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SUMMARY

General Electric is one of the largest companies in the world and has shares in a large variety of
businesses such as electronics, energy, aviation and healthcare. Within GE, the global research
division (GE-GRC) is fully focused on research and development with several locations all over the
world. During the internship at GE-GRC Munich [ worked on a project within the Turbomachinery
Aero Laboratory on a project for GE aviation.

General Electric has launched a European project making a turboprop for small airplanes. This GE
engine will be the first engine designed, tested and manufactured in Europe. The turboprop is
designed for small private airplanes such as the aircrafts produced by the American manufacturer
Cessna. An engine used in the aviation industry has to be tested extensively before bringing it on
the market. In 2017 the compressor of the engine will be tested in Munich. A project is running
regarding these tests to get the test rig ready.

During the internship I helped in several tasks of this project. The first part I worked on was the
inlet design of the test rig. A uniform flow has to enter the compressor in order to guarantee the
correct inlet conditions to the compressor. Due to disturbances upstream of the compressor we
ran CFD simulations in order to see if the inlet system allowed uniform flow at the inlet of the
compressor. The CFD simulations have been done for two different configurations. The biggest
difference between these configurations is the number of 90 ° bends upstream of the inlet. The
introduction of swirl by 90° bends in the flow is analyzed. It is confirmed by the simulations that
the extra 90 © bend introduces extra swirl and rotation of the upstream valve does not change
anything on the amount of swirl. Therefore, uniform fully developed flow is not guaranteed
upstream the compressor. Inclusion of a flow straightener and the reduction of bends is the best
way to ensure uniform flow at the compressor inlet.

A second task of the project concerned the design of the secondary air system. The design included
the choice of measuring devices, which should allow the control of the flow. These measuring
devices do not concern the primary airflow, i.e. the air for the propulsion, but the secondary air
system. This air system supplies air for sealing, cooling and thrust balancing. Part of this air is
supplied by primary air bleeds and a part has to be supplied from an external source. To be able
to supply the right amount of gas, the mass-flow has to be measured. Given the required pressure,
mass flow and temperature, the right measuring devices are chosen. The selection of these devices
is based on temperature and pressure limits, turndown ratio, required pipe length and price.
Other components discussed in this report are: valves, heat exchanger and the pipe diameters. In
the end a drawing is made of the secondary air system with all components included.
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INTRODUCTION TO INTERNSHIP

Before the different tasks are discussed in next chapter, a short introduction to General Electric
and the Global Research centers is needed to create the right perspective, necessary to understand
how project are done within GE.

GE has several Global Research Centers all around the world. Currently 200 employees are located
in the GE-GRC in Munich, the research center of Europe. As GE calls it a hub of commercial and
industrial science and technology innovation, it is active in nearly all GE research fields. Within
the Turbomachinery Aero Laboratory engineers deal with different kinds of turbomachinery of
different business fields, such as aviation. An important part of this is the testing of the engine
parts. The testing is done in a building of the Technical University of Munich. As GE is located at
the university campus, the laboratory has a strong collaboration with TUM.

The Research Center is divided into several laboratories with their own specialization in industry.
The Turbomachinery Aero Lab, with 14 full employees, is part of the Aero-Thermal & Mechanical
Systems Europe together with three other laboratories at the Munich site. Some laboratories have
a working student, intern, or graduation student working on smaller projects. All students have
their desk in a student rooms where we had the opportunity to discuss problems and difficulties.
This causes a dynamic and pleasant atmosphere and a possibility to exchange knowledge and
experience.

During the internship, a direct supervisor was assigned with whom [ had almost daily contact. I
attended a weekly facility meeting to get a feeling of the internal developments of the project.
Although most of the topics did not concern my direct tasks, it was very useful to follow the
discussions. Because the project is at the design phase, it led to a very rapid developing and
changing assignment where I experienced the challenges of R&D a little bit.
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LIST OF SYMBOLS

Units

Pressure Pa
M Mach Number -
Specific heat at constant J
Cp oK
ressure kgK

U Velocity

A Surface area

73 Dynamic viscosity

f Friction factor -
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PROJECTS

General Electric has launched a European project making a turboprop for small aircrafts. In an
article they stated: “Textron Aviation, the world’s largest maker of business propeller planes like
Beechcraft Bonanza, Baron and King Air, said today it would use a brand new advanced turboprop
engine developed by GE to power its latest single-engine turboprop plane. The engine burns 20
percent less fuel and produces 10 percent more power, compared to engines in its class” (1). This
GE engine will be the first engine designed, tested and manufactured in Europe. The tests of the
compressor of this engine will be performed in the test facility in Munich. The tests will start at
the beginning of 2017 and the test rig has now to be designed and build.

