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Abstract

Fan vibration has become sgnificant issue in telecommunications environments due to
increased performance and heat of internal components requiring greater airflow and higher
speed fansThis thesis investigates fan vibratiproblemsin telecommunications equipmesmd
developssolutions to the problem in a retrofit scenarotarget value for vibration levels was
determined by measuring vibration levels in an alternate existing product that exhibited no wear
issues over a span eéveralyears.Two successful vibration isolatalesigns were developed

and implemented. Theetrofit solution required minimal changde the legacy design and
achieved a large vibration reduction. Thkimate solution required extensive changes to the
legacy design and achieved significant vibratreductions, with vibration levels below the

target value in most scenarios. Both designs are Patent Pending.
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BH i Company_B High Speed Fan 12000 rpm
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CZFi Cast Zinc Fan Frame
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Glossary

Application-Specific Integrated Circuit (ASIC) T Aian i ntegrated circuit

and specific taskl]. ©

Beat Frequency T when multiple dynamic excitation sourcese operating at similar
frequencies. This allows for the waveforms to add on top of one another, creatingcpezadc
and valleys in the vibration vs. time p[@f.

Energy-Dispersive Xray Spectroscopy(EDX) 1 which bombards the sample with anray
and measures the-bays emitted from the sample as electrons are displaced lycident X
ray. The amount of energy emitted is characteristic of certain elements and the count of the
incoming Xrays of specific energy is plotted with energy emitted (KeV) along thrisxand

count along the-axis[3].

Fan i An axial fan typically consists of a housing which houses the venturi and a rotor which
houses the fan blade.

Fan Unit i afield replaceable pluggable unit that cools a telecom shelf. It incorporates a sheet
metal chassis, printed circuit boards 8%}, a latching mechanism, a fan or fans, and a

connector interface with the shelf that provides power and data logic.

Fast Fourier Transform (FFT) 7 a computational discrete Fourier algorithm which reduces the
number of computations necessary to solveRbarier transform. Converts plots in the time

domain to the frequency domd#.

Fretting corrosion 1 a localized pattern of oxidization damageiethresults from electrical

contacts undergoing cyclic, small amplitude relative md&gin[7].
Fritting 1 electrical contact breakdown at locations of oxide fi[i®is

Integrated Circuit (IC) T any subset of electrical components including resistors, capacitors,

transistorsetc. integrated into a small package, typically a silicon [&ip
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Optical Micrograph (OM) i1 fAan image acquired by light illumination using a system of

magnifying lense§l0]. 0

Printed Circuit Board (PCB) i a nonrconductive board used to mechanically support electrical
components and their electl connections or tracekayers of conductive and naronductive
maerial are used to create circuits and form connections. The more complex a circuit, the more

layers are requirefd.1].
Root Mean Square (RMS)i the square root ohe mean of valuesx? [12].

Scanning Electron Microscopg(SEM) T a microscope that uses a focused beam of high energy
electronsto bombard the surface of a solid sample and twlect a variety of signals to

produce an imagg.3].

Secondary Electron Image (SEI)i the most common type of micrograph generated using an
SEM. SEI shows high detail images of the surface of a specimen with a high depth of field so
that all surfaces of the specimen appear focused in the micrdd®iph

Signal integrity 7 the cleanliness of an electronic signal. A signal with high integrity will appear
as close to the ideal waveform as possible without any noise;tatbssr signal degradation

presen{14].

Telecommunications Industry 1 creates and supports products that deliver and route
telecommunications data such as: local phone, -thstgance phone, wireless phondata

(internet, etc.), and private lif&5].

Vibration i generally related to the oscillating motion of mechanical elastic systems and the
forces associated with that. Systems are linear ofinear. This thesis fatses on notinear
behaviour16].

Wipe 1 travel distance or electrical engagement of one electrical contact with its mating half

during mating and umating of connector halvg$7].
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Chapter 1  Introduction

1.1 The Problem

Ciena is a telecommunications company with approximately 8d@floyees, headquartered in
Maryland, but with a significant presence in Ottawa, Ontario for research and design purposes.
Ciena manufactures telecommunications equipment in the form of shelves and circuit packs
which contain printed circuit boards andiopl components required to transmit and switch data

and internet traffic.

Ciena has a telecommunications shelf product that is in production and deployed at customer
sites worldwide. The shelf product uses cooling fan units to reduce temperaturescaf crit
components during normal operatiom the past, theperformance requirements of the
components in shelves welaver, and the fans required to cool thehereforeran at slower
speeds. Increasing shelf performance over the past decade has resudb@dpanentsthat
operate at higher temperatureg)ich in turn requireadditionalairflow to be cooled properly.

Thisimplies thathigher speed fans are required.

An excessive vibration in thesggher speedan units is creating fretting corrosion weartbeir
connector interface between the fan unit and the §t@Jf This is causing alarms to be raised in

t he s hel findisating @ ¢commuaicaton problem with the fan umin d t he f an
speed to be set to maximurhis results in furthedamageto the shelf and interferes with

customer operations.

1.2 Thesis Overview

The goal of this thesis is talevelop and evaluate a retrofit solutionremluce the excessive
vibration levels in te fan unit exhibiting fretting corsdon and vibraon problems (legacy fan
unit). This impliesthat the vibration reduction solution must fit within the existing envelope of
the fan unit and thexistingfan unit slot in the shelf. The clearances between the fan and the fan
unit, as well aghe fan unit and the shelf are minimal, which greatly complicates the problem
limits the potential solutionandalsoeliminates the possibility of using conventional vibration

isolators



To complicate the problem further, the shelf is scheduled tgpheaded in order to increase its
performance capabilities. This will make aperateat even more elevated temperatueesl
require greater airflow volumes to cool its critical components. This is turn will require a fan that
operates at higher speedsjglgreatlyexacerbatinghe vibration issue since vibration imbalance

forces increase with the square of the fan spEeld

It is also important to note that the shape and size of the fan unit cannot be appreciably altered,
and only within the physical constraints of the existing system since this is a mature, deployed
product. The fans inteal to the fan unit also must Imeaintainthe same physical dimensions

due to airflow requirements as well as to stay within industry standard fan sizes.
Thespecificgoals of this thesis are to:

1. Develop a criterion for acceptable levels of vibrafionthe legacyan unit

2. Designand evaluata retrofit vibration reduction solution for the legacy fan unit that can
be quickly and easily implementéat fan units that are currently in operation.

3. Develop a ultimatevibration reduction solutioto be usedor the legacy fan unit and an
updated higher speed fan unit that achieves the largest vibration reduction possible within
the given design envelope.

In this thesis, theesting and the resulting design insightdl be presented chronologically,
culminaing in the final design and resulll work presented in this thesis is solely that of the

author and peer reviewed by aworker mentor, unless otherwise explicitly stated.

1.3 Contributions of the Thesis

The main contributionef thisthesis are as follosv

1. Acceptable vibration level threshold values were determined/d&lyaing vibration levels

of an alternate existing product with no known wear issues.

2. Aretrofit vibration isolation solution to greatly reduce the vibration levels of the legacy fan
unit as well as the higher speed upgraded fan was designed, evaluated and
implemented This design requires minimal changes to the existing legacy design and

requires no fan modification$his design ifatent Pending.



An ultimatevibration isolationsolution to significantly reduce the vibration levels of both
fan units to below the threshold value in most operating scenaa®slesigned, evaluated
and implementedThis design requires extensive changes to the legacy design as well as

custom fans ani$olators.This design is alsBatent Pending.



Chapter 2  Hardware Review

In this chapterrelevant literature is reviewed and summarized in order to provide necessary
technical background information with regards to fretting corrosiontel@communications
conneobrs and types of fan vibration isolation designs. A summary of each type of vibration

isolation design including advantages and disadvaniagdso presented for reference.

2.1 Fretting Corrosion in Mating Connectors

Electrical connections at connector ifé&es must be inherently stable with low contact
resistance, ideally foduration ofthe life of a telecom product regardless of any environmental
factors[5]7[7].

Gold and highgold alloys are the most suitable and reliable contact materials for such an
application sincehey donot form insulating oxideshave high conductivity, durability, and

solderability, andcan be easily applied through electroplating procds$eg].

Mating electroit connectors that are subjeotvibration, mechanical shock, or thermal stresses
tend to experience increasedntaxt resistance over time due to fretting corrosieor. the
telecom products under consideration in this wadnlk, mode of damageat is most critical is
vibration-causedfretting corrosion of gold plated connector conta@gically, reliable signal

integrity is achieved with a contact resistance of a few milliohms of3§43].

Fretting corrosion is one of many scenarios which ultimately degsigieal integrity and restd
in higher contact resistance. Other causes of signal degradation irwlighdion, stress
relaxation, differential thermal expansion, galvanic corrosion, and formation of intermetallic

compoundg5]i [7].

Fretting corrosion occurs in gold plated contacts when the gold layer is mechanically worn away
allowing for oxides of the base metals to form whaait as insulators and increase the contact
resistanceAn example offretting corrosion damagas a function of cycles and frequency of

vibration which has been shown to occur in praatee be seen iRigure2.1 [5]i[7].



Figure 2.1: Fretting Corrosion of a Mating Contact (Solid Gold Rider in Contact with a
0.05em Thick Co-Au Plating on Copper) After 100,000 Cycle$5]

Studies have validated the information in this section experimebtatlye st i ng pd ad @t ac

and Aridero to sinAd.late a connector contact

2.1.1 Fretting Corrosion Process & Damage
Freting corrosion creates a localized pattern of damage which results from electrical contacts

undergoing cyclic, small amplitude relative mot{éii [7].

The contact material as well as the vibration frequency and amplitude all affect the resultant
fretting corrosion, which is typidlg quantified using contact resistanéegure2.2 shows a plot

that compares the number of vibration cycles, their frequency and materials, ardullent
variation in contact resistance. Figure 2.2, the black data points represent copper on copper
contact and the white data points represent solid gold eAWCplated copperThis figure

clearly shows the benefit of using gold as opposed to copper cdBfa¢is.



AHz

Contact Resistance (ohms)

Cycles

Figure 2.2: Severity of Fretting Corrosion (Contact Resistance) vs. Cycles and frequency of
vibration . Black data points represent copper on copper contact. White data points
represent solid gold on CeAu plated copper[5]

The process of fretting corrosion is better understood on the microscopic le\s/ @kthg into
consideration that no two surfaces areepumlanari there is alway a level of roughness
present athe microscopic scale. As a consequence, contact between two halves of a connector

occurs at high points of each surfaaadair gaps remaim the valleyq5]i[7].

The mechanism of fretting corrosion and the paramefeas affect it have been studied

extensively and are well know8]1 [7]. The parameters which affect fretting corrosiociude:

1. Vibration frequency: lower frequencies are more damaging since freshly exposed
metallic surfaces are exposed to corrosive elements for longer times, allowing oxides and
films to grow in size between wipe cycles.

2. Wipe distance:is the length of the pin on the male connectat b engaged with the
mating receptacle on the female connectacrdasing wipe distance (to a certain extent)
reduces connector life since longer wipes expose more worn metal contact area per cycles

of fretting. This results in more corrosive produatnfiation per cycle.



Normal load: it has been shown experimentally tiégher normal load at the contact
increases the life of the connector where there is a stable, low contact resistance situation
[5]7[7]. Normal load is defined as the force between mating connector halves,

perpenicular to the connector axis, as showifrigure2.3.

Mormal
Force (Fy)

L4

Figure 2.3: Connector Normal Force Diagram

4. Electrical load: higher electrical loads can resuitfritting, which isanelectrical contact
breakdown at locations of oxide filnasdwhich inhibitstheformation of oxide filmg8].

5. Underplate, substrate, and plating:base materials ahe connectors can be protected
from damage and oxidation by protective substrates applieshtifea connector plating
Ideally a hard nickel substrate placed between the softer base nubtebftar surface

film (typically gold) should be used.

