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The current work has studied the reliability of @esoid valve (SV) used in
automobile transmissions through a joint theorétical experimental approach. Based
on an extensive literature search, the most comfadures seen in solenoid valves
appear to be due to either overpowering and evemuerheating of the valves, or
wearing out of the valve components. The goahf work is to use accelerated tests to
characterize SV failure and correlate the resut®iéw comprehensive finite element
models.

A custom test apparatus has been designed andtdwgitmultaneously monitor
and actuate up to four SVs using the LabView™ paogning language environment
and a National Instruments™ Data Acquisition devidde test apparatus is capable of
applying a controlled duty cycle, applied voltagel aactuation frequency. The SVs are

also placed in a thermal chamber so that the arlémperature can be controlled



precisely. The apparatus measures in real-timeetimperature, current, and voltage of
each SV. A multimeter is used to measure the redattresistance across each SV. A
series of tests have been conducted to producatezpéailures of the SVs. The failure
of the SV appears to be caused by overheating @hdad of the insulation used in the
solenoid coil. The current tests are run at aC@0%hbient temperature, 16.8V of average
peak voltage, 50% duty cycle, and 60 Hz actuatiequency. Upon failure, the solenoid
electrical resistance drops to a significantly lowalue due to shorting of the solenoid
coil. This drop in resistance causes a measugiienoticeable increase in the average
current. The insulation also melts and exits thé SHence, increasing ambient
temperature and current is believed to cause a&dserin SV reliability.

In addition, a comprehensive multiphysics theoedtimodel of the SV is
constructed using the commercial finite elementvgmfe ANSYS™. The multiphysics
model includes the coupled effects of electromagndhermodynamics and solid
mechanics. The resulting finite element modehef $V provides useful information on
the temperature distribution, mechanical and themeformations, and stresses. The
model is also correlated to the experimental resard can be used as a predictive tool in
future solenoid design. Finally, a proposed sohutto improve SV reliability is to
increase heat conduction and convection away fran8V, or by decreasing the ambient

temperature or find an insulation material resistarigh temperatures.
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CHAPTER 1
INTRODUCTION

A solenoid valve (SV) is an electromechanical dewised to control the flow of
gas or liquid by passing an electric current thifoagcoiled wire, thereby altering the
valve position (see Fig. 1.1). SVs are used in oumi applications ranging from
automobiles (as in transmission control, hydrapbever brake system, anti-lock brakes,
traction control, etc.), aerospace and nuclear poplants to irrigation and water
treatment, boom control in an agricultural vehickhey also are widely used for
domestic purposes, namely, washing machines, gaglecommercial dishwashers, etc.
Due to the extensive use of the solenoid valve \tery important to fully understand its
behavior and the mechanisms which govern its néit\ab Unfortunately, the available
literature on solenoid valve reliability is relagly scarce (see Literature Review in
Chapter 3).

The chief components of solenoid valves (especiathe ones used in
automobiles) are the plunger, coil, spring, needie] the seals. The valve part of the
assembly is actuated by a plunger that is forcechage from an electromagnetic coil.
The electromagnetic coil must provide a large ehdiegce to overcome a spring which
opens or closes the solenoid valve when the coioispowered. The general cross
section of a solenoid (not a complete solenoid ejaWith the various parts is shown in
Fig.1.1. For solenoid valves, the solenoid is thesed to regulate flow of fluid by

opening and closing a channel.



A solenoid in a solenoid valve is an actuator aodsests of a coil. When an
electric current flows through the coil, a magnédietd is produced. Lorentz force is
created perpendicularly to both the directions afgnetic field and current. Lorentz’s
force law (Eq. 1.1) relates this magnetic for€9 (0 the vector cross product of the
current flowing through the conductdj &nd the magnetic fieldBj:

F=IxB (1.1)
The primary operating parameters influencing sakkmalve performance are
1) Operating temperature
2) Operating voltage
3) Maximum current
4) Caoil resistance
5) Cycling frequency
6) Duty cycle (DC)
7) Valve construction materials
The current work will focus primarily on the effeitiat items 1, 2 and 3 have on

solenoid performance.
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Figure 1.1: Schematic of a typical cross-sectioa sblenoid valve [1]

In the present work, solenoid valves used in comf@utomobiles transmission
are being investigated to characterize their peréorce and reliability through both
experimental and theoretical modeling approachée following section will outline the
motivation and objectives for the problem. Latect®ons will discuss the experimental
and theoretical methodology. Finally, the resulil$ be discussed and conclusions (and

recommendations) will be made based on these sesult

1.1 Detailed list of applications of solenoid vaés
In nuclear engineering applications, the valves @iten situated in extreme

conditions [4]. Two way solenoid valves are somes used for the ‘post accident



containment atmosphere sampling’ and so due taaghpdication there can be heat traced
lines into the solenoid valve that are held to lyedr2°C. Solenoid valves are also used
in ‘reactor head vent service’ which is a yet aeothpplication with an extreme duty
cycle.

In the automotive field, the solenoid valves areduas actuators and to control
fluid pressure. The types of solenoid valves tmatwsed are ‘idle speed control valves,
shift control valves of automatic transmissions émdjue converter looked-up control
valves’ [5]. A high speed oil hydraulic on-off tlreway solenoid valve is used
tremendously in applications involving hydraulicepsure as well as position control.
Hydraulic circuits are controlled by solenoid vaviirough drain opening and closing
for high pressure hydraulic fluid. A few examptdsautomotive applications include the
automatic power transmission, the automobile bregstem, the boom control in an
agricultural vehicle, and the hydraulic pump swasdte position control [6]. Solenoid
valves are found in the hydraulic compact unit (H@J® hydraulic power brake (HPB)
systems and anti-lock brakes (ABS) [7-11]. An awtimtransmission is often controlled
by the transmission control module (TCM) which eaysl solenoid valves to control the
transmission fluid flow to clutches [12-17].

Solenoid valves are also used in a wide varieytioér commercial, domestic and
military applications which require controlled nmii Some of these additional
applications are: Commercial laundry equipment faadities, commercial dishwashers,
car and truck wash facilities, irrigation systemgmidification, water treatment, poultry

incubators/watering equipment, and industrial neianhce, repair, and operation [1].



CHAPTER 2
MOTIVATION AND OBJECTIVES
Motivation:
Two primary motivating factors for the present istigation on SVs are
1) Although it is well known that SVs are used in mapplications, as mentioned
in the previous section, the published literatuneraiability, life and failure data
and information on theoretical models and expertaddesting of SVs is limited.
2) SV operation can generate large amounts of heatrasult of high duty cycles
and electrical resistance (that is, high appliedenis) thereby causing it to fail

due to thermal effects and the accompanying weds pirts.

Objectives:
Based on these above two factors, the chief obgxbf the current investigation
are defined as to
1) Provide a comprehensive technical literature revimw SV performance and
reliability.
2) Design and fabricate an experimental setup basedhenactual operating
conditions of a SV.
3) Develop an electromagnetic, thermo-mechanical Svierical model that would

be able to simulate the structural and thermal rdedtions (due to thermal



expansion) and understand the effects of electresastance on reliability, failure
and performance of a SV.
4) Characterize and improve the overall performanogofving electromagnetic,

mechanical and thermal fields) of a SV.



CHAPTER 3
LITERATURE REVIEW

The following are the results of an extemditerature search on solenoid valve
performance, especially with respect to reliabibityd failure. Based on this search, it
appears that the published literature on solenaides’ modeling and experiments is
surprisingly scarce. However, the existing litarat does provide guidance as to
common problems seen in SVs and the environmenthloperating parameters which
influence them. This information can then be usedesign an experiment which can be
used to map the failure and reliability of the Searched in the current study.

Probably the most extensive work on sdkknalve reliability is provided by
Mercer [2]. According to Mercer [2], manufacturiptant reliability is a critical issue. A
plant can bear a sufficiently high amount of cdprad throughput. Therefore, when the
plant is shutdown due to failure of componentsrgd amount of time and money can be
lost. Solenoid valves are often an integral pathete plants and therefore reliability of a
solenoid valve always needs to be higher than adhdhe total (complete) plant. The
proper functioning of SVs is important, becauseVaf&8llure can lead to complete shut
down of an automatic plant and generation of sulbisiaamounts of unusable products
prior to detection of the failure. Due to largeiaions of solenoid valve designs, lack of
clear user reliability requirements, and generakpected low production cost, the
evaluation of SV reliability has not been givenfguignt attention. The ‘life test data’ for

the SVs run under standard rated conditions haea lgathered but not for conditions
7



outside these ratings. Therefore, the reliabdaynot be easily predicted for SVs which
are exposed to harsh or sudden changes in opecatittitions and parameters.

Several critical factors that affect the relialyilar failure of a ‘two-way, direct
acting, normally closed, packless solenoid vah&'’ 4re structural collapse related to
material strength, fluid flow rate, component migament, etc, broken spring related to
fatigue strength, stroke, component misalignmetd, eoil burnout related to mains
voltage and frequency, stroke, spring force, fregyeof operation, fluid temperature,
aging of insulation, etc [2]. Failure of solenaidlves can also occur gradually due to
wear, leakage, noise, loss of speed as well asyreegating.

Solenoid valves are known to exist commadlgcnow for about 70 years and only
with a higher expenditure and investment in charng solenoid performance can
enhanced reliability be achieved. One of the maooblems associated with the
reliability of SVs is over-design whose effect damjust as strong as under-design of a
solenoid valve. The function of a core spring iscdéenoid valve is to shut the SV with
respect to the pressure of the fluid. However, whemolenoid is over-designed, a highly
powerful solenoid is required to overpower a sptimat is designed to be too stiff. This
requires the use of a larger coil which will generkarger amounts of heat via Joule
heating, thereby decreasing the insulation’s exgaeatorking life [2].