PROJECT 1: INLET CFD SIMULATIONS

Air is to be supplied from the facility to the compressor through a special designed inlet with a
piping system attached. The piping design, schematically shown in Figure 1, shows a valve with a
pipe mounted downstream, to provide fully developed flow at the inlet of the compressor. Flow
profile distortion and swirl are the consequence of disturbances upstream, which in this case are
the valve and bend. A general rule of thumb states that after 10-15 valve diameters the influence
of these disturbances is gone and the flow is again fully developed (2). Serial disturbances will
further increase this required length.

TASK DESCRIPTION:

Analysis of flow behavior at the compressor inlet due to disturbances upstream, using CFD
simulations

There is limited space available in the facility. It is critical that, without having to extend the pipe
between the valve and the inlet, the influence of the disturbances is gone. To investigate if the flow
is indeed fully developed after 10-15 diameters and to find the amount of introduced swirl, CFD
simulations are performed.
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FIGURE 1: SCHEMATIC INLET PIPING DESIGN (LENGHTS IN MM)
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In the schematic overview of Figure 1, air is supplied from the test facility itself. You could identify
several minor disadvantages at this orientation of the inlet. If the test is running, the facility will
heat up. Since there is only a heater installed, we are not able to cool the air down. It would be an
advantage to supply cold air from outside the test facility to be able to control the temperature
better. At the same time the heater weighs almost 200 kg. Supporting the heater in the upward
orientation could be difficult.

One could think of changing the geometry to another orientation. If one would support the heavy
heater at the floor and the air is supplied from the basement, which is not heated during the
process, the design could look like Figure 2. The top view shows the position of the valve after a
double 90-degree bend with a heater mounted in between. Another advantage compared to the
other orientation would be easy opening of the rig, with easy access to the parts.

B | Heater

FIGURE 2: TOP VIEW LAB

A great concern would be the introduction of extra swirl due to the double 90 degrees bend and
the re-arrangement of the test facility requires a lot of extra work.

To see which orientation would be preferred, both orientations will be discussed in the next
section. A comparison between the flow behaviors is made company axial velocity, the angle of
the flow at outlet and the streamlines of the flow.

SOFTWARE

For the CFD simulations several different software packages are used. Although I have
encountered most of the programs while attending courses at the university, it was all in all a bit
rusty. Since there was time for some tutorials, I took the advantage to improve my skills on the
software described below. The software packages used for doing the simulations were:

e SolidWorks for 3D CAD models as input for the meshing program
o ICEM CFD for meshing
e ANSYS CFX for CFD calculations and analysis
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MESHING

A disturbed flow profile will be introduced by the geometry. The valve will create non uniform
turbulent and recirculating areas, while the bend will probably cause extra swirl to the flow. A
quick look at the Reynolds number gives us an idea what the fully developed flow profile should
look like. The DN 300 pipe with 3 kilograms of ambient air flowing through per second gives:

1 u 1 1

For an internal pipe flow, the transition from laminar to turbulent typically occurs with the
Reynolds number in the range of 2500. Since the Reynolds number is much higher the flow profile
will turbulent and preferably fully developed. This has direct consequence for the CFD
simulations. To be able to solve the Reynolds averaged Navier-Stokes equations, the problem
needs to be closed, i.e. the introduction of a turbulence model. Complex areas have to be meshed
correctly while paying attention to the boundary layer in the meanwhile.

The geometry of the valve is simplified,
but even with a simplified geometry the
disturbance will be created. A half-moon
shape with thickness 100mm has been
inserted in the valve as if the valve is half
closed as shown in Figure 3.

After creating the geometry, ICEM is
used to block the parasolid geometry to
mesh the inlet piping. Since we are
interested in the flow domain, the
geometry is created as if it was the fluid
domain. Heat transfer in the walls is
neglected, so this is left out of the
simulation. Figure 4 shows the fluid domain with the blocked geometry describing this fluid
domain.

FIGURE 3: VALVE AND SIMPLIFIED VALVE

FIGURE 4: BLOCKED GEOMETRY
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Due to the circular cross-sections, an 0-grid is created to improve the quality of the meshed parts.
After blocking the geometry, associating the right blocks to the geometry, creating the O-grid in
these blocks and improving the position of the blocks, the geometry is ready for meshing.

FIGURE 5: BLOCKED GEOMETRY WITH O-BLOCKS

The chosen turbulence model describes the local turbulent behavior, highly determines if the
mesh is fine enough at the walls. In general, the boundary layer of turbulent flow consists out of
three parts.

