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Abstract 

A reduced order model that captures the key aspects of a roots type supercharger has 

been developed. The goal of this reduced order model is to obtain the greatest computation 

speed for an acceptable accuracy. Key phenomena that dominate the response in the 

supercharger were identified first, and then implemented in the reduced order model. 

The reduced order model was developed based on one dimensional supercharger 

model from Sorenson. This model was then improved by adding backflow slot features 

(previously done by Carroll), a carryback slot, and finally a pressure pulse generated by the 

carryback slot. The output of this model, supercharger performance (volumetric and J 1723 

isentropic efficiency), was then compared with measured data from Eaton Corporation. The 

results agree after a supercharger wall temperature is increased with respect to the pressure 

ratio and rotor speed. This suggests that there is another heat generation source in the 

supercharger that has not been accounted for in the model, such as mechanical loss due to 

friction. A further investigation on the supercharger wall temperature needs to be conducted 

to verify this hypothesis. If the investigation results do not support this hypothesis, other 

source of heat generation in the supercharger should be investigated. 
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Chapter 1 

Introduction 

A supercharger, a positive displacement compressor, is one type of forced induction 

system that is used in an internal combustion engine. It increases air pressure and density in 

the intake manifold by pumping more air into the engine than the engine would use without a 

supercharger. This high pressurized air provided by the supercharger causes more fuel to be 

burnt during combustion process, which results in a greater combustion explosion. This 

greater combustion explosion creates more downward force on the piston, in turn creating 

more horsepower and improving performance over non-supercharged vehicles. The 

supercharger is matched to the engine based on its displacement and belt ratio. 

The key to the increased horsepower is associated to the amount of air that can be 

compressed into the cylinder; hence, compressing air is an important function of a 

supercharger. Typical boost of a supercharger is between 6 and 8 psi and atmospheric 

pressure on sea level is 14.7 psi. This means by using supercharger about 50% more of air 

can get into the engine, resulting in an increase in horsepower of about 40 to 50% (Harris 

2006). 

There are three types of superchargers: centrifugal, roots, and screw type. The main 

difference between all three types is how the air inside the supercharger is moved to the 

intake manifold of the engine. Screw type and roots type use different types of intermeshing 

lobes and a centrifugal compressor uses an impeller (Harris 2006). Examples of these 

superchargers are shown in Figure 1.1, 1.2, and 1.3 (Howstuffworks.com). 

Centrifugal superchargers, Figure 1.1, use an impeller spun by a drive pulley. Air is 

drawn into the centrifugal supercharger; then gets compressed by an internal rotating 

impeller and forced out through the scroll of the supercharger. One advantage of centrifugal 

superchargers is a lower discharge temperature compared to other superchargers, which leads 

to a higher reliability and performance. However, they do not produce as much boost in the 

lower range of motor rotation rates (Harris 2006). 
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~~~~ ~ 
~~~ 

Figure 1.1 Centrifugal supercharger (Harris 2006). 

Roots type superchargers, Figure 1.2, are the oldest type of supercharger. Unlike the 

use of an impeller in centrifugal superchargers, they use two intermeshing rotors to compress 

air to the manifold and thus create boost. Typically, root superchargers have rotors with two 

or three lobes depending on the size of the supercharger. Air gets in from the fill side and 

then gets carried through the system to the discharged side. The advantage of roots type 

superchargers is that they deliver boost through the entire range of motor rotation rates. 

They, however, produce hotter discharge temperatures than other superchargers and add 

more weight to the vehicle (Harris 2006). 

A~ 

.. . ... ... ~q~,~~~ 

< , 

YYj

~~~~~~~~~ 5~~~ 

Figure 1.2 Roots type supercharger (Harris 2006). 
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Screw type superchargers, Figure 1.3, are the predecessor of roots type superchargers. 

Even though the internal design of the screw type supercharger is similar to the roots type, 

screw type superchargers exhibit internal compression. Like a roots type compressor, as the 

air is passed through the supercharger, it gets trapped into pockets created by rotor lobes. 

However, these pockets of air between the internal screws decrease in size towards the outlet 

since the rotors have conical taper. This makes a screw type compressors have higher 

thermal efficiency than roots type superchargers. Two main advantages of screw type 

superchargers are that they produce high boost levels in the lower range of motor rotation 

rates and they run cooler than roots type superchargers (Harris 2006). 

