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SUMMARY

Digital displays that are depfed in outdoor spacegxperience transient
temperature and pressure loads due to variations in ambient conditioiméeanal heat
loading. To mantain long term reliability onrunning units, heat management of
electronics anglanarcontrol of the liquid crystal display (LCDjell is required.The
balance opressure distributioand cooling flowcan bedisrupteddue to multiple factors,
including leaksfrom the displays to external surrounding$iese leakgau® pressure
transients that are observed on fieldigsplayswhich can lead to premature failure of the
displays. Understandingthe causge and early detection of leaks key to enhanced

reliability and reduced costf manufacture and maintenance.

This thesis presents a series of experiments and Computational Fluid Dynamics
and Heat Transfer (CFD/HTgalculationsthat demonstratéhe effects of air leakage
through areducedscale modelThis was done through a thrpbase approach. The first
phase was a series of static pressure tests for leakage rate determination. The second
phaseused aeducedscale version of an internal flow loop found in displays to replicate
pressure transients obsenatting day-night heat cycles. The third phaeeused orthe
development ofa CFD/HT model to act as design aid time postulation oforessure
distribution with leakage effects. The work done this thesis was primarily

experimentglwith the CFD/HT model developed as a basis for future work.

Sealing for displays is accomplished using bulb gasketetic leakage rate
experimentsvere performean varying combinations of gasket asellingsurfacethat

are typically used during manufactui@ptical measurementsf mating surfacesand

Xiii



experiments with intentional leaksr unideal gasketinstallationswere performedo
provide additionalpoints of comparisarnThese static leakage rate tedemonstrate that
there are several orders of magnitude difference between an undisturbed gasket

installation and a compromised assembly

Closed flow loopexperimentsmi mi ¢ ki ng a-nighihsacycle,wé&res day
then performedvith varying anomaliesto replicate pressure transients experienced by
fielded displays These experimentsonfirmed that external leakage is a source of
pressure transientResultsalso demonstratehat there is aorrelation betweeteakage

locationmagnitudeandvarying pressure signatures

The development of a CFD/HT model is used as a basgddictionof leakage
effects. The modalises experimental data for leakage correlation, aisdvialidated by
the closed flow loop experimait data Simulation results show that @lculated
temperatures closelynatch experimensg in both steady state and transiemises but

pressure response during a transient requires further development.

By understanding the causes of leakage and resulting pressure signatures, time
and costs improvements can be made. With data on gasket leakage rate, the time spent
performingquality assurance leak tests can be redased primary benefiData fom
the closed flow loop testingan aid in troubleshootingnits with abnormal pressure
signatures. The experimental platform itself also provides a relatively quick way to test
different designdecisionsfor overall pressurecontrol while the CFD/HT model is the

start for develomentof more complex scenarios to support it

Xiv



CHAPTER 1. INTRODUCTION

In recent time outdoor digital displays have come into large scale use in pedestrian
areas, serving advertising or informational purgo¥¢hile a majority of liquid crystal
displays [CDs) are in climateontrolled indoor environments, outdoadisplaysmust
survive a much wider range of conditioriBhis presents new engineering challenges

regarding longierm reliability.

valentine's DAy

capinl weddingy withewt the planning?

Figure 17 Manufacturing Resources International BoldVu Display [1]



1.1 Background

The LCD cell is madeup of multiple film layers that block, transmit, or diffuse
light. It is composed of a layer of liquid crystal sandwiched between two layers of glass.
These layers of glass are further sandwiched by a front and rear polarizer, with the whole
stack referred to as the LCD cell. Behind the LCD cell are optical films and a bulk
diffuser, which can be referred to as an optical stack. Further behind the optical stack is a
light source (backlight), which is separated from the stack by an air\Wdbp. the
physical constraints on the optical stack and large surface area, the LCD is susceptible to
deformationin the form of bowing in or outShould the LCD bow too far towards the
backlight thenthe display can overheat, and luminance uniformity is diminisfdu
display can also overheat if it bows towards the front, causing other optical anomalies

such as smearing.

