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Abstract 

With a constantly growing focus on personal safety, environmental regulation, and process effi-

ciency within industrial manufacturing, automated control has become a staple point in process 

design and daily operations for every industry. The focus of this honor thesis involves the con-

struction and implementation of a student experiment for the Chemical Engineering Unit Opera-

tions Laboratory involving theory, design, application, and development of operational procedures. 

This began with identifying an overall goal for the experiment in order to find the desired theory 

and design to achieve the set goal. For the purposes of this experiment, and to maintain safety 

within the laboratory for mechanical and chemical concerns, the established goal was to maintain 

a designated height of water within a storage tank under varying conditions. These conditions in-

clude specific feed flow rate ratios, varying disturbance flow rates, and tank draining under two 

different conditions: gravity-driven or pump-driven. In order to accomplish this task, students are 

expected to learn about and implement a PI and PID type control loop. 
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Introduction 

The primary objective of process control is to maintain a process at the desired operating condi-

tions, safely and efficiently, while satisfying environmental and product quality requirements [1]. 

The design and implication of process control is directed towards how a process can achieve these 

goals in the most effective and safe manner. In large-scale processing plants, this can involve thou-

sands of process variables such as compositions, temperatures, and pressures are measured and 

must be controlled.  

Fortunately, large numbers of process variables (mainly flow rates) can usually be manipulated for 

this purpose. Feedback control systems compare measurements with their desired values and then 

adjust the manipulated variables accordingly. Of particular interest are proportional-integral (or 

PI) and proportional-integral-derivative (PID) control. These types of control have been the most 

common type for decades and continue to make up the majority of controllers used today [1]. 

This paper discusses the conceptualization, design, and proposed implementation of an automated 

process control experiment for the chemical engineering student. The planning and design process 

involved drawing diagrams, sizing control valves, differential pressure gauges, & pumps, and 

marking up initial construction plans. Once construction was finished, the experiment was inves-

tigated to test the accuracy predictions and prepare for its implementation. 
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Objective 

The objective of the Process Controls Unit Operations Laboratory experiment is to provide stu-

dents with a deeper understanding of automatic control systems within an industrial process and 

how they can be used to obtain various target or safety goals including reaction, temperature, level, 

or pressure control. During this experiment, students should apply fundamental concepts and the-

ory to understand and characterize the process system. Then, using the DeltaV operating system, 

use these characterizations to create the necessary modules and control loops for the system to 

respond to a variety of disturbances. 

When operated, manual experiments should be run first to verify predictions, then a control scheme 

and program should be designed. DeltaV will then be used to implement and test the program, 

which will require students to modify and operate their own instance of control parameters in 

DeltaV. This will consist of creation and analysis of multiple parts including: a flow controller, a 

level controller, and a flow ratio controller. 

During the course of this process, students will be expected to work with a number of practical 

components including pumps, orifice plates, and electronic transmitters. Additional exposure to 

concepts such as flow regimes, pressure-flow relations, and pump sizing help encourage the appli-

cation of chemical engineering coursework to practical examples. 
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Experiment Design 

Process Flow Diagram 

A general process diagram is shown in Figure 1. Section 1 consists of the outlet from the primary 

tank to the receiving tank, Section 2 is made up of the process lines with the control valves, and 

Section 3 is the manually-controlled disturbance line. 

 

Figure 1: Process Flow Diagram 

Table 1 shows the names and connections for each component shown in the PFD. 
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Table 1: Associated names for the sensors shown in the PFD 

PFD DeltaV Charm Desc. 

CV-2.1 FY-303 FIC-303 7-07 Control Valve (5/16”) 

CV-2.2 FY-304 FIC-304 7-08 Control Valve (3/8”) 

PS-1.1 LI-301 LT-301 7-02 

631B D.P.T. 

