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ABSTRACT

DESIGN AND AUTOMATED OPERATION OF
A CONDENSATION-INDUCED DEPRESSURIZATION SYSTEM

by
Fen Du

Typical examples of the use of the vacuum envirartmén industry include vacuum

coating, vacuum drying, vacuum packing, vacuum imgstvacuum heat treatment,

vacuum cooling for food storage and leakage detectMost of these applications

require a comparatively small volume of vacuum smvnent. However, there are also
many applications where enormous vacuum chamberseded. For example, a large
vacuum chamber is used to simulate the conditibspace.

This study investigates the design and the authaperation of a vacuum
generation system based on the idea of the contilem$&aduced depressurization with
prefilled condensable medium in a confined, adialidtamber. The operation process of
this new system includes mainly four phases, stéiéing phase, cooling phase, usage
phase and transition phase, operating sequenthlyautomated control system based on
these phases is designed and implememtellaboratory scaled experimental systéhs
experimental system serves as a vacuum environagplication to demonstrate the
automatic and continuous operation of the condersatduced depressurization system.
In order to obtain a better understanding on thecten of parameters for performance
improvement, models of the first three process ghase developed and analyzed. These
models provide a reference for the design of systin other industry applications as

well.



Methods of improving the system design and opeamatice investigated. The
analysis shows that high pressure and fast floansteource will accelerate the steam
filling process. Removal of the transition phasepiaves the steam filling phase and
speeds up the vacuum preparation. Improvement dso ke achieved on the
coordination between vacuum generation and usageagh control elements, as well as
the proper selection of volume ratio between usdgenber and preparation chambers.

The ultimate objective of this study is that theulés can be used to develop
guidelines for the design and operation of vacuwsnegation systems according to

specific usage patterns of the vacuum environmgplications.
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CHAPTER1

INTRODUCTION

1.1 Objective
This study investigates a vacuum generation sys@sad on the steam condensation and
the design issues associated with its automatestpsacontrol. Models on different phases
of the process will be built and analyzed for thife scale-up application. Methods for
improving the process and control, including cooation between vacuum generation and
usage, are to be explored. The objective of thidysis that the result can be used to guide
the design and operation of vacuum generation sgster general applications of vacuum

environment in industry.

1.2 Background
There are a lot of essential applications of theuiuan environments in industry. The most
widespread ones include vacuum coating [1], vacdwying [2], vacuum packing [3,4],
vacuum heat treatment [5,6], vacuum brazing [7r8] wacuum cooling for food storage
[9,10]. For example, Figure 1.1 (a) is a vacuunedryith cylindrical chamber. It is often
used for drying metallic components after they haeen cleaned in water [2]. Figure 1.1

(b) shows a vacuum chamber which tests the leakteegfackages [11].



() (b)

Figure 1.1 Examples of industrial applications of vacuum: favacuum dryer with
cylindrical chamber [2]; (b) Leaks test of a packaga vacuum chamber [11].

In 2003, the Jet Propulsion Lab of NASA builtacMuum-sealed chamber called
the Micro-arcsecond Metrology Testbed (MAM) for tBpace Interferometry Mission
(SIM). This application of vacuum is shown in Figurl.2(a). The sub-atomic
measurements were conducted for the first time ievéirs vacuum chamber which proved
that the movements of stars can be measured welstanishing degree of accuracy never
before achieved in human history [12]. Professoankr Davidson, a former MIT
researcher and early member of the first Englisar@kbl Tunnel Study group, envisioned
a vacuum tunnel submerged 150 to 300 feet benkatsurface of the Atlantic Ocean, and

then anchored to the seafloor. By using the magmhetitation trains in it, the top speed



could be reached to about 5000 mph [13]. Withsbised, it will spend less than an hour to
travel from New York to London. This futuristic dmation of vacuum is depicted in

Figure 1.2(b).

(a) (b)
Figure 1.2 Examples of modern and futuristic applicationsvatuum: (a) A vacuum
chamber to simulate the space condition [12]; (byaduum tunnel used for magnetic
levitation trains [13].

Hypobaric environment is also reflected in thetadte effect of the aircrafts [14,
15]. Airplane cabin altitude schedule of Boeing 46 ®™escribed in Figure 10 of [15],
which shows the difference between the cabin dkitand the actual altitude of the
airplane.

There are two common methods to create a sub-ahmdspressure environment
(vacuum). The first method is by extracting gasemfthe recipient by a vacuum pump
and discharging bodily into the ambient environmeutside the vacuum system. The
second method is by attaching the gas molecule@sdtd wall or surface of recipient either
by condensation or absorption [16-21].

Vacuum pumps are widely used in generating a vacouimypobaric chamber.

According to the physical or chemical phenomenaassible for their operations, the



vacuum pumps could be classified into mechanicahgsy turbo-molecular pumps,
diffusion pumps, getter or ion pump and cryogenimp, etc [22]. Some pumps combine
two or more principles to pump a wide range of gaseto pump over a wide pressure
range. Due to the operating pressure ranges, @netew vacuum pumps, medium vacuum
pumps and high vacuum pumps [22]. They can alsoldssified by either positive or
non-positive displacement. A positive-displacenpmmhp creates vacuum by isolating and
compressing a constant volume of air. When the cessed air is vented out in one port, a
vacuum is created at the other port where thesairawn in. This generates relatively high
vacuum, but little flow. A non-positive displaceni@ump uses rotating impeller blades to
accelerate air and create a vacuum at the inlet\nile this type of pumps provides high
flow rates, they cannot produce high levels of vacuDue to the moving parts inside such
pumps, their operation generally produces vibrasind noise.

For an altitude chamber which simulates altitudeatfon the human body, the
requirement for the vacuum level is low, while tte=d for the vacuum supply can be high
because of the large volume of the chamber. Andiet @nvironment is preferred. The
vacuum pumps may meet the requirement to providacaum chamber, but a better
approach is in a great need.

Almost all the vacuum pumps are powered by elattrigvhile the electricity is
generated by the power plants, either through (séeéim supply) or nuclear energy. From
the energy efficiency point of view, the energyhefat (or steam) is first transferred to
electricity, and then electricity is used to malke vacuum. There is energy loss in every
transferring step. For the saturated steam, th&spre decreases fast with the fall of the

temperature, for example, the pressure of thea@isteam at 373 K is 101.3 kPa, and the



pressure reduces to 2.34 kPa when the steam tetomgefalls to the room temperature at
293 K [23]. By using this characteristic of theaste an alternately method of condensation
based depressurization is under consideration.

In comparison with vacuum technologies using purtipscondensation approach
has unique advantages. Firstly, it has high efficjewith no leakage. Secondly, the
structure is simple with no moving parts. Thirdtygperates in low cost and noiseless. And
finally, it has good adaptability to scale-ups.

The objective of this research is to design andempnt automated operation of an
experimental condensation-induced depressurizasgatem. An overview of the
experimental system is presented in Chapter 2dékmn of an automated process control
for the experimental system is discussed in Ch&pt&ince the design and operation of
such a system for general application demandsterhetderstanding of the process and its
control parameters, different phases of the protes® been analyzed in Chapter 4.
Chapter 5 discussed design guidelines of the dpredat of systems for general
applications where depressurized environments eeded. Conclusion and future works
are discussed in Chapter 6.

The main contributions of this work are summarizsdfollows. An automated
control system for the experimental system of thitude effect study has been designed
and implemented. This control system achieved tmpgse of keeping the continuous
operation of the system under a safe, automatedjaicl response condition. Models on
three different phases of the process has beenhdndl analyzed to provide insights on

improved system design and operations.



CHAPTER 2

EXPERIMENTAL SYSTEM OF DEPRESSURIZATION

A laboratory-scaled experimental system is desigoetkalize the condensation-based

depressurization. As shown in Figure 2.1. The basiciple and detail descriptions of this

experimental system are presented in this chapter.

4A @

— | [Steam/Air o)
SA QOutlet ~
A [l (1 6A Air Fresh
Steam [ — 1| Depressurization — | @ Test @ Airin
Generator Chamber A A « | Chamber [ ok
||B ].ﬁ gl AR al B 18
R ‘L?A I§:
94 -
Cuuling“ r—SA -
water | Condensate

l water Outlet

Figure 2.1 An experimental system schematic diagram withrabnialves locations.

21 BasicPrinciple
The basic principle of this method is to depregsua hypobaric chamber, which is called
test chamber in the experiment, by using the vacoratuced through the condensation of
saturated steam vapor, or other condensable mediuargjepressurization chamber.
In this experiment system, the depressurizationmttea is first fully filled with
saturated steam. By cooling the depressurizatiambler with a coolant, cold water is
used in the experiment, the pressure in the chamsb®pidly decreased through vapor

condensation to produce a vacuum environment.gdnerated vacuum is then used as the



vacuum supply for the test chamber. To meet thdamesl vacuum supply, two
depressurization chambers A and B are used sdltegtcan take turns to prepare the
vacuum for the test chamber. Only the depressisizahamber A is shown in Figure 2.1,
since the design and control operation of the deyorgzation chamber B is the same as

depressurization chamber A.

2.2  Description of the Experimental System
For the experimental system illustrated in Figurg, 2here are mainly three parts, the
steam generation, the depressurization procesthandgsage interface.

