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Abstract 
The use of check valves in the nuclear industry is of great importance from a safety precaution point of 
view (McElhaney, 1995). Choosing check valves for these high-pressurized systems comes with a 
great challenge. The valves causes what is called check valve slams when closing, leading to a huge 
pressure wave traveling through the system. To prevent this from happening calculations have to be 
done to see what kind of forces are generated during a check valve slam. When the forces are known it 
is easier designing systems that will endure these slams. A commonly used software in the nuclear 
industry is RELAP5 (Reactor Excursion and Leak Analysis Program), its main purpose is to calculate 
transients in piping systems. This program can also be used when calculating a check valve slam. But 
how precise is the code compared to the real event? 

By doing an experiment measuring pressures created by swing check valves during slams, the code 
was compared to real data and analyzed to decide what was of importance when modeling for these 
types of simulations. 

The RELAP5 code was not initially designed to calculate transients during a check valve slam. This is 
clearly shown when the code overestimates the pressure waves in the system when using the 
manufacturer data for the check valve model. Matching the data from the simulations in RELAP5 with 
the data recorded from the experiment is not easy. The parameters used for this have no connection to 
the specifications for the check valve, which means that transients are hard to estimate without 
experimental data.  
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1. Introduction 
Check valves are obligatory when building an extensive piping system. They are mainly used to stop 
flow in the reversed direction to prevent leakage e.g. when a pipe is bursting. They can also be used to 
prevent a pump from being damaged when it is shut off and flow is reversing in to the pump. 

Check valves are for the most part a positive addition in a flow system. Although, when closing, they 
can cause greater problems than initially thought of. A phenomenon called check valve slam can cause 
serious damage on a piping system (Thorley, 1985).  

Westinghouse is currently building a new reactor called AP1000. This thesis is written in order to the 
check valve slam cases that were simulated in RELAP5 and the results used when designing the 
reactor. When calculated, the values concerning the pressure in the pipes during check valve slams 
were incredibly high. This is why Fauske & Associates, LLC (FAI) needs an experimental procedure 
to analyze and determine how exact the code is under various circumstances. This will help to set 
certain parameters that are known to be difficult establishing when modeling a check valve in 
RELAP5. 

1.1 Purpose 
RELAP5 is the program that should be tested and compared to experiments carried out, this will 
determine the certainty of the code during a check valve slam when using a swing check valve. This is 
an area where there is little or no data to compare with and therefore of great interest in nuclear and 
other industries. 

To accomplish this, an experimental equipment was designed and built mainly for this purpose and 
instruments were installed to measure transients that were of importance for this experiment. Since the 
set-up later on will be used for educational purpose later on, the design must be built so that it can hold 
for tests that are a lot worse regarding pressure amplitude such as waterhammer testing. 

By establishing the certainty of the code during a check valve slam the codes reliability can be 
established and therefore a better and improved design against check valve slams can be used.  

1.2 Limitations 
The focus of this work is on development and verification of the experimental procedure. As a 
boundary, the focus on the instrumental and electrical part is smaller than the actual testing. Some of 
the earlier designs of the flow loop built for the experiment will not be presented since the loop has 
changed a lot during the process. However, they are mentioned in the results explaining why they were 
not used. 

The part of the loop where future waterhammer testing can be performed is only briefly discussed. 
This is to give the reader an understanding of why certain materials and certain piping were used. A 
brief introduction will also be included so the reader understands why the waterhammer is a big 
concern when building the loop. 

To limit this benchmark even more, the focus lies on the most relevant information regarding the 
amplitude of the pressure spikes. Comparing frequency’s and pulse length of the pressure wave will 
not be included since it is the maximum pressure and thereby the force in the pipe that is relevant. 
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2. Background 
To give the reader a better understanding of the problem check valve slam events are explained and 
introduced along with the RELAP5 software that is used in this benchmark.  

2.1 Company presentation 
Fauske & Associates, LLC (FAI) is a world leader in nuclear, industrial and chemical process safety. 
Founded in 1980 by Hans Fauske, D.Sc., Michael Grolmes, Ph.D. and Dr. Robert Henry, Ph.D., FAI 
became a wholly owned subsidiary of Westinghouse Electric Company, LLC, in 1986 (Fauske.com, 
2013). Today over 50% of the world’s nuclear power plants are based on Westinghouse Technology 
(Westinghousenuclear.com, 2013). At FAI, the main focus is process safety. They perform simulations 
and real world experiments to improve future designs of power plants and enhance designs of existing 
ones. 

FAI is recognized worldwide for phenomenological modeling related to the prevention and 
accommodation of chemical and nuclear power accidents (Fauske.com, 2013). 

2.2 Check valve slam 
A check valve slam happens when a reversed flow in a piping system suddenly occurs. The check 
valve is a safety precaution in case e.g., a pipe in a flow loop would burst and the flow then rapidly 
change course. Check valves that closes correctly is essential for the cooling system in the reactor to 
prevent the core from overheating (Kaliatka, Uspuras and Vaisnoras, 2011). When designing a system 
the check valve must be carefully chosen since they can cause big slams when closing. 

When the flow is reversing and the valve closes, a vacuum pressure just after the valve is generated 
due to the reversing flow leaking under the valve before it closes. This flow will then continue to 
reverse after the check valve has closed generating saturated steam on the upstream side of the valve. 
When the flow change direction because of the low pressure, a pressure surge goes through the piping 
to stagnate the system. This phenomenon is called waterhammer, demonstrated in figure 2-1. 
Waterhammer is a known phenomenon discussed in numerous reports (Bergant, Simpson and 
Tijsseling, 2006). 

 

Figure 2-1: Steam bubble collapse.  

Describing the process of a steam bubble collapse.  
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To minimize these pressure waves traveling through the system, spring-loaded valves that does not 
rely on gravity or flow can be used (Liou, 1998). These valves closes during the time the flow 
decreases, when the flow reaches zero the valve is completely closed minimizing the reverse flow. 
Although, swing check valves are still the most commonly used valves in nuclear plants. See figure 2-
2.  

 

Figure 2-2: Distribution of 1991 check valve population by valve type.  

Taken from McElhaney (2000).  Swing check valves is found in more than 25% of the market. 

2.3 Waterhammer 
A pressure surge in a system commonly referred to as a waterhammer occurs when flow in a piping 
system is started or stopped faster than the system can respond. The pressure surge going through the 
piping can reach the speed of sound in water (~4600 ft. /s). A pressure surge at this speed going 
through the piping causes piping to shake and can be catastrophic for the system itself or things 
connected to it. 

2.4 RELAP5 
RELAP5 has been used since the early 1980s when it was first released and is still one of the most 
commonly used codes in the nuclear business for simulating flows in pipes (inl.gov, 2013). It is a one-
dimensional code, based only on numbers and simple abbreviations and it uses no interface. 

When the code was first used, cards was placed in a machine that read them to define the code.  So, 
even today, all the different commands are based on cards. These cards are just numbers that tell what 
the card is for. For an example, to define a new test card 100 is used. The next word defines that this is 
a new calculation and that it is modeled for calculating transients. An example that is shown below. 

100 New Transnt 

This will tell the code that a new transient calculation is to be done. RELAP5 consists of a huge 
variety of cards and abbreviations. Because of this, it is important to use the manuals when modeling a 
system. For RELAP5 there are five different manuals, covering everything from user guidelines to 
solution methods. These are important not only when modeling the code, but also for the benchmark 
between the experiments. To calculate transient the code uses nodes to get an estimate value of the 
calculations. These nodes are of great importance when the code calculates the pressure wave induced 
by the check valve slam, according to Kaliatka, Uspuras and Vaisnoras (2007) the node length should 
not exceed 0.5 m in the code. These nodes have to be calculated in a separate document with a 
program called Mathcad.  
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3. Method 
At the beginning, some research has to be done about how to perform the test, so that the basics of this 
experiment are clarified. That will include reading a manual for RELAP5, learning about check valve 
slams and look at earlier research in the same field. 

The second part will mainly focus on how the test rig is to be built. To achieve the optimal test a 3D 
model was created in CREO Parametric 2.0, so that it can be changed piece by piece until the flow 
loop has all of its parts assembled. All the electronic instruments were left out of this 3D model since 
they are not of interest in how the flow loop is designed.  

When the flow loop was appropriate according to the regulations, it was reviewed before continuing 
with the installing instruments. All instruments have to be tested before fitted to the system. This is to 
make sure that they capture the data wanted for this comparison. To complete this phase a series of 
shakedown tests were evaluated to make sure that everything is working as expected. 

During the experiment with the flow loop, data were collected with the instruments used in a program 
called DASYLab9. Pressure in pipes was measured when a simulation of a pipe bursting causing the 
flow to reverse and a check valve to slam. This data were used for the main purpose of comparing the 
results with the RELAP5 simulation.  

The RELAP5 model was written from scratch and reviewed by other engineers making it as close to 
the actual loop as possible. 

When finished, it should result in a report that will tell how exact the RELAP5 code is when 
simulating check valve slams. 

3.1 Building the experimental set-up 
The characteristics of the pressure wave are directly related to the design of the flow loop (Zhang and 
Liu, 2013). Pipe lengths both upstream and downstream of the valve were of importance since they 
will effect the pressure wave when it travels through the system. The material used is also going to 
effect the behavior of the pressure wave. However, since this is a comparison where the RELAP5 
model is adjusted to resemble the flow loop this is not something that will have an effect on the 
results. 

Together with two supervising engineers, a decision of which components that are to be used in the 
set-up were picked out. This is where CAD process begins. Some of the components have to be built 
from scratch inside CREO. Others can be found on McMasters website were the piping was bought. 
After completion of the 3D parts, an assembly was made which will make it easier to design the 
system. This assembly should be recognized as a design mock up model rather than a drawing of the 
system.  

When this process is completed, the actual building of the rig is started. After completion, all 
dimensions needed for the RELAP5 model were documented so that the 3D model can be used for 
creating drawings needed for the Mathcad calculations. 
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3.2 Collecting data and testing the experimental set-up 
To run the test the loop, the experimental set-up was first completely filled with water. Next, the pump 
starts working and filling up the tank through the check valve and by that pressurizing the tank.  
Before and after the check valve, two pressure sensors were placed for measuring the pressure 
difference. A flow meter will also be used to measure the flow rate.  

To run the experiment, the mini-flow line was shut off and the motor valve was opened when a 
desirable pressure is reached in the tank. This will cause the flow to reverse quickly and the check 
valve to close. At this point, pressure from the tank and the rapid pressure change before and after the 
check valve were recorded. These pressure changes are presented in pressure-time graphs to be 
compared with the RELAP5 model. How the experiment is performed is demonstrated in appendix 26 
on page 113 and explained in chapter 5-2 on page 36. 

3.2.1 Collecting data with DASYLab9 

To collect all data from the DAQ, DASYLab9 was used. Measurement Computing Corporation 
develops this software and they are based in Norton, Massachusetts in USA. This program has a 
simple interface were “modules” are used for collecting and translating data from the DAQ. See 
Figure 3-1 for the interface and layout used in this test.  

 

Figure 3-1: DASYLab9 interface.  

Modules can be seen threaded together with digital boxes showing the live feed during the test. The digital “weight” window 

seen in the bottom of the screen was used when calibrating the flow meter. Just above it are the functions used for calculating 

the mass in the container. 

All data in this test were written to files so that Microsoft Excel can be used to plot the data at a later 
stage.  
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3.2.2 Run up test 

To make sure that the instruments are measuring correctly, two check valve slams were performed 
according to the procedure in chapter 5.2 on page 36. This phase was of great importance to make sure 
that the correct data is recorded. Since the result of this slam is unknown, this phase is relying on that 
the calibration was done correctly. The collected data will have to be analyzed and discussed to 
establish if it is reliable. 

This will also be a chance to interpret the data and making sure that the system is doing what it was 
designed to do. 

3.3 Instruments and calibration 
The instruments used in the experimental set-up can be seen in table 3-1. The error given in the table is 
the maximum measured deviation from the calibration. 

Type Model Critical Values Error (measured) 

Data acquisition system (DAQ) IOtech DaqBook/2000 16-bit ±0.8%  
Thermocouple ARS-016A Type K (-)0.9 % - 1.5 %   
Static pressure sensors STI model: 098029 Max 300 psi  (-)0.3 % - 2.0 % 
Dynamic pressure sensors Kistler 211B4 Max 15000 psi (-)10 % 
Flow meter 1.5” Sponsler 8-130 gpm (-)4.15 % - 1.68 % 

Table 3-1: Instrument statement

 
To describe the calibration process, the instruments are introduced and the method used for the 
calibration is explained. The complete results can be seen in appendix 1-9 on page 56-58. The 
conclusions of the results are explained for each instrument in this chapter. 

Calibrating the instruments by QA-standards 

During the whole process, everything that is used has to be Quality Assured. Meaning that it has to 
follow a specific set of rules and a certain template for documentation to be approved for use. The 
method explained for each instrument follows this procedure. 

3.3.1 DAQ 

The DAQ is divided in three different input channels. The first one includes the TC-channels where 
the thermocouples were connected. The second one are the D/A inputs where the pressure transducers 
were connected. Both of these inputs will give an output between 0-5 VDC. To make sure that the 
input and output are correct a waveform generator was connected so that an input of 0, 1, 2, 3, 4 and 5 
volts can be feed in to the D/A connections in the DAQ. For the TC connections, a thermocouple 
simulator was connected so that different temperatures can be tested. 

The DAQ also has DBK connections that are manual connections where everything that does not have 
the D/A connection can be fitted. It also provides 24 V output for active instruments. This is where the 
static pressure sensor and flow meter were connected. To test these, the same procedure as explained 
on the D/A connections is used. Making sure that the DAQ reads the input provided to it. 

All the channels on the DAQ were calibrated but only the ones used in this test are presented to limit 
the extent of the calibration of the DAQ. The first pair to be tested was the D/A inputs where the 
pressure transducers would be connected. Input channel 0 and 1 was tested. Channel 1 showed a small 
difference of 0.7 % in one of the test, well under what was needed for the experiment. Since this was 
the biggest deviation seen they were considered suitable for this test. The calibration results can be 
seen in appendix 1 on page 56.  
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The output and input were an exact match on the two DBK channels used in this test with no deviation 
at all. This calibration is presented in appendix 2 on page 56. 

3.3.2 Thermocouples  

To make sure that the thermocouples measure the correct value they were tested against 0 °C and 100 
°C by using a cup of ice and boiling water as measuring points. Alternating between these two points 
three times for each sensor will give six readings for each sensor. With several readings, it can be 
determined if the sensor is giving a correct value. The thermocouples were connected to the already 
calibrated DAQ.   The temperature reading was recorded with the DAQ to see what kind of difference 
there is. A K-type sensor used in the range from 0 °C to 275 °C has a  
2.2% accuracy (thermocoupleinfo.com, 2013). The thermocouples have to be inside this range to be 
approved for use in this test. 

The test results for the thermocouples can be seen in appendix 3 on page 56. The test shows a small 
deviation well within the required specification of a 2.2 % accuracy.  

3.3.3 Static pressure sensor (STI)  

This sensor is connected to the DBK inputs on the DAQ. The STI gives an output of 0-10 Volts 
depending on the pressure. Thus, a scaling had to be put in to DASYLab9 before starting the testing of 
the sensor. With this scaling, the 0-10 Volts would be translated to a static pressure instead.  

To pressurize the STI, high-pressured nitrogen was used. The nitrogen tank was connected to a 
calibrated instrument that would show the actual pressure from the tank. Six data points were selected 
to see that it could handle different kinds of pressure. If the deviation would be reasonable and within 
the accuracy given for the STI it would be approved for use in this test.   

From the technical specifications, 10 volts should equal 300 psi. The scaling was set to 0 volts equals 
0 psi and 10 volts equals 300 psi. When this was done an average function of five samples were put in 
because of problems with noise when recording with the DAQ. 

Deviation seen in appendix 4 was considered good enough for this test although it did not pass the 
0.25% that the manufacturer specified. Because of known problems with noise in the data, this 
deviation was considered acceptable for the experiment. Appendix 4 is found on page 57. 

3.3.4 Dynamic pressure sensors 

The pressure transducers are a bit more complex to test since they measure the pressure difference. All 
data were recorded by the DAQ in DASYLab9 and Microsoft Excel was used to plot the data as a 
diagram to see the sudden changes in pressure. The same nitrogen tank and calibrated instruments that 
were used for the static pressure sensor were also used in this case. By connecting a manual valve with 
a handle just before the pressure transducer, the pressure in the tank can be set to an appropriate level 
and be opened for a short period so that the pressure change can be recorded. See figure 3-2. 
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Figure 3-2: Transducer testing set-up.  

When the desired pressure is set on the nitrogen tank, shown on the calibrated pressure gauge, the manual valve is opened. 

This will then be recorded as a quick pressure change by the dynamic sensor. Between the manual valve and the dynamic 

sensor is a small volume that will have an effect on the pressure when the valve is opened. This will probably cause a lower 

pressure reading on the dynamic sensor. 

Since the two pressure transducers gives out a very low charge of -1.145 pC/psi and -1.128 pC/psi a 
charge amplifier has to be connected between the sensor and the power supply/signal conditioner. The 
charge amplifier converts the signal to mV and amplifies it by a factor of ten. The power supply/signal 
conditioner is then connected to the D/A inputs on the DAQ.  

The amplifier has a charge of 10 mV/pC, which gives us 11.45 mV/psi and 11.28 mV/psi. To convert 
this signal in the DAQ, the reading from the sensor will simply be divided by these two to make 
DASYLab9 give an output in psi. 

When connected to the pressure source a pressure of 250 psi was applied. The valve just before the 
transducer was opened and then closed within 5 seconds. 

The graph of the data was plotted showing a reading of 235.65 psi and 227.16 psi for both of the 
pressure transducers, seen in figure 3-3 and figure 3-4 This with a sample rate of 100 Hz. Compared to 
what the calibrated instrument on the nitrogen tank was showing, a deviation of maximum -10.0% was 
measured from the pressure transducer. This big difference was probably an effect of a low sample 
rate. 