'!iii./r F~ s"~/  ~.: 
!iGF6'.~<l~6~! :,•`k.:, 

.,s,~i~ 

~~~~~ ~~~ 

Q~ ~~~~~ ~~~~ 

Figure 1.3 Screw type supercharger (Harris 2006). 

The other type of force induction system is a turbocharger. The main difference 

between a supercharger and a turbocharger is in their power supply. A turbocharger uses 

exhaust gas from the engine, while a supercharger is driven by a belt that is directly 

connected to the engine. In turbochargers, exhaust gas from the engine flows through a 

turbine, which in turn spins the compressor. Turbochargers are more efficient than 

superchargers in terms of power consumption since they use "waste energy" to be their 
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source of power (Harris 2006). On the other hand, the main drawback of a turbocharger is 

what is called turbocharger lag. This is the time delay that a turbocharger spends waiting for 

the engine to produce enough exhaust to spin the supercharger and deliver boost. At lower 

motor speeds, a turbocharger will not function because exhaust gas velocities are not high 

enough to move the turbine. Therefore, superchargers have an advantage because they are 

driven continuously while the motor runs. 

1.1 Previous Work 

Although there have been some amount of work done on superchargers, only few 

studies are documents in the open literature. Most of the work was done by companies and 

therefore, the findings are kept confidential. 

In a general sense, some approaches to model a supercharger range from using 

computational fluids dynamics (CFD) as the most general approach and then using a reduced 

one dimensional model as the simplest approach. In all cases, using experimental work to 
direct and verify the model is an important part of developing an accurate modeling 
methodology. 

Modeling a supercharger using a one dimensional model was done previously by S . C . 

Sorenson. He developed a one dimensional model using thermodynamic relationships to 

analyze a supercharger. There were two students from Iowa State University that have done 

some work on superchargers as well; Nathanael Meyer and Curtis Carroll. Nathanael Meyer 
developed tools to understand and predict noise phenomena in a supercharger (Meyer 2003, 

pg. 64). Curtis Carroll focused on the backflow slots on a supercharger. He developed a 
model that was able to generate a pressure rise profile that is caused by the backflow slots 

(Carroll 2004, pg. 80). There is also an experimental work on a supercharger being done at 
Iowa State University that focuses on the air velocity and related fluid properties using 
particle image velocimetry (PIV). 

The approach taken in this thesis is to follow the previous one dimensional modeling 

work by Sorenson and Carroll which emphasized using experimental data analysis tools 
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developed by Meyer to focus the modeling on phenomena that dominate the supercharger 

response. 

1.2 Reduced Order Model 

The goal of the reduced order model is to use the lowest order model to get the key 

aspects of the supercharger performance. While a general model, such as a three dimensional 

time-based computational fluid dynamics (CFD) model can eventually be made for the 

supercharger, the goal of the reduced order model is to get the greatest computation speed for 

an acceptable accuracy. Such a model can then be used for the iterative process of design. 

A key step in the development of a reduced order model is to identify and understand 

the phenomena in the supercharger that dominate the response, be it efficiency or noise. 

Once identified, the work then proceeds to use the simplified model of those phenomena that 

provides adequate accuracy. 

The process of identifying the phenomena can be through experiments or 

computational work. In the case of the current supercharger, the advanced computational 

tools (such as CFD) are not available, so the focus was on the experimental results. In the 

future, as the CFD process is improved, it may prove possible to use the time consuming 

CFD work to further identify phenomena to be used in the reduced order model. 

The reduced order model takes into account the basic key features of the 

supercharger, such as the flow effects, heat transfer effects, and also the variation in the 
volumes and areas inside the supercharger as the rotor turn. 

1.3 Research Overview 

The goal of this research was to develop a computational tool for supercharger 
design. The computational tool is based on a simplified one dimensional model of the 
supercharger following previous work done by Sorenson. The model is augmented with the 

response of the backflow slots and the acoustic pulses generated by the carryback slot. 
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The input to the computational tool is the geometry of the supercharger as a function 

of rotor angle. The geometry is quantified in terms of volumes and surface areas. The 

surface areas include surface areas for heat transfer and areas for flow, including leakage 

flow between the rotor and the wall. Additional input is the rotor speed and pressure ratio. 

The program requires an initial estimate of the flow rate, but then varies the flow rate to 

attain the desired pressure ratio. 

The computational tool predicts the air performance of the supercharger and the 

pressure signals in the supercharger. From the signals, a prediction of the noise generated by 

the supercharger can be developed in the future. The air performance is quantified by the 

volumetric efficiency and the J 1723 isentropic efficiency. Comparisons of the predictions 

and measured values show that the computational tool is capable of showing the trends of the 

efficiency as a function of motor speed (RPM) and pressure ratio between the supercharger 

outlet and inlet. 

1.4 Thesis Outline 

This thesis will discuss previous work on modeling a roots type supercharger done by 

S.C. Sorenson. The theory on modeling the supercharger using one dimensional 

thermodynamic relationships will be discussed first, followed by improvements made to the 

computational tool, such as including the backflow slots. Finally, a carryback slot pulse 

model will be presented. Detailed algorithms of the computational tool will then be 

discussed, including the thorough explanation of inputs, the main program, and outputs. The 

results on backflow slot improvements will be presented in graph form displaying pressure 

and temperature signals over 120 degrees of rotor motion. Efficiencies as the output of the 

computational tool will then be compared to measured data. The process of matching the 

efficiency results between the computational model and measured data will also be 

discussed. carryback slot pulse results will be analyzed and compared to measured data. 

Finally, the summary and conclusion of the work in this thesis will be presented, followed by 

some suggestions for future work. 
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Theory 

S.C. Sorenson did significant work to model a three lobe roots type supercharger. 

The model was able to capture some critical aspects of the supercharger using one 

dimensional thermodynamic relationships. It divides the three lobe roots type supercharger 

into three to five separate control volumes depending on the angle of rotation and 

thermodynamic conditions of the control volumes (Sorenson 1984, pg. 115). Each control 

volume is connected to the adjacent control volumes through small leakage flow areas. In 

Figure 2.1, supercharger cross sectional view for Sorenson's model, the supercharger is 

divided into 4 separate control volumes: inlet (I), low pressure receiver 1 (Rl), outlet (R3), 

and trapped volume 2 (T2). The leakage flow areas and their directions for this particular 

angle position are circled: ric,,, , mL12 , mk,,,., ,and m,.z . 

Inlet 

Figure 2.1 

Carryback Slot 

BFI 1 

~Utf~~ ~_-'~ ~`" 

Sorenson's model supercharger cross sectional view showing control 

volumes, backflow slots, flow areas, and their directions (Sorenson 1984, 

pg. 116). 

In Figure 2.1 and other similar supercharger cross sectional views the inlet is on the 

top; the outlet is on the bottom; the left rotor turns counterclockwise; and the right rotor turns 

clockwise. The rotor speeds (in RPM) and pressure ratio serve as input values in Sorenson's 

model. Then, thermodynamic relationships are assigned to each control volume and solved 
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for temperature and pressure values on every angle increment. After all the temperature and 

pressure values in those control volumes are solved, the supercharger efficiency is calculated 

to obtain the performance index of the supercharger. Amore detailed discussion of 

Sorenson's model will be presented later in this chapter. 

Overall, Sorenson's model was able to predict the performance (supercharger 

efficiency) trends accurately. A much closer agreement with the measured data was found 

more in lower rotors speeds than it was in high rotors speed (Sorenson 1984, pg.126). It was 

also concluded that the leakage flow was found to be an important factor influencing the 

volumetric efficiency with the inlet area and the heat transfer effects having a much smaller 

influence (Sorenson 1984, pg. 127). In short, the strength of Sorenson's model is that it takes 

into account the leakage flows and heat transfer effects in a supercharger. It does not, 

however, model other features of the supercharger that have effect on the supercharger 

performance, such as backflow slots (Carroll 2004, pg. 81). 

Backflow slots, BFS 1 and BFS2, (circled in Figure 2.1) are flow areas located near 

the outlet. Their purpose is to reduce the noise due to the sudden pressure change created by 

the trapped volume as it opens to the outlet. The work to model backflow slots was 

previously done by Curtis Carroll from Iowa State University. As Carroll suggested in his 
thesis, the work that he has done can be expanded further by combining Sorenson's model 

and his backflow slot model. The anticipated result was that the new model would give a 
more accurate prediction on the pressure and temperature profiles as well as the supercharger 

efficiency, especially at low rotor speeds. Another important finding by Carroll was that the 

pressure pulse seen in the measured data is not caused by backflow slots (Carroll 2004, 65). 
He suggested that the carryback slot, which is located on the inlet side of the rotors, be 

investigated as the source of pulses (See Figure 2.1). The goal for this pressure pulse 

investigation is to better match the pressure profile prediction to the measured data. 
Discussion on the development of a simplified model that incorporates all these 

effects will be presented. Background information of Sorenson's work will first be 
discussed; followed by some improvements made to the model such as backflow slots, the 

carryback slot, and pressure pulse generation. 
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2.1 Sorenson's Model 

The roots type supercharger studied has two three lobe rotors (Figure 2.1); therefore, 

the cycle repeats every 120 degrees. Furthermore, since the supercharger is symmetric with 

respect to the two rotors, the first 60 degrees of the 120 degrees cycle is the mirror of the 

second 60 degrees. Hence, the base equations for the first 60 degrees are the same as the 

second 60 degrees; the difference between the two will be just on the left and right side 

orientation of the supercharger. Therefore, only 120 degrees of the full 3 60 degrees shaft 

rotations needs to be modeled. In reality, the supercharger is not exactly symmetric, but the 

non-symmetry can be included in the model parameter rather than in the base equations. 

Before developing the equations, different control volumes have to be defined for a single 

120 degree cycle. 

2.1.1 Supercharger Subsystem 

Sorenson's model divides a three lobe rotors supercharger into between three and five 

separate control volumes, depending on the geometric and/or thermodynamic conditions of 

the supercharger (Sorenson 1984, pg. 115). These volumes change as the shaft rotates. 

Figure 2.1 shows an example of the supercharger's control volumes at one particular shaft 

angle, -1 S degree. At this angle, there are four types of control volumes; inlet volume (I), 

trapped volume (T2), low pressure receiver volume (R 1), and outlet volume (R3 ). 

The inlet control volume is bounded by the inlet port, housing, and the two rotors 

(denoted as I in Figure 2.1). Fresh air comes into the inlet control volume. As the shaft 

rotates this volume gets trapped, and is finally delivered to the outlet. The inlet volume is 

connected to the trapped volumes by flow through the clearance between the rotor tips and 

the housing. 

The trapped control volume is a constant volume system bounded between the rotor 
lobes, housing, inlet, and outlet control volume (denoted as T2 in Figure 2.1). The control 

volume remains closed until the leading rotor tip passes the outlet port at which point the 

trapped air gets mixed with high pressure air from the outlet control volume. Depending on 
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the rotation angle and the location of the inlet and outlet ports, either one or two trapped 

volumes exist. There are leakage flows that enter and leave this control volume depending 

on the pressure in this and the adjacent control volume. 

The remaining portion of the supercharger system is an outlet control volume. It may 

consist of one or two parts; a high pressure receiver only or both a low pressure receiver 

(denoted as R1 in Figure 2.1) and a high pressure receiver (denoted as R3 in Figure 2.1). 

When the trapped volume first opens to the outlet, it becomes a low pressure receiver. Air 

from the high pressure receiver is assumed to flow to the low pressure receiver system and 

mix. During the mixing process, the low and high pressure receivers are considered to be 

two separate control volumes. The low pressure receiver then ceases to exist after both 

pressures are equal or an arbitrary angle of rotation is reached. 

As previously discussed, since these control volumes change as the shaft turns, a step 

by step control volume definition will be presented for 15 degree increments. Since the 

second 60 degrees mirrors the first 60 degrees of angle rotation, only the first 60 degrees of 

angle rotation of a 120 degrees cycle will be discussed in this chapter. All diagrams of the 
supercharger cross sectional view were taken from Sorenson's technical paper (Sorenson 

1984, pg 116-117). 

Figure 2.2 shows the supercharger at the beginning of the cycle. The low pressure 

receiver (Rl) is just created as the leading tip of the left hand rotor passes the outlet port. 

The high pressure receiver (R3) flows through the clearance between the tip and the housing 

to the low pressure receiver (R1). This clearance gets larger as the rotors turn. On the right 
hand side, the trapped volume (T2) moves toward the outlet. 

Figure 2.3 shows the supercharger configuration at 0 degree. This particular 

supercharger configuration, where the tips of the two rotors pointing to the left hand side of 

the supercharger, is considered very important since this position is used as the standard 0 
degree position for modeling other types of three blade roots type superchargers. This 0 
degree position will also be used later for modeling the M-45 supercharger from Eaton 
Corporation. It can be seen that the flow area between R3 and R1 has increased. It is 

possible that the pressures have already equalized. If the pressures are the same, the R1 and 
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Inlet 

Figure 2.2 Supercharger configuration at the start of the cycle, -15 degree (Sorenson 

1984, pg. 116). 

R3 will be merged into one control volume (R3) with a volume equal to their sum. In this 

case the minimum number of three systems exists. The trapped volume, T2, is getting closer 

to the outlet port. The left hand side of the supercharger is almost forming a new trapped 

volume (T1). 

autle~t 

Figure 2.3 Supercharger configuration at 0 degree (Sorenson 1984, pg. 116). 

Figure 2.4 shows the supercharger configuration at 15 degree. The left hand side trapped 
volume (T1) is just created. If the pressure at R1 is still below the pressure at R3, then the 
maximum number of five systems exists. The volume T2 continues its rotation toward the 
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outlet port and the inlet volume has decreased dramatically due to the creation of the trapped 

volume. 

Inlet 

8=1 ~° 

Figure 2.4 Supercharger configuration at 15 degree (Sorenson 1984, pg. 117). 

Figure 2.5 shows the supercharger configuration at 30 degree. The volume T2 is 

getting closer to the outlet. The right hand portion of the inlet is being moved towards 

becoming another trapped volume. 
Iniet 

Figure 2.5 Supercharger configuration at 30 degree (Sorenson 1984, pg. 117). 

Figure 2.6 shows the supercharger configuration at 45 degree. It is symmetric to the 
supercharger configuration at -15 degree in Figure 2.2. The volume T2 is finally opened to 

the outlet (R3); thus becoming the low pressure receiver (R2). The volume T1 on the left 

hand side is moving towards the outlet as the rotors turn. 
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8=45° 

Figure 2.6 Supercharger configuration at 45 degree (Sorenson 1984, pg. 117). 

Heat transfer areas, flow areas, and volume areas for each control volumes are 

determined at this 15 degree increment. To achieve a better accuracy in the pressure and 

temperature results, a linear interpolation from those five angular positions is taken to obtain 

those geometric values at a smaller angle increment, for example a 1 degree increment. 

2.1.2 Flows 

Air flows have to exist within a supercharger due to the fact that there is a pressure 

difference between each control volume. The flow can be coming into the supercharger, out 

of the supercharger, or it can be within the supercharger itself. 

In this model, there are two types of air flows that are considered. One is the flow 

that is inherent and essential for the operation of supercharger. This type of flow includes 

inlet flow (m;n ), which is a flow of fresh air that comes into a supercharger system, outlet 

flow (m~j{, ), which is a flow of compressed air that leaves the supercharger system, and 

finally the flow from a high pressure region to a low pressure region (mR~,l-. ). The last flow 

usually occurs at the time when the trapped volume just opens up to the outlet. That is when 

two volumes with different pressure mix with each other. This flow is more complicated to 
analyze than the inlet and outlet flows because there is no finite location to determine the 

flow area. More detailed discussion of this flow area can be seen in subsection 2.1.3. 
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The second type of the flow is leakage flow. This type of flow is not essential in the 

operation of supercharger and does not have good effects on its performance; however, they 

always occur due to the need of finite clearances. In general these flows represent parasitic 

losses in the system. The leakage flows that are considered in this model are the leakage 

between two rotor tips (mrl~, ), the leakage from the trapped volume to the inlet (YnIJI ), the 

leakage from the outlet to the trapped volume (m,. ), and the leakage from the low pressure 

receiver to the trapped volume (m,. ). Only the flow area for leakage between two rotors tip 

is determined by the clearance between the tips of the two rotors, the flow areas for the rest 

of the leakages are determined by the clearance between the tip and the supercharger 

housing. The controlling pressures for m,;n are the inlet pressure (PI) and the outlet pressure 

~PR3~• The controlling pressures for m,,, are the inlet pressure (P~) and the trapped volume 

pressure (PT). The controlling pressures for m,. can be the trapped pressure (PT) and the 

outlet pressure (PR3) or the trapped pressure (PT) and the low pressure receiver pressure (PR1), 
depending on which control volume the flow is from. 

All flows are assumed to be quasi-steady and isentropic. The adjustment for non-

ideal flow effects are made through the flow coefficient. The two possibilities for the mass 

flow is that it is either choked or non-choked for a compressible fluid. In the case of a 

choked flow, the mass flow rate is 

m K 

y+l 

~ 2 12y-2~  1 
~y+l, 6•N 

and for anon-choked flow, the mass flow rate is 

m= K• 
2 ~ 

~Y — l~ 

_y 
2 y+~ z 

~P~ Y ~P~ Y 1 
~Po ~ ~P~ J 6•N 

2.1 

2.2 
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where 
. . .f~ A P~ 

K= (y•R•T~~ 
~~ 

y :specific heat ratio (dimensionless) 

N : rotor speed (RPM) 

P :downstream air pressure (Pa) 

Po :upstream air pressure (Pa) 

To :upstream air temperature (K) 

Cf :flow coefficient (dimensionless) 

A :flow area (m2) 

R :gas constant for air (kJ/kg K) 

2.3 

Since flows occur from high pressure to low, the upstream pressure (Po) is always higher than 

downstream pressure (P). 

2.1.3 Flow Areas 

A key set of parameters in the supercharger model are the flow areas. These areas are 

both critical to the supercharger operation and exist because of the expected manufacturing 

tolerances between parts. There are four flow areas that need to be considered in this model; 

inlet area, receiver filling area, tip clearance area between rotors, and clearance area between 

the rotor tip and supercharger housing. 

The inlet area is an area through which fresh air first enters the supercharger system. 

This area does not change as the shaft turns. For this model, the inlet area is measured at the 

edge of the supercharger inlet. 

The receiver filling area (Figure 2.7) is the most complicated flow area in this model. 

It is defined by the minimum distance between the outlet port and the rotor lobe that has just 

passed the port. This area starts with the size of the clearance between the rotor tip and 

housing and increases as the rotors turn. In an actual supercharger, this flow area does not 
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exist; hence, this area serves an imaginary boundary to separate the low pressure receiver (R1 

or R2) and the outlet volume (R3) when there is a pressure difference between the two 

control volumes. 

n~£'.t clearance between rotor tip and housing 

~~ .~ 
clearance between two rotors 

~. 

Y 
ReceiverfiUing area 

0~1~~~t 

... 

Y 

R3 y .. ~-
~`,~ .., 

r 
p_~c 

Figure 2.7 Supercharger cross sectional view showing multiple flow areas (Sorenson 

1984, pg. 116). 

To obtain this receiver filling area, two end values of the receiver filling area were 

measured; one at the time when the trapped volume starts to open to the outlet and one after 

the rotors turn 15 degrees. Considering that these superchargers operate at 4000 RPM at the 

lowest speed for the data measurement and these control volumes are small (approximately 

120 cm3 for Rl and 280 cm3 for R3 at -15 degree), then 15 degree is justified to be a 

sufficient amount of time for those pressures to mix. A linear interpolation was then taken 

from those values in order to get this receiver filling area at a smaller angle increment. The 

model also takes into account that this area will not exists after the two pressures equalize. 

Hence, there are two conditions that are applied to the receiver filling area in this model. 

First, when there is a pressure difference, the receiver filling area will be used and m1zf,7. will 

be calculated. Second, when the pressures equalize (even when the rotors have not rotated 

for 15 degrees), the receiver filling area will be ignored and ynxyl. will not be calculated. 

The next flow area is the tip clearance area between two rotors, Figure 2.7. There are 

two possibilities of tip clearance area depending on angle position; one is along the line of 
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contact for the curve profile of the rotors (tip flow 1 in Figure 2.8) and the other is the 

clearance between the rotor tip and rotor lobe (tip flow 2 in Figure 2.8). This model, 

however, assumes that the leakage area between the two rotors to be constant regardless of 

which part of the rotors creates the flow boundary. 

lniet Ini~t 

Figure 2.8 Supercharger configuration showing two different tip flows (Sorenson 1984, 

pg. 116-117). 

The last flow that is considered in this model is the clearance area between the rotor 

tip and housing, Figure 2.7. This area is the leakage path around the side of the supercharger. 

It is the minimum distance between the rotor tip and supercharger housing. This distance 

stays constant in magnitude throughout the rotation of the blades. 

2.1.4 Equations 

For each control volumes, the following equations are applied: 

1. Equation of state 

2. Conservation of mass 

dm;  _ . 
d ~ 

m~ — m.> 
m oul 

2.5 
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3. Conservation of energy 

• d(m; •u;) 
d 8 ;n ~Z~l 

where 

P; :air pressure at control volume i (Pa) 

V; :volume of air at control volume i (m3) 

m; :mass of air at control volume i (kg) 

T; :air temperature at control volume i (K) 

dm; : ~gular rate of change of mass at control volume i (kg/deg.) 
dB 

m~ :mass flow rate (kg/deg.) 

Q; :convection heat transfer rate at control volume i (J/deg.) 

W :work done within control volume i —due to volume change (J/deg.) 

u; : internal energy at control volume i (J/kg) 

h~ :enthalpy (J/kg) 

2.6 

The variables that must be solved from these equations are the mass (m;), the temperature 

(T;), and the pressure (P;). 
Sorenson suggested in his model to assume that convection occurs between the 

supercharger wall and the air inside the supercharger, equation 2.7. A wall temperature of 

320K was arbitrarily chosen for all surfaces at all conditions (Sorenson 1984, pg. 120). 

Hence, the direction of the heat transfer varies between each control volume depending on 

the temperature of the air inside the control volume. If the air is hotter than the wall 

temperature, then the convection process occurs from the air to the supercharger wall. If the 

wall temperature is hotter than the air, then the convection process occurs from the 
supercharger wall to the air. 
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2.1.5 Analysis of Sorenson's Model Supercharger Subsystem 

In this section, the equations discussed in section 2.1.2 and 2.1.4 will be applied to 

one particular angle position (-15 degree). Each control volume and its mass flows will be 

analyzed and finally temperature and pressure from each control volume will be solved for. 

Detailed information on the unit conversion in the following formulas can be seen in 

Appendix A. 

As seen in Figure 2.9, the mass flows in and out of the control volume R1 are m1z~,l., 

and mrll ,respectively. Since the angle that is being analyzed is the beginning of the cycle, 

temperature and pressure at each control volume are unknown. Hence, these values need to 

be guessed as an initial condition. For the next angle step, the mass flows are calculated 

from the pressure differences across each area, that were calculated in the previous angle 

step. 

Inlet 

w ~- 
~,r ~ ~~~ 

r ~r 

Figure 2.9 Analyzing the R1 control volume (Sorenson 1984, pg.116). 

First the Mach number for the mR~-,7.1 flow is calculated to see if the flow is choked, 

M~z1>r~ = 
2 

y-1 

_ 1 

/ \ -y ~ 
2 

Pa3 y— —1 
P Rl / ~ Iz1 i 

2.8 
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The controlling pressures for mRI,7., are PR3 and PR1. Since flow is coming in from the outlet, 

R3, into R 1, the upstream and downstream pressures are PR3 and PR i , respectively. If MRPT 1 

> 1, then m1zyT, is a choked flow and is calculated as: 

2 
y+1 

~ 2y-2 

/ 

1 
\ y+1 6•N 

If MRPTI <l, then m~,7.1 is anon-choked flow and is calculated as: 

m It/'Tl — K IU'7'1 
~ 2 ~ 

\Y -1~ 

2 y+1 

Rl R1 

\ p R 3 / \ P R 3 / 

1 
6•N 

2.9 

2.10 

The same Mach number and flow calculations are done for m111 . The upstream and 

downstream pressures are PRl and PI, respectively. After all flows in the control volume 

are calculated, the continuity equation, equation 2.5, is applied, 

dmRl  _ . — mRI'1~1 — m Lll d8 
2.11 

The temperature at Rl for the new angle, TR1_„eW, is then solved for using the conservation of 

energy equation, equation 2.6, that has been modified algebraically, 

T IZ 1 new — T R 1 + 

,,7 ~ 
u VIII G~YYI R 1 . 

8 ~ ~R1 P RI ~  Cv ~ T RI ~ Cp ~ ( m 1,11 ~ T R1 — m RP"ll ~ T IZ3 ) \ de de 
m Rl • c v

2.12 
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where all temperatures, pressures, volumes, areas, and flow areas are from the previous time 

step. For this case, the temperature and pressures are obtained from the guessed initial 

conditions. The detailed algebraic manipulation for the energy equation is presented in 

Appendix B. 

The same analysis is applied to control volume T2, Figure 2.10. The flow rates are 

calculated as for the control volume R 1, but with the upstream and downstream pressure for 

the mI.2 flow being PR3 and PT2, respectively and for the mL12 flow being PT2 and P;n, 

respectively. 

(~utiet 8~-~ ~~:: 

Figure 2.10 Analyzing the T2 control volume (Sorenson 1984, pg. 116). 

The continuity and conservation of energy equations for T2 are: 

and 

Tr 2 new — T T 2 + 

dmr 2  _ . 
d B — 

m1.2 — ml.l z 

~ ~ d V12 dml.2 
B ' QTZ - ~r2 ' C,~ ' Tr2 ' Cp ' (mr.12 ' Tr2 - mT2 ' Tx3 ~ d8 d8 

~~ 

l 

m T 2 • c,, 

2.13 

2.14 
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The analysis continues to the inlet control volume, Figure 2.11. The upstream and 

downstream pressure for ri2,;~, flow is PR3 and PI, respectively. The continuity equation and 

conservation of energy for the inlet volume are 

Ti f~eit~ = Tj + 

dml  — . 
d8 mr 12 + mLl l + mrn + mr;,~ 2.15 

~ ~ d VI dm, ~ ~ 
B ' QI — Pr ' — C,~ ' Tr ' — Cl~ • (—mr.r 2 • T T 2 — m l_I 1 ' T R 1 — m~i~ ' T R 3 — m i~~ ~ ,p I ~ d8 d8 ~ 2.16 

ml • C,, 

lniet 

T2 

T ~ r
~ ._ 

'~'~~ _ ~ 
~ ~ 

~!> 

! ~~, 
? R3 ~~ r 

1 

ff ~ 
3 

1.. •- .....-"~ 

Nutlet 8=-~.~~. 

Figure 2.11 Analyzing the inlet control volume (Sorenson 1984, pg. 116). 

where mll, and mL12 have already been calculated and m;n is the density of air at the inlet 

multiplied by the volumetric rate of change for the inlet (See Appendix B for details). 

The final control volume, the outlet control volume (R3), is likewise analyzed. The 

continuity equation and conservation of energy for outlet volume are: 

dmrz3  _ 
dB - m~Pr1 - m7.2 - m~~t~t - m~;~ 2.17 
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T R3 new — T IZ3 + 

~ _ . dVR3  _ , dmR3 •T + •T +m •T e ~R3 P R3 Cv ~ T R3 Cp ( m Rl'7'1 ~ T R3 + m 7'2 R3 m ~ip R3 o:~r R3 ) 
d9 d9 i 

m R 3 • Cv 

2.18 

where the mass flows mlu~rl , m1.2 ,and ml;~, are already known from other control volumes 

and the outlet mass flow (m~ur ) is from the assigned outlet volume flow rate multiplied by the 

density of air at the outlet volume (See Appendix B for details). 

cutlet e-~~~~,

Figure 2.12 Analyzing the outlet control volume (Sorenson 1984, pg. 116). 

The same analysis is done for the next incremental angle for the whole cycle, a total 

of 120 degrees. 

2.1.6 Conversion from Temperature to Pressure 

The energy equations presented above only solve for the temperature at each 

incremental angle; hence, a method of converting these calculated temperatures to pressures 

is needed. Sorenson in his technical papers did not specifically mention how to obtain these 

pressures, but he made two assumptions to his model that would lead to two ways for doing 

the temperature to pressure conversion. The assumptions are that all mass flows in the 

supercharger are considered to be isentropic and the working air inside the supercharger 
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behaves as an ideal gas. The analysis on each technique will be presented in this subsection 

and the results from each technique will be presented in chapter 4. 

For the isentropic flow approach, pressure values are calculated using: 

where 

P= 
P~

/ T  ~ / Y-~ 

~T J

P :pressure at the next angle increment (Pa) 

Po :pressure at the previous angle increment (Pa) 

T :temperature at the next angle increment (K) 

To :temperature at the previous angle increment (K) 

y :specific heat ratio (dimensionless) 

2.19 

This formula is applied to every control volume to obtain the pressure at every angle 

increment. In this approach, the pressure for the next increment is obtained using the next 

incremental temperature and also the temperature and pressure from the previous increment. 

For the ideal gas approach, pressure values are calculated using: 

where 

~ dm, ~ 
_ ~ d8 ~ P,. —

V, 
2.20 

P; :air pressure in control volume i at the next angle increment (Pa) 

T; :air temperature in control volume i at the next angle increment (K) 

m; :mass of air in control volume at the previous angle increment (kg) 

dm; ;rate of change of mass with respect to angle for control volume i (kg/deg.) 
dB 

8 :angle increment (deg.) 

R :gas constant for standard air (kJ/kg K) 

V; :volume at control volume i at the next angle increment (m3) 
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In this approach the next incremental pressure is obtained from the mass, temperature and 

volume for the next increment. The mass for the next increment is obtained by adding the 

mass increase for one angle increment (~~ ~ B) to the total mass from the previous angle 

increment m; . 

Both the isentropic flow and ideal gas approaches will be integrated to the model one 

at a time and the efficiency result from the two will be compared to determine which method 

should be used. The comparison of the efficiency result using these two approaches is 

presented in chapter 4. 

2.2 Model Improvements 

In addition to implementing the model from Sorenson, some improvements were 

added. The addition focused on phenomena that measured data showed were important. 

This includes some adjustments to Sorenson's model on the supercharger outlet area, the 

addition of backflow slots, the addition of a carryback slot, and the pulse generation due to 

the carryback flow. First the actual M-45 supercharger will be compared to Sorenson's 

supercharger, and then adjustments to Sorenson's model will be discussed. The information 

on the backflow slot is then presented; followed by different options in modeling the 

backflow slot. Then test data from Eaton Corporation which leads to a hypothesis of 

carryback slot as a source of pulse variation will be presented. Finally, the pressure pulse 

model will be discussed. 

2.2.1 Adjustments to S orenson' s Model 

In order to appropriately model the M-45 supercharger, Sorenson's model needs to be 

adjusted. The key adjustment is focused on shifting the angle position and also on the size 

and shape of the inlet and outlet flow areas. In this section, the key differences between the 

supercharger in Sorenson's model and the M-45 supercharger will first be discussed, 

followed by the analysis of the M-45 supercharger fora 120 degrees cycle. Finally, the 
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adjustments that were made to Sorenson's model for modeling the M-45 supercharger will be 

presented. 

There are some discrepancies between the supercharger assumed in Sorenson's model 

and the actual M-45 supercharger. First the supercharger's outlet shape assumed in 

Sorenson's model is different from the one in the M-45 supercharger. The outlet assumed in 

Sorenson's model has a rectangular shape, whereas the outlet in the M-45 supercharger has a 

triangle shape. Figure 2.13 shows the M-45 supercharger picture with and without the casing 

when it is viewed perpendicularly to the outlet. The left picture shows the triangle shaped 

outlet flow area of the supercharger casing. The right picture shows the inside view (60 

degree twisted rotors) of the supercharger without the casing while the rotors are positioned 

at 29 degree. On the right picture and other similar pictures, the supercharger orientation 

stays the same. The left rotor turns counterclockwise, the right rotor turns clockwise. 

wA... ,,~w .: -~.~ },J~~v ~ M 4 R

f~ .~yo7laf 3 ti u°lk4pz. <i•v w 

.' 4'. . 

~~; 
9N.. 

Figure 2.13 M-45 supercharger outlet view with and without casing. 

Even though Sorenson did not mention any specific details on the shape or size of the 

outlet flow area, the shape of the outlet flow area is implicitly stated when the supercharger 

control volumes was discussed at every 15 degree increment. Figure 2.14 shows a 

comparison of the supercharger diagram at 30 degree from Sorenson's technical paper and 
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the actual M-45 supercharger at 29 degree with an imaginary rectangular shaped outlet flow 

area. In Sorenson's supercharger diagram (left picture), it is clearly seen that trapped volume 

(T1) has opened to the outlet for quite a while since the leading tip of the trapped volume 

(circled area) has far passed the outlet port. Hence, on the right picture, for it to agree with 

Sorenson's diagram on the left, the shape of the outlet flow area has to be rectangular (as 

drawn), instead of triangular like on the one from Figure 2.13. The circled area in these two 

pictures shows the same trailing tip. 

4 a.....~.~. ~ ......r «,r 

7ra~pp~d vo~unzR fading tip 

