the designs were judged on is feasibility.  The grid design is the most feasible, because the supplies are readily available and the construction is reasonable.  For the propeller design, finding the right materials could be an issue as useful propellers have not yet been found.  With the design that incorporates walls and holes, the container is being constructed out of Plexiglas and held together with solvent.  Using this method, there will be problems with developing an airtight seal.  Without finding another container, this limitation makes this design less feasible than the others.


The mixing capability of the design is one of the most important factors.  With the propeller and walls/holes designs, it is hard to determine how well the gases will be mixed without testing them first.  The grid design is supported by calculations that provide evidence of producing uniform gas flow. 


All of the proposed designs would be easy to integrate with the ventilator.  They all will easily connect to the inlet and outlet ports.  As an important requirement that was emphasized by the client, the integration capability was taken into consideration when brainstorming.  This is reflected in all of the designs of the prototypes. 


The final product must be easily sanitized.  The walls/holes prototype incorporated features that make the design easy to clean; the dividers slide in and out of grooves on the sides of the container allowing for separation of parts.  In addition, the entire design is made out of the Plexiglas, so it will be sufficient to wipe off for sanitation.  The propeller prototype is moderately easy to clean.  Since the propellers are inside of a tube, it won’t be possible to guarantee that all areas of the propellers have been disinfected.  However, cleaning will be generally effective. With the grid design, cleaning the grid may be difficult depending upon which type of grid is used.  However, the outer container will be very easy to clean. 


It is obviously important to provide a reliable and durable product.  In order for our design to be effective, it will need to produce accurate repeatable results every time it’s used.  Also, one of the project goals is to minimize the amount of maintenance necessary, so durability is a vital requirement.  The grid design is very durable but the reliability of turbulence for consistence data could vary.  Since the walls/holes prototype is constructed out of Plexiglas held together with solvent, producing an airtight seal will be hard.  This decreases the design’s efficiency.  The propeller design is made out of an airtight container, therefore its reliability and durability will be high.  In addition, the propellers are made of a rigid material, so they won’t have to be replaced often. 


The last aspect of the evaluation completed on the prototypes was cost. All of the designs will cost less than the suggested manufacturing cost provided by our client of $100. The grids and the propellers are the most expensive items that would be used. All of the containers, Plexiglas, and solvents are rather inexpensive. 


Based on the design matrix, the grid design was chosen as the final design.  It is a very simple design that will be easy to construct.  Due to the materials used, developing an airtight seal will be feasible.  This durable product will be able to withstand the pressure drop associated with mixing.  Its mixing effectiveness is supported by calculations involving a variation of Reynolds number.  This design will be easy to moderately easy to clean, depending on which type of grid is used. 

Potential Problems:


The integration of our mixing chamber into the ventilator circuit is a very important unknown at this point in our design process.  Placing our mixing chambers in series with the air input line to the patient has the potential to affect the pressure of the air going to the patient.  This can then interfere with the interactions between the ventilator and the patient’s breathing cycle.  For example, one common mode of the ventilator relies on a slight pressure change within the input line caused by the patient beginning a breath, to sense when to begin the next breath (16).  A design that changes or inhibits this pressure change from being sensed by the ventilator would most definitely affect the performance of the ventilator.  Although the specifications of the pressure within the ventilator during different modes are known, it is difficult to know the exact behavior of our prototypes within the ventilator system during ventilation.  Testing of our prototypes in this way is the only foreseeable way to discover this.

As we move into the selection and construction of a final design, we must develop a precise, reliable way of determining the mixing abilities of each present prototype and the continuing alterations of our final design.  The most applicable and meaningful way to test our prototypes would be to measure oxygen concentration while the prototype is used in the ventilator circuit.  Other ways to test would involve more qualitative results, for example, by qualitatively measuring how mixed a stream of smoke is with the surrounding air.  Another testing possibility would be to use liquids, but its difference from air in certain properties could affect the relevance of its results. 