PS-1.2 FI-301 FT-301 7-03 

629 D.P.T. 

PS-2.1 FI-303 FT-303 7-11  

629 D.P.T. 

PS-2.2 FI-304 FT-304 7-12 

629 D.P.T. 

PS-3.1 FI-302 FT-302 7-04 

629 D.P.T. 
 

 

Project Layout 

SketchUp was used to generate a 3D model of the design before construction. The primary tank 

outlet can either be gravity-driven or pumped. The outlet line is piped in ¾-in Schedule 40 PVC, 

while both the control valve lines and disturbance line are ½-in Schedule 40 PVC. A panel of 

switches turns each of the pumps on or off. The differential pressure sensor for the tank is mounted 

directly beneath it on the supporting box, and a door on the rear side allows access to pressure 

sensor’s connections. Different views of the model are shown in Figure 2–Figure 5. The differen-

tial pressure sensors which transmit readings from the orifice plates on each line are not shown in 

the model for sake of simplicity. 

https://www.dwyer-inst.com/Product/Pressure/DifferentialPressure/Transmitters/Series631B#ordering
http://www.omega.com/pptst/PV14.html
http://www.omega.com/pptst/PV14.html
https://www.dwyer-inst.com/Product/Flow/Flowmeters/OrificePlate/SeriesPE-TE
https://www.dwyer-inst.com/Product/Flow/Flowmeters/OrificePlate/SeriesPE-TE
https://www.dwyer-inst.com/Product/Pressure/DifferentialPressure/Transmitters/Series629
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Figure 2: Front view of planned experiment layout 

 

Figure 3: Rear view of planned experiment layout 

 

 

Figure 4: Left and right side view of planned experiment layout 
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Figure 5: Top view of planned experiment layout 

 

Instrumentation 

Valves & Transmitters 

Table 2 summarizes the instruments purchased for use in the experiment. 

Table 2: Specifications of purchased equipment 

Instrument Mfr. Part # Range Units 

Unit 

Price Qty 

5/16'' Brass valve (Cv = 1.0) Omega PV516-B 0–8 GPM 930.00 1 

3/8'' Brass valve (Cv = 1.7) Omega PV38-B 0–12 GPM 950.00 1 

PTFE orifice plate, 1/2" line Dwyer TE-A-2  3.44 GPM 270.00 3 

PTFE orifice plate, 3/4" line Dwyer TE-B-2  5.69 GPM 270.00 1 

Series 629 Diff. Pressure 

Transmitter 
Dwyer 

629-02-CH-

P2-E5-S1 

0–10 psid 285.00 4 

Series 631B Diff. Pressure 

Transmitter 
Dwyer 631B-5  0–25 in H2O 730.00 1 

Pressure Transmitter Cable Dwyer A-164 - - 29.25 1 

 

The primary tank has diameter 25 cm and a maximum water height of 40.5 cm. Both control 

valves, despite different valve sizes, have a standard ½-in NPT connection [2]. All orifice plates 

and pressure sensors have ¼-in NPT connections. Each orifice plate requires a recommended min-

imum of 10 pipe diameters of straight pipe length upstream from the plate and 5 pipe diameters 

http://www.omega.com/pptst/PV14.html
http://www.omega.com/pptst/PV14.html
https://www.dwyer-inst.com/Product/Flow/Flowmeters/OrificePlate/SeriesPE-TE
https://www.dwyer-inst.com/Product/Flow/Flowmeters/OrificePlate/SeriesPE-TE
https://www.dwyer-inst.com/Product/Pressure/DifferentialPressure/Transmitters/Series629
https://www.dwyer-inst.com/Product/Pressure/DifferentialPressure/Transmitters/Series629
https://www.dwyer-inst.com/Product/Pressure/DifferentialPressure/Transmitters/Series631B#ordering
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downstream. The TE-A-2 orifice plate has a bore diameter of 0.31 in, and the TE-B-2 has a bore 

diameter of 0.4 in. 

Pumps 

In addition to the purchased equipment, the pumps employed are described in the following table. 