~~~~~'t r;~<:'. 
outlet 

>~<:<~, 
,, ~~ 29 

., 

Figure 2.14 Cross sectional view of Sorenson's supercharger (Sorenson 1984, pg. 117) 

and outlet view of the supercharger with rectangular shaped outlet flow area. 

It can be seen on the right picture that having a rectangular shaped outlet results in the 

leading tip of the trapped volume already passed the outlet at 29 degree. Therefore, it is 

concluded that the outlet flow area in Sorenson's model has a rectangular shape. 

This outlet flow area shape difference causes the discrepancies in the angle position 

when the trapped volume opens to the outlet. Taking the same picture as in Figure 2.14 and 

adding in a triangle shaped outlet flow area (instead of rectangular shape) shows that at this 

position (29 degree) the trapped volume has just opened to the outlet, Figure 2.15. The other 

discrepancy is that the length of the actual outlet area is about half of the length of the M-45 
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supercharger, which is different from the length of the rectangular outlet in Figure 2.14. The 

longer the outlet area, the more mass flow that comes in to the low pressure receivers. 

Hence, the mixing process gets even faster. Based on this comparison on the shape and size 

of the outlet flow area, the M-45 supercharger is analyzed to determine which control 

volumes exist at each angle. The results conclude that over 120 degree cycle, the M-45 

supercharger can be distinguished into 4 different configurations. 

Figure 2.15 M-45 supercharger inside view with imaginary triangular outlet at 29 

degree. 

Figure 2.16 shows the M-45 supercharger at the start of the cycle, -15 degree (the first 

configuration). The control volumes are Tl, outlet (R3), T2, and inlet. Note that the trapped 

volume (T1) has not open to the outlet unti129 degree. 

The second configuration of the M-45 supercharger is shown in Figure 2.17. The low 

pressure receiver R1 has just been created, although it is not clearly shown here that the 

leading tip of the trapped volume (T1) has just passed the outlet. Refer back to Figure 2.15 

for a better representation of what is really happening. One other adjustment to Sorenson's 

supercharger model is that at this angle the new trapped volume (T1) is created, Figure 2.17. 

This is caused by the inlet area of the M-45 supercharger being bigger than the one from the 
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Figure 2.16 M-45 supercharger configuration at -15 degree. 

supercharger in Sorenson's model. Hence, the maximum numbers of control volumes exist 

at this angle; the volumes are the inlet, T 1, R 1, outlet (R3 ), and T2. 

Figure 2.17 M-45 supercharger configuration at 29 degree. 

The third configuration of the M-45 supercharger starts at 45 degree, Figure 2.18. 

This angle position exists due to the symmetry of the supercharger —the configuration at 45 

degree is symmetric to the one at -15 degree. At this point, pressure at R1 is considered to 

have been mixed with the outlet pressure; therefore, the control volumes that exist at this 

point are the inlet, T 1, outlet (R3 ), and T2. 
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Figure 2.18 M-45 supercharger configuration at 45 degree. 

The last configuration, the fourth, of the M-45 supercharger starts at 89 degree 

(Figure 2.19). Again, this configuration is symmetric to the second configuration (at 29 

degree). Here the right low pressure receiver (R2) has just been created and started to mix 

with the outlet. The control volumes that exist at this point are the inlet, T1, outlet (R3), R2, 

and T2. Note that the new trapped volume (T2) is created at the time the leading T2 opens to 

the outlet. 

~- , 

:~---u::, ., 

Figure 2.19 M-45 supercharger configuration at 89 degree. 

To sum up, configuration 1 (when the inlet, T 1, outlet, and T2 exist) occurs from -15 

degree to 29 degree. Configuration 2 (when the inlet, T 1, R 1, outlet, and T2 exist) occurs 

from 3 0 degree to 44 degree. Configuration 3 (when the inlet, T 1, outlet, and T2 exist) 
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occurs from 45 degree to 8 8 degree. Lastly, configuration 4 (when the inlet, T 1, outlet, R2, 

and T2 exist) occurs from 89 degree to 105 degree. Furthermore, the symmetry between 

configuration 1 and 3 and between configuration 2 and 4 has an angle difference of 60 

degree. This is inherently caused by the geometric aspect of the supercharger; the 

supercharger has two intermeshing rotors and each rotor has three lobes. 

The flow, continuity and energy equations discussed in section 2.1.2 and 2.1.5 and the 

angle shift have to be adjusted accordingly to accommodate all control volumes that exists in 

the M-45 supercharger. For example, a new control volume T 1 has to be added when the 

leading T 1 opens to the outlet, at 29 degree, since previously in Sorenson's model, the new 

T 1 has not been created yet when the leading T 1 opens to the outlet, at -1 S degree (Figure 

2.20). 

The following is one example of the adjustments made. Figure 2.20 shows 

Sorenson's model at -15 degree on the left and the M-45 supercharger at 29 degree on the 

right. These two different angle positions are picked since both have one thing in common; 

the trapped volume (T1) just opens to the outlet. As seen in Figure 2.20, at this 

configuration, the actual M-45 supercharger has one more leakage flow due to the new 

formation of the trapped volume (T1). 

! n !et 

t~utiet ~=-~.~" 

Figure 2.20 Comparison between Sorenson's supercharger model (Sorenson 1984, pg. 

116) and M-45 supercharger at the time when trapped volume (T1) just opens 

to the outlet. 
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Table 2.1 shows how the continuity and energy equations compare between the two 

models, all the differences between the two are circled. All the adjustments made to the 

model are to accommodate the new trapped volume (T 1) that is created. Most of the changes 

made are rather minor, by switching around the mass flow terms and the temperature terms, 

although one big change made to the model is done by adding in a brand new continuity and 

energy equations for the control volume T 1. 

Adjustments to the mass flow rate need to be done when analyzing control volume 

R1. Since the M-45 has created a new trapped volume at this point, the flow rate coming out 

from R1 is now ml.l . The same adjustment is also made to the energy equation. Anew 

control volume T 1 is created, therefore a new set of continuity and energy equations needs to 

be added. The inlet and outlet flow rate for this control volume are mrl and m111, 

respectively. For the inlet control volume, only the energy equation needs to be changed. 

All the flows stay the same; m jJ11, mrr z , ml;~, ,and m;n . The temperature term needs to be 

changed in the energy equation, since mLl, now comes from the control volume T 1, the 

mLl1 term is then multiplied by TT 1 • 

After all these adjustments are made to all four configurations for the 120 degree 

cycle, the next step of the model improvement, which is adding the backflow slot feature, can 

be made. 

2.2.2 Backflow Slots Feature Addition 

The purpose of backflow slots is to reduce noise that is created by the 

supercharger due to a sudden pressure change in the outlet region when the trapped volume 

opens to the outlet. At the time when the trapped volume opens to the outlet volume, two 

different pressures, the trapped volume with low pressure and the outlet volume with high 

pressure, are exposed to each other. The noise is quite loud especially at high pressure ratios, 

such as 1.4, 1.6, and 1.8. Backflow slots increase the trapped volume pressure before it fully 

opens to the outlet by flowing air from the outlet region into the trapped volume at a slower 
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Table 2.1 Equation comparison between Sorenson supercharger and M-45 

supercharger. 

Control 
Volume 

Analyzed 

Energy 

Supercharger 

Sorenson 

Sorenson 
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rate than when the rotor passes the outlet opening. At low rotors speed, the test data shows 

that the backflow slots manage to equalize the trapped volume pressure with the outlet 
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pressure before the trapped volume opens to the outlet (Meyer 2003, 32). In this case, there 

will not be a strong pulsation noise generated within the supercharger when the trapped 

volume is fully opened to the outlet. 

Figure 2.21 shows where the backflow slots (BFS) are located in the M-45 

supercharger from the cross sectional view. Figure 2.22 shows the picture of M-45 

supercharger with the backflow slots viewed perpendicularly to the outlet region. While 

there are two backflow slots for each rotor in the picture shown in Figure 2.22, they are 

considered as one in the model. The number of backflow slots, their orientation, and shape 

will be included in the characteristics of one backflow slot. The backflow slots BFS 1 and 
BFS2 (in Figure 2.21) denote a backflow slot on the left and right side of the supercharger. 

Air in the outlet volume starts flowing into the trapped volume as the leading rotor tip of the 
trapped volume passes the backflow slots. 

, , . 
~~i%!."."v';'//,: 'i'S'~:~i~y~ 1~SW,Oi4~iµi::

:.

Figure 2.21 Supercharger configuration with backflow slots. 

There are two methods to model the backflow slots; one is by using Carroll's 
backflow slot model and the other is by expanding Sorenson's formulation. These two 

methods will be presented and analyzed; the method that models the M-45 supercharger the 
best will be used. Carroll's method will be discussed first, followed by Sorenson's method. 

Finally, both methods will be compared and the best one will be chosen. The results of 

adding the backflow slots model will be presented in chapter 4. 
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Figure 2.22 Eaton's M-45 supercharger viewed perpendicularly to the outlet region. 