In the steam generation, an electrical heaterad ts boil the water to provide the
saturated steam. The steam supply flow rate depsmtise power of the steam generator.
The steam is consistently offered in order to ftettie depressurization chamber and
maintain the continuous work of the experimentateym. In the usage interface part, the
test chamber is depressurized. Pressure of testbehvais stably maintained through a
pressure regulator, especially a vacuum regulatbiGertain hypobaric pressure, e.g.,
81.060 kPa (0.8 atmosphere pressure (atm)), by wdiernately vacuum generated by
depressurization chambers A and B. One of theedsprization chambers is firstly
prepared as it is ready to be the vacuum sourcen\itiis depressurization chamber is in
use to draw air from the test chamber, the othamder is under the process of steam
filling and cooling to prepare as the next vacuuooree. The two depressurization
chambers are then taking turns to provide the vadouthe test chamber. The air supply to
the test chamber is made of two parts, fresh amfthe outside and the circulated air from

chamber itself.



The depressurization process is more complicatedpace with the other two
parts. A detail view of experimental set up of thepressurization chamber is shown in

Figure 2.2 [23].

Pressure Thermocouple Flow control

Gauge Module  Rotameter valve
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>

L— e o o0

Thermocouple 7}

Coolant
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Condensate Saturated p—

) N

AL, 7 Digital Recording Device

Figure 2.2 The detail view of experimental set up of the @spurization chamber.

In order to pre-fill the saturated steam, a steamegation and non-condensable gas
flushing system is used. A 30-gallon steel cham(¥2.7 kg) is served as the
depressurization chamber. The non-condensablesgak és dry air) inside the chamber
can be flushed out and replaced by continuous g&testeam vapor after sufficient time
of flushing. With pre-filled saturated steam (1®@b3kPa, 373 K), without any
pre-condensation, this steel chamber is initiallaithermal equilibrium with an internal
cooling colil (filled with water) at a temperaturé 3 K. The chamber is thermally
insulated from the ambient environment. The depiression process is conducted by
continuously feeding the coolant (cold water atwl#87 K) at a preset flow rate through

the cooling coil located at the center of chamagishown in Figure 2.2. The cooling coil is



a 4.85-feet copper tube with 1/2 inch 1.D., 3/&@.D. and 50 foot long copper tube. The
heat-absorbed coolant is then discharged withocitctdation. The condensed water
remains insider the chamber throughout the enteprabssurization process. Two
thermocouples (type K) are located at two differimgiations to measure the transient
temperature characteristics of the system during depressurization process. A
vacuum-pressure gauge is mounted on the chambegdsure the absolute pressure inside
the chamber during depressurization process. e rfhte of cooling water is measured
by a rotameter, which is located near the inléheochamber. A digital recording device is
employed to record the transient changes in bathsure and temperature measurements
during the depressurization process.

Mechanical manual valves are used in this expettahese@t up to control the air
inlet/outlet, steam inlet/outlet, cooling waterahlind condensation water outlet, as shown
in Figure 2.1. Two 3-way manual valves are usethe depressurization process. One
switches the steam source to depressurization atramibor B, the other one provide the
vacuum source to the test chamber either from dsprization chamber A or B. In the test
chamber usage part, a blower and another two 3manual valves are used to realize the
air re-circulation. Since the steam is in high temapure, and the chambers are
depressurized, emergency valves are also usedhdosdfety consideration. Valves are
operated based on the status of the depressunzaiambers and test chamber which is
monitored by the pressure gauges and thermocouples.

Experiments were conducted with this manually ojgergystem to demonstrate
the concept initially. The result shows that thessure in the depressurization chamber

can be rapidly decreased from 101.325 kPa (1 ainibt200 kPa (0.15 atm) within 2



10

minutes or less. With this method, a predetermuhegatessurized environment for can be

realized.



CHAPTER 3

DESIGN, IMPLEMENTATION AND OPERATION OF CONTROL SYSTEM

The experimental set up of the condensation-inddegpdessurization system is discussed
in Chapter 2. In order to realize the automatedaimn of this experiment set up, the
entire system is re-analyzed from the automatetraiomoint of view. The control logic is
designed based on the process conditions and timggrements. With the ladder logic
diagram, the automated control system is built dinéoexperimental system. Experiments
are conducted with this new automatic control desidne results show that the sustained

automated operation of the system is achieved.

3.1 General Control Consideration of the Experimental System
The operation of the depressurized gas flow sysi@mbe divided into three major units:
steam generation and its control, vacuum generatiah its control and test chamber

environment control, as shown in Figure 3.1.

Test Vacuum
Steam
Chamber Generation Generation
Environment | <
Vacuum Steam
Supply Supply

Figure 3.1 Major operation units of the experimental system.

11



12

The operation for realizing the system functioneefiively and safely requires
coordinated control of the flow of steam, coolamd air in the system. The valves need to
be opened and closed at proper time based on gacanditions of the test chamber and
depressurization chambers, including both presandetemperature. It can be seen from
the system schematic that more than 20 valves sed in this phase of the feasibility
study. All these valves were manually operated.tkisrapproach to become practical, a
sustained automatic operation control is requir€dwards this goal, the original
manual-controlled system of the scale model ig &rslyzed and an automated control
system is designed and implemented to demonsth@&ecaontinuous operation under
automated process control.

All existing manual valves must be replaced by prbpselected control valves.
For fast response time, pneumatically actuatednsalevalves are used. For economic
consideration, the two 3-way manual valves areadigtveplaced by two pairs of two-way
pneumatically actuated valves. Other control eldmereeded are temperature and
pressure sensors for monitoring the process conditias well as various timing devices.

Based on current operation requirements, the psaogslves only the sequential
opening and closing of valves. Thus logic contsasufficient at this stage of experiment.
The main goal of automatic process control is fedusn vacuum generation and vacuum

interface.
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3.2 Logic Design for Process Timing Control
Relay controlled ladder logic diagrams are desigf@dcurrent system. All original
manual valves of the system are replaced with pagoally actuated valves. The pressure
and temperature indicators are also supplementiédpreéssure and temperature switches
or transducers so that the information can be t@ecbntrolling the process.

With all the manual valves in the system being aeptl with pneumatically
actuated ball valves of the same size, the cosyrstem is implemented with relay logic
only. Because of the time varying nature of thecpss, the control system is designed to
operate as state based and event driven. Thetioassirom one state to another state of
the process are detected by temperature switclteprassure switches. Latching relays
are used since the actual states cannot be unidaetdymined based on the ON/OFF status
of these switches. By adjusting the timing settimgdhe opening/closing of the associated
valves and/or the pressure and temperature setimgse pressure and temperature
switches, the operation characteristics of the ggsccan be modified in the future
experiments. The diagrams given below show the gg®diming and signals from
temperature and pressure switches to control tbeepses of cycle and process logic
operation for heating and cooling system. Figursad 3.3 showed the timing, operation
sequence and process logic operations in continapesation case. Figures 3.4 and 3.5
illustrated the timing, operation sequence and ggsdogic operations in discontinuous

operation case.
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Tank A

Tia Toa

Tea+Tis | Toa

Taa+Tia | Toa

Tank B

2EF
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Te(SW)
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Pr (SW) —| —| ]
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Figure3.2 Process timing and signals from temperaturepaesisure switches in
continuous operation case.
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Figure 3.3 Process logic operations in continuous operatasec
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Tank A Tia Taa Tsx TsatTia Taa Taa Taa+Thy Toy Tsa
Tank B Tip Tig Tsg Tsg+Tiz T Tin Tsp+Tip T
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Ta(Tank)
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Figure 3.4 Process timing and signals from temperature aresspre switches in
discontinuous operation case.
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Tank A Tia | Taa Tza Tsa+Tia Tas Tsa Tsa+Tria Taa Tsi

Tank B Tip T Tsp Tep+Tin Tim Tip Tap+Tip T

Ria
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Ryp™ ~Ris
(TsatTia)

Ryia™ ~Rusm
{ Tsg+Tig)
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Rig" ~Rism
( Tam)

Figure 3.5 Process logic operations in discontinuous operatase.
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3.3 Ladder Logic Diagramsfor Process Control
The ladder logic has been designed for automatitrabheating (Air Flush) and cooling
(Depressurization) process of current thermal systall other components used for
implementing the control system, such as power lgygemperature and pressure
switches, latching, timing and other relays, pamel indicators were specified during the
development of the control logic. The control sgstis designed in a way so it can be
operated in either automatic or manual modes. atiddr logic diagrams for the control

panel and process control of heating and coolirfecgre shown in Appendix A.

3.4 Sustained Automatic Operation
For control design purpose, the vacuum generatimtegss in each depressurization
chamber is divided into four phases.

Steam Filling Phase (Duration T1): Currently this phase starts with tank at 1 atm
to prevent water from entering the tank. Thus tivation is considered to be stable when
the steam supply is stable. This phase starts lafthing relay LR-T opens the steam
supply valve V1A (or V1B). Vent valve 4 (NO) opebsiefly then closes (through
on-delay time relay TR4). The side heater (throtedays RHA or RHB) and water outlet
valve 8 (through repeat cycle relay TR8 with adjbt# on/off time) are turned on. The
vent valves 6 (NO) and 7 (NO) open for awhile tlodyse through on-delay time relay
TR6, adjustable between a selected range (andiTR¥ed to be separately adjusted). The
end of the phase is signaled by the temperaturgaet, e.g., 370~373 K with a
temperature switch. Whenever the temperature ank teaches the set point, the steam
supply is switched to the side of the other tahkofigh the latching relay LR-T), but the

steam only enters the other tank (through valvesobAB) when that tank is ready to
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accept steam at the completion of its Transitioagel{T4, see below). Thus, there could be
a waiting period between the opening of steam guypgdive V1A (or V1B) and the actual
steam filling through valve V5A (or V5B).