 

Figure 3-3: Dynamic pressure transducer calibration 1. 

Quick pressure change with 250 psi as reference.  
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Figure 3-4: Dynamic pressure transducer calibration 2.  

Quick pressure change with 250 psi as reference. 

Even though it is not the 250 psig that was provided during the test, with small leakage and small 
volume before the pressurized sensor it was considered a good result seeing that they could read the 
rapid difference. The 100 Hz sampling rate was changed to 1000 Hz, because the pressure-spike 
occurred during such a short period of time. 

3.3.5 Flow meter 

To test the flow meter, the test had to be divided in two parts. The first one being the test of the 
electronics, making sure that the input frequency was output to the correct corresponding voltage. To 
do this the circuit board was taken out of the flow meter and the input was connected to the wave 
generator. The circuit board was then connected to the DAQ´s DBK channels that provides the flow 
meter with 24 volts.  

First, it would be tested at 1 Hz that should correspond to ~0 volts. When it was confirmed that 1 Hz 
corresponded to 0 Volts, the wave generator frequency was adjusted until an output of 2,500 volts 
were shown in DASYLab9. Multiplying the recorded frequency from the wave generator with two 
would give the maximum frequency output.  

Then the calibration sheet from the manufacturer gave the K-value for this flow meter. The K-value 
tells us that the flow meter generates a specific number of pulses for every unit of product passing 
through it. The manufacturer measures this value for each unit since it is a very sensitive value that is 
related to the coil and balanced rotor in the flow meter (sponsler.com, 2013). This would make it 
possible to calculate the corresponding flow rate for the flow meter and setup the scaling in 
DASYLab9 for the correct reading. This is done according to eq. 3.1 and 3.2. 

𝑝𝑢𝑙𝑠𝑒𝑠

𝑔𝑝𝑚
∗
𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑝𝑢𝑙𝑠𝑒
=
𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

𝑔𝑝𝑚
 

 
(3.1)  

𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑢𝑡𝑝𝑢𝑡

𝐹𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
𝑔𝑝𝑚

= 𝑔𝑝𝑚 
(3.2)  

When it is known that the electronics works as expected, the actual flow meter has to be tested. This is 
done by setting the pump at different flow rates and let the flow go through the flow meter and in to a 
container that is resting on a scale. The time it takes to fill the container is also recorded so that it can 
be used when doing the numerical integration to obtain the mass flow. 
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To do this, the scale and the device using to record the time has to be calibrated. The time is checked 
by calling NIST, National Institute of Standards and Technology. The device can then be calibrated by 
comparing the beep sequence from NIST time. The scale was tested with calibrated weights to see if 
there is any deviation. 

To get a reliable result the test will have several measuring points to make sure that the data is 
correctly captured. 

To compare the result with the data captured by the DAQ, a numerical integration had to be carried 
out. This is where the measured time is used to make sure that the integration is done in the same time 
span it takes to fill the container. Equation 3.3 shows how the numerical integration was performed.  

0.5 ∗ (𝑦2 + 𝑦1) ∗ (𝑥2 − 𝑥1) = 𝐴𝑛(𝑎𝑟𝑒𝑎 𝑏𝑒𝑛𝑒𝑎𝑡ℎ 𝑔𝑟𝑎𝑝ℎ)[𝑔𝑎𝑙𝑙𝑜𝑛𝑠] (3.3)  

To convert this into the total weight a summation has to be done from the time when starting to fill the 
bucket to the closing of the valve when the filling stops. Se equation 3.4.  

∑𝐴𝑛 ∗ (8.345
𝑝𝑜𝑢𝑛𝑑𝑠

𝑔𝑎𝑙𝑙𝑜𝑛
) = 𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 [𝑝𝑜𝑢𝑛𝑑𝑠]

𝑁

𝑖=𝑛

 (3.4)  

From this procedure a comparison has to be done to see that it is within the required accuracy. 

The test results from the electronic components in the flow meter can be seen in appendix 5 on page 
57. The results show that a maximum frequency output was tested at 382.0 Hz, this would correspond 
to 5.0 VDC. To setup the DASYLab9 modules so that the printed data would be in gpm eq. 4.1 and 
4.2 were used. 

𝑒𝑞.  3.1
⇒    

200.77803

1
∗

1
60
1
= 3.3463

𝐻𝑧

𝑔𝑝𝑚
 (4.1)  

𝑒𝑞.3.2
⇒   

382,0 𝐻𝑧

3.3463
𝐻𝑧
𝑔𝑝𝑚

=  114.1560 𝑔𝑝𝑚 
(4.2)  

When calculated, the scaling was set to 1.0 Hz equals 0 gpm and 382.0 Hz equals to 114.1560 gpm.  

The physical test of the flow meter started by calibrating the watch. Setting a maximum time of 120 
seconds starting at zero with an interval of 30 seconds, since the test would not last longer than that. 
The scale was tested with calibrated weights up to 185 pounds since the highest weight in this test 
would be around 150 pounds. The test data of the stopwatch and scale used can be seen in appendix 6 
and 7 on page 57. 

The scale was definitely good enough for the flow meter test showing almost none deviation during 
the test. The stopwatch calibrated showed only small deviation and was good for use in the calibration 
of the flow meter. 

At first, the idea was to test six different speeds on the pump, but the problem was that the DAQ was 
set to record during startup process as well. By doing this, a correct starting point was hard to decide 
and the numerical integration reliability was decreased. Therefore a new test was performed, starting 
the DAQ at the same moment as the valve was opened and stopping it when the valve was closed. 
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Doing it this way helped include all data captured and the starting point was now the first data point 
collected. In appendix 8 on page 58 the results from the second test can be seen. 

With the results presented, the flow meter was considered to be of the required standard needed for the 
tests, although the higher flow rate would not be registered since the electronics were calibrated for a 
maximum of 382 Hz. Since the mass flow in this test is not essential but more of an extra control point 
to compare how the code behaves during the pressurizing phase, the issue of not being able to measure 
the maximum flow was not something that had to be addressed since the decrease in flow is the 
important value. The comparison between the test performed and the RELAP5 model can be seen in 
appendix 9 on page 58. 

3.4 RELAP5 Modeling 
Since the RELAP5 model is to be created from scratch, a small test was set up for the purpose of 
learning the basics of the program.  

Before creating the RELAP5 model, a drawing of the piping system was created in PTC Creo 
Parametrics 2.0. By using this model, it can be determined how the pipe segments and valves should 
be divided. To name the components in the model, internal FAI standard were used. When the 
drawings of the piping system are done, calculation of the properties for all the piping, valves, tanks 
and pumps were completed. This document was used as a base for the upcoming modeling in 
RELAP5. 

3.4.1 Learning the Code 

To get an idea of how the code works a small project was developed. Before building the actual loop, 
this test had to be simulated in RELAP5 to ensure that the design would work properly. This 
simulation was also considered as an educational task, teaching how to handle the RELAP5 code. This 
also led to an introduction of PTC Mathcad and the plotting tool that is used to interpret the RELAP5 
data, Aptplot.  

3.4.2 Modeling the Test Loop 

The modeling is divided into three parts, preparation, calculations and modeling the loop. In the first 
phase the drawings from the 3D model has to be translated into pipe segments with the correct length.  

Mathcad was used to handle the calculations for the pipes, junctions and the valves. This document 
was the base for the upcoming modeling. Prefix commonly used when doing the calculations can be 
found in Appendix 10 on page 59. 

The check valve model was built from scratch and the inertia valve model was used. The inertia valve 
is the simplest model that can be used when calculating check valve slams without programming the 
valve completely. 

The complete test loop model is fairly simple even though the calculation of every pipe and bend takes 
a while to complete. The model is expected to cover fourteen A4 pages, where the check valve and the 
pump were the most challenging ones to model correctly compared to the experiment. Since the model 
is only one-dimensional, it was easy for the supervising engineer to read and to verify that the model is 
well written. 
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3.4.3 Modeling the check valve 

In RELAP5, there are different models of the check valve. The one used in this model is called inertia 
check valve. Using the inertia check valve a more accurate model of the one used in the experiment 
was applied compared to the default model found in REALP5.  

The model is not that complicated compared to the default model of a check valve. There is mainly 
three more parameters that has to be put into the model when using the inertia model instead of the 
default model: moment of inertia, flapper positions and cracking pressure. First, the moment of inertia 
has to be calculated and certain parameters needs to be put in.  

To calculate the Moment of Inertia for the flapper, Steiner’s theorem has to be used since the rotation 
point is further away from the flapper. See equations 3.4 - 3.7. 

𝐼𝑅´ = 𝐼𝑅 +𝑚𝑟
2 [
𝑙𝑏𝑚
𝑓𝑡2
] (3.4)  

𝐼𝑅 =
𝑚𝑟2

4 𝑊𝐼𝑡ℎ 𝑠𝑡𝑒𝑖𝑛𝑒𝑟𝑠
⇒          𝐼𝑅´ =

𝑚𝑓𝑙𝑎𝑝𝑟𝑓𝑙𝑎𝑝
2

4
+ 𝑚𝑓𝑙𝑎𝑝𝑟𝑎𝑟𝑚

2 [
𝑙𝑏𝑚
𝑓𝑡2
] (3.5)  

The arms Moment of Inertia is calculated as follows: 

𝐼𝑅 =
𝑚𝑎𝑟𝑚𝑟𝑎𝑟𝑚

2

3
[
𝑙𝑏𝑚
𝑓𝑡2
] (3.6)  

Summation of eq. 3.5 and 3.6 gives us the total moment of inertia. 

𝐼𝑡𝑜𝑡𝑎𝑙 =∑𝐼𝑖

𝑁

𝑖=1

  
𝑔𝑖𝑣𝑒𝑠
⇒     𝐼𝑡𝑜𝑡𝑎𝑙 =

𝑚𝑎𝑟𝑚𝑟𝑎𝑟𝑚
2

3
+
𝑚𝑓𝑙𝑎𝑝𝑟𝑓𝑙𝑎𝑝

2

4
+ 𝑚𝑓𝑙𝑎𝑝𝑟𝑎𝑟𝑚

2 [
𝑙𝑏𝑚
𝑓𝑡2
] (3.7)  

To do this calculation, the check valve has to be mounted apart, measuring and weighing the different 
components of the valve. The next step was to measure the initial angle of the flapper and the angle 
when it is fully open. The inertia check valve model was tested under simple simulations to make sure 
it works as expected. This means making sure that it opens and closes correctly and in a later stage 
making sure that it gives the correct pressure spikes. The pressure spikes were compared to the 
experimental set-up to determine the accuracy of the RELAP5 model.  

The third parameter is the cracking pressure, this is given by the manufacturer and is simply put in the 
model. The cracking pressure defines the minimum pressure difference needed for the valve to 
operate. 

Like the default check valve model there was flow losses through the valve that has to be defined. The 
forward and reverse losses has to be calculated. The forward losses can be found in Crane Report 
(1980). The losses used in this test are presented in Appendix 11 on page 60. The reverse losses are a 
lot harder to find out since they change over time when the valve closes.  
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3.5 Investigation of experimental set-up 
To get an idea of how to design the flow loop, Val-Matics (2008) report on check valves were used to 
identify key features. The flow loop that they used were also taken into consideration when designing 
the system. See figure 3-5.  

 

Figure 3-5: Val-Matic test loop. 

In this test a secondary pump is used to close the check vale. When starting the pump the flow is reversed and the check valve 

will slam. 

To engender the check valve slam there is suction from an elevated tank through the pump in to the 
check valve and on to a different tank, this tank can be pressurized so that different conditions can be 
tested. Before the valve there is a T-fitting connected to a motorized valve. See 3D-model in chapter 
4.2, figure 4-3. To simulate the slam, the system will run for a number of seconds so that steady state 
is achieved, after this the pump will start up. When the pump is at full speed the valve just before the 
check valve is opened and the steel tank is pressurize from the increased volume of water. When the 
appropriate pressure is reached, the motor valve is opened causing the flow to reverse and the check 
valve to slam. The water is discharged into a tank called the flume, see Appendix 12 on page 60. The 
flume is completely open to the atmosphere to make sure that as low resistance as possible is met 
simulating a pipe breaking. See figure 3-6 for schematic drawing of the simulation and appendix 15 on 
page 61 for a detailed 3D model of this setup.  

 

Figure 3-6: Experimental loop setup. 

Describing the simulation of a pipe breaking. 
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The check valve used in this experiment is a bronze swing check valve bought at McMaster-Carr.com 
with part number 4708K58. More details about the can be found in chapter 4.3.2 on page 29. 

The test could have been made by just stopping the pump causing the valve to slam, but in this case, a 
pipe breaking seemed more appropriate to achieve high pressure in the piping. A pipe breaking will 
cause a bigger slam since the flow is abruptly stopped and reversed and this is where the RELAP5 
model would be challenged.  

Since a simulation of a pipe breaking is preferred, an idea of having a valve on the discharged side of 
the pump was discussed. This would simulate a real event better when stopping the flow from the 
pump. Closing the discharge valve at the same time as the motor valve opens would then simulate a 
more realistic event. However, this created some concerns regarding the pressure in the pipe after 
closing the valve. 

Besides the “check valve”-part of the loop there will also be a waterhammer loop that can be 
connected to the system. This is mainly for future educational purpose and this design had nothing to 
do with the simulated test in these results. 

It was also decided that the 3D mock up model should be marked up with dimensions since an 
isometric drawing would be too exact. Because of the environmental conditions of where the loop was 
built this would be sufficient for the upcoming RELAP5 model. 

3.6 Benchmark Study 
The study was based on data from the experimental loop and the RELAP5 simulation but it will also 
be compared to equations that have been confirmed for this type of calculations. Earlier studies 
regarding check valve slams in RELAP5 from Björklund (2010) and Turesson (2011) were compared 
to the results from this report. Calculations were based on equations from CRANE (1980) and 
RELAP5/MOD3. 

Diagrams and tables from RELAP5 were compared to the data that was collected during the 
experiment. There is one difference between the RELAP5 and experimental data. Since the experiment 
is measured in gallons per minute (gpm) and RELAP5 plots the flow in lbm/sec, a conversion was 
made according to eq. 3.8 and 3.9 so that the data could be properly compared in the benchmark 

𝑊𝑎𝑡𝑒𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 @ 75 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑓𝑎𝑟𝑒𝑛ℎ𝑒𝑖𝑡 = 8.323
𝑙𝑏𝑚

𝑔𝑎𝑙𝑙𝑜𝑛
 (3.8)  

1
𝑔𝑎𝑙𝑙𝑜𝑛

𝑚𝑖𝑛
∗ 8.323

𝑙𝑏𝑚

𝑔𝑎𝑙𝑙𝑜𝑛
∗

1

60 𝑠𝑒𝑐
= 0.13872

𝑙𝑏𝑚

𝑠𝑒𝑐
  (3.9)  

After a thorough analysis is carried out, a summary is presented in the text to make it easier to get a 
better picture of the tests performed.  

To make the report easier to follow, the discussion is included in the result chapter to facilitate that the 
analyzed data is understood correctly. 

  



Linköping’s University  Jens Gardell  
Department of Management and Engineering  Fall, 2013 
 

25 
 

4. Early design 

This chapter is an extension of what was said in chapter three, showing how this experiment was 
developed. Since this part is based on the method but still a result of how the design came to its final 
stage, it is put into this chapter. This chapter includes the results from the development and not the 
results from the benchmark. Benchmark results can be found in chapter five on page 36. 

4.1 Simulation of early design  
Since a question was raised regarding having a valve on the discharge side of the pump. Closing it at 
the same time as the motor valve to the flume was opened. RELAP5 simulations were made to ensure 
that the piping could handle the pressure when the valve was closed.  

After running the simulation, the data that was acquired showed obvious problems with pressure 
spikes in the system during the closing of the discharge valve. It also looked like the pump originally 
thought of was a bit too powerful for this small system. 

Before designing a different system, a new meeting was held discussing a new design of the loop 
where the peak pressure had to be controlled and where the flow rate was lower. To see if the high 
pressures in the system could be lowered by adding more piping, this was simulated showing a 
decrease in pressure when closing the valve. The pressure waves did not even out within the time 
frame that they should have done. This was considered a problem caused by the strong pump used for 
this simulation. To lower the flow rate a smaller pump was used since the experiment was not in need 
of a high flow rate. A mini loop was also integrated into the system for the purpose of relieving the 
system on startup, see Appendix 13 on page 60. This helped a lot with lowering the pressure just 
before the discharge valve but the oscillations were still there.  

Even though it helped changing to a smaller pump, the pressure spikes when the discharge valve was 
closed were still too high at about 500 psia with the mini loop cut off. When the mini loop was open 
the pressure just before the valve was measured at 250 psia. By increasing the volume after the pump 
and moving the mini loop further away from the pump, the pressure just before the valve peaked at 
only 175 Psia when starting. In this design the flow rate through the valve would be about 50 lbm/sec 
which was considered acceptable. 

The idea of having a valve on the discharge side of the loop and closing it at the same time as the other 
valve was opened worked. But, even though the pressures were in the limit of what the pipe could 
handle the repeated tests would have endangered the piping in the future. 

With this in mind the valve had to be taken away, hoping that a check valve slam of high magnitude 
could be achieved anyway. Since the system is supposed to be functioning for a long time, the mini 
loop were kept because of the relief in pressure during startup of the pump. See Figure 4-1 and 4-2. 
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Figure 4-1: Pump startup test, after pump.  

A stronger pressure wave is seen when mini loop is cut off from the system. 

 

Figure 4-2: Pump startup test, before valve.  

When the mini loop is used there is no pressure-spike at all compared to the pressure-spike seen when it is cut off. 