Both types work on a frequency of 60 Hz. 

Table 3: Pump specifications 

Pump Mfr. Color Inlet Outlet Qty 

Run-out 

(LPM) 

Shut-off 

(m) 

TM1C (1/12 HP) T-Mag Orange ½ in ½ in 1 35 4.6 

PBC 50 OSIP Black F 1 in F 1 in 2 30 45 

 

The PBC 50 specifications sheet lists the inlet and outlet as above, but they were eventually found 

to be 1-in NPT inlet and ½-in NPT outlet. Figure 6 shows the pump curve for the PBC 50 pumps 

according the manufacturer, while Figure 7 shows a curve for the PBC 50 pumps that was plotted 

with experimental data. This curve gives the run-out point as 30 LPM and the shut-off point as 

22 m. The manufacturer’s curve for the TM1C is shown in Figure 8. 

 

Figure 6: The PBC 50 pump curve from the manufacturer [3] 
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Figure 7: Experimentally determined curve for the PBC 50 pumps 

 

 

Figure 8: The pump curve for the TM1C from the manufacturer [4] 
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Preliminary Calculations 

Initially, the Reynolds number Re was calculated for various pipe diameters to ensure that the 

system would operate at sufficiently turbulent flow rates.  

 
Re =

𝜌𝑣𝐷

𝜇
 (1) 

The viscosity 𝜇 = 0.001 kg/m/s, and 𝑣 is the fluid velocity. The wet diameter 𝐷 is the actual in-

ner diameter of the pipe. This resulted in a minimum flow of 1.0 GPM for ½-in pipe and 1.25 GPM 

for ¾-in pipe. The maximum expected flows through either pipe size were decided by the pumps, 

resulting in an upper limit of 7.9 GPM (or 30 L/min). 

Pressure Transmitters 

Using the standard hydrostatic pressure equation  

 Δ𝑝 = 𝜌𝑔ℎ (2) 

with 𝜌 = 1.00 g/mL and ℎ = 40.5 cm, the maximum expected differential pressure of the water 

in tank T-1 is estimated to be 0.57 psi (16 in WC), which should be well within the range of the 

631B Transmitter. 

For the orifice plates, the volumetric flow rate 𝑄 can be related to the measured pressure drop Δ𝑝 

across an orifice plate (Δ𝑝 = 𝑝1 − 𝑝2) by the following equation. 

 
𝑄 = 𝐶𝐸

𝜋𝐷2
2

4
 √

2Δ𝑝

𝜌
 (3) 

The constant 𝐸 is 

 
𝐸 = √

1

1 − 𝛽4
 (4) 

where 𝛽 is the ratio of the bore diameter of the orifice plate over the diameter of the pipe, and 𝐶 is 

calculated according the equation below, provided by the manufacturer [5]: 

 𝐶 = 0.5959 + 0.0312𝛽2.1 − 0.1840𝛽8 + 91.71𝛽2.5𝑅𝑒−0.75 (5) 
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The TE-A-2 plate is rated for 3.44 GPM [5] which gives Re = 17.5×103 for the ½-in line. With 

𝛽 = 0.50, 𝐸 = 1.03 and 𝐶 = 0.61, resulting in a measurable pressure drop of 3.59 psid. Similarly, 

the TE-B-2 plate is rated for 5.69 GPM for a measured pressure difference of 3.60 psid [5]. With 

this information, both sizes of orifice plate should be within the ±10 psid range of the 629 Trans-

mitters. As shown in Table 4, the proposed pressure sensors should suffice to measure a reasonable 

range of pressure drops across the orifice plates; however, the pressure drop in the ½-in lines may 

exceed the measurement capabilities of the pressure transmitters at sufficiently high flow rates. 

