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Figure 2-5 METALWORK diaphragm air pressure regulator used for maintaining feed to the system. 

 

Figure 2-6 Actual METALWORK 5/2 3/8 inch bistable double solenoid valve. 
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Figure 2-7 (a) Mechanical illustration of the METALWORK 5/2 3/8 inch bistable double solenoid valve along 

with (b) its internal structure and the valve spool. 

Initially, the solenoid valve switches direction, air passage on the right gradually increases, 

allowing air flowing to the lower chamber leading to upward motion of the piston. Once the 

designated time for maintaining the power signal is reached, solenoid valve switches direction. 

As a result, the air passage first decreases to zero and then increases for re-directing the air flow 

to the other piston chamber. The continuous alternation of the solenoid spool direction results in 

alternating directions of the piston motion.  

2.5 Data Acquisition Devices (DAQ) and others 

The Casio Exilm high speed camera is the main data acquisition device. This Casio high speed 

camera captures video clips at a high frame rate of 240 fps. Videos were stored in the SD card 

and later transferred to a computer for further frame-by-frame image analysis using MATLAB 

programs. The distance between the camera and the vessel is set in such a way that with 1x focal 

length, after adjusting the focus and cropping the frames, the resultant images would consistently 

capture the entire inner volume of the vessel during JBR operations. Hence, the solid bed motion 

across the entire vessel can be fully captured. Camera was located on a 1/2 inch stand completely 

detached from the working table which helped the camera to be firmly in position despite the 
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mechanical shaking that propagated to the working table. The camera stand has its location taped 

on the ground, as shown in figure 2-8. This allows researchers to check the camera’s position so 

that each recording can be kept as consistent as possible. In addition, prior to the start of each set 

of trials for a given repetition, the pixel to meter ratio is re-evaluated via performing a full stoke 

up and down test. 

 

Figure 2-8 The bottom structure of the camera stand has its location taped on the ground. 

Another important DAQ is the absolute pressure transducers. The transducers have an NPT head 

which is inserted between the lines connecting either piston nozzle to the solenoid valve ports. 

The maximum rating of the sensor is 100 psi in absolute pressure scale. They can be seen as part 

(e) of figure 2-1. The transducers are highly sensitive to the pressure change, with a response 

time of about 2 milliseconds. A complete surge voltage protection is also built in the sensor. The 

output of the transducer is also proportional to the pressure ranging from 0.5 to 5.0 Volts. The 

desired input for the transducer is 5.0 Volts. Before using these transducers, calibration is 

required, see section 4.1.1 for details.  And the results can be seen in appendix D. Both 

transducers are connected in parallel to a constant signal generator to minimize the supply power 
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fluctuations and provide an additional surge protection. A closer look at the transducer sensor 

can be seen in figure 2-9. 

 

Figure 2-9 Pressure transducer used in this study. 

Nonetheless, the work space is enclosed by setting up black curtains around. These black 

curtains kept the Plexiglas vessel from direct exposure of the room light, which minimized the 

reflection of room light onto the vessel wall. As a result, each frame taken by the camera can be 

assumed to have the same but low light exposure. This may eventually translate to similar gray 

threshold if each frame is converted from RGB scale to gray scale. 
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Figure 2-10 Black curtains setup around the workspace for light blocking: (a) is where the JBR was located; 

(b) is position of the camera stand. 
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3 Piston motion modelling 

3.1  Overview on piston operating principles 

Overall, the solids within the vessel are carried upward and downward by the piston motion; 

thanks to inertia. To ensure effective and consistent mixing performance, the piston is required to 

have fast, accurate and periodic response. Low mechanical impedance and friction are also 

preferred. There are 3 types of actuators available for use: electrical, hydraulic and pneumatic. 

While electrical actuators may be accurate, they tend to be built with more sophistication and 

come at a very high cost. Hydraulic actuators are generally more complex to operate and 

maintain. Pneumatic actuators are relatively inexpensive and are more responsive than hydraulic 

actuators. Since a constant supply of 100 psig dry and clean air is available in our laboratory, 

double acting pneumatic actuators become a good choice in our case.  