As seen in figure 4-2, the pressure without the mini loop is considerably higher when starting the 
pump. 
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4.2 Further development of loop 
After reviewing the results from the RELAP5 simulation when having a valve on the discharge side of 
the pump, the decision was taken to design without the valve because of the high pressures created. 
This design will work similar to the other one but it will rely on the valve that is opened to trigger the 
check valve. Se figure 4-3 for the 3D model of the loop. 

 

Figure 4-3: 3D model of loop.  

The elevated tank marked as number 1 is used as a water supply. The mini-loop marked as 2 is shut off during the whole 

experiment. The manual valve marked as 3 is opened just after the pump, marked as number 4, is started. This will start 

pressurizing the small steel tank, marked as 5. The motor valve leading to the flume and marked as 6 is opened when the 

desirable pressure is reached in the steel tank. The check valve, marked as number 7, will then close and generate a pressure 

wave.    

As said earlier, this model is not to be considered as an exact drawing but rather a design of how the 
loop was constructed. The branch with 3” PVC piping in an elevated angle was used for calibrating the 
flow meter and will not be included in the model since it was shut off from the rest of the system by a 
valve. See Appendix 14 on page 61 for flow meter calibration branch. Materials used in the design can 
be seen in table 4-1. Since this is an R&D project, existing materials were fitted to save cost and only 
small complementary materials had to be bought. 
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Components used Note 

1.5” and 2” schedule 40, galvanized steel piping In steel to endure repeatedly high pressures. 
2” and 3” schedule 80, PVC piping Used to discharge water into flume when 

triggering check valve. 
Ball valves, Manual Used to isolate certain parts of the loop mainly 

used for service procedures. 
Two motor valves One is used to trigger the check valve, the 

second one is used in waterhammer tests. 
3 hp Dayton centrifugal pump Key specifications: 195 gpm @ 30 ft. head 

84 ft. head maximum. 
Steel and plastic tank Plastic tank as a water container, steel tank for 

the purpose of pressurizing it. 
Flume tank Is connected to the PVC piping. 

Table 4-1: Components used in loop

 

The pump originally considered for this experiment with a flow rate of 1440 gpm was changed to a 
much smaller pump with a rated flow of 195 gpm. Since high loads were shown in the piping during 
startup of the pump in earlier RELAP5 models, the more powerful pump used was considered not 
needed since the flow rate could be lowered without affecting the final results.  

Complete isometric 3D drawings of the loop can be seen in appendix 18-21 on page 105-108. 

4.3 RELAP5 coding 
The RELAP5 code consists of many different parameters. Losses through the piping system are one of 
them being hard to get absolutely correct. K-factor tables from Crane report in Appendix 11 on page 
60 is used most of the time but in some cases the K-factor has to be calculated. This can be seen in the 
Mathcad document. 

One more thing that was in direct relation of how fast or slow the valve is closing is the opening time 
for the motor valve connected to the flume. This was measured with a high speed camera recording at 
120 frames per second. A small steel bar was attached to the valve so that it could be easily followed 
when recording. The results gave a closing time of 50 ms. The experiment can be seen in Appendix 25 
on page 112.  

The two by far most difficult models in the RELAP5 code are the pump code and the check valve 
code. To show why certain parameters were chosen and how the discussion about them being changed 
has been affecting the model, these two sections will show how the problem was approached. 

4.3.1 Pump model 

To match the flow rate for the three different cases in the easiest way, it was decided to just lower the 
speed and use the parameters given by the manufacturer. By doing it this way the 60 Hz case had to 
run at 3100 rpm compared to the 3500 rpm that was the case during the experiment. For the 30 Hz 
case the speed of the pump was set to 1585 rpm compared to the 1750 rpm that is half speed for the 
pump. 

By doing these refinements a better matched pump curve during the whole experiment was achieved 
for all the three cases. The biggest difference is that the model is a bit faster than the experiment when 
pressurizing the tank. Even so, the flow rate when the check valve slams is still the same as in the 
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experiment. Se figure 4-9 in chapter 4.4 on page 33 for RELAP5 pump curve compared to an 
experiment. 

4.3.2     Check  valve  
The most important parameters of the swing check valve were first measured. This includes the initial 
angle, maximum angle and the inner diameter. Then the company making this model was contacted so 
that a correct cracking pressure could be used for the valve. Next the moment of inertia had to be 
calculated. 

The flapper and arm were weighed and measured for the calculation. All the information of the valve 
can be seen in table 4-2 and the calculation is seen in eq. 4.3. 

𝑀!"#$$%& 𝑅!"#$$%& 𝑀!"# 𝐿!"# Init. angle Max angle Inner 
diameter 

Cracking 
pressure 

0.18855 lbm 0.096 ft 0.05415 lbm 0.129 ft 5.0 deg 65.0 deg 0.172 ft 0.75 psi 

Table 4-2: Check valve data 

    
0.05415 ∗ 0.129!

3
+
0.18855 ∗ 0.096!

4
+ 0.18855 ∗ 0.129! = 3.884 ∗ 10!! (4.3)  

Another issue was the reverse-losses in the valve. The only thing known about them are that they 
would be bigger than the calculated forward losses. The forward losses calculation is based on the 
Crane report from 1980 where the horizontal check valve was used calculating K=40*friction 
coefficient. The reverse loss coefficient would be set to the same as the forward loss and later adjusted 
depending on results. 

The final check valve parameters can be seen in the Mathcad sheet in Appendix 16, page 78-79. 

4.3.3     Sensit iv ity   test ing  
From testing the code it became clear that certain parameters were more sensitive than others. 
Applying cracking pressure to the model proved to be a real challenge. When applied in the model, the 
valve closure is affected and problems are shown during testing.  

Since this parameter is so sensitive, a test where the cracking pressure is plotted against the reverse 
losses was made. These parameters can be changed since they are hard to decide and calculate for 
certain situations. In figure 4-4 and 4-5 the test can be seen under two different conditions, showing 
how much these parameters change the results in the code. 
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Figure 4-4: Reverse loss against cracking pressure, 30Hz and 11 psi in tank.  

When the reverse losses through the valve are low, the cracking pressure is very sensitive of change. Higher losses through 

the valve makes the cracking pressure less important. 

 

Figure 4-5: Reverse loss against cracking pressure, 60 Hz and 32 psi in tank.  

At low reverse losses, the cracking pressure has a huge influence on the pressure-spike. 

As seen in both figures, the cracking pressure has a big impact on how the code will behave during the 
slam. Showing that higher flow rates will make it even more sensitive. Because of these results it was 
decided that a phase 2 of the RELAP5 modeling had to be simulated. In this phase the cracking 
pressure was change to achieve the correct pressure spikes. Reverse losses are only going to be 
changed from the calculated coefficient of 0.95 if changing the cracking pressure does not help. 

Because of this, two sets of data were presented for each case. One where the manufacturer specified 
data for the check valve was used and another one where the data has been changed to correspond to 
the results. 
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4.5 Run up test 
The tests during the run up phase of this project are presented in the order they were performed, also 
discussing why some things were changed and when the system could be trusted for the main tests.  

Test 1 – Pressure transducers 
It was decided to run the pump until the flow rate would decrease to about 15 gpm because of the 
rising pressure. At this time the motor valve would be opened and a check valve slam would then 
occur. 

 

Figure 4-6 : Check valve slam test 1. 

A small pressure wave is seen when recording at 100 Hz. No noise can be seen in the test. An even curve is recorded. Notice 

how fast the pressure wave declines. This is an effect of low sampling rate, missing several spikes of the pressure wave. This 

pressure wave is generated when flow had stagnated. 

As can be seen in figure 4-6, the first pressure wave recorded gave an expected reading. Although, the 
sample rate were too low at 60 Hz, the spike at about 225 psig were only one data point and could 
have been a reading error. Therefore, the sample rate had to be changed to ensure that it was not a 
measuring error.  

It was also shown that one of the thermocouples was showing incorrect temperature. That one was 
removed, leaving one to monitor the temperature in the tank. 

An additional aspect that was discovered was that for some reason the pressure transducer were 
measuring negative pressure changes at about negative 50 psig. A grounding problem or some 
electrical disturbance was originally identified. For the second test a different grounding point was 
used and the nearby motor valve was connected to the same grounding point as the transducers. 

Test 2 – Pressure transducers 

For the second test, the same criteria for opening the valve were used. However, now the sampling rate 
was changed to 1000 Hz, meaning that a sample was collected every millisecond.  



Linköping’s University  Jens Gardell  
Department of Management and Engineering  Fall, 2013 
 

32 
 

Figure 4-8: Testing the negative pressure.  

Both of the lines shows the lower value of -29.06 psig. 

 

Figure 4-7: Check valve slam test 2.  

When increasing the sample rate of the DAQ, the pressure waves are a lot more frequent. 

Figure 4-7 show that the sampling rate had to be increased. Because of the increased sample rate, 
however, an old problem reappeared. Electrical noise could be found when the reading was supposed 
to be zero. Since the noise came back, the flow had to be monitored to see that it still had a correct 
reading. As for the negative pressure it was still an issue. Since no one could explain it, Kistler the 
manufacturer of the transducer was contacted to help figure out the problem. 

Kistler returned with an explanation of the problem. First of all, the transducer can only measure rapid 
pressure changes, which is why it does not show the pressure increase in the tank during the phase 
were the tank is filled and pressurized. Because of this, when the check valve slams at about 37 psig in 
the tank, the pressure first raises quickly from the slam and then it return to a new reference pressure. 
This pressure will be 37 psig lower, or 51.7 psia lower than it originally was. The lower point is now -
51.7 psi, hence the negative pressure reading.  

To confirm this a new test was set up. By only 
pressurizing the tank to 16.7 psig giving a total 
of 31.4 psia, the negative reading should show 
around negative 30.0 psi. Figure 4-8 shows the 
test result. The theory was confirmed with a 
lowest reading of -29.06 psi. 

This also meant that after the first two or three 
pressure spikes the data would be useless since 
the reference pressure by then would have 
changed. This would not be an issue since it is 
the maximum pressure spike in the system that 
is the essential data for this experiment. 

The flow meter and the static pressure sensor showed the expected readings during the whole run up 
test and since they has been calibrated earlier they were good for use in the tests. 

At this stage, it was decided that all the instruments were recording the correct data and that an 
understanding of what was seen when interpreting the collected data were satisfactory.  
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Test 3 – experiment and RELAP5 comparison during pressurizing of the tank 

Before continuing the process of starting the tests of which the data would be compared with a quick 
check of how well the model behaved during the pressurizing of the tank was made. The pump was 
setup to pressurize the tank at 28.8 Hz, about half speed. The data would be recorded until the flow 
was lowered to a level where it would stabilize and the pressure in the tank would be maxed out. 

The RELAP5 model was programmed to run 10 seconds before anything was started to make sure that 
steady state was achieved. At 10 seconds the pump would start, reaching its speed of 1680 rpm 
corresponding to 28.8 Hz at 11 seconds. Valve 123, the manual valve just before the check valve seen 
in Appendix 15 on page 61, was opened at 20 seconds. This starts the process of pressurizing the tank. 
When the tank reached 37 psig and the flow was steady, the model was stopped. 

The first test gave just about the same curves, but a higher pressure was reached in the tank compared 
to the experiment. The pressure reached was almost exactly 14.7 psi over the RELAP5 model. 
Because of this, the RELAP model was changed, lowering the pump model max head of one 
atmospheric pressure to 49.95 ft. and adjusting the maximum gpm so that it would correspond to the 
new maximum head leaving it at 182.4 gpm. The data from the test and code can be seen in figure 4-9 
and 4-10. 

 

Figure 4-9: Tank pressurizing test, mass flow.  

The RELAP5 model simulates a much faster decrease in flow than the results from the experiment.  

 

Figure 4-10: Tank pressurizing test.  

The pressurization phase is faster than the data recorded from the experimental set-up. The experimental data had some 

noise seen clearly on the graph. Even though this graph is with the five-sample average, some noise is still seen.  
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As seen in figure 4-9 and 4-10 this helped match the data from the RELAP5 model quite well 
compared to the test. The difference seen was ~0.3 lbm/s at its highest peak in measured mass flow 
rate and a bit faster decrease in flow rate during pressurizing of the tank. Since this data was not taken 
from the pump specifications, another modification was done to achieve the same results. The pump 
model was created with the exact data given by the manufacturer and instead of changing the head and 
rated flow the speed set in the model was lowered. In the 60.0 Hz cases were the pump should be 
running at 3500 rpm a speed of 3100 rpm gave more accurate result. The 30.0 Hz case was set to run 
at 1585 rpm instead of the 1750 rpm that would correspond to 30.0 Hz. See Appendix 17, page 89 for 
the 60.0 Hz pump model. This completed the test of pump characteristics. 

Test 4 – Full flow test 

To see how the model behaves when the pump is running at different speeds discharging water into 
the flume tank without opening the valve leading to the check valve and the pressurized tank (valve 
modeled as card 123). Two tests was made with the default check valve since this test primarily would 
test how well the losses were calculated. The first test would run without the pump. Opening valve 
141, motor valve to the flume, at 22.0 seconds and then close it about 20.0 seconds later. The test 
results can be seen in figure 4-11. 

For the second test the pump was set to run at 15.0 Hz. Starting the pump at 17.0 seconds and open 
valve 141 at 28.0 seconds and then shut off the pump at 53.0 seconds, seen in figure 4-12. 

Since RELAP5 captures the flow in [lbm/s] the recorded measurement in gpm was converted 
according to eq. 3.9 on page 24. 

 

Figure 4-11: Full flow – hydrostatic. 

Similar characteristics can be seen when comparing the experimental data against simulated data from RELAP5. RELAP5 

simulates a lower maximum flow rate than seen in the experiment. 
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Figure 4-12: Full flow - 15 Hz.  

Flow is recorded during the pressurization of the system in the experiment, seen on the red line from 18-28 seconds. Except 

that, the RELAP5 model is fairly good compared to the experiment. 

In the first test, the hydrostatic one, the experiment showed a flow rate of 2.25 lbm/s when the 
RELAP5 model showed about 2.05 lbm/s. When looking at the curves behavior they are both similar 
having the same run up time until reaching the maximum flow. The second test showed the same 
behavior. The characteristics were very close to each other and the RELAP5 code again 
underestimated the flow at 6.5 lbm/s while the test gave an average of 6.75 lbm/s.  

One other problem was that the flow meter was reading a flow of between 1.0-1.2 lbm/s during 
pressurizing of the loop. As seen in test 3 when pressurizing the tank the same reading was recorded. 
The conclusion of this was that since the flow meter has a minimum reading of about 1 lbm/s the 
pressurizing phase gives some kind of output even though it’s very small and the flow meter translates 
it to the minimum flow rate of between 1.0-1.2 lbm/s. Since it does it constantly in all the test that are 
made it can be overseen. 

Run up test summary 

Given the data shown during these four tests, the experiment was ready for the benchmark. Small 
errors were still shown after these run up tests were completed. However, they were considered small 
under these circumstances. Final adjustments had to be made when running phase 2 of the RELAP5 
experiment. 

4.6 Review 
Before continuing with the experimental tests, the RELAP5 model, Mathcad and drawings were 
review by the supervising engineer. Some minor problems were found and could easily be fixed. The 
biggest thing in the code was losses that had not been accounted for. After these were calculated, some 
tests like full flow hydrostatic in test 4 and a check valve slam in test 5 were made once again, all of 
them under the same conditions. This time the results from the test compared to the code were even 
closer than before. The changes made were the last ones before continuing to the test. The Mathcad, 
RELAP5 model and drawings can be seen in appendix 16-21 on page 62-108.  
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5. Experiment and simulations 
To separate the development of the experimental set-up and the results to the actual benchmark the 
fifth chapter is used to present the experiments and RELAP5 simulations performed. The result from 
development of the loop is found in chapter four on page 25.  

5.1 Setting up the tests 
The test matrix chosen can be seen in table 5-1. By testing the check valve at different flow rates and 
pressures, a more accurate comparison will be acquired. Because of the limited time for completing 
this experiment, the swing check valve was the only check valve tested. 

5.2 Data from the experiments 
The presented data is from one of the experiments representing the most accurate data of the tests 
made. The other tests done on the purpose of establishing good quality are represented in appendix 22-
24 on page 109-111. 

Over all, nine test were made in three different configurations. Every one of the tests was performed 
three times to make sure that the data recorded was reliable. A maximum deviation was seen in the 20-
psi case of 8.6 % were the 32-psi and 11-psi case showed deviation of 2.7% and 1.1 %. The 11-psi 
case was performed different the first time. In this case, the check valve was triggered when the flow 
had stagnated. This caused the slam to lower, showing a maximum pressure spike of only 95.5 psig. 
This would correspond to a deviation of 86 % but since the test was performed under different 
circumstances this is not taken in consideration when comparing the tests. 

The procedures of the operations were as follows: 

1. Choose pump speed and at what condition the check valve should be triggered 
2. Make sure that mini flow line and the valve towards the check valve is closed 
3. The pressure in the steel tank should be atmospheric, if not, vent the tank 
4. Start recording in DASYLab9, 10 seconds before starting the pump 
5. Start pump 
6. Open valve towards the check valve 
7. When conditions decided are meet, open valve towards flume 
8. Stop recording in DASYLab9, 10 seconds after slam 

These procedures were followed during all the tests made.  

Experiment Pump speed Tank pressure Check valve 

Test 1 60.0 Hz 32 psig Swing  
Test 2 60.0 Hz 20 psig Swing  
Test 3 30.0 Hz 11 psig Swing  

Table 5-1: Test matrix for experiments

 

In the following chapters, the different tests will be referred to the pump speed and pressure in tank.  
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5.2.1    Experimental   test   1   

 

Figure 5-1: Experimental data from test 1, dynamic pressure.  
Flapper reopens two time after the initial pressure wave. The decay takes about 0.4 seconds. 

Pressurizing the tank to 32 psig and then trigger the valve gives a pressure spike after the valve at 
about 520 psig presented in figure 5-1. The flow rate at this time had not been stagnated since the 
pump could run for up to ~37 psig in the tank. The flow during the opening of the valve was at about 
eight lbm/s seen in figure 5-2. 