Cooling Phase (Duration T2): The duration is considered to be stable duéeo t
similar initial condition and operation setting.IVes 5, 6, 7, and 8 are all closed. The side
heater is turned off and the cooling water supg@live 9 (through relay R9A or R9B) is
turned on. The end of the phase is signaled byalcaum pressure set pointy @ Row)
with a pressure switch PAL (or PBL), with the hefpanother latching relay LR-P.

Usage Phase (Duration T3): The duration is considered to be variable, dejend
on the flow rate of the air exchange (i.e. the esage). The repeat cycle relay TR8 is off,
but the relay for valve 8 is on to close the valie relay for cooling water supply R9 is
turned off. Valves 5, 6, and 7 remain closed. Ting @f the phase is signaled by another
vacuum pressure set point, €PP,ign) With another pressure switch PAH (or PBH) togethe
with the latching relay LR-P, whichever comes first

Transition Phase (Duration T4): Transition from vacuum use to vacuum
generation. Currently this phase is needed to ihegank pressure from Pa < 101.325 kPa
(1 atm) to Pa = 101.325 kPa (1 atm). The durasaonsidered to be short. Since the end
of phase T4 is the start of phase T1. This phadieb@icombined with phase T1 and
implemented with a time delay in the start of ttra$e T1. While the end of the phase can
be signaled by another vacuum pressure set poiatjjastable time delay is used for now.

The states of the process are sum summarized as:

Phase T1: T = ambient temperature 370 K; Py~ 0 Pa (Information not used).

Phase T2: Py = 0 Pa> Pow; T = 370 K-> ambient temperature (Information not
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used).

Phase T3: Py = Row = Phign, Ccan exit the phase early if the use of the ofttesh
tank is preferred when the other tank is readyreettte current tank is spend; T = ambient
temperature> unspecified (Information not used).

Phase T4: Py = Riign (or lower)-> 0 Pa; T= ambient temperature (Information not
used).

Since the transition from T4 to T1 is not detedigéiny means, the two phases are
thus combined as:

Phase T4+ T1: T= ambient temperature 370 K; Py = Rygn (or lower)-> 0 Pa.

The following table shows the state of system camepts in each phase of the

process RED indicates the control relays should be energized).

Table 3.1 States of Components in the Process

T4+T1 T2 T3

Valve 1 (NO)* Open(R1 OFF) Closed(R1 ON) Closed(R1 ON)

Valve 4 (NO) ** Open>Closed TR4->R4) | Closed(R4 ON) Closed(R4 ON)

Valve 5 (NO) ** Closed>Open R5>R5) | Closed(R5 ON) Closed(R5 ON)

Valves 6,7 (NO) **| Open>Closed [R6>R6) | Closed(R6 ON) Closed(R6 ON)

Valve 8 (NO) ** Open/ClosedT R8->R8) Closed(R8 ON) Closed(R8 ON)

Valve 9 (NC) Closed(R9 OFF) Open(R9 ON) Closed(R9 OFF)

Valve 16 (NC)* Closed(R16 OFF) Closed(R16 OFF) | Open(R16 ON)

Side Heater (NO) | ON (RH ON) OFF(RH OFF) | OFF(RH OFF)
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To maintain the symmetrical arrangement of the #aimk system, it is decided to
use NO (Normally Open) for both valves 1A and 18] &C (Normally Closed) for both
valves 16A and 16B. This approach helps to avomhgk relay logic when no specific
tank is designated as the starting tank. Propgalization of the two latching relays LR-T
and LR-P for their synchronized operation is impdeted in the control logic.

Time delay for valves 4, 5, 6/7 and 8 are showfolew.

Valve 4 (NO) — on delay, wait to close, for pipeptarge air.

Valve 5 (NO) — off delay, wait to open, for tankreach 101.325 kPa (1 atm).

Valve 6/7 (NO) — on delay, wait to close, for tankpurge air.

Valve 8 (NO) — repeat cycle, on/off time.

The coordination of the two depressurization chasmfgssuming depressurization
chamber A is the starting tank) is worked as thiedong way.

At t=0 (the start of the operation), steam entan& tA and no action in tank B.

At t=T1 (the temperature in tank A reaches 370skgam supply is switched to the
side of tank B. Tank A enters phase T2 and tanktBre phase T1. Tank B lags tank A by
T1.

Att=T1+T2 (the pressure in tank A reacheg )Ptank A enters phase T3. Since
T1>T2, tank B is still in phase T1. In case thakT2 (not true in the current situation),
tank B already entered phase T2 and the steamwitthed back to the side A (but not
entering tank A yet).

Att =T1+T2+T3 (the pressure in tank A comes btacR,g» due to usage), tank A
enters phase T4+T1. Vents in tank A opens for sgitéme so it reaches 1 atm then closed.

Steam enters tank A. Since T3>T1, tank B entersef@ before tank A finishes T3 and
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the vacuum supply is witched to tank B. If theraasusage of vacuum, then a feedback is
needed in the future to prevent too frequent swidbetween the two tanks. In case that
T3<T1, tank B is not yet ready to supply vacuure, dperation becomes discontinuous.

At t = T1+T2+T3+ (T4+T1), tank A enters phase T2l aepeats step 2. Since
T3>T4+T1, tank B is still in phase T3. Tank A shobuéach phase T3 again before tank
finishes its phase T3. That is the obvious conditfor continuous operation, ®3
T4+T1+T2. While steam supply is switched from theesof tank A to the side of tank B,
the steam will only enter the tank B after the t8nliecomes ready to take the steam.

When the operation is continuous, the usage ofwac{even though the amount
may vary) is always less than the supply of vacudr, will be stable. Thus,
T3A=T4B+T1B+T2B, and T3B=T4A+T1A+T2A. If T3A<T4B+TB+T2B and/or
T3B=T4A+T1A+T2A, system could not reach the sustdiloperation. Control of steam
supply based on usage of vacuum should be invéstighwaste of vacuum becomes an
issue.

Normal Operation:

1. Relay switch for Steam Heater RO: NO, Power ©NHeater ON This will be
implemented outside the control loop, but a prapky switch and indicator will
be used on the main control panel.

2. Latching Relay LR-T (CO): switch power between sideand B, latch and reset
with temperature switches TA and TB; only one @ftivo outputs R1A and R1B is
energized. Thus, one of the supply valves V1A (@) V1B (NO) is always

open.
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. Vent Valve 4 (NO) Relay R4 is controlled througiméi-delay relay TR4 for "OFF
for t4 then ON" so the valve can open for a delagdpthen closed when control
voltage is applied through R1A or R1B. The valvelsgt remain closed (i.e. ON)
during other periods.

. Inlet Valve 5 (NO) Relay R5 is controlled througimé-delay relay TR5 for "ON
for t5 then OFF" so the valve is closed for a del&ib, then becomes open when
control voltage is applied during phase T4 andTle valve should remain closed
(i.e. ON) during phase T2 and T3.

. Vent Valves 6 and 7 (NO) Relay R6 and R7 are cdiattehrough time-delay relay
TR6 for "OFF for t6 then ON" so the valve is opend delay of t6, then become
closed when control voltage is applied during pheéand T1. The valve should
remain closed (i.e., ON) during phase T2 and T3.

. Condense Water Valve 8 Relay R8 is controlled thhoa repeat cycle relay,
adjustable on/off time, ON when control voltagapplied during phase T4 and T1.
The valve should remain closed (i.e. ON) duringsgh@2 and T3.

. Cooling Water Valve 9 (NC) Relay R9: ON during pkhas2, OFF during
T3+T4+T1.

. Side Heater Relay RH (NO): ON during phase T4+TRF@uring T2+T3

. Latching Relay LR-P (CO): identify the entrancePtoase T3 for either side A and
side B, latch and reset with pressure switches R, PBL; used together with
PAH or PBH to mark the Phase T3. Valve 16 (NC) R&46 is ON only during

T3.
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The experiment is conducted for sustained autorogcation of the test chamber
for 70 SCFH air flow rate (20 SCFH fresh air + BDF$ of re-circulation of air from test
chamber) for 3 hrs. With frequent automatic operamg closing of condensate drain
valve, the heating time of the system was considgn@duced. The sustained supply of
vacuum under automatic operation in the currertesyss shown in Figure 3.6.

The manually controlled operation cycle consistdafr phases: heating time,
depressurization time, wait time and operation tidvlile in automatic sustain operation,
the wait time is removed by switching automaticalg connection of test chamber to the
newly prepared depressurization chamber, even thdhg vacuum in the current

depressurization chamber may not be completely ugdde., its pressure has not reached

to its limiting value, Rgn).

1.0 1
0.73 -
R J
8 — Air-sink A
> 019 Ir-si
5 ——Air-Sink B
0 1.0 -
$ 073
D‘: . -
0.19 |
0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 3.6 Sustain automatic controlled operation with presswariation in
depressurization chambers A & B.



CHAPTER 4

ANALYSIS OF OPERATION PHASES

Chapter 3 discussed the implementation of the obstrstem for the laboratory-scaled
experimental setup. During this implementation, ynarocess parameters, such as timing
of the open and closure of the certain valves, vesljgisted based on the knowledge
obtained through previous experiments using mamjaration. Since most of the
parameters are essential in developing an accsafteand quick response control system,
a further analysis of the relationship betweenelmarameters and the states of the process,
such as real-time temperatures and pressures oh#imbers, is conducted in this chapter
for the three main phases of the operation: trensfdling phase, cooling phase and usage

phase.