6. Lubricants: lubricants protect the contact and reduce contact resistance by reducing the
wear rate, dispersing frictional particles, and shielding the contact surfaces from the
surrounding air.

7. Friction Coefficient: will vary throughout the life of the connector and is related to the

total number of wear cycles experienced.

-
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Figure 2.4: Stages of Fretting Corrosion[5]



A connector that undergoes the fretting corrosion process of damage in a typical telecom or
office environment goes through three stagesshown inFigure 2.4. The first stage involves

initial connector wear when high points or asperities penetrate suilfaseahd is characterized

by low contact resistanggigure 2.4a). The second stage begins at the onset of fretting where
wear debris begsito be producedescaps the high contact points and segtiato lower points

of the contac{Figure2.4b-e). Low contact resistance is maintained in the second stage until the
wear debris aecomulates and forns a layer of insulating oxidefFigure 2.4f). This results in a
fluctuation in contact resistance untietlayers grow large enough fibre contact resistande

increase to a point wheedectrical contact is lost and the conned#ils (Figure2.4q) [5]1[7].

2.1.2 Theoretical Models
Models exist that attempt to predict tleration ofthe useful life of a connector that is
undergoing fretting wear. Most of these models aghlitheoretical and make the assumption
that many parameters are known tingbracticeare difficult to obtain in a field environme}].

A modelthat uses microscopic and reactive parameters to attempt to determine the number of
fretting cyclesT, to failureis given by[6]:

 pon
: Qol 1)

“y

whereZ is the average distance between peak height and valley depth of the connector surface,
A, is the nominal contact arga,is theratio of volume of corrosive product to volume of initial
reactant materialQ is the average thickness of the oxide/corrosive layer takenTofretting

cycles, andl is the average ared exposed bare metal contact area taken dVegtting
cycles[6]. It is clear that most of these variables cannot be obtained outside of a specialized

laboratory environment

2.1.3 Mitigation & Healing Methods
The critical factor in good signal integrity of a connector is metal to metal comitéich low
contact resistance. In connectors where good metal to metal contact is no longer present, the goal
is to find a way to reestablish this contact. This can be achieved by wdyitohg, wipe, and

reduction of corrosive ageni].



Thicker layers of gold on connector contact surfacesharenost effective method of mitigating

the effects of fretting corrosion, butigtsolution is als@ostly[5].

Contactis also improved through the use of connector lubricants at the mating interface.
Lubricants include such substances as liquid polyphenol ether which is applied as a liquid,

evaporates and leaves a lubricating film in its p[a¢e
2.2 Fans and Isolation Designs

2.2.1 External Isolators (work with standard fans)
Many designs exist for fan vibration isolators that are external to the fan, or add on to an existing
fan. These can be easily dsi& new designs where extra space can be allocated, they are also
easy to implement and typically less cosfijhe following section reviews and categorizes
existing patented designs that fall into this cated@o¥i [27].

Base Isolating Pad

A base isolating pad design makes use of a large mounting pad that secures to the mounting
suface which is loosely coupled witmathermounting surface connected to the fan. The loose
coupling acts as a dampand this feature can be comprised of many different types of elements,

such asadiaphragm Figure2.5) andthick damping padFigure2.6) [20], [24].

A diaphragm design has the benefit of completely sgaiiff the fan inlet from the fan outlet,
removing the possibility of air recirculationlowever, it also createslarger mounting foprint
which must be accommodated in the overall dediggure 2.5 denotes the diaphragm feature

with #56 in thesolatorcrosssection [20].
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Figure 2.5: Schematic of aBase Mount Isolator Seal Desigifi20]

A foam core designas shown irFigure 2.6, allowsthe isolation to beesticted to the footprint
of the fan itself, but adds significant vertical height to the fan asseblg. benefit, the foam

can be chosefrom a wide variety of foanand other dampingnaterials that comprise the
isolator [24].

Figure 2.6: Schematic of acoam Core Isolator Design24]
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Isolator Surrounds Fan

A design where thésolators ur r ounds the fan attempts to is
mounting or fixed structure by entirely surrounding it with damping nadtefihis could be
consideredo bea fully floating configuration since the fan is not directly secured apany; it

is instead encasdyy the damping material and the fixed supgtmicture as shown figure2.7

[21], [22], [26]i [29].
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Figure 2.7: Schematic of a Design where the Isolator entirely surrounds faj21], [22]

A variation of this concept allows for thsolatort o onl y attach to a subse
The concept is the same, however, in that there is no solid connection between the fan and the
structure. The structure itself holds the fan madatorin place Figure2.7 shows an example of

this configuratiof21], [22], [26]i [29].



Figure 2.8: Schematic of a Fan encased by partial surrounding isolatof21], [22]

In these designs, theolatorand associated fan moumvea much larger volume envelope than

the fan thatheyisolate.

Various designs exist for the case structure that holds the isolator around the fan. Typical

soluions in the industry make use of sheet metal as shown in

Figure2.8. Alternatively, injection molded pieces can also be used which would poteigady

cheaper solutiowhere a large volume of the product is being $21d, [22], [26]i [29].

Discrete FastenesBasedIsolators

Designs that are discrete fastebasedisolator systems make use of standard fan mounting
holes to damp vibration. Instead difectly using a screw or other secure means of attaching to
mounting holes on the four corners of a typical fanisalatorthat secures the fan to thepgort
structure is used inste§2i3], [25], [30]i [33].

These fasteners typically mount in a hole in the support structure, which is typically a thin
material such as sheet metal. A large base retainsdlatorfastener in the structure. The base

has an extrusion that protrudes into theumting hole on the fan. Barbs or other retaining

features on the fastener secure the fastener to the fan or into an insert that is securely fastened to

the fan, as ifrigure2.9 [23], [25], [30]i [33].

12
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Figure 2.9: Fastener Isolators (Various Types: Leff23] support structure indicated by #52,
fan insert by #54, central unnumbered member is the isolatoRight [25] alternate isolator)

The image to the left ifrigure 2.9 depicts the support structure as #52, the fan as #50, the fan
insertas #34 and thisolatorfastener is the central feature that isnumbered23], [25], [30]i
[33].

A variation on this design uses a plastic frame to which four isetétorfasteners are mounted
(Figure2.10). The plastic frame can be attached directly to the fixed structure or a second stage

of damping can be add such as a base isolating 2@, [23]i [25].

Figure 2.10: Schematic ofFastener Isolators on Framg30]

13



Isolator Accessories

Isolator accessories are add isolators that create a damped coupling between a traditional

fastener such as a screw, the fan mounting hole, and the fixed stf@dfure

One such instance of an isolator accessorg aseund isolator disc that is secured around the
fan flange at the motimg hole. Typically, the fan is screwed to the fixed structure of the fan
unit. This results in compression die isolator and keeps the fan flange from contacting the
fixed structure FFigure2.11). The downside of this design is that a rigid connection (the fastener)

still exists between the fan and the fixed strucf@#sg.

Figure 2.11: Isolator AccessorySchematicExample [34]

Isolated Fan Sandwiched By Structure

Conceptually, isolated fans that are sandwiched by the fixed support structure are very similar to
the fans that are surrounded by an i sol ator.

prevent any direct contact between the fan and its suppacts&[35], [36].
The main difference between Heetwo types of isolato

A Surround isolators are very basic and are essentially solid shapes of isolating material

that encase the fan
A Isolators used in a sandwich configuration can be desigmexhy desiredshape to

achieve even greater levels of isolation as well as sawgaterial and space used

14



Figure2.12 shows one such sandwich isolator configuration where the fans are sandwiched by a
support structur e pig #18 indicatés the bottom tsuppoit stracture ancha i n

#55 indicates the isolator used in this case. The same concept can be applied to such a

configuration that sandwiches a fan perpendicular to its mairf354ig36].

313

Figure 2.12: Schematic oflsolated Fan Sandwiched by Structurd35], [36]

Isolating Appendages

Isolating appendages are compliant isolator extensions that connect to the fan housing on one
end and the fixed structure on the otfidrey use their length and shape to decouple the fan from
the housingoy extending beyond the limits of the fan itself Gswen inFigure2.13 [37]i [39].

An extra housing can surround the fans and connect to the appendadeaqsear2.13, or the

appendage can connect directly to the fan itself.

15
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Figure 2.13: Schematic of Isolator Appendage$37]

Various geometries exist, from simple designs that consist of a single appendage oriented in one
axis to more complicated desigtieat have appendages with arms in multiple axes, as shown in
Figure2.13[37]1[39].

Large vibration reductions can be achieved, but only in an application where large amounts of
space exist between the fan and its housingh $udesign solution is not conducive to a retrofit

scenario.

Floating Spring

A floating spring design uses either a coil spring or-tgpé spring to isolate the fan from its
external housing. These designs are simple to employ, but require additacalbgtween the
fan itself and its external housing in order to operate correeéifyure 2.14 shows two such

designd40], [41].
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Figure 2.14: Schematics of Floating Spring Designs (Left: coil spring ; Right: leaf spring)
[40], [41]

2.2.2 Custom lIsolators (customfan required)

Isolator Accessories

Isolator accessories can also be used with custom designed fans if a slot or other such keying
feature is added to the mounting holes to facilitate the assembly of different shaped isolator
geometries and retention featurésg(re 2.15). Such a configuration would typically be less

desirable to implement as it would have the same level of vibration isolation as the isolator

accessory for the standard fan but with the cost of the custoj®4fan

Figure 2.15: Isolator Accessory Custom Far{34]

17



Suspended Rotor

A suspended rotor design completely does away with standard fan geometry. It makes use of a
nonstandard fan housing which serves as a mounting point for vibration isolating mehnabers t
attach to the rotor assembly. Thus, the rotor assembly is decoupled from the fan housing itself,
allowing the fan housing to be directly fixed to the mounting surfamgire 2.16 shows two

such designp2].

Figure 2.16: Schematic of Custom Fans with Suspended Rot{42]

These designs are highly customizable for any application. The problem with such a design is
that it can only reasonably be developed by a company that only manufdangetue to its
complexity and the multitude of extra design variables that are introduced with such a design
[42].

Flange Removal

A flange removal custom fan typically takes a standard fan and removes the outer flanges and
replaces them with blocks of isolator materiahe isolator blocks fit into the fan by way of
tooled grooves or snap features to securely hold them in place. The isolator blocks either have

retention features or holes to which they can be mounted to the external H48ifgy].

18
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Figure 2.17: Schematic of Custom Fans witlFlanges Removed43], [44]

The benefit of this design is that it can fully fit within the standard fan profile and provide large
levels of vibration reduction. The problem with this design is that tHatisdblocks fill up the

entire volume that would typically exist between standard fan flanges. In some fan unit designs,
the empty space between flanges is used for different purposes. Removing this usable space can
compromise a design, especially in a8t scenarid43], [44].
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2.2.3 Summary of Fan Isolation Designs
Table 2.1 below summarizes the défent fans and isolator designs found while reviewirg

literature.

Table 2.1: Fan Isolator Designs Summary

Design Fan Type | Advantages Disadvantages
Base Isolating Pad Standard | -Seals air inlet completely -Larger foo_tprlnt
-Larger height
-Effective isolation -Extra volume required

Isolator Surrounds Fan | Standard
-Isolatorsencasehefan around fan

-Base of isolator extends

Discrete FastendBased -Small size outsideof chassis
Standard ) o ) )
Isolators -Easy to implement -Limited vibration
isolation

-Require extra vertical

. -Small size space
Isolator Accessories Standard -Easy to implement -Limited vibration
isolation
Isolated Fan Sandwiche -Simple design -Enclosuredesign limits
Standard
by Structure -Isolators encase fan use

-Extra volume required
Isolating Appendages | Standard | -Effective isolation around fan
-Complex geometries

-Simple design -Extra volume required

Floating Spring Standard -Easy to implement around fan

-Require extra vertical
Isolator Accessories Custom -Smallsize space
-Need custom fan

-Need custom fans

Suspended Rotor Custom -Effective isolation :
-Complex geometries

-Need custom fans

Flange Removal Custom -Effective isolation :
-Complex geometries
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Chapter 3  Detailed Background & Problem Statement

In this chapter, background information on telecommunications equipment in general as well as
information directly related tohe first generation farunit (GEN1) are presented in order to
provide a better overview of the scope of thebem. A problem statement is also formally
developed for the thesi®esign requirements are laid out and summarized, including design

requirements which are yet to be quantified, such as acceptable vibration level.