 

Figure 5-2: Experimental data from test 1, mass flow rate.  
Flow rate at about 8 lbm/s when the motor valve is opened. 

It was obvious that the flow was a big factor of the pressure spike during the test. In an earlier 
experiment seen in figure 4-6 on page 31, the same procedure was applied. At that time, the pressure 
was as high as it could be causing the flow to stagnate. That test gave a pressure spike of about 250 
psig with a pressure of 37 psig in the tank while this test almost doubled up even though the pressure 
in the tank was lower. One other notation of the pressure is that it looks like the check valve opens and 
closes a couple of times during the event. Since no instruments were placed on the check valve to 
measure opening time and angle of flapper these assumptions are just noted from the pressure data 
acquired. 
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5.2.2     Experimental   test   2   
In the second test, similar results were seen. The valve behaved as before, opening and closing a 
couple of times before the pressure wave had stagnated. 

 

Figure 5-3: Experimental data from test 2, dynamic pressure.  
The flapper is probably reopening two times before it stays closed and the pressure wave is stagnated. 

The mass flow was 13.18 lbm/s when the check valve shut, causing a big pressure spike of 327 psig 
even when the pressure in the tank was 22 psig. Just like before the flapper seams to open two times 
during the stagnation of the pressure wave. 

 

Figure 5-4: Experimental data from test 2, mass flow rate.  
In the beginning, a small flow is recorded even though the system is being pressurized. 

As suspected, the flow is higher when the valve shuts because the motor valve opens earlier than in the 
first experiment. A low flow rate is also recorded when the system is being pressurized.    
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5.2.3     Experimental   test   3   
Similar characteristics are shown during the third test. When slamming the check valve at 10.6 psig in 
the tank the flow rate is about 3.8 lbm/s giving a 175 psig pressure spike. And like before, the valve 
opens again causing a second spike at around 77.6 seconds. 

 

Figure 5-5: Experimental data from test 3, dynamic pressure.  
Flapper reopens one time during the decay of the pressure wave.  

The flow rate behaves just like the other two experiments, although we can see some oscillation on the 
flow rate when the tank is pressurized. 

 

Figure 5-6: Experimental data from test 3, mass flow rate.  
Expected flow rate is shown when pressurizing tank. 

5.2.4     Summary  of   experimental   test ing  
All the test made during the experimental phase showed expected behavior. Since all the tests were 
made three times each showing the same results they were considered reliably for using as a 
comparison against the RELAP5 model. 

5.3  Relap5  data  from  simulation  

From what was decided after the sensitivity testing the two different phases are shown in this chapter. 
The first one being with the manufacturer data and the second one where the data has been adjusted to 
fit the experiment. 
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5.3.1 Phase 1 – Manufacturer check valve data 

60Hz-32psi 

The first case shows a pressure spike of almost 1000 psia that compared to the experiment is way too 
high. The first wave seams to stagnate. However, shortly after a second pressure wave is generated. 
Probably created by a second slam of the valve. These first two pressure waves shows some similarity 
to the experiment although the pressure spike is excessively high.  

 

Figure 5-7: Manufacturer data 60 Hz - 32 Psi, dynamic pressure.  

Two major slams can be seen during the decay of the pressure wave.  

One of the problems is shown in figure 5-7. The valve opens and closes two times before it eventually 
closes. From the look of graph 5-7 and 5-8, it will close but it struggles a lot during the decay when 
new pressure waves are formed.   

 

Figure 5-8: Manufacturer data 60 Hz - 32 Psi, angle of disc. 

Flapper open and closes several times. Given by this data it seems like the flapper never completely closes. 

Figure 5-8 shows us that the flapper reopens lots of time and that it actually never completely closes.   
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60Hz-20psi 

The 60 Hz case with 20 psi in the tank shows that the valve open and closes during the slam, giving 
pressure spikes of about 850 psia. The decrease in the spikes can be seen during the first three times 
the valve closes, although a fourth time the spike is yet again increased. However, this spike is lower 
than the first one which indicates that the valve eventually will close. 

 

Figure 5-9: Manufacturer data 60 Hz - 20 Psi, dynamic pressure.  

Flapper reopens endless several times. The pressure spikes does not seem to decrease like they should.  

Figure 5-9 shows the angle of the disc and the problem with it not closing after the slam. 

 

Figure 5-10: Manufacturer data 60 Hz - 20 Psi, angle of disc.  

Seen at the end of the graph, the flapper fully opens and closes several times. 

30Hz-11psi 

The last case has an even bigger problem. The valve never closes. Figure 5-11 shows that the motor 
valve opens the flow to the flume and the pressure then drops to the new reference but then it stays at 
that pressure.  

 

Figure 5-11: Manufacturer data 30 Hz - 11 Psi, dynamic pressure.  

No pressure wave is simulated. A decrease in pressure is seen when motor valve opens. 
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Because of the high cracking pressure applied the check valve never closes, figure 5-12 shows the 
angle of the disc were it opens at correct time but never closes. 

 

Figure 5-12: Manufacturer data 30 Hz -11 Psi, angle of disc.  

The disc is fully opened even after the motor valve is triggered. 

5.3.2 Phase 2 – Adjusted check valve data 

60Hz-32psi 

When applying a cracking pressure of 0.18 psi and keep the current forward and reverse losses 
calculated in the Mathcad sheet of 0.95 a pressure wave of the same magnitude as the one in the 
experiment is achieved. When flow reverses the valve needs about 0.1 second before it closes and a 
pressure spike of 577 psia is reached. With this cracking pressure, the valve opens five more times 
during the decay, seen in figure 5-13. 

 

Figure 5-13: Adjusted data 60 Hz - 32 Psi, dynamic pressure.  

A pressure spike of 577 psia is simulated and the decay takes about 0.45 seconds. 

The valve closes as suspected, opening just a bit the second time because of the pressure wave but 
since there is a much lower spike at this time the pressure wave continues to decrease. Figure 5-14 
shows that the flapper just opens about 20 degrees the first time and the next three times are so small 
that the pressure wave finally stagnates. 

 

Figure 5-14: Adjusted data 60 Hz - 32 Psi, angle of disc. 

The valve reopens to about 25 degrees angle the first time. It closes after just at around 47 seconds. 
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60Hz-20psi 

For the second case adjustments had to be made with the reverse losses and the cracking pressure. 
Even though it is preferred to keep the same cracking pressure used in the 32 psi case this was not 
possible. Using the same cracking pressure and changing the reverse losses caused the valve to open 
and close during a long period of time. To get somewhat the same characteristics compared to the 
experiment the cracking pressure had to be set to 0.136 psi and the reverse losses to 3.0. As seen in 
figure 5-15 it takes a long time for the valve to completely shut. One second after the initial closure of 
the valve some oscillation can still be seen before the valve.  

 

Figure 5-15: Adjusted data 60 Hz - 20 Psi, dynamic pressure.  

A maximum spike of about 350 psia is simulated. The decay of the pressure wave takes about 0.8 seconds. 

The first reopening of the valve causes the flapper to open to an angle of about 40 degrees. However, 
the third opening is small which stagnates the pressure wave quicker. 

 

Figure 5-16: Adjusted data 60 Hz - 20 Psi, angle of disc.  

The flapper first reopens at an angle of about 35 degrees. It is fully closed just under one second after the first time it closed. 
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30Hz-11psi 

To adjust the first case, reverse and forward losses through the valve were kept the same as calculated 
before, 0.95 in both directions. The only thing adjusted was the cracking pressure that ended up at 
0.058 psi where a pressure spike of the same magnitude as the experiment was recorded. 

 

Figure 5-17: Adjusted data 30 Hz - 11 Psi, dynamic pressure.  

A pressure spike of about 190 psia is simulated. Spikes are a bit uneven compared to the experimental data.  

At this low cracking pressure there was no problem for the valve to close. This can be seen in figure 5-
18. The valve never reopens which causes the pressure wave to stagnate within 0.4 seconds. 

 

Figure 5-18: Adjusted data 30 Hz - 11 Psi, angle of disc.  

Flapper reopens to about 20 degrees angle the first time. At about 36.6 seconds the valve fully closed. 

5.4 Comparing the data 
The first problem that occurred when comparing RELAP5 model against the experiment is that the 
model have a big problem with making the flapper close during the flow reversal. Changing cracking 
pressure ultimate leads to changing closing time and the speed of flapper when closing. This can be 
seen when plotting cracking pressure against closing time of the flapper, seen in figure 5-19. 

 

Figure 5-19: Cracking pressure against closing time.  

An increase in closing time can be seen when using between 0.1 and 0.4 psi in cracking pressure.  
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As seen in the figure the curve shows a strange behavior. This is probably why this parameter is so 
sensitive since the closing time determines how much flow that will return through the valve. 

This is the main thing that generates pressure spikes of different magnitudes when calculating the 
transients. When the code calculates the closing of the valve it does so in a simplified way not 
accounting for friction of the axis it rotates around which is also dependent of the speed it travels at 
when closing. When it slams, it should probably be an elastic hit but since the code does not use that 
type of calculation it bounces right back up causing it to open fully and thereby generating a high 
reverse flow once again. 

The cracking pressure being so high that not even the weight of the disc can make the flapper to move 
probably causes this. A quick torque-equilibrium when the valve is fully open and is about to close is 
shown in equation 4.4-4.8.  

−(𝑃𝐾 − 𝑃𝐿)𝐴𝑝𝐿 = 𝑇𝐷𝑃  [𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒] (4.4)  

−𝑀𝑔𝐿𝑠𝑖𝑛𝜃 = 𝑇𝑊 [𝑡𝑜𝑟𝑞𝑢𝑒 𝑓𝑟𝑜𝑚 𝑤𝑒𝑖𝑔ℎ𝑡] (4.5)  

∆𝑃𝐹𝐴𝑅𝐿 = 𝑇𝐹  [𝐶𝑜𝑢𝑙𝑜𝑚𝑏 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛] (4.6)  

(𝑃𝐾 − 𝑃𝐿) =
𝜌𝑣2

2
𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑 𝑡𝑜 𝑝𝑠𝑖 (4.7)  

To get an idea of what kind of reverse velocity of the fluid is needed for closing the valve the function 
seen in eq. (4.8) was plotted with 𝑣 =1,2…15 ft/s in figure 5-20. 

𝑇(𝑥)  = 𝑇𝐹 + 𝑇𝑊 + 𝑇𝐷𝑃(𝑥) (4.8)  

 

Figure 5-20: Reverse velocity effect on disc.  

Positive torque stands for the disc being open, when reaching a negative value the disc will close. The disc closes when a 

reverse flow of about 10 ft/s is reached.  

Seen in figure 5-20, the total amount of torque becomes negative at just over 10 ft/s meaning that the 
disc will start closing. Because of the limitations of the code, only using these three equations to solve 
the flapper position causes the cracking pressure to be a huge factor for when the valve will close. 

When we go on to the next two tests, pump at 60 Hz and pressure in tank at 32 or 20 psi. A new 
problem is introduced. The problem with the valve not closing is no longer an issue, but now the code 
overestimated the pressure spike for both cases showing 47%  higher spikes for the 32 psi case and 
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63% higher in the 20 psi case. Again it is thought that the cracking pressure is causing this, making the 
valve to close slower than in the experiment and by that cause a bigger flow reversal. Another problem 
with these two simulations is that the valve never stay closed. When the valve is closed, the position of 
the valve is calculated with the pressure difference on both side, when the upstream side pressure wave 
is just a little bit higher than the downstream side the valve fully opens due to the small forces needed 
for it to fully open. This starts the reaction of reverse flow, once again causing the valve to slam.  

Figure 5-9 and 5-10 on page 41 shows that the 20-psi case have a bigger problem with this. The 32-psi 
case gives a hint of it closing since a decay is seen in the graphs. Although, a spike too big on the 
upstream side would make the valve open again and the pressure wave to increase. A suggestion why 
this is a problem for one of the cases and not for the other one would be that the higher pressure of 32 
psi makes it harder for the pressure wave to reopen repeatedly. 

To make sure that forces in the pipes are not underestimated the rise time from when the slam occurs 
until it reaches the highest pressure is investigated. A low rise-time would mean a bigger force in the 
pipe.  The RELAP5 code calculates the rise time to 14 ms, compared to the rise time from the 
experiment of 21 ms. This can be seen in figure 5-21. 

 

Figure 5-21: Rise time comparison.  

The blue line shows a shorter rise time and higher amplitude. These results tells us that the RELAP5 code overestimates the 

forces in the pipes.  

With a higher pressure-spike and a shorter rise time, the code really overestimates the forces in the 
piping system. 

This is valid for all the three cases when running them on manufacturer data, a lower rise time and 
higher pressure-spikes is of course not what is wanted but it still shows that a big safety margin exists 
when using this data.  

Comparing the RELAP5 simulations based on the manufacturer’s data to the experiment clearly tells 
us that there is something wrong. Pressure spikes a lot higher than the experiment is simulated. A 
problem with the valve not closing or just opening and closing during the decay of the spikes causes 
different pressure waves than seen in the experiment. Even though the data shows different pressures 
than the experiment, they are at least higher making sure that there is a big margin against the 
experimental data. 

When applying the adjusted data, changing the cracking pressure and the reverse losses, the pressure 
wave’s characteristics is a lot more alike the experimental data. See table 5-2 for cracking pressures 
and reverse losses used in the adjusted data. 
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Test Reverse loss Cracking pressure 

30 Hz – 11 psi 0.95 0.058 psi 
60 Hz – 20 psi 3.00 0.136 psi 
60 Hz – 32 psi 0.95 0.180 psi 

Table 5-2: Cracking pressure and reverse loss in adjusted data test

 

Even though the data could be fairly adjusted with just one or two variable changes, the cracking 
pressure used does not make any sense if comparing to what is known about that cracking pressure. If 
we on the other hand compare it to the equations used to calculate the flapper position it is more 
obvious why a much lower cracking pressure has to be applied. The lower cracking pressure made the 
valve close earlier and with a lower flow rate. Because of this, a smaller slam better corresponding to 
the slam measured in the experiment is seen. 

It should also be said that the reverse losses used for all the cases are slightly wrong. We know that 
they change over time but we do not know by how much. The losses were therefor determined 
according to Crane (1980) report where the formula for losses of a fully opened swing check valve 
was used. The calculation can be seen in appendix 16 on page 79. 
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6. Discussion 

6.1 Why this method? 
The method used for benchmarking RELAP5 is probably the best way to see how the code behaves 
compared to a real event. It should also be said that the method was predetermined, leaving few ways 
to vary this test.  

Reports written earlier have tried to compare RELAP5 against other codes. For example “Comparison 
between RELAP5 and TRACE for modelling different loads on pipe systems during transient 
conditions” written by Björklund (2010) and “Dynamic simulation of check valve using CFD and 
evaluation of check valve model in RELAP5” written by Turesson (2011). Both of these are 
attempting to compare the RELAP5 code, initially thinking of it being a big problem. The results seen 
in those reports tells us that RELAP5 is a program that needs lots of work, especially when it comes to 
check valves. You need to have in mind that the code was not initially developed for these types of 
calculations (Siefken, Coryell, Harvego and Hohorst, 2001). This is obvious when comparing the 
default check-valve model used in RELAP5. Its main purpose is just to stop flow. This model is not 
built for simulating transients connected to the specific component.   

Comparing the RELAP5 code to an experiment would give a new perspective of how it works during 
a check valve slam. With reliable data from the experiment, it is a more realistic way of comparing the 
check valve model. This is not only new in the field but it also gives a different view on the 
benchmark. Because of this, the experiment has to be well documented and recorded. I think I have 
included all the data needed for it to be a reliable test and thereby giving a great benchmark between 
RELAP5 and the experiment. 

Benchmarking RELAP5 has been a challenge. Comparing a computer code against an experiment has 
proven to be difficult. Nevertheless, it also gives the best estimate of a real event. Setting up an 
experiment and making sure it measures what is important with a high reliability was probably the 
hardest thing. This is also the most important thing when comparing to the experiment and making it 
reliable. By following QA-standards used in the industry, everything could be performed with the 
precision needed for reaching reliable results (International Atomic Energy Agency, 2013). 

To look at the negative side of this, running an experiment exposes you to materials, instruments, 
human errors and so forth, which might have an impact on the results. Something that could be 
neglected if comparing two simulated results. 

The calibrations done in this benchmark are of great importance for reaching a great quality on the 
report. Having these reports discussing the certainty of the instruments used gives a greater trust in 
how the data collected from the experiment was performed. With everything recorded and the results 
in hand, we should have had more instruments for measuring flow, pressures and other features of the 
check valve.  

One thing that took a lot of time was to build the 3D model. Building the model was great, especially 
when using it as a 3D isometric drawing and putting all the measurements in it from the loop that was 
built in the laboratory. However, this might have been done in an easier way. I do think that too much 
time was focused on the model, which in the end was only used as a drawing. Making this stage 
shorter would have given more time to focus on the final stages of modeling in RELAP5.  



Linköping’s University  Jens Gardell  
Department of Management and Engineering  Fall, 2013 
 

49 
 

The results were expected when looking at the results from the experiment. The magnitude of the 
pressure wave was hard to estimate but since instruments were properly calibrated and tests done 
several times they were considered highly reliable. Having more instruments when recording and 
comparing the RELAP5 slam against the experiment would have been of great use to make sure that 
the code was as good as it could be.  

When considering the entire scale of the benchmark, one of the most important things with the test 
was the run up phase. The problems we had during the run up phase gave us a better understanding of 
the data collected. Early on in the test, problems were identified regarding the codes behavior when 
using manufactured data. The decision of doing the benchmark in two phases were added to the report. 
I think these two phases is a great addition to the report since the manufacturer data often is the only 
data available when modeling.  

The benchmark of these two sets of data could have been made even more detailed with more 
information from the experiment. That is probably the major issue, which was missing. I do believe 
that the way the problem has been dealt with is the right way, even though more time could have 
helped making the benchmark even more detailed.  