Direct-Lit Backlight Unit

Optical Films

Diffusion Films
Diffuser Plate

'5....

Bowing Towards LED "%a, i

Optical Gap

—— LED(s)

LED(s) Back Reflector

Figure 271 Typical direct-lit LCD using LEDs, not indicative of MRI display

construction [2]. Not to scale.


https://www.extremetech.com/electronics/137158-amazon-sheds-new-light-on-kindle-paperwhite-display

There are two main avenues for deformation of an LCD, thelvaaling and
pressureloading For thermalloads bowing of the LCD can happen due to thermal
expansion from high heat loads. To avoid high thermal loadingling loops are

incorporated into the design of the display.

Using displag from Manufacturing Resources International (MRB reference,
there is a closed cooling loq€L) and open cooling loop (OL)Shown inFigure 3
below, he CL passes coolg air between the LCD antight emitting diode(LED)
backlight, andsimultaneoushbetweenthe LCD and exterior vandal glass [These are
referred to as the Backlight Cooling Cavity and LCD Cooling Cavity respecti&slgir

circulates around the unit,atso flows through over electronics and power supply.

< Cooling Loop Flow

@ PrY O —
A i / 3 0 X A \:—-'/ = / [ I |
Power Supply Unit {S of P = / =
7z e N Air— Air Heat s
1 \ N Exchanger —
Corrugates~_| v )g < =
LED Backlight — . , ST \ AN W AN W AN W AN, W AN W A W
> Backlight Cooling Cavity —_——
LCD and Optical Stack<{}= = = = = S e = = = =
——— LCD Cooling Cavity ——
Vanda| Glass-{“'; .,.:"-.A,.,;: == S e — F:A =_— = ,;t“,..;_t;‘,: e '.».,':..,;; — ey

Figure 37 Section of the tosedcooling loop flow throughLCD and backlight

cooling cavities with a 150mm diameter blower providing air flow4].



Heat from theclosed cooling loogs rejeced to a separat®@pen cooling loop
Shown inFigure4, the OL circulates external air vertically along a displpgssng air
throughan airto-air heat exchanger and through corrugated p@ttef the backlight in
the display[14]. The separation of these two a@treamsremovesthe need for air

filtration and reduces the moisture levels within the displays.

T W WA TN W T T N Y W T T N TN W T T T W W T WYY

Figure 47 Crosssection of a doublesided (twoscreen) display.The red

arrows showvertical OL air flow propelled by the OL fans (not shown)J14]

If there is an issue withcooling loop, pressure loads combined with thermal loads
have the capacity to cause significant deformatidne to thee combinedoading
concernsmuch care is put intmonitoring pressure and temperatungthin the unitsfor
health monitoring. For a healthy unit with mgsues, daily peaks and troughs can be
observedhrough apressure sensamstalled in the display&eeFigure5). Referred to as
t he wuni t 6 this fydical aycld db pressure lehavior is indicative of a-sedled

unit.



I Closed Loop Air Temperature

Figure5T The Pressure fAHeartbeato of a Dis

Referencing the abowecurdoveythaeaceursea a-Bduri t 6 s h
period.The positive peak of the heartbeat ocasghe sumises, with solar loadingand
screenbrightness increasg. The internal power dissipatioand solar loads raise the
temperature within the unit, causistatic airpressure to rise with it. Hot air gradually
leaksout of the unit, reducing pressure. Then the trough in the heartbeat occurs when the
sun sets and electrical loading lowers. This lowers air temperature, further drapping

pressure that recovers from inward leakafambient air

There have been units that do not have the typical heartbeat pressure pattern
observed. Changes in that pattern have often been attributed to external leakages, which
of concern as the leakage not only impacts pressure profile, pot¢ntially cooling

performance.



1.2 Purpose of Study andApproach

The purpose of this study is to investigate potential causes of lealdageeffects
on pressure distribution they have, and whether intentional leakage can be taken

advantage of. To do this, tipeoject was broken down into three phases.