4.1  Analysisof Steam Filling Phase
The steam filling phase describes the flushing @sec of air from adiabatic
depressurization chamber with the saturated st€hepurpose of this process is to fill the
chamber full with steam as the preparation for shbsequent depressurization in the
cooling phase.

This phase starts with the chamber full of air mtaamosphere pressure (e.g.,
101.325 kPa) at room temperature (about 293 Khencurrent experimental setup. Then,
the saturated steam at 101.325 kPa (at 373 K) tihersteam generator is supplied through
a control valve to the chamber. The steam enterstiamber and mixes with air already in
the chamber. Some of the mixture leaves the chathbeugh another valve at the exit.

Temperature and pressure of this mixture insidetizenber change as more steam filled

25
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into the chamber. And finally, the air inside theppdessurization chamber will be replaced
with steam vapor after sufficient time of flushing.

The assumptions for the modeling of the processtated below.

(1) Air and steam are both treated as ideal gase & in earlier chapters.

(2) The condensation of steam during the flushimgc@ss is ignored. This
assumption is justified with the analysis in Settol.1.

(3) A perfect mixing and instant thermal equilibrivbetween air and steam is
assumed. This assumption is made only to simphiéyinitial analysis. The content of
vapor should be higher near the steam inlet, whiecontent of air near the chamber exit
should be higher than the average. The analysgepted in this section can be modified

when more accurate mix model becomes available.

4.1.1 Treatment of Condensate During Steam Filling
During the rapid expansion of steam, a condensgtiocess will take place shortly after
the state path crosses the vapor-saturation lihes dauses the dry steam to form a
two-phase mixture of saturated vapor and fine tqirioplets known as a wet steam. The
liquid mass fraction (also known as wetness factorysed to describe the level of
condensation in the steam.

The state equation of wet steam can be writteolasifs by using wet steam virial

coefficient [24],

P = p,RT(1 + Bp, + Cp,?) (4.1)
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where B, and C are the second and the third vooeffficients given by the following

empirical functions:

T 5
B=a(1+ E)_l + ae"(1—e )2+ azt (4.2)

where B is given in kg, T = 15% with T given in Kelving = 10000.0, a; = 0.0015,

a, = —0.000942, anda; = —0.0004882.

C=a(t—r19)e " +b (4.3)

T
647.286

Where C is given in fifkg?, T = with T given in Kelvin,z, = 0.0015, a = 11.16,

a=1.772,andb = 1.5 x 1076,

The two empirical functions that define the virgalefficients B and C cover the
temperature range from 273K to 1073K.

Compare with the state equation without considettiegcondensation, thatis B=0
and C = 0 as dry steam, the pressure differenceslatted temperatures are shown in
Table 4.1 and Figure 4.1.

These results illustrate that in the current wagkiange of temperature from 323K
to 383K, the values of the virial coefficients Bda@ are small and thus the difference in
the computed pressure between “dry steam” and Stetm” is quiet small. The liquid

mass fraction is therefore assumed to be zero samsmaintains its dry state after
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entering the tank. The influence of the condendateng the steam flushing is ignored in

the subsequent analysis.

Table 4.1 Comparison of Dry Steam and Wet Steam

T (K) 323 333 343 353 363 373 383
Puwe: (PA) | 12288.06 19822.87| 30932.18] 46898.09] 69208.57| 99704.57| 140457
Pary (PQ) 12350 19940 31190 47390 70140 1014Q0 143300
(pwet -
pdry)/ 0.50% 0.64% 0.83% 1.04% 1.33% 1.67% 1.98%
Pwet
Pressure Comparison of Dry and Wet Steam
160000
140000 /
= 120000 //
2 100000 /
> 80000 /
g / = === Wet steam
2 60000 /
g // — — Dry steam
& 40000
20000 //
0 —'—_-l-__ T T T T
275 295 315 335 355 375
Temperature (K)

Figure 4.1 Pressure comparison of dry and wet steam.
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4.1.2 Modeling of the Steam Filling Process

In the steam filling phase, the saturated steamrazided to fill the depressurization
chamber with steam vapor. A schematic figure isashioFigure 4.2. The key factors in
this process are the mass of the steam at inlgf ¢hamber pressure,() and temperature
(T), the mass of vapord,) and air fn,) inside the depressurization chamber and the mass

of exit mixture (n,).

m; § ma + My E Me

— T,V, —>
@Ti,pPo control P1= pat pv Control P>
Valve Valve

Figure 4.2 A schematic figure of steam filling process.

The steam inlet flow rate mainly depends on theifipecontrol valve used in the
process and the pressure drop between the vabtepirdssure and outlet pressure. For the
low pressure drop as in this experiment, the steéhflow rate for the control valves can

be calculated with Equation 4.4 [25],

3417 -
Qs = 1.06,/dypycysin . ’Pop pl] deg (4.4)
1 0

where,
Ci: C4/C,

C4: Gas sizing coefficient
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C,: Liquid sizing coefficient

d,: Density of steam or vapor at inlet, |b%/ft
po: Valve inlet pressure, psia

p1: Valve outlet pressure, psia

Qs: Steam or Vapor mass flow rate, Ib/hr

The outlet flow of the depressurization chambex mixture of steam and air. The
mass or molar ratio of the steam and air in theunéxchanges when more steam fills into
the depressurization chamber and less air remaside the depressurization chamber. The
outlet flow rate is also controlled by the contvalve. Since, the outlet gas is no longer
pure steam, a new equation is adopted here. Feensal gas, not only confined to steam,

the valve flow rate could be expressed in Equati&n25].

Q = /F Py CgSin o ’ o deg (4.5)

Similarly, the parameters are listed below.

G: Gas specific gravity

T: Absolute temperature of gas at inlet, degree Rank
Q: Gas volume flow rate,tr

p1: Valve inlet pressure, psia

p2: Valve outlet pressure, psia

Cy: Cy/Cy
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C4: Gas sizing coefficient

C,: Liquid sizing coefficient

To describe the process of the steam filling, sev@iore equations are required.
Equations could be built based on the mass consamiaw, energy balance law and state
equation for perfect gas.

For mass conservation of the air,

dm, dm, mgy (4.6)

dt dt m, +m,

For mass conservation of the steam,

dm, dm; dm, m, 4.7)

dt  dt  dt m,+m,

Combining Equation 4.6 with Equation 4.7, ther¢his mass conservation of the

system,

ma+dmv dm; dm, (4.8)
dt = dt dt dt

An average mass ratig,, of vapor to the total mass inside the depresstioiz

chamber is defined in Equation 4.9. It is alsortieess ratio of vapor in the exit mixture
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under the perfect mixing assumption.

y = (4.9)

So, the Equation 4.6 and Equation 4.7 can be esuess,

m (4.10)
dt a =7

_dm dm, (4.11)
dt ~ dt ac 7

where,

dm .

o = Steam inlet flow rate

dm, _ L L

T Mass rate of air inside the depressurization dieam
dm, _

Mass rate of vapor inside the depressurizati@mdier

dd_n}: Mixture flow rate exit (air + vapor)



From an energy balance point of view, Equation 4si&ritten below,

d(myu, + myu,) 4 ar _dm b dm, B
dt T T Tae T Tar e
Since,
d(mgyuy,) dm, du, dm, aTr
dr | Yegr tTMagp TUaTgp TMaCueyy
dimyu,)  dm, N du,  dm, N dT
dr | g Ty Ty T gy
Hence,
dm, dm, dT dm; dm,
U, I + u, I + (Mg Cpq + Mmycyy + mTcT)E = Whi — Whe
where,

h;:  Specific enthalpy of inlet steam (determined’pgndp;)

u,: Specific internal energy of air inside the depteration chamber
h,: Specific enthalpy of air inside the depresstiorachamber

u,: Specific internal energy of vapor inside theréssurization chamber

h,: Specific enthalpy of vapor inside the depregstilon chamber
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(4.12)

(4.13)

(4.14)

(4.15)



h.: Specific enthalpy of gaseous mixture (air + v@po
mr: Mass of the steel tank

cr:  Specific heat of steel = 510 Jkg™
Constant-pressure specific heat of air
Constant-volume specific heat of air
Constant-pressure specific heat of steam
¢,p: Constant- volume specific heat of steam

R,: Specific gas constant of air = 287 J'kg*

R,: Specific gas constant of steam = 461.5 3Kd
Uy = CpaT

ha = cpaT

Uy = Upep + Cop(T — Trep)

hy = hyer + Cpp(T — Trer)

_ myh, + mgh,

€ m, + mg

] . ] .
Upes = 2375000 - ; hyep = 2500000 1 Trep = 273K .

Constant-pressure specific heats andtaat-volume specific heats of air and

steam (pq, Cpw, Cvq @ndc,,,) change with the temperature. The relationshipdisted

below [26].

2

T
)+O.85><(

T
= 1.05 — 0.365 X —
Cpa = 1.05 — 0.365 ( 1000)

1000

1000
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Cva = Cpa — R,
2 T 3

T T
1000) +0.586 x (1000) — 0.20 % (1000)

Cpy = 1.79 — 0.107 X (
Cop = Cpy — Ry

By applying the perfect gas state equation to laattand steam, we can get the

Equation 4.16 to Equation 4.19.