1. Walllayer: viscous shear dominated layer
2. Outer layer: inertial forces dominate the flow
3. Overlap layer

It depends on the turbulence model how many points of the mesh need to be in the laminar sub
layer or the logarithmic region. In this case we chose to work with a SST turbulence model because
of the following reasons (3):

- The SST model is a Low-Re turbulent model, i.e. able to describe the wall layer if there
are sufficient points in this area.

- Evenif we use a coarser grid at the boundary, a w-based and SST model will be able to do
automatic wall treatment, so is able to resorting to a wall function.

The SST model uses a combination of the k-omega and k-epsilon models and thus can be seen as
a compromise between specialized models to establish a more general applicable model. This will
give us more robust behavior.
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QUALITY CONTROL

After a solid base for a mesh has been created, we can mesh using a bi-geometric distribution and
the following parameters:

e Firstcell size: 0.1 mm
e Maximum cell size: 5 mm
e Max aspect ratio 1.5

A high quality mesh will ease the convergence to the discrete solution. Quality can be interpreted
in many ways but in general the angles in the cells should not be too large/too small and the
lengths of the cell sides should be in the same order of magnitude. An ideal Hexa element would
be a perfect cube. Before processing the results, the quality is checked on defects, such as
described above. Figure 6 and Figure 7 show two of the many parameters to check the quality.

2x2x2 determinant: The graph shows the calculation of the ratio of the smallest determinant of
the Jacobian matrix divided by the largest determinant of the Jacobian matrix. This, in more
general terms, is related to the aspect ratio of the elements. It shows the deviation from a perfect
shaped element. A determinant value of 1 would indicate a perfectly regular mesh element, 0
would indicate an element degenerate in one or more edges, and negative values would indicate
inverted elements. The figure shown is for a simulation with 12 million grid points and the
parameters described above. (4)

24—

0 | | | | | 1 I
1] 0 nz 03 n4 na 0.6 07 na na 1

FIGURE 6: 2X2X2 DETERMINANT MESH

Quality: The Quality analysis uses weighted parameters which includes several aspects of the grid
cell. It is a weighted diagnostic between the determinant, the maximal orthogonality and the
maximum warpage. In the same way as with the 2x2x2 determinant a normalized value between
-1 and 1 is given to the cell to quantify the quality. The minimum of the 3 normalized diagnostics
will be used in the Quality parameter. In the result the leading parameter cannot be distinguished
which is why literature advices to analyze the three parameters separately. But for a quick quality
check this should be sufficient for now. (4)

FIGURE 7: QUALITY MESH

10
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FLOW RESULTS

In previous sections effort is put into ensuring a valid solution and the results can now be
analyzed. For convergence the root mean square error is used. Figure 8 shows plots of the RMS
residuals in the solved equations for the configuration with one 90-degree bend. The residual can
be seen on the vertical axis. As can be seen convergence is established with a RMS residual in the
order of 107>, Same convergence behavior can be seen for the configuration with two 90-degree
bends. Let’s have a look how the two geometries differ in result.
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FIGURE 8: CONVERGENCE BAHAVIOUR CFD SIMULATION

VELOCITY STREAMLINES

The general flow behavior can be visualized by the streamlines of the flow. Both results can be
found in Figure 9. A clear recirculation area behind the valve can be seen and it seems that the
streamlines are not fully in axial direction, i.e. swirl is introduced. It would be good to know if the
extra 90-degree bend introduces extra swirl in comparison to the configuration with only one
bend.

FIGURE 9: STREAMLINES IN THE TWO GEOMETRIES

11
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To have a better look at the swirl effect we should have a look at a cross-section of the pipe at the
outlet. The axial velocity contour plot at the cross section, Figure 10, shows similar velocities for
both situation as expected. But there is a difference in distribution, likely due to the swirl effect.

FIGURE 10: AXIAL FLOW (LEFT: CEILING CONFIG. /RIGHT: BASEMENT CONFIG.)

The axial velocity will be important when considering the flow profile at outlet but for now the
magnitude of the velocities tangential to the surface are of greater interest. Since a Cartesian
coordinate system is used and the x-axis is pointed in axial direction of the outlet pipe the outlet

plane is mapped by the other two axes.
Abs max: 7.5 % Abs max: 13.3 %

FIGURE 11: TANGENTIAL VELOCITY IN Z-DIRECTION.
LEFT: CEILING CONFIG. /RIGHT: BASEMENT CONFIG

The flow velocity tangential to the surface in w-direction along the z-axis is almost twice as high

for the configuration with a double bend as can be seen in Figure 11. This is the first indication
that the extra bend indeed introduces extra swirl.