6.2 Results 
Regarding the results of the RELAP5 simulation, we can see some big problems when using the data 
known to us from the manufacturer. This is the only data that might be available when not comparing 
to an experiment. The huge problems with the applied cracking pressure makes it hard to get the 
results wanted. It can be discussed if there is something else that causes the code to behave like this. 
However, from old simulations made the cracking pressure was initially thought of as a parameter that 
is hard to use in RELAP5. During real events, the cracking pressure does not have a big impact on the 
slam. The lack of parameters that should have an impact on the check valve in the RELAP5 code 
makes the cracking pressure parameter causing a huge difference. The disc motion in this valve is 
depended on several functions (Arastu and Husaini, 1995). Many of these are not included in the 
RELAP5 calculation. M. Models that are more accurate should be applied to the inertia check valve in 
RELAP5, such as the improved angular moment equation developed by Ho-Gon Lim (2006) used for 
another code where a similar problem was found during experiments. 

One of the problems can be seen in figure 5-19 (Plotting cracking pressure against closing time of 
flapper) on page 44. For some reason the closing time behaves different when a low cracking pressure 
is used. A more reasonable chart should tell us that a low cracking pressure causes the flapper to close 
fast and with a higher pressure, it should close a bit slower. This gets us back to having more 
instruments when recording the slam. Being able to compare closing time and flapper position could 
have helped us to understand more about the event and what the code should have been simulating. 
Since closing time is one of the main parameters when simulating a pressure wave in RELAP5 
(Kaliatka, Uspuras and Vaisnoras, 2007), this is something that should be investigated more 
thoroughly.  

The report written by Martin Turesson (2011) discusses the problem with the closing time of the disc. 
Even though an experiment is not performed, a more complex CFD code shows that the inertia valve 
in RELAP5 calculates a much faster closing time than found in the CFD code. This contradicts the 
results in this report since this would make pressure spikes lower than in the experiment. An exact 
number of the closing time is not mentioned in this test. Since this foremost is a benchmark, the 
calculated closing time from the RELAP5 model could not be compared with the experimental data. 
Because of this, we cannot confirm how correct RELAP5 calculates the closing time, this is why it has 
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been excluded from the report. Since the valve closure has a huge effect on the pressure wave (Lee and 
Leow, 2001) it is something that could have made this report even more detailed. 

All data collected showed problems with noise, like stated earlier. When recording at 100 Hz, the 
noise was not seen at all. Although, when recording at 100 Hz, we could not be sure that all data was 
captured. Weighing everything against each other is something that has to be done all the time. We 
kept the noise in the system, being afraid that if we lowered the recording rate we could miss the high 
spikes. To compensate for the noise, every test was performed three times. This gave a really good 
feeling of that everything recorded was correct since all the data was very similar to each other.  

The noise was particular seen from the flow meter. Initially we placed the flow meter there because we 
could. Later on, it became something that was used frequently when comparing the real system against 
the code and making sure that losses and pump model was correctly modeled. Even though the 
calibration of the flow meter showed good results. Problems were shown later on when the flow meter 
was recording lots of noise as soon as the pump was started. In addition, the calibration report told us 
that it would not be able to read flow at a certain rate making it not 100% reliable. This might have 
had some impact when comparing the system against the RELAP5 model, making it not as perfect as 
it could be. Even so, the flow meter was only used to compare the systems between each other. From 
validating the code and getting very similar results after the run-up phase was completed, this was not 
considered a big problem.  

6.3 Differences between simulated data and experiments 
Looking at the pump model and the way that the tank is pressurized is another problem shown. 
Because of the complexity of the pump model, it was hard to match the data when comparing with the 
flow and the time it took to pressurize the tank. As discussed before, it is hard to determine how big of 
an impact that actually has on the pressure waves created. What we can say is that this is probably one 
of the functions in the code that could use a lot more investigating to ensure it behaves more like the 
pump used in the test. Another way of handling this problem could have been to put a time dependent 
junction that uses a specified flow. The data could then have been matched by using the time and flow 
recorded from the loop when the check valve slams to specify this junction. However, the pressures in 
the system would then have to be specified manually since a time dependent junction would work in a 
different way when simulating the pressurization of the system. This could have been done by using a 
time dependent volume to set the correct pressures in the tank when slamming the check valve. If there 
had been more time, this would have been one way of further testing the system more thoroughly.  

When considering the data simulated, it shows results that were predicted when using RELAP5 for 
this type of calculation. Issues with the cracking pressure effecting the code has been a problem 
before. From earlier reports, it is shown that the flapper stays open when applying the cracking 
pressure (Björklund, 2010). This is presented in the simulated results when data from the manufacturer 
is used and the problem with the valve not closing appears. 

Finally, it has to be said that without the recorded values from the experiment there would have been 
difficult matching the RELAP5 model to the experiment.  

The final aspect that should be mentioned is how the RELAP5 code calculates the pressure wave as if 
the system was rigid. When in reality it is not. When performing the experiment, the system shakes 
when slamming the valve. This is something that effects the pressure wave according to Heinsbroek 
and Kruisbrink (1993). The theory says that this should suppress the pressure wave going through the 
system and thereby show a lower reading of the pressure spikes. This is something that has not been 
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tested and it is likely to cause the RELAP5 code to show lower pressure spikes when simulating the 
system as not rigid. However, from limitations in the code it is hard to do this kind of simulation.  

The flow loop constructed could be more flexible with the effect of suppressing the pressure waves 
even more. Due to the pressures when slamming the valve, a decision to use galvanized piping was 
made to not endanger the piping over a long time of use.   
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7. Conclusions 
Modeling and simulation of check valve slams is difficult. The inertia check valve tested in this report 
is sensitive to certain parameters such as cracking pressure. This parameter causes problems with the 
valve to stay open and to close slower.  

A big problem with all the cases, even the ones with adjusted data, is the behavior of the valve. For 
some reason it does not close or it opens and closes all the time causing the pressure wave not 
stagnating. This problem leads to other issues such as closing time. A fully opened valve will close 
over a longer time than one that is not, this will then cause a bigger slam because of the reverse flow 
that will build up and leak under the disc when closing. This was a problem with the first test where 
the pump was running at half speed. Since the valve was fully opened even though the flow rate was 
low, the slam was about two times bigger than it was supposed to because of the long closing time. 
Because of this, the manufacturer specified 0.75 psi cracking pressure could not be used. 

The experimental and RELAP5 data can be matched, but it is almost impossible doing this without 
experimental data. The only case that was easy to match was the 60Hz pump speed with 32 psig in the 
tank. By just lowering the cracking pressure, it showed similar results like the experiment with the 
valve closing like it should. The other two was still hard to match. The ideal situation would be having 
the same parameters for the check valve for every case, just changing the pump speed to match it to 
the ones from the experiment. However, because of how RELAP calculates the flapper position this is 
not possible.  

To calculate pressures in pipes during check valve slams a great understanding of the code is required 
and preferably experimental data to compare with. Since the check valve model is so sensitive it is 
preferred that detailed data about the check valve is known. Using the data given by the manufacturer 
does not work, but if used, pressure spikes are highly overestimated. 
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8. Future work 
The two main parameters that has been discussed widely in the conclusion are the reverse losses and 
the cracking pressure. A more advanced experiment were these parameters could be measured and 
analyzed would be of great interest since we know how much they change the pressure spikes. 
Regarding the reverse losses, a function in RELAP5 should be tested. This function calculates the 
losses due to the change in Reynolds number. If it works correctly, only concentrating on adjusting the 
cracking pressure would make it easier to get reliable results. 

The cracking pressure has shown to be the most delicate parameter when running the simulations. To 
investigate this more properly a suggestion of programming a servo valve using know details from a 
check valve would be a more correct way of approaching the problem. The inertial valve is not as 
exact as it should be. By using the servo valve instead, equations that are more accurate can be used 
since they can be programmed as desired. 

The next step would be to test different kinds of check valve. Initially the idea of this experiment was 
to test not only the swing check valve but also other ones such as spring loaded and nozzle valves. 
Different kinds such as spring loaded nozzle valves and non-slam check valves need to be 
programmed using the servo valve. Results from several valves would be interesting to see, this would 
tell us how well the code calculates pressure waves in different situations. 

When comparing the data and looking at the transients it is clear that the closing time of the valve is a 
big issue as suspected initially. Since there was no possibility to measure the closing time in the 
experiment, it is hard to see how good the simulations estimate them. Therefore, the experiments 
should be done recording the flapper position and closing speed so that a good comparison could be 
done with these two parameters in a benchmark. 

As mentioned in the discussion the pipe shakes during the experiment. This is probably something that 
suppresses the pressure wave. Building the flow loop as rigid as possible could help to compare the 
code against the experiment even better. Since it is hard to simulate those kinds of conditions in the 
RELAP5 code, this is probably the best way to make the systems even more alike. Theoretically, this 
should show higher readings of the pressure wave from the experiment and by that making it more 
alike the manufactured data tested in RELAP5.  

The final step to take this comparison to the next level would be to include data that have not been 
analyzed in this report. Pulse length and frequency of the pressure wave would be one way to start.  
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Attachments  

Appendix 1 - DAQ calibration results 

Channel Input 
[VDC] 

Expected 
Output 
[VDC] 

Reading 
interval  over 
60 sec [VDC] 

Deviation [%] Max deviation, 
translated for pressure 
sensors  [psig] 

CH0 0.0 0.0 0.000-0.001 0.0 to +0.1 0.09  
CH0 1.0  1.0  0.992-1.001 -0.8 to +0.1  -0.7 
CH0 2.0 2.0 1.994-2.008 -0.3 to +0.4 0.7 
CH0 3.0 3.0 2.995-3.010 -0.3 to +0.4 0.9 
CH0 4.0 4.0 3.996-4.009 -0.1 to +0.2 0.8 
CH0 5.0 5.0 4.996-5.009 -0.1 to +0.2 0.8 
CH1 0.0 0.0 0.000-0.001 0.0 to +0.1 0.09 
CH1 1.0 1.0 0.994-1.008 -0.6 to +0.8 0.7 
CH1 2.0 2.0 1.993-2.013 -0.4 to +0.7 1.14 
CH1 3.0 3.0 2.993-3.008 -0.2 to +0.3 0.7 
CH1 4.0 4.0 3.996-4.009 -0.1 to +0.2 0.8 
CH1 5.0 5.0 4.996-5.011 -0.1 to +0.2 0.96 

Appendix 2 - DAQ, DBK calibration results 

Output [V] Channel 0 [V] Channel 1 [V] 
0.000 0.0 0.0 
1.000 1.0 1.0 
2.000 2.0 2.0 
3.000 3.0 3.0 
4.000 4.0 4.0 
5.000 5.0 5.0 

Appendix 3 - Thermocouples test data 

REF. TC1 [°C] TC1 [°C] Diff TC1 [°C] TC2 [°C] Diff TC2 [°C] 
100.0 99.0 1.0 100.0 0.10 

0.0 1.5 1.5 0.60 0.60 
100.0 99.1 0.9 100.1 0.10 

0.0 1.5 1.5 0.50 0.50 
100.0 99.1 0.9 100.40 0.40 

0.0 1.3 1.3 0.40 0.40 
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Appendix 4 – Static pressure sensor calibration results 

Calibrated laboratory pressure 
gage [psig]  

Pressure gage to be Calibrated 
[psig] 

Deviation [%] 

0.0 0.02 2.0 
19.7 19.61 0.46 
40.0 39.95 0.13 
79.7 79.72 -0.03 
152.2 152.40 -0.13 
251.4 252.16 -0.30 

Appendix 5 – Calibration results of electronics in flow meter 

Percentage of 
maximum output [%]  

Input frequency 
[Hz] 

Expected output 
[VDC] 

Reading  
[VDC] 

Deviation 
[%] 

0 1.0 0.01 0.01 0 
25 95.0 1.250 1.240 -0.8 
50 191.0 2.500 2.505 0.2 
75 286.0 3.750 3.758 0.2 
100 382.0 5.000 5.046 0.9 

Appendix 6 – Stop watch calibration 

Calibration time [s] Read [s] Deviation [s] 
30.0 29.7 0.3 
60.0 59.9 0.1 
90.0 89.6 0.4 
120.0 119.3 0.7 

Appendix 7 – Scale calibration 

Calibration weight [𝑙𝑏𝑚 ] Electronic scale reading [𝑙𝑏𝑚 ] Deviation [𝑙𝑏𝑚 ] 
10 10.00 0.0 
20 20.00 0.0 
25 25.00 0.0 
45 45.00 0.0 
100 100.00 0.0 
150 150.00 0.0 
185 185.95 0.05 
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Appendix 8 - Data from flow meter test  

Time [s] Weight [𝑙𝑏𝑚] Speed of pump, frequency [Hz] 
11.3 109.55 30.0 
13.4 135.00 30.0 
10.3 123.20 40.0 
10.5 121.8 40.0 

Appendix 9 - Comparison in flow test 

From test [𝑙𝑏𝑚] From RELAP5 data [𝑙𝑏𝑚] Diff [%] 
109.55 105.0 -4.15 
135.00 131.9 -2.30 
123.20 118.2 -4.06 
121.80 123.8 1.64 
NOTE: The data in the last test was stopped a second later to see if the time were underestimated. 
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Appendix 10 - Prefix for Mathcad calculation 

Type Explanation  

ID The inner diameter. Given. [𝑖𝑛]  

𝐴1 Flow area.  
𝜋

4
(𝐼𝐷)2 = [𝑓𝑡2] 

𝑓 Friction factor. Given.  

𝑟𝑟 Relative roughness. Given.  

𝑣𝑒𝑟𝑡𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅  The vertical angle of the pipe.  

arctan (
𝑖𝑛𝑐ℎ 𝑟𝑖𝑠𝑒

𝑝𝑒𝑟 𝑓𝑒𝑒𝑡
) = [𝑑𝑒𝑔𝑟𝑒𝑒] 

𝑙𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅  Length of the pipe, determined from the isometric drawing. [𝑓𝑡] 

𝑛𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅 Elected nodes.  

𝑟𝑜𝑢𝑛𝑑 (
𝑙𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅

𝐼𝐷
) = 𝑒𝑙𝑒𝑐𝑡𝑒𝑑 𝑛𝑜𝑑𝑒𝑠 

𝑁𝐿𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅  Node length.   
𝑙𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅
𝑛𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅

= [𝑓𝑡] 

ℎ𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅 Height difference between ℎ𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅 and the highest point in loop. [𝑓𝑡] 

𝑝𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅 Hydrostatic pressure in pipe segment.  
𝑝𝑁𝑂𝑅𝑀𝐴𝐿 𝑃𝑅𝐸𝑆𝑆𝑈𝑅𝐸 + ℎ𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅 × 𝜌𝐿𝑂𝑊 𝑃𝑂𝐼𝑁𝑇 × 𝑔 = [𝑝𝑠𝑖] 

𝑟𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅  Radius of bend. Given. 

𝐾 𝑓𝑎𝑐𝑡𝑜𝑟𝐵𝐸𝑁𝐷  Friction loss in bends. 

(𝑛 − 1) × (0.25 ∙ 𝜋 ∙
𝑟𝑃𝐼𝑃𝐸 𝑁𝑈𝑀𝐵𝐸𝑅

𝐼𝐷
+ 0.5 ∙ 𝐾) + 𝐾 = 𝐾 𝑓𝑎𝑐𝑡𝑜𝑟 

Where 𝑛 = 𝐵𝑒𝑛𝑑 𝑎𝑛𝑔𝑙𝑒

90 𝑑𝑒𝑔
 and K is from Crane K factor table 𝐾 =∝∙ 𝑓 see 

appendix 6. 
𝐾 𝑓𝑎𝑐𝑡𝑜𝑟𝐴𝐷𝐴𝑃𝑇𝐸𝑅 

 

(reducing from 2.0” to 1.5” with an angle between 45-180 degrees) 

 

(increasing from 1.5” to 2.0” with an angle between 45-180 degrees) 

 

Source: Crane handbook, 1980 

  

K2

0.5 1 
2

  sin


2


















4



K4
1 

2
 

2


4
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Appendix 11 – K-factor 
R/D K R/D K 

1 20 𝑓 10 30 𝑓 
2 12 𝑓 12 34 𝑓 
3 12 𝑓 14 38 𝑓 
4 14 𝑓 16 42 𝑓 
6 17 𝑓 18 46 𝑓 
8 24 𝑓 20 50 𝑓 

Source: http://www.pumpfundamentals.com/help16.html, accessed 07/22/2013 

Appendix 12 – Flume Rig   

 

Appendix 13 – Mini flow line 

 

http://www.pumpfundamentals.com/help16.html
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Appendix 14 – Flow calibration branch 

 

Appendix 15 – Detailed model of valves towards tank 
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Appendix 16 – Check Valve Slam Mathcad sheet 

 
This work was performed as thesis work by Jens Gardell during an internship at Fauske & 
Associates, LLC. 

 
The calculations are based on the drawings CVS-TOP, CVS-FRONT, CVS-BACK and CVS-TANKS. 
Constants and equations are taken from "Flow of fluid through valves, fittings and pipe", Technical 
paper no. 410, Crane Company, 1988 
 

Friction coefficients used for these equations are: 

   

Absolute roughness is taken from Crane handbook, appendix A-23 

 (Estimated value) 

 

2 Inch schedule 40 galvanized pipe:  2 inch schedule 80 dark-gray PVC pipe:    

  

  

2.5 inch schedule 160 iron pipe:   
  

2 inch schedule 40 transparent PVC pipe:  
  

  

  

1/2 inch schedule 40 chrome steel pipe:    1.5 inch schedule 40 galvanized pipe:   
  

  

  

Every segment in the RELAP code will have an initial pressure of 14.7 psi and temperature of 75°F 

f1.5 0.021 f2 0.019 f2.5 0.018

ra_PVC 2.3310 5


ra_GALV 5.010 4


IDgalv 2.067in 0.172ft IDpvc80 1.939in 0.162ft

Agalv


4
IDgalv 2 0.0233ft2 Apvc80



4
IDpvc80 2 0.0205ft2

IDiron 2.125in 0.177ft IDpvc40 2.067in 0.172ft

Airon


4
IDiron 2 0.0246ft2 Apvc40



4
IDpvc40 2 0.0233ft2

IDchrome 0.622in 0.052ft IDgalv15 1.610in 0.134ft

Achrome


4
IDchrome 2 2.11 10 3

 ft2 Agalv15


4
IDgalv15 2 0.0141ft2
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100 tmdpvol 

"Infinite" volume for ambient air.  