Table 4: Predicted pressure drops across orifice plates 

𝑸 (GPM) 

𝚫𝒑 (psid) 

TE-A-2 TE-B-2 

1.0 0.29 0.10 

1.5 0.66 0.24 

4.0 4.88 1.76 

6.0 11.06 4.00 

8.0 19.76 7.16 
 

System Curves 

The system curve for each section was established according to  

 𝐻 = 𝛥𝑧 + 𝐶𝑜𝑄2 (6) 

Where 𝐻 is the head loss, Δ𝑧 is the height difference, 𝑄 is the volumetric flow rate, and 

 
𝐶𝑜 =

1

2𝑔𝐴2
(

4𝑓𝐿

𝐷
+ 𝛴𝐾𝑓) (7) 

which includes the Fanning friction factor 𝑓, the length 𝐿, inner diameter 𝐷, and cross-sectional 

area 𝐴 of the pipe, and the sum of the friction loss coefficients 𝐾𝑓 due to fittings (see Appendix 1). 

The resulting system curves are plotted in Figure 9 and Figure 10. 
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Figure 9: Predicted system curve for Section 1 

 

 

Figure 10: Predicted system curves for Sections 2 & 3 

 

As shown in Figure 11–Figure 12, by overlaying the system curve for each section against the 

pump curves, the operating points are found to be: 8.3 GPM through the T-Mag pump, 4.8 GPM 

through the control valve line, and 4.4 GPM through the disturbance line. These values indicate a 

y = 0.0116x2 + 0.0152x - 8.9846
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decent level of cooperation throughout the system even without valves installed to regulate the 

pump flow. 

 

Figure 11: Characteristic curve (blue) for Section 1 

 

Figure 12: Characteristic curve for Sections 2 & 3 
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Experiment Construction 

The flat wooden platform and accompanying support pieces beneath it have all been cut to size 

and painted. A box was constructed to raise the primary tank (tank T-1) as well as house the 631B 

Pressure Transmitter as seen in Figure 13. Figure 14 Shows the brackets used to mount the trans-

mitter to the box.  

 

Figure 13: The front of the pressure sensor 

 

All pumps, control valves, and pressure sensors were tested before being put in place. The ¼-in 

ports on the pressure sensors are connected to via 3/8-in tubing, and the sensors are wired through 

the board as shown in Figure 15 and Figure 16. All sensors and control valves are set to run on 

analog 4-20 mA signals with additional power provided as needed [6]. 

 

Figure 15: Electrical connections for Series 629 Pressure Sensors [7] 

4 1 2 3 4 
1. DeltaV(+) = Red 

2. DeltaV(-) = Black 

3. P.S.(-) = Black 

4. P.S.(+) = Red 

Figure 14: The mounting brackets supporting the pressure sensor 
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Figure 16: Electrical connections for Series 631B Pressure Sensor [8] 

A PVC junction box, shown in Figure 17, was used to house the power supply for the control 

valves and direct the electrical connections for the pumps. One switch for each pump was installed 

on the box.  

 

Figure 17: The junction box, control valves, and pressure transmitters 

The series 629 Pressure Transmitters were not receiving sufficient power to both maintain the 

connection to the DeltaV system and power the LED screen. This was alleviated in testing by 

connecting a secondary power supply to the sensor. During installation, wires were provided to 

each sensor from the power supply for the control valves. The power provided by the control valve 

supply proved insufficient however, so individual power supplies were wired to each sensor as a 

temporary workaround. 

1 

2 

3 

4 1. DeltaV(+) = Brown 

2. DeltaV(-) = White 

3. Unused 

4. Unused 
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In Figure 18, pump P-2 sends water through Section 2 of the system which splits the flow between 

the two control valves, while pump P-3 feeds the manual disturbance line (Section 3) running 

along the back of the table. Section 2 also contains valves which can be used to manually adjust 

the flow rates with the control valves manually set to 100% open. 