Phase 1: Static testirigr leakage rate determination.

Phase 2: Transient pressure measurement iepeesentative digital display model

enclosure

Phase 3CFD/HT Simulation development.

Phases (1) and (2) were done in series, while Phase (3) was performed in parallel to
the othersThe intent of Phase (1) is to provide a baseline for the level of leakage from
the bulb gaskets used in displays. Phaseg@)cates a closed cooling loop of a display
as a test platform for transient pressure response. Then Phase (3) lays the foundation for
future simulation work replicating the various pressure transiéhbsg with the Phase

(2) setupjt will be used for investigation of-fireld pressure anomalies.



1.3 Previous Work

There are two prior thesis dissertations on the subject of outdoor digital displays. In
the first, ATher mal Model ing of Air Cool ed
validation of CFD/HT techniques for use with relatively ladigplays[4]. The second
A T h e 4FlmdStructure Interaction Modeling of OutdooDi gi t al Di spl ¢

incorporated structural effects and solar loading into full scale models.

There has not been much research published focusing on bulb gasket leakage. Though
there are technical manualsthatasg ui des f or | eakage cal cul at
Leak Testing Technical Manual o [ 6]. Most p

temperature applications of flat gaskets erir@s [7].



CHAPTER 2. PHASE 1: LEAKAGE RATE DETERMINATION

This chaptepresents general test methodolpgsults, andliscussion oPhase 1
static testing.Additionaly, it presentsa seriesof experimentsin support of leakage

determination.

2.1 Purpose of Phase 1

The intent of Phase 1 is t@l) verify the efficacy of standard bulb gasket
configurations and (2) explore sources of leakdge the first reason, the intent is to
provide guidance on whashouldbe expected fronthe sealing surfaces of the displays.
Exploration of leakage sources provides a point of comparison to ideal cases.
Understanding the difference will allow for a shift in priority during manufacture and
assembly. This will also provide guidance toward quality assurance testing. Normally,
displays are leak tested after assembly, both through external water deluge and internal
air pressurization. Knowing ideal performance will allgustification in changes to
testing.For example, wppose a leak stemming from foreign material is several orders of
magnitude greater than a wekaled display. Then more focus can be placed on foreign
material exclusion practices. It will also allow for adjustments in leak testing, as the

anticipated time to detect an issue will be better quantified.

The varying tests described in this chapter include comparison of differing surfaces
the gasket is sealed against, microscopic check of the surfaces, foreign material caught

across the gasket, and a reduction in compression of the gasket.



2.2 Experimental Setup

All the testing for Phase 1 was performedairclimatecontrolled laboratory.
Ambient conditionsvere tracked using a Bos&MP388sensor(see App A) external to
the test setupAmbient temperature typically stayed at 22 + 0G, while ambient
pressire fluctuated between 98(Pa and 99@Pa.Note, the sensor was sourced through

Adafruit industries, which produces the board and microcontroller to use it.

The setup was comprised of twoi?¢4 24in  4in (610mm 610mm 102
mm) sheet aluminum b@swith oneof the 24in 24 in (610 mm 610 mm) sides
open.The edges of thepenside of each box were gasketed and said gasket would be
clamped against varying surfaces. There were two different gaskets used, referred to as
350 gaskets and 740 gaskets. The 350 gaskets are normally utilized as a seal on
aluminum surfaces, while the 740 gaskets are usegla®ms surfaces. Each test box was
referred to as the 350 box or the 740 box, depending on which gasket was insStalled.
test box has two pneumatic ports. One was used for pumping or vacuuming air, while the

other was connected to a digital manomeETECHHD755, see App. A).

12.7mm
12.7mm ¢ C vl
{(\_)1
= e
740 Gasket 350 Gasket

Figure 61 740 Gasket and 350 Gasket with uncompressed bulb length.