Due to the lack of testing thus far, the biggest concern with our prototypes is whether any of them will provide sufficient mixing for this use.  

Future Work:


We need to look into different materials that would be most suitable for this design.  Also, we need to weigh out in house construction versus purchasing products for out design.  An airtight seal is crucial in our design. Since we haven’t really considered this, we will need to devise a way to incorporate it into our design.  We will need to begin more structured testing of our final design.  Also, replication would be a factor we would need to look into when manufacturing our design. 


Hypothetically, if each of the previous three designs was taken and we increased the components of each design to an infinite amount (e.g. infinite number of grids, dividers, or turbines) we would obtain a filter.  Professor Tim Shedd claimed that this would be the simplest and most economical way to solve the problem.  A high quality Hepa filter was suggested for use in the design.  If the filter was not packed in too tightly, then pressure drop would not be a concern.  This design is fairly simple, cost efficient, and sanitizable.  However, because filters contain many fibers, this must be considered when the air passing through the design is to be directly inhaled.  Also, the filter would have to be continuously replaced which could cause inconsistency in the data.
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Function:  To develop a chamber to help stabilize oxygen percentage delivered from mechanical ventilators to critically ill patients; the chamber would allow increased accuracy of metabolic measurements.

Client Requirements:

· New method to mix the gas more efficiently and accurately

· Chamber reduced in size 

· Chamber able to be cleaned and remain tightly sealed

· Be manufactured of a clear material 

Design Requirements:

1. Physical and Operational Characteristics

a. Performance requirements:  The device will be used during every ventilator study performed by our client, approximately once a week. It will be subjected to a pressure gradient and must be able to withstand a pressure drop of 600 Pa.

b. Safety:  The device should be able to be sanitized due to use on critically ill patients.

c. Accuracy and Reliability:  The device should provide uniform oxygen distribution to the patient every time it is used.  It should have an airtight seal to prevent gas from leaking from the chamber and disturbing the accuracy of measurements.
d. Operating Environment:  The device will be used in a hospital environment by Respiratory Technicians.  The device should be able to withstand pressure up to 600 Pa.

e. Ergonomics:  The device should be free of any sharp edges and be easily cleaned.

f. Size:  The device should be smaller than the current chamber, which measures 15.9 x 5.1 x 8.3 cm.  The inlet and outlet ports must have an outer diameter of 22mm and inner diameter of 15mm.

g. Materials:  The device should be made from a clear material such as Plexiglas.  Metal should not be used except in small quantities as in screws.  Adhesives must provide an airtight seal. 

2. Production Characteristics 

a. Quantity:  Only one chamber is necessary, however additional models could serve as replacements if needed.

b. Target Product Cost:  Device should be able to be manufactured for under $100.

3. Miscellaneous

a. Patient-related concerns:  The chamber should be sanitized between patient uses.  

Future Problems:  Mixing Chamber Team

The problems that we expect to encounter as we continue with our design surround the testing of our prototype designs.  We are unsure as the exact testing conditions that are needed to obtain accurate data about our mixing chamber prototypes, and we will have to conduct tests with several variations in the ventilator circuit to get an answer.  It is possible that they only way to get reliable data will be to conduct tests while the ventilator is being using on a patient and indirect calorimetry is being performed.  This may involve using the ventilator on one our of group members as a test subject or on actual ventilation patients.  This introduces a whole new set of issues and questions regarding testing prototypes within a circuit that is being used in a critical situation and patients being observed by students.

Figure 1: The balance of caloric intake and energy output (6).














Figure 7:  Diagram of Alternative Design 3




















Figure 5: Grid Turbulence (10)





Figure 4: Diagram of Alternative Design 1





Figure 2:  Pneumotach and sample line for analyzing gas (7).





Figure 3: Delivered Oxygen percentage measured when gas is just exiting the ventilator (Servo 300).  FIO2 dialed in on ventilator was 52% (15)
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Figure 6:  Diagram of Alternative Design 2
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