3.1 Telecommunications Equipment

The telecen equipmentinalyzed in this thesis summarized in this section.

3.1.1 Telecom Shelf
The telecom shelf is large formattanding approximately it tall, and fills a teleconrack,
which consists of two vertical memisavith mounting holes tavhich the shelf isecurd. It isa
mirrored configuration with the top of the shelf being a mirror of the bottom. Five fan units are
|l ocated at the top of the shel f ligercaldgsectien i nst a
3.1.2 positioned below and cooled by this row of fans. Below the line cards aswitich cards
which switch data traffic between line cardsis area of the sheéflso doubles as the air inlet.
The mirror plane exists in the middle of the switch cards, below which are another set of line
cards. A second row of five fan units are situated below the line cards and are installed in an

Ai nvert e diguref.bshows thesheklind includes the fan unit slot reference numbers.

Fan Slot # 0|1l2|3|4

Line Cards

Air Inlet

Line Cards

FanSlot# |5 |6 |7 | 8|9

Figure 3.1: Telecom Shelf Configuration
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3.1.2 Telecom LineCards
The line cards used in the telecom shelf are the pieces of equipment that carry the network
traffic. They consist of &rinted Circuit BoardRCB) with the following features:

A A row of high speed signal connectaad power connectorthat interfacewith the
shel fdéds backpl ane PCB

A A front faceplate with pluggable interfaces for optical fiber and Ethernet cables. Data
from the network is routed to and from the line cards through these interfaces

A IntegratedCircuits (ICs) andApplicationSpecific IntegratedCircuits (ASICsi which are
ICs designed to perform one very specific, complex function) as well as other electrical
components

A Latches on the faceplate that are used to leverage the card into the shelf and apply force

on the mating signal connecsao ensure a solid, reliable contact

Figure3.2 shows a general schematic of the above components.

- PCB

Pluggable Interfaces

Faceplate and Latches

. High Speed Connectors

Figure 3.2: Line Card SchematicBlock Diagram (Top View)

The line cards are always innovating in order to increase data transfer rates whiclhighe in
demand due to high resolution video, greater volumes of datad astreaming services
demanded by the public. Ake capabilities of the line cards increase, the number of electrical
components on their PCBs also increases. The power of each individual component also

increases. As a result, line cards are getfeigsemwith componentshatoutputmore power

22



Greater power componergmit more heat, which must be removed from the system in order for
the line cards to function and not overheat. Forced convection using air as the fluid medium is

typically used, and achieved using cooling fan units.

3.1.3 Cooling Fan Units
Cooling fan units in telecom shelves daneither

A APusho systems: fans are placed at the air
in order to cool them

A APull o0 systems: fans are | ocated déwnstrea
pressure on the opposite side of the air i

more reliable, and provides more uniform cooling.

In either case, increased line card power, means more cooling must be provided. In the case of a
system thatg being upgraded to accept higher power line cards, more cooling must be achieved

using the same form factor fan unit.

The cooling fan unit in question consists of fourlime 92mm axial fans in a sheet metal
enclosure with a connector at the rear ofuh& which interfaces with the fan power backplane
in the shelf.The fan unit is secured to the shelf at the front of the unit with a lever latch, which
fastens to the front of the fan to secure it once the fan is inserted into its shetigalo$.3.3
below shows these features in detaigure3.4 shows the fan units mated in the shelf slots in the

top row in the upright position and the bottom row in the inverted position.

Connector

'

Latch

Enclosure

PCBs

Figure 3.3: GEN1 Fan Unit Components
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TOP

BOTTOM

Figure 3.4: Top and Bottom Fan Orientations: Broken Section View

The GEN1fan unitthat wasin service at the start of thitesignprocess was equipgeavith 8,000
rpm fanssecuredio the sheet metal chassis at four corner flanges on the inlet side of the fan
using #4 flat head screws. This provided a rigid connection between the fans and the sheet metal

chassisFigure3.5 shows details of the screwed connection.
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Top Cover (Chassis)

8000 rpm Fan

Threaded Insert J

1[

#4-40 Screwed Connection Bottom Chassis
(all 4 corners of fan)

Figure 3.5: GEN1 Fan Unit Screwed Connection: Section View

The fan connector on the fan unit consists of four power blades, twdgezted on either side

of a 3x4 array of signal pins as showrFigure3.6.

Figure 3.6: Fan Unit Connector Detail
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3.2 Design Requirements

3.2.1 Background
In mid-2013, internal reports from test labs based in tha BSwell attawg ON showed that
shelves were losing communication with their fan units. When this happens:

A the fans show a red LED on their front faceplate status indicator
A the fansaccelerate to maximum speed (8,000 rpm)
A the fanscan no longer be controlled by the standard open tmoproler by the user

command console

Initially, this was thought to be a fgemtial mechanical tolerance loop issue, where if the shelf
components were sufficiently manufactured out of tolerance or at an extreme end of the tolerance
limits, the fan connector would no longer engage with the mating connector on the backplane.
This would result in no connector wipA.toleranceanalysis (see AppendD) wasconducted in

order to eliminate this possible cause.

AcoV SpotMagn Det WD mm " AcoM SpotMagn Det WD f——] 50m
200KV 38 25x SE 102 Tray#3, D1, AR \ 200kv 41 400x SE 100 Trayil, A1, AR

Figure 3.7: Optical and SEM Micrographs of Fretting Corrosion Initial Samples; A: Fan
Tray #1 OM (mag. & scale unspecified); B: Fan Tray #2 OM (mag. & scale unspecified); C:
Fan Tray #1 SEM SEI 20keV, 25x; D: Fan Tray #2 SEM SEI 20keV, 400x
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It was subsequently found that the fan connector was developing patches of daattosjpnon

the signal pins that send communications between the fan and thevbhehf washypothesized

to be a result of excessive fan vibration. Timsorywas confirmed by the connector vendor as
well as our internal interconnect subject mattereedigure 3.7 shows the initial images

acquired from two initial known bad fans analyzedsupplied by the connector vendor

The mating female connectors on thelsliebs power b ac k pth thenfan pinsa k e
using two ovaishaped ontacts located on either side of each fan signal pin. This is the point

which contacts the fan pin and creates the fretting corrosion marks seen above.

As a second point of validah, the chemical composition of the base metals of the connector
contacts as well as the worn sections was performed. This was done by way ofdesgive
X-ray spectroscopy (EDX)rhe plots generated show the characteristic energy given off by each

element present due to an incidentaX bombardment.
EDX was conductelly colleaguest the Ciena Ottawa Microscopy Lahthe:

female signal pin contact from the backplane connector
male signal pin from the fan connector

female power blade contact fraime backplane connector

> > > >

male power blade contact from the fan connector

Figure 3.8 shows the SEI micrograph of the female signal pin contact from the backplane
connector indicating the sampled regioRgyure 3.9 shows the chemical composition dfet
fretted contact region anféigure 3.10 shows the chemical composition of the undamaged base

metal of the connector.
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wD HFW
2.54 mm

Qb 9202013 | det 1 mm
Cienna-EDS Analysis CW AG

Y 10:11:19AM | ETD | 4.1 mm

Figure 3.8: SEM SEI Backplane Female Signal Pin Contact. EDX Locations Indicated; #1:
Unworn Contact Region; #2: Worn Contact Region
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Figure 3.9: SEM EDX of Loc. #2 Worn Region of the Backplane Female Signal Pin Contact
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Figure 3.10: SEM EDX of Loc. #2 Unworn Region of the Backplane Female Signal Pin
Contact

The differences between the worn and unworn regions ageg.clhe unworn region shows
primarily gold with trace amounts of copper, nickel, oxygen, and carbon. The worn region shows
primarily copper (the base material of the contact), with a smaller amount of gold and oxygen,
and trace amounts of nickel and carb®he other contacts andsted locationshow similar
characteristics with varying amounts of the secondary elements and other primary elements such
as palladiunon the power bladgsee Appendix & Theseesultsimply that fretting corrosion is

the case of the signal loss.

To determine if this vibratiwinduced fretting corrosion weran isolated, or a systematic
problem, all the fans units in shelves in the software and test labs in the Ottawa facility were
inspected. An optical microscope was used for inspection to look for fretting corrosion, or any
signs of the onset of fretting wosion. It was foundthat 96% of the sample size af8 fan units
showed signs of fretting corrosion or onset of frettogrosion (sedable 13.1 Appendix E).

This demonstrated that the problem was systematic. Additional reports from customer sites

further confirmed the observatians

3.2.2 Design Requirements
Prior to the problem discovery above, the line cards of the affected system were also increasing
in power such that greater heat transfer would be required to cool them (SettRnThermal
analysisconducted by Ci e n(asingFlothding detamihed that o iordee ®r s
use the line card powers proposadsecond generation fan unit (GENWh greater airflow

characteristics and thus heamoving capacity asrequired
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The fans choseto replace theSEN1 8,000 rpm fans were the same form fadbot with a

maximum speed of 13,000 rpihe 13,000 rpnGEN 2fan chosen had theame form factor as
the 8,000 rm fan at 92nm x 92mm x 38 mm. Since a vibration problem wadready present
this complicatedhe solution,since the vibration levels wouldebexpected toncrease to the

square of the rotation spedte imbalance forcEimpaiance iS given by
O Ol 2

wherel,, is the mass of the imbalanaejs the radius of the imbalanerass from the axis of

rotation, andr is the rotational speeaf the fan[rad/s][19].

Because th6&EN1fan unit is already deployed at customer sites ante 2fan units will be

deployed in a system upgrade scenario only, two fan units must be designed

A GENL:

8000rpm fans

All existing internal PCBs and general architecture must remrathanged
Sheet metal of the chassis may be altered but not fundamentally changed

Fans are not to be changed or modified in any way

o O O O O

Must fit within the current fan unit slot in the shelf
A GEN2:
o Higher speed fans to meet increased airflow requirements
o Entire internal architecture to be redesigned from scratch
0 Sheet metal of the chassis may be altered but not fundamentally changed
(more flexibility than for GEN1)
o Fans can be modified if needed

0 Must fit within the current fan unit slot in the shelf

These fan units must have a lower level of vibration such as to prevent fretting corrosion.
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GEN1 Envelope and Clarances

The GEN1has the following critical dimensions as outlinedrigure3.11.

TOTAL LENGTH
20.544

LATCH PAWL TO INTERFACE PCB
18.906 F

FAMN 1 TO INTERFACE PCR
15.051 N
FAN 2 TO INTERFACE PCB
10.951 >
FAN 3 TO INTERFACE PCR

< 6.351 >
FAN 4 T INTERFACE PCR
(=351 =

M

M

A

o

Figure 3.11: GEN1 Critical Dimensions (side)[inches]

Not pictured in the above image is fardti, which isgiven as4.124in. The generatlimensions
outlined here must badheredbut they do have some freedom to change based upon the current
clearance between the fan unit and the shelf mating slot. Making use of this additional space may
be necessary during the design process in order to increase the number of avbilatie v

reduction solutions.

The clearances between the shelf and3B&l1in its fully mated state are givem Figure3.12.