 

Figure 18: Pump P-2 (left) and pump P-3 (right) 
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Experimental Procedure 

Equipment Evaluation 

Once construction of the experiment was completed, heights were marked on tank T-1 to time the 

rate at which the level changed when filling or draining from each individual pipe in order to 

compare the observed behavior to the previous predictions for pressure readings and operating 

points. The heights were measured and marked in increments of one inch.  

The lines in Section 2 were allowed to run individually with all valves 100% open. The differential 

pressure of each sensor was recorded, as was the time required for each one-inch change in height 

in the tank. The same process was used for Section 3; however, data was collected for four different 

openings of the ball valve which controls flow through the line: fully open, and approximately ¼, 

½, and ¾ closed. 

For testing Section 1, the tank was filled to a set height before being allowed to drain first by 

gravity alone, and second by pump P-1.  

Configuration of Control Module 

After the transmitters and control valves were sufficiently powered and connected to the DeltaV 

system, a control module was assigned for each control valve by using the PID_LOOP template 

found in DeltaV Explorer. For each, IO_IN was set to the device tag for the corresponding flow-

meter (e.g. FT_303 for control module FIC_303), and the IO_OUT was set to the control valve 

(FY_303 for FIC_303). The value for PV_SCALE was set to psid—the units of the pressure trans-

mitter—but could easily be adjusted for volumetric flow by using a calculation block to make the 

appropriate conversion in the DeltaV Control Studio. Also, the ENABLE_LEARNING value was 

changed to TRUE. 

Running Control Schemes 

For this experiment, only the behavior of CV-2.1 was investigated. A chart to display the pressure 

reading from the transmitter, the set-point, and the percent open of the valve. was brought up by 

selecting TREND from the FIC_303 faceplate (shown in Figure 19).  
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Figure 19: The DeltaV operator picture 

Figure 20 shows the chart used to track process variables associated with the FIC-303 module. PV 

is the process variable (pressure reading) from FT_303, SP is the set-point when the valve is in 

AUTO mode, and OUT is a measure of the control valve opening (from 0-100%). 

 

Figure 20: Chart for tracking process variables 
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The settings for tuning the controller were changed in the Detail window (Figure 21), which is also 

accessible from the faceplate. The Detail window allows for different adjustments, such as the 

limits on the set-points and tuning parameters, to be changed. Gain, Reset, and Rate refer respec-

tively to the Proportional, Integral, and Derivative actions of the controller. These values were 

adjusted to compare the response of the controller to disturbance (in this case, changing the set-

point). 

 

Figure 21: Settings for tuning controller 
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Results and Discussion 

Evaluation of Equipment Predictions 

For any set of data, the times between subsequent heights were measured and averaged to find the 

time 𝑡 to change the height one inch. Outliers (primarily first or last data points) were excluded if 

they fell beyond ±3𝜎, where 𝜎 is the standard deviation. With a diameter of 25 cm, a change of 

one inch in tank T-1 corresponds to a change in volume Δ𝑉 = 0.33 Gal. Thus, the average flow 

rate 𝑄 can be calculated according to 

 
𝑄 =

Δ𝑉

𝑡
 (8) 

 

First the disturbance line was investigated. With the valve fully open, the average time was found 

to be 𝑡 = 3.02 s, corresponding to a flow rate 𝑄 = 6.55 GPM. The average reading from sensor 

PS-3.1 was 10.76 psid, however the predicted pressure across the TE-A-2 orifice plate (according 

to Equation 3) is 13.20 psid. Table 5 summarizes the results for each different valve setting in the 

line, and the results are depicted graphically in Figure 22. 

Table 5: Predicted and measured differential pressures in Section 3 

 

Valve 

Open 𝒕 𝝈 𝑸  

𝚫𝒑  

Error Avg. Predicted 

Full 3.02 0.66 6.55 10.76 13.20 22.7% 

75% 2.97 0.36 6.66 10.05 13.41 33.4% 

50% 3.70 0.53 5.35 6.19 8.78 42.0% 

25% 7.54 0.34 2.62 1.39 2.07 48.9% 
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Figure 22: Predicted & measured pressures for PS-3.1 

 

The flow through each sensor in Section 2 was similarly analyzed, and the results are provided in 

Table 6. 