For a seal to be made, the gasket has to be compressedeopnamended
distance. Four clamps were used to compress the gaskets, and for each test box, clamp
stops were made to allow ideal compressidre gasket is compressed osamnple plte
with a specifiedsurface and both the sample plate and box are sandwiched between two
plywood boards (MDF). This sandwiching is done to reduce the chance of flexing from
the sheet metahs the boxes were to be pressurized up3060lPa, resulting in a 56N

load

BMP388 P/T Sensor

Test box w/ plate

Low-pressure test specimen
hand pump

Figure 77 Diagram of Phase 1 Setup

2.3 SealingSurface Comparison

The first major variable to checktise differentsurface/finishes that are common in the
displays.For this project, four different surfaces were focused::o a st andard
finish on aluminium plate; a vertically seé

circularly sanded finish on aluminium; and fritted glake Mill-finish plates are the

1C



default sealing surface for the displays. They are the aluminium plate as received from
supplier with a smooth, rolled finish. The vertical Costa sander egd00ircular sander
are only used on plates with defects that may affect the sealing suffihéeur surfaces
were tested with the 74fox, while the 35hox was only tested with aluminium

surfaces

For each testpne of the gasketed test box was clamped to a surface and
pressurized to a gauge pressure approximat&0Pa. Internal pressure was recorded
with the digital manometer, measuring differential pressure to ambient condiacts.

tests was performed for 2burs.

Multiple test runs were performed for each configuration, with reported results
taken from the averages. Early testing revealed that the ambient pressure of the laboratory
in which the tests were performed tended to swiB@0 Pa over the course of a day, with
the pealto-peak cycle taking several hours. These ambient pressure changes affected
measurements taken by the digital manometer as it was open to the environment. To take
that into account, data from the BMP388 sensor set to read ambient pressures was
combined with the manometer data. This cycle only affected théo@%Q@ests as they

were nominally 24 hours long.

11



Figure 81 Four of the plate surfaces tested. (1) is the Milfinish, (2) is the

Costafinish, (3) is the 400grit finish, and (4) is fritted glass.

12



2.3.1 Sealing Surface Test Results

The results of tests with the wakkaled surface tests are as follows,

350-Box Seal Leakage Averages

1500
1350
1200
1050

900

dP [Pa]

750
600
450
300

150

0 2 4 6 8 10 12 14 16 18 20 22 24
Time [hr]

= Mill Finish ——400 Grit Sanded Costa Sanded

Figure 97 Average pressure leakage results for the 38fox.

As displayed in the figure above for the 3B0x, the default Milfinish plate
maintains pressure the best. All three surfaces take greater teoui4to leak down,

which demonstrates high sealing capacity.

13



740-Box, Seal Leakage Averages

1500
1350
1200

1050

600
450
300

150

0
L —— —_——
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Time [min]

— Fritted Glass Average— Costa Finish Average— 400 Grit Average— Mill Finish Average

Figure 107 Average pressure leakage results for the 748ox.

The 740box was the weaker of the two gaskets tested as thelteak time was
consistently &hours instead of the greater than 24 hours for theb®%0 From this, it

was decided to focus on the 3B0x for sensitivity tests.

2.4 Microscope Check of Surfaces

In addition to the pressure ledlown test, measurements of the surface roughness
for the aluminum plates were made. This was done to aid the interpretation-dbieak

test results. Measurements were made ro®@gmpus LEXT OLS4000 3D measuring

14



laser microscopen the Marcus Nanotechnology Center cleanrodRepresentative

surface samples were prepared, and 3D surface scans were made at various locations on

each sample. Using accompanying softwardasa roughnessan be measured.

Figure 117 Olympus LEXT OLS4000 Laser Confocal Microscope with a

sample surface plate being measured.

For each sampl@ 1.8mmA 1.8mm scan was taken at multiple locations. For
each scan, line roughness measurementas recorded in the form of average
roughness Ra, which is the arithmetical meanroughness value.This value is used
for comparison as it is the standard form of surface roughness callout used in
manufacturing spaces.For each surface at least ninety (90) line measurements

were taken. Sed-igurell1below for an example scan of each finish.

15



Figure 121 The three surface samples measured under the LEXT microscope

at 1.8mm 1.8mm scale

16



2.4.1 Results

The results of the surface scanare given in the table below.