Figure 3.12 GEN1 to Shelf Clearances
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Another importantlimension relating to th€ENL1is the PCB spacinghe amount of connector

stance t drigue3.bh3aosishmws a Bimplifeed bfock

Awi peo and

di

t hat

diagram of the fan connector mating with the backplane connector (the image is a side view,

oriented in the same plane agrigure3.11. The terms are as defined below:

A PCB spacing:the distance between the inside faces of the mating PCBs
A Nominal connector wipe:the distance from the tip of the mating pin to the centréef t

female contact points of the mating connector

A Distance to connector crash:the distance between the mating surfaces of the

connectors. A crash situation occurs when this distance is zero, and the connectors are

mated to their maximum insertion.

Figure 3.13: Signal connector block diagram defining connector wipe and connector crash

Distance to
connector

Nominal
connector

flcm shﬂ'

Connector Header

wipe

Connector Receptacle

PCB Spacing

The connector manufacturer specifies the optimal mating position for their connectors typically

in a crash scenario. Theanufacturer specified nominal wipe and PCB spacing are given in

Table3.1 below along with the actual spacing that exists in the design witG EMNL

Table 3.1: Connector wipe and PCB spacingsEN1 vs. connector manufacturer

PCB Spacing(in)

Nominal Wipe (in)

Connector Manufacturer

0.675 +0.009

0.152

GEN1

0.745

0.070

In the current design, only abdalf of the nominal wipe available is being used.
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UL -94 Flammability Standard

Flammability standards are important in telecom equipnmidrg.industry standard for materials
used in telecom i8)L-94. The important test is URB4-V where the material musichieve avi
rating (the most stringent in the te$4p], [46].

Speifically, the UL-94-V test evaluates burning, dripping, and afterglow times of a &msple
that is subject to repeated flame applica{d®], [46]. Afterglow is the smouldering combustion

still present on a material after a flame is remdvé&d.

Any material of off the shelf (OT)Sarts must specify what flammability standard they adhere

to, and provide documentation to certify that.
For reference, the test performed to achieve €20 rating is as follow$45], [46]:

1. Pretreatment of sample:
a. 2days/23C/50% relative humidity
b. 7 days/ 70C / hot air oven
2. Apply flame with20 mm high Tirill burner flamefor two 10s intervals, where the second
flame is applied once the specimen extinguishes from the first application or immediately
if sample does not ignite.

3. The test sample must meet the follogrrequirements:

Table 3.2: UL-94-VO Flammability Test Performance Requirementd45], [46]

Burning time after flame application (s) 019
Total burning time (s) (10 flame applications) 059
Burning and afterglow times of specimens after second flame application (s) 039

Dripping of burning specimens
NO
(ignition of cottonbatting)

Specimens completely burned NO
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Telcordia GR-63-CORE 4.6 Acoustic Nose

Telcordia is an entity that creates standards pertaining to the telecommunications industry. The
main standard that pertains to mechanical desigrelisordia General Ragrements (GR) 63

CORE NEBS Requirements: Physical Protectip#B8]. This document gives the minimum
Aspat inavii raonndmeent al criteriao for all tel ecom

and other telecom equipment deployment sppt&s

The main section that pertains to the current fan redesign is sédidwcoustic Noisg48]. This
sectionstandardizethe acceptable noise level of a piece of telecom equipment as it exists under
its standard operating condit®(seeTable3.3 as cited directly from th&R-63-CORB, and not
the worst cas@8]. The worst case should be documented and provided in the certification, but

no limit is set for this noise level.

Table 3.3: Telcordia GR-63-CORE 4.6 Acoustical Noise Emissions Limit§48]

Declared

Environmental Description Sound Power Tem}{:l:aé?ture
Level Lyagq (dB)
Equipment to be Located in 78 27
Telecommunications Room (attended)
Equipment to be Located in 83 27
Telecommunications Room (unattended)
Equipment to be Located in Power Room 83 27

These levels must be taken into consideration during design but the vibration reduction is the
primary concern. Psing GR-63-CORE 4.6is more of a concern after the product has been

developed and reaches regulatory testing.

OSHA 29 CFR Part 1910.9%ccupational Noise Exposure

The US Federal Government Occupational Safety & Heath Adminisirdtaes a standard for
acoustic noise that is permissible to be exposed to without hearing profd&jiomhis is given

by OSHA 29 CFR Part 1910.95 Occupational noise expoft@¢ This standard is of less
concern since it does not provide a hard limit that the design must adif@®¢ fthe noise level
emitted by the fan units and upgraded shelf can emit greater noise levels than indicated by
191095 this is not a design consideration. It
existencd49].
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Final Design Criteria

The final desigreriteria areoutlinedin Table3.4 below.

Table 3.4: GEN1 & GEN2 General Fan Unit Solution Design Criteria

. o Target Value or
Design Criteria _
Associated Standard

Reduce vibration caused by fan rotatom o r b el o w| To Be Determined

Required Fan Dimensiogfuantity} 92x92x38mm {4}

Materials useanust meet industry specified flammability rating| UL-94-VO

Telcordia GR63-CORE 4.6

Decrease fan unit noise level as much as possible
OSHA 29 CFR Part

1910.95
Keep same fan unit form factor (solution must fit within curren
constraints taking manufactng tolerance into consideration) N/A
Cost to be reduced only if performance is not sacrificed No Limit
Ensure fan unit is safe to handle and operate N/A

3.2.3 Research Objectives
Themain goal of this thesis is to reduce the vibration level of the fan units to an acceptable level,
yet to be determined, to prevent fretting corrosion from occurring. This must be dorthevith
required fan dimensions and k84-VO rated materials All other design criteria are important,
but secondary to the main objecsve

Ultimately, the goal ido prove that the vibration reduced fan units meet or exceed the target
vibration value and to prove that fretting corrosion will no longer ocuese goalsnay not be

entirely achievable, but all efforts will be made to attempt to do so.
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Chapter 4  Experimental Methods

This chapter outlines the experimental methods used during the design and testing of the fan
units. All relevant equipment employethcluding manufaetrers and modelss detailed and
schematics are provided where requirdthe methods described in this section describe

fundamentally how the vibration tests were conducted and how data was acquired and processed.

4.1 Fan Vibration Data Acquisition

The goal 6 the vibration testing data acquisition is to measure the vibration levels in three axes
at the fan unit connector, or another reference surface in the case of individuatifan &he

output obtained adata is acceleration and time, which is outpua ispreadsheet format for each

data point or test conducted. This data can then be post processed in order to obtain certain

desired results.

4.1.1 Materials and Methods
The equipment required to conduct vibration tests on fan units is detailed below.

A Data Acqusition Unit: Measurement Computing USIBO8GX

A 3-Axis AccelerometerCienacustom PCBA using\nalog ADXL 3255 g
Accelerometer ChipRigure4.1 andFigure4.2). This will be used to measure vibration
levels on the fan connectorhif was designed by a colleague.

A 3M Adhesive Transfer Tap#9485PC

Fan or Fan Unit(s)

>\

A Test Fixture:

0 Telecom shelf

0 Benchtop test fixture (designed by colleague mentor)
Flathead screwdriver #0
Philips head screwdriver #1

Scissors

> > > >

Laptop with the following sftware:
o0 Matlab R2012ar higher (32 bit only)
o MCCDAQ Software and related drivers
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Self Test

Figure 4.1: 3-Axis Accelerometer Schematic (Top View)

Figure 4.2: 3-Axis Accelerometer
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4.1.2 Test Procedurefor Data Acquisition
This section will give a general overview of the steps performed to acquire raw vibration data.
The detailed stepy-step test procedure for acquiring data is outlined in detail in Appendix A.
The first step with any test was to decide upon the test conditions and the variables to be tested,
and the fan speedd which to testOnce this was determined and the fan or fan unit configured
based on the decided conditionswasthen instrumented bgdhering the accelerometer to the
fan connector shroud of a fan unkiqure 4.3), or the top of the test jigF{gure 4.4) if an
individual fan test weréo be performed. Thecaelerometer wawired to a data acquisition box

connected to a computer runnikigtlab.

Figure 4.3: Accelerometer Placement on Fan Connector Shroud
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Figure 4.4: Single Fan Test Jig with Accelerometer Attached

The fan or fan unitvas then set to the first speed to be tested. Once the faa$)e the desired

speed,the speed wa verified using software if in the shelf, arstroboscope if testing an

individual fan A Matlab script wasthenrun to acquire the vibration data at a rate of 83323or

20s. The raw data was output to a spreadsithe columns with vibration data in millivoltior

eachaxif converted to 6g06 using acce-precessimgeanckcr cor

the other for time in seconds.

This process was repeated at each desired speed and for each desibdel testiaondition.
Data was then catalogued for ppsbcessing.

4.1.3 Vibration Results
The raw data spreadsheet files were batch-pastessed using Matlab script that would take
the raw data and convert it t omeaaacfa baehragis i on ¢
produce an FFT for each axis, and output the RMS vibration value for each axis] dyfpcea
data wergresented as shown kiigure4.5 (for simplicity, theX-Axis only is showi.
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Filename: Accelerometer
Sample Frequency: 8333 Hz

X Acceleration: 0.148965 g RMS
Y Acceleration: 0.195493 g RMS
Z Acceleration: 0.111572 g RMS

1 T T r 02
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c
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-1 ; : : 0 ¥ .ml ke g i
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Figure 4.5: Vibration Results PostProcessing Data Format (XAxis)

The RMS vibration data werdie main indicator used as an indicator for the overall vibration
level. Each RMS value for a certain speed and test condition would be used as a single point on
an RPM vs. RMS acceleration (g) plot. This type of plot will be used most frequently in the rest
of the thesis to present data and compare vibration levelansfdnd fan units in different

configurations. These plots will be presented separately for all three axes of the accelerometer.

4.2 Determining an Acceptable Vibration Level

The most significant unknown at the start of the design process was how much witn@sio

currently present in the shelf and what level of vibration would result in no fretting corrosion.
Determining the fAacceptableo | evel of wvibrati

solve.

The path chosen to do so was to find another m@eire product line with a similar size shelf,
with a similar size fan unit and similar fan connector system had no known history of fretting
corrosion problems. Many shelves @xin the software labs that have beet up and operated

continuouslyfor several years delivering similar service to that of a customer site.
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The systenthosen was in service since delivery to the software lab at Ciena Ottawa in 2008
2009, and had two fan units each with four 120mm faigu¢e4.6). The fans had been running
constantly for this period of time at nominal ambient temperature. Via OM, it was determined
that no fretting corrosion was found on the fan units as showigure4.7.

Figure 4.7: Long service life, unworn fan unit from alternate shelf product connector detalil
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Vibration tests wereonducted on the unworn fan unit from the alternate shelf product in order
to determine an es tevehoavibetionh. dhis wauld sefiva &s @ ecpsbnaldel e 0

target vibration level for the fan unit to be redesigned. Accelerometers were placed on the
connector shroud as shownHigure4.8.

Figure 4.8: Accelerometer placement on long service life, unworn fan unit

Various scenarios were tested on the long service life fan unit including:

1. Testin-situ in shelf as it had beenperating (3600rpm, standard for 27C ambient
temperature) since it was installed in 2G&I[T amp)

2. With one fan unit removed, which causes the other fans to run up to maximum speed
(7200 rpm [max]

3. Each of the above scenarios with the fan units unfastened from the shelf

[T amb UNSCrew, max unscrew]

Fan axes used for this text are showFigure4.9.