Table 6: Predicted & measured pressures for PS-2.1 and PS-2.2 

Sensor 𝒕 𝝈 𝑸 

𝚫𝒑 

Error Observed Predicted 

PS-2.1 5.30 0.30 3.73 1.86 4.23 127.4% 

PS-2.2 5.06 0.22 3.90 1.80 4.63 157.2% 
 

 

Finally, the flow through PS-1.2 was investigated in the same manner and compared to the predic-

tions for the TE-B-2 orifice plate as given in Table 7. Of notable interest is the fact that the reading 

on PS-1.2 did fluctuate somewhat as the height of the tank changed, however the flow rate out did 

not appear to slow consistently as would be expected during gravity-driven flow from a tank (see 

Appendix 2 for data). 

Table 7: Predicted & measured pressures for PS-1.2 

Method 𝒕 𝝈 𝑸 

𝚫𝒑 

Error Observed Predicted 

Gravity 3.16 0.36 6.26 1.60 4.36 172.5% 

Pump 2.56 0.14 7.67 4.45 6.57 47.6% 
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With the flow rate information, the pump predictions were also compared to the maximum flow 

available through a given section. For Section 2, this meant using the line with CV-2.2. As shown 

in Table 8, the prediction errors were rather small compared to those of the pressure sensor pre-

dictions, ranging from 8-33%, with pump P-1 showing the closest agreement. 

Table 8: Comparison of predicted and measured pump operating points 

Pump 

𝑸 

% Error Predicted Measured 

P-1 8.3 7.67 8.2% 

P-2 4.8 3.90 23.0% 

P-3 4.4 6.55 32.9% 
 

 

Control Valve Tuning 

 

In the detail screen (shown in Figure 21) for the desired control module, the values for the tuning 

parameters were adjusted. These include the (proportional) gain 𝐾𝑝, the reset or integral gain 𝐾𝑖, 

and the rate or derivative gain 𝐾𝑑 corresponding to the general PID controller equation [1] 

 

𝑢(𝑡) = 𝐾𝑝𝑒(𝑡) + 𝐾𝑖 ∫ 𝑒(𝜏) 𝑑𝜏

1

0

+ 𝐾𝑑

𝑑𝑒(𝑡)

𝑑𝑡
 (9) 

 

The controller was manually tuned via a trial-and-error approach. Changing the default values of 

both 𝐾𝑖 and 𝐾𝑑 to zero, first the value for 𝐾𝑝 was adjusted to observe its effects on the recovery of 

the controller after being subjected to a disturbance. Figure 20 shows a steady value with a very 

small gain (𝐾𝑝 = 0.01) which is extremely slow to recover from a disturbance. 

Increasing 𝐾𝑝 reportedly decreases the recovery time; however, too large a value for 𝐾𝑝 will cause 

an oscillation which will increase to some maximum amplitude [9]. This was confirmed by com-

paring the controller’s response of over three minutes in Figure 23 (where 𝐾𝑝 = 0.10) to the re-

sponse of approximately 25 seconds in Figure 24 (where 𝐾𝑝 = 1.0). In both cases, the set-point 

was changed suddenly from 1.90 psid to 1.50 psid.  
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Figure 23: Controller response when  𝐾𝑝 = 0.1 

 

Figure 24: Controller response when  𝐾𝑝 = 1.0 

In Figure 25, the controller shows marked difficulty in attempting to maintain a set-point after the 

same disturbance with 𝐾𝑝 = 4. Based on this behavior, the value for 𝐾𝑝 was set to 2.0 before add-

ing the integral term, ideally resulting in a response that should approximate the quarter amplitude 

decay type.   
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Figure 25: Difficulty maintaining set-point when 𝐾𝑝 = 4 

 