The ‘residual magnetism level’ has to ba eninimum in parts such as the core and
the plug-nut upon their incorporation into the S¥ avoid ‘intermittent failures’. Yet
another major contribution for reduced reliabilify SVs comes from presence of stress
concentration points, the appearance of which isegaly attributed to the residual
stresses generated during operations such as ‘nmiaghor pressing’. Thus, in order to

8



produce SVs with enhanced reliability consistentlige manufacturer must show
considerable care to detect the above mentionezbtgpd causes of failures of SVs and
other similar failures [2]. This often only is fiodh in manufacturers with considerable
experience, since the transfer of design and iétialinformation in industry is very
limited.

Coming to the SV life expectancy issue, ribgulated air (or fluid) is often obtained
from an ordinary compressor in SV applications. Atnof oil vapor in a very minimal
quantity is often mixed into the air to serve thegmse of lubrication for solenoid valves’
interior parts. Unlike this, if air is obtained fmoan oil free compressor then this leads to
wearing out of the SV very quickly. It is been sthtthat the SV life expectancy is
enhanced ten-fold if it is used on air that hasvapor in small amounts than on dry air
that is free of oil [2]. Of course this is not thmportant to the current application since
lubrication should be adequately applied from #gufated transmission fluid.

Baker [3] also provides some practical advice mstalling and using solenoids
effectively. He points out that a very common peat is solenoid burnout and it is
usually the result of a valve being used for caadg it was not designed for. Providing
too little or too much voltage to a solenoid vaban both result in overheating of the
solenoid valve. In addition, heat can be generdtezito higher cycling rates and duty
cycles. Sometimes a blocked or stuck armatureogarheat since power is continuously
applied in attempt to free it.

Slightly more recently, Rustagi and Heilman [4abave suggestions on how to
achieve longer and more reliable solenoid valveratmm, especially for application in
nuclear energy facilities. In this critical applion, reliability becomes much more

9



important. In addition, it can be very difficuti teplace or repair solenoid valves due to
their location in contaminated areas. Similartte bther works, Rustagi and Heliman
state that overheating of the coil can be a cadskilore. Therefore, in long-term
continuous cycles the voltage is often reduced revgnt excess heat generation. In
addition, seal failure and rupture were also seem otential problem.

Most theoretical models of solenoid valves aregies to consider their dynamic
characteristics so that a control scheme can hgriesand optimized [6, 18-25]. Most
of these previous works do not consider the cougiledno-mechanical behavior of the
solenoid valve. However, there are a few past skt have modeled the pseudo-static
performance of the solenoid valve using finite edats and other computational methods
[26, 27]. The current work will develop a new nipiftysics model of the solenoid valve
which will consider the true coupled nature of timechanisms that govern solenoid
performance and reliability.

The current work focuses mostly on the thermo-meida failure mechanisms of
the solenoid valve. It should also be noticed thamany cases these various failure
mechanisms do not occur independently. Severalhamsms may be initiated or
progressed due to the occurrence of another mexrthankor instance, the Joule heating
could cause the solenoid temperature to rise signifly. The seals in the solenoid could
then degrade due to the elevated temperatures, cthesing the solenoid to leak and

perhaps fail.

10



3.1 Common failures of solenoid valves
As previously discussed, solenoid valves may fail a number of different

reasons such as manufacturing defects, impropdgrgeand improper selection for

application. The specific mode of failure depegdsatly on the original cause and the

operating conditions. The following is a collectiest of the various failures seen in

solenoid valves:

1. ‘'Sticking’ problem as a result of residual magneti2].

2. Structural collapse, coil burnout and broken spfih@].

3. Solenoid’s caoil efficiency and thus the flux degsé#nd torque output are lowered
owing to heat buildup due to application of constanitage to the solenoid [1].

4. The valve fails to open when solenoid is energieel to low voltage at solenoid [3],
solenoid failure, worn rings, and pressure drop [1]

5. The valve fails to close when solenoid is de-erredjidue to bending of piston ring,
foreign matter lodged on body seat and preventlngger from seating, plunger tip
is severely worn [1].

6. High duty cycle will cause the solenoid to use mpmver which will lead to
temperature rise [1, 3].

7. Due to the SV being run for longer periods at higmperature, there is thermal
expansion and accompanying thermal deformations [3]

8. Wear and friction of SV components cause degradaifoperformance and finally
failure [18]. Friction can also cause more power to be used teigiperature) [1]

9. Elevated temperatures and wear can also causedlsts leak [1].

10. Effect of varying (that is, increasing) duty cyeled frequency on SV operation.

11



11.1f the SV is operated at a higher than rated ctyre Joule heating can cause the
operating temperature to increase, which then aasecother problems in the SV.

12. Thermal cycling effects can age the materials efSN [2].

12



CHAPTER 4
EXPERIMENTAL METHODOLOGY

In order to monitor and evaluate solenoid valvelufai a solenoid valve
experimental test rig or apparatus was designedabntated. The apparatus is capable
of testing four SVs simultaneously. The solenoalves are also placed in a thermal
chamber to control the ambient temperature. Thensadls are powered and actuated in a
controlled manner while the current, voltage andgerature are being measured. Both
before and after the test on each solenoid vahe,electrical resistance is measured
directly by making use of a multimeter across thkersoid valve at room temperature.
The goal of the apparatus is to be able to appiiycent loadings on the SV to cause
failure similar to that seen in application. Whée SVs do fail, a significant change in
the measured temperature and electrical resistsne&pected. An accelerated testing
procedure will be used to create tests which c&sdailure in a reasonable amount of
time. The chosen tests are also based on theéseduhe multi-physics finite element

model of the solenoid valve that is discussed iapgiérs 5 and 6.
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Parameter Value
Operating Current 18A
(Cycling) Frequency 61.2 Hz
Coil Resistance 3.4 ohm
Operating Voltage 12V
Operating Temperature -30to 130 deg C

Table 4.1: Tested solenoid valve rated operatimgrpaters

The tested solenoid valve is a three way valve egfndormally open type. The
operating conditions are given in Table 4.1. Tcederate the tests and reduce the time to
failure, these operating conditions may be sligletkgeeded to induce solenoid failure.
In application, the solenoid valve may also faiedo the designed operating parameters

being exceeded.

Actuation Current
Thermal Actuation Voltage
Chamber Thermocpuples l

Solenoid
Valve
Drive

Figure 4.1: Schematic diagram of solenoid valveceixpental test rig
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A schematic diagram of the experimentsl te fabricated for the current work is
shown in Fig. 4.1. It depicts the basic wiring geations among the various instruments
used for testing of the solenoid valves and to netcihe resulting test data. The
instruments used are two power supply systems, @& $blenoid controller board
(manufactured by RW Automation), current transfasn€Ts), E type thermocouples, a
National Instrument SC2345 signal conditioning klogith modules and a National
Instruments data acquisition (DAQ) board. A defhilist of these items is provided in
Appendix. Three types of modules, namely, an analoitpge input module (0-42V
range, 10kHz data acquisition rate), an analogageltinput module (0-5V range, 10kHz
data acquisition rate) and a thermocouple inpututeodre used in the SC2345 signal
conditioning block to condition the raw signals. eThabView™ (LV) graphical
programming software is used extensively to gatiwtage, current, and temperature
data of the solenoid valves that are being tested.

The solenoid valves are placed in Delta Desigmoad@rmal chamber (see Fig.
4.2). After preliminary testing, it was found ththe thermal chamber was actually too
effective at controlling the temperature of theesolid valve. When the solenoid valves
were inside the chamber, the measured increasdsniperature from the ambient
temperature were actually less than when the swoleraves were outside the chamber.
This is because the thermal chamber has a fan wtirchlates the air so that the
temperature is uniform throughout the chamber. s Tmifortunately also causes forced
convection which tends to hold the solenoid valvetree same temperature as the
chamber. In contrast, when the solenoid valveutside the chamber, the air is mostly
still and the much less effective mechanism of fresvection is dominant. In addition,

15



free convection was used in the modeling sectiaotesider the heat dissipation from the
solenoid valve (see Chapter 5). To reduce theckefié the forced convection, metal
boxes were placed over the valves in the chamieer kgy. 4.3). This practice was very
successful at increasing the rise in temperatur¢hén solenoid valves due to Joule

heating. This in turn allowed for more control ofelure of the solenoid valve.

Figure 4.2: Delta Design 9039 thermal chamber ts@dntrol the ambient temperature
around the solenoid valves
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Data lines and
power

Metal Covers
(Reduce Convection &t

PR

Figure 4.3: Photograph of the solenoid test fixti is inserted into the thermal
chamber

An SC5 solenoid controller board is used to cdritre solenoids simultaneously
at a specified peak current, sustained currentage| actuation rate and duty cycle (see
Fig. 4.4). A duty cycle is defined as the ratidaf’ time (that is, the time for which the
solenoid valve is under actuation) to the totalqukof actuation. The higher this ratio,
the more load the solenoid valve is under. Byeasmng the duty cycle, the solenoid

valve can be stressed and caused to fail.
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Figure 4.4: Photograph of an SC5 solenoid controibard
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- Solenoid

Solenoid >
clamg
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Figure 4.5: Photograph showing solenoid valveftegire and thermocouple

| metal Base Board |

Figure 4.6: A schematic of the solenoid valve tiestire and thermocouple mount
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One of the two power supply systems is used to Iguppoltage of 20 V to an
SC5 solenoid controller board used to actuate Nig &d the other supplies 5 V for
current transformers (CTs). The CT for each SV messthe current that is passing
though each SV. An SC5 board supplied by RW AuteonalLLC Company is used to
drive or actuate the SVs, each with operating geltaf 16.8 V.