12
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The results shown in Figure 12 lead to the same conclusion. For both the y- and z-direction the
velocities are higher in the case of the double bend configuration. This result indicates that the
swirl will be higher at the double bend configuration.

Abs max: 8.9 % Abs max: 13.1 ?

FIGURE 12: TANGENTIAL VELOCITY IN Y-DIRECTION

Taking a step back to the geometry one could argue that orientation of the valve in the pipe can
have some influence. In the case of one bend the flow can partially flow straight through the
opening of the valve. With two bends the valve is located in such a way that it will probably have
more influence on a larger part of the flow. The hypothesis in this case is: A larger part of the flow
will tend to flow through the outer radius of the bend, and is more affected compared to the closed
part of the valve at the inner radius. Further simulation with rotated valve can be seen in Figure
13.

FIGURE 13: VALVE RELATIVE TO CORNER

13
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A simulation with the valve rotated to the inner side, relative to the flow, shows that the speed at
the valve is approximately the same at the valve opened for both orientations. Figure 14 shows
that the flow accelerates to 145 m/s in the valve. Compared to Figure 9 this is only a difference of
2m/s.

FIGURE 14: STREAMLINES WITH VALVE 180 DEGREES ROTATED

The order of magnitude of the tangential velocities also remains the same, as can be seen in Figure
15. In this figure the absolute magnitude of the flow is still around 13 m/s. This is still twice as
high as the flow in the configuration with only one bend.

Abs max: 12.6 Abs max: 12.7
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[ 0050 0.100 (m)
—
0025 0075

FIGURE 15: TANGENTIAL VELOCITIES
(LEFT: VELOCITY IN Y-DIRECTION; RIGHT: VELOCITY IN Z-DIRECTION)

It can be concluded that with double 90°-bend the swirl is increased and is considerably higher
than in case of one bend.

14
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UPDATED LAY-OUT

After performing the simulation there were some new developments regarding the lay-out.
Actually, both lay-outs discussed earlier can be combined to have an improved lay-out. A lay-out
with one bend and the inlet at the basement of the test facility. The way to achieve this is by
positioning the rig on the diagonal of the facility, see Figure 16.

FIGURE 16: TEST FACILITY RE-ARRANGED

FLOW STRAIGHTENER

In any case, the lay-outs described above must guarantee a uniform fully developed flow. Fromt
the axial velocity plots, Figure 10 in the previous section, it was already clear that the flow profile
is not fully developed. Although the deviation is not that high, uniform flow cannot be guaranteed
based on these simulations. For this purpose, a flow straightener, as shown in Figure 17, has been
introduced into the piping system to guarantee uniform flow downstream the valve.

Figure 17: Flow straightener (5)
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Based on supplier experiments it can be shown that the required length reduces from a minimum
of 15 diameters after the valve to only 3-5 diameter lengths. It seems that a flow conditioner does
two things:

1. Resistance in the flow will cause the flow profile to be disturbed and to become fully
turbulent again which erases the effects of the disturbances. And allows a new flow profile
to develop

2. Either tubes or vanes are used to remove any swirl to the flow. Having a look at Figure 17
the vanes are clearly visible.

K.J. Zanker states in an article: “Conditioners obstruct the flow and cause pressure loss. Pressure
loss provides the energy to re-distribute the velocity profile. More severe disturbances might
require more pressure loss”. (6)

For our case we can deal with pressure drop by the facility so a flow straightener would be a
good addition to the system.

16
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PROJECT 2: SECONDARY AIR SYSTEM

The gas flow inside an engine is directed through a complex system of ducts, vents and holes.
Primarily the air in an engine is used for propulsion and is therefore called the primary air system.
In addition to the primary air flow, there are extra airflows to support the performance of the
engine. A combined use of external air and bleed air from the compressor provides the engine
with air for cooling, sealing and balancing purposes. As an example the airflow from a CFM56-7B
engine is shown (7). It shows the airflow through the bore of the system as coolingstream for the
turbine.

Combustion  High Pressure Turbine
—_— Chamber \

High Pressure Com-
pressor

FIGURE 18: AIRFLOW CFM56-7B (7)

TASK DESCRIPTION:

Design the secondary air system for the compressor test-rig and take all components into
account by benchmarking the components.

TEST RIG MUNICH

The test rig of Munich is built around a compressor without the presence of the other components
of the engine, such as the combustion chamber and turbine. The air which normally would go to
the turbine is now directed to an outlet and analyzed. The air has to have the right mass flow,
temperature and pressure as if it would be directed to the turbine as a supporting flow with
purposes described above.