 

401 sngljun 

Connecting the tank (pipe 400) to the air. 

400 pipe ( Plastic tank) 

  

 
elected node(s): 

node length:  

vertical angle:  

 To account for "dead" volume in plastic tank and to place outlet at 
correct height. 

elected node(s):  

node length:  

vertical angle:  

First 21 nodes are air, the 20 others are water. 

101 sngljun 

Connection between plastic tank (modeled as pipe 400) and pipe 102. 

Losses taken from Crane handbook, appendix A-29. 

 Pipe entrance, contraction 

 Pipe exit, expansion 

p100 14.7psi

l400a 76in 6.333ft IDeletank 46in 3.833ft

n400a 40

NL400a
l400a
n400a

0.158ft

vert400 90.0 deg

l400b 5in NL400a 0.575ft

n400b 1

NL400b
l400b
n400b

0.575ft

vert400b 90.0 deg

Kfloss101 0.5

Krloss101 1.0
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102 pipe ( 2" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

  
elected node(s): 

node length:  

vertical angle:  

103 vlv 

McMASTER brass ball valve 47865K28: 

  

(From Crane K factor table) fully open valve: 

 

104 pipe ( 2" Galv) 

 

l102a 3
1

2
in 2

1

4
in 0.479ft

n102a round
l102a

IDgalv









3

NL102a
l102a
n102a

0.160ft

vert102a 0.0deg

K102a 30 f2 0.57

l102b 2.25( )in 1
3

8
in 4

3

4
in








0.5 0.5ft

l102a
IDgalv

2.782 n102b round
l102b

IDgalv









3

NL102b
l102b
n102b

0.167ft

vert102b 90.0 deg

MinID 1in
31
32

in 0.164ft A103
MinID

2


4
0.0211ft2

K103 3f2 0.057

l104a 4
3

4
in








0.5 56
9

16
in 2.94in 7in 2

1

4
in 5.927ft
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elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

105 sngljun 

90° elbow with 2-1/4" bend radius 

  

elect: K=30f (From Crane K factor table)  

106 pipe ( 2" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

n104a round
l104a

IDgalv









34

NL104a
l104a
n104a

0.174ft

vert104a 90.0 deg

K104 30 f2 0.57

l104b 2
1

4
in 16

5

8
in 2

1

4
in 1.76ft

n104b round
l104b

IDgalv









10

NL104b
l104b
n104b

0.176ft

vert104b 0.0deg

K105 30 f2 0.57

l106 2
1

4
in 113

1

8
in 2.94in 61

9

16
in 0.76in 15.053ft

n106 round
l106

IDgalv









87

NL106
l106
n106

0.173ft

vert106 0.0deg
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  107 branch (2" Galv) 

McMASTER galvanized tee 4638K128: 

   

162 Pipe (2" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

161 vlv 

McMASTER brass ball valve 47865K28: 

  

(From Crane K factor table) fully open valve: 

 

160 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

108 pipe ( 2" Galv) 

 

l107 2.98in 0.248ft Krun 10f2 0.19 Kbranch 50f2 0.95

l162 2
1

4
in 44

1

16
in 3

15

16
in








0.5 IDgalv 0.5 3.937ft

n162 round
l162

IDgalv









23

NL162
l162
n162

0.171ft

vert162 0.0deg

MinID 0.164ft A161 A103 0.0211ft2

K161 340f2 6.46

l160 3
15

16
in








0.5 44
5

8
in 2

1

4
in IDgalv 0.5 3.984ft

n160 round
l160

IDgalv









23

NL160
l160
n160

0.173ft

vert160 0.0deg

l108a 0.76in 4
9

16
in 2

1

4
in 0.631ft
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elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (from Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

n108a round
l108a

IDgalv









4

NL108a
l108a
n108a

0.158ft

vert108a 0.0deg

K108a 30 f2 0.57

l108b 2
1

4
in 6

5

8
in 2

1

4
in 0.927ft

n108b round
l108b

IDgalv









5

NL108b
l108b
n108b

0.185ft

vert108b 29.6deg

K108b 30 f2 0.57

l108c 2
1

4
in 123

3

8
in 2.94in 7

5

16
in 11.323ft

n108c round
l108c

IDgalv









66

NL108c
l108c
n108c

0.172ft

vert108c 0.0deg
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K-factor: McMASTER 4513K181 2.0" to 2.5" reducing coupling: 

From Crane handbook, appendix A-26. 

   

 (estimated value from drawing) 

 

 

 

 
elected node(s): 

node length:  

vertical angle:  

109 Pump 

 Run up time: 1.0 second (assumed) 

 

 (Pump torque) 

Accounting for elevation change over pump, value taken from RELAP5 to adjust height: 

 

 

da IDgalv 0.172ft db IDiron 0.177ft 
da
db









0.973

 180deg

Kcoupling_forward 1 
2

 
2

2.9 10 3


Kcoupling_backward 0.5 1 
2

  sin


2








0.027

l108d 3
5

8
in 4

11

16
in 0.693ft

n108d round
l108d
IDiron









4

NL108d
l108d
n108d

0.173ft

vert108d 0.0deg

P109 3hp 2.237 103
 W

109 3500rpm 366.519
rad
s



T109
P109
109

4.502lbf ft

h109 0.6766967ft 0.677ft

vert109 90.0deg
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  110 Pipe  

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

l110a 2
15

16
in 2

1

4
in 0.432ft

n110a round
l110a

IDgalv









3

NL110a
l110a
n110a

0.144ft

vert110a 90.0deg

K110a 30 f2 0.57

l110b 2
1

4
in 82

9

16
in 2

1

4
in 7.255ft

n110b round
l110b

IDgalv









42

NL110b
l110b
n110b

0.173ft

vert110b 0.0deg

K110b 30 f2 0.57

l110c 2
1

4
in 14

5

16
in 2

1

4
in 1.568ft

n110c round
l110c

IDgalv









9

NL110c
l110c
n110c

0.174ft

vert110c 90.0 deg
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  K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

111 sngljun 

Connection between pipe 110 and pipe 112.  

112 pipe 

(2" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: McMASTER 4638K469 2" to 1.5" reducer: 

From Crane handbook, appendix A-26. 

  

 

 (estimated value from drawing) 

 (Forward loss)  

K110c 30 f2 0.57

l110d 2
1

4
in 3

1

4
in 2.94in 0.703ft

n110d round
l110d

IDgalv









4

NL110d
l110d
n110d

0.176ft

vert110d 0.0deg

l112a 10
3

4
in 2.81in 0.5 1.013ft

n112a round
l112a

IDgalv









6

NL112a
l112a
n112a

0.169ft

vert112a 0.0deg

d1 IDgalv15 0.134ft d2 IDgalv 0.172ft

1
d1
d2

0.779

 180deg

Kreducing 0.5 1 1
2





 sin



2








 0.197
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 (Backward loss)  

(1.5" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

113 sngljun (Flow meter) 

Measured with DIGIT-CAL MK IV digital caliper ID number 7B035404 , calibration expires 18-april 2014. 

 
 

114 pipe 

(1.5" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

K-factor: McMASTER reducer 4638K469 2" to 1.5": 

From Crane handbook, appendix A-26. 

  

 

 (Estimated value from drawing) 

Kexpanding 1 1
2







2
0.155

l112b 2.81in 0.5 32
3

4
in 2

3

4
in 3

1

8
in








0.5 3.206ft

n112b round
l112b

IDgalv









19

NL112b
l112b
n112b

0.169ft

vert112b 0.0deg

IDflow 1.3475in 0.112ft Aflow
IDflow

2






4
9.9 10 3

 ft2

l114a 3
1

8
in








0.5 2
3

4
in 24

1

8
in 2.81in 0.5 2.487ft

n114a round
l114a

IDgalv









14

NL114a
l114a
n114a

0.178ft

vert114a 0.0deg

d1 0.134ft d2 0.172ft

1 0.779

 180deg
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 (Forward loss)  

(2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle: 
 

115 sngljun 

Connection between pipe 114 and pipe 116. 

116 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle: 
 

117 branch (2" Galv) 

McMASTER galvanized tee 4638K128: 

   

118 pipe (2" Galv) 

elected node(s):  

 (Backward loss)  

 

Kexpanding 0.155

l114b 2.81in 0.5 21
11

16
in 1.924ft

n114b round
l114b

IDgalv









11

NL114b
l114b
n114b

0.175ft

vert114b 0.0deg

l116 2.94in 37in 0.76in 3.392ft

n116 round
l116

IDgalv









20

NL116
l116
n116

0.170ft

vert116 0.0deg 0 deg

l117 2.98in 0.248ft Krun 0.19 Kbranch 0.95

n118 round
l118

IDgalv









5

Kreducing 0.197

l118 0.76in 8
1

2
in 0.76in 0.835ft
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  node length: 
 

vertical angle: 
 

119 branch (2" Galv) 

McMASTER galvanized tee 4638K128: 

   

130 pipe ( 2" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

131 branch (2" Galv) 

McMASTER galvanized tee 4638K128: 

   

NL118
l118
n118

0.167ft

vert118 0.0deg 0 deg

l119 2.98in 0.248ft Krun 0.19 Kbranch 0.95

l130a 3in 2
1

4
in IDgalv 0.5 0.351ft

n130a round
l130a

IDgalv









2

NL130a
l130a
n130a

0.176ft

vert130a 0.0deg

K130a 30 f2 0.57

l130b 2
1

4
in 4

7

16
in 2

1

4
in IDgalv 0.5 0.659ft

n130b round
l130b

IDgalv









4

NL130b
l130b
n130b

0.165ft

vert130b 90.0deg

l131 2.98in 0.248ft Krun 0.19 Kbranch 0.95
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  132 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

134 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

120 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

121 branch (2" Galv) 

McMASTER galvanized tee 4638K128: 

   

140 pipe (2" Galv) 

l132 0.76in 11in 1
7

8
in 1

7

8
in 8

1

4
in 4

5

16
in








0.5 2.16ft

n132 round
l132

IDgalv









13

NL132
l132
n132

0.166ft

vert132 0.0deg

l134 0.76in 8
5

16
in 4in 0.5 0.923ft

n134 round
l134

IDgalv









5

NL134
l134
n134

0.185ft

vert134 0.0deg

l120 0.76in 43
5

16
in 2.94in 19

13

16
in 0.76in 5.632ft

n120 round
l120

IDgalv









33

NL120
l120
n120

0.171ft

vert120 0.0deg

l121 2.98in 0.248ft Krun 0.19 Kbranch 0.95
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elected node(s):  

node length: 
 

vertical angle:  

141 Valve 

2" Butterfly motor valve used to trigger the check valve (from Crane handbook, appendix A-28): 

 

Opening rate calculated from experiment seen in Report #, rate set 20.0. 

142 pipe  

(2" Galv) 

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-3/4" bend radius: 

elect: K=30f (From Crane K factor table)  

(2" sch40 PVC) 

 

 
elected node(s): 

node length:  

l140 2
1

4
in 2

15

16
in 2.94in 10

15

16
in 4

1

2
in








0.5 IDgalv 0.5 1.69ft

n140 round
l140

IDgalv









10

NL140
l140
n140

0.169ft

vert140 0.0deg

K141 45f2 0.855

l142a 4
1

2
in








0.5 5
3

16
in 2.94in 3

1

16
in 2

3

4
in 1.349ft

n142a round
l142a

IDgalv









8

NL142a
l142a
n142a

0.169ft

vert142a 0.0deg

K142a 30 f2 0.57

l142b 2
3

4
in 29

15

16
in 2

13

16
in 2.958ft

n142b round
l142b

IDpvc40









17

NL142b
l142b
n142b

0.174ft
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vertical angle:  

(2" sch80 PVC) 

 

The two 6-11/16" radius bends are seen as 90 degree elbows without any radius at all. Because of 
this 6-11/16" will be added to the length of 142c and the loss coefficient of the bends will be smaller to 
simulate a long radius bend. 

 
elected node(s): 

node length:  

vertical angle:  

K-factor 90° elbow with 6-11/16" bend radius:  

In appendix A-29 we have a table of bends with a longer radius, by calculating r/d we get: 

 
 

By linear interpolation we get: 

 

So, for the 90° elbow with 6-11/16" bend radius: 

 

 

 
elected node(s): 

 

  
node length:  

vert142b 90.0deg

l142c 15
7

8
in 6

11

16
in 1.88ft

n142c round
l142c

IDpvc80









12

NL142c
l142c
n142c

0.157ft

vert142c 90.0deg

r90deg_pvc80 6
11

16
in r90deg_pvc80

IDpvc80
3.449

y 12 14 12( )
3.449 3( )

4 3( )








 12.898

K142c 12.898f2 0.245

l142d 6
11

16
in 6

11

16
in 1.115ft

n142d round
l142d

IDpvc80









7

NL142d
l142d
n142d

0.159ft
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  vertical angle:  

K-factor: 90° elbow with 6-11/16" bend radius: 

elect: K=12.898f (Calculation can be seen above) 

 

 

 
elected node(s): 

node length:  

vertical angle:  

143 sngljun 

Connects pipe 142 to the flume (modeled as tmdpvol 144) 

144 tmdpvol 

  

  

This tank only contains air at atmospheric pressure (14.7psia) 

122 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

vert142d 0.0deg

K142d 12.898f2 0.245

l142e 6
11

16
in 6

15

16
in 1.135ft

n142e round
l142e

IDpvc80









7

NL142e
l142e
n142e

0.162ft

vert142e 20.0 deg

ID144 46in 3.833ft p144 14.7psi 14.7psi

A144 237in 22
9

16
in








 37.134ft2 l144 24in 2ft

l122 0.76in 2
3

8
in 4

3

4
in








0.5 0.459ft

n122 round
l122

IDgalv









3

NL122
l122
n122

0.153ft

vert122 0.0deg
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  123 Valve 

McMASTER brass ball valve 47865K28: 

  

(From Crane K factor table) fully open valve: 

 

124 pipe (2" Galv) 

 

elected node(s):  

node length: 
 

vertical angle:  

125 Inertia Check Valve 

 no latch option 

 initial position is closed 

 cracking pressure (psi) 

 0 percent area leakage fraction assumed 

 initial flap angle (degree) 

 min flap angle (degree) 

 max flap angle (degree) 

 moment of inertia (ft^2*lb) 

 initial angular velocity 

 moment length of flapper (ft) 

 radius of flapper (ft) 

 mass of flapper (lbm) 

  

  

MinID 0.164ft A123
MinID

2


4
0.0211ft2

K123 3f2 0.057

l124 4
3

4
in








0.5 2
3

8
in 2.94in 9

1

8
in 4

3

4
in








0.5 1.599ft

n124 round
l124

IDgalv









9

NL124
l124
n124

0.178ft

vert124 0.0deg

W 1( ) 01

W 2( ) 02

W 3( ) 0.753

W 4( ) 04

W 5( ) 55

W 6( ) 56

W 7( ) 65.07

W 8( ) 3.88410 3
8

W 9( ) 0.09

W 10( ) 0.12910

W 11( ) 0.09611

W 12( ) 0.24270112

mflap 0.18855lb marm 0.05415lb

rflap
2.312

2
in 0.096ft Larm 1.55in 0.129ft
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 (When fully open, used in both directions) 

126 pipe (2" Galv) 

First node has bigger flow area so that the check valve can use the correct moment length and 
radius length in RELAP5. The area is adjusted to a diameter of 1.5xID equal with area from 

McMASTER check valve 4708K58. 

 

 

elected node(s):  

node length:  

vertical angle:  

127 branch (2" Galv) 

McMASTER galvanized tee 4638K128: 

   

150 Pipe  

 

 
elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 2-1/4" bend radius: 

elect: K=30f (From Crane K factor table)  

 

Itotal
marm Larm

2


3

mflap rflap
2



4
 mflap Larm

2
 3.884 10 3

 ft2 lb

K125 50f2 0.95

A126_node1
1.5IDgalv 2 

4
0.0524ft2

l126 4
3

4
in








0.5 8
1

2
in 2.94in 41

7

16
in 0.76in 4.668ft

n126 round
l126

IDgalv









27

NL126
l126
n126

0.173ft

vert126 0.0deg

l127 2.98in 0.248ft Krun 0.19 Kbranch 0.95

l150a 0.76in 1
3

4
in 2

1

4
in 0.397ft

n150a round
l150a

IDgalv









2

NL150a
l150a
n150a

0.198ft

vert150a 0.0deg

K150a 30 f2 0.57

l150b 3in 1
1

2
in 0.375ft
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elected node(s): 

node length:  

vertical angle:  

K-factor: 90° elbow with 1.49" bend radius: 

elect: K=30f (From Crane K factor table)  

 

 
elected node(s): 

node length:  

vertical angle:  

128 pipe (2" Galv) 

 

elected node(s):  

node length:  

vertical angle:  

129 sngljun 

Connection between pressurized tank (modeled as pipe 500) and pipe 128. 

Losses taken from Crane handbook, appendix A-29. 

 Pipe exit, expansion 

n150b round
l150b

IDgalv









2

NL150b
l150b
n150b

0.187ft

vert150b 25.0 deg

K150b 30 f2 0.57

l150c 1
7

8
in 2in 0.323ft

n150c round
l150c

IDchrome









6

NL150c
l150c
n150c

0.054ft

vert150c 0.0deg

l128 2
1

4
in 3

7

8
in 2.94in 2in 0.922ft

n128 round
l128

IDgalv









5

NL128
l128
n128

0.184ft

vert128 90.0deg

Kfloss129 1.0
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 Pipe entrance, contraction 

500 pipe (2" Galv) 

This pipe is used for simulating the pressure rise when the pump are filling this tank with water. Connected to 

this will be a valve and a tdv. Where the tdv simulates connection to air. 