Figure 4.9: Accelerometer Axes for long service life, unworn fan unit
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The results obtained are showrFigure4.10. The Xaxis, Y-axis, and Zaxis results are shown,

represents t

+Tamb

M Tamb unscrew

A max

U MNAax unscrew

as wel | as a nTotal o which
vector given by the vibration levels in all three axes.
012
A
a1
— Py
=8 0,08 a
i}
-
=
5 0.06
.| L 2
=
2 i : .
= .04 r
] ]
0.02 9
B T T T T
0 X-axis Y-axis 7-axis Total
Axes Tested

Figure 4.10: RMS Vibration levels of long service life, unworn fan unit from alternate shelf

product. Tamp: atmospheric temperature conditions. Tmp Unscrew: atmospheric
temperature conditions with fan unit unscrewed from shelf. Max: maximum RPM. Max
unscrew: maximum RPM with fan unit unscrewed from shelf

he

S

The worst case scenario described in the above figure pertains to the total RMS value when a fan

unit is unseated, causing the unit in question to go to maximum rpm. This case relates to a

maximum RMS vibration level of 0.g. This is the target value used as a maximum threshold for

vibration since it was the most reliable known acceptable vibration level on a similar fan unit and

connector style to date.

It is acceptable to use this 0.1 g RMS value obtained on an erdiffdgent design from an

entirely different system because:
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1. The number of fans and fan speeds used in both designs is similar

2. The connector is of the same family with the same power and signal contact geometry

3. The measured value of 0.1g RMS was obtainetherconnector shroud, and is the effect
of the vibration inthe fan unit system on the connector itself. The fan unit as a system
and its specific geometry has an impact on the vibration level, but how and why the
vibrations are transmitted from the fanitusystem to the connector is irrelevant. This is
why the 0.1 g RMS value can be transferred as a target vibration value from the alternate
product fan unit tdhe current fan unit under consideratiéior the purposes of fretting

corrosion, the magnitudef vibration matters and not its connecting system, so long as

the mating connectors are of similar design.

This allows the fan criteria for vibration to be updated, as indicatédbie4.1.

Table 4.1: Updated Solution Fan Unit Design Criterion

Updated Design Criteria

Target Value

Reduce vibrati

on

caused

by

f

an

0.1g RMS
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Chapter 5  Generation 1Design Progression & Solution

This chapter presents the bulk of the research and design work conducted. This section begins by
determining an acceptable vibration level based upon data collected from another shelf product.
Vibration levels of the legacyah unit are then determined and potential interim vibration

solutions proposed and tested.

5.1 Preliminary GEN1 Vibration Testing
With a target value fomaximumvibration determined, initial shelével vibration testing was
conducted on th&ENL This would provide information on the current performance gap

between th&sEN1and the desired performance.

To reducethe number of variables in the vibration testing process, the fan unit slots in the shelf
used forthis round ofvibration testing werdimited to sbt #2 @pright fan unit) and slot #7
(invertedfan unit). Additionally, sincethe synchronization of the accelerometer axes channels
was impossible to determingéhey were considered individually, without a resultant scalar
acceleration plotThe X-axis aml Y-axis are of the greatest interest since these are in the same

plane as the fretting corrosion on the connector pins.

The testwas conducted in the shelf in the Power Aisle at the Ciena Ottawa Carling site. This

shelf will bereferredtoa s M 3loAfhs§weepo of fan speeds was coc
software to set fan speedth a Rull Fill (FF) of all 10 fans present and operatifidhe range

tested was 2008000rpm at 500rpm intervalsfor 20 s per intervalFigure5.1 shows theesults

for the GENL1 1in Slots #2 and #7Figure5.2 andFigure 5.3 are the ¥axis and Zaxis plots

respectively.
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Figure 5.1: Shelf A GEN1_1Full Fill Sweep Vibration Test X-Axis
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Figure 5.2: Shelf A GEN1_1Full Fill Sweep Vibration Test Y-Axis
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Figure 5.3: Shelf A GEN1_1Full Fill Sweep Vibration Test Z-Axis

These plots show that at the maximum fan speed of 000 all vibration values exceed the
target value of 0.9 RMS. The curves showxponential behaviour, with a resammcearound
55006000rpm where a spike indicates higher RMS vibration levels than would be expected by
a standard exponential mod&lith the exception of the vibration spikéhich is an anomaly for

this designthis behaviour and vibration level is apegted.

A secondary test as performed in Slot 0 of SheB. The test was conductedth a full fill of
GENL1 fan units and two different GEN1 fan unis (GEN1 2, GENL1 3) outfitted with an
accelerometeeach The test performed wasmilar to the above tesbut also included a second
accelerometer mounted behind the mating connector on the backplane of thédshednally,
the data points tested correlated directly with the fan speed yseitaiure lookup tableused by
theshelfsoftwareto set the fan speddeeAppendix A).

The goal of this test was to determine if the vibration levels on the backplane connector were to
be factored into data seés well as to determine the amount of variation in vibration levels

between fan unitd=igure5.4 below shows all &axes test results for both tENL1_2in Slot 0
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as well as the corresponding backplane connektgure5.5 below shows all @&xes test results

for both theGENL 3 in Slot 0 as well as the corresponding backplane connector.

Shelf B GEN1_2 Full Fill Slot 0 Fan Unit & BP

0.6
S 0.5 ?
)
E 04 =o—Fan X RMS (g
e ’ =@—Fan Y RMS (g
g03
g / —&—Fan Z RMS (g
[}
g 0.2 =>=BP X RMS (g)
<01 ——BP Y RMS (g)

~0—BP Z RMS ()
0 T T T T T T 1
1500 2500 3500 4500 5500 6500 7500 8500
Fan Speed [RPM]

Figure 5.4: Shelf_ B GEN1_2Full Fill Sweep Vibration Test Slot 0 with Backplane (BP)
Accelerometer

Shelf B GEN1_3 Full Fill Slot 0 Fan Unit & BP
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Figure 5.5: Shelf B GEN1 3 Full Fill Sweep Vibration Test Slot 0 with Backplane (BP)
Accelerometer
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Figure 5.4 and Figure 5.5 give a few insights intosome variables present, especiallfien

compared withrigure5.1 throughFigure5.3:

1. RMS vibration levelsvary from fan unit to fan unit, and likely from fan to fan.
Intuitively, this makes sense, astam fans will be identical.
2. The specificatiorto whichthe fans are balanced is loose, resultingha presence

range of vibration levels for fan usibf identical design

This is important for future testing, s serialization and identification of each tested fan unit

and fan must be recorded in order to properly track results.

Additionally, these results allow critical testing points to be extracted for futureofetstis fan
unit where results are neededickly and a full sweep is not desire@ritical points were
selected based upon the fan speed lookup tdlalele 6.3 in Appendix A)in the software and
points of irterest determined based upon inspection of the above Plage critical pointgor
this fan unitare:2700rpm, 5700rpm, and8000rpm.

5.2 Preliminary GEN1 Modifications
Sections4.2 and5.1 have achieved their goal of outlining the current RMS vibration values for
the GEN1las wellas the RMS vibration values sought in order to eliminate the problem.

The next step was to test some preliminary vibration isolation solutions that could be retrofitted
to the currenGEN1 equipment and shelves available. This was a feasibility test asdngant
to be done witlsolutions that coultte mocked up in the labithout the added expense and time

of getting new sheet metal made for each design variable to be tested
Two types of variables for testing existed:

1. Installation variablesViodifications rot directly related to fan design

2. Design variablesAny modifications that can be made to the fan unit design itself.
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5.2.1 GEN1 Installation Variables
As mentioned in sectioB.2.2 the nominal connector wipe of t&ENL is not maximized, a
nominal gap exists. As a result of this, when a fan unit is installed in the shelf using the latch
only, to increase connector wiptecan still be pushedufther backwardalong the axis of the fan
until the front latch pawl contacts the shélhis distance is equal to the gap between the front
latch pawl and the shelf. When tiBEN1 is inserted in this manner it is referred to &nb
Apushed homeo.

There are three possible installation scenarios foGthE 1

1. Unscrewed: GENL1is inserted into the shelf using the latch but the latch screw is left
undone. This is suspected to be the most
internal labsFigure5.6 shows this scenario.

Figure 5.6: Unscrewed Connection

2. Screwed down latch: GENL1 is installedin the standard scenario, using the latch to
install the fan and the latch screw screwed in to hold the fan unit in pepee 5.7
shows this scenario.

50



Figure 5.7: Screwed DownLatch Connection

3. Screwed down latch and pushed homeGENl1i s i nstalled as in th
|l atchd scenario above and then the fan is

axis.Figure5.8 showsthis scenario.

:

Figure 5.8: Screwed Down Latch and Pushed Home Connection
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5.2.2 GENL1 Design Variables
The GEN1 design variables pertain to any changes toGE&1 fan designlt is hypothesized
that theGEN1 design variables hawbe greatest impact dhe RMS vibration values, as this is
where a damper can be added to the system in order to decrease the amplitude of vibration force

thatis transmitted from the imbalanced fan to the fan connector and the rest of the shelf system.

Due to the minimal cleances that exist in the fan and shelf design, as described in se2t@&n
any typical larger dampers or vibration isolators that would be used in such ascanant be

used. A few design options were feasible within the design envelope, which are outlined below:

A Base isolating pad(die-cut gasket) unlike the base isolating pad described in section
2.2.1, the thickness of the pad used in tBEN1 had to be minimized in order to fit
within the existing sheet metal. The pad was cut in the shape of the contact surface of the

inlet side of the fan and adhered to the basetsmetal as shown Figure5.9.

Figure 5.9: GEN1 base isolating pad prototype test
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The material selected for the base isolating pad was anagfiesilicon foam sheet

material with a low density and low force for deflection. The specific material chosen
wasRogers Bisco BA00O extra soft cellular silicon@hich has a density of 208 kgB

and typical forcedeflection of 20.7 kP#0]. This foam and gasket design was already
being used to mitigate vi biheminiomunsavailable anot h
thickness of 0.06& was used, with aexpected installed compressioh75% with the

fans screwed down.

A Connector shim (simulate connector crash)fully mating the connector pairs is their
standard installation method. This variable aims to simwatennector crash present

with fully mated connectors which could be achieved by elongating the fan unit.

A 0.082in rectangular shim was 3D printed in the Ciena Mechanical Labpkugd
around the male pins of the fan connector as illustrated in tduk bliagram ofFigure
5.10.

Shim to simulate crash

Connector Header
Connector Receptacle

Figure 5.10: Connector block diagram with shim to simulate crash condition

A Floating fans on isolators:this variable aims to remove the screwed connection between
the fan and the fan unit base in an atten
mocked up with the current sheet metal by 3D printing press fit pins that fit into the

countesunk screw mounting holes in the fan chassis base. Teflon washers were then
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placed over these pins and wire heat shrink adhered to the pin itself.

The pin is meant to locate the fan in the correct position in the chassis, the washer is
meant to separatbe fan from the sheet metal and also provide a bearing surface with a
low coefficient of friction on which the fans can move in the same plane as the fan rotor
rotation. Lastly, the heat shrink was to act as the vibration damping mateitiala
nominal radial gap between the heat shrink and the mounting hole on the fan. flange
Figure5.11 shows a block diagram of this design &gure5.12 shows a detagld view

of two of the pins in the moelp prototype.

Chassis I I

Impeller

Feolator \
Teflon Washer

Chassis

s

Figure 5.11: Floating isolation design block diagram

Prags-Fit Fin
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Figure 5.12: Floating isolation design prototype mockup for test

5.2.3 Preliminary GEN1 Modification Vibration Test and Results

The vibration tests conducted were again performed in Shelf B in fanwitit GEN1 3.

Fan unit speesiwere set to the three speeds determined in segtlot should be noted that
although this test is being performxdcompare variables, the variables are dnding changed

on one fan unit in slot 4; all other fan units in the shelf are running at the desired speed, but are
configured in their standard tmodified installation orientation with the fan latch screwed

down.