FIGURE 19: SAS LOCATION IN TEST FACILITY
Secondary air system

17
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The test rig has to be designed in such a way that all the lines available in a complete engine are
also present in the test rig. The required pipes are therefore gathered in one place at the wall
where all flowmeters, valves and pipes are installed. The yellow space at the wall in Figure 19 will
be used as the mounting area for the secondary air system. An approximate of 3x3 meters is
available for mounting the secondary air system (SAS).

It is quite complicated to have a complete overview of all line coming and going to the system. For
this report the schematics of the test rig have been simplified to the relevant lines of the secondary
air system and can be seen in Figure 20. An explanation of the schematic is given below.

Atmosphers
U

A

Atmosphere

/]
Exhoust

m Radial Aaol compressor

U compressor

FIGURE 20: SCHEMATIC SAS

Lines 2, 10 and 11 are supplied from the “atmosphere”, in this case shop air.

Lines 7, 8 and 9 are bleed lines from the axial compressor at the high pressure side.

Bleed air from line 8, at higher temperature, is feed back to the compressor.

Lines 3, 5 and 6 are bleed lines from the radial compressor. Line 3 is routed back to the

compressor. The flow is routed through a heat exchanger to cool down the air.

e All air is going to atmospheric conditions again, which is this case means: routed to an
outlet pipe.

o Atotal of 11 flow meters are required in this scheme.

e Atotal of 12 valves are required in this scheme.

e Line1and 12 do not require a flow meter

e Line 12 isjust a pipe without devices.

18
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PIPE DESIGN: DIAMETERS

As mentioned in the previous section, the air supply and bleeds from the compressor have to be
monitored during the tests in order to analyze the performance of the compressor. A total of 12
different main pipe lines are involved in the secondary air system. For all 12 lines the mass flow,
temperature and pressure range are given. These highly changing parameters are the
consequence of wide range of tests the compressor has to undergo.

Given the provided data, the required pipe diameters and flow measurement devices can be
determined. In this case the speed of the flow may not exceed Mach 0.2 to avoid high pressure
losses.

Despite the fact that the Mach number is lower than 0.2, let’s consider both compressible and
incompressible flow first, as an extra safety step in the analysis. Given a compressible flow and an
ideal gas, the pipe diameters can be calculated using:

AR JmMa+ = 1M2)%
= Y _— -
JTR 2
_ 1
A =m/T{R *

y _ 1 Y+2
PAVYM(1 + 55— M?)2-2y

The same can be done if we use a formula for incompressible flow. The maximum of these two
equations is chosen as the leading parameter, although the compressibility effect should be
minimal. In this case the equation for incompressible flow gives:

m = UpA
=M *V( RT)*E*A
YR T,R

1

A= mTR* —F
M * V(YRT,) * P,

To calculate the highest speed in the pipes the maximum mass flow, the maximum total
temperature and the minimum total pressure are used. Table 1 shows a summary of the
diameter calculations for 10 pipes in the system.

Max Max Min Total Required Required Required
Mass total Pressure diameter, diameter, nominal
flow Temp [bar] incompressible | compressible diameter:
[kg/s] [°C] flow [m] flow [m] DN

0.10 566 1.4 0.043 0.042 50

0.10 260 1.4 0.038 0.037 40

0.23 177 2.8 0.040 0.040 40

0.16 21 2.1 0.035 0.034 40

0.05 316 0.7 0.039 0.038 40

0.03 204 1.4 0.018 0.018 20(32)
0.19 566 1.4 0.060 0.059 65

0.10 316 0.7 0.055 0.054 65

0.25 316 0.7 0.091 0.089 100
0.08 566 2.1 0.033 0.032 40

19
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TABLE 1: CROSS-SECTIONAL AREA PIPES

The required minimal diameters are now known. The speed, at least in the pipes will not exceed
Mach 0.2.

What is missing is the way the pipes are connected to the system. At the high pressure part of the
axial compressor air is taken out by lines 7, 8 and 9. For line 7 and 9 the connection is done by a
single connection. For line 8 on the other hand this is done by a double connection. The double
connection causes a favorable flow behavior in the compressor.