Curtis Carroll, in his thesis, suggested to model the backflow slot using fundamental 

thermodynamic relations. To begin, the flow through the backflow slot is assumed to be 

isentropic, that is, the temperatures in the trapped volume and outlet are equivalent. Also, air 

will be treated as an ideal gas with k= 1.4 (Carroll 2004, 56). The specific heat ratio (k) in 

Carroll's thesis is the same as y in this thesis. The basic idea of Carroll's improved flow 

model is to obtain the mass of air in the trapped volume using the ideal gas equation. 

m= 
P, 

~R •T, ~ 
V 2.21 

The flow is then checked whether it is choked or not. The mass flow rate term is the same 

for both choked and non-choked flow, 

. P 
m — ' ARrs • v 

R•T 

The difference between the two is in the velocity term (v). For choked flow, 

2.22 

v=~/k•R•T 2.23 
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and for non-choked flow, 

v=M•~/k•R•T 2.24 

where: 

k-1 

k-1 
~p ~k 

otrtlet 

~ P~v ~ 
—1 

2 

The amount of mass that has moved into the trapped volume is finally calculated by 

multiplying the mass flow rate by the time increment (Carroll 2004, pg. 56 and 57). 

madded — 

~ P ~ 
~~ 

• BI{ S • vact acal ~ R • T~ 

2.25 

• ~t 2.26 

The second method to model the backflow slots is to expand Sorenson's formulation. 

Since backflow slots operate similarly as leakage flows in Sorenson's model, they then could 

be added to the simplified model as another "leakage" flow that goes into the trapped 

volume. Both Carroll's method and the expansion of Sorenson's method check whether the 

flow is choked or not. In addition, both methods assume isentropic flow. To sum up, this 

second method (the expansion of Sorenson's formulation) is similar to the method that 

Carroll developed. 

However, since Carroll only analyzed the backflow slots part of the supercharger, 

there is one assumption that he had to make to his model that is not applicable when the 

trapped volume temperature is calculated as a separate control volume, the assumption of 

constant temperature between the trapped and the outlet volume. This assumption is not true 

in the actual supercharger. In addition, using the second method to model the backflow slots 

is much simpler due to the uniformity of the equations used. Hence, Sorenson's method is 

used to model the backflow slots. 
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When analyzing the M-45 supercharger model in the previous section, it was 

observed that backflow slots open to the outlet at 5 degree for the left hand side part and at 

65 degree for the right hand side part. Some more adjustments to the continuity and energy 

equations need to be made to accommodate backflow slots. Since the backflow slots only 

come into the trapped volume and low pressure receiver, the changes are only made to the 

continuity and energy equations for trapped volumes (T 1 and T2) and low pressure receiver 

volumes (R 1 and R2). 

For the M-45 supercharger, the left side backflow slots start to open to the outlet at 5 

degree and completely open to the outlet at 27 degree. The equations used for trapped 

volume T 1 is in Table 2.2. Changes made to the M-45 supercharger model are circled. When 

the two pressures, PTl and PR3, equalize, there will not be any mass flow through the 

backflow slots and the new outlet volume is the trapped volume and the old outlet volume 

combined. If the trapped volume pressure is lower than the outlet pressure after the backflow 
slots area fully opens, the flow will still go through the maximum area of -the backflow slots. 
The trapped volume T 1 then opens to the outlet at 29 degree. At this point, if the pressure at 
T 1 is still lower than the outlet pressure (PR3), then the equation for the low pressure receiver 
(R1) with the backflow slot term is used. Notice that there is mass flow through the 
backflow slots due to the pressure difference between control volumes R 1 and R3 . 

The M-45 supercharger model uses values for the backflow slot area that Carroll 

developed, the linearly increasing area assumption. As seen in Figure 2.22, there are two 

backflow slots at each side, one opens first and the second one opens at a later time (Carroll 
2004, pg. 47). Figure 2.23 is the backflow slot area opening as a function of rotor angle that 
Carroll used and was used here. 

2.2.3 Carryback Slot 

The next improvement made to the M-45 supercharger model is the addition of the 
carryback slot feature. Carroll in his acoustics model concluded that the backflow slots are 

not a significant source of pressure pulsations, which provides further evidence that the 
fluctuations in the measured data are likely from a source other than the backflow slots 
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Table 2.2 Equation comparison for M-45 supercharger with and without backflow 

slots. 
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When trapped volume leas opened to outlet 

(Carroll 2004, 82). As Carroll proposed, another possible source of pressure pulsation, the 

carryback slot, will be investigated further. The carryback slot is located on the inlet side of 

the rotor. This control volume is created due to the 60 degree twisted and intermeshing 

rotors (Figure 2.24). The size of the carryback slot volume is rather small compared to other 

volumes such as the trapped, inlet and outlet volumes. For the M-45 supercharger, it was 
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Figure 2.23 Backflow slots area as a function of angle (Carro112004, pg. 48). 

observed that this control volume only exists on a small angle (12 degrees); then it opens to 
the inlet control volume. For each 120 degrees, the carryback slot volume is created twice, at 
-15 degree and at 45 degree. This section covers the data showing evidence of the carryback 
pulse, the changes made to the energy and continuity equations due to the carryback slot 
addition, and the siren noise model that is used to model the carryback pulses. 

;~,iio% iii%„r~a ~~'° _ . 

Figure 2.24 carryback slot volume. 
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2.2.3.1 Carryback Pulse Evidence Data 

Figures 2.25 and 2.26 show measured data (provided by Eaton Corporation) from a 

transducer placed in the carryback slot of the supercharger. Figure 2.25 shows the signal in 

the carryback slot for a pressure ratio of 1.4 and changing rotor speeds. Figure 2.26 shows 

the signal in the carryback slot at a rotor speed of 16000 RPM and different pressure ratios. 

As seen in Figure 2.25, for all speeds the pulses at 15 degrees and 13 5 degrees and the 

pulses at 75 and 195 degrees are correlated between different rotor speeds. This suggests that 

these events are caused by the same event that occurs at that angle. The other pulses occur at 

different angles, suggesting that they are related to a time dependent phenomena, such as 

sound propagation. It is worth noting, that pulses A 1 and A2 being 120 degrees apart are 

generated by one rotor and the pulses B 1 and B2 being 120 degrees apart and 60 degrees 

shifted from A 1 and A2 are from the other rotor. Figure 2.26 shows that the amplitude of the 

pulse depends on the pressure ratio, with the amplitude increasing with increased pressure 

ratio. 

35000.0 

~ 30000.0 

25000.0 

~ 20000.0 
Q 
~ 15000.0 
0 
~ 10000.0 

5000.0 
U 
~ 0.0 

-5000.0 

-10000.0 

-15000.0 
0.0 

- 4k 14pr ~-----~~~-- 8k 14pr --~ 12k 14pr -16k 14pr ..........__....___._._..~.._~.._~._.__...._____w...~..~..___... 

50.0 100.0 
Shaft Angle, deg 

150.0 200.0 

Figure 2.25 Measured pressure signals in the carryback slot at 1.4 pressure ratio and 

different rotor speeds. 
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Following the conclusions from Figure 2.25 that there are pulses generated at the 

carryback slot, the time signals from Figure 2.25 were plotted as a function of time, where 

the time at 75 degrees was set a zero time, Figure 2.27. By plotting as a function of time, 

then time dependent phenomena should be identified. The results in Figure 2.27 show that 

the second pulse, labeled "reflected pulse", now lines up, suggesting that this pulse arrives at 

the carryback slot after it has propagated from its original source. It was hypothesized that 

the source was the carryback slot. Following this hypothesis, Figure 2.28 shows a schematic 

of the supercharger with the carryback slot generating a pulse and then propagating through 

the supercharger. 

35000 -~--

~ 30000 ---

a~ 25000 ---- 

~ 20000 
Q 
~ 15000  
0 

~ 10000 

~ 5000 --- 
U 
~ 0 

~ -5000 --a~ 
L 

~ -10000 J 

-15000 
0 

-16k min a~~~16k 14pr 16k 18pr 

50 100 
Shaft Angle, deg 

150 200 

Figure 2.26 Measured pressure signals in the carryback slot at 16000 RPM and different 

pressure ratios. 

Figure 2.29 shows a signal measured at several points in a supercharger with the 

supercharger operating at a pressure ratio of 1.4 and a rotor speed of 16000 RPM. However, 

the signals were adjusted in angle by the distance from the angle of the rotor rotation during 

the time that it would take to propagate from the carryback slot to the transducer location° 

There is a clear correlation of the pulse at sensor 3, which is along the body of the housing 
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Figure 2.27 1Vleasured pressure signals in the carryback slot at 1.8 pressure ratio and 

different rotor speeds. Data is plotted with respect to time with the time of the 

pulse generation at 75 degree set as zero time. 

Carryback slot 
Inlet — 14.5 cm 

Rotor Housing 

Rotor Separation Inlet — 2cm 

Figure 2.28 Schematic of the pulse generated in the carryback slot propagating in the 

supercharger. The numbers indicate the points where data is shown in Figure 

2.29. 

and the inlet transducers (see the circled areas in Figure 2.29). In the other transducers, the 

pulse is less strong, but nonetheless present. 
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Figure 2.29 Signals at different points in the supercharger. The signals were shifted in 

angle relative to the time of propagation from the Carryback slot to the 

transducer locations. 

Based on these results it was decided to model a noise pulse generated at the 

Carryback slot and then propagate it within the supercharger using a plane wave propagation 

model. In such a case, multiple reflections will need to be tracked. 

2.2.3.2 Equations for Carryback Volume 

A new set of continuity and energy equations is needed to add a Carryback volume 

into the supercharger model. The Carryback volume is in between the inlet and outlet control 

volumes; therefore, leakage flows will flow through these control volumes. Due to the 

rotation orientation of the rotors (left rotor turns counterclockwise and right rotor turns 

clockwise), the Carryback volume initially takes some part of the outlet to create a new 

control volume, and after 12 degree it opens to the inlet side. Hence, to start, the Carryback 

volume has the outlet pressure and temperature. It is assumed that for the 1VI-45 supercharger 

that after 12 degree all mass in the Carryback volume transfers instantaneously to the inlet 
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since the size of the carryback volume is very small compared to the inlet control volume. 

During the 12 degree period, the carryback control volume exists in the supercharger system, 

and there are two leakage flows due to the tip clearance from each rotor, one to the inlet and 

one to the outlet. The carryback slot control volume is assumed to have the highest pressure 

and temperature in the supercharger system since it takes the air from the outlet at the start of 

formation and the air is compressed as the rotors turn. See Table 2.3 for the equations for the 

carryback volume. The changes made to the M-45 supercharger model are circled. 

As seen, adding the carryback slot control volume affects the inlet and outlet control 

volumes since they are connected to the carryback volume though leakage flows. For the 

inlet control volumes, mass flow from the carryback slot to the inlet volume, Yn~hl ,needs to be 

added in the continuity and energy equations. The same is true for the outlet control volume; 

mass flow from the carryback slot to outlet volume, mGh1z3 ,needs to be added in. 

2.2.3.3 carryback Slot Pulse Model 

A model for the shape and amplitude of the carryback slot pulse was needed. The 

approach was to model the amplitude of the pulse using a siren noise model and to model the 

shape of the pulse using experimental data. 

The output from the one dimensional model (the M-45 supercharger model) is a 

carryback mass flow rate to the inlet (m~bl ) at -3 degree. However, because of the simplicity 

of the model, and a suggestion by Sorenson, the mass flow from the carryback slot takes 

place over one step in the calculation. Thus, the shape of the pulse is not captured in the flow 

model; however, the mass flow rate is. 

Using the mass flow rate, a model of the pulse amplitude, p(t), can be implemented 

using theories developed for a siren (Pla 1987), 

p rtl _  ~m~ni ~t~~2 
t 1 4pKZ ~S(t)lz 

1 
2.2 7 
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Table 2.3 Equation comparison for M-45 supercharger with and without carryback 

slot. 

Control Volume 
Analyzed 

Inlet 

Equation Carr~rback Slot 
.~i~\Y~;>w'f~~tiTy~fxauSkti ~~~°d,~.~~~ ~$~x~32:;~~~~~ :;

p'+~~a 
1ti::~~~r~N 

~ Y 'SP'~@a~]~.?"~.L•'~~ek~`;N' 2r~~CF°~a".~'~'<u ~:'i.~zN~..~. ~:~,n~tl 

Energy Na 

t?~1)'lI

t~~ 
= 1~?11, ~- !1'1LI1 + T711n -~- i~1~P

/~' IN: .. .. n 
~. ~ vw( ~ Lys. x~: - ,• W~y. . Si hr i.0 ~~i 

Gl~lYl!
  = I11L1-, -f- F71~1 -F- 11 tjn •~- 1 
clH 

c~T ' c1111 
1

~' 
(~ • I (?7

~ 

— P7 vv1 — ~~'v • T I  
LT~t•' C.~H 

— ~~~ • ~ — lII L7 2 • T~.2 — I J1 LI t • TTl — 777r~ 'TR3 — TrT1„ • Tom,
, 

T I rtew — T7 + - rrt r • C'„ 

Yes 

ew — T r 

— P7 
c" ~' 1 — 

~Yv TI 
t 1711 —

cl~ tlH —i17L12 TT 2 — I77~ 1 • TT, — »?gip •TR3 — illin — >71cb1 

1171 • C'~v 

Carry 
back 
Slot 

Energy No 

~ryG~~~`~'` 
r 

~. ni!..kY `h Jt •A 

~$ n tdtt.34y"ki o a~`i Kr> y~~ 2. 

~y, R r 
... .. /,1i;~i 

wa 4k C~' 

y~Al d.. .f.w 

~i: (S 

C~t17!  _ , 

C~H 
—rjZcbR3 — 7ncbl 

NIA 

vk/ 
'' i:..i 

y~,M'~ ^~E Cow 
..:k .S~i....»., 

Yes 

T cb new — TI + 

'' t 1. T cb .., ~1779cb ., 
• I ~~cb — I  cb — C- ' v • T cb  — C_.~7 • { 117cb! • Tcb + I11cbR3 •TR3 -~ ~~H ire 

117th ' ~-~' v 

Outlet 

Energy Na 

_ —jnRPT1 — J~79T, — l'7?0~ — 1771ip
~H 

~yL.Y : 4.. ?. , ?k kfl~ ~:~~. ~ v ~' : ~ ~ ,:. -. ~..: r.'.'.,,> . ...~ wk.. 'hy.~.kk'' tti n F^!.; 
,. Y . b ? ~ ~~ :.~ .:~r ;..%~~a7. .. ~,x:. .. 