S 1294 (4.16)
v R,T
That's,
dm,  m,dl m,dp, (4.17)
dt T dt p, dt

Gas state equation of air inside the chamber

paV (4.18)

And there is a relationshyg = p, + py,

Then,
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dm, m,dT V dp, V dp, (4.19)

dt T dt R.T dt | R.T dt

Now, there are seven unknowns,, m,, m,,m,, T, p,, m;, and seven
independent equations from above analysis. The amika could be found by solving
these equations.

In our current experimental case, the control valase pneumatic actuated ball
valve from Assured Automation 101 series. For trggseific valves in 1 inch siz€é; =
22 [25],C, = 117 [27],C, = C,C, = 2574.

For the inlet flow, if the provided saturated stesm02.00 kPa (14.847 psi), the
density and pressure arel, = 0.755kg/m3(= 0.047133 lbs/ft3) , p, =
102.00 kPa (14.847psia). The initial pressure of the depressurization dbhems set
asp,(0) = 101.325 kPa (14.7 psia).

The units of Equation 4.4 can be changed into matigonal system (SI) unit.

dm 3417 / -
d_tl =1.26 X 107*Q, = 1.3356 x 10™* x 1/dopocgsinl . Pop pl‘ deg (4.20)
1 0

For the outlet flow, the valve inlet pressure is thnk pressurg,, the valve outlet
pressure is the outside air pressuyewherep, = 101.325 kPa (14.7 psia). As the air
and steam mixture, the outlet gas specific gravitan be expressed in the following

format.
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—G
* mg+m, ¢ (4.21)

where,G,, = 0.6218, water vapor specific gravity ar®) = 1.0, air specific gravity.

Change Equation 4.5 into Sl unit, then,

dm mg+m 520 3417 -
£ =787x107°—=2 i p1 Cgsin P P2 deg (4.22)
dt /4 G x gT o) P1

From the above analysis, the pressure change, tatnpechange and mass change
of steam filling phase can be calculated. The velwithe depressurization chamber, a 30
gallon steel chamber is set as V=0.1114dnmhe calculation. The results for 60 seconds
of the vapor pressure and temperature change itfsgdéepressurization chamber in this
phase are shown in Figure 4.3. Figure 4.4 illun@sdhe mass change inside the chamber

for 60 seconds.
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Figure 4.3 Vapor pressure change and temperature change dueiag filling phase.
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Figure 4.4 Mass change during steam filling phase.

4.2  Analysisof Cooling Phase
The primary objectives of this theoretical modeliagthe cooling phase are to explore and
guantify the mechanistic effects of thermal non##opium and various key parameters on

the transient characteristic of condensation-cdiettalepressurization. In this section, a
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thermodynamics model which provides the charadiesiof the depressurization process

during the cooling phase is developed. And thelteswe presented and discussed.

4.2.1 Modeling of the Cooling Phase

In order to provide the quantitative analysis gfr@ssurization process without neglecting
the most dominating mechanisms (such as condensatio cooling coil, chamber
depressurization, and heat storage effect of chamidl), a simple thermodynamics

model is developed. The schematic diagram forghosess is shown in Figure 4.5.

PASARAARERNARRANEEARRRARNASAANAANANNN
N

N
X
§ mV1 may m|,T,V,

Cooling coi

Figure4.5 A schematic figure of depressurization process.

The most important assumptions in this model inelud

(1) Instant thermal equilibrium between the stearalding condensate) and coil
tube (including water inside the coil);

(2) Very large thermal capacity of chamber wallhwhieat convection to steam and
thermal radiation between chamber wall to coolioilj ¢

(3) A small amount of non-condensable (NC) gasesir{ahis case) inside the

chamber.
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The total mass and energy of vapor, condensateS@rghs (air) in the chamber is

conserved during the depressurization, which caexpeessed as,

d
a(”ﬁ m+m)=0 (4.23)

Based on the species conservation (without reggtiba mass of the air inside the

chamber remains constant and hence,

dm, 0 (4.24)

From the first law of thermodynamics, the energhabee yields:

dT
(Myc,+ My, G+ MG+ me VDQE
(4.25)
d .
=L -me(T-T)

The vapor partial pressure is related to the vapemperature by the

Clapeyron-Clausius equation:

dn, _ RL (4.26)



41

The total pressure of the system is the sum opé#neal pressures of vapor and air,

according to the Dalton’s law:

PR=R*R (4.27)

Based on the ideal gas law, the mass of steam iamdsale the system can be

written (by ignoring the volume of condense), retpely, as:

Vv

m = RT (4.28)
m, :%v (4.29)

In summary, the simplified model consists of sewedependent equations,
Equations 4.23— 4.29 and seven variables,( m, my, p,, pa, P1, T), and hence the problem

is closured.

4.2.2 Resultsand Discussion

To solve the aforementioned coupled governing egustof the theoretical model,
appropriate inlet boundary conditions need to leatified. The temperature and pressure
of the steam inside the confined chamber was at B78nd atmospheric pressure
respectively. The mass flow rate and temperatutbe€oolant at the inlet to the chamber
was 0.35 kg/s and 278 K respectively. Due to ldakxperimental data on the percentage

of air (hon-condensable gases) present into thalsbg the percentage of impurity was set
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to 0 %. That isT(0) = 373 K, P,(0) = 101.325 kPa, m,(0) = 0.06687 kg, m;(0) =

0kg,dm./dt = 0.35kg/s, andT, = 278 K.
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Figure 4.6 Temperature predictions in the cooling phase.
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Figure 4.7 Pressure predictions in the cooling phase.

The predictions of this theoretical model are showifrigures 4.6 and 4.7. The

temperature drops fast around the first 20 secofdd. in a similar pattern, chamber
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pressure decreases evidently during the first tOrsiks to about 20 kPa. These results
reasonably predict the depressurization process.

It should be pointed out that, for the model pradits in Figure 4.6 and Figure 4.7,
the effect of non-condensable gases (air) on theedsurization characteristics is ignored.
The non-condensable gases are always presenthmteystem. Even a small amount of
such gases may have significant influence on thespire of the system, especially on the
final chamber pressure after the cooling. FiguBshows the effect of non-condensable
gases impurity inside the chamber on the depresgion characteristics. The final
steady-state pressure of the system at the enldeoflépressurization process has been
significantly affected by the amount of non-condsie gases inside the system. Results
show that as the initial molar percentage of nomdemsable gas increases inside the
system, the final steady-state pressure of thesyatso increases. By comparing with the
asymptotic value from the measurements in Figurete initial molar percentage of air

in the system is approximated about 10%, as shov#gure 4.8.
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Figure 4.8 Effect of NC gas on pressure.
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A preliminary assessment on the parametric effect depressurization
characteristics can be obtained using the simglifimodel. The influence of
non-uniformity and thermal non-equilibrium can beimized if the comparison between
two similar cases of the same system is basedeoretéitive ratio of depressurization time.
In other words, even though the modeling predicioray be considerably different from
the actual results, the trend and the percentafyetien in depressurization time with the

percentage increase in coolant flow rate can beedio that of actual case.
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Figure 4.9 Effect of coolant flow rate on chamber temperature
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Figure 4.10 Effect of coolant flow rate on chamber pressure.

Figures 4.9 and 4.10 illustrate the predicted eéffefc coolant flow rate on
time-dependent system pressure and temperatunegdine depressurization process. As
expected, the increase in the coolant flow rate gnificantly shorten the
depressurization time. For example, increasingtiméant mass flow rate from 0.15 kg/s to
0.45 kg/s (increased by 300%), the depressurizdiie (to reach the steady state
pressure) is reduced from 60 sec to 24 sec (604ctied) as shown in Figure 4.10. In
addition, the depressurization rate is much faatethe initial stage with increasing of

coolant mass flow rate.
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4.3  Analysisof Usage Phase
While the generated vacuum can be used in varippkcations, the analysis of the usage
phase in this study is focused on the test charfdrethe altitude effect study as an
example. The test chamber is worked as a confisagaienvironment. In the test chamber,
pressure, humidity, temperature, purity of the ame all important parameters to be

monitored and controlled. In this section, modeéskauilt to analysis this usage process.

4.3.1 Chamber Pressure Change

First of all, pressure is the key parameter undercurrent study. To study the pressure
change in test chamber and depressurization chapd#rermodynamic model of the test
chamber and its interaction with outside air aredd@pressurization chamber is developed.

Figure 4.11 illustrates the interface of the téstraber with its working environment.

Pt0, Tt0, Q1(t)
! . @0
% ok
Test Chamber Depressurization
Chamber
Pt(t), Tt(t) PA(t), T(t)
Vit v

Figure 4.11 Simplified schematic of vacuum interface.

The notations used in the analysis are as follows:

P,,: Source air pressure
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p, : Pressure in test chamber
p,: Pressure in depressurization chamber
0, - Density of source air
p,: Density of air in test chamber
P, Density of air in depressurization chamber
V,: Volume of test chamber
V : Volume of depressurization chamber
M : Volume ratioV,/V,
Q. : Air flow rate into test chamber
Q,: Air flow rate into depressurization chamber
T,,: Temperature of source air
T,: Temperature in test chamber
T : Temperature in depressurization chamber
t: Time
Since the working range of the operational presgirsuch less than the critical
pressure of the air and the working range of theratmnal temperature is more than twice

of the critical temperature of the air, ideal gaw kcan be applied to the air in the system

(inside both chambers as well as ambient air). Thus

&:R:Mi (i=0,1,2) (4.30)
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where, the universal gas const&)t=8.3145 J/(K mol), the molar mass of &, =

28.97x 10° kg/mol, and the specific gas constd®286.9 J/(kg K).
By applying mass conservation in both the test dienand the depressurization

chamber, Equation 4.31 and Equation 4.32 can keruat.

d (4.31)
C;Ol V= 0,Q, - 0,Q,
t
d (4.32)
—£2V =0Q,

By using Equation 4.30, the two other equationdabe got,

d(p)_gda (4.33)
dt| T, dt
dt\ T dt

From Equations 4.30, 4.31 and 4.33, a new equéidaveloped as shown below.

i(&J: A RQ (4.35)
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In the current operation setting,, = T, (both at room temperature). Thus,

Equation 4.35 becomes,

d_1 o o=t (paq- (4.36)
gty (PeQ 7 RRI= 0 (RQ- PQ)
From Equation 4.32 and Equation 4.34,
dt{T) T{dt T dt) TV™

During the usage phase, air is drawn from the t&samber into the

depressurization chamber which causes change ipet@tureT, and pressurep, in

depressurization chamber.