Asaol compressor

FIGURE 21: LINE SPLIT CONNECTION

The double connections require both a flow meter and a valve. A third valve in line 8 regulates the
flow back to the compressor. Figure 21 shows the updated configuration. If one valve is closed all
flow must go through the other valve, so these lines become pretty large in the SAS

20
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FLOW METERS

To analyze the flow, proper flow meters have to be installed. The right choice of flow meter is
based on a lot of design considerations. The flow meter technologies described below are the ones
which are best suitable for our requirements. Other technologies are due to costs, maintenance
requirements, safety aspects or accuracy not suitable for this application.

e Turbine flow meters: Internal moving parts, preferred to avoid this risk
e Variable area meters: Not accurate enough and often without digital output
o Coriolis meters: Too expensive while cheaper options are available

Technologies which are applicable:

o Differential pressure flow meter
e Thermal flow meter
e Vortex flow meter

Differential pressure flow meters:

Differential pressure flowmeters use Bernoulli’s principle to measure the flow of fluid in a pipe.
Differential pressure flowmeters introduce a constriction in the pipe that creates a pressure drop
across the flowmeter. When the flow increases, more pressure drop is created. The pressure is
measured upstream and downstream of the flowmeter and is directed to the transmitter that
measures the differential pressure to determine the fluid flow. This technology is a widely used
technology because it is relatively cheap and easy to install (8).

Thermal flow meters:

Thermal flowmeters use the thermal properties of the fluid to measure the flow of a fluid flowing
in a pipe or duct. In a typical thermal flowmeter, a measured amount of heat is applied to the
heater of the sensor. Some of this heat is lost to the flowing fluid. As flow increases, more heat is
lost. The amount of heat lost is sensed using temperature measurement(s) in the sensor. The
transmitter uses the heat input and temperature measurements to determine fluid flow. Most
thermal flowmeters are used to measure gas flows. A big advantage is the direct measurement of
mass flow (9).

Vortex flow meter:

The measuring principle is based on the development of a Karman vortex shedding sheet in the
wake of a body built into the pipeline. A blunt body in the flow generates a so-called "Karman
vortex street” with alternating pressure conditions whose frequency is proportional to the flow
velocity.

Thermal meter Differential pressure meter \Vortex meter
Accuracy +- 1% Full scale +- 1-2% Full scale +- 0.5-1% Full Scale
Temperature limit [K] 650 Typical around 1000 Typical around 1000
Turndown ratio 100:1 5:1 30:1 (with minimum

velocity required)

Required upstream 15D 15D 15D
pipe length
Price $$ $ $$-$5%

TABLE 2: DATASHEET FLOW METER
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In Table 2, a basic comparison between the three types of flow meters is made. The thermal flow
meter has relative high accuracy but is limited on the temperature. The turndown ratio for
differential pressure meter is very limited but is relatively cheap compared to the others. Vortex
flow meters have high accuracy and can handle higher temperature but require Re>10000 since
no or little vortex shedding is created when the flow velocity is low.

From a company point of view, it is preferred to have as little as possible different technologies,
since it would increase the amount of suppliers. Since the vortex devices cannot handle low flow
velocities, we choose to continue only with the differential pressure and thermal devices.

ACCURACY OF A FLOW METER

In general, two different ways of defining the accuracy are used. The accuracy based on the full
scale flow and the accuracy as percentage of the measured flow. Most suppliers deliver a product
specification with a combination of these accuracies. The accuracy of reading is just the error of
actual reading. More significant at low flow rates can be the FS percentage error. The local error
as function of the percentage of full scale flow, with an accuracy of 1% at full scale, is given in
Figure 22. Let’s say that the flow rate is 0.1 kg/s, an error of 1% full scale would mean an error of
0.001 kg/s. At 10% of the full scale flow, so 0.01 kg/s, the error has increased to 10%.

20%
............... s

g : : : :
£ 10% [overerneninens SR e Eersree s
- : : : i
E H H
8 LT P Sereesrnrnenn ........................ P PP PP PR seeees

2% e

1% i

10%FS  20% FS 50% FS 100% F5

FIGURE 22: LOCAL ERROR AS FUNCTION OF PERCENTAGE OF FULL SCALE FLOW

TURNDOWN RATIO

The turndown for a differential pressure device, in this case the orifice plate, is low compared to
the thermal flow measurement devices. The turndown ratio tells you till what percentage of the
full scale flow the calibrated accuracy can be guaranteed. The turndown ratio is defined as:

Full scale flow

Turndown =
Minimum flow

Where the volume flow can be calculated using
. mTR
P
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For an orifice plate this is typical 5:1, so this means if the flow is below 20% of the maximum flow,
the accuracy cannot be guaranteed. The turndown ratios for the lines in the secondary air system
are determined using the parameters shown in Table 3. The calculations have been done using the
extreme parameters, so the ratios are also the extremes of the flow.