T R3 + 

• / C~R3 — PR3 • G?~T' R3 — t, v . ~•R3 • G~)17R~ — 
~~~? • •TR3 + •TR3 + •TR3 ~- 111 •TR3 , I \ IIZRI'7'] i11T2 1I'1 

_ new —TR3 

~ 

~ t1_)R3 • t 
v 

i 

Yes 

T R3 new —TR3 + 

— j , C~T R3 _ ~-. 
T 

C~11tR3 _ C-, } 
3 R3 • ~~~ v R3 • ~~~ 1 •TR3 + 111T2 •TR3 + lllup •TR3 ~- illout 

lIIR3 ~{'v 



www.manaraa.com

46 

where: 

mph, (t) :mass flow from carryback slot (kg/deg) 

p :density of air (kg/m3) 

x :flow coefficient 

S :surface area (m2) 

The data provided by the simplified flow model is mph, ~e~ ,but it is modeled as a single 

event, while the data indicates a time variation in the resulting sound pressure. The actual 

pressure signals measured in the carryback slot were evaluated to identify an equation that 

could be used to predict the pulse time signal. 

The analysis began by isolating the pulse in the carryback slot, Figure 2.3 0. The 

signal depends on the pressure ratio and rotor speed. All the data was normalized relative to 

the rotor rotation rate and the amplitude of integral of the pressure signal over positive 

values. The resulting normalized pressure pulses are shown in Figure 2.31. The normalized 

curves reveal a base shape that can be parameterized. 
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- -12k 1.8 P R 
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--- 4k 1.8 P R 
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a 
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Figure 2.30 Examples of the carryback pressure pulse at 1.8 pressure ratio and varying 

speeds. 



www.manaraa.com

47 

a 

0.200 , 

0.150 ~ 

0.100 

0.050 - 

0.000 - 

-0.050 - 

-0.100 -- -
60.0 

uriniiii. 
nn Np,,.v 

"Y4l~N'•~' ~ 

65.0 70.0 75.0 80.0 85.0 
Rotor Angle, Deg 

-16k 1.8 PR 
 12k 1.8 PR 
,,.,,,.,,,..,,.:, 8k 1.8 PR 

4k 1.8 PR 

90.0 95.0 100.0 

Figure 2.31 Examples of the normalized carryback pressure pulse at 1.8 pressure ratio 

and varying speeds. 

The normalized curves were then curve fitted to a cosine function and multiplied by a 

decaying exponential. Examples of the curve fit are shown in Figure 2.32 

The normalized model was then multiplied by the amplitude predicted in equation 

2.27 using the results from the M-45 supercharger model. The final equation for the direct 

path pulse is 

direct path pulse = p(t) • e-rye-a° ~ •sin 

where 

( 2~~9-9~>)~
~ T ~ 

p(t) :pressure pulse amplitude (Pascal) from equation 2.27 

i :decay 

8 :angle (degree) 

8 :angle delay (degree) 

T :period (s) 

The values i, T, and B are varied to fit the measured data. 

2.28 
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Figure 2.32 Examples of the curve-fitted normalized carryback pressure pulse at 1.8 
pressure ratio and varying speeds. 
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The reflection path pulse equation is the direct path pulse equation multiplied by the 

reflection coefficient. The reflection coefficient, whose value is between 0 and 1, is added to 

simulate the effect of the reduction in the pulse magnitude after a reflection. It was 
determined from trial and error that reflection coefficient of 0.5 gives the closest result to the 

measured data. The model calculates up to a third reflection. Thus the second reflection 

coefficient is 0.52 times the original signal and the third reflection coefficient is 0.53 times the 
original signal. It is also assumed that the pulse generated by the carryback slot propagates 
in two directions, into the inlet side and also into the outlet side. 

The pressure signal at one transducer location (Meyer 2004, 36) is analyzed in this 
thesis (labeled as "x" in Figure 2.3 3 ). Due to its location, the transducer reads the outlet 
pressure from -15 degree to -9 degree, the trapped 2 pressure from -8 degree to 45 degree, 
and finally the outlet pressure again from 46 degree to 105 degree. The model assumes that 
this transducer reads the control volume pressure, the direct path, the 1st reflection, the 2pd 

reflection, and the 3rd reflection pressure pulses from the inlet side of superchar er, and also g 
the direct path, the 1St reflection, the 2nd reflection, the 3rd reflection pressure pulses from the 
outlet side of the supercharger. 

Figure 2.33 Pressure transducer location. 

The control volume pressure at the transducer location is output from the M-45 
supercharger model. The direct path and all the reflection pressure pulses are then calculated 
and superimposed to the pressure signal generated by the M-45 supercharger model. 
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2.3 Supercharger Efficiency 

Supercharger efficiency is one of the outputs of the M-45 supercharger model that 

was compared with the measured data provided by Eaton Corporation for the model 

validation. The two supercharger efficiencies that will be discussed here are the volumetric 

efficiency and the J 1723 isentropic efficiency. 

The volumetric efficiency is: 

. ~»let volumetric efficiency = x 100 
displaced 

2.29 

It is defined as the ratio of the actual inlet volume flow rate to the total trapped volume 

capacity per one revolution, called the volume displaced. For one revolution, the volume 

displaced in a supercharger is equal to 6 trapped volumes; hence, 

Vdisplaced / 1 rev — 6 V rapped Y'2V 

The J1723 isentropic efficiency (SAE J1723 supercharger testing standard) is 

calculated as follows: 

where: 

Tinlet 

Toutlet 

PR 

0 286 
T,.nl et PR ~ —1J1723 efficiency =  

T 
x 100 

Toutlet _ 
1 inlet 

average inlet temperature for the cycle (K) 

average outlet temperature for the cycle (K) 

calculated pressure ratio of the supercharger (dimensionless) 

2.30 

2.31 
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Chapter 3 

Computation Process 

There are two models that will be discussed in this chapter; the M-45 supercharger 

model and the carryback pulse model. The major discussion in this chapter will focus more 

on the computational process of the supercharger model since the carryback pulse model has 

a rather straight forward computation process. One thing to emphasize in the supercharger 

model is that it consists of two iteration processes; temperature iteration and pressure ratio 

iteration. Some of the outputs of the supercharger model are the inputs to the carryback 

pulse model. Hence, for future work, these two models can be combined. 

3.1 M-45 Supercharger Model 

The M-45 supercharger model, developed in MatLab, is used to predict the 

performance of a supercharger (supercharger efficiency) as well as temperature and pressure 

profiles. An iterative procedure was incorporated in order to obtain a final solution. The 

algorithm consists of two iteration processes, the first iterates on a given input condition 

(outlet volumetric flow rate) until the temperature would converge. Then this outlet 

volumetric flow rate is varied until the converged temperature is achieved and the calculated 

pressure ratio is predicted as the requested value. 

The main program in the M-45 supercharger model, supercharger_model.m, includes 

a total of 8 different sub-programs for each different geometric and thermodynamic condition 

of the supercharger. These sub-programs are categorized by which control volume exists at 

that particular angle. A graphical user interface (GUI) is created to input some operating 

conditions and constraints. The outputs of this program are the J1723 isentropic efficiency, 

volumetric efficiency, temperature and pressure profiles for one whole cycle, and the 

pressure profile at a single transducer location (refer to Figure 2.33 for the transducer 

location). More detailed information about this computation procedure will be discussed 

later on in this chapter. 
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3.1.1 Supercharger Model Algorithm 

The algorithm schematic for the M-45 supercharger model is shown in Figure 3.1. As 

previously discussed, the program runs through two iteration processes; one is an iteration to 

get temperature convergence (light shaded area) and the other is an iteration to get pressure 

ratio convergence (dark shaded area). Following is a brief description of the algorithm steps 

in Figure 3.1. More detailed information on each step will be presented later in this chapter. 

The numbers in this step correspond to the numbers in the schematic. 

1. The program obtains the initial guess for the outlet volumetric flow rate from the 

inputs. 

2. The program obtains initial guess for the temperature and pressure for each control 

volume. 

3. The program runs for 1 cycle, 120 degrees, to calculate new values for the 

temperature and pressure at every angle increment specified for each control volume 

that exists. 

4. At the end of the temperature and pressure calculation, temperatures are checked for 

convergence. To be considered as converged, temperatures for each control volume 

at -15 degree and 1 OS degree have to agree within 0.01 %. 

• If temperature convergence is not achieved, the program will go back to step 2 

and use the new calculated temperature and pressure for each control volume to 

replace the initial guess for the temperature and pressure. 

• If temperature convergence is achieved, the program will proceed to step 5. 
5. The new calculated pressure ratio is obtained and checked for convergence. To be 

considered as converged, the new calculated pressure ratio has to be between the 
upper and lower limits specified. 

• If the pressure ratio convergence is not achieved, and the program will go back to 

step 1 and use an adjusted outlet flow rate to replace the initial guess for the outlet 
flow rate. 

• If the pressure ratio convergence is achieved, then the solution is determined and 

the program ends. 
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Figure 3.1 Program algorithm schematic. 
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3.1.2 Input 

There are three types of input to the M-45 supercharger model. One is the information 

that defines the supercharger, the next are initial estimates of values so that the program can 

start. These initial estimates are updated by the program in order to achieve a converged 

solution. The third type of input defines the convergence criteria. 

Input that defines the supercharger includes the supercharger operating conditions, 

the supercharger geometry for every control volume as the rotors turn, and known constant 

values. The operating conditions include the rotor speed (RPM) and requested pressure ratio. 

The rotor speeds that are used in the analysis are 4000 RPM, 8000 RPM, 12000 RPM, and 

16000 RPM. The requested pressure ratios are 1.0 (min boost), 1.2, 1.4, and 1.6. These 

values are chosen for comparison with the measured data since these are the operating 

condition that Eaton Corporation ran the testing. 

The geometry file consists of volumes, surface areas for all control volumes, and flow 

areas including the backflow slot area fora 120 degree cycle. These values can be in any 

angle increment. The smaller the angle increment, the more precise the result will be. The 

geometry file that is used for M-45 supercharger in this program is m45_geo.txt. This file 

contains values for each control volume at a 1 degree angle increment. Amore detailed 

description of the geometry file can be found in Appendix B. 

As previously discussed in chapter 2, there are 4 different geometrical configurations 

for the M-45 supercharger, one of which is assigned to each angle depending on which 

volumes exist at that particular angle: 

• Configuration 1: Outlet, T 1, T2, and inlet volume exist. 

• Configuration 2: R 1, outlet, T 1, T2, and inlet volume exist. 

• Configuration 3 : Outlet, T 1, T2, and inlet volume exist. 

• Configuration 4: R2, outlet, T 1, T2, and inlet volume exist 

Configuration 1 and 3 may seem to be exactly similar; however, they are in fact not (refer to 
section 2.2.1). The difference amongst the two is that in configuration 1, T 1 is approaching 

and almost open to the outlet. Whereas in configuration 3, T2 is approaching and almost 

open to the outlet. (" 1" and " 2" denote the left and right hand side of supercharger, 
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respectively). The difference in these two configurations leads to the differences in 

controlling pressures for the leakage flow and also the time when the backflow slots open. 

The geometrical configuration of the four possible configurations has to be known at 

each angle in order to model the supercharger. Therefore, for this model the four geometrical 

configurations have to be manually input every 1 degree in the geometry text file so that the 

program knows which set of equations to be used. More detailed information on this can be 

found in Appendix C. 

Each geometrical configuration has two thermodynamic conditions; whether or not 

the outlet pressure is the same as the low receiver pressure or the trapped pressure. For 

example: configuration 1 has two thermodynamic conditions. One is when PTI is less than 

PR3 and the other is when PT1 is equal to PR3. For configuration 2, the two thermodynamic 

conditions are when PRA is less than PR3 and when PRI is equal to PR3. This similar pattern is 

true for configuration 3 and 4. Hence, there are a total of 8 different geometric and 

thermodynamic conditions for the M-45 supercharger. 

Known constant values include the upstream temperature, flow coefficients, gas 

constant for air, specific heat (both constant volume and constant pressure), specific heat 

ratio (y), and convection heat transfer coefficient for each control volume. The upstream 

temperature is assumed to be at 300K. The gas constant for air is 287 J/kg K. Since 

Sorenson did not specify flow coefficient values that he used, trial and error was done in 

order to obtain these values that could best fit the measured data. These values are 

dimensionless and as follows: 

• Flow coefficient for low pressure receiver (CfRPT) : 0.5 

• Flow coefficient for leakage to inlet (C~ : 0.3 

• Flow coefficient for leakage to trapped volume (CfT) : 1.5 

• Flow coefficient for backflow slot (Cd) : 2 

The specific heat constant volume and constant pressure values are 718 J/kg K and 1005 J/kg 

K, respectively. The convection heat transfer coefficient value is assumed to be 172.5 

W/m2K for all control volumes. 
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The second type of input, the input that is an initial estimate to start the program, 

consists of an estimated guess and also the guess for the initial conditions. For this 

supercharger model, the estimated guess is the supercharger wall temperature (K). At this 

time, since the M-45 supercharger is based on Sorenson's model, the wall temperature value 

is assumed to be 320K for all operating conditions. Later in chapter 4, it will be found that 

this wall temperature has to be adjusted accordingly with respect to the pressure ratio so the 

results match the measured data 

The guess for initial conditions include the guess for the outlet volumetric flow rate 

(m3/hr), calculated pressure ratio, as well as temperature and pressure values for each control 

volume. Unlike the estimated guess (the supercharger wall temperature), the initial guess 

values will be updated at every iteration process. The guess for outlet volumetric flow rate is 

different from the other initial condition guesses. The guess for initial outlet volumetric flow 

rate has to be adjusted accordingly with respect to pressure ratio and rotor speed, while the 

other initial guesses stay constant at all operating conditions. For the computation process to 

be fast, the guess for initial outlet volumetric flow rate has to be close to the converged 

volumetric flow rate. The following is the rule of thumb for guessing the outlet flow rate. 

High rotor speeds result in a large outlet flow rate and a high pressure ratio results in a low 

outlet flow rate. 

The initial guess for calculated pressure ratio works as a dummy variable to get the 

program running. For this program, the initial pressure ratio is set at 0.5 for all operating 

conditions. The initial guess for temperature and pressure for the control volume other than 

the outlet are 285K and 90 kPa, respectively. The initial guess for the outlet pressure is the 

initial guess for the inlet pressure multiplied by the requested pressure ratio. The initial guess 

for the outlet temperature is assumed to be at 290K. The carryback volume is assumed to 

start off at the same temperature and pressure as the outlet. 

The input that defines the convergence criteria (the third type of input) includes 

constraint values and an angle increment. Constraint values are the upper and lower limits 

for the calculated pressure ratio. 

The angle increment is the other convergence criteria input. The angle increment that 

is used for this program is normally 0.5 degree or 1 degree. The smaller the angle increment, 
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the more accurate the results are, but the more time it takes for the program to converge to a 

solution. Since the geometry input is in a 1 degree increment, when the angle increment is 

set as 0.5 degree, a linear interpolation has to done to get those geometry values at a 0.5 

degree Increment. 

All these inputs, except the known constants and initial guess for temperature and 

pressure, are input to the program through graphical user interface (GUI). Figure 3.2 shows 

an example of the GUI for this program. In this particular example, the program runs at a 1.6 

pressure ratio and 16000 RPM rotor speed. The geometry file used is m45_geo.txt. The 

outlet volumetric flow rate and wall temperature are guessed to be around 260m3/hr and 

320K, respectively. In order to get an accurate new calculated pressure ratio result, the upper 

and lower limits are set to be 1.02 and 1.00, respectively. Temperature and pressure results 

are calculated every 0.5 degree increment for each control volume. 

Figure 3.2 Graphical user interface for supercharger_model.m. 
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3.1.3 Main Program 

The main program in this M-45 supercharger model, supercharger_model.m, contains 

8 different subprograms (from the 8 different geometrical and thermodynamic conditions). 

All these subprograms are run for the whole 120 degree cycle; one subprogram for every 

angle increment depending on which geometric and thermodynamic conditions exist. At 

each angle increment, the temperature and pressure for every control volume that exists are 

solved for. 

There is a temperature and pressure transition that has to be made to the 

supercharger_model.m when the subprogram switches from configuration 1 to configuration 

2 and from configuration 3 to configuration 4. When switching from configuration 1 to 2, a 

new control volume (R1) appears; therefore, its temperature and pressure have to be 

assigned. The initial temperature and pressure for R1 is the temperature and pressure for T1 

at the previous angle increment. The same is true when the subprograms switch from 

configuration 3 to 4. The initial temperature and pressure for R2 is the temperature and 

pressure for T2 at the previous angle increment. 

From the trial and error process when developing the program, it was found that to 

model the supercharger correctly, the program has to go through two types of iteration; 

temperature iteration and pressure ratio iteration. The temperature iteration checks whether 

the temperature values for each control volume converge; that is whether the temperature at 

the beginning of the cycle (-1 S degree) and the end of the cycle (105 degree) are within 

0.01 %. If the temperature convergence is not attained, then the calculated temperature at 105 

degree will be used at the beginning of the cycle (-15 degree) to replace the initial guess for 

temperatures. The example of temperature iteration (at the 1St iteration and at the final 

iteration) and how many iterations it takes to converge for one operating condition will be 

presented in chapter 4. 

The pressure ratio convergence checks whether the calculated pressure ratio is within 

the upper and lower limit of the requested pressure ratio. In every cycle the program 

generates a new pressure ratio, called the calculated pressure ratio. Its value is then 

compared to the requested pressure ratio. If it is within the upper and lower control limit, 
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then the pressure ratio convergence is obtained. If the value is beyond the upper and lower 

control limit, outlet flow rate value will be adjusted accordingly and the new adjusted outlet 

flow rate will replace the initial guess at the beginning of the iteration process. The 

constraints of the upper and lower limits are required to maintain the accuracy of the 

calculated pressure ratio with respect to the requested pressure ratio. The values for the 

upper and lower limits range from 0.9 to 1.1, respectively, with 0.9 being 10% less than the 

requested pressure ratio and l .l being 10% more than the requested pressure ratio. 

For example, the requested pressure ratio is 1.60 and the program obtains the 

calculated pressure ratio to be 1.65. If the upper and lower limits are 1.05 and 1.00, 

respectively, then the actual pressure ratio is within the limit and pressure ratio convergence 

is achieved. If the upper and lower limits are 1.01 and 1.00, respectively, then the calculated 

pressure ratio is beyond the limit and the outlet flow rate value needs to be adjusted and then 

run through the whole program again by replacing the initial guess. This adjustment in the 

outlet flow rate value is done until the calculated pressure ratio is within upper and lower 

limit of the requested pressure ratio. 

The scheme to adjust the pressure ratio is as follows. If the calculated pressure ratio 

is higher than the upper limit times the requested pressure ratio, then the adjusted volumetric 

ow rate is: 

VR3 adj — V~23 (1 +constant) 
3.1 

however, if the calculated pressure ratio is lower than the lower limit times the requested 

pressure ratio, then the adjusted volumetric flow rate is: 

VR3 adj —VR3 (1 —constant) 
3.2 

Hence, this constant operates as a percentage increase or decrease of outlet volume flow rate 

depending on the calculated pressure ratio being above or below the limit. 
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Note that this constant determines whether the program will converge to a solution 

and also the time it takes to converge. Hence, its value has to be carefully chosen. In the 

case where the range of outlet volume flow rate is known, a small constant number like 0.005 

is good, because it gives more accuracy. When the range of outlet volume flow rate is not 

known at all, a higher constant number like 0.05 or 0.1 is good for faster computation 

process. However, if the constant number is too large, the program may not converge to a 

solution. The examples showing the results for these cases will be presented in chapter 4. 

The M-45 supercharger model uses a constant of 0.005. 

3.1.4 output 

When both the temperature and pressure ratio convergence are attained, the program 

will output the pressure as a function of angle at every control volume, the pressure plot at 

one transducer location (refer to Figure 2.33 for the transducer location), and the M-45 

supercharger performance table. Here are some output examples. Table 3.1 shows the M-45 

supercharger performance table. Figure 3.3 shows pressure profile at one transducer location 

As seen in the M-45 Supercharger performance table, with the operating conditions 