Even though the working principles for pneumatic actuators sound quite easy to comprehend at a 

first glance, the actual model and control of this double acting piston can face numerous 

challenges [Richer et al., 1999]. The first challenge is the highly non-linear air flow through the 

pneumatic components. Other issues include the distance between the compressed air source and 

pneumatic system, and potential thermodynamic and fluid dynamic changes during the piston 

operations. These factors complicate the flow calculations of the air through the system, 

especially when piston frequency increases [Gulati et al., 2005]. 

For this study, the overall JBR operations during a piston up stroke can be simply illustrated in 

the above figure 3-1. Here, the piston is initially at bottom prior to the experiments. Once the 

trial starts, air enters the lower piston chamber through lines and valves. The lower piston 

chamber expands as more air enters that chamber and drives the piston block upwards. 

Meanwhile, air in the upper chamber is driven out as a result of the net force experienced from 

the piston block. All the lines in between the equipment downstream of the air pressure regulator 

are 3/8 inch soft tubes. Some of the major components of the piston model are explained in the 

following sections, most of the relationship and equations are adapted from [Richer et al., 1999 

& Maré et al., 2014]. 
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Figure 3-1 Overall illustration of the air flow involved in piston modelling during upward stroke. 
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Figure 3-2 Overall illustration of the air flow involved in piston modelling during downward stroke. 
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Similarly, figure 3-2 shows that when  air flow is reversed: air entering the upper piston chamber 

pushes the piston block downwards, forcing air out of the valve connected to the lower piston 

chamber. Alternating the air feed at the two ports under a given time difference thus leads to 

alternating piston up and down motion. 

The piston model in this project considers the following terms: friction forces around the piston 

seals (coulomb and viscous friction forces), pressure drop across the double solenoid valve, 

piston gas port nozzle/orifice pressure drop, inactive volumes at either end of the strokes, tube 

pressure drop, and possible leakage between the upper and lower chambers. 

3.2 Part I – Pressure feed adjustment 

When calculating the mass flow of air that either enters or exits the piston chamber, one 

important assumption was made: all air flow upstream of the double solenoid valve is completely 

static with negligible flow rate. This assumption, according to literatures [Richer et al, 1999 & 

Mare et al, 2000], is reasonable when air source is a cylinder nearby. However, this is not the 

case here, as seen in figure 3-1 & 3-2. Prior to entering the solenoid valve, the air flow passes 

through a very long tube, and air flow is controlled by the ball valve and the air pressure 

regulator. As a result, the flow is not zero immediately upstream neither of the double solenoid 

valve nor between the valve and the piston when air exits a piston chamber. These relatively 

significant tube segments have to be taken into considerations since it is not valid to use 

compressible flow through orifice model to compute the mass flow of air (see section 3.3.2) 

without significant compromises on accuracies. To account these tube segments which air has to 

fill up prior to reaching the piston, a model called “virtual tube” is implemented. 

The term virtual tube is denoted as Lv. This terms accounts for the entire tube segment upstream 

of the valve. Initially, air flow has to fill up all the lines and spaces upstream to the double 

solenoid valve. Besides, air needs to fill up the initial gap within the piston chamber. Overall, to 

take consideration of all the terms subject to air filling at the beginning of a trial, the equation 

becomes the following: 

z0Total = z0 +
At(Lt+Lv)

π(
D

2
)2

                                             (3-1) 
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Here z0 is the initial gap between the piston’s moving block and its bottom plate. At is the cross 

sectional area of the tube. Lt is the tube connecting a double solenoid valve exit to a piston 

chamber. The piston chamber would have an effective cross sectional area with diameter of D. 

Lv is the virtual tube with the same cross sectional area as Lt; it is used to represent the space and 

lines upstream of the double solenoid valve. As part of the empirical parameter, Lv will be solved 

during the model fitting. 