PI Control 

After setting a reasonable value for 𝐾𝑝, the integral gain 𝐾𝑖 was added to examine its effects. Fig-

ure 26 and Figure 27 show that increasing 𝐾𝑖 from 0 to 0.5 reduced the recovery time significantly, 

and reduced the oscillatory behavior as expected; however, raising the value of 𝐾𝑖 too high lead to 

instability. An example of this case can be seen in Figure 28. Thus, a reasonably reliable PI-type 

tuning for the controller was found to be 𝐾𝑝 = 2.0 and 𝐾𝑖 = 0.5 via approximate manual tuning 

methods. 

 

Figure 26: Response when 𝐾𝑝 = 2.0, 𝐾𝑖 = 0 
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Figure 27: Improved response when 𝐾𝑝 = 2.0, 𝐾𝑖 = 0.5 

 

Figure 28: Instability when 𝐾𝑝 = 3.6, 𝐾𝑖 = 2.5 

 

PID Control 

Finally, the PI-type controller was changed to a PID-type by setting a non-zero value for 𝐾𝑑. Add-

ing a small 𝐾𝑑 led to a small reduction in the time required to reach the set-point as shown in 

Figure 29. Larger values of 𝐾𝑑 appeared to cause the controller more issues in reaching the set-

point. The tuning where 𝐾𝑝 = 2.0, 𝐾𝑖 = 0.5, and 𝐾𝑑 = 0.1 was found to respond well to the vari-

ous set-point changes initiated to disrupt the system. 
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Figure 29: Tuned response when 𝐾𝑝 = 2.0, 𝐾𝑖 = 0.5, 𝐾𝑑 = 0.1 
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Conclusion 

The process controls experiment can provide important application to support the theory covered 

in the process controls course while reinforcing many core concepts from additional chemical en-

gineering courses. While some predictions held up better than others, the experiment should serve 

as a solid application of theory.  

Some topics to consider in this realm include the largely overestimated pressure difference read in 

most of the orifice plates (excluding the orifice plate in the disturbance line). While this specific 

sensor (PS-3.1) showed less-than-predicted values, they were closer than the other sensors. The 

errors associated with PS-3.1 could be attributed to a few factors—not the least of which being 

that the valve controlling the flow is a ball valve, so the openings can only be loosely approxi-

mated. Additionally, any pressure reading greater than 10 psid is pushing the bounds of the sensor, 

so it is likely that the flows were reaching beyond the sensor’s range.  

As for the other sensors, they may have some amount of air trapped in the lines or poor connec-

tions. The “level sensor” PS-1.1 currently reads up to the maximum available due to the fact that 

it is placed below the tank. While it appears to work fine, keeping the height below 10 inches in 

the tank is the only way to ensure that the pressure sensor reads something less than its maximum. 

A more permanent solution would be to keep a hose attached to the other side (which is currently 

open to the atmosphere) with a height of water up to the base of the tank to zero the gauge. Con-

cerning the pumps, friction losses were only approximated using literature values, so the errors are 

not unreasonable. 

Also, the power supply configuration for the pressure transmitters can easily be remedied by sup-

plying one DC voltage source with at least 13 V and 400 mA to the sensors in place of the individ-

ual power supplies currently powering each screen. The wires running from the junction box are 

still in place. Following this, the system should be further investigated and students should perform 

experiments involving creation and analysis of different types of controllers including a flow con-

troller, a level controller, and a flow ratio controller. They should also attempt to try different tuning 

methods such as the Ziegler-Nichols method [9]. 
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Appendix 1  

Friction Loss Coefficients [10] 