E type thermocouples are used to measure the opetamperature of the SVs
during their cycling process. As shown in Figs. dl 4.6, the thermocouples are placed
to come into contact with the side of the SV’'s rmegsing. Although the thermocouple
is not measuring the temperature of the SV coddlly, the measured temperature should
be proportional to the coil temperature. It isoadhown later by experiment and theory
that there is only a few degrees difference betvikercoil temperature and the measured
external temperature. The temperature range folEtlygpe thermocouple is -200°C to
900°C. It is expected that when the solenoid \safad, their measured temperature will
rise and their measured electrical resistancechdhge.

To convert the voltages (mV) read by the thermotasimto temperatures (°C)
for E type thermocouple, a NIST standard voltagéetoperature conversion formula is

used which is shown below.

T = X, [1.705703510" - X7 [2.330175910" + X;’ [6.543558510°°
- X, [7.356274910°° - X, [1.789600110° + X, [B.403616510°
- X, [1.373587910°° + X? [1.062982310 ™" — X, [B.244708710™" 4.1)

where T = temperature of SV in °C
X1 = thermocouple voltage in mV
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The voltage across each solenoid is medsdirectly in volts and is conditioned
through the analog input voltage modules (42V, 10kH

The output of the current transformers gCiE a voltage which is proportional to
the current powering the SV. The input voltagenalgrom current transformer (CT) is
also first conditioned through another analog \g#tanput module (5V, 10kHz). It is
then converted to current (for each SV). This tgpenodule is chosen specifically based
on CT specifications. For each of the SV in opergtian independent CT is used. To
convert voltages (V) read by the analog voltageuinmodules from the current

transformers (CTs) into current, the conversiomiagla shown below is used

where | = current through the SV

V> = voltage measured from the current transformer

A separate CT is used to measure the current pogverach solenoid valve.

Using Eq. (4.2), the current flowing through eaoleroid valve is calculated.

To measure the electrical resistance of each solesadve, a multimeter is used.
For a completely failed or a partially solenoidweglthe resistance is measured when its
temperature reduces to room temperature. Similéotya solenoid valve that is run for a
specified test duration of 24 hours but has noteugohe failure, its resistance is
measured when it cools down to room temperature.
Thus, through experimental testing of 8\&s, we obtain the resistance of the SV,

the applied current flowing through the SV, the leggpvoltage across the SV and the
21



temperature of the SV. This data is then used#&wacterize and analyze solenoid valve
failure. The results of the theoretical model valso be correlated to the results of
experimental measurements.

It was also found that when the solenoid valveadlpthe wires in the coils short
and cause the resistance to drop. Due to shdséthween copper coil wires, the effective
length of the wirel) decreases and the area of cross-section of tiee ()i increases,
which leads to a drop in resistance of the coppee {®R), as can be noticed from the

equation for resistance through a wire:
_pL
R="— :
N P

wherep is the material electrical resistivity.

This causes the current to increase significamtiyesthe power source is held at a
constant voltage. This actually caused failuresth& control board channels. To
alleviate this problem, type BAF-3 fuses (fast agt8 Amp rating) were inserted in the
power lines to the solenoid valves. Thereforeghé current applied to solenoid valve
increased past 3 Amps, the fuse would blow andotfuthe power. This practice also

reduced the risk of fire due to a failed solenatie.

4.1 Preliminary Tests
Preliminary tests on the solenoid valves were ceteplto determine their regular
operating conditions, such as steady-state temyer&dr various inputs, and the shape of

the actual actuation voltage and current waves. es@hresults are then used in
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conjunction with the finite element predictionssoienoid valve operation to design tests

which will provide controllable and repeatable diaéls of the solenoid valves.

11.4V, 50 % DC and 60 Hz
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Time (seconds)

Figure 4.7: Measured actuation voltage appliethéosblenoid valve (peak voltage: 11.4
V, duty cycle: 50%, actuation frequency: 60 Hz)

Firstly, the real time voltage and current actugtnsolenoid valve is measured
(see Figs. 4.7 and 4.8). As expected, the measunitaje shows a clear square wave
that is actuated 50% of the time (see Fig. 4.7he peaks of the square waves are not
precisely flat due to limitations of the control due. This is similar to what a solenoid
valve would experience in an actual application.

Next, the measured actuation current is showngn4-8. This plot shows a more
interesting trend.Since the electrical actuation of the solenoid gak/a dynamic event,
it experiences some electrical impedancEhis causes the current to lag the voltage
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during actuation as shown in Fig. 4.8. Once théage across the solenoid is actuated,
the current responds, but not instantaneously.héRathe current increases toward the
expected peak current of voltage/resistance, imsymptotic fashion.Then, once the
voltage is cutoff, the current also decreasessimalar manner, but never reaches a zero
value (see Fig. 4.8)This results in the peak and minimum current toende reached,
and for the average current to not be exactly etpudlesigned peak current divided by
two. For this reason the average current for waractuation voltages was measured (see
Fig. 4.9). The average current was measured bglgiaveraging the actuation current
over many cycles, as shown in Fig. 4.8.

The measured average, RMS and maximum currentsharen in Fig. 4.9 as a
function of the applied voltage. In each of 7 saseverage current is calculated by
taking an average of all current values recordethduSV operation. The average peak
current is calculated by taking the average of égglcurrent value in each cycle of a
waveform. These values are very important for nindeand prediction of solenoid
valve behavior. In the finite element model whvati be discussed in Chapter 5, a RMS
current is applied to the solenoid coil, since stmodeled in a pseudo-steady-state
condition (independent of time). This RMS currestthe same that is measured
experimentally. The steady-state temperaturegdch one of the applied voltages and
currents are also recorded. Those results arersiowomparison to the finite element
predicted results in Chapter 6 (see Fig. 6.7). Tdwmults show that the temperature

increases as the current increases, which is peediy the law of Joule heating.
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11.4V, 50 % DC and 60 Hz
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Figure 4.8: Measured actuation current appliedthéosblenoid valve (peak voltage: 11.4
V, duty cycle: 50%, actuation frequency: 60 Hz)
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Figure 4.9: The measured average, RMS and peairturreasured as a function of the
applied voltage

Based on these preliminary test results and theengal results, the test
conditions were decided upon. For each test oktienoid valve, the power supply is
set to 20 V, however the actual voltage actuatimegsolenoid valve is then 16.8 V. The
solenoid valve is then run at 50% duty cycle an@GtHz. During a test, the ambient
temperature in the thermal chamber is set to 100P@Be tests were usually run for 24
hours or until the solenoid valves failed. Thduia criterion is defined by the moment
when the solenoid valve ceases to actuate andialysnarked by a sudden increase in
the measured current and temperature. The fadiuterion will be discussed further in

Chapter 6.
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CHAPTER 5
MODELING METHODOLOGY

A multiphysics (thermal, mechanical and electro-n&ig) model of the solenoid
valve (SV) is developed in Ansy$ (see Fig. 5.1), a finite element analysis packéue,
results of which are discussed in the followingtieec The model solves the coupled
fields of equations and thus captures effects moimally considered by conventional
uncoupled finite element models. For instance,hbat generated by the solenoid coil
will be due to Joule heating. This heating wiltriease the temperature which will cause
thermal expansion and stresses in the coil anduhe@unding parts. Therefore, these
different fields are coupled together and for inya@ accuracy, should be solved
simultaneously. This results in a very powerfubltthat can be used to characterize

solenoid valve performance.

27



Plunger
Adr

Coil Insulation

Figure 5.1: A plot of the finite element mesh usedodel the solenoid valve

The mechanical field of the problem considers ttiesses and strains of the
material, and how it will deform and possibly fdile to over stressing. The theory of
elasticity is used to model the deformations in thaterial. Then, three dimensional
Hooke’s law, which relates the stresses and strangiven in cylindrical coordinates

(r,0,2) as:

e, ==lo. ~vlo, + o]+ anT] (5.1)

&g =%[ag -v(o, +az)]+a'AT (5.2)

28



g, :é[az ~v(o, +0,)]+anT (5.3)
2L
o= 22y, (5.4
y, =2, (5.5)
E
21
V, = ( ;V) I, (5.6)

whereE is the elastic modulus,is Poisson’s Ratiag is the normal stress,is the shear

stressg is the normal strain; is the shear straim, is the thermal expansion coefficient,
andAT is the change in temperature of the materialthéncurrent analysis, the solenoid
valve will be modeled as being axisymmetric in getmnand loading. For axisymmetric

cases, the displacement/strain relations are

Vie =Va =T, =Tg =Uy =0 (5.7)
ou
= r 5.8
=y (5.8)
£, :“Tr (5.9)
ou
== 5.10
1T, (5.10)
ou ou
= z 5.11
e iars (5.11)

whereu is the normal displacement. The equations forinaity are also satisfied in the
FEM software. Notice that in Egs. (5.1 to 5.3) #tmins are also dependant on the
temperature of the material. Since the temperaturthe solenoid valve will not be

uniform, the thermal field must also be solved lbtatn temperature.
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The two-dimensional steady-state heat transferatsmu using cylindrical

coordinates and@ is:

2
izj.plg.plga_?;:lgirpgj
o rdr A8k (5.12)

where Q(r,8)is volumetric heat generatioh,is the temperature distribution, which must

be periodic or constant around the circumferenicethe solenoid valve problem, there
will be several sources of heat such as Joulergeatid friction. Since the contact force
on the plunger surfaces should be small, the drictiorce should be small and the
frictional heating should be negligible. Probabitg most significant source of heating

will be from the Joule heating of the coil. Jobkating is described by
Qjoule = I 210 (5'13)

wherel is the electrical current andis the electrical resistivity. Therefore the thatm
and electrical fields are coupled, and the meclahiaicd thermal fields are coupled. The
electrical and thermal fields may also be affedigdhe deformations of the solenoid, as
it may affect the flow of current and heat.