and all other inputs given in Figure 3.2, the program runs through 12 iterations to converge 

on the pressure ratio. The calculated pressure ratio is 1.605, which is right on target since the 

requested pressure ratio is 1.6. At the requested pressure ratio, the J 1723 isentropic 

efficiency is 87.6% and volumetric efficiency is 79.5%. Since the initial guess for the outlet 

volumetric flow rate is 260m3/hr, which is close to the converged outlet volumetric flow rate 

(247.3m3/hr), the computation process only took less than 1 minute. The carryback mass 

flow to the inlet side (m~hl ) at -3 degree is 6.6* 10_g kg/deg. This value will be used for the 

pulse model as one of the input. 

Figure 3.3 shows a pressure profile at one transducer location. This is the other M-45 

supercharger model output that is used as input for the pulse model. As seen, there is no 

pulsation in the pressure profile. 
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Table 3.1 The M-45 supercharger performance table. 

M-45 Supercharger Performance Table 
Angle increment 0.5 deg. 
Pressure ratio iteration 12 
Outlet volumetric flow rate 247.3 m3/hr 
Calculated pressure ratio 1.605 
Rotors speed 16000 RPM 
Pout 153212.4 Pa 
Pin 95474.4 Pa 
Tout 3 5 2.3 K 
Tin 3 02.3 K 
mdot carryback 6.60E-08 kg/deg. 
J 1723 isentropic efficiency 87.6 
Average inlet volumetric flow rate 5 62 m3/hr 
Volumetric efficiency 79.5 
Wall temperature 320 K 
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Figure 3.3 Pressure profile at one transducer location. 

3.2 Pulse M®del 

00 goo 

The carryback pulsation is modeled separately. In comparison to the M-45 

supercharger model, this pulse model is rather small since there is no iterative process. The 

program is basically a straight forward calculation process for the 120 degree cycle. The 
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body of this program is a time step procedure to calculate the direct path, the 1St reflection, 

the 2nd reflection, and the 3rd reflection pulses from both the inlet and outlet sides. In the end, 

the direct path, the 1St reflection, the 2nd reflection, and the 3rd reflection pulses are 

superimposed to the pressure profile output from the M-45 supercharger model. The output 

for this pulse model is a graph of the pressure at one transducer location with the pulses from 

the carryback slot. 

3.2.1 Input 

As seen in the graphical user interface, the two inputs that are output by the M-45 

supercharger model are yn~,hl and pressure profile at one transducer location. The pressure 

profile is input from a text file. The measured data are also input to the GUI for comparison 

purposes. The angle shift and offset are the parameters to adjust the predicted plot with 

respect to the measured plot. 

c~SwArL'A;C,'LL,~aY w,(.r;+c~:.! '~o6sscn5~w:his ~S" A.H^'Sif,L;,': 
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\ M1 .: 
f'k ~Y`4Y~3ocfl~xc%a;[<v. ~~~ '!.:i?ix ~C'S~'Y' Y:~~ >~ '. 

Figure 3.4 Graphical user interface for the pulse model. 
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3.2.2 Main Program 

The main program consists of a straight forward calculation of the pressure pulse at 

each angle increment specified in the GUI. First the amplitude of the pulse is calculated 

using the siren equation, equation 2.27. The amplitude obtained is then used for calculating 

the pulse propagation for each path (direct, 1St reflection, 2nd reflection, and 3rd reflection) 

using the exponential decay equation, equation 2.28. The final pulse predicted is the pulse 

propagation superimposed to the input pressure profile at one location. 

3.2.3 Output 

Figure 3.5 shows an example of the pulse model output; it contains 3 different curves: 

predicted, measured, and predicted without pulse. The predicted is the pressure profile with 

the pulse; the measured is the pressure profile from the data provided by Eaton Corporation; 

and the predicted without pulse is the output from the M-45 supercharger model (before the 

pulse is added). 

Pressure Signal 

~o ~0 6o so ~ oo ~ ~o ~ ~o ~ oo ~ so Sao 
Angle, deg. 

-~°~ ~ Predicted — ~~leasured — — — Predicted who pulse 

Figure 3.5 Pressure pulse output for an input condition in Figure 3.4. 
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Chapter 4 

Results 

This chapter consists of two parts; a computational process results section and a 

section comparing computational and experimental results. The computational process 

results section contains the results from different options for modeling the M-45 

superchargers, including the two options of converting temperature to pressure as well as the 

temperature and pressure ratio convergence results. 

After all these different options of modeling the supercharger are settled, the M-45 

supercharger model is considered ready to be compared with the measured data. All the 

measured data was provided by Eaton Corporation and much of it has been documented in 

Meyer's and Carroll's thesis. In section 4.2 the efficiency results will be presented along 

with a sensitivity analysis, backflow slots addition, and the pulse generation model. It was 

found that for the predicted efficiency to closely match the measured efficiency, some minor 

adjustments need to be made to the M-45 supercharger model. The adjustment will be 

described. 

4.1 Computational Process Results 

The results that are presented in this section will determine which method will be 

used in the model for temperature to pressure conversion. Both temperature and pressure 

convergence results are also covered in this section, such as the case when the program has to 

go through some temperature iterations as well as the case when the program does and does 

not converge to the requested pressure ratio. 

4.1.1 Temperature to Pressure Conversion Results 

As discussed in chapter 2, there are two ways to do the temperature to pressure 

conversion; one is by using the ideal gas equation and the other is by using the isentropic 

flow equation. Fora 4000 RPM rotor speed, the available data from Eaton Corporation is at 
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pressures ratios of 1.0, 1.2, and 1.4. For the rest of the rotor speed (8000 RPM, 12000 RPM, 
and 16000 RPM), the data for pressure ratio 1.0, 1.2, and 1.6 are available. Figure 4.1 shows 

the volumetric efficiency results comparing the two temperature to pressure conversion 

methods. The isentropic flow method, equation 2.19, is denoted as model 1 and the ideal gas 

method, equation 2.20, is denoted as model 2. Note that the scale in the graph is from 60% 

to 100% efficiency. As seen in Figure 4.1, the volumetric efficiency predictions using the 

two methods are about the same; the difference between the two is within 5 to 10 %. Hence, 

it can be concluded that volumetric efficiency is not significantly affected when either of the 

method is used. 
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Figure 4.1 Volumetric efficiency comparison between model prediction using 

isentropic flow formula (model 1), and model prediction using ideal gas 

formula (model 2). 
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Figure 4.2 shows the J 1723 isentropic efficiency prediction. Note that the scale here 

is from 0% to 125%. Figure 4.2 shows that the two prediction methods produce range of the 

J 1723 isentropic efficiency that is much bigger than for the volumetric efficiency. Overall, 

the two models show similar trends; that is the J 1723 efficiency is low at 1.0 pressure ratio 

and high at other pressure ratios for all rotors speeds. Model 1 (isentropic flow approach), 

however, predicts some extreme values; the efficiency is close to 0% for 1.0 pressure ratio 

and over 100% for other pressure ratios. On the other hand, model 2 (ideal gas approach) 

gives more promising results, i.e. the predicted values are more logical. Hence, the ideal gas 

equation approach is the method chosen to convert temperatures obtained from the energy 

equations to pressures. 
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Figure 4.2 J1723 isentropic efficiency comparison between a model using the 

isentropic flow formula (model 1) and a model using the ideal gas formula 

(model 2). 
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4.1.2 Temperature Convergence Results 

The first iteration that the M-45 supercharger model will go through is the 

temperature iteration. For the temperature convergence to be attained, the differences 

between temperature values for all control volumes at the beginning of the cycle (-15 degree) 

and at the end of the cycle (115 degree) have to be within 0.01 %. Figure 4.3 shows the 

temperature profile at the first iteration. As seen, the temperatures at -15 degree (initial 

guess) are different from the temperatures at 105 degree; hence, the temperatures at 105 

degree will be used to replace the initial guess at the beginning of cycle (-15 degree) for the 

next temperature iteration. This process continues until the temperature convergence is 

attained, Figure 4.4, where the temperature of each control volume at 105 degree is within 

0.01 % of the temperature values at -15 degree. 
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Figure 4.3 Temperature profile at the first iteration. 
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Figure 4.4 Temperature profile at final iteration. Temperature convergence is attained. 

After the temperature convergence is attained, the pressure ratio is calculated and 

compared to the upper and lower limits specified by the user. If the calculated pressure ratio 

is beyond these limits, then pressure ratio convergence is not attained in which case the outlet 

volumetric flow rate is adjusted and used to replace the volumetric flow rate initial guess. 

4.1.3 Pressure Ratio Convergence Results 

After temperature convergence is attained, the program will go to the next iteration, 

which is the pressure ratio iteration. Figure 4.5 shows the outlet volumetric flow rate (top 

picture) and calculated pressure ratio (bottom picture) for each step in the process of reaching 

pressure ratio convergence. As seen, in this example, it takes 10 pressure ratio iterations for 

the program to obtain the final solution. In this case, the guessed outlet volume flow rate is 

smaller than the outlet volume flow rate needed for the calculated pressure ratio to converge 
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to the requested pressure ratio. Hence, the value of the outlet volume flow rate is raised at 

every increment. With a low guessed outlet volume flow rate, the program outputs a high 

calculated pressure ratio. Therefore, as the outlet volume flow rate is increased, the 

calculated pressure ratio value reduces. 
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Figure 4.5 Outlet volume flow rate and calculated pressure ratio plots when pressure 

ratio convergence is attained. 

Figure 4.6 shows the outlet volume flow rate iterations when pressure ratio 

convergence is not attained. This is caused either by the upper and lower limits being too 

narrow or by the constant for increasing or decreasing the flow rate being too large. Note 
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that the operating conditions for Figure 4.5 and 4.6 are the same; the only thing different is 

the constant value. Figures 4.5 and 4.6 have constant values of 0.005 and 0.05, respectively. 

As seen, both the outlet volume flow rate and calculated pressure ratio values do not 

converge to a solution; 404.7 m3/hr for the outlet flow rate plot and 1.41 for the calculated 

pressure ratio plot. Both values are oscillating above and below the final converged solution. 

The percent increase or decrease of the volumetric flow rate is too large so that the pressure 

ratio does not converge. 
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Figure 4.6 Outlet volume flow rate and calculated pressure ratio plots when pressure 

ratio convergence is not attained. 
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4.2 Model Results 

With these changes made in section 4.1, the data output from M-45 supercharger 

model is now considered ready to be compared with the data provided by Eaton Corporation. 

At first, the predicted results do not match the measured results and some adjustments with 

the parameters and the models needed to be made. The adjustments made, however, are not 

major changes to the equations presented in section 2.2. The adjustments are changes in the 

parameters and adding some equations before or after the model without changing any part of 

the base equations developed in section 2.2.3. After these adjustments are completed, the 

prediction results were found to closely match the measured data. 

In this section, a sensitivity analysis will be discussed first; followed by the results of 

the backflow slots feature addition and the efficiency results output by the supercharger 

model. Finally, the results from the pulse generation model will be presented. 

4.2.1 Sensitivity Analysi s 

There are many parameters involved in this model; hence, a sensitivity analysis is 

performed to determine which parameters have significant impact on pressure values; PR I , 

PR2, PR3, PT1, PT2, PI. The sensitivity analysis is done by varying each parameter in the model 

by ~ 10% and X20%. Each parameter is varied one at a time; changes in the pressure values 

at each control volume are then calculated to quantify sensitivity to the parameter variation. 

A ~5% change in pressure is considered significant. Table 4.1 shows the sensitivity analysis 

results. 

The highlighted cells are the parameters that give at least a ~5%range of pressure 

variations when they are varied by ~ 10% and X20%. For example, when VR3 is varied by 

~ 10% and X20%, PR 1 varies from -5 % to 13 %, PR3 varies from 20% to 3 0%, and PR2 

varies from -5%to 13% (See the highlighted cells in Table 4.1 on the volume section). The 

parameters that are varied in this sensitivity analysis include volumes, heat transfer areas, 
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flow areas, heat transfer coefficients, flow coefficients, the supercharger wall temperature, 
the upstream temperature, and the outlet volumetric flow rate. 

As seen in the sensitivity analysis result, heat transfer areas, heat transfer coefficients, 
flow areas, and flow coefficients for every control volume do not have a significant impact to 
pressure values. When those values are varied by X20%, pressure values only changes by at 
the most ~ 1 %. The trapped and inlet pressures are not sensitive to volumes at all. The outlet 
pressure (PR3) is sensitive to VR1, Vim, and VR3. The pressure at Rl and R2 (PRl and PR2, 
respectively) are only sensitive to change in VR3. 

All pressures are found to be sensitive to both the supercharger wall temperature 

(TWaii) and the supercharger upstream temperature (Tup). 

also sensitive to VdotR3 (outlet volumetric flow rate). 

Table 4.1 Sensitivity Analysis Results. 
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The conclusion that can be drawn from the sensitivity analysis is that geometrical 

values (especially volume), the supercharger upstream temperature, the supercharger wall 

temperature, and the outlet volumetric flow rate need to be very precisely known in order to 

get reliable results. 

4.2.2 Backflow Slots Addition Results 

This section will discuss the difference in the pressure plots between the case where 

backflow slots exist and the case where backflow slots do not exist. As seen in 

Figure 4.7 and 4.8, when the backflow slots do not exist (left side), the trapped pressure 1 

and 2 plots (PTl and PT2) rise at a slow rate. They then suddenly rise as the trapped volume 

starts to open to the outlet and switch to PR 1 and PR2 (low pressure receiver) at 3 0 degree and 

90 degree, respectively. 

In contrast, when the backflow slots exist (right side in Figures 4.7 and 4.8), PT1 and 

PT2 start to increase significantly when the leading rotor tip of the trapped volume passes the 

backflow slots (at 5 degree). The pressures PT1 and PT2 then switch to PR1 and PR2 when the 

trapped volume opens to the outlet. Once PT 1 or PT2 open to the outlet, a new trapped volume 

is reformed from the inlet portion of the supercharger. This result can be seen graphically at 

angle 3 0 degree and 90 degree, where PT ~ and PT2 plots go back down and start at the inlet 

pressure again. For the right side in Figure 4.7 case, the rotor speed is high enough so that 

there is no time for the trapped volume to reach the outlet pressure before opening to the 

outlet, i.e. PT1 and PT2 switch to PRI and PR2, respectively. 

In the low rotor speed cases such as 4000 RPM, the trapped volume has enough time 

to reach the outlet pressure before the leading tip opens to the outlet port, Figure 4.8 (right 

side). The fact that the trapped pressures rise when backflow slots are added agrees with the 

purpose of backflow slots, which is to reduce the noise created by a sudden pressure change 

in the supercharger. 
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Figure 4.7 Pressure plot with and without backflow slot at 16000 RPM and 1.6 pressure 

ratio. 
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Figure 4.8 Pressure plot with and without backflow slot at 4000 RPM and 1.2 pressure 

ratio. 

Another plot that depicts the effect of adding the backflow slot is shown in Figure 

4.9. This is a plot of the pressure at one transducer location. Similar trends are found; the 

pressure rises smoothly when the backflow slots feature is added, although from this plot, it 

cannot be detected which control volume the transducer is reading the pressure from. 
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Figure 4.9 Pressure plot at 1.6 pressure ratio and 16000 RPM at one transducer location 

with and without backflow slot. 

4.2.3 Efficiency Results 

Several different approaches have been attempted in order to match the model output 

(volumetric efficiency and J 1723 isentropic efficiency) with the measured data provided by 

Eaton Corporation. These outputs, volumetric efficiency and J 1723 isentropic efficiency, can 

be seen in Figure 4.10 and 4.11, respectively. In these plots, the efficiency result from the 

M-45 supercharger model after all changes in section 4.1 has been made is denoted by 

"original". As seen, the model made some good predictions on volumetric efficiency for all 

cases; the predictions are within 10%. However, this is not the case for the J 1723 isentropic 

efficiency predictions where the model always over-predicts the J 1723 efficiency, and the 

difference increases as the rotor speed increases, Figure 4.11. Also, note that the model 

cannot get a pressure ratio convergence for the minimum boost pressure (pressure ratio =1.0). 

When the upper and lower limits are set close to 1.0, the model will not converge to a 

solution. Hence, the closest efficiency results that can be predicted (around l . l pressure 

ratio) are obtained. 

The over-prediction of the J1723 isentropic efficiency is caused by discrepancies 

between the average inlet and outlet pressure and temperature from the model and the 

measured data. Going back to the J 1723 isentropic equation in chapter 2, 
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o ~g~ . T ~,,~~ PR ~~ —1 
J1723 efficiency = x 100 
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a large J1723 efficiency can be caused by either a large numerator or a small denominator. 

In this case the denominator, the difference between the outlet and inlet temperature, is the 

source of discrepancy. As seen in the circled columns of Table 4.2, the model always under-

predicts the outlet temperature at any given pressure ratio. The difference between the two 

gets larger as the pressure ratio and rotor speed increase. On the other hand, the difference 

between the calculated and measured inlet temperature is within 1 to 3 degrees Kelvin; 

therefore, the work to match the J 1723 isentropic efficiency is focused on increasing the 

predicted outlet temperature (TR3)• 
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Figure 4.10 Volumetric efficiency comparison between the measured data and the model 

output. 
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Figure 4.11 J 1723 isentropic efficiency comparison between the measured data and the 

model output. 

Table 4.2 Temperature and pressure results comparison between the measured data 

and the model output. 

~t~lc~~l~ite~~ C~~~t:~ ~f~l~.~c~el~ t~iet~sure~l C~~~t~~ ~E~~t4~~ 
RPi~1 RR ~~~tle T inlet R o~~tlet P' inlet e~itle T inlet P e~itlet P i~~let 
~Oaa 1 306.1 303.9 98786 98106 
~aoa 1.1 ~ 319.3 3x1.4 1 x9160 96190 
4000 1.2 32x.1 301.E 1146~a 9~2aa 32 .4 302.E 117a4a 9819 
X000 1.4 336.9 301.6 13~i~60 9620 349.0 3x3.2 13743 983~~ 

. 800a 1 310.7 303.1 9923a 97070 
8aaa 1.1 ~ 310.8 3a 1. ~ 1 x9760 961 Sa 
8aaa 1.2 319.9 3a 1.4 11448a 9~ 18a 327.6 3x2.2 11669 9718 
8aaa 1.6 33.3 3x1.8 1 ~4~aa 9~24a 37x.6 3x3.1 1 X611 ~ 97436 
~ 2aao 1 319. ~ 302. ~ 99766 96~2a 
120aa 1.1 ~ 318.9 3a 1. ~ 106620 9~ 17a 
12oaa 1.2 32x.1 3a 1. ~ 11471 a 9~ 170 33~ . 3 302.2 11 X430 96 ~ 1 a 
120aa 1.6 362.1 3a 1. ~ 163~~0 921 a 37 .3 3x2.8 1 ;3046 981 a 
16aaa 1 331.4 301.6 100670 93300 

. 16000 1.12 318. ~ 301.4 1 a69~a 9~ 17a 
16000 1.2 320.2 301.4 11 X090 9~ 170 344 . ~ 302. ~ 111920 93480 
16000 1.6 3~ 1. 301.6 1 ~316a 9620a 386.6 302.8 149830 9373 
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From this efficiency result analysis, the J 1723 isentropic efficiency is found to be 

very sensitive to the inlet temperature, operating pressure ratio, and especially the outlet 

temperature. Some possible factors that might contribute to the discrepancies in the 

efficiency prediction can include the actual transducer location, the flow coefficient, and the 

supercharger wall temperature. These factors were analyzed one by one and implemented in 

the model. 

In the laboratory set up the pressure transducers and temperature probes are placed at 

some distance upstream and downstream from the supercharger itself. However, in the 

model, the values are assumed to be directly at the inlet and outlet. 

Figure 4.12 and 4.13 show inlet and outlet adaptors that were used for testing at Eaton 

Corporation. In Figure 4.12, the inlet static pressure transducer is 20 inches upstream from 

point A, the inlet temperature probe is 22 inches upstream from point A, and the flow meter 

is 40. S inches upstream from point A. The outlet static pressure transducer and outlet 

temperature probe are 23.35 inches and 28.25 inches downstream from supercharger outlet 

flange. Figure 4.13 shows the picture of outlet adaptor. 

y~ yh,,r,, ~~,, 

Figure 4.12 Inlet adaptor. 
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Figure 4.13 Outlet adaptor. 

Since the model calculates the inlet pressure right at the inlet volume of the 

supercharger and outlet pressure right at the outlet volume of the supercharger, the 

calculation for the inlet and outlet pressure in the model need to be adjusted. This is done by 

calculating the pressure drop due to friction effect from the transducer location to the actual 

supercharger inlet and outlet. These changes are done before and after the program; hence, 

the main program in the M-45 supercharger model does not change at all. 

A rough schematic of supercharger with transducers is shown in Figure 4.14. The 

actual inlet and outlet of the supercharger are labeled as points "in" and "out". The locations 

of the inlet and outlet transducers are at point 1 and 4, respectively. 

gut ~d~~tor. 
n 

inlet 
t~anscluce~ 