Let m,, be the air mass inside the depressurization cheatliee start of the usage
phase andm, be the air mass drawn from test chamber into dsprezation chamber

during the use. The total mass of the mixed attepressurization chamber is their sum:

m, = m, + ny, (4.38)

Thus,

m, =m—Mmy,=p0,%= 0,V (4.39)
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From the energy balance consideration in the dsprization chamber

my, hﬂ = m Qz_ M, t}zo (4.40)

where,h, =c, T, h,=c,Tandh,,, =c,T,. Then,

mT=mT+mnT] (4.41)

From Equation 4.39 and Equation 4.40, we can get,

PNLT =(PN = pV) TPV T (4.42)

By using equations of state of gas, Equation 4atPle written as

or,

_nh T
P = pl?-'- Prio 1_? (4.43)

This leads to a relation between the pressure &edtémperature in the

depressurization chamber as,
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h= R 77 (4.44)
or
_ Pk
(pl_ plo)To+ plOT (4.45)

With T,=293K (room temperature), Equation 4.45 establisihes relationship
between state parametdrsandp, when they deviate from the initial values. Figdr&2
illustrates this relation with the initial value$ § =353K, andp,,=2.34x 10 Pa (0.2313

atm). It shows that pressure increases while thgégature decreases when cooler air

drawn into the chamber.

Temperature and Pressure of Depressurization Chamber

380

Temperature (K)

@
=]

300+

> ; 5 5 0 12
Pressure p1 (psi)

Figure 4.12 Relation between temperature and pressure in sijmieation chamber at
usage phase.
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The above discussion does not consider the effectopper tube inside the
chamber and the steel tank body. Including thitofaato the model, Equation 4.40 should

be written as:

my, hﬂ = m Qz_ n, Dzo"’ Mteel Qteem 1 (4.46)

where M. is the mass of tanlc,,., is specific heat capacity of steel. Compare with th

steel tank, the mass of copper tube inside the bbam quite small. So, the heat effect of

the copper tube is neglected. Sinde=T -T,, h, = CpaTt, h

a2

= CpaT ’ ha20 = CpaTO

and m, = m,— m,, Equation 4.46 above can be rewritten as,

Coa(M = M)(T= D =( G B+ Goa Med( T- T (4.47)

In the experimental systemm, is less than 0.1kg, amd,;,.,; is around 12.5 kg.
Mgteer is much larger thamn,, and (m; —my, ). With ¢, = 1.005k]/kgK and
Csteer = 0.510k] /kgK, (T, — T), the change df, is very small. The relation betwe&n

andp, is shown in Figure 4.13 according to Equation 4.47
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Temperature and Pressure of Depressurization Chamber
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Figure 4.13 Relation between temperature and pressure coimgidée heat of tank.

Temperature in depressurization chamlyervaries little from the initial
temperaturel, when pressure increases. This phenomenon hasdoeéinmed in the
actual experiments.

To simplify the future calculationT Is treated as a constant. With this

simplification, Equation 4.37 becomes,

dp _ pT (4.48)
—_l __QZ
dt VT

The amount of airm, (t) , drawn from the test chamber to the depressuoizati
chamber, in order to change the pressure of exghelmamber from its initial stapg, to

certain pressurgy,(t) can now be estimated as,



:V_(&—h) :—Aplw

M= M M= e ) T g (4.49)

The air-drawing capacity is affected by the pressimangeAp, and volumeV of

the depressurization chamber. This will be usedestimate the duration that the
depressurization chamber can be sustained for amaiimg the desired pressure in the test

chamber. We define this duration time as vacuundihgltimeT,,. From Equation 4.36
and Equation 4.48 we can see tipt) is related top,, Q, andQ,. Thus, it is necessary

to understand the relationships betwggrnandQ,, Q,.

4.3.2 Inlet and Outlet Flow Rate of Test Chamber
To control the flow rate of vacuum interface betwekepressurization chamber and test
chamber, vacuum regulator is needed. Vacuum regsalatre widely used in process
plants. They maintain a constant vacuum at thelagguinlet with a higher vacuum
connected to the outlet. During the operation, @uan regulator remains closed until a
vacuum decrease (a rise in absolute pressure) @xdtbe spring setting and opens the
valve disk. Opening the valve plug permits a dovaash vacuum of lower absolute
pressure than the controlled vacuum to restorepls&ream vacuum to its original setting.
The constant pressure desired is represented Ilsgthpoint. It is determined by the
initial compression of the regulator spring. Byuslding the initial spring compression you
change the spring loading force, thus the presatitbe regulator inlet sidep(). This

establishes the set-point.
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Figure 4.14 is a typical performance curve of vacutegulators from the
manufacturer [28]. The regulated presspredrops below set-point as flow increases. The
droop is the amount of deviation from set-poird giiven flow, expressed as a percentage
of set-point. This “droop” curve is important touger because it indicates regulating

capacity

Py

mne

FLOW

Figure 4.14 Typical performance curve of the vacuum regul{28t.

Capacities published by regulator manufacturergeen for different amount of
droop. Although changing the orifice size can iasecapacity, a regulator can pass only
so much flow for a given orifice size and inletgsere. Once the regulator is wide-open,

reducing p, does not result in higher flow. This area of tlwevfcurve identifies critical

flow.

In the experimental system, a type D-51 vacuum laeégu [29] is used. It is
designed for use in systems where it is desiredaimtain, automatically, a lower vacuum
at the valve inlet than prevails at the sourcehenvalve outlet, which is what we need. The
valve inlet is connected to the test chamber oftrstem in which the lower vacuum is to
be held; valve outlet is connected to the depréesaion chambers. Spring is adjusted for

correct vacuum on inlet side, which is around 6"waguum. Outlet side is subjected to
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depressurization chambers at the initial vacuun2%f Hg. Any change in controlled
vacuum produces valve movement to correct for denge, thus maintaining inlet
vacuum within very narrow limits.

The capacity curve for type D-51 vacuum regula®®] [is obtained from the
supplier and the graph is shown in Appendix B. Takenthe information useable in the
analysis, the original plot is digitized and themeerted into a polynomial curve through
regression. A curve is fitted for a pressurg @@2x 10 Pa (8" Hg vacuum or 0.7326atm),
which is close to the pressure used in experinianthe form &' order polynomial as

shown in Figure 4.15.

D-51 Regulator Capacity
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Figure 4.15 Capacity curve 1 for D51 at 8" Hg vacuum.

The fitting equation is shown in Equation 4.50 ahd R-squared value of the

fitting is R? =0.99993¢
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p, =-0.00000®),* + 0.000503°- 0.0196@F+ 0.012226  7.98¢ (4.50)

The same digitized capacity curve has also betufib express flow rat@, in

terms of pressurg, , whose unit used in the fitting has been changem fnch of Hg ("

Hg) vacuum to psia. The fitted curve is shown igufé 4.16 and the corresponding

polynomial equation is,

Q,=-0.3293" + 17.21§° - 336.94°+ 29307- 955 (4.51)

D-51 Regulator Capacity
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Figure 4.16 Capacity curve 2 for D51 at 8" Hg vacuum.

The same approach can be used to obtain relatpristtiveenQ, and p, at
different pressure settings in test chamber. Eqnati52 is the result of the fitting with the

setting pressure in test chambeBét0Ox 13 Pa (6" Hg vacuum or 0.7995 atm). The fitted
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curve is shown in Figure 4.17. This pressure sgisractually closer to the experimental

setting than the previous case.

Q,=-0.8717p* + 46.97H°— 948.3F°+ 8510[- 28¢ (4.52)

And R? = 0.9974.

D-51 Regulator Capacity
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Figure 4.17 Capacity curve for D51 at 6" Hg vacuum.

The flow rateQ, of test chamber is the inlet air flow into thettelsamber. In the
experimental system, its air supply consists ofhbfsesh air from the outside and

re-circulated filtered air. LeQ

outside

be the flow rate of outside air afgd,, be the flow

rate of re-circulated air. The portion of the aarh recirculation can expressed as,

Qrec = 18 msupply (0 < IB < 1) (453)

Thus, the portion of the air from outside can bpregsed as
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Qoutside = (1_ ﬁ)quppI) (454)

Let the chamber volume Bé, ..., and the chamber air exchange raté..bEhen

we have the relationship,

Veramber = 4 BDSurmly = ﬁ Qoutsia (4.55)

The vacuum interface focus on the inlet flow r@e outlet flow rateQ,, test
chamber pressung, the volume of test chamb¥j and the volume of depressurization

chamberV in the current analysis, as shown in Figure 4.&retiQ in the experimental

system is equivalent t&, .. If half of the air is from recirculation, thef=0.5. The

following equation can be written,

2Q4=V, (4.56)

In the experimental system, the volume of the ¢baimber is set a4 =3.9372 ft

and the air exchange rate is set+d minutes. Thu, = 0.6562 ft¥/min.