In addition, heat may be convected away from termid valve through the air.
This will be modeled as free convection. A morenptete description of the convection

modeling is given later.
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The electromagnetic, thermal and structural (th&t the directly coupled
multiphysics) modeling of the SV under investigatie being performed with the
measured dimensions of the actual SV product, tteevk applied current density, and
the expected material properties of the variousspaiowever, to improve computational
time only a portion of the SV will be modeled inetiFEM software (see Fig. 5.2).
Dimensions of the SV parts in mm are given in Fig8.and 5.4 as they were supplied by
KTL. The resulting finite element mesh is showrFig. 5.1. The mesh was refined to

satisfy mesh convergence.

O Q*L:E

Core = Housing

: .
Only a portion of
the solenoidvalve | —" =T

IS considered in
the FEM model.

Plunger

Plunger struck

RS |

Figure 5.2: Schematic of solenoid valve and portionsidered in model
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Figure 5.3: Schematics of the solenoid valve ceezlifor modeling (supplied by KTL,
dimensions in mm)
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Figure 5.4: Schematics of the solenoid valve plunged for modeling (supplied by
KTL, dimensions in mm)
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Multiphysics modeling of a SV using An8Ysgives insight into the temperature
distribution and the location of the highest tenapare in the SV. It will also make
predictions for the mechanical and thermal defoionat and stresses due to high
temperatures in the SV, and thus the resulting ar@chl stresses and deformations on
parts of the SV. The model calculates the magrgtic distribution in the SV, the
magnetic flux lines and the magnetic force on thager due to the applied current as
well.

Most of the necessary material properties areilseadailable. The properties

used for the materials of the solenoid valve indhwrent study are shown in Table 5.1.

Property 1AIW 1AIW SMF1010 SM15C Air
Insulation | Copper Wire|  Plunger Core
Polyamide- Iron Powder| Carbon Stee
imide
E (GPa) 6.32 110 200 205 0
% 0.38 0.343 0.29 0.29 0.5
k (W/mK) 0.363 385 76.2 44.5 0.0313
p (Qm) 1-16° 1.7-10° 8.9-10 2.49.10 1-16*
o (um/mK) 25 16.4 12.2 11 0
Ur 1 1 100000 1500 1

Table 5.1: Material Properties used in FEM model

It is also important to apply realistic boundarynditions to the finite element
model. Since the model considers many differeatdé (thermal, mechanical and
electromagnetic), several different sets of boupdanditions must be applied (see Fig.
5.5). As shown, the deflections in the Y-directeme held constant on the top surfaces.

One point is used to keep the model from trangiatinthe X-direction. Free convection
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is assumed on all the outer boundaries of the swolderials, except on the line of
symmetry, where axisymmetric boundary conditioressassumed. Zero normal magnetic

flux is also assumed on all the outer boundaries.

Point Restrained Free Convection, Restrained Diréction
in X-Direction Zero Normal Magnetic Flux

Axisymmetric

Boundary Free
Conditions Conveatio
(Axis of Zero Normal
Symmetry) Magnetic Flux

Free Convection, Zero Normal Magnetic Flux

Figure 5.5: Schematic of the FEM model of the Soi@valve, including Boundary
Conditions
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To model the convection of heat away from the s@$eof the solenoid valve, the
finite element model usdg¢ewton’s law of coolindthe following equation) to predict the
heat loss due to convectiom)(

q = hAAT (5.14)
whereA is the surface aredT is the difference in temperature between the saréand
the ambient air, antd is known as the convection coefficient, or filmefitcient. It can
be very difficult to analytically predidt for a given geometry. Empirical correlations are
therefore often used. For an infinitely long cgiem geometry, Churchill and Chu [28]

relatedh to the Nusselt numbeNu, by the equation

1/6
060+ 038R (5.15)

K
D D (0.559j9’16 o
1+
Pr

wherek is the thermal conductivityp is the diameter of the cylindeRais the Rayleigh

number andPr is the Prandtl number. For this case of a loniindgr, the Rayleigh

number is given by

ra 9BLT)D?

5 (5.16)

whereg is the gravitational constant (9.81 A)/s8 is the volumetric thermal expansion
coefficient, 7 is the kinematic viscosity, and is the thermal diffusivity. For air, some

of these properties are given in Table 5.1, anddkeare given in Table 5.2r is also
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taken to be 0.697. For these properties, and dexnoé the solenoid (28 mm), the value

of Racalculates to be 78469. Then, the predicted Vialuke is 8.14 W/mK.

Property Air

5 (K 2.725-10
n (me/s) 22.8-1¢
o (m?/s) 32.8-10F

Table 5.2: Material Properties for Air

In addition, a suitable value fbrcan be found by fitting the external temperature
of the solenoid valve predicted by the FEM modelthiat measured using the test
apparatus. The external temperature extracted frenFEM model was from the same
location that the thermocouple contacts the sotemalve in the test rig (it is about 0.5
cm from the end of the solenoid casing). As showkig. 5.6, the fit results in a value of
7.15 W/nfK, which is a very similar value that which wasadated from the empirical
prediction above (Eq. (5.15)). This fit was penmi@d for the case of a solenoid valve
running at 13.2 V, 0.86 Amp (RMS), 50% Duty Cyded 60 Hz.

Using the fit value oh=7.15 W/nfK, the predicted external temperature can be
compared to a wide range of experimental results/émious excitation voltages. The
results are used in the current work to design saidct the conditions used to test the
solenoid valves. This and other results of the enical model are discussed in Chapter

6.
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13.2 'V, 0.86 Amp (RMS), 50% Duty Cycle, 60 Hertz

135
130 - FEM Max. Internal Temperature | |
—— FEM Exterior Temperature

125 O Observed Ext. Temp. —
120
115
110 &\
105
100

95

90 T T T T T T

S 5.5 6 6.5 7 7.5 8 8.5
h (W/m?K)

Figure 5.6: Finite element prediction of the tenaperre for various convection
coefficients
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CHAPTER 6
RESULTS AND DISCUSSION

6.1 Modeling Results

An electromagnetic analysis of the soldnailve using the Ansy¥ finite element
package has been performed and the results arenpedselow. The FEM model solves
the coupled mechanical, thermal and electromagpéiisics of the problem. The results
shown below are for the same solenoid valves tastéide experimental portion of this
work and the physical properties used to modeldage are given in Tables 5.1 and 5.2.

The multiphysics model of the solenoid valve caodpce predictions for a wide
range of quantities, such as temperature, stréiesss Joule heat, etc. Some of these
results are presented below for conditions simdathose expected in the solenoid valve
application and during testing. One will also fitldht they produce the expected trends
that would result from simple approximations anedictions of solenoid behavior.

The finite element predicted temperature distridubf the solenoid valve coil is
shown in Fig. 6.1. As expected, the highest teatpees are found within and around the
coil. The plastic encapsulating the coil is a poonductor and so it causes the heat to
build up near the coil. As will be shown in thgpermental work, this build up of heat
can cause the wire insulation to fail and the ptastmelt, causing failure of the solenoid
valve. It can also be observed that the minimumperatures are located near the top of
the solenoid coll, as that is where much of the l®eaonducted into the valve portion of

the part and convected away. Since an averageelnsdsed to consider the solenoid
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coil, the local temperature distributions in eacinewof the solenoid coil are not seen
(individual wires are not modeled). Therefore, kheal temperatures in the wire might
be larger than the ‘averaged’ temperatures pretlibte the finite element model and
shown in Fig. 6.1. However, later in this sectiaripcalized model of the coil wires will

also be presented.

105.778 107,107 108.435 109.763 111.091
106. 442 107.771 109.099 110.427 111.755

Temperature (°C)

Figure 6.1: The predicted temperature distributiothe solenoid cross section for 0.86
Amps of current

The temperature distribution shown in Fig. 6.1 wafl course cause thermal

expansion in the materials. The expansion anthsiriél not match between the various

materials and parts which will then cause stressdésrm (see Fig. 6.2). These stresses
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could be substantial and could also influence #ikire and reliability of the solenoid
valve. It appears that the highest stresses owttlnin the casing of the solenoid.
However, there are also significant compressivesses within the solenoid coil that will
cause the wire and insulation to press against edbhr. Combined with high
temperatures, this could cause the insulation teesze out from between the wires and

result in shorting and failure.

858674 .S13E+08 L 10ZE+09 . 15ZE+09 LZ03E+09
LZ61E+08 . TESE+0E L127E+09 L 177E+HDD LZ2BE+HDD

voh Mises Stress (Pa)

Figure 6.2: The predicted von Mises stress distidbun the solenoid cross section for
0.86 Amps of current
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It should be noted that the manufacturing toleramafethe solenoid valve could
greatly affect the stresses resulting from therexgansion. For instance, stresses from
thermal expansion often result when a part is oaafiby another part from expanding.
The confinement results in forces between the ghatsproduce stresses. If even a gap
is in between the parts due a mismatch in maclolegances, the stresses could be lower,
because the parts have more room to expand. Tnere¢hese machine tolerances which
may statistically vary from part to part could alsause statistical variation in the
experimental results. These variations are nogidened in the finite element model.