~~~~ ~0~~ 

in 

Figure 4.14 Rough supercharger schematic with pressure transducers. 
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It is assumed that there is pressure drop from the point 1 to the point "in" and from the point 

"out" to the point 4. Using Bernoulli's equation (Munson 2002, 119), these pressure drops 

are calculated as: 

where 

p, 1 2 pz 1 z 
+-•pl •V1 + p l •g•Z 1 = +-•p 2 •V2 +p2  •g•Z2 

Y 2 Y 2

p :pressure (Pa) 

y :specific gravity (N/m) 

p :density (kg/m3) 

V :velocity (m/s) 

g :acceleration due to gravity (m/s2) 

z :height (m) 

4.2 

Since inlet and outlet of supercharger is mounted at the same elevation, the third term in the 

equation, potential energy term, cancels out and equation 4.2 becomes: 

p1 1 z +—•p, •v, 
y 2 

_  p2 1 2 
- + - •p 2 'v 2

Y 2
4.3 

The analysis above results in pressure drops of about 100 to 3 00 Pa due to piping friction 

effects, which are very small when compared to the operating pressures (between 90,000 Pa 

and 150,000 Pa). The fact that these pressure drop values are very small when compared to 

the working pressure of the supercharger leads to a conclusion that friction effect due to 

piping can be neglected in the comparison of calculated and measured data. 

Flow coefficients were also adjusted in an attempt to match the measured data. The 
idea was that since the simplified model under-predicted the outlet temperature, reducing the 

leakage flows from the outlet control volume would maintain the outlet volume at a high 

temperature. That is, transferring more air through leakage flows from the outlet control 
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volume to the trapped and inlet volumes reduces the outlet temperatures. The result for 

adjusting the flow coefficients can be seen in Figure 4.1 S and 4.16. The model prediction 

when the flow coefficients are adjusted is denoted as "Trial 1 ". 

After attempting to adjust these flow parameters, it turns out that the changes made to 

the flow coefficients also did not give a sufficient increase in outlet temperature to change 

the J 1723 isentropic efficiency significantly. Outlet temperatures increase about 1 or 2 

degrees Kelvin; hence, the J1723 isentropic efficiencies reduce by about 1 to 2%. Table 4.3 

shows the temperature and pressure results from trial 1. As seen, the difference between the 

calculated and measured outlet temperature is still very large, especially at high rotor speeds. 

The volumetric efficiencies also do not show any significant increase or decrease from the 

"original". 

When the supercharger wall temperature (TWall) is changed according to the pressure 

ratio and rotor speed, the model yields better result, i.e. efficiency values (both volumetric 

and J 1723 isentropic efficiencies) predicted by the model were much closer to the measured 

data. These results can be also seen in Figure 4.15 and 4.16. The efficiency predicted by the 

model when the supercharger wall temperature is changed is denoted as "Trial 2". 

With the adjusted wall temperature, the model can also now give a closer pressure 

ratio convergence; the model converges to a pressure ratio between 1.05 and 1.08 for the 

minimum boost (pressure ratio =1.0). Table 4.4 shows the temperature results from trial 2; as 

seen, the difference between the calculated and measured outlet temperature is reduced to 

within 1 to 3 degrees Kelvin. For future work, an analysis on this model could be done to 

determine why it does not converge when the pressure ratio is requested to be 1.0. 

It is important to note that the wall temperature needs to be 3 to 8 degrees Kelvin 

hotter than the outlet air temperature for the model to predict a closer J 1723 efficiency. The 

higher the rotor speed and pressure ratio, the higher the difference between supercharger wall 

and outlet temperature. This contradicts Sorenson model's assumption (in chapter 2) that the 
direction of the convection process can be both ways depending on whether the air inside the 
control volume or the supercharger wall is hotter. The fact that the wall temperature is always 

hotter than the outlet temperature for all operating pressure ratio and rotor speeds only allows 

the heat transfer to occur from the supercharger wall to the air inside the control volume. 
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Figure 4.15 Volumetric efficiency comparison between measured data and other trials. 
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Figure 4.16 J 1723 isentropic efficiency comparison between measured data and other 
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Table 4.3 Temperature and pressure results comparison between the measured data 

from trial 1 and the model output. 

`~~Ic~~l~t~~1 ~~t~ ~i~ac~~l, Trit~l ~~ t~~1~~~~ur~~l C~~~t~ ~:Et~t~i~ 
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aaaa ~ aaa. ~ aaaa aa~a~ aaa a~ 
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~a0a 1. ~ ~~~. ~ aoa . ~ 1 ~~~~~. ~ ~~~~~ ~~~. ~ ~ aaa. ~ 1 ~~~~~ ~~~~~ 
$aao ~ a ~ a . ~ aaa . ~ aaaa a ~ aaa 
aaaa ~ . ~ a~ ago. ~ as ~ . ~ ~ a~~~~ . ~ ~~~~~. ~ 
aaaa ~ .~ a~~.7 aaa .~ ~ '1 ~~a~ ~~aa~ .~ a~~.~ aa~.~ ~ '1 ~~~~ ~~~ ~~ 
aaaa ~ .~ ~~~.~ a0a ~ ~~~~~.~ ~~~~~.~ a~a.~ aaa. ~ ~ ~~~ ~ ~ ~~ ~~~ 
~ ~OaO 1 ~ ~ 9. ~ aaa. ~ 9~~~~ ~~~~a 
~ aaaa ~ .ova ~~~.~ aaa .~ ~ aa~~~.a ~~~~~.~ 
~ ~~a0 ~ .~ ~~~.~ ~ aaa .a ~ ~ ~~~ ~ ~~~~~.~ ~~~.~ aa~.~ ~ '1 ~~aa ~~~10 
~ ~ooa ~ . ~ ~~~. ~ ~~~ ~ ~~aaa. a ~~~~ r . ~ ~~~. a aaa. ~ ~ ~aa~~ aaa ~ a 
~ aaaa ~ ~~ ~ . ~ as ~ . ~ ~ aa~~o aaaoa 
~ aaao ~ . ~ a~a.~ aaa .a ~ a~~ ~a.~ ~~~~a. ~ 
~ aaaa ~ .~ ~~~.~ aoa .s ~ ~ ~~~~.~ ~~~~~.~ ~~~..~ aa~.~ ~ ~ ~ ~~a ~a~aa 
~ aaaa ~ . ~ ~~ .: ~~~ ~ ~~~~ ~ . ~ ~~~~~. a ~~. ~ aaa . ~ ~ ~~aaa ~:~~~~ 
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The supercharger wall being hotter than the air inside suggests that there are other 

sources of energy that has not been accounted for in the analysis. This heat generation in the 

supercharger can be caused by mechanical loss, such as friction. Since the clearance between 

the rotor blade tips and supercharger wall is very small, the hypothesis is that the friction 

effect due to the small clearance heats up the wall and finally increases the wall temperature. 

As the rotors speed gets higher, the friction increases and the supercharger wall gets even 

hotter. There has not been any laboratory testing on the supercharger wall temperature to 

support this hypothesis. Therefore, a further study needs to be conducted to obtain the 

supercharger wall temperature and determine whether the convection heat transfer is really 

coming from the supercharger wall to the air inside. Further, it is also not clear if the source 

of energy is the heat from the wall or another energy source not currently included in the 

model. Future work is needed to identify additional sources of energy if the increased wall 

temperature is not confirmed from the experiments. 