Eight different configurations were tested using the six variablementioned previously:
unscrewed, screwed down latch, screwed down latch and pushed home, base isolating pad,

floating fan isolators, and connector shifine eighttonfigurations of these variablase:

Screwed down latch (stdard install)
Screwed down and pushed home
Unscrewed latch

Die-cut gasket

Die-cut gasket and connector shim
Connector shim

Floating isolator

© N o g s~ w DB

Floating isolator and connector shim
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GENL1 3 was modified for each test and variable andssembled so that easfdividual fan

was placed in the same location and orientation inside the fan unit.

Data were recorded for all three X Y-, and Zaxes of the fan unit in slot 4 as well as the
corresponding backplane connector of the slkglth speed data point was cotéd for a single
20 second duratiorrigure5.13 throughFigure5.15 show tle data from the fan unit, arkdgure
5.16 throughFigure5.18 show the datarém the backplane.

Shim results were not obtained for 2700 rpm.

Shelf_B Slot #4 GEN1 Prototype Test X-Axis

=
|

0.9 +
0.8 +
. 0.7 -
20
_E 0.6 -
&
= 05 A
__E 2700 RPM
v 0.4
= 5700 RPM
o
03 1 H 3000 RPM
0.2 +
0.1 + I
0 T T T T T T T l_\
Screwed  Screwed Unscrewed Die-Cut Die-Cut Shim Floating Shim +
Down and Gasket  Gasket + Isolators  Floating
(Standard  Pushed Shim Isolators
Install) Home

Figure 5.13: Shelf B Slot #4GEN1 Prototype Vibration Test X-Axis
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Shelf_B Slot #4 GEN1 Prototype Test Y-Axis

Iddddada

Screwed  Screwed Unscrewed Die-Cut Die-Cut Shim Floating Shim +
Down and Gasket  Gasket + Isolators  Floating

(standard  Pushed Shim Isolators
Install) Home

Figure 5.14: Shelf_BSlot #4GEN1 Prototype Vibration Test Y-Axis

Shelf_B Slot #4 GEN1 Prototype Test Z-Axis

Screwed Screwed Unscrewed Die-Cut Die-Cut Shim Floating Shim +
Down and Gasket  Gasket + Isolators  Floating

(Standard  Pushed Shim Isolators
Install) Home

Figure 5.15: Shelf_B Slot #4GEN1 Prototype Vibration Test Z-Axis
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RMS Vibration (g)

RMS Vibration (g)

Shelf_B Slot #4 GEN1 Prototype Test Backplane X-Axis

1 .
09 4
0.8 -
0.7 4
06 -
0.5
2700 RPM
04 5700 RPM
0-3 7 B 8000 RPM
0.2 +
01 - I I I
0 T T T . T . T . T . T -_\
Screwed  Screwed Unscrewed Die-Cut Die-Cut Shim Floating Shim +
Down and Gasket  Gasket + Isolators  Floating
(Standard  Pushed Shim Isolators
Install) Home
Figure 5.16: Shelf_B Slot #4GEN1 Prototype Vibration Test Backplane X-Axis
Shelf_B Slot #4 GEN1 Prototype Test Backplane Y-Axis
1 -
09 -
0.8 -
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03 1 B 8000 RPM
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Figure 5.17: Shelf_B Slot #4GEN1 Prototype Vibration Test Backplane Y-Axis
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Shelf_B Slot #4 GEN1 Prototype Test Backplane Z-Axis
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Screwed  Screwed Unscrewed Die-Cut Die-Cut Shim Floating Shim +
Down and Gasket  Gasket + Isolators  Floating
(standard  Pushed Shim Isolators
Install) Home
Figure 5.18: Shelf_B Slot #4GEN1 Prototype Vibration Test Backplane Z-Axis
These results show that the installation varialfle8 Scr ewed downo, AScrew

Home o, and dohotbave aawsigrdfioant impact on the RMS vibration levels of the
fan unit or the backplane connector. Thegkest gains in vibration reduction are obtained when
using the connector shim and floating isolator in conjunction. The only data point where this
does not show the most improvement is at 500 in the X and Y-axes of the fan unit, where
both the floaihg isolators and the connector shim individually outperform the combination of the

two.

Using the connector shim on the rear PCBhaf fan unit produces a similar effect to increasing
the overall length, ensuring there is a constant force (providetiebiatch) on the connector

halves. This produces some reduction in vibration levels, especially at lower speeds.

As a result of this testing, it was decided that a combination of the connector shim and floating
isolators would be used to ate an initialdesign prototype foretrofit to the GEN1 fan unit
(GEN1A).
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5.3 GENL1 Retrofit Solution (GEN1A)

The first, or Alpha, prototype of thEEN1A solution aimed to integrate trednnector crash
scenario as well as the floating isolator scenafite benefit of this design is that it is fully
compatible with all other components in B&N1assembly, so no changes to the internal PCBs
are requiredThe GEN1A fan unit took theLFU designandmodifiedit by:

1. Lengthening t he faandtapcovebp G087inehesm ordehferéhé me t
connector crash to occur. A nominal interferenc8.66b incheswas also addenh order
to ensure that crash contact was maintained at all times, even in units at the outer
tolerances limits.

2. Replacing theeountersunk holes in the fan chassis base used for mounting the fans with
1.5mm diameter pusim stainless steel pins.

3. The top cover which previously did not serve as an attachment point for the fans also had
corresponding 1.5hm diameter pusin stainles steel pins added to it.

4. Teflon washers with a thickness of 0.daBheswere placed ovehe press fit pins

5. Cylindrical isolators were installed over the préispin and glued to the base of the pin.
The isolators were made @¢?ORON Microcellular Urethane Foam Two different
durometers were tested for comparisBORON 470430-15 (extra soft) and PORON
4701:60-15 (extra firm)[51], [52]. A durometer comparison of the two materials is
shown inTable5.1 [51], [52].

6. Removing the threaded inserts from the fan flanges. This required a new manufacturer
part number and existing fan inventory to be modified by having the inserts drilled out.

Table 5.1: PORONIsolators Materials Durometers in Shore "A" and Shore "O" [51], [52]

PORONMaterial Durometer (S/Durometer (S
4701-30-15 30 42
470160-15 <3 <3

The isolatorswere glued to the pin usingoctite 4205 which is a thermal resistant gel

adhesivg53]. This adhesive was chosen because it can withstand heat ageing affects; this

60



is important for the fan units since they see exhaust air and temperatures ftoa80
determined by Cienghermal engineerd-igure 5.19 shows the heat ageing curve for
Loctite 4205

ol

Heat Aging/Hot Strength
Aged under conditions indicated and tested at temperature
100 - -
o
~ 80 °C
8
E) 100 °C
5
=
=
=2

..... e
([} ]

o - B

" Exposure Time, hours

. ! ! Pl

Figure 5.19: Loctite 4205 Heat Ageing $. Time Curve[53]

The generalizeédissembly sequence for the vibration isolators used oGHMILA is shown in
Figure5.20. Figure5.21 shows a crossection of the assembly and detailed view of the isolator
design. A tolerance analygqiBigure12.7 andTable12.7 in Appendix D was also conducted to
determine if anyinterferencewould be present in this new design since the clearance gap
between thdan unit top and the fan would be reduced by addin@.010inch thick PTFE
washers on either side of the fan. The tolerance analysis determined that no issues should be

present as long as the parts are made as per the drawings.
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Figure 5.20: Retrofit Vibration Isolator Design Exploded View
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Figure 5.21: Retrofit Vibration Isolator Design Section View

A small nominal radial clearance was left betweenigbtator and fan mounting hole to aid in
assembly, and a nominal radial interference was added between the pin and the isolator to ensure
a solid connection once glue was appli@this design is Patent Pendinghis design is a
research contribution to theverall thesis as it cabhe used in various other fan unit designs

which suffer from similar physical constraints as the fan unit considered in this thesis.

This retrofit isolatordesign was theorized to be a significant improvement within the design
envdope because it eliminates the rigid connection between the fan housing and the Blyassis
eliminating the screwed connection and replacing it with a cylindrical damper on a rigid pin with
a low friction PTFE washer bearing surface, the fan is able temaative to the chassis in the

X-Y plane. This movement in the-X plane occurs primarily where the fan imbalance force
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acts, and the isolator acts as a damper to absorb this energy as opposed to directly transmitting it
to the chassis. The PTFE washeyyides a limited amount of damping in theAZis as opposed

to no damping when considering a screwed connection.

The GEN1Adesignwas prototyped by Cienads contract m
delivered to Ciena Ottawa. The vibration level of tBEN1A was measured in slot #4 of

Shelf_B with a FF of fan units. The data was compared tGHid1 data obtained previously in

the unmodified scenario as well as the shim and floating isolator sce@afipthe fan unit in

slot #4 varied in design, all achfans remained constant in an unmodified staigure 5.22

through Figure 5.24 show the raw vibration plots for each axis of each configuration at 2700

rpm, 5700rpm, and 8000pm respectively.
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Figure 5.22. GEN1 vs. GEN1A Raw Vibration Data Plots at 2700rpm
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Note that vibratiorlevels at 2700pm are much lower than at higher speeds, and are currently
below the 0.1g RMS target valueDespite this, a clear improvement in overall vibration level as

well as RMS value can be seen betweerB&l1 andGEN1Afans.
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Figure 5.23: GEN1 vs. GEN1A Raw Vibration Data Plots at 5700rpm
FromFigure5.22 to Figure5.23it is clear that the floating isolator and shim magkprototype
performs worse in theX- and ZAxis at 2700rpm and 5700rpm. However, the GEN1A
outperforms theGEN1in all instancesvhen comparing RMS valudsy 60% reduction at most
(2700rpm Z-Axis), and 26% reduction at the least (2700rprAxs).

The GEN1A still exceeds the 0.1g RMSrtget vibration value determined previously, but the
significant gains in vibration reduction for a minimal design change in a retrofit scenario cannot

be discounted.
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As Figure5.24 shows for the 800@pm data, the floating isolator and shim magk prototype
exhibits the greatest vibration reduction at higher frequencies GHi¢1A shows even more
gains on top of that shown by the floating isolator and shim mpgirdotype. TheGEN1 plot
at 8000rpm also shows a beat frequency which has a period of approximateiyz0Both

prototypes effectively eliminate this frequency and produce a more uniform vibration plot.
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Figure 5.24: GEN1 vs. GEN1A Raw Vibration Data Plots at 8@0rpm

The reduction in RMS vibration level is significant at 80pth when comparing th6EN1 to
the GEN1A:

A X-Axis: 88% reduction in RMS values

A Y-Axis: 59% reductionn RMS valies
A Z-Axis: 77% reductiorin RMS values
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After these successful preliminary test results, a more rigorous test was proposed with the same
fan units. The proposed test involved performing a FF sweep in Shelf A with the instrumented

fan in slot #2 in the fdlowing configurations:

A StockGEN1

A StockGEN1(no power to instrumented farused to obtain shelf noise)

A GEN1A (same fans and PCBs G&EN1)

A GEN1A (no power to instrumented férused to obtain shelf noise)

Figure 5.25 through Figure 5.26 show the results for the-Xand Y-Axis. Figure 5.27 through
Figure5.28 show the results for the-Xand Y-Axis with the shelf noise removed. The sheliseo

was removed in this instance because only the instrumented fan was modified and the vibrations
induced from the stock LFU fans running in the other slots would theoretically make the RMS

vibration values artificially highZ-Axis datawerenot includedn this data set.