 

Initial water level in the tank is 30 inches. Nodes are adjusted to make sure that the condition is meet. 

node length:  

node length:  

vertical angle:  

501 Valve 

Connecting the pressurized tank (pipe 500) to the air. 

200 tmdpvol 

"Infinite" volume for ambient air.  

 

Krloss129 0.5

l500 62.3in 5.192ft

NL500
30in
15

0.167ft

n500 round
l500

NL500









31

vert500 90.0deg

p200 14.7psi
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Appendix 17 – RELAP5 model 
= check valve slam 
*This was created as a Thesis work by Jens Gardell 9/26/2013 
* 
*  
*                           
100      new        transnt 
* 
102      british    british 
110      air 
* 
****************************************************************************** 
*                                 time step cards                            * 
****************************************************************************** 
*     end      dtmin     dtmax        opt     min     maj     rstrt 
201   46.6     1.0e-9    5.00e-3      3       100    200000  200000 
202   80.0     1.0e-9    1.00e-5      3       10      200000  200000 
* 
****************************************************************************** 
* 
20800001  theta  125 
20800002  omega  125 
* 
****************************************************************************** 
*                                    trip cards                              * 
****************************************************************************** 
* 
501   time               0          ge      null    0       10000.0  n 
502   time               0          ge      null    0       10000.0  n 
503   time               0          ge      null    0               4.0  n 
504   p          500310000    ge      null    0             47.7  n 
505   time               0          ge      null    0             50.0  n 
600   505 
* 
* 
****************************************************************************** 
*                            hydrodynamic components                         * 
****************************************************************************** 
* 
*        name       type 
1000000  unnamed   tmdpvol 
*               flowa      l          vol   azi    incl   eleva   rough   hd    tlpvbfe 
1000101   9.0e9     9.0e9    0.0   0.0    0.0    0.0      0.0       0.0     00 
*               ebt 
1000200   4 
*               time       p           t           x 
1000201   0.0        14.7      75.0     1.0 
1000202   9.0e9    14.7      75.0     1.0 
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* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
4010000  unnamed    valve 
*              from             to                 area       floss       rloss        jefvcahs 
4010101  100010001  400010001   11.541   0.0         0.0              1100 
*              v0/m1      lflow       vflow    iflow 
4010201  1              0.0           0.0        0.0 
*              type 
4010300  mtrvlv 
*              open      close       rate     ip           vtn 
4010301  501        502         4.0      1.0          0       
*                                                                                         
*------------------------------------------------------------------------------ 
*              name       type 
4000000  unnamed    pipe 
*              nv 
4000001  41 
*              flowa      nv 
4000101  11.541    41  
*              length     nv 
4000301  0.158      40 
4000302  0.575      41 
*              incl         nv 
4000601  -90.0       41  
*              rough      hd          nv 
4000801  2.33e-5    0.0        41 
*              floss      rloss         nj 
4000901  0.0           0.0        40 
*              tlpvbfe    nv 
4001001      00       41 
*              jefvcahs   nj 
4001101     1000    40 
*              ebt        p             t         dummy                  nv 
4001201    4        14.7        75.0    1.0     0.0      0.0    21 
4001202    3        14.7        75.0    0.0     0.0      0.0    41 
*              v0/m1 
4001300  1 
*              lflow      vflow       iflow   nj 
4001301  0.0         0.0           0.0      40 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1010000  unnamed    sngljun 
*              from            to                 area    floss    rloss   jefvcahs 
1010101  400400003  102010001   0.0     0.5      1.0         1000 
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*              v0/m1      lflow       vflow    iflow 
1010201  1              0.0           0.0        0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1020000  unnamed    pipe 
*              nv 
1020001  6 
*              flowa        nv 
1020101  0.0233        6  
*              length       nv 
1020301  0.160          3 
1020302  0.167          6 
*              incl           nv 
1020601   0.0             3 
1020602  -90.0          6  
*              rough       hd          nv 
1020801  5.0e-4      0.0           6 
*              floss      rloss       nj 
1020901  0.0         0.0         2 
1020902  0.57       0.57    3 
1020903  0.0         0.0         5 
*              tlpvbfe    nv 
1021001       00        6 
*              jefvcahs   nj 
1021101     1000      5 
*              ebt        p          t          dummy                   nv 
1021201    3        14.7      75.0    0.0     0.0     0.0        6 
*              v0/m1 
1021300  1 
*              lflow      vflow       iflow    nj 
1021301  0.0          0.0           0.0        5 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1030000  unnamed    valve 
*              from             to                 areaf     loss      rloss   jefvcahs 
1030101  102060002  104010001   0.0211  0.057   0.057       1100 
*              v0/m1      lflow       vflow    iflow 
1030201  1              0.0           0.0        0.0 
*              type 
1030300  mtrvlv 
*             open       close       rate     ip     vtn 
1030301  501        502         4.0      1.0      0     
* 
*------------------------------------------------------------------------------ 
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* 
*              name          type 
1040000  unnamed    pipe 
*              nv 
1040001  44 
*              flowa      nv 
1040101  0.0233    44  
*              length     nv 
1040301  0.174      34 
1040302  0.176      44      
*              incl         nv 
1040601  -90.0       34 
1040602  0.0          44 
*              rough      hd          nv 
1040801  5.0e-4     0.0         44 
*              floss      rloss         nj 
1040901   0.0        0.0           33 
1040902   0.57       0.57      34 
1040903   0.0        0.0           43 
*              tlpvbfe    nv 
1041001       00       44 
*              jefvcahs   nj 
1041101      1000   43 
*              ebt        p           t          dummy                   nv 
1041201   3        14.7        75.0    0.0     0.0     0.0      44 
*               v0/m1 
1041300   1 
*               lflow      vflow       iflow    nj 
1041301   0.0          0.0         0.0         43 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1050000  unnamed    sngljun 
*              from             to                areaf    loss    rloss   jefvcahs 
1050101  104440002  106010001   0.0      0.57    0.57        1000 
*              v0/m1      lflow       vflow   iflow 
1050201  1              0.0           0.0       0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1060000  unnamed    pipe 
*              nv 
1060001  87 
*              flowa      nv 
1060101  0.0233     87  
*              length     nv 
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1060301  0.173      87 
*              incl       nv 
1060601  0.0        87 
*              rough      hd         nv 
1060801  5.0e-4     0.0        87          
*              floss      rloss       nj 
1060901  0.0        0.0         86 
*              tlpvbfe     nv 
1061001       00       87 
*              jefvcahs    nj 
1061101      1000    86 
*               ebt       p             t         dummy                   nv 
1061201    3        14.7        75.0    0.0     0.0     0.0      87 
*              v0/m1 
1061300  1 
*              lflow      vflow       iflow    nj 
1061301  0.0          0.0         0.0    86 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1070000  unnamed    branch 
*              nj 
1070001  3          1 
*              a          l      v    azi   inc    elev    rough    hd    tlpvbfe 
1070101  0.0233     0.248  0.0  0.0   0.0     0.0    5.0e-4   0.0       00  
*              ebt        p            t 
1070200   3         14.7        75.0 
*              from            to                  a         floss   rloss   jefvcahs 
1071101  106870002  107010001   0.0      0.19    0.19     1000 
1072101  107010002  108010001   0.0      0.19    0.19     1000 
1073101  162230002  107010003   0.0      0.95    0.95     1000 
*              lflow      vflow      inter 
1071201  0.0        0.0         0.0 
1072201  0.0        0.0         0.0 
1073201  0.0        0.0         0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1620000  unnamed    pipe 
*              nv 
1620001  23 
*              flowa       nv 
1620101  0.0233     23  
*              length      nv 
1620301  0.175       23 
*              incl       nv 
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1620601  0.0        23 
*              rough      hd          nv 
1620801  5.0e-4     0.0         23 
*              floss      rloss       nj 
1620901  0.0        0.0         22 
*              tlpvbfe    nv 
1621001      00        23 
*              jefvcahs   nj 
1621101     1000     22 
*              ebt        p             t         dummy                   nv 
1621201    3        14.7        75.0    0.0     0.0      0.0     23 
*              v0/m1 
1621300  1 
*              lflow      vflow       iflow   nj 
1621301  0.0        0.0         0.0     22 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1610000  unnamed    valve 
*              from             to                 area       floss       rloss        jefvcahs 
1610101  160230002  162010001   0.021     6.46        6.46            1100 
*              v0/m1      lflow       vflow    iflow 
1610201  1              0.0           0.0        0.0 
*              type 
1610300  mtrvlv 
*              open       close       rate     ip           vtn 
1610301  501         502         1.0      0.0          0 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1600000  unnamed    pipe 
*              nv 
1600001  23 
*              flowa       nv 
1600101  0.0233     23  
*              length      nv 
1600301  0.173       23       
*              incl          nv 
1600601  0.0           23 
*              rough      hd          nv 
1600801  5.0e-4     0.0         23 
*              floss       rloss        nj 
1600901  0.0          0.0         22 
*              tlpvbfe    nv 
1601001      00       23 
*              jefvcahs   nj 
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1601101   1000    22 
*               ebt        p             t         dummy                   nv 
1601201   3          14.7        75.0    0.0     0.0      0.0     23 
*               v0/m1 
1601300  1 
*              lflow      vflow       iflow    nj 
1601301  0.0         0.0           0.0        22 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1080000  unnamed    pipe 
*              nv 
1080001  79 
*              flowa       nv 
1080101  0.0233     75 
1080102  0.0246     79 
*              length     nv 
1080301  0.158      4 
1080302  0.185      9 
1080303  0.172      75 
1080304  0.173      79       
*              incl       nv 
1080601  0.0        4 
1080602  29.6       9 
1080603  0.0        75 
1080604  0.0        79      
*              rough      hd          nv 
1080801  5.0e-4     0.0         79 
*             floss      rloss           nj 
1080901  0.0        0.0              3 
1080902  0.57      0.57       4 
1080903  0.0        0.0              8 
1080904  0.57      0.57       9 
1080905  0.0        0.0            74 
1080906  0.029    0.027    75         
1080907  0.0        0.0            78        
*              tlpvbfe    nv 
1081001      00       79 
*              jefvcahs   nj 
1081101     1000    78 
*              ebt        p            t          dummy                   nv 
1081201    3        14.7        75.0    0.0     0.0      0.0     79 
*              v0/m1 
1081300  1 
*              lflow      vflow       iflow   nj 
1081301  0.0          0.0           0.0     78 
* 
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*------------------------------------------------------------------------------ 
* 
*              name          type 
1090000  unnamed    pump 
*              area         length      vol     azi     inc       el       tlpvbfe 
1090101  0.0233     0.677       0.0     0.0     90.0    0.677         00 
*              inlet            area        floss   rloss    00f0cah0 
1090108  108780002  0.0         0.0     0.0          1100   
*              outlet          area        floss   rloss   00f0cah0 
1090109  110010001  0.0         0.0     0.0         1100 
*              ebt        p           t 
1090200    3        14.7        75.0 
*in/out     lb/s      liquid     vapor   0.0 
1090201  1          0.00        0.0      0.0 
1090202  1          0.00        0.0      0.0 
*              table      2pm    2pd     tor     vel     trip    rev 
1090301  -2         -1          -3      -1       0        0        0 
*              rev/min    ratio       gpm     ft      torque 
1090302  3500.0      0.0         195.0   81.6    4.502 
*              mom        den         torque   tf2       tf0      tf1     tf3 
1090303  100.0      64.2        4.502     250.0   0.0     0.0     0.0 
*              labtrip# 
1096100  0 
*              time      rev/m 
1096101  0.0         0.0 
1096102  2.0         0.0 
1096103  3.0         3100.0 
1096104  9.0e9       3100.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1100000  unnamed    pipe 
*              nv 
1100001  58 
*              flowa      nv 
1100101  0.0233     58  
*              length     nv 
1100301  0.144      3 
1100302  0.173      45 
1100303  0.174      54 
1100304  0.176      58 
*              incl       nv 
1100601  90.0       3 
1100602  0.0        45 
1100603  -90.0      54 
1100604  0.0        58  
*              rough      hd          nv 
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1100801  5.0e-4     0.0         58 
*             floss       rloss       nj 
1100901  0.0        0.0          2 
1100902  0.57      0.57    3 
1100903  0.0        0.0          44 
1100904  0.57      0.57   45 
1100905  0.0        0.0          53 
1100906  0.57      0.57   54 
1100907  0.0        0.0          57 
*              tlpvbfe    nv 
1101001      00       58 
*              jefvcahs   nj 
1101101     1000    57 
*              ebt        p             t         dummy                   nv 
1101201    3        14.7        75.0    0.0     0.0      0.0    58 
*              v0/m1 
1101300   1 
*              lflow      vflow       iflow    nj 
1101301   0.0        0.0            0.0      57 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1110000  unnamed    sngljun 
*              from             to                 areaf   loss    rloss   jefvcahs 
1110101  110580002  112010001   0.0      0.0     0.0        1000 
*              v0/m1      lflow       vflow   iflow 
1110201  1              0.0           0.0       0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1120000  unnamed    pipe 
*              nv 
1120001  25 
*              flowa      nv 
1120101  0.0233      6 
1120102  0.0134    25 
*              length     nv 
1120301  0.169       6 
1120302  0.169      25       
*              incl         nv 
1120601  0.0          25 
*              rough      hd          nv 
1120801  5.0e-4     0.0         25 
*              floss      rloss       nj 
1120901  0.0         0.0         5 
1120902  0.197     0.155     6 
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1120903  0.0        0.0         24 
*              tlpvbfe    nv 
1121001      00       25 
*              jefvcahs   nj 
1121101     1000    24 
*              ebt        p             t         dummy                   nv 
1121201    3        14.7        75.0    0.0     0.0      0.0     25 
*              v0/m1 
1121300   1 
*              lflow      vflow       iflow   nj 
1121301   0.0         0.0           0.0     24 
* 
*------------------------------------------------------------------------------ 
* 
*              name        type 
1130000  flowm      sngljun 
*              from             to                 areaf     loss     rloss   jefvcahs 
1130101  112250002  114010001   9.9e-3   1.0      1.0       1000 
*              v0/m1     lflow      vflow   iflow 
1130201  1             0.0          0.0       0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1140000  unnamed    pipe 
*              nv 
1140001  25 
*              flowa       nv 
1140101  0.0134     14 
1140102  0.0233     25  
*              length     nv 
1140301  0.178      14 
1140302  0.175      25       
*              incl         nv 
1140601  0.0          25 
*              rough      hd           nv 
1140801  5.0e-4     0.0          25 
*              floss      rloss         nj 
1140901  0.0        0.0            13 
1140902  0.155    0.197   14 
1140903  0.0        0.0            24 
*              tlpvbfe    nv 
114100       00        25 
*              jefvcahs   nj 
1141101     1000    24 
*              ebt        p          t          dummy                   nv 
1141201    3        14.7      75.0    0.0     0.0      0.0     25 
*              v0/m1 
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1141300  1 
*              lflow     vflow       iflow    nj 
1141301  0.0         0.0           0.0       24 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1150000  unnamed    sngljun 
*              from             to                areaf     loss    rloss   jefvcahs 
1150101  114250002  116010001   0.0       0.0     0.0        1000 
*              v0/m1     lflow     vflow   iflow 
1150201  1             0.0         0.0       0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1160000  unnamed    pipe 
*              nv 
1160001  20 
*              flowa      nv 
1160101  0.0233    20  
*              length     nv 
1160301  0.170      20       
*              incl         nv 
1160601  0.0          20 
*              rough      hd          nv 
1160801  5.0e-4     0.0         20 
*              floss      rloss       nj 
1160901  0.0        0.0         19 
*              tlpvbfe     nv 
1161001      00        20 
*              jefvcahs   nj 
1161101     1000     19 
*              ebt        p             t         dummy                   nv 
1161201    3        14.7        75.0    0.0     0.0      0.0     20 
*              v0/m1 
1161300    1 
*              lflow    vflow     iflow   nj 
1161301  0.0        0.0         0.0     19 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1170000  unnamed    branch 
*              nj 
1170001  3          1 
*              a              l          v      azi     inc     elev    rough    hd    tlpvbfe 
1170101  0.0233     0.248  0.0   0.0    0.0     0.0     5.0e-4   0.0       00  
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*             ebt        p           t 
1170200    3        14.7        75.0 
*             from              to                 a        floss   rloss   jefvcahs 
1171101  116200002  117010001   0.0     0.19    0.19      1000 
1172101  117010002  118010001   0.0     0.19    0.19      1000 
1173101  117010003  160010001   0.0     0.95    0.95      1000 
*              lflow     vflow    inter 
1171201  0.0        0.0         0.0 
1172201  0.0        0.0         0.0 
1173201  0.0        0.0         0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1180000  unnamed    pipe 
*              nv 
1180001  5 
*              flowa      nv 
1180101  0.0233     5  
*              length     nv 
1180301  0.167      5 
*              incl       nv 
1180601  0.0        5 
*              rough      hd          nv 
1180801  5.0e-4     0.0         5 
*              floss      rloss        nj 
1180901  0.0         0.0          4 
*              tlpvbfe    nv 
1181001      00        5 
*              jefvcahs   nj 
1181101     1000     4 
*              ebt        p             t         dummy                   nv 
1181201    3        14.7        75.0    0.0     0.0      0.0     5 
*              v0/m1 
1181300    1 
*              lflow    vflow     iflow   nj 
1181301  0.0        0.0         0.0      4 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1190000  unnamed    branch 
*              nj 
1190001  3          1 
*              a              l          v      azi    inc     elev    rough    hd    tlpvbfe 
1190101  0.0233     0.248  0.0   0.0    0.0     0.0     5.0e-4   0.0       00  
*              ebt        p           t 
1190200    3        14.7       75.0 
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*              from             to                 a         floss   rloss   jefvcahs 
1191101  118050002  119010001   0.0      0.19    0.19     1000 
1192101  119010002  120010001   0.0      0.19    0.19     1000 
1193101  119010003  130010001   0.0      0.95    0.95     1000 
*              lflow    vflow     inter 
1191201  0.0        0.0         0.0 
1192201  0.0        0.0         0.0 
1193201  0.0        0.0         0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1300000  unnamed    pipe 
*              nv 
1300001  6 
*              flowa      nv 
1300101  0.0233     6 
*              length     nv 
1300301  0.146      2 
1300302  0.186      6 
*              incl       nv 
1300601  0.0         2 
1300602  90.0       6 
*              rough      hd          nv 
1300801  5.0e-4     0.0         6 
*              floss      rloss       nj 
1300901  0.0        0.0         1 
1300902  0.57      0.57    2 
1300903  0.0        0.0         5 
*              tlpvbfe    nv 
1301001      00        6 
*              jefvcahs   nj 
1301101     1000     5 
*              ebt        p             t         dummy                   nv 
1301201    3        14.7        75.0    0.0     0.0      0.0     6 
*              v0/m1 
1301300    1 
*              lflow      vflow    iflow   nj 
1301301   0.0        0.0         0.0     5 
*      
*------------------------------------------------------------------------------ 
* 
*              name          type 
1310000  unnamed    branch 
*              nj 
1310001  3          1 
*              a               l          v      azi     inc     elev    rough    hd    tlpvbfe 
1310101  0.0233     0.248   0.0   0.0    0.0      0.0     5.0e-4   0.0       00  
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*              ebt       p           t 
1310200    3        14.7      75.0 
*              from             to                 a         floss   rloss   jefvcahs 
1311101  130060002  131010003   0.0      0.95    0.95     1000 
1312101  131010002  132010001   0.0      0.19    0.19     1000 
1313101  131010001  134010001   0.0      0.19    0.19     1000 
*              lflow     vflow    inter 
1311201  0.0        0.0         0.0 
1312201  0.0        0.0         0.0 
1313201  0.0        0.0         0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1320000  unnamed    pipe 
*              nv 
1320001  13 
*              flowa       nv 
1320101  0.0233     13  
*              length     nv 
1320301  0.166      13       
*              incl         nv 
1320601  0.0          13 
*              rough      hd          nv 
1320801  5.0e-4     0.0         13 
*              floss      rloss       nj 
1320901  0.0        0.0         12 
*              tlpvbfe    nv 
1321001      00       13 
*              jefvcahs   nj 
1321101     1000    12 
*               ebt       p            t          dummy                   nv 
1321201    3        14.7        75.0    0.0     0.0      0.0     13 
*              v0/m1 
1321300    1 
*              lflow    vflow     iflow   nj 
1321301  0.0        0.0         0.0      12  
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1340000  unnamed    pipe 
*              nv 
1340001  5 
*              flowa      nv 
1340101  0.0233     5  
*              length     nv 
1340301  0.185      5 
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*              incl       nv 
1340601  0.0        5 
*              rough      hd          nv 
1340801  5.0e-4     0.0         5 
*              floss      rloss       nj 
1340901  0.0         0.0         4 
*              tlpvbfe    nv 
1341001      00        5 
*              jefvcahs   nj 
1341101     1000     4 
*              ebt        p           t        dummy                   nv 
1341201    3        14.7      75.0    0.0     0.0      0.0    5 
*              v0/m1 
1341300    1 
*              lflow    vflow     iflow   nj 
1341301  0.0        0.0         0.0       4 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1200000  unnamed    pipe 
*              nv 
1200001  33 
*              flowa      nv 
1200101  0.0233    33  
*              length     nv 
1200301  0.171      33 
*              incl         nv 
1200601  0.0          33 
*              rough      hd          nv 
1200801  5.0e-4     0.0         33 
*              floss      rloss       nj 
1200901  0.0        0.0         32 
*              tlpvbfe    nv 
1201001      00       33 
*              jefvcahs   nj 
1201101     1000    32 
*              ebt        p             t         dummy                   nv 
1201201    3        14.7        75.0    0.0     0.0      0.0     33 
*              v0/m1 
1201300    1 
*              lflow    vflow     iflow   nj 
1201301  0.0        0.0         0.0     32 
*      
*------------------------------------------------------------------------------ 
* 
*              name           type 
1210000  unnamed    branch 
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*              nj 
1210001  3          1 
*              a               l         v      azi   inc     elev    rough    hd    tlpvbfe 
1210101  0.0233     0.248  0.0   0.0   0.0     0.0     5.0e-4   0.0       00  
*              ebt        p           t 
1210200    3        14.7       75.0 
*              from             to                 a         floss   rloss   jefvcahs 
1211101  120330002  121010001   0.0      0.19    0.19     1000 
1212101  121010002  122010001   0.0      0.19    0.19     1000 
1213101  121010003  140010001   0.0      0.95    0.95     1000 
*              lflow    vflow     inter 
1211201  0.0        0.0         0.0 
1212201  0.0        0.0         0.0 
1213201  0.0        0.0         0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name       type 
1400000  unnamed    pipe 
*              nv 
1400001  10 
*              flowa      nv 
1400101  0.0233    10  
*              length     nv 
1400301  0.178      10 
*              incl         nv 
1400601  0.0          10 
*              rough      hd          nv 
1400801  2.33e-5    0.0         10 
*              floss     rloss       nj 
1400901  0.0        0.0         9 
*              tlpvbfe    nv 
1401001      00       10 
*              jefvcahs   nj 
1401101     1000     9 
*              ebt        p           t           dummy                   nv 
1401201    3        14.7      75.0      0.0     0.0      0.0     10 
*              v0/m1 
1401300    1 
*              lflow    vflow     iflow   nj 
1401301  0.0        0.0         0.0      9 
*      
*------------------------------------------------------------------------------ 
* 
*              name          type 
1410000  unnamed    valve 
*              from             to                 area        floss        rloss        jefvcahs 
1410101  140100002  142010001   0.0233   0.855       0.855            100   
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*             v0/m1      lflow       vflow    iflow 
1410201  1             0.0           0.0        0.0 
*              type 
1410300  mtrvlv 
*              open       close       rate      ip         vtn 
1410301  504        501         20.0      0.0         0    
*                                                           
*------------------------------------------------------------------------------ 
* 
*              name          type 
1420000  unnamed    pipe 
*              nv 
1420001  51 
*              flowa      nv 
1420101  0.0233     8 
1420102  0.0233     25 
1420103  0.0205     37 
1420104  0.0205     44 
1420105  0.0205     51 
*              length     nv 
1420301  0.169      8 
1420302  0.174      25 
1420303  0.157      37 
1420304  0.159      44 
1420305  0.162      51       
*              incl       nv 
1420601  0.0        8 
1420602  90.0       25 
1420603  90.0       37 
1420604  0.0        44 
1420605  -20.0      51 
*              rough      hd          nv 
1420801  2.33e-5    0.0         51 
*              floss      rloss       nj 
1420901  0.0        0.0          7 
1420902  0.57      0.57   8 
1420903  0.0        0.0          24 
1420904  0.0        0.0    25                *Only connection between pipes = no losses 
1420905  0.0        0.0          36 
1420906  0.245    0.245  37 
1420907  0.0        0.0          43 
1420908  0.245    0.245  44 
1420909  0.0        0.0          50     
*              tlpvbfe    nv 
1421001      00        51 
*              jefvcahs   nj 
1421101     1000    50 
*              ebt        p           t       dummy                   nv 
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1421201    3        14.7        75.0    0.0     0.0      0.0    51 
*              v0/m1 
1421300    1 
*              lflow      vflow       iflow   nj 
1421301  0.0        0.0         0.0    50 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1430000  unnamed    sngljun 
*              from             to               areaf   loss    rloss   jefvcahs 
1430101  142510001  144010001   0.0     0.0     0.0         1000 
*              v0/m1      lflow     vflow   iflow 
1430201    1            0. 0         0.0      0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name         type 
1440000  unnamed   tmdpvol 
*              flowa      l        vol   azi    incl    eleva   rough    hd    tlpvbfe 
1440101  37.0       2.0      0.0   0.0    0.0     0.0     2.33e-5  0.0      00 
*              ebt 
1440200  4 
*              time       p           t          x 
1440201  0.0        14.7       75.0    1.0 
1440202  9.0e9     14.7       75.0    1.0 
* 
*------------------------------------------------------------------------------ 
*              name       type 
1220000  unnamed    pipe 
*              nv 
1220001  3 
*              flowa      nv 
1220101  0.0233     3  
*              length     nv 
1220301  0.153      3 
*              incl       nv 
1220601  0.0        3 
*              rough      hd          nv 
1220801  5.0e-4      0.0         3 
*              floss      rloss       nj 
1220901  0.0         0.0          2 
*              tlpvbfe    nv 
1221001      00     3 
*              jefvcahs   nj 
1221101     1000    2 
*               ebt        p            t         dummy                   nv 
1221201    3        14.7        75.0    0.0     0.0      0.0      3 
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*              v0/m1 
1221300  1 
*              lflow      vflow       iflow   nj 
1221301  0.0          0.0           0.0      2  
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1230000  unnamed    valve 
*              from             to                 area       floss        rloss        jefvcahs 
1230101  122030002  124010001   0.0211   0.057      0.057           1100 
*              v0/m1      lflow       vflow    iflow 
1230201  1              0.0           0.0        0.0 
*              type 
1230300  mtrvlv 
*              open       close      rate     ip          vtn 
1230301  503        501         2.0      0.0          0            
*                                                           
*------------------------------------------------------------------------------ 
* 
*              name          type 
1240000  unnamed    pipe 
*              nv 
1240001  9 
*              flowa      nv 
1240101  0.0233     9 
*              length     nv 
1240301  0.178      9        
*              incl       nv 
1240601  0.0        9 
*              rough      hd          nv 
1240801  5.0e-4     0.0         9 
*              floss      rloss       nj 
1240901  0.0        0.0         8 
*              tlpvbfe    nv 
1241001      00     9 
*              jefvcahs   nj 
1241101     1000    8 
*              ebt        p             t        dummy                   nv 
1241201    3        14.7        75.0    0.0     0.0      0.0      9 
*              v0/m1 
1241300    1 
*             lflow     vflow     iflow   nj 
1241301  0.0        0.0         0.0       8 
* 
*------------------------------------------------------------------------------ 
* 
*             name       type 
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1250000  unnamed    valve 
*              from             to                 area        floss       rloss        jefvcahs 
1250101  124090002  126010001   0.0233    0.95       0.95           1200 
*              v0/m1      lflow       vflow      iflow 
1250201     1           0.0           0.0          0.0 
*              type 
1250300  inrvlv 
*              latch      ip           cp          Leak  
1250301    0          0            0.75        0.0 
*              iangle      minangle    maxangle     MOI 
1250302  5.0           5.0              65.0             3.884e-3 
*              ang vel    mom lenght     radius     mass 
1250303  0.0           0.129               0.096      0.242701 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1260000  unnamed    pipe 
*              nv 
1260001  27 
*              flowa      nv 
1260101  0.0524      1 
1260102  0.0233     27  
*              length     nv 
1260301  0.173      27 
*              incl       nv 
1260601  0.0        27 
*              rough      hd          nv 
1260801  5.0e-4      0.0         27 
*              floss      rloss       nj 
1260901  0.0        0.0         26 
*              tlpvbfe    nv 
1261001      00      27 
*              jefvcahs   nj 
1261101     1000    26 
*              ebt        p             t         dummy                   nv 
1261201    3        14.7        75.0    0.0     0.0      0.0     27 
*              v0/m1 
1261300  1 
*              lflow    vflow     iflow    nj 
1261301  0.0        0.0         0.0      26 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1270000  unnamed    branch 
*              nj 
1270001  3          1 
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*              a               l          v      azi    inc     elev    rough    hd    tlpvbfe 
1270101  0.0233     0.248   0.0   0.0    0.0     0.0     5.0e-4   0.0       00  
*              ebt        p           t 
1270200    3        14.7        75.0 
*              from            to                  a         floss   rloss   jefvcahs 
1271101  126270002  127010001   0.0      0.19    0.19     1000 
1272101  127010002  150010001   0.0      0.19    0.19     1000 
1273101  127010003  128010001   0.0      0.95    0.95     1000 
*              lflow     vflow    inter 
1271201  0.0        0.0         0.0 
1272201  0.0        0.0         0.0 
1273201  0.0        0.0         0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1500000  unnamed    pipe 
*              nv 
1500001  10 
*              flowa      nv 
1500101  0.0233     4 
1500102  2.11e-3    10  
*              length     nv 
1500301  0.198        2 
1500302  0.187        4 
1500303  0.054      10     
*              incl       nv 
1500601  0.0         2 
1500602  -20.0      4 
1500603  0.0        10 
*              rough      hd          nv 
1500801  5.0e-4     0.0         10 
*              floss      rloss       nj 
1500901  0.0        0.0          1 
1500902  0.57      0.57    2 
1500903  0.0        0.0          3 
1500904  0.57      0.57    4 
1500905  0.0        0.0          9 
*              tlpvbfe      nv 
1501001      00         10 
*              jefvcahs    nj 
1501101     1000       9 
*              ebt        p             t         dummy                   nv 
1501201    3        14.7        75.0    0.0     0.0      0.0     10 
*              v0/m1 
1501300    1 
*              lflow      vflow     iflow    nj 
1501301   0.0        0.0          0.0        9 