Mass flow Temprange | Total Pressure | Turndown ratio
range [°c] range (based on
[kg/s] [bar] volume flow)

0.005 | 0.10 | 204 | 593 | 1.4 11.0 35
0.005 | 0.10 66 | 260 | 1.4 10.3 236
0.010 | 0.23 21 | 177 | 2.8 4.1 57
0.005 0.16 21 21 2.1 11.4 193
0.003 | 0.05 66 | 316 | 0.7 6.6 25
0.004 0.02 21 204 | 1.4 2.8 20
0.023 0.18 177 | 566 | 1.4 11.7 15
0.068 0.09 66 316 | 0.7 6.6 2

<0.005 | 0.25 66 316 | 0.7 6.6 4

0.068 0.08 182 | 566 | 2.1 17.2 2

TABLE 3: TURNDOWN RATIOS

Based on the calculation above, looking at the temperature limits and costs we now are able to
choose a device which suits our requirements. The selection is shown in Table 4, where the
colored cells show if it is applicable (green), maybe applicable (orange) or not applicable (red). A
choice can be made for 8 lines directly, as shown in the right column.

Turndown Differential Thermal flow Choice
ratio (based on pressure: meter
volume flow) Orifice
35 Turndown T.B.D.
236 Thermal
57 T.B.D.
193 Thermal
25 Turndown T.B.D.
20 Turndown T.B.D.
15 Orifice
2 Orifice
4 Orifice
4 Orifice
4 Orifice
2 Orifice

TABLE 4: METER SELECTION

The turndown for four lines is somewhat high to directly choose an orifice as the device to use.
Since it turns out that these turndowns are based on the very high limits of the flow we choose to
use orifice plates despite the inaccuracy at very low volume flows. The very lower limit of the
flow will not occur in the critical region of the flow where the measurements need to take place.
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VALVES

To control the mass flow valves are used in every line. Since there is a reliable supplier which
chooses the right valves if we supply them with the right parameters there is no real choice to be
made on the supplier. Figure 23 shows the valve used for our application.
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FIGURE 23: STEVI 440 VALVE (10)

The interesting part for now is the required space of the valves, since the valves determine the
width of the lines. The dimensions of the valves can be seen in Figure 24. Especially for the larger
valves the dimensions highly determine the total dimensions of the SAS system.

(DN ] 15 | 20 | 25 | 32 | 4 | s ]| e | 8 [ 10 | 125 | 15

Abmessungen

- Fig. 440 (mm) M10 | M14x 1,5 M16x 1,5
Fig. 441 (mm) M12 M16

- Fig. 440 (mm) 103 11 118 124 137 152 171 210 270
Fig. 441 (mm) 288 29 287 289 373 385 401 565 596

H2 Fig 440/Fig 441 |(mm) 83

A Fig. 440/Fig. 441 [(mm) 100

nx 2B Fig. 440/ Fig. 441 (mm) 2x16

Baulinge FTF Grundreihe 1 nach DIN EN 558

L mm) T 130 ] 150 | 160 | 180 | 200 J 230 | 200 | 310 [ 350 | 400 | 480

Flansche nach DIN EN 1092-1/-2 Flanschbohrungen/-dickentoleranzen nach DIN 2533/2544/2545
PN16 (mm) 220 250 285

@D PN25 (mm) 9% 105 115 140 150 165 185 200 e - 5k
PN40 (mm)

FIGURE 24: STEVI VALVE DIMENSIONS (10)
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HEAT EXCHANGER

One of the supply lines is actually a feedback from the high pressure part of the compressor.
Bleed air from the high pressure part of the compressor makes a loop back to a latter part of the
compressor the back wall of the impeller. There is a temperature limit to the back wall so a heat
exchanger is required to cool the air.

The air has to be cooled down in order to have the required temperatures at the impeller back
wall. A heat exchanger with water as cooling medium is designed.

There is a high variety of heat exchanger available on the market, but for a simple analysis two
types of heat exchanger can be distinguished. The tube-shell heat exchanger and the plate heat
exchanger. In general, a heat exchanger based on the tube-shell principle is:

1. Less expensive as compared to Plate type coolers
2. Can be used in systems with higher operating temperatures and pressures
3. Pressure drop across a tube cooler is less

On the other hand:
1. Heat transfer efficiency is less compared to plate type cooler
2. Requires more space in comparison to plate coolers.
3. Capacity of tube cooler cannot be increased.

Since we have to deal with high temperatures the plate heat exchanger will not work properly,
this means the tube-shell heat exchanger is the best choice for our case. The best performance is
reached while having a counter flow in the heat exchanger, as shown in Figure 25.
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The amount of heat to be dissipated is given using:

Q = mhxcy* (Tpy — Tp)

Q = 0.0907 * 1029 * 200 ~ 18kW

Taz

Tp, € < Tn

?