Table 17 Surface Roughness Results

Roughness Average [Ra]

Surface Direction Ra [um] * [um] Ra [uin] * [um]
Mil Parallel 0.24 0.08 9.28 3.15
Perpendicular 0.35 0.03 13.85 1.34
Parallel 0.59 0.47 23.32 18.32
Costa .
Perpendicular 1.29 0.32 50.78 12.65
400 Grit N/A 0.46 0.05 18.12 1.95

When taking measurements, it was observed that the Mill finish and Costa

finish had distinct linear grooves. For those two finishesRa measurements were

separated based on whether they were perpendicular or parallefdoe grooveslhe

Mill -finish had lowest roughness, while the Costdinish had the highest on average.

The standard deviation was greatest on the Cosffinish. Each scan taken of the

finish varied greatly from the previous.

Comparing this to the leakage measurements, it appears that the linear

finishes provide stronger sealing, despite the differences in surface roughness.

2.5 Foreign Material Interference

A further

test

f

or

t

he gasket 6s

seal

foreign material to obstruct the sealing surface. For this test, a variety of relatively small,

easyto-miss items werdaid across the gasketalfor comparison. The 35Box was

17
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chosen based on results from the base-ttatn tests where itdemonstratednuch

greater sealing capability than the 740 gasketed boxX2(3€.

Figure 1371 Object used as gasket interference: (1) USB cord, (2) wire tie, (3)

18AWG wire, (4) M3 screw, (5) 22AWG wire, (6) Thermocouple.

The items chosen for the test were, a USB cord, wire tie, 18AWG and 22AWG
wire, an M3 screw, and thermocouple wildese items were chosen because trey
small enough to be missed when assembling the much larger displays. Also,

miscellaneous wiring or small fasteners commonplace in electronics assembly.

Testing each one at a time, the obstruction was laid perpendicularly across the
gasket. Once clamped down, the box was then pressurized to approximad€lyra
gauge If excessive leakage prevented pressurization via the hand pump, the act of
clamping the box itself was used as the source of predsinen done rapidly, the aof
clamping the box down to the clamp stops would typically pressurize it bety&@6Ph

and 2000Pagauge

18



2.5.1 Results

For each experiment, the rate of leakage was several orders of magnitude higher
than the welsealed cases i8ec 2.3 The leakagdime was typically on the order of
several minutes instead of 20+ hougsven the high leak rate, the surface finish used for
each test was irrelevant. Leakagaslargeenough that, for most testswas impractical

to use the hand punfpr pressurization

In summary, it is unlikely thaa foreign object caught in the gasket would go

unnoticed during quality testing. The inability to maintain pressure would be a red flag.
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2.5.1.1 USB Cord

The plot for the USB cord leakage tests is below. The cord had a diameter of 1/8
inch, which resulted in rapid decompression. Therefore, it was impractical to hand pump

to the desired starting pressure.
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Figure 1471 Leakage resultsfor the USB cord.
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2.5.1.2 Wire Tie

The plot for wire tie leakage is given below. As with the USBd, leakageate
was large enough to rely on pressurization from clamping, resulting in inconsistent

starting points.
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Figure 157 Leakage results for the wire tie.
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2.5.1.3 18AWG and 22AWG Wires

The plots for the wires are given below. As with both the USB cord and wire tie
before, the wire caused rapid depressurization. Neitkezable to maintaimpressure for

more than one minute.
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Figure 161 Leakage results for the 18AWG wire
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350-Box, 400Grit Surface, 22AWG Wire
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Figure 171 Leakage results for the 22AWG wire

2.5.1.4 M3 Screw

The M3 screw resulted in the highest leakage rate out of each object tested. Despite
being a similar diameter to the USB cord, the -B68 was unable to be pressurized

higher than DO0Pa. The leakage plot is given below.
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350-Box, 400Grit Surface, M3 Screw
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Figure 1871 Leakage results for the M3 screw.