 

103 
 

* 
*------------------------------------------------------------------------------ 
*  
*              name          type 
1280000  unnamed    pipe 
*              nv 
1280001  5 
*              flowa      nv 
1280101  0.0233     5  
*              length     nv 
1280301  0.184      5 
*              incl       nv 
1280601  90.0       5  
*              rough      hd         nv 
1280801  5.0e-4     0.0         5 
*              floss      rloss       nj 
1280901  0.0          0.0         4 
*              tlpvbfe    nv 
1281001      00        5 
*              jefvcahs   nj 
1281101     1000     4 
*              ebt        p             t         dummy                   nv 
1281201    3        14.7        75.0    0.0     0.0      0.0      5 
*              v0/m1 
1281300    1 
*              lflow    vflow     iflow   nj 
1281301  0.0        0.0         0.0      4 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
1290000  unnamed    sngljun 
*               from            to                area    floss    rloss   jefvcahs 
1290101  128050002  500010001   0.0     1.0      0.5         1000 
*               v0/m1    lflow     vflow   iflow 
1290201     1          0.0         0.0       0.0 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
5000000  unnamed    pipe 
*              nv 
5000001  31 
*              flowa      nv 
5000101  6.305      31  
*              length     nv 
5000301  0.167      31 
*              incl         nv 
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5000601  90.0       31  
*              rough      hd          nv 
5000801  5.0e-4     0.0         31 
*              floss      rloss       nj 
5000901  0.0         0.0         30 
*              tlpvbfe    nv 
5001001      00       31 
*              jefvcahs    nj 
5001101     1000      30 
*              ebt        p             t         dummy                   nv 
5001201    3        14.7        75.0    0.0     0.0      0.0     15 
5001202    4        14.7        75.0    1.0     0.0      0.0     31 
*              v0/m1 
5001300    1 
*              lflow    vflow     iflow   nj 
5001301  0.0        0.0         0.0     30 
* 
*------------------------------------------------------------------------------ 
* 
*              name          type 
5010000  unnamed    valve 
*              from            to                 area         floss       rloss        jefvcahs 
5010101  500310002  200010001   6.305      0.0         0.0            1100 
*              v0/m1      lflow      vflow    iflow 
5010201  1              0.0          0.0        0.0 
*              type 
5010300  mtrvlv 
*              open      close       rate     ip           vtn 
5010301  501        502         4.0      0.0          0       
*                                                                                                                    
*------------------------------------------------------------------------------ 
* 
*              name         type 
2000000  unnamed   tmdpvol 
*              flowa      l           vol   azi     incl   eleva   rough   hd    tlpvbfe 
2000101  9.0e9      9.0e9    0.0   0.0     0.0     0.0     0.0       0.0       00 
*              ebt 
2000200  4 
*              time       p            t        x 
2000201  0.0        14.7       75.0   1.0 
2000202  9.0e9     14.7      75.0   1.0 
* 
*------------------------------------------------------------------------------ 
. 
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Appendix 18 - CVS-TOP-VIEW drawing  
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Appendix 19 - CVS-FRONT-VIEW drawing   
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Appendix 20 - CVS-BACK-VIEW drawing    



 

108 
 

Appendix 21 - CVS-TANK-VIEW drawing  
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Appendix 22 – Experimental data 30 Hz-11psi 
TEST1 – actual pressure – 10.7 psi 

 

TEST2 – actual pressure – 10.2 psi 

 

TEST3 – actual pressure – 10.3 psi 
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Appendix 23 – Experimental data 60 Hz-20psi 
TEST 1 – actual pressure – 21.25 psi 

 

TEST 2 actual pressure – 20.8 psi 

 

TEST 3 – actual pressure - 20.9 psi 
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Appendix 24 – Experimental data 60 Hz-32psi 
TEST 1 – actual pressure – 33.2 psi 

 

TEST 2 – actual pressure - 32.1 psi 

 

TEST 3 – actual pressure – 31.9 psi 
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Appendix 25 – Valve opening 
Filmed at 120 fps making one frame 0.00833 sec. 

1.     00.0000 sec 2.     00.0083 sec 

3.     00.0167 sec 4.     00.0245 sec 

5.     00.0333 sec 6.     00.0417 sec 

7.     00.0500 sec 8.     00.0583 sec 

The valve starts just before frame two and is fully opened just before frame eight. Therefore, the 
estimated opening time for this valve will be set to 50 ms. 
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Appendix 26 – How to perform the experimental test 
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