Ta1
FIGURE 25: COUNTERFLOW HEAT EXCHAGNER

After requesting a preliminary design at the supplier we can have a look at the approximated
dimensions. It turns out that a heat exchanger for this purpose is not that large at all. Based on
the supplier data the heat exchanger would be approximately have the dimensions as given in

Figure 26.
4 Water

800

130

Dry Air

|
T
|
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|
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[

FIGURE 26: HEAT EXCHANGER DIMENSIONS

For the design of the SAS these dimensions are now sufficient to be able to make the dimensional
drawings. No further work is done on the heat exchanger part because not all parameters are
fixed yet. Detailing the heat exchanger would be something to do when the design of the SAS is at
a more detailed phase of the project.
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SAS DESIGN

Now all important components have been taken into account, the first drawings can be made to
estimate the required space. The design sketch can be seen in Figure 27. All vertical pipes are
mounted within the yellow marked place in the facility
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FIGURE 27: SAS

Let’s have a closer look at the configuration:

The pipes coming from the compressor are located at the left side of the SAS since the
outlet to the ambient environment is at the left top corner.

The incoming pipes to the compressor are located at the right hand side since the shop
air source is located at the right side.

The inlet from the shop air is split into a high pressure line and two lines which require
low pressure. The split is done directly at the shop air source due to safety reasons.
Two of the shop air lines require a heater since the shop air is only available at ambient
temperature and need to be heated to 400 degrees Fahrenheit

The valves are mounted at the wall since they have a high mass compared to the other
components

The flow meters are mounted downstream of the valves. The pressure at the pressure

taps in the orifice meters will be approximate ambient and allows more accurate
measurements.
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e Compensators are installed in the high temperature lines. Below the valves the pipes can
handle thermal expansion. Above the valves extra compensators are required.

PRESSURE LOSSES

Given the design in previous section, a basic guess of the pressure losses can be made. The
pressure losses will be large at the orifice plates and valves. Since, the way of calculation the
pressure losses over these devices, is very extensive and different for the different parts we have
alook at the general pressure losses. For an incompressible steady flow and neglecting the effects
of gravity the total energy of the system can be described as:

Ut U3
P+ p? =P, + p?"’ Pyosses

The losses can be divided into two parts:

Plasses major_loss + Pminor_loss

In contradiction to the names, minor loss can be significant compared to major loss. When a valve
is almost closed these losses become very large. For an open valve the minor loss can often be
neglected.

The major losses occur due to friction as is for a fully developed, steady, incompressible flow
described as:

Where “f ” is the friction factor. The friction factor depends on the Reynolds number and the
roughness of the surface area. The equation is also known as the D’Arcy -Weif3bach formula. The
minor losses also relate to the dynamic pressure of the flow and are given by

2
P_minor = (%) (9

The minor loss coefficient {, mainly depends on the geometry of the object and the Reynolds
number.

As explained earlier the pressure losses depend on a lot of different parameters. Especially the
coefficient which also depends on the Reynolds number could even be larger than the velocity
term in the equations. But since we don’t know these right now we assume the effect of these
parameters to be less than the influence of the volume flow on the pressure losses.
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Pressure losses increase when diameter decreases, length increases or the roughness of the
surface increases, but the most interesting part is the velocity.
Vo 4m

A pnd?

This means that for small diameters and high mass flows the pressure losses can be
considerably high.

Having a look at the lines in the SAS design of Figure 27 and the data from Table 1 we can see that
the pressure losses will be high in line 9. It has one of the highest mass flows, highest
temperatures, lowest pressure and relative small diameter.

Calculating the pressure losses using software specialized in pressure losses, we can see that the
pressure losses over the main part of line 9 are approximately 0.25 Bar. For further details one
can see the calculation sheet as attachment to this report.

CONCLUSION

Of course the design of the SAS is not finished but the main components have been analyzed and
a solid basic lay-out has been established. The next step of the design would be ordering the
right components based on the requested quotes after all data is fixed and the input parameters
do not change anymore.

INTERNSHIP: ACHIEVED GOALS

During my internship I have helped on a lot of small topics where two main projects can be
distinguished; CFD simulations for the inlet and the design of the secondary air system. Being able
to do so many different things has given me a good insight in a big project as this. [ managed to
improve my skills on CAD, CFD and meshing and was able to learn some practical things like
contacting suppliers, requesting and gaining knowledge on system components [ never
encountered before.
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