The finite element model is a multiphysics modeld aso it automatically
calculates the Joule heating occurring locally witthe solenoid coil when electrical

current is applied. The Joule heat generatedcsileded from the equation:

_Q_I"R_I%p _I%
q=y (6.1)

vV AL A

whereQ is the power of the heat generatgdis the volumetric heat generatadis the

volume, A is the cross-sectional area of the witeis the length of the wird, is the

current, ang is the electrical resistivity. As expected, tb&al heat generated increases
with the current squared (see Fig. 6.3). The beatrated can reach 1 W or more. The
Joule heat generation is calculated over the estirface of the solenoid. It is assumed
in the current analysis that the current is distiédl evenly through the cross-section of
the solenoid coil. This results in the uniform hganeration as shown in Fig. 6.4 for the

case of a 1 Amp RMS current applied to the solecoitl Although the heat generation
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is uniform, the temperature distribution will na.b Also, the geometry of the solenoid

cross-section is deformed in Fig. 6.4 due to tleentfal expansion.
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Figure 6.3: The finite element prediction of thell@oheating within the solenoid coil
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Figure 6.4: Distribution of the Joule heat generafor 1 Amps of RMS current applied
evenly over the cross-section of the solenoid coil
As mentioned previously, the heat generated andi@hmerature distributions
will result in thermal deflections and stressesie Tinite element predicted deflections in
the cross-section are shown in Figs. 6.5 and Glée deflections in th& direction are
maximum near the outer radius of the solenoid vab&ng and appear to reach a value
of almost 0.05 mm (see Fig. 6.5). The deflectionghey direction are smaller than the
deflections in thex direction and also appear to maximize at diffetecations as shown
in Fig. 6.6. Of course, these deflections are relative sincg tepend on which points

were fixed in the model. As discussed in Chapten3he modeling methodology, the
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axis of symmetry restricts the deflection in theirection, while the cross section is fixed

in the y-direction along the top surface.

I
-.355E-10 .342E-05 .188E-04 .263E-04 . 377E-04
.471E-05 .141E-04 .236E-04 .330E-04 .424E-04

x Deflection (m)

Figure 6.5: The finite element model predictionshaf deflections in the direction
within the solenoid valve resulting from thermaparsion (for 1 Amps)
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Figure 6.6: The finite element model predictionshaf deflections in thg direction

within the solenoid valve resulting from thermaparsion (for 1 Amps)

Preliminary tests of the solenoid valves were thento verify the effectiveness
of the finite element model in predicting the salehvalve operation. The solenoid
valve was run at 60 Hz, under a constant duty ¢ycleonstant peak voltage, a constant
peak current, and in ambient air. The tests weneuntil the solenoid valve reached a
‘steady-state’ temperature as measured by theretdrermocouples (see Chapter 4 on
experimental methodology). For various values ppli@d current, the ‘steady-state’
temperature was recorded (see Fig. 6.7). Note ttiede temperatures are for the

thermocouple touching the external surface of termid valve and therefore to make a
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consistent comparison, the temperature from thigefielement model located at nodes
corresponding to the location of the thermocoupliestnibe used. As shown in Fig. 6.7,
the experimentally measured and finite elementipted temperatures agree very well.
It can also be observed that the maximum tempergitedicted by the finite element
model is not significantly higher than the exterteahperatures. This suggests that the
externally measured temperature is sufficient f@l@ating solenoid valve performance.
This will also be confirmed through a localizeditenelement model of the solenoid
valve wires (see later section) and by measurireg tdtmperature directly from the

solenoid colil (see experimental results section).
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Figure 6.7: Comparison of the theoretically prestichnd experimentally measured
solenoid temperature
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von Mises Stress (MPa)

solenoid valve performance, we can now use it toegge results over a wide range of
operating conditions.
solenoid core and coil for various applied currentse recorded. The stresses in the
core are significantly higher than the coil, but #teel material of the core is also much
stronger. The yield strength of the copper wirekimg up most of the solenoid coil is

approximately 200 MPa and the yield strength of ¢bee steel is approximately 480

MPa. As the current is increased, the stress mhmesase, but for the conditions shown

the stresses do not reach the yield strengthis.therefore believed that the failure of the
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Figure 6.8: The maximum stresses predicted byittite felement model
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solenoid valves is not sourced only from thermaiiguced stresses.
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Since the finite element model appears to be abieake good predictions of the

As shown in Fig. 6.8, theximaim von Mises stress in the

However, the



stresses are high enough that, in combination high temperatures, they could cause

damage to the wire insulation.

6.1.1 Local Wire Model

A finite element model of the local wires withitnet solenoid coil is also
constructed. The purpose of this localized mosiébidetermine if the local temperature
of the wires is significantly higher than the agggaemperature predicted by the larger
scale solenoid valve model. To create a local wioglel, the hexagonal symmetry of the
wire coil structure is employed (see Fig. 6.9). isThross-section is then meshed as
shown in Fig. 6.10. It is assumed that all theratzwies follow the laws of symmetry, so
that they have zero normal deflections and zerot leaduction. However, the
temperature of the locations where the insulationtacts the edges is held constant.
Then a current is applied to each of the wires #ral temperature distribution and

deflections of the cross-section can be predicted.

4

Wire Insulation

Figure 6.9: Schematic of the hexagonally symméngal solenoid wire model
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Figure 6.10: The finite element mesh of the locdésoid wire cross-section

The local solenoid wire model is then used to joteithe local temperatures for
the case of solenoid valve powered with a RMS airod 1 Amps and 80°C ambient
temperature, which as will be shown in the follogvisection, results in a peak
temperature of 210.8°C. The resulting temperatlis&ibution is shown in Fig. 6.11.
The predicted rise in the local temperature is dng?C. Therefore, it appears that local
temperature rise should not be an important eff@eén considering solenoid valve
performance and reliability. However, as will b®®n next, that does not appear to be

the case for the predicted deflections.
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Figure 6.11: Finite element predicted local soldramil wire temperature distribution

The rise in temperature of the wire and insulafimm room temperature will
cause a significant amount of thermal expansion geftbction as shown in Fig. 6.12.
Although the wires appear to be overlapping du¢hodeflection shown in Fig. 6.12,
they are not, it is just because the deflectiomsexaggerated for clarity. Nonetheless,
the deflections are large (as much as 0.44 mmesdhleflections should compress the
relatively weak polyamide-imide insulation very gsespecially since the temperatures

are also very high. This will result in the possikailure of the insulation and shorting
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between the solenoid coil wires. This mechanisrhakeved to be one of the failure

mechanisms occurring in our current tests of thensad valves.
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Figure 6.12: The finite element model predictiohthe local deflections within the
solenoid coil resulting from thermal expansion (foAmps)
6.1.2 Theoretical Design of Reliability Test
The finite element model can now be used to makeretical predictions of
solenoid valve operational parameters which aiffeltability, such as temperature, stress
and strain. These predictions are useful to thesigd the test loads and conditions

which may cause failure in the solenoid valve.st:ito increase the severity of the test
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and to model realistic temperatures seen in thesingssion, the air temperature in the
model is increased to 80°C. It was observed thanathe solenoids were run at room
temperature it was difficult to obtain failure. &tging the ambient temperature to 80°C
can be accommodated by making a simple changeimtdel boundary conditions.

The finite element model is then used to generaeselts over a wide range of
applied currents (see Figs. 6.13 and 6.14). Basedhe FEM predictions, a test
procedure can be designed to bring the temperafutes solenoid valve coil near to the

critical operating temperature of the polyamidedeninsulation (approximately 200°C

[29]).
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solenoid valve
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The applied RMS current was varied between appratelpm 0.5 Amps and 1
Amps and the external and maximum temperatures weem@ded (see Fig. 6.13). Once
again the temperature increasing with current was@ed. Also, the difference between
the maximum temperature and the external temperdhat would be measured by the
thermocouple is very small. Based on these priedst the temperatures in the coil can
rise to values that are above what is recommenaetthé insulation. In addition, at these
temperatures, it is expected that the stressesnvilte solenoid coil wire should be very

high due to thermal expansion (see earlier sectiotihe local wire model).
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Figure 6.14: The maximum stresses predicted b¥inite element model

The stresses under these elevated conditions (&@ikient temperature) are

predicted to be significantly higher than the rotemperature case (see Figs. 6.8 and
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6.14). However, it should be remembered that thesdicted stresses are expected to be
heavily influenced by the machining tolerancestef parts. Still, these high stresses,
especially within the coil, are expected to inflaerand assist the failure of the solenoid
valve. These stresses in combination with theagésl/temperatures will essentially form
and mold the insulation present in between theswir8igns of these high compressive
stresses have been seen in all the run solenordsjatven the ones that did not fail (see
Figs. 6.36-6.39). The wires in the solenoid c@pear to change from a round cross
section to a hexagonal shape due to the high casipee stresses (see Experimental
Results section).

The experimental test procedure used in the cuamegilysis was devised based on
the elevated temperatures and stresses seenaha@gplied currents when the ambient
temperature is raised. To further evaluate soteperformance under these conditions,
the finite element predicted temperature and stlessbution for the most severe case
modeled (1 Amps) are presented (see Figs. 6.15.4:6).

In Fig. 6.15, the predicted temperature distribufior 1 Amps and 80°C ambient
temperature is shown. Note that the temperatuvalisabout 5°C higher in the coil than
on the outer surface where the thermocouples ar&dd in the test apparatus. The
maximum temperature is located in the coil where dbule heating is present. The
plastic material around the coil is also heatedsm@rably, which is also noticed in the
experimental results. During an experiment, thestd material surrounding the coll

actually melts and exits the solenoid valve whelfa occurs.
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Figure 6.15: The predicted temperature distributiotine solenoid cross section for 1
Amps of current and 80°C ambient temperature

The predicted von Mises stress distribution fas #ame extreme case is shown in
Fig. 6.16. The stresses are greatest in the steel and outer casing of the solenoid
valve. However, the stresses within the coil ai#t slevated and could cause the
insulation to fail under compression.