Shelf_A FF GEN1 vs. GEN1A T&SlIst #2 XAxis
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Figure 5.25: Shelf_A Slot #2GEN1 vs. GEN1A Vibration Test X-Axis
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Shelf_A FF GEN1 vs. GEN1A TeSlIst #2 YAxis
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Figure 5.26: Shelf A Slot #2GEN1 vs. GEN1A Vibration Test Y-Axis

Shelf_A FF GEN1 vs. GEN1A T&SlIgt #2 XAxis Noise Removed
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Figure 5.27: Shelf A Slot #2GEN1 vs. GEN1A Vibration Test X-Axis Noise Removed
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Shelf A FF GEN1 vs. GEN1A TeSkst #2 YAxis Noise Removed
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Figure 5.28: Shelf A Slot#2 GEN1 vs. GEN1A Vibration Test Y -Axis Noise Removd

The above figures show a few treridat should be noted:

1. A resonance is clearly visible in theAkis around 6500pm. It is very pronounced in
the GENJ, and itseffect is almostcompletelymitigated in theGEN1A. This resonance
seems twvary between 5766500 rpm depending on the test shelf used as well as the fan
unit. The exact cause of this resonance is not of concern; it appears to be inherent to the
system which cannot be changed. The gt mitigate its effect.

2. Shelf noise plotshould be identical, but a slight variati@present. This variation is
most pronounced at 800Pm in the XAxis. This is likely due to tedb-test variation as
a result of the vibration interaction of adjacent imbalanced, f@ssilting in different
characteristic beat frequencies, and resultant RMS values.

3. TheGEN1begins to show significantly higher vibration levels above 6po®

4. The GEN1A reduces the overall RMS vibration levels and produces a smoother, flatter
curve in both axes

Although the esults demonstrate that the desired . RMS maximum vibration level is
exceeded, the reduction in vibration lewetsresufficiently significant to warrant the immediate
upgrade of th@roduction design of th&6EN1to theGEN1A design in hopes of mitigalg any
new damages in the field with new shelf and fan unit deployments.
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5.4 GENL1 Individual Fan Testing

During the course of testing, the focus was on reducing the RMS vibration levels by modifying
components designed and manufactured by Ciena. It shouldteéd that theinworn fan unit

from the alternate shelf produdh section3.2.3 uses a different famanufacturer. Thenworn
fanuntused a fan with a cast zinc frameGENCZF) m:

used a fan with a plastic injection moldednfre(PMF)ma n u f a ¢ tCuornepda nbyy B0 .

The difference in fan construction as well as potentially different manufacturing peactic
between fandromi Company _ A0 Vv s. ACompany_BoO0O might al :

levels.

To investigate tHg the variables introduced by measuring vibration levels of fan units in shelves
with varying geometries needed to be removed. A colleagusgtomelesigned a benchtop
vibration test fixture Eigure4.4) to provide a platform to which any standard& or 120mm

fan could be mounted to test different $aas well as vibration isolation techniques. The test
fixture had two different mounting tops, one with threaded mounting holes to test fans directly
screwed to the fixture, the other with the same rird mounting pins used in th@EN1A

design.

The test jig wa characterized bgerformingan impulseresponsdest in all three axes. The test

results are shown iAppendix B

541 AnCompany A0 Vs. ACompany BO
To compare the vibration |l evels of a fan fro

similar design were sateed for analysis. The fans chosen were:

A i Co mp an ymm 8000pt 2an with PMF (same fan as used3BEN1)
A ACompany mip63008m fan with CZF (usgi n another one of

products)

Four samples of each were serialized A% f or ACamBaBndy fAdr A Company
Each fan was screwed to the benchtop jig and run at g@00igure5.29 shows the test set up

andFigure5.30throughFigure5.32 shows the RMS results for each axis.
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Figure 5.29: Individual Fan Test "Company_A" vs. "Company_B" Set Up Screwed Down
Fan
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Figure 5.30: Individual Fan Test "Company_A" vs. "Company_B" Set Up Screwed Down
Fan X-Axis
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Figure 5.31: Individual Fan Test "Company_A" vs. "Comp any_B" Set Up Screwed Down

Fan Y-Axis
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Figure 5.32: Individual Fan Test "Company_A" vs. "Comp any_B" Set Up Screwed Down
Fan Z-Axis
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The main conclusions that can dmawnfrom the above data are:

A A largervariation in vibration levele x i st s for fans made by ACO]

A The benchtop test jig is much more sensitive to vibration in t#eiX. Theoretically, if
the jig had a uniform design, theA«is and Y-Axis results would beery similar due to
symmetrical construction of the fafihis is not an issue since the jig is to be used for 1:1
comparisons.

A RMS vibration levels for f andmoraandigtentign i Co m
those made by ACompany_AO0

The underlyingrasons f or why pang Badpebffof@ometter a
could be related to fan construction, motor design, PCB design, rotor balancing practices, etc.

Ciena thermale ngi neer s began investigating fACompany
GEN2applicati on. I n the meanti me, ACompany _AO
will continue tobe usedin the near term Once a ACompany_ Bo fan |

application, samples would be received and tested.
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Chapter 6  Generation 2Design Progression & Solution

6.1 GENZ2 Individual Fan Testing

6.1.1 GENZ2 Fan Characterization
The GENZrequires a greater air flow, and thus a fan that operates at a faster speed. The initial
fan selected by the thermal engineers for @#&N2 design was a 1300pm model made by
ACompany A0 with the s aGiNL TheaGEBZ2wasdto Ibeeoméhé ons a
main design focus at this stage since @i#EN1 had an acceptable interim solution, and the

GEN2would allow systems to be upgraded to higher power line cards.

Fans tested werserialized as before, with GEN2ans being denoted as AF
Hgh-s peed) with the number incrementing for eac
their balancing procedures during the time that these tests were conducted. A sample was

provided and tested; these f ans-speaBalanseg) i al i z e

The initial tests conducted were performed on the benchtop jig with all fans screwed down, as in

the LFU. Two methods of speed control were used for these tests:

1. PWM Control: fan speed is controlled wusing the
input supplied by a square wave signal from a function generator. The PWM control
allows for control between 280% duty cycle. As a result, the top of the fan speed range
cannot le obtained using this method.

2. Voltage Control: fan speed is controlled by varying the input voltage. Nominal voltage
for GEN1 fans in 12V, GEN2 fans is 48V. By varying the input above/below the
nominal value, fan speed can be modified. The top of thedsgange is obtainable with
this method, but the bottom entithe speed rangs notaccessible

Figure6.1 shows a comgrison between two different GENdns A9, AD, a standard balanced
GEN2fan AH1, and a rebalancegdENZ2 fan AHB1. Figure 6.2 shows the same plot but with
greater detail at lower vibration levels. All figures showAXis only as this is of the most

interest for current purposes.
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These above figures are not ideal for simgndetails of individual plots, but they do show the

following overall trends:

1. A resonanceés presenaround 4000pm. This appears in each data set ignubt present
in either the GEN1 or GEN1AThis maybe ignored because it is a resonance inherent to
the test jig and not relevant to the system being considered.

2. All fans show a resonance around 70pt. This resonance appears to be related to fans
manufactured by ACompany _ AO.

3. Both UFU fans show exponential vibration behaviour, with the transfer frenflah
portion of the curve occurring at 10000m. The overall amplitude at 13000m was
significantly greater for the standard AH fan. The balancing done on the AHB fan does
have a significant impact on vibration levels. All UFU fans to be used inrdesigbe
AHB fans.

6.1.2 GENZ2 Designwith Retrofit Isolators Preliminary Testing
The GEN2 fan unitwith retrofit isolators will be denoted as GEN2Bhe same design as used
on the GEN1Ais planned to be tested on the GENZAe parts already exist in the supphain

and would be a simple solution to implement.

The GEN2design itself is more complex than simply replacing the 8@@® fans with 13000

rpm fans;the intenal PCBs need to be redevelomedl all other aspects of the internal design
are also open for change. Implementing the same vibration isolation parts GENAA will

allow for design and development of the other fan unit components to move forward while a

more comprehensive vibratiasolation solution is devised.

For theGENZ2A design, various materials were tested for the cylindrical isolR@RON 4701

30-15 (extra soft)PORON 4703460-15 (extra firm) andBisco HF6360 (stiffestvere usedThe
materiat selected are urethane foanaterials which come in sheetsd can beasily water jet

cut into a cylindical shape which is ideal for the retrofit isolator design. Urethane foams are
designed for use in vibration reduction applications, and by selecting and testing a wide range of
stiffnesses, the optimal material can be determinEdyure 6.3 shows an OM top view of a
PORON 4701430-15isolator as used for testing.
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Figure 6.3: OM top view of GEN1A/GENZ2A Isolator

The X-Axis results of the material variation tests as done on the benchtop test jig are shown in

Figure6.4 as compared to the same AHBL1 fan screwed to the test jig.

Benchtop Test Jig 13000 rpm AHB1 Sweeps
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—¢—Screwed Down == Poron 4701-30 Isolator (softest)
=@=Poron 4701-60 Isolator (stiff) =e=Bisco HT-6360 Isolator (stiffest)

Figure 6.4: Benchtop Test Jig FanVibration Sweep GEN2AMaterials Variation
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As shown above, the isolator material that performs the best appears tdP@RON4701-30-

15. However, the difference with stiffer materials is not significant and can be attributed to
imperfections and errors in the testing. The stifF€/RON 4703160-15 had similar vibration
damping characteristics higher fan speeds (1000QL.3000rpm).

This stiffer PORON 470160-15 material was preferredsdonger functionallife would be
expected in comparisdo the softer material. Going forward, it is to be usedheGEN1A and

GEN2A to improve yields due to instadibility damage as well as long term life. Instatility

damage could be caused by the edge of the fan mounting hole contacting the isolator and ripping
the isolator material.

6.2 GEN2 Solution Using Retrofit Isolators (GEN2A)
As a result of th€ORON 470160-15 material selection in the previous section &EN1A and

GENZ2A designs, this solution needto be tested in a fan unit in a shelf.

The GEN2A design uses the same design changes and form factor @EN{BA (section5.3).
Critical dimensions of th&EN2A Alpha prototype are shown Figure6.5.

TOTAL LENGTH
€ 20.631 >

LATCH PAWL TO INTERFACEPCB
18.993 >

FAN 1TO INTERFACE PCB
15.140

FAN 2TO INTERFACE PCB
11.040
FAN 3 TO INTERFACE PCB

6.395  mm—
FAN 4 TO INTEREACE PCB
2.520

Figure 6.5: GEN2A Critical Dimensions (side) [inches]

Five initial Alpha prototype units were received with AHB fans d&@RON 470160-15
isolators. Feedback from the CM revealed that the assembly process with this isolator design was
difficult, especiallydealing with the small parts and keeping the adhesive contained only to the

pin area.
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An alternate solution was devised to replace the isolator, PTFE washer, and adhesive used in the
GEN1A and GEN2A design with a single injection molded part to make the assembly process
easier and hopefully improve vibration performance. With the inpub @xgernal company, an
isolator geometry was designed that would incorporate the cylindrical isolator and washer into

one part. The geometry chosen would negate the need to use adfigsirat.6 shows the part

4x 2 T T =—65
A

Ba2 ]

geometry.

Figure 6.6: GEN1A/GEN2A Integrated Isolator Design [mm]

The part was molded usitgAR 3Mlsoloss SE2030Q the mechanical properties of which are
shown in Table6.1. [54]

Table 6.1: EAR Isoloss S1-20300 Physical Properties

Durometer Maximum Temp. Max. Continuous
(Shor e q] Intermittent (°C) Temp. (°C)
20 100 90

The five initial prototypes were tested in ShelfinrAthe top row The shelf software was not yet
updated to allow the software to cont®EN2As with their updated circuit design and fan
speedsAs a result, the power engineers wired leads fronGER2As that connected directly to
the PWM control built into each inddual AHB fan. This allowed a function generator to
control fan speed, and with the PWM control removed, the fans would defauitcnaximum
speed, 13006pm. The bottom row of fans we€EN1s and installed but not powered.