2.5.1.5 Thermocouple

The thermocouplsvire inclusionhad the lowest leakage rate of all objects tested.
The 350box was able to be pressurized consistently by hand p8taging at /500 Pa
gauge depressurization took 300 secons min) on average. Given the jump in
magnitude, a sensitivity test was explored with the thermocagtlat an approximate

30° angleThe difference is shown iRigure19 below.
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Figure 191 The thermocouple placed (1) perpendicularly and (2) at an angle.

This change in angleesulted in a jump to 800 secon@43 min)for leak down
This is due to the length of the flow passage effectively doubling sin€ et J P c
In a pipe flow correlation, such as the DakAgisbach equation, resistance to flow is

proportional to passage length
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Figure 2017 Thermocouple leakage results.
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2.6 Tolerance in GasketCompression

The last aspect of sealing tested was reduction in gaskepressionThe bulb
gaskets commonly used in enclosures have a manufacturer recommended compression
distance for optimal sealingensuring that a large unit is compressed to a specific height
without tolerance is time consuming and cosflherefore, understanding what the

tolerance is for compression widhse assembly.

In this test, thecompression on thgasketss incrementally reduced until a major
shift in leakage rate is observed. Thias accomplished by placing 1mm thick shims

across the top of the clamp stops, as shoviigare21 below.

Figure 2171 350-box clamp stops with 1mm thick shims placed on top.
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2.6.1 Results

Theresults of this studygiven inFigure 22 below, showsmall increases in leakage
rate up to 3nm. At 4mm, there is relatively rapid depressurization fros00 Pa to 500
Pa.From t hi s, an assembled display with a ¢

will leak noticeably faster than one within the demonstrated n8n tolerance.

Additionally, decompression at siam prevented the gasket from fully contacting the

plate.
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Figure 221 Gasket leakagebecause ofeduction is gasket compression

28



CHAPTER 3. PHASE 2: TRANSIENT PRESSURE

MEASUREMENTS IN HEATED ENCLOSURE

This chapter presents the test methodology, results, and discussion of Phase 2

transient pressure measurementsriepgesentative digital display model enclosure

3.1 Purpose

The main purpose of Phase 2 isitentify the sourcesof pressure transients
observed in fieldd displaysldentifying the causes will aid imoubleshooting and future
design improvements. For the case of troubleshooting, guides and instruction can be
prepared that help local service technicians find and fix the issue. Reducing the need to
fly out a subject matter expeas these displays are sold across the wéddlitionally,

having a good test platform will alloexplomation ofpressurelistributions.

These experiments validate the thought that external leakage is a source of pressure
transients. Results also demonstrate that there is a correlation between leakage

location/magnitude and varying pressure signatures

3.2 Experimental Setup

Exploration of pressure transients is done by replicating a closed flow loop that is
representative of a displaiRepresentative digital display model enclosexperiments
mi mi ¢ a d inight heatycyclsand chavg intentionally varying disturbances to
replicate pressure transients experienced by fielded dis@ags. inFigure23 below, the

setup for Phase 2 was built upon the basic Phase 1 setup with additional equdpment.
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Mill -finish plate was prepared for the tests with numerous penetrations for tubing and

wiring. To match the finishthe 356box was used for thexperiments to increase the

sealing capacity of the setup.

Figure 237 Phase 2 setup fan shroud, heatsink and sensors being assembled.

The main addition is a blower mount ed
shr oud. oseclioned balow $tsgure 24, the blower with fan shroud creates a
flow loop inside of the test box. This flow loaprepresentative of a closed cooling flow
loop found inside of an outdoor displalf also contains a heat source in the form of a

heatsink with resistive plate heater.
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Figure 241 Cross-section of Phase 2 setup (bottom) compared to cressction

of MRI produced display (top). Using identical 150 mm outer diameter blowers.