In summary, the finite element model results ssggeat the solenoid valve will
fail due to a thermal-mechanical failure of theuiasion between the solenoid coil wires.
It is expected that if a high enough ambient termpee and RMS coil current is applied

then the temperatures and compressive stressebeavdlfficient to soften or melt the
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insulation enough to move it from between the coppees. The copper wires would
then short out and cause the resistance in thet@adrop. This would result in the
solenoid coil magnetic force being reduced and ggesHail to actuate the valve. These

theoretical predictions will be experimentally comfed in the following section.
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Figure 6.16: The predicted von Mises stress digtion in the solenoid cross section for
1 Amps of current and 80°C ambient temperature
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6.2 Experimental Results

A total of 22 solenoid valves are tested for a mmxn period of 24 hours at a
temperature of 100°C in a thermal chamber, 16.9 ¥verage peak voltage, 50% duty
cycle (DC) and 60 Hz of cycling frequency. Oridlpahe tests were run at a 80°C
ambient temperature but failure was not occurribg aufficient rate so the ambient
temperature was increased to 100°C. A 24 houringstes that the solenoid valves are

scheduled to run for 5,184,000 (approximately fmiion) cycles in 24 hours with no

failure.
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Figure 6.17: Variation of actuation voltage witimé for a solenoid valve in operation
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A sample of the voltage and current waref (providing the applied voltage and
current for all the solenoid valves) generated rutiesting of the solenoid valves are
displayed in Figs. 6.17 and 6.18. From Fig. 6.17¢an be noticed that the applied
average peak voltage during the tests is 16.8 N.addition, the waveforms are not
perfect square waves, but are similar to what thensid valves would bear in an actual

application.
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Figure 6.18: Variation of actuation current witmé for a solenoid valve in operation

The recorded actuation current is also shown in &i8. As was also shown for
lower actuation voltages in Chapter 4, the actmatiorrent lags the actuation voltage.

Once the voltage is actuated, the current increases reduced rate to the expected
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current which is equal to the voltage divided bg thsistance. This is due to electrical
inductance in the solenoid valve and power lines.

Although a total of 22 solenoid valves are testems. 6.19-6.22 show the
current, the calculated running average of theerityrand the measured temperature as a
function of time for 4 of the solenoid valves. Figs19 and 6.21 show peak current and
maximum temperature values at which complete failnas occurred for 2 valves,
whereas Figs. 6.20 and 6.22 show the current, ngrewerage and temperature data for a
completely failed valve and for a valve where ndufe has occurred. It is clearly
evident that solenoid failure is marked by a sudidenease in temperature and current.
Once failure occurs the solenoid valve ceases tigate and the protective fuse blows
causing the applied current and voltage to redaceto. These clear failure points are
used to extract the time to failure for each sal@malve. A detailed set of the extracted
results and observations on all solenoid valvegedes this work is included in the

following sections (see Table 6.1).
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Figure 6.19: Variation of applied current and rungnaverage for current as a function of
time for 2 completely failed solenoid valves
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6.2.1 Direct Solenoid Coil Temperature Measuremen

As discussed in the Experimental Methodology, theagderature is measured
during a test using thermocouples that are preagahst the outside of the metal casing
of the solenoid valve near the coil. Based onrtdported finite element results, it is
believed that these external temperatures are el@ge to the coil temperature. To
confirm this, the solenoid coil can be used asantiistor to measure temperature. As the
temperature increases, the coil wire will expand mgthen, thus causing a measurable
increase in the electrical resistance. Howevas, tieasurement cannot be made easily
while the solenoid valve is in operation. In therrent work, the resistance of the
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solenoid valve was measured before and immedi&tfitywing a test. These resistances
were then used to confirm the coil temperature. e Hependence of resistance on

temperature is given by the following equation [30]

R = Re(1+0(AT)) (6.2)

where
R = Resistance)) at a given temperature, (T)Q)
Rrer = Resistanced) at reference temperaturge{ C) (generally 20C), that is, 3.4
o = Temperature coefficient of resistance for a giweaterial (For copper, the material
used as conductor in solenoid coil, the valua &f 0.004041°CC)
AT - Difference between T andel

A plot of resistance versus the temperature is #imasvn in Fig. 6.23. The trend
confirms that the method is very effective at meaguthe coil temperature and that the
coil temperature is nearly the same as the extéengberature of the thermocouple. Itis
seen that in this work for a particular value ahperature (for example, 8CC) the
measured experimental value of resistance throughype thermocouple using a
multimeter is 4.X). The theoretical and experimental values matckigey when the
above equation is used to find resistance at@@and for a = 0.0040419C. Similarly,
for various temperatures, the resistance measyréielthermocouple and that calculated

from the above equation match very closely.
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Figure 6.23: Variation of resistance with temperatu

6.2.2 Categorization of Results
As shown in the previous sections, the tests is thork have succeeded at

producing a controlled failure of the solenoid \ealvHowever, due to manufacturing
tolerances and experimental inconsistencies, tlensl valves do not fail at precisely
the same moment and for the same conditions. adtbeen observed that the tested
solenoid valves can be categorized into three types

a. Solenoid valve run for 24 hours (no failure)

b. Partial failed solenoid valve but still actuatireg 24 hours

c. Completely failed solenoid valve
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These three categories are also represented in afdahg following plots of the data. In
addition, differences in the solenoid wire crosstise after a solenoid has failed can be

observed. This is shown in sections 6.2.3 andl6.2.
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Figure 6.24: The calculated experimental cumulatieesity function for failure of the
solenoid valves
6.2.3 Analysis of Results
The cumulative density function (CDF) ised extensively to test or study the
reliability of components and thereby predict lifecomponents. Essentially, a CDF will
show the percentage of solenoid valves which hailed for a given number of cycles.
Fig. 6.24 shows the calculated experimental CDF #&l cycles to failure for the

solenoid valves. In this plot, only the data foe tholenoid valves that have either
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partially or completely failed have been considerédy. 6.24 signifies that the
probability for failure of SVs increases as thelegdo failure increase.

The calculated CDF appears to show that the failate does not follow a
Weibull distribution Rather, the failure rate appears to level-off &rthmber of cycles
is increased. A logarithmic function is fit to tiédbF data that might be used to make
rough approximations for solenoid reliability. Mastudies find that a Weibull equation
provides a good fit, but that is not the case hérhis suggests that failure may not be
due to a fatigue mechanism. The current analydisally finds that the failure of the
tested solenoid valve is correlated better withrtfaximum temperature. This confirms
the theory that the failure mechanism is a therneaimanical one that occurs when the
temperature and stress are large enough to cagigestilation to fail and the coil wires to
short.

The tests on all the tested SVs (a total of 22)SAfe conducted for 24 hours.
However, SV 15, 23, 29 were prematurely stoppedreethe full 24 hours. This might
be because other solenoid valves in the same3¥siL6, 24, 30) failed quickly (in the
range of 6-10 hours) and so unexpectedly the paupply became switched off. 19
solenoid valves are either run for full 24 hourshwio failure or run until they exhibit

either partial or complete failure.
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Maximum Peak
Solenoid | Temperature | Number of | A Resistance| Current

Valve (deg C) cycles (N) (Q) (A) Status
9 178 4487400 0.6 1.58 Partial Failure
10 181 5248800 0 1.46 No Failure
11 197 1292820 1.7 4.04 Failure
12 256 1594080 1.7 3.43 Failure
13 172 5184000 0 1.26 No Failure
14 269 2582400 21 2.97 Failure
15 176 1744320 0 1.36 Incomplete
16 223 1744320 0.5 1.7 Partial Failure
17 176 5257500 0.1 1.23 No Failure
18 246 2157660 1.8 3.47 Failure
19 173 5342280 0.1 1.27 No Failure
20 197 5342280 0.1 1.39 No Failure
21 171 5235600 0.1 1.21 No Failure
22 301 1678440 1.7 2.94 Failure
23 161 1283100 0.1 1.21 Incomplete
24 265 1283100 0.8 5.44 Failure
25 171 5197740 0 1.29 No Failure
26 274 1286520 1.5 3.43 Failure
27 153 5244540 0 1.27 No Failure
28 255 972960 1.9 3.48 Failure
29 174 842460 0 1.27 Incomplete
30 227 842460 2.1 2.88 Failure

Table 6.1: Solenoid valve recorded and calculatedsured data for 100°C ambient

temperature, 50% duty cycle, 60 Hz actuation freqgyel6.8 V actuation voltage
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From the solenoid tests, four key outpuesextracted for all valves (see Table 6.1).
These key outputs are the maximum temperature edadhring tests, the number of
cycles run, thé\ Resistancégthe change in resistance) and the peak current obsatved
failure or at the end of a 24 hour test. The kayameters are taken into account in
analyzing the performance of solenoid valves andttoly their reliability, and thus to
predict and find ways to improve the reliability dathe life of SVs tested in this
investigation.