Two different prototypes dive GEN2As were teste(Figure6.7 throughFigure6.9):
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1. As receivedGEN2Awith PORON 470160-15isolators
2. Modified GEN2Awith Isoloss SE20300integrated isolators
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Figure 6.7: Shelf_A Slot #2 GEN2A SweepPoronvs. IsolossX-Axis
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Figure 6.8: Shelf_A Slot #2GENZ2A SweepPoronvs. IsolossY -Axis
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Figure 6.9: Shelf A Slot #2GEN2A SweepPoronvs. IsolossZ-Axis

These results show a significant vibration reduction when compared to AHB1 screwed to the
benchtop test jig. These plots also show that the vibration curve is noisy and unpredictable, with
the fan resonance around 570@00rpm still present. Thikad been damped out in the past, but
with the introduction of fiveSEN2As installed as they would be at a customer site, this vibration
resonance has returnéithe resonance may have returned as a result of changing tol36e
rpmfan with different méor dynamicssince it is designed to operate at nearly éntlee speed as

the original fan;or the mainting hole tolerance on the 13000 rfens was tighter than that of

the original 8000 rpmfan since the injection molding todbr the new fan had just ated
production and the 800@m fan had been produced for a longer period of tisenethelesshe
Isolossprototype showed an improvement over Bwron solution, but not significant enough to

justify the cost of buying production tooling to implement the change.

Maximum RMS vibration levels are still on the order of 0.3 to @.RMS Ultimately, it has
been shown that a better solution is likely neededrder to reduce the vibration to acceptable

levels.
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6.3 Development and Testing to Find UltimateGEN2 Solution

By this stage of the development process, the thermal engineers had been in contact with
ACompany B0 about a f an odftheelgo0Gpm tah neanufactypeslr f or m
by ACompany _ AO0. ACompany _ BO specially devel c
performance and dimensions that operated at a maximum speed of 12000rpm; these fans will be
referred to as BH fans. Four samples were deld/éveCiena in Ottawa for further testiaad

gualification.Figure6.10 shows a BH fan, note the cast zinc frame construction.

¥ -

‘_-_jfTi'Ti!‘".

.

Figure 6.10: "Company_B" BH 12000rpm fan

All fans tested up until this poinvere of standard construction with four corner mounting
flanges per face. The next step will be to consider alternativesoatetermine the maximum

amount of vibratiomeduction achievable if the standard fan envelope were to be modified.

Modification of the fan construction itself was an option that was only considered as a last resort.
The reasosithat modifying the fan housing was not desiraldge
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1. Tooling cost the tooling for casting the frames would have tophechasedy Ciena.

This is a large upfront cost and is A@toverable in terms of company profit. The
benefit of owning the tool is that Ciena is the only company that can make use of it.

2. Non-standard geometry. the fans created would be of nstandard geometry and likely
unique to specific applications. This would likely result in a higher cost per fan since the
production volumes would be lower.

3. No second sourcethe custom fan would only be availadtom one manufacturer where
the tooling was purchased. If an issue were to develop with the fan, sourcing an alternate
fan from another manufacturer would not be possible unless a second similar $ebling
werepurchased separatdiypm that company.

4. One chance the tooling of new fan geometry would need to be as close to the final
design as possible. Modifications to the tooling would be possible once it had been
created but changes are limited depending upon the construction of the tool; they can also

be very costly.

However, if returns in the form of greatly reduced vibration levels could be proven if the fan

geometry veremodified, taking the above risks would be justified.

This stage of the design aims to reduce the vibration level by any methabargcevithin

reason, including modifying the fans themselves.

6.3.1 Single Unit in Shelf Results GEN1 & GEN2
Large quantities of vibration data for various famsre accumulated This data consist of
individual fan units of each type assembled to Slot #2 effSA andoperatecht various speeds

to obtain RMS vibration data.

The above mentioned BH fans were also tested in the same nianm&inginserted in a
prototypeGENZ2A in place of the AHB fans provided by the CM

The results obtained are shownHigure 6.11. Only the instrumented fan is powered in these
plots the obtainedvalues cannot be directyomparedwith other vibration plots obtainedhder
different testconditions.Initial un-isolatedGENZ2 data is not provided as it isappropriatefor

comparison due to overly excessive vibration levels.
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Figure 6.11: Shelf A Slot #2 Single Fan Unit Onlyi Alternate Product Target Provided as
Reference Only

The comparisonin Figure 6.11 illustrates that although vibration reductions arbiemed and
vibration levels, especially at high frequencies, raauced vibration levels are still above the
target value. These vibration levels will only increase under FF conditioissthus clear that
modifications to thestandardfan itself are equired.This ultimate GEN2 fan unit will involve
modifying the fan housing itself, this fan unit will be denoted GEN2B.
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6.3.2 GENZ2B Individual Fan Testing
In order toquickly test various vibration isolation methgdesting was returned to the benchtop
testjig so that only one fan needed to be modified per test. Different isolator variables would be
tested on both the AHB and BH fans and compared to the vibration levels obtained from one of

the fans from the alternate prodattachedo the test jig.
The vaiables considered in this testing were:

1. Height of isolator (Zdimension)
2. Size of isolator (X, Y-dimension)
3. Material

To simplify testing, it was assumed that no external constraints on the system were considered
(fan and shelf geometryAs a result, fan flanges were not modified in order to test thicker
isolators; the fans themselves were mounted directly on top of the isolators. The mauagoal

to examine the possibilities wibration isolation for the fans being considered. Once achievable
vibration levels are known, then a solution that fits into the existing fan and shelf structure can be

considered.

AHB fans wereused only for this test to minimize variables. It has alydaskn shown that BH
fans outperform AHB fans, so any vibration reduction seen on AHB fans should at a minimum

also observedn the BH fans.

Isolator Materials AHB Fan

The UFUI solution was tested in Shelf_A in order to compare the cylindA€@RON 60
isdators for thelsoloss SL2030solators. Two harder durometersisblossmaterial were also
provided from the manufacturer but not yet testsoloss SL3530andIsoloss SL503Q0

In an effort to determine the optimal durometer for the isolator mat¢odle tested, an AHB
fan was mounted on the test jig using the interim vibration isolation solution incorporating
materials with various durometers.

Table6.2 shows the duometers of each material tested.
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Table 6.2: Isolator Material Properties (Durometer)

Manufacturer | Material Material Construction Durometer (Shore A)
3M EAR SL50300 synthetic rubber a7
3M EAR SL35300 synthetic rubber 32
Rogers PORON 60 urethane foam 30
3M EAR SL20300 synthetic rubber 20
Rogers Bisco BF2000 urethane foam 1

The durometer of the material tested was the most critical parameter tested. All other
characteristics such as theng term life of the material as well as manufacturing methods

associated with fabricatingnasolator for each material type was a secondary consideration.

A sweep was conductagingPWM contol for most points, and voltage control for the 13000

rpom dat point Figure 6.12 shows the results of the tewith the target vibration value also

indicated.
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Figure 6.12: Isolator Test Jig Material Durometer Comparison
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It can be shown from the above data that the softer materials perform better, but diminishing
returns become apparent bel@approximately Shore A 30, which is currently used in the
GEN1AandGEN2Adesigns.

Isolator Height & Size AHB Fan
The next goal was to determine the effect of larger isolators on fan perforB&2@00foam
was used to create isolator pads of various sizes and shapes to place under all four corner flanges

of the fan. The configurationsgted were:

1. Isolator height:
a. 0.125in thick foam triangle witiPORON 60solators
b. 0.250in thick foam triangle witiPORON 6(dsolators
2. Isolator size:
a. 0.3in diameter 0.25@n thick with SL20300solators
b. 0.6in diameter 0.25@n thick with SL20300solators

Figure6.13s hows t he t e 8.3indamdter W25 thiokrwithtSIk26300%0lator®

configuration for reference.

Figure 6.13: A HB F a n 0.3iredsameted 0.250infthick with SL20300isolatorsd

Figure6.14 shows the results of the testing.
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Test Jig Isolator Comparision (AHB Fan): Isolator Height & Size
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Figure 6.14: Isolator Test Jig Height & Size Comparison

Two conclusions can be drawn from thessults

1. Height: Greater isolator height provides greater vibration reduction

2. Size Greater isolator size providgseater vibration reduction

Intuitively, this is as expected, but it confirms that greater reductions in vibration can be
achieved if the fans are modified to accommodate larger isolators. A block diagram proposing an

initial concept of what this designowld look like is shown ifrigure6.15.
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Chassis
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between sheet metal and fan body to
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through fan housing.

Figure 6.15. GEN2B Flangelsolator with Modified Fan Flanges Block Diagram Gncept

6.3.3 Modified Alpha Prototype GENZ2 Isolator Designs & Results
The AlphaGENZ2A prototypes were modified to test the new vibration isolator concepts. These
vibration isolatorswere designednd injection molded b¥AR 3Mout of Isoloss SL20300
material Two types of vibration isolatsmwere proposed for this round of testiftihese isolators

are Patent Pending)

1. Fan flange isolators as described in the previous sectidfigure 6.16 shows the
proposed isolator design. In order to install these isolators onafahgest them in a
GEN2 the flanges of 5 sets of standard AHB fans were removed by an external CM.
Custom flanges were design&D printed and glued to theadified fansusing Loctite
4205 The final modified AHB prototype (AHBM) is shown figure6.17. AHB fans
were used since only four prototypes of BH fans existedaamd too valuable to modify.

If this design is implemented, it would use modified BH fans (BHM).
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Figure 6.16: Flange Isolator Design (CAD)

Figure 6.17: AHBM Modified Flange AHB Fan with Flange Isolators
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2. PCB isolators currently the PCB that contains the backplane connector is rigidly
connected to the fan sheet metal using screws. Proposed isolators replace the rigid
connection with an isolated joint atiasvn in Figure 6.18, effectively floating the
backplane connector PCB. This design requires a larger PCB holtheaatbrea PCB
redesign if the modified prototypén@wvs a marked reduction in vibration. For testing
purposeslargerholesweredrilled in theexistingPCBand thefan unitsweremodified to

operaterom an external power supply.

It is also important to note that tH@ENZ2 design incorporates an intercoohd®CB that
connects the rear PCB to the front two PCB that control the fan and filter the incoming
power. In the AlphaGENZ2A design, a connector rigidly connects the backplane connector
PCB to the interconnect PCB and the top and bottom fan flanges oke#rest fan nest
above and below this connector. In order to clear this connector with the AHBM, one of the
flanges needed to be removed on this corner; for symmetry, half of the total flanges were

removed.

i

264

Rear PCB—/

Current
screw/PEM

PCB Isolator (2 Places)

Stainless Steel Washer
Shoulder Screw

Figure 6.18: PCB Isolator Design vs. Rigid Connection

Five sets of Alph&GEN2As with AHBM fans were constructed with help from the power team

in order to power them externally from the shelf.
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Four test cases were chosen, each witlefit modifications performed to the modified fan
units, as summarized ihable 6.3. Figure 6.19 throughFigure 6.22 show CAD images (some

parts hidden) of each test case.

The results of these test cases were compared to a set @HENEA fans with PORON 60
isolators. All tests were performed in Shelf A in the @pd bottomfive fan slots. The

instrumented fan was located in Slotafd Slot #7 respectively

Table 6.3: Modified Alpha GEN2A with AHBM Fans Test Cases

Test | Test Case Name Flange | PCB Rigid | Float
Case Isolators | Isolators | PCB | PCB
1 | Flange Isolators (Rigid PCB) X X
2 | Flange & PCB Isolators (Rigid PCB) X X X
3 | Flange & PCB Isolators (Float PCB) X X X
4 X

Flange Isolator¢Float PCB)

Flange Isolator
(4 Per Fan)

Flange Isolators Only
{Rigid PCB Connection)

Figure 6.19: GEN2A with AHBM Test Case #1: Flange Isolators (Rigid PCB)

Figure 6.20: GEN2A with AHBM Test Case #2: Flange &PCB Isolators (Rigid PCB)
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