For additional thermal loadingnaOmega KHA405/10P flexibleresistive heater (4
in 5inor101.6mm 127 mm) attached to &inned heat sink was used. The heat sink
contained a resistive heater sandwiched at the base, allowing varying heat loads. The
heatsink was milled from aluminum; and it has ail2 12in (254 mm 254 mm)
base, with 2&qually spacefins that 0.125n (3.175 mm)thick each. The fins are 0.75in
(19.05 mm)long, and the total height of the assembly is ih.$38.1 mm) filling the
bottom portion of the shroud. Additionally, the heatsink included four protruding

threaded fasteners that allows it to be secured to the fan shroud assembly.
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Theblower useds aSan Ace C150produced by Sanyo Denki. It is a 48V centrifugal
fan with amaximum volumetric flow rate of 3.83[m3/min] and rated speed of 3800RPM.
This blower was supplied OyIRI and has been used in certain models of their displays
For the experimentsthe blower was supplied 92for a higher thermal load. When

running, the current draw was such that blower required a steady 22W of power.

(inch H.0) (Pa) PWM Duty Cycle 100%
2.01 500
o 400
.
2157 [\ 55.2V
3 | 300NN
& 48V
S 10 \
& N
05- (
t 100 \\
I \
0 0 2 3 4 5 (m¥min)
Sanvo San Ace C150 0 25 50 75 100 125150 175 (CFm)
— Airflow

Figure 2571 Picture of Sanyo Denki San Ace C150 centrifugal fan (right) and

flow curve (left)
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Figure 2671 Picture of (1) Adafruit BMP388 pressure and temperature sensor,

(2) Adafruit RP2040 microcontroller, and (3) Adafruit TCA9548A multiplexor.

Measurements are taken wusing multiple BN
microcontroller via a multiplexoMhere are two sets of sensors mirroring each other. For
each set are two BMP388ds on the top plane
one at the flow exit of the fan shroudnique to one microcontroller are two sensors
placed at the outlet of the blower, referred to as Sensor (6) and Sensor (7). Sensor (6) is
located on the inner wall of the shroud at the seleeation as the blower. Sensor (7) is
on the base of the test setup, between the blower and the heStsuskr locations are

pictured inFigure28.
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With the addition of the shroud assembly and sensors, clamp stops had to be remade

to fit externally to the test boX hese stops are sandwiched between the two MDF boards

holding the setup together.

Figure 271 Clamps with external stops.
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Figure 281 BMP388 sensor locations in Phase 2 setup. Theaiee two sets that

mirror each other for sensors [1] through [5], which are external to the fan shroud.
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3.3 Phase ZTest Plan

Thelist of test presented in this sectios listed in the table belowith full results

in APPENDIX B.
Table 27 Phase 2 Test Plan
Test Condition Heating (55W) Heating (125W)
Sealed X X
ShortLength Tube
Blower Exit X X
Ceiling of Bo X X
Long Length Tube
Blower Exit X X
Ceiling of Bo X X
2mm Near Shroud Outlet X
Fan On then Heat X X
Box Openedat Shroud
Outlet
0.25in lift X
0.125in lift X

After assembly of thexperiment, aealed leakdown test was performeith power
supplied to the fan or heatdiis was done as a check due to the penetrations in the base
plate adding another avenatleakagelt also was used as reference for gasket leakage
correlations used in Phase 3 QHD simulations (sec.4.3). Once this was all

established, an evolving test plan was drafted.

Tests were primarily performed at two different heater power levels, 55W and 125W.
Each test was performed with 55W of power first, then adjustments were made based on
results. With the aim of replicating daynight cycle with pressure spikesxperiments

were performed over a dur period with heat application dependent on the test.
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There were multiple configurations tested with the default state of the setup being
sealed. Tubesuted through the penetrationsre used as leakage sourteo different
|l engths were used, a AShorto tube at 527mr
Both tubes had an internal diameter of 2n#dditional sources of leakage include the

box being propped open at one end, and use of the ports built into the box.

3.4 Test Results

A description of each test with representative results is in the following sections.