In each of the following 4 plots (see Figs. 6.256t@8), the tested SVs are
categorized into (a), (b) and (c) types. All thetplclearly exhibit a common trend that
illuminates our fundamental understanding about #wenoid valve reliability,
performance, and behavior when they are subjecteatdelerated operating conditions
and temperatures. As will be discussed furthes, tommon trend also indicates and
defines the failure mechanism of the solenoid \&lVeéis will then help in prediction of
life (defined as how many cycles they run withoatlure) of solenoid valves and
methods to further improve reliability and performoa of solenoid valves. To
understand the failure mechanism even furthersaaviinspection of the tested solenoid

valves is also presented later in this work (set@e6.2.4).
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Figure 6.25: Variation of change in resistanceeiation to the maximum temperature
for the tested solenoid valves
Fig. 6.25 shows a clear change in the electricsist@nce of solenoid valve with

respect to the maximum temperature reached dudoly tst. The resistance of each new
SV measured before testing is Q.dnd each wire of a solenoid coil is insulated fralin
nearby wires by a thin polyamide-imide insulationhe melting point of the insulation
material (polyamide-imide) used in the solenoidl dei approximately 20CC [29].
Therefore it is believed that if the temperaturd atresses in the coil are high enough,
then the solenoid insulation will fail. The drop iesistance means that the solenoid
valve coil wire has shorted so that the current bgpass significant portions of the

coiled wire. For most of the valves that belongte (c) case (complete failure), the
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change in resistance is high (there is a drop sist@nce from the original 3.4 or 3.5

ohms for a new solenoid valve to a very low valaeying in the range 1.2 to 2.5 ohms).
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Figure 6.26: Variation of change in resistance \Wsiber of cycles for the tested SVs

The change in resistance is also shown as a fumofieghe number of cycles in
Fig. 6.26. The results show that for the failetésoid valves almost a million cycles or
more were still required for failure to occur. $huggests that the failure may also be a
cyclic process as the wire insulation is slowly @elgd over many cycles of operation.
However, it also appears that many solenoid vadugsive for many millions of cycles
without reaching failure. Surprisingly, in this d«dor all the valves tested for more than

5 million cycles ((a) case valves), there were ms of failure which is validated by
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extremely small changes in resistance of the asfiérto 0.2 ohms, even after the valves
were cycled for 24 hours. It could be that theme differences in the manufacturing
tolerances of the solenoid valves that allow soralves to operate for longer before
failure. The performance of (a) type of valvesadie proves the well established fact
that many SVs run for very long durations to thdeorof many years without failure
when operated at the rated operating conditiomscohtrast, the current tested SVs are
subjected to more severe operating conditions (Y6a®erage peak voltage, 100 deg C,
50 % DC, etc.) and are made to run in these camditfor atleast a period of 24 hours
(that is, approximately 5 million cycles). Despites, many of them run well even after
5 million cycles while being exposed to these opegaconditions (the accelerated test
conditions). The problem is some of them do faild it appears to be significant portion.
An interesting observation is that the sound lerefone of actuation emitted by
the solenoid valves was lowered to a good extenhguheir testing, even for those that
did not fail. All the 22 SVs tested in this wonkote that these valves are tested at 60 Hz
cycling frequency) produced a very distinct welate clear actuation sound at the start
of each test. Perhaps, there is a run-in periogravkhe sound level is higher, but with
additional wearing in, the parts start operatingemefficiently. It is often observed in
the testing of mechanical components that durimg iear-in period many components
will fail, but those that survive then have veryndplives. This could explain what is

being observed in the current tests of solenoidesl
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Figure 6.27: Variation of peak current as a functed maximum temperature for the
tested SVs
From Figs. 6.25 and 6.27, for the reasonable arigemperatures of 10C and
applied electrical loads, it is observed that theslees are subjected to high temperature
(in the range of 200 to 30C) which is well above the melting point of the Icoi
insulation. Figure 6.27 also presents perhap®dse correlation of data and the clearest
indicator of failure. The peak current of the cdetgly failed solenoid valves are all
above a value of approximately 2.8 Amps and thise@ @ppears to be a separation of the
data at approximately 200. Initially, for each of the valves when it begjito operate,
the applied peak current is approximately 1.3 tbAmps, but this applied peak current

increases in gradual steps until point of compfateire occurs due to a corresponding
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gradual drop in the resistance of SV to a very \@alue (Table 6.1). The valves have
then been exposed to extreme temperatures thatuallgrcause complete failure as the
coil insulation starts to melt (see Fig. 6.38) whauses shorting of the solenoid coil
copper wires due to lack of insulation between thelh complete failure, there is also
considerable thermal expansion and deflection e dbil region or wire cross section
(see Figs. 6.35, 6.37 and 6.38). In fact, due tiimge the coil wire can separate from the
insulation, and show the presence of pores or ‘a@ots in and around the coil region
(see section 6.2.4). The wire cross section of(#lecase solenoid valves (non-failure)
shows none of the observations noted for the (s¢.cdnstead, in an expected manner,
these samples exhibit a neatly arranged close gduiiecal wound coil structure [31] of
a SV with a thin layer of polymer insulation clsadeen between all the copper wires.
This is typical of any solenoid valve that has stodwn any signs of failure.

Only 2 partial failures (type (b)) of the solenmalves have been achieved in this
work out of 22 valves tested. In all the 4 plokede partial failures appear in between the
data points of the (a) and (c) cases. The changesistance value (see Fig. 6.26) is quite
low compared to the (c) cases, likewise the peakenti (Fig. 6.27) and the maximum
temperature attained during each test (see Figs, 6.27, and 6.28) are lower, and the
number of cycles to failure (see Figs. 6.26 an@)&dte higher than those achieved or
shown by the (c) cases. However, similar to thecé&se samples, when the cross section
of the wire region is examined under a microscapetlie (b) cases, moderate thermal
expansion or localized bulging out of the crosdieacof wire is observed A lack of
insulation between the two copper wires existss tbausing shorting. However, these
regions are usually localized and less severehio(l) case than for the (c) case. Due to
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shorting only, the resistance has dropped fronotignal values of 3.4-3.5 ohms to 2.9

ohms in both the 2 partially failed solenoid valveEhere is also disorder of the wire

arrangement in both the partially (intermediateodisr) and the completely (excessive

disorder) failed solenoid valves which is not prés@ the (a) case. Therefore, these

valves are classified as partial failures due t@ thange in resistance, still successful

solenoid actuation, and limited melting of insudati
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Figure 6.28: Variation of number of cycles as action of the maximum temperature

for the tested solenoid valves

Fig. 6.28 shows the variation of the numbgtest cycles as a function of the

maximum temperature reached for all SVs. Fromittsiows that the higher maximum

temperatures reached by the solenoid valve mighdugeto high peak currents. Then,

these high peak currents are in turn probably altre§ the large drop in resistance of the
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solenoid valve from 3.4 to 3.5 ohms to the rangé.@fto 2.5 ohms. Since these lower
resistances are caused by high temperatures, doeeseem to be a viscous cycle that
the solenoid valve may enter once the thresholidibfre is reached. Alternatively, the
solenoid valves subjected to moderately high teatpess in the range 150 to T85run
extremely well for at least 5 million cycles (that approximately 24 hours) with no signs
of failure and therefore these tests belong tqaheategory.

From Figs. 6.25 to 6.28, for the (c) case, theeeckear signs of failure and severe
operating conditions. Namely, these are the vemgh hpeak currents and the
corresponding rises in temperatures in the solewoitl to a value greater than the
melting point of the insulation. Together thes# lgad to large changes in resistance
values and thus complete failure of solenoid valv&his analysis thus provides a clear
indication of the failure mode and failure mechamig his result will then assist in the

prediction of life and the improvement of the rbllay of solenoid valves.

6.2.4 Visual Analysis of Failure Mechanism
As mentioned earlier, based on the occurrence idréaor no failure, the

solenoid valves tested in this work are classiirgd three types. For each of the (a), (b)
and (c) cases, photographs are taken at three guo#iksgs, namelythe macroscale
external view (for outer structure of the solenvalves), the macroscale cross-section
and the microscale cross-section. The macroseakd iew of the external solenoid
valve and cross-section was photographed simphgusidigital camera. The microscale
level photographs of the cross-section were talsengua digital camera mounted on a

microscope. The cross-sections of the solenoidegalvere obtained by cutting open

76



several of the tested solenoid valves. The sotewaives were cut using a band saw and
hand saw. The surfaces of the cross-section wWereground smooth.

The following photographs (Figs. 6.29-6.39) of {a@, (b) and (c) cases show
very clearly the variation of damage to the caikulation material between the copper
wires and the plastic material that surrounds thié structure due to the high applied
currents and thus high temperatures. It can berebd that the maximum or most
intense coil damage is present for the (c) caseralatively no damage imparted to the

coil of the (a) case solenoid valves.

Figure 6.29: A macroscale photograph of a SV belantp (a) case
(the solenoid valve was run for 24 hours withoulufa)
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Figure 6.30: A macroscale photograph of a solexalde belonging to (b) case
(partially failed but still run for 24 hours)

For the (a) and (b) cases (see Figs. 6.29 and,®8@ye both are run for 24 hours
and about 5 million cycles, the outer structurglegrances of the valves are similar. The
presence of a brownish color is observed over wiote outer region of the valves since
the outer casing of the valves is made of iron (tué&on oxidation and exposure to
extreme temperatures in the range 150 to 200°QReuttie silver color of the valves seen
prior to testing. In addition, some bluish discakiwn of the surfaces can also be seen
due to the high temperatures that are encountdredontrast, for the (c) case valves (see
Figs. 6.31 and 6.32), along with the discoloratiothe outer structure, plastic material is
seen 00zing or coming out of valve due to exposareery high temperatures in the

range of 200-250°C. The color of the type (c)ddikolenoid valve is also bluer than the
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other samples, indicating the occurrence of higbeperatures. Again, the existence of
extreme temperatures in the valves is due to theeabcurrent and the build up of Joule

heat in addition to the heat in the ambient athefthermal chamber.