Overall, the required computation for part I can be summarized using the table 3-1: 

Table 3-1 Input and output involved in virtual tube calculations. 

Computation Model Conditions / Assumptions Input/ Given conditions Output 

Virtual tube length, Lv 

Flow is stagnant before entering 

the double solenoid valve 

(essentially a given orifice) after 

taking account the length of the 

tube between air source and the 

valve feed port 

Ideal gas law 

Z0, initial gap between piston’s 

moving block and the bottom plate 

At, the cross sectional area of the tube 

Lt, the length of the tube 

Z0Total, total initial length 

of the tube 

 

 

3.3 Part II – Air flow through the double solenoid valve 

3.3.1 Overview 

After adjusting the feed pressure to the double solenoid valve, the focus is then on how the 

internal structure, especially the displacement of the valve spool, affects the mass flow rate of the 

air. The key is to calculate the compressible air flow through a changing orifice within the 

double solenoid valve. For this reason, the compressible flow function is developed first in 

section 3.3.2 followed by the model for computing flow through the double solenoid valve in 

section 3.3.3. The overall valve model is used to calculate the mass flow and pressure of air near 

the valve exits: there are two streams: a stream going into a piston chamber (e.g. lower chamber 

in figure 3-1) and a stream exiting the other piston chamber (e.g. upper chamber in figure 3-2). 

For stream exiting the piston chamber, the valve is assumed to exhaust to room pressure. In the 

left half of figure 3-3, it corresponds to the upward piston motion (also shown in figure 3-1). In 

the right half of figure 3-3, it shows the downward piston motion (also shown in figure 3-2). 
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Figure 3-3 Part II detailed illustration for the valve and terms related when air flows through the valve filling 

the lower piston chamber (left) and filling the upper piston chamber (right).  

3.3.2 Calculating the compressible air flow through a given orifice 

One of the major challenges in this study involve in air flow computation for the pneumatic 

system. Air flow is compressible. This makes it especially complex to calculate the pressure and 

mass flow rate of air when it is passing through a given orifice. In this study, air flow will 

encounter two changing orifices when it is passing through the valve. One of them is the orifice 

within the valve which has a changing diameter depending on the location of the spool. This 

orifice is relatively short, less than 8 mm; the other is at the piston nozzle, which has a fixed 

diameter, only about 3 ~ 5 mm, and a very small length, less than 5 mm. 

To simplify the problem, it is assumed that the compressible, yet ideal air flow is not doing work 

nor absorbing heat when it passes through the orifice [Li et al., 2004]. Once again, the reason is 

because air flows out of the piston nozzle over a relatively short segment which is only several 

millimeters in length. Meanwhile, the air flow velocity is very high, normally close to sonic 
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speed. As a result, the kinetic energy dominates the total energy for air flow, and the change in 

potential energy can be treated as negligible. Therefore, the energy balance of the air flow 

through a given orifice can be explained using the following simplified equation: 

hu +
uu

2

2
= hd +

ud
2

2
= hinitial                                 (3-2) 

In the above energy balance, the subscript “u” and “d” represent the upstream and downstream 

side of the given orifice as the air flow is passing through. Whereas, “h” represents the enthalpy 

per unit mass of the air flow carries with it, or simply the specific enthalpy; “u” is the velocity of 

the air flow; i0 in this case would be the total initial specific enthalpy when the flow velocity is 

zero, or simply put it as the so-called “stagnation enthalpy” [Hougen et al., 1963]. As a result, the 

complete expression for the one-dimensional flow velocity becomes: 

u =  √2(h0 − h) = √2Cp(T0 − T) =  √
2γRT0

γ−1
(1 −

T

T0
)           (3-3) 