3.4.1 Sealed Test

The sealed test was the default comparison point for the heartbeat pressure transient.
This was 1€éhour test starting at Pa gauge pressumghere power to the heater and the
blower tuned on at the start. Then, at tHeo8r mark, power to the heater was removed
while the fan is kept anThis experimentvas performed at both power levelgith no

intentional leaks or aberratioriRepresentative results are in the figures below.

Both power levels result in a pressure heartbeat where there is an initial positive spike
due to the heating, and then a negative spike when heat is removed. Both take
approximately half an hour for pressure to peak, and then 4 hours toGatitesettled,
there was a 10Pa distribution in pressure, with Sensor (7) being the highest and Sensor
(5) the lowestThe magnitude of the pressure heartbeat for the 125W test is greater than

the 55W test, which is expected due to higher temperatures.
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Figure 291 Sealed case at 55W heat input
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Sealed Case: Q = 125W at t=0hr, Q=0 at t~8hrs
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Figure 301 Sealed case at 125W heat input

3.4.2 Leakage Casetube at Blower Outlet

As shown inFigure 31 below, a tube was routed through the shroud and piaced
between the heatsink and thiewer. Then the tube was taped to the shroud to hold it in
place. Starting at @a gauge pressure, the procedure was to power the fan andabeater

the startthenturn off the heater &-hour point.
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Figure 3171 Leakage casavith tube inlet located in the shroud.

Results of the experiment at 1¥% are plotted in the figures below, with the 55
W plots in Appendix Blnstead of a kPa peako-peak heartbeat, thgaugepressure
simply biased negative with a small hump when power to the heater was reoedd.
its increased length, tHow resistance of a longer tulegreater. This reduces the effect
of the leakage relative to the short tube. Where gauge pressure immediately drops for the

short tube, there is a small positive spike for the long tube.
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Figure 321 Leakage Case: Short tube near the blower outlet. Heat at 124
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Figure 337 Leakage Case: Long tube near the blower outlet. Heat at 128
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3.4.3 Leakage CasetubeAboveBlower Inlet

‘ T - ‘1
Tube was taped to the ceiling
‘ of the box prior to test start

Figure 341 Leakage case with tube inlet located above the inlet of the blower.

For this leakage case, the inlet of a twas secured to the ceiling of the box above
the inlet of the fanStarting at 0Pa gauge pressure, the procedure was to power the fan
and heater at the start, then turn off the heatdrea®hour point. This test was done as a

reciprocal of the outlet test.

Plotted below are the two sets of test data, one with the long tube and one with the
short tube. As beforghereis a difference ithe magnitude of the pressure spike, but the
pressure distribution remains the sarfbis steady distribution is comparable to the

steady distribution in the sealed test data.
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Figure 351 Leakage Case: Above blower inlet, 129/ heat load, short tube.
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Leakage Case: Above Blower Inlet, Q=125W, Long Tube
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Figure 361 Leakage Case: Above blower inlet, 128/ heat load, long tube.

3.4.4 Fan on then Head Added

This test was approached in the same fashion as the sealed test, except with the

heater being powered at thén8ur point instead of at the start of the experiment.
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Sealed Case: Q=125W, Fan First, Power on at t=6hr
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Figure 371 Sealed Case: Blower on first, then heater on at t = 8hr, 12&

This experiment was a test to see the sensitivity to the blower vs the heater
powering The heater had a much greater effect withO8@APa spike in pressur®©nce
the spike settled and conditions became steady, the pressure distribution hovers around

atmospheric.
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3.4.5 BoxProppedOpen

For this experiment, the test box was propped open by a machinedtblack
specific opening size. This was done to replicate an actual event where foreign material
caught on the frame of a display, preventing complete clo$uis.test was done with a
0.125in (3.175 mm)gap and a 0.2k (6.35 mm)gap in the gasketith two blocks, one

near each corner

L.

Figure 381 Leakage Case, test box propped by a machined black
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Figure 391 Leakage Case: 12%V with the test box propped open by 0.12%

(3.175 mm).

Representative results of the experiment are displayed in Figure 34 belowisTher
no spike in pressuravith a slight negativebias in pressure The usual pressure

distribution observed in all other tests is present.
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