Melted
plastic

Figure 6.31: Macroscale photograph of a solenoldevibelonging to the (c) case
(completely failed)
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Melted
plastic

Figure 6.32: Macroscale photograph of a solenoldevbelonging to the (c) case
(completely failed)
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Figure 6.33: Cross section of a (a) type testeeinsadl valve

81



Expansion of 4
coil windings ;

Figure 6.34: Cross section of a (b) type testedrsntl valve
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Severe expansion and
disorganization of coil wire

Figure 6.35: Cross section of a (c) type solenaide/

Figures 6.33 to 6.35 show the macroscale photographhe cross-sections of

tested solenoid valves (including (a) non-failu@e) partial failure and (c) complete
failure). One can observe that the organizatiothefcoil wire array continues to degrade
from the type (a) non-failure solenoid valves te thpe (c) complete failure valves. For
the intermediate type (b) samples, it appearsdhgtobstructions ithe coil hexagonal
packing structure is located and limited to on¢hefcorners of the coil, as shown in Fig.

6.34. However, the type (c) solenoid valve samplesv the coil being unorganized to a

83



good extent with wires that have even completepasgted from the bulk coil into the
black plastic casing material. This same blackncasnaterial was seen in the earlier
photographs exiting the solenoid valve in a meleeth. For complete failure, the melted
plastic may have also helped to cause failure bghaeically obstructing the actuation of
the valve plunger in the center axis of the solénailve. Some of the coil wires appear
to not only have left the coil structure but ar@maching the steel casing or core of the
solenoid valve. This could cause further shorbhghe solenoid, and perhaps even leak
electrical current into any components surroundnggsolenoid valve in application.

Figures 6.36 to 6.39 display the microscale phatolgs of the tested solenoid
valve cross-sections for various levels of severiBlthough all samples showed some
signs of stress in the coll, the partially failegpe (b)) and completely failed (type (c))
solenoid valve cross-sections showed many moretstmmtween the coil wires and
disorganization of the coil structure than the sfssctions of the tested but not failed
samples (type (a)).

At first, considering type (c), there are a few f@mof vacant spots or separation
between many of the copper coil wires (Figs. 6.38 &.39) (probably due to the melting
of insulation material due to very high temperasurethe range of 200-250°C). Also, at
complete failure, there is good amount of expansonspreading out of the wires
observed in the coil region (Figs. 6.38 and 6®8greas for the (a) case, the copper
wires remain neatly arranged in a hexagonal mafiigr 6.36).

Now, coming to case (a), none of the festiseen in (c) case can be observed and
the copper windings at the end of a 24 hour testsaen to possess the same helical coil
structure along with the insulation material betwetbem, which is typical of an

84



operational solenoid valve. (see Fig. 6.36). In,fd#us verifies the very definition of a
solenoid coil or solenoid which is defined as ‘agavire wound in a close packed helix’
[31]. However, even for the tested type (a) salmwoils, due to plastic deformation as
well as the symmetry of the coil wires, the wirggp@ar to have been compressed
together to become hexagonal in shape (originphyy to the start of testing of type (a)
SVs, they were circular). As found in the finitkereent model, the increase in coill
temperature can cause very high compressive streglsieh will press the coil wires
together. This phenomenon is also seen in the ddiled solenoid valves, along with
more severe signs of stress in the coils.

In case (b) (see Fig 6.37), a partialufalof the SV can be recognized in that the
windings at one end have undergone expansion tevwhedcentral part of solenoid valve
(see Fig. 6.34). This is observed to a smallerndxtean that seen in the (c) case where a
large amount of expansion of the windings towaeldantral part of the SV can be seen
in several regions of the coil (see Figs. 6.38 a3®). Therefore, it is observed that there
is disorder of the wire winding arrangement in bthta partially (intermediate disorder)
and completely (excessive disorder) failed SVs Wwitioes not occur in case (a) solenoid
valves. Also, there are no vacant regions in thkeregion as there is no melting of the
plastic material since the maximum temperature eshecorded in the (b) cases is less
than those in the (c) cases. However, a lack aflati®n between the copper windings
that causes shorting between them is noticed.deans that, due to shorting only, the
resistance has dropped from the original valuebolua 3.4Q to approximately 2.@ in
both of the 2 partially failed solenoid valves. Shdue to a low change in resistance and

no melting of plastic material, these valves aassified as partial failures.
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Figure 6.36: Microscale photographs of the casedbdnoid valve cross-section
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(b)
Figure 6.37: Microscale photographs of the types(é¢noid valve cross-section
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Lack of insulation
between copper
windings leading
to shorting of
wires

material caused b
high temperature

Increasing disorganization of
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Figure 6.38: Microscale photographs of the types@enoid valve cross-sections
(part 1)
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Expansion of caoill
windings and a
vacant area in the
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Figure 6.39: Microscale photographs of the types@enoid valve cross-sections
(part 2)
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CHAPTER 7
CONCLUSIONS

In the current work, a literature reviewr fthe solenoid valve reliability,
performance, life and failure has been documeraded on this background search, the
research on solenoid valve reliability seems reddyi scarce. This is especially true for
work which examines the fundamental thermo-mecl@énmcechanisms which cause
failure of the solenoid valves.

A multiphysics finite element model of the solene@ve is constructed that is
able to make predictions of the stresses, stramsteamperatures within the solenoid
valve. The results suggest that under slightlyadkd but realistic operating conditions
very high temperatures and stresses can occur.seThigh compressive stresses are
caused by thermal expansion of the solenoid valweponents. The compressive
stresses can then in combination with the high tratpres degrade and mold the
insulation between the solenoid coil wires. Thi#i vesult in shorting between the coil
wires that will decrease the electrical resistanotehe solenoid valve and also cause
eventual failure. The finite element model is alsed to confirm that the temperature
within the coil is only a few degrees different rirothe temperature on the external
surface of the solenoid valve that is measuredraxpatally.

An experimental test rig to test the soldrvalves has been fabricated and solenoid
valves are tested at a constant voltage, duty cyete actuation frequency for a fixed

duration to characterize the reliability of theesadid valve. The solenoid valves are also
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placed inside a thermal chamber that is held abrestant elevated temperature that is
similar to what is seen in the automotive transmissapplication. The influence of
temperature on solenoid valve reliability and idethen observed to be very important.
Additionally, during testing of a solenoid valvealvable information such as real-time
applied voltage, current flow, electrical resistrand actuation frequency of solenoid
valve has been obtained.

For 100°C ambient temperature, 50% duty cycle, 6@ applied voltage, and
60 Hz actuation frequency, failure was repeatediysed for many solenoid valve test
samples. It appeared that samples that reachad@etature of 200°C failed completely
due to melting and degradation of the insulatiotwben the coil wires (as predicted by
the finite element model). Once the wires begishort, the overall electrical resistance
of the solenoid valve decreases. Since a constEtage was applied to the tested
solenoid valves, the applied current will then @ase. They may increase the
temperature further and result in very high tempees in the solenoid valve (up to
300°C). The temperatures are so high that thelroasing and core discolors to blue and
plastic within the solenoid valve melts and exits tasing. The melting plastic can also
inhibit motion of the plunger. This is the obsatvdominant failure mechanism in the
current work. Micro-scale photographs of the awibss-section also revealed that the
wire structure of a failed solenoid valve was mlegs organized than the tight hexagonal
structure of a functioning solenoid valve. In duddl, at the microscale, the shorts
between the coil wires can be seen where the itsunldas been moved out from

between the wires.
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CHAPTER 8
RECOMMENDATIONS FOR FUTURE WORK

Now that an apparent dominant failure mechanismther solenoid valve is
identified, and the cause known, this informatiam ®e used to provide suggestions for
design improvements. For instance, since therfaifoechanism seems to be strongly
related to the maximum temperature reached indlensid valve, one way to reduce the
chance of failure would be to reduce the tempeegaturhis could be accomplished by
increasing the convection and conduction of heatyafrom the solenoid valve, perhaps
with the use of fins.

If the temperature cannot be reduced in a reliabdener, the insulation used
between the wires could be changed to another rmbktghich can withstand higher
temperatures. Since the maximum allowable opeyagmperature of polyamide-imide
is approximately 200°C, a material that can withdtdemperatures higher than this
should be worth testing. Another option might beapply thicker insulation so that it
might not be squeezed out as easily.

Now that a powerful theoretical finite element mlodeconstructed and a reliable
test rig is available, these options can be easily quickly tested at Auburn University.
A comparative study between these different opteoms the current solenoid valve might
yield substantial improvement in solenoid valvefpenance and reliability.

Since only one specific set of operating conditias tested during this study, it

would be advantageous to test the solenoid valeaxtion to various other test
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conditions not considered. For instance, the duytyle, actuation frequency, applied
voltage, and ambient temperature could all be obdrig a controlled test matrix to

characterize solenoid valve reliability.
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APPENDIX

Note that only the main components are listed.

SOLENOID VALVE TEST APPARATUS’ PARTS LIST

Sl

No.

Part

Part No.

Price ($)

Voltage Input module
channel analog input
SCC-AIOL, 42 V, 10 kHz

P777459-20

329

Voltage Input module !
channel analog input
SCC-AIO4, 5V, 10 kHz

21 77459-23

329

Thermocouple input modu
with screw terminals
SCC-TCO02, 1 channel

€/77459-04

159

Electric wires
Wire guage 14
Solid building wire
Length — 500 ft

54126511

79.9 eacl

Adjustable clips
(1 inch to 1-7/8 inch) - 25 pac

AJ CL -16/30-
k25

25

o

Current Transformer

o

Thermocouples
E type (-200 to 900°C)

SC5 Five-channel soleno
controller/driver

id

179
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