Similar to the stagnation enthalpy, in equation 3-3, γ is the heat capacity ratio of air, which is 

constant in this study under the ambient lab conditions. This ratio is calculated using the 

following simple equation: γ =  
Cp

Cv
 where Cp is the heat capacity of air under constant pressure, 

and Cv is the heat capacity of air under constant volume. Both terms can be obtained from 

chemical engineering handbooks [Perry et al., 2007]. T0 is named as the stagnant temperature or 

temperature of the flow when it has a flow velocity of zero. Once again, the reasons for having 

these terms are to account for different flow situations: for instance, when air is flow out of the 

piston nozzle due to a short segment with very high flow velocity, the situation can be assumed 

to be one dimensional and have equal-entropy. Therefore,
T

T0
= (

P

P0
)
γ−1

γ , along with the formula of 

ideal gas law, 
P

ρ
= RT, can be both used to substitute the relevant terms in equation (3-3), the 

resultant equation for calculating the air flow velocity becomes:  

 u =  √
2γ

γ−1
P0ρ0[1 − (

P

P0
)

γ−1

γ
                                       (3-4a) 
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In this particular case of flow through a given orifice since the virtual tube has been used to 

correct the upstream pressure, and the upstream flow can be assumed to have zero velocity. For  

Td

Tu
= (

Pd

Pu
)
γ−1

γ  , derived from the formula of ideal gas law,  
Pu

ρu
= RTu , through a quick change in 

subscripts, the following modified equations can be obtained: 

u =  √
2γ

γ−1
Puρu[1 − (

Pd

Pu
)

γ−1

γ
                                      (3-4b) 

According to the continuity equation for mass flow of air, G =  ρuA , based on the assumption of 

equal entropy and equation (3-4b) obtained earlier, the one-dimensional mass flow calculations 

under the equal-entropy condition can be expressed as: 

G = Ae√
2γ

γ−1
Puρu [(

Pd

Pu
)

2

γ
− (

Pd

Pu
)

γ+1

γ
]                                (3-5) 

From the above expressions, the mass flow is a function of the ratio between the upstream and 

downstream pressure across the orifice where air flow passes. This flow rate is also directly 

proportional to the effective cross sectional area of the passage. 

Nevertheless, the actual mass flow calculations require further examination of the flow velocity. 

According to Ben-Dov and Salcudean [Ben-Dov et al., 1995], the flow calculations for velocity 

falling in the sonic and subsonic regime have their physical flow patterns differed significantly. 

To make a sound determination, the term critical pressure ratio, Ω, must be first obtained. Once 

this critical ratio is attained, constants for flow in subsonic or sonic regimes, C1 and C2 are 

calculated. These terms are independent of the operations and are generally related to the 

properties of the fluid using the following sets of equations: 

C1 = √
γ

R
(
2

γ+1
)

γ+1

γ−1
                                         (3-6a) 
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C2 = √
2γ

R(γ−1)
                                                      (3-6b) 

Ω = (
2

γ+1
)

γ

γ−1                                             (3-6c) 

For air in this case, γ = 1.4, C1 = 0.040418, C2 = 0.156174 and Ω= 0.528. The above equation, 

although often used for ideal circular nozzle, is commonly used for all kinds of circular or 

elliptical valve orifices [Mare et al, 2000]; 

Note that here, the upstream, terms denoted with u, is always for the source of the air flow, 

downstream, terms denoted with d, is always where air flows. And during the formula 

derivations, the upstream is always assumed to be stagnant, and thus having negligible kinetic 

energy with flow velocity set to be zero. Since the lab is air-conditioned, the temperature, T is 

constant throughout the study. The completed mass flow formula for air passing a specified 

nozzle is then established as the following: 

if 
Pd

Pu
 ≤  Ω,

dm

dt
= CfAeC1

Pu

√T
                                      (3-7a) 

if 
Pd

Pu
 >  Ω,

dm

dt
= CfAeC2

Pu

√T
(
Pd

Pu
)
1

γ√1 − (
Pd

Pu
)
γ−1

γ               (3-7b) 

Overall, these piece wise defined equations can be best visualized as circled lines shown in 

figure 3-5 and 3-6 below:  



 

26 | P a g e  

 

 

 

Figure 3-4 Change of mass flow when flow is leaving an orifice (under same back pressure with changing 

upstream pressure). 