4.3.3 Resultsand Discussion
In analytical solution, several parameters, boundard initial conditions are set as
follows.

1. Dimension of the test chamber and depressurizahamber
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The dimensions of test chamber and depressurizetiamber are the same. The
diameter and height of the chamber &e18.25in, H = 27.5in. So, the volume

of the chamber is

(D /2)*H = 4.163( ft*>=0.11788
Considering the volume of cooling tubeside the tanks and thickness of the wall,

the actual volume of test chamber and depressiaizaehamber is considered as:
V, =V =3.93721*=0.11149 M
2. Boundary conditions
Source air pressufg, =1.01x 16 Pa (14.7 psi)
Source air temperatufg, = 293K=528 R
Temperature in test chambgr= 293K
Temperature in depressurization chamber 353K
3. Initial conditions at time t=0

Pressure in test chambpy(0) =1.01x 16Pa (14.7 psi)

Pressure in depressurization champg0) =1.01x 10 Pa (1.47 psi)

Regulator flow rate,(0) = 0 SCFM

Regulator flow rat&,(0) = 29.2 SCFM at regulator setting 8" Hg vacuum
Q,(0) = 24.7SCFM at regulator setting 6" Hg vacuum

Using the above operation parameters and initiatlitions, the four independent

Equation 4.36, Equations 4.48, 4.51 and 4.56 carsbd to solve for the four unknowns:

P, P, Q andQ,. Runge Kutta numerical method [31] is used to sdhese differential
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equations. Calculation for the specific case, @ tdmmber a¥; = 0.11149m3, is

conducted. The results of pressure change antbairéte are shown in Figure 4.18.
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Figure 4.18 Pressures and flow rates vs. time in the usageepha

The above results are based on the setting of thé ¥acuum regulator to regulate
at 6" Hg vacuum. Thus Equation 4.52 is used inctileulation. Different settings of the
vacuum regulator can affect the pressure variatiside the test chamber and the vacuum
holding capacity of depressurization chamber. A ganson to another setting, where the
D-51 vacuum regulator is set to regulate at 8" ldguwum, is summarized in Table 4.2.
Figure 4.19 shows the pressure differences of hibeh test chamber and the

depressurization chamber in two cases.



Table 4.2 Comparison between Two Different D-51 Settings

V1:V, | Flow rate D-51 Pressure py *Holding time
Ratio | Q1=Q: | Regulator (psi) Ty
M (CF/Min) Setting (min)
6" Hg 11.4519 4.05
1 0.6562 8" Hg 10.7757 4.30

62

* Holding time is recorded once, (T, ) reachesr.42x 10 Pa (10.76 psi=0.73 atm) when the
system works continuously (without the initial effe

125

12

Pressure Change of Test Chamber

Pressure pt (psi)

05
i}

Figure4.19 p,, p, at different D-51 regulator settings.
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From the above comparison, it could be found thaach single case, the higher

vacuum setting by D-51 vacuum regulator, the loalesolute pressure in test chamber

maintained, and the longer vacuum holding timedkpressurization chamber persisted.

As the flow rate increases, the differences betviersettings reduced both in pressure in

test chambeip, and holding timeT,, . That's because when the flow rate rises above 10

ft3/min, the limit of regulator capacity itself couldmake the pressure close enough to the

original setting, and regulator works in a out obap region. That's what needs to be

avoided in the experiment.
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4.3.4 Continuous Operation Requirements
The vacuum holding tim@&,, , as defined in Section 4.3.1, is the time perrodifthe start
of using the depressurization chamber to the gbattthe pressure in the depressurization
chamber reaches its maximum design vahje max=7.42x 10 Pa (10.76 psi), at which
the depressurization chamber’s ability to draw faam the test chamber is greatly
diminished.

To ensure the sustained operation of the entireesysvith two depressurization

chambers, the vacuum holding tinig for one depressurization chamber must be longer

than the time that needed to prepare the vacuutusstd the other depressurization

chamber. This preparation time is now referredgovacuum generating tim&,. The

sustained operation thus requifgs> T,

As illuminated in Chapter 3, the system procesddcba divided into four phases:
steam filling phase (duration T1), cooling phasarétion T2), usage phase (duration T3)

and transition phase (duration T4). Here, vacuutdihg time T, describes the usage
phase, and vacuum generating tilpedescribes the remaining there phases. ThusT3
andT,=T4+T1 + T2.

The modeling of steam filling phase (duration TBBswdiscussed in Section 4.1.
The cooling phase (duration T2) was discussed @ti®@e4.2. During the transition phase
(duration T4), the valves are open to the outslie air to let the pressure of the
depressurization chamber changes from aroundsheltamber hypobaric setting pressure
to the atmosphere pressure. In the current sydtamtransition is needed because the

feeding water used to generate the steam is uhdeatmospheric pressure. If the chamber
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pressure is lower than the atmospheric pressueewtiter might be sucked into the
depressurization chamber when the steam supplg W&\Ms open. T4 is short as around 2
to 3 seconds based on the experiment results. grbisedure is actually a loss of the
hypobaric environment. For the future system imprognt, a new design is under
consideration which takes this hypobaric environtrean advantage to accelerate the
steam filling.

At the current experimental setup, the timing faclephase is summarized in Table

4.3. It can be seen th@it >T;. The continuous operation of the system can beaet.

Table 4.3 Timing of Four Phases of Current Experimental Setup

Vacuum Generating Time Vacuum Holding Time
Ts T,
Transition | Steam Filling| Cooling Usage Phase (T3)

Phase (T4) Phase (T1) | Phase (T2)

Time (seconds 3 59 10 243




CHAPTERS

DESIGN OF SYSTEMS FOR GENERAL APPLICATIONS

The analysis and results discussed in the previbapters are based on an existing
experimental system. The knowledge gained throbghstudy can be extended to other
practical applications of vacuum environment, whbeevolume of the hypobaric chamber
can be much larger and the usage pattern of theumacan be quite different from this
existing experiment system. The depressurizatiamiters must be properly designed so
that the resulted vacuum holding time and the vacgenerating time can ensure the
system’s continuous operation.

In order to design the vacuum generation systersattsfy the demand in different
applications, several methods have been consideng@duce more vacuum in less time.
One approach is to use steam at higher pressushdxen the filling time. Another
approach is to eliminate the transition phaseemiberation. The third approach is to select
a good volume ratio between the depressurizati@ambler and hypobaric chamber to
achieve more efficient coordination between theuuat generation and usage. All these
methods can be combined to form a better systamtate for achieving continuous and
high efficiency operation of the system. Thesedssare discussed in the following three

sections. A general industry application guideismpresented in the last section.
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51  Parametric Effectson Steam Supply
Currently, the steam is generated by a 10.5 kWtretebeater. For other industry
application design, a large power of boiler camubed to provide sufficient steam at faster
flow rate. If the steam is supplied as the industyproduct, saturated steam at higher

pressure could be provided.

The effects of steam inlet pressures on the filphgse could be studied by using
the theoretic model of steam filling phase, as udised in Section 4.1. Although the
modeling predictions may be different from the atexperimental results, the trend and
the percentage reduction in steam filling time with percentage increase in inlet steam
pressure can be close to that of actual case.

Figure 5.1 and Figure 5.2 are the vapor pressutdéeanperature change inside the
chamber at different saturated steam inlet pressuf®d atm, 1.15 atm and 1.30 atm
respectively. Figure 5.3 is the comparison of mad® of vapor and air inside the

depressurization chamber, defined by Equationad ®iree different steam inlet pressures.

Vapor Pressure
120000

100000 / /———"
80000 / /
60000
/ / Inlet Pressure 1.05 atm
40000

/ Inlet Pressure 1.15 atm
20000

Inlet Pressure 1.30 atm

0

Pressure (Pascal)

(o] 10 20 30 40 50 60

Time (seconds)

Figure 5.1 Effect of different steam inlet pressures on vapoessure inside the
depressurization chamber.
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Figure5.2 Effect of different steam inlet pressures
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Figure 5.3 Effect of different steam inlet pressur
depressurization.

es on mad® of vapor inside the

From the above three figures, it is clear thateéase the inlet steam pressure will

reduce the steam filling time. As shown in Figur8, Svith the increase of inlet steam

pressure by 10% and 25%, the time for mass rati@pbr to the total gas mass inside the

depressurization chamber to reach 90% reduces6

fbeeconds to about 40 seconds and

30 seconds. Hence, increasing the pressure of isdpgteam can be considered in the
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future system design.

5.2  Effect of the Depressurization Chamber Volume
Both the volume of the test chamber and depresgioiz chamber are the same in the
current experimental system. Since this is notgqairement, different volumes could be
used in the future design. This volume ratio wdttainly affect the relationship between

the vacuum holding time and the vacuum generatmng.t

5.21 Thelnfluence of the Volumeto Vacuum Holding Time
First of all, the influence of the volume raiseloé chambers to the vacuum holding time is
discussed. Section 4.3 discussed the modelingeofabhuum usage. From Equations 4.36,

448, 451 and 4.56, the two relationshipsp, = f(t,M,V, p,.4) and

p, = f(t,M,V,, p,.4), could be obtained. Since source air presqyy@nd air exchange
time periodA are set as constantp,, = 101325 pa/ = 3 minutes, they can be expressed
as, p, = f(t,M,V)and p, = f(t,M,V). Holding time is determined by the relation
P max = T(Ty» M, V). Solve the above equations fgf leads toT, = f(M,V). Thus
vacuum holding timél, depends on both the volume of depressurization beaand the

volume ratioM of the test and depressurization chambers. Figude shows this
relationship for different values ™ andV.