4.2.4 Pressure Results from the carryback Pulse Model 

The next improvement made to the model was including pulses from the carryback 

slot. The pulses are superimposing on the pressure signal from the modified Sorenson 

model. At the end of the model calculation, after efficiency values are predicted, the pressure 

signature at a transducer is obtained and combined with the pulse generated by the carryback 

slot. As discussed in chapter 2, the process of fitting the pulse profile is done experimentally. 

Even though the siren model is the base concept for creating pressure pulse, there are still 

many variables that can be manipulated. For instance, the reflection coefficient. From trial 

and error of comparing the predicted response to the measured data, a reflection coefficient 
of 0.5 best fit the measured data for a pressure ratio 1.4. 

There were several other factors that were determined from a study of the 

experimental data. These factors are determined by considering the propagation path and the 

spin of the rotors. There are times when the transducer would read pulses until the 3rd 
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reflection and there are times when the transducer would not even read any reflection due to 

the rotors blade position. In addition, two pulses are modeled in the supercharger; one is 

from the inlet and one is from the outlet side of the supercharger. Further, for each pulse the 

reflection of the pulse was timed considering the propagation distances that the pulses would 

propagate. In the development of the results that are presented, it was determined that the 

distance needed to be reduced by the distance the rotor would rotate in the time of the 

propagation. 

Since there are many discrepancies between the predicted and measure pulses at a 

pressure ratio of 1.0, Figure 4.17, the determination of parameter values in the pulse model 

focused on the measured data from a pressure ratio of 1.4 only. Part of the discrepancies is 

caused by the fact that the model cannot converge at pressure ratio 1.0. 

Figure 4.18 shows the pressure signature at one transducer location at 4000, 8000, 

12000, 16000 RPM and 1.4 pressure ratio. The solid line represents the measured pressure 

signal; the dark-dashed line represents the predicted pressure signal with carryback slot 

pulses; and the light-dashed line represents the predicted pressure signal without carryback 

slot pulses. 

Stronger pulses due to the carryback slot are observed at higher rotors speeds. As 

seen, the model better represents the pressure pulses at high rotor speeds than it does at lower 

rotor speeds (especially at 4000 RPM). While there are some significant discrepancies 

between the measured and predicted signals, the results do indicate that the simplified model, 

augmented by models of an acoustics pulse propagating in the supercharger, can represent 

the primary features of the signals in the supercharger. 
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Chapter 5 

Summary and Recommendation 

The analysis in this thesis focuses on three areas. First, Sorenson's supercharger 
model was discussed to give an overview of the method for dividing a three lobe roots type 

supercharger into several control volumes and analyzing each control volume to finally 

obtain a performance prediction. Second, the improvements to Sorenson's model were 
presented; including all modifications to the base equations for modeling the M-45 

supercharger, as well as adding the backflow slots, carryback flow features, and the 

carryback slot pulse generation. Finally, a comparison between the efficiency predicted by 

the M-45 supercharger model and the measured data provided by Eaton Corporation was 

presented. 

5.1 Summary 

S.C. Sorenson developed a methodology to analyze a three lobe roots type 

supercharger. He used a one dimensional model from a thermodynamic perspective to 

calculate the temperature and pressure inside a supercharger. The strength of his model is 

that it takes into account leakage flows and heat transfer effects. His model, however, does 

not include the backflow slots, which is one of the basic features in superchargers. 

Curtis Carroll did a significant work on modeling the backflow slots in the 

supercharger using thermodynamic relationships. The model could generate the pressure rise 

profile caused by the backflow slots. As Carroll recommended in his thesis, a possible future 

work is to combine Sorenson's supercharger model and his backflow slot model to have a 

model that better represents the actual supercharger. Carroll also investigated the backflow 

slots to determine if they cause some of the pulse fluctuation seen in the measured data 

provided by Eaton Corporation. He then concluded that the backflow slots are not the source 

of these pulses seen in the measured data and suggested that the carryback slot be 

investigated as a source of pulsation. 
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Hence, work to develop a new supercharger model that incorporates all these effects 
(backflow slots, carryback slot, and the pulse fluctuations) was conducted. The supercharger 
that is being modeled is the M-45 supercharger provided by Eaton Corporation. It is a three 
lobe roots type supercharger with 60 degree twisted rotors. The basic features of this M-45 

supercharger are the same as the supercharger that was modeled by Sorenson. However, 

some adjustments need to be made to the size and shape of the outlet to model the M-45 

supercharger more accurately. 

The output of Sorenson's model is the temperature inside control volumes as a 

function of rotor position. These signals were then converted to pressure signals. Two 

methods for converting temperature to pressure (isentropic flow and ideal gas approach) were 

studied by comparing the efficiency calculated using each approach. The isentropic flow 

equations turned out to give extreme efficiency values: close to 0% and over 100% for some 

cases. The efficiency results obtained from the ideal gas approach were more realistic and 

follow the same trend as measured data. Hence, the ideal gas approach was used to convert 

temperature to pressure with some further additional adjustments to match the efficiency 

values calculated from the Eaton data. 

There were two ways to add the backflow slot features to the supercharger model; 

using Carroll's backflow slots model and using Sorenson's method by expanding some of the 

equations. Both methods were proved to be similar in that they both use isentropic flow 

equations and also adjusts to the flows being choked or not. Hence, Sorenson's method was 

chosen by modeling the flows through the backflow slots as leakage flows for the uniformity 

in the equations purpose. The results for adding the backflow slots can be seen in the 

pressure profiles where there is no more sudden pressure increase when the trapped volume 

opens to the outlet. The trapped pressure now increases smoothly as the leading rotor tip of 

the trapped volume passes the backflow slots. 

The addition of a carryback slot for predicting the pulse generation requires some 

major changes to the continuity and energy equations. The equations now have to take into 

account a new control volume between the inlet and outlet volume, although only the mass 

flow rate term from the carryback to the inlet volume is needed to generate pressure 

pulsations. In order to generate the pressure pulses, a siren noise model was adopted. Anew 
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separate model from the supercharger model was developed. It takes into account the 
pressure pulsation caused by the noise source propagating inside the supercharger as well as 
the travel distances of these pulses as the rotors turn. Up to three reflections were considered 
in this model. The results from this pulse model were compared to the measured data at 1.0 

and 1.4 pressure ratios. Overall, the pulse generation results were promising, although less 

correlation with the measured data was found for 1.0 pressure ratio case. It is not clear at this 

time if the discrepancies are caused by differences in the pulse model or the supercharger 

performance being predicted at a pressure ratio above 1.0. The work, therefore, focused on 

matching the pressure pulsation profile for the 1.4 pressure ratio cases. 

After all the model improvements were made, the supercharger model was considered 

ready to be compared with the results from the measured data provided by Eaton 

Corporation. Only the predicted volumetric efficiency results had a good agreement with 

the results from Eaton Corporation. The predicted J 1723 isentropic efficiency results were 

off by 3 0 to 60%, although followed similar trends. Further adjustments to the model were 

needed for the calculated and measured efficiency results to match each other. 

Several different factors were investigated to determine the source of error in the 

J 1723 isentropic efficiency. The locations of the transducers being some distance away 

upstream and downstream of the supercharger did not have much effect on the supercharger 

efficiency, as was true for the flow coefficients. The supercharger wall temperature turned 

out to have a significant effect to the supercharger J 1723 isentropic efficiency. The wall 

temperature value has to be adjusted accordingly with respect to the operating pressure ratio 

and rotors speeds. The higher the pressure ratio and the rotors speeds, the higher the wall 

temperature will be. Further, in order to get a good agreement with the measured data, the 

wall temperature also has to be hotter than the air inside the supercharger. The fact that the 

wall temperature needs to be hotter than the air concludes that there is another heat 

generation source that has not been accounted in the model, which is the mechanical loss. 

The clearance between the two rotors and between the rotors tip and the supercharger casing 

(wall) is very small so it is possible to generate that much heat. Further investigation has to 

be made on the supercharger wall to determine if this is really what is happening. 
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5.2 Future Work 

After all the model adjustments were made, the supercharger model was not able to 

converge to a solution for 1.0 pressure ratio case. The closest was between a 1.05 and 1.08 

pressure ratio. Further investigation on the supercharger model needs to be conducted to 

resolve this issue. 

Another possible future work would be combining the supercharger model with the 

pulse model since the output of the supercharger model is used as input for the pulse model. 

Although the carryback pulse model gives some pressure pulse fluctuations on the profile 

generated, there are some pulses in the measured data that was not predicted by the model. 

Hence, further study on the other sources of pulsation needs to be conducted. 

Next, a test on supercharger wall temperature needs to be done to see if it does get 

hotter than the air inside the supercharger and to determine if the mechanical loss is the 

source of the heat generation. If the results do not support the hypothesis of the hotter walls, 

then other sources of energy that can increase the outlet air temperature should be 

investigated. 



www.manaraa.com

92 

Appendix A 

Unit Conversion 

Since the system that is analyzed is a supercharger, which is a rotating system, all the 

rate variables are in "per degree" unit, instead of "per second". The mass flow rates (m) are 

in kg/degree and the heat transfer rates (Q) are in J/degree. Taking an example from one 

mass flow formula (2.1), 

m= K• 

y+l~ 2 \ zr_Z 1 . 

~y+l~ 6•N 
A-1 

the first term in parenthesis has a unit of kg/s. In order to have a unit of kg/degree, the term 

in parenthesis has to be multiplied with 6 1N , where N is the rotors speed (RPM). The 

following is the breakdown: 

kg  1  60s l~ev  1 kg
s N rev min 3 60 deg . 6 ~eg /imn 

A-2 

The same approach is applied to the heat transfer rate. The heat transfer rate formula 
(2.7) is: 

A-3 

where Q; has a unit of Watts, which is J/s. In order to have a unit of J/degree, the formula 

. 1 above has to be multiplied by as well. 
6•N 
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Appendix B 

Details on the Equations and Analysis 

In order to solve for temperature, the energy equation (2.6) has to be manipulated 

algebraically. The first section of Appendix B covers these algebraic steps. First, the energy 

equation looks is: 

m~ •h~ + m~ •h~ B-1 
d8 

Rearranging the equation B-1: 

d(m; •u;) 
d8 

Expanding the partial derivative term: 

dm; dT,. 
dB d8 

,~~ ~~~~~ 

m. •h. — m. •h. ~ J ./ .J J ;,~ ~~~r 

!71 

B-2 

, •h~—~Yn~ •h~ B-3 
OZl/ 

Since an equation is needed to relate temperature at two angles, equation B-3 is rearranged: 

dT; 
d8 

• dm; 
d8 

~ ~ 
m J ~ m~ h~ 

\ otsl ij? ~ 

m •C v 

Expanding the temperature rate of change term using 1St order finite difference: 

T,.~n~w> —T,. 
d8 

dm; Q; -y~- .~'~.T-
d8 

~ ~ 
m J .l m J h J 

m •C 
1 Y 

B-4 

B-5 
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Finally, the new incremental temperature is: 

T ~n~w> = T,. + d 8 

dm; Q;_W — 'Cv'T —
d8 

~ ~ 
m~•h~—~m~•h~ 

O tll %i1 

m •C v 

where d8 is the angle increment. 

B-6 

The second section of Appendix B is the details of the analysis in section 2.1.5. 

Almost all flows analyzed in this supercharger model are leakage flows, which can be 

calculated using formula 2.1 or 2.2, depending on whether the flow is choked or not. 

However, when the inlet control volume is analyzed, there is one flow rate that is not a 

leakage flow, which is the inlet mass flow rate (m;ry ). Inlet mass flow rate is calculated 

differently. Mass flow rate term can be split into two terms: 

d V;„ 
mri~ = P;i~ d B 

B-7 

The air density in the inlet volume can be calculated using the ideal gas equation. Further, 

the angular rate of change of the inlet volume is 

where 

V>7~n~w~ 

V,.n

de 

dV,.~ V,.ii~i~~tiU~ — Vn 
d8 d8 

inlet volume at the next angle increment (m3) 

inlet volume at current angle increment (m3) 

angle increment (degree) 

B-8 

The other flow rate that has to be computed differently is the outlet mass flow rate, 

m~,l,, . In this case, it was initially known from the laboratory procedure that in order to adjust 
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the pressure ratio, the outlet volume flow rate has to be adjusted first. Hence, the outlet 

volume flow rate is estimated for each pressure ratio and assumed to be constant throughout 

the cycle. Then the outlet mass flow rate becomes: 

where 

Vout 

• . . 
m~ut =Pout Vogt 

estimated outlet volumetric flow rate (m3/s) 

Pout :density of air at the outlet volume (kg/m3) 

B-9 

1 Since the flow rate calculated has a unit of kg/s, it also needs to be multiplied with  to 
6•N 

have a unit of kg/degree. 
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Appendix C 

Geometrical Consideration for the M-45 Supercharger Model 

The information describing the geometry of each control volume and flow area is 

written in a text file. For the M-45 supercharger, the file name is m45_geo.txt. The file 

consists of 21 columns. The first 7 columns are volumes, which consists of VRI, VR2~ VR3, 

VTI, VT2, VI, and V~b. The next 6 columns are heat transfer areas, which are AHTTRI, 

AHTTR2, AHTTR3, AHTT I ~ AHTT2, and AHTI • The following 5 columns are leakage flow areas, 

ARPTI~ ARPT2~ AL, At;p, and AL~b. Then, the next 2 columns are back flow slot areas, ABFS1 and 

ABFs2• Finally, the last column is the geometrical configurations of the supercharger. 

For m45_geo.txt, the geometrical values were obtained from the first 60 degree at 3 

different angle positions (-15 degree, 29 degree, and 45 degree). This is a little bit different 

when creating a geometry text file for the supercharger in Sorenson's model, where the 

geometry values were obtained at -15 degree, 0 degree, 15 degree, 30 degree, and 45 degree. 

Due to symmetry, the second 60 degree values can be obtained from the first 60 degree by 

switching the left portion to the right portion of the supercharger. In order to get better 

accuracy, each geometrical value in the text file is written every 1 degree increment. This is 

done by a linear interpolation from those 3 different angle positions. 

The last column is for the geometrical configurations of the supercharger. As 

discussed in chapter 2, there are 4 different geometrical configurations for the M-45 

supercharger. Hence, in this column the values are either 1, 2, 3, or 4 for each angle. These 

numbers will then tell the program which set of equations to use for that particular angle. 

Therefore, in order to run the supercharger model correctly, one would have to know which 

geometrical configurations of the supercharger for the whole 120 degree cycle. 

Here is the list of the variables in the m45_geo.txt along with their explanations. 

They are listed in the same order as the text file. 

VRI 

V R2 

VR3 

Low pressure receiver 1 volume (left hand side part) 

Low pressure receiver 2 volume (right hand side part) 

Outlet volume 
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vTl 

VT2 

VI

Vcb 

Trapped 1 volume (the left hand side part) 

Trapped 2 volume (the right hand side part) 

Inlet volume 

Carryback volume 

AxTTR~ :Heat transfer area for control volume R1 

AHTTR2 :Heat transfer area for control volume R2 

AHTTR3 :Heat transfer area for control volume R3 (outlet) 

AHTTI :Heat transfer area for control volume T 1 

AxTT2 :Heat transfer area for control volume T2 

AHTI :Heat transfer area for inlet control volume 

ARPT 1 :Flow area for between outlet and low pressure receiver 1 

ARPT2 :Flow area between outlet and low pressure receiver 2 

AL :Leakage flow area 

Atip :Tip leakage flow area 

AL~b :Carryback flow area 

Agpg~ : Backflow slots 1 flow area (left hand side part) 

ABFsz : Backflow slots 2 flow area (right hand side part) 

Condition :Configuration number of the supercharger (1, 2, 3, or 4) 
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