Type of Component or Fitting 𝑲𝒇 

Tee, Flanged, Dividing Line Flow 0.2 

Tee, Threaded, Dividing Line Flow 0.9 

Tee, Flanged, Dividing Branched Flow 1 

Tee, Threaded, Dividing Branch Flow 2 

Union, Threaded 0.08 

Elbow, Flanged Regular 90° 0.3 

Elbow, Threaded Regular 90° 1.5 

Elbow, Threaded Regular 45° 0.4 

Elbow, Flanged Long Radius 90° 0.2 

Elbow, Threaded Long Radius 90° 0.7 

Elbow, Flanged Long Radius 45° 0.2 

Return Bend, Flanged 180° 0.2 

Return Bend, Threaded 180° 1.5 

Globe Valve, Fully Open 10 

Angle Valve, Fully Open 2 

Gate Valve, Fully Open 0.15 

Gate Valve, 1/4 Closed 0.26 

Gate Valve, 1/2 Closed 2.1 

Gate Valve, 3/4 Closed 17 

Swing Check Valve, Forward Flow 2 

Ball Valve, Fully Open 0.05 

Ball Valve, 1/3 Closed 5.5 

Ball Valve, 2/3 Closed 200 

Diaphragm Valve, Open 2.3 

Diaphragm Valve, Half Open 4.3 

Diaphragm Valve, 1/4 Open 21 

Water meter 7 
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Appendix 2 

Data acquired for time in seconds to reach a given height in inches 

Section 1 (Draining)  

Gravity  Pump P-1 

Height 

Time  

Height 

Time 

Trial 1 Trial 2 Trial 3  Trial 1 Trial 2 

12 3.03 3.21 4.09  12 2.37 2.23 

11 2.94 2.05 4.79  11 2.85 2.54 

10 2.93 3.66 4.19  10 2.37 2.43 

9 3.12 3.22 4.74  9 2.55 2.56 

8 3.13 2.97 5.07  8 2.61 2.70 

7 3.25 3.31 3.97  7 2.58 2.44 

6 2.97 3.15 5.20  6 2.44 2.51 

5 3.10 3.11 4.82  5 2.59 2.55 

4 3.07 3.17 4.99  4 2.63 2.47 

3 2.90 3.25 4.96  3 2.63 2.73 

2 4.12 3.52 5.25  2 2.63 2.58 

1 3.34 3.39 4.85  1 2.67 2.76 
 

  

Section 2 (Control Valves) 

CV-2.1  CV-2.2 

Height 

Time  

Height 

Time 

Trial 1 Trial 2  Trial 1 Trial 2 

3 4.94 5.87  2 5.18 5.17 

4 5.65 5.30  3 5.01 4.89 

5 5.21 5.07  4 5.33 5.29 

6 5.09 5.10  5 4.66 4.86 

7 5.07 5.47  6 4.72 4.88 

8 5.61 5.47  7 5.03 5.13 

9 5.16 4.96  8 5.37 5.21 

10 5.00 5.32  9 5.47 5.15 

11 5.24 4.97  10 4.76 4.98 

12 5.60 5.87  11 5.16 5.03 
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Section 3 (Disturbance) 

75% open  50% open  25% open 

Height Time  Height Time  Height Time 

2 3.49  2 5.05  2 8.09 

3 3.68  3 4.06  3 7.70 

4 3.18  4 3.73  4 7.28 

5 2.78  5 3.48  5 7.56 

6 2.93  6 3.58  6 7.49 

7 2.71  7 3.43  7 7.50 

8 2.63  8 3.07  8 7.29 

9 3.00  9 3.93  9 7.91 

10 2.73  10 3.63  10 7.43 

11 2.54  11 3.39  11 6.87 

12 2.98  12 3.30  12 7.87 
 

 

100% open 

Height 

Time 

Trial 1 Trial 2 

1 3.31 3.70 

2 3.60 2.64 

3 3.34 3.95 

4 2.98 3.15 

5 2.58 2.62 

6 3.26 3.05 

7 2.26 2.48 

8 2.64 2.68 

9 2.83 2.72 

10 2.65 2.54 

11 2.64 2.54 

12 2.87 2.91 

13 2.50 2.59 

14 5.41 4.00 
 

 

 

 

 