It is clear that, at certain setting level of vacupressure regulator D-51, vacuum
holding time is proportional to the volume ralib If the volume of both the test chamber

and the depressurization chambers are changedh#&rget maintain the same ratio, then
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such a change has little influence on the holdimgtIn general, volume ratidl is the

main factor in determining the vacuum holding tifge

Holding Time of Depressurization Chamber

Time (min)
v

-
I

=1
o= in
Y !

o Depressurization
chamber volume (m3)

Volume ratio

Figure 5.4 Relationship between vacuum holding time and cleamblumes.

Calculation for three specific cases is conduateshbw the effect of volume ratio
M on the pressure and flow rate in both the tesintles and the depressurization chamber.
The volume of the depressurization chamber is éinees\/1=0.11149m° (3.9372ft%), for
all three cases, where M equals to 1, 8 and 15&2pectively. The result &fl = 1 is
shown in Figure 4.18, which represents the tesintiest and the depressurization chamber

at laboratory scaled experiment system.
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Figure 5.5 Pressures and flow rates at volume ritie 8.
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Figure 5.6 Pressures and flow rates at volume ritie 15.625.

Similarly, calculations are done in the case that volume of depressurization

chamber raises to 7.874§,ﬂwhich is twice as the above discussion. The tesaie

summarized in Table 5.1.



Table 5.1 Summary for Vacuum Holding Time

\% ViV | Flowrate Q.= | *Pressurep; ** Holding time
(ft3) Ratio | Q(ft¥min) (psi) (min)
M

3.9372 1 0.6562 11.4519 4.05

3.9372 8 5.2496 11.6007 0.50 (30 seconds
3.9372 | 15.625 10.2531 11.8022 0.26 (15.6 seconds)
7.8745 0.5 0.6562 11.4519 8.09

7.8745 4 5.2496 11.6007 1.00

7.8745 | 7.8125 10.2531 11.8022 0.51 (30.6 seconds)

71

* Setting pressure of vacuum regulatoBid0x 10 Pa (6" Hg vacuum = 11.7522 psi).
** Holding time is recorded oncgy, (T,,) > 7.42x 10 Pa (10.76 psi=0.73 atm) when the system
works continuously (without the initial effect).

The results in Table 5.1 are consistent with tihetiosn shows in Figure 5.4, which
further prove the conclusion that vacuum holdimgetis proportional to the volume ratio

of test chamber and depressurization chamber.

5.2.2 Thelnfluence of Volumeto Vacuum Generating Time
The volume influence on the vacuum generating tineuding steam filling time, cooling
time and transition time, is mainly determined bg tlepressurization chamber.

By adjusting the volume setting in the model disedsin Section 4.1, the
relationship between the volume of the depresstimizahamber and the steam filling time
could be obtained, as shown in Figure 5.7. Theltrefiows that this is almost a linear

relation.
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Steam Filling Time vs. Volume of the Chamber

14
10
TE /
g 6
= /
4 /
2
~
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0 0.5 1 1.5 2

Volume of depressurization chamber (m3)

Figure 5.7 Relationship between steam filling time and th&uree of depressurization
chamber.

The cooling time is considered based on the priedichodels discussed in Section

4.2. With the volume raise of the depressurizatibbamber, the cooling time changes as

shown in Figure 5.8.

Cooling Time vs. Volume of the Chamber
2.5
2 -~
E /
(]
£ 1
= /
0.5 /
O T T T 1
0 0.5 1 1.5 2
Volume of depressurization chamber(m3)

Figure 5.8 Relationship between cooling time and the volurhehe depressurization
chamber.
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The transition time is quite small, comparing witte steam filling time and
cooling time. An additional 5% time is added to shuen of steam filling time and cooling
time as an estimation of the transition time. 8e,relationship of vacuum generating time

and volume of the depressurization chamber canifmensrized as in Figure 5.9.

Vacuum Generating Time vs. Volume of
Depressurization Chamber
16
14 //
12 —_—
£ 10
é 8 /
4 -
2 -
0 T T T 1
0 0.5 1 15 2
Volume of Depressurization Chamber (m3)

Figure 59 Relationship between vacuum generating time and volume of
depressurization chamber.

Considering both the vacuum generating and vacuoldirty time with the change
of the volumes of test chamber and depressurizatiamber, it can be found that with the
given volume setting of the test chamber, the rafsine depressurization chamber will
increase the vacuum holding time while also inaethe steam generating time. The
optimal volume design for the depressurization diers should be determined in every

specific case based on the above analysis.



As discussed in Chapter 4, a transition phasedd usorder to avoid the water used for

steam generation flows into the depressurizati@mtyers. If the steam is supplied not by

heating the water,

transition phase is that it may accelerate tharstdang speed since at the end of usage
phase, the pressure of the depressurization chambsill less than the atmosphere
temperature. And further, the vacuum generatimg twill be decreased by ignoring the

transition phase. This guess is approved by usiegrtodeling in the Section 4.1 and the

53 Elimination of the Transition Phase

this process can be ignored. nibst benefits for bypassing the

results are shown as follow.
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Figure5.10 Vapor pressure change comparison with and witti@utransition phase.
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Temperature Change Comparison
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Figure5.11 Temperature comparison with and without the ttarsphase.

Figures 5.10 and 5.11 show the vapor pressure etemdjtemperature change with
and without transition phase in the steam fillimggess. The inlet steam is at about 1.05
atm and the volume is the depressurization chanmbére experiment. It is clear that
without the transition phase, the steam fillingespes obviously faster, about 30 seconds to
reach the 373 K. While for the process with thadion phase, it cost about 55 seconds

for the tank temperature to reach the 373K.

54  Application to the General Industry Use
The improved vacuum generating techniques discuabesle is aimed to be used in
general industry applications. According to theuegments of specific application cases,
various open circulated vacuum generation and usggiEems could be designed. The

specifications include the vacuum level of the wamwchamber, volume of the chamber,
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temperature range and gas composition requirenmgsitie the chamber, the maximum or
average gas circulate flow rate (vacuum usage aaie continuous operation time, etc.
With the list of the specification, this condeneatbased vacuum generation and
usage system will be specifically designed. Tharstdilling factors will be chosen,
including the pressure of the source saturatedrstead control valve which regulate the
filling speed. The pattern of the cooling will betdrmined. The structure and volume of
the depressurization chambers will be chosen td thednigh efficient performance of the
system. Other control elements will further decidesdwell, e.g., the size of the control
valves, the process monitor gages and the safitedeissues, etc. Figure 5.12 below

shows the design chart for the general application.

Specifications Desig

Vacuum Leve —_— Steam Filling (Pressure, Flow rgte)

Volume of Vacuum Chambgr——» Cooling Pattern (water speed, temperature, tulmghe

1%

Usage Rate (Max./Averagg)——" ol.vhumbers, connection of depressurization chambg

Temperature \ Control elements: valve sizes, timing andditions

setting of control units, process monitots, e

Gas Composition | ~_—»

—

Safety Considerations

Figure5.12 Design chart for general applications.

There are several advantages of this vacuum systeem used in the industry
applications. Using depressurization through steandensation, the system provides fast,
clean and highly efficient vacuum generation. Alse structure of the system is designed

to be flexible to meet the wide range of industguirements. The system exchanges air
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with hypobaric chamber with one or more vacuum dbens, according to the need, to
maintain the required pressure in the hypobariantiea. The vacuum level could be
adjusted as needed from below 1 atm to about @3 Bbe usage rate could be applied
from 0.1 f€/min to 100 f&/min. Finally, when the steam can be provided keytizproduct

of the industry, the system is highly sustainablenergy.



CHAPTER 6

CONLUSIONS AND FUTURE WORK

This study designed an automated operation of parerental vacuum generation system,
which is based on the condensation-induced depieasan with prefilled condensable
medium in a confined, adiabatic chamber. The cosystem is implemented on the lab
scaled experimental system and achieved its canisly operation. The results of this
study can be used to provide industry with a vacwgeneration approach which is
efficient, without leakage, without moving partsdafiexible to the scales change.
Modeling and analysis of each of the processinggharovide useful information for the
improvement of system performance to the futureeganapplications in industry.
Guidelines for designing the vacuum generationesystbased on application-specific
demand are also presented.

The proposed future work for this study mainly ud#s three areas. First, a mixing
model of the air and steam in depressurization tleanduring steam filling phase is
needed to replace the current perfect mixing assampThis model can be used to
improve the calculation of steam filling time. Sedp the cooling method, which is
essential to the depressurization process, willupiner studied to enhance the cooling
efficiency. Third, improvement of the steam filliphase is needed to reduce the waste of
steam at the outlet of the depressurization chafsb&pproach to reuse the outlet mixture
is being studied. Work is already underway in taisa and is not included in this

dissertation report.
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LADDER LOGIC DIAGRAM FOR THE IMPLEMENTED CONTROL SYSTEM

APPENDIX A
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Figure A.1 Ladder logic diagram for the experimental systarbé continued).
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Figure A.1 Ladder logic diagram for the experimental systarbé continued).
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APPENDIX B

51 CAPABILITY CURVE

VACUUM REGULATORD
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Figure A.2 Capacity curve of vacuum regulator D-51 [30].
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