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DESIGN OF BRAKE VACUUM HOSES
THROUGH CAE (ENGINE ROCK) CALCULATION

ABSTRACT

In this study a new method has been used to design brake vacuum hoses for vehicles.
The drive to use such a new method is the given tight vehicle package space where
the brake vacuum hose has to be routed. Usually with just statically designed models,
clearance issues may occur and under dynamic conditions. Those models show touch
issues which result in functional and comfort issues.

This new method consists of applying CAE calculation to an existing 3D model of a
brake vacuum hose resulting a so called ‘engine rock’ analysis. First 3D models are
developed for individual brake vacuum hoses depending on different engine and
vehicle variants, based on static routing principles and requirements. As a second
step, engine rock simulation is applied to these models. The results of this first
analysis show whether the design has clearance issues and a revision is required on
the routing or not.

In case of need, the static 3D model of the brake vacuum hose gets revised as a
further step in the lights of applied engine rock analysis. Following this, a further
engine rock analysis gets applied to the final model as a verification step. If the
clearances provided by this final analysis are not satisfactory enough, the last two
steps of revision and analysis get repeated.

Also a test rig is built in order to see how representative the static routing is and to
define the displacement envelope characteristic of the brake vacuum hose through
engine vibrations.
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FREN VAKUM BORULARININ
BILGISAYAR DESTEKLI MUHENDISLIK (MOTOR SALINIMI )
YONTEMIYLE HESAPLAMASI

OZET

Bu calismada fren vakum borularinin dizayninda kullanilan yeni bir metot konu
edilmistir. Bu metodun kullanilmasindaki sebep vakum borularinin modellenmesi
asamasinda sunulan kisith dizayn hacimdir. Genellikle sadece statik prensiple
dizayn edilen modellerde dinamik sartlar altinda parcalar arasindaki yetersiz
mesafeye bagli olarak fonksiyonel ve konfor sorunlar gézlenebilmektedir.

Bu yeni metot daha onceden ii¢ boyutlu modellemesi yapilmig vakum borularina
bilgisayar destekli miihendislik (CAE) hesaplamasiyla motor salimimi analizinin
uygulamasi 6ngoriir. Oncelikle statik dizayn prensiplerine ve sartnamelere bagl
olarak cesitli motor ve tasit modelleri i¢in fren vakum borular1 modellenir. ikinci
adim olarak bu modellere motor salinimi analizi uygulanip, parcalar arasi mesafe
konusunda bir sorun olup olmadigi ve fren vakum borusu modelinin degistirilip
degistirilmemesi gerekliligini gdsteren sonuglar elde edilir.

Sonuglara bagl olarak ihtiya¢ olmasi halinde bir sonraki etapta vakum borusunun 3
boyutlu modeli revize edilerek istenilen parcalar arasi mesafeler yakalanmaya
calisilir. Bu islemin sonunda saglama amagh olarak motor salinimi analizi tekrar
uygulanir. Sonuclarin tatmin edici olmamasi halinde ise son iki adim tekrarlanarak
devam edilir.

Bunlara ek olarak statik ortamda yapilan 3 boyutlu modellemenin tasita monte
edildikten sonra ne derece gercegi yansittigini1 gérmek ve motor titresimlerinden
kaynaklanan vakum borusu iizerindeki hareket zarf1 karakteristigini belirlemek
amaciyla bir test diizenegi kurulup gercek parcalarla bahsi gecen analiz yapilmistir.

1X



1. INTRODUCTION

1.1  Required Package Space For Developing A New Vehicle

In today’s world the package area of vehicles get tighter with every consecutive
vehicle model. This is a result of added or dimensionally enlarged components and
features to the vehicle such as bigger batteries, fuel fired heaters, ESP systems etc.
All those enlarged or added components or features have to fit into the vehicle,
which dimensionally does not get enlarged a lot. Most of those added or enlarged
components are placed in the engine compartment.

In order to depict this situation a simple example can be given as below:

A new developed vehicle gets approximately 40mm-50mm longer and 10mm-20mm
wider compared to its previous model. Assuming that as a maximum half of these
values apply to the engine compartment it can be clearly seen that with every
consecutive vehicle model the available package space does not increase with a
direct proportion to the need of space for the new components. As an example just a

bigger battery itself may require above mentioned dimensions or more.

1.2  Required Package Space For Developing Components Of A New Vehicle

Since the vehicle dimensions get enlarged at a limited level and the added or
enlarged components have to fit into the available space as a result of customer
requirements and marketing purposes the required package space has to be found by
squeezing the components in the engine compartment towards each other and making

the free space available to the added or enlarged components.

On the other hand, every component in the engine compartment needs a certain
clearance (extra space) to its surrounding for a robust lifetime preventing any touch

issues.



Generally in an engine compartment clearance is required due to the following:

e engine rock of the component itself

¢ engine rock of the surrounding component

e assembly tolerances

® ‘part to part’ variation (manufacturing tolerances)

® mis-builds
Due to missing realistic data in the early vehicle development phase it is almost not
possible to make an accurate tolerance study and using this input in the design.
However a certain amount of clearance from previous experience is always assumed

for above and applied.

1.2.1 Fitting Of Engine Compartment Components Into The Provided
Package Space

Brake vacuum hoses (together with other low rigidity components such as electrical
wirings, fuel pipes) are called ‘flexible’.

Since these components have relatively low tooling costs and less tooling times the
tendency during development is generally to change these components when it
comes to restrict the package space of a component rather than more rigid and higher
tooling cost ones. Usually in today’s automotive world there is almost no carry-over
component which has been developed for a previous vehicle model and can be used

later on for another vehicle or engine application.

1.3  Engine Rock (CAE) Simulation As A Brake Vacuum Hose Design Tool

Usually the free space around flexibles is bigger than their physical volumes. This
leads to the interpretation of ‘available’ free space of previously mentioned added or
enlarged components. In order to optimize the usage of the package space at an early
development phase, it must be known upfront, how much space is required for the
dynamic displacement envelope of engine flexible components to ensure a robust
life-time. The method ‘engine rock simulation’ used in this study, allows us to
observe the designed component under dynamic conditions and depict their

displacement envelopes.



2. FUNCTION OF BRAKE VACUUM HOSES AND EFFECT OF VACUUM
SOURCE TO BRAKE SYSTEM

2.1 Principles Of A Conventional Brake System

A conventional brake system can be divided in three categories based on their
functions. These are:
e Actuation: Takes the input from the customer, amplifies and then
distribute (pedal box, brake booster and hoses & pipes).
e Modulation: Detects vehicle condition and regulates the brake force
(ABS/ESP).
¢ Foundation: Applies the force to the calipers converting the kinetic
energy to thermal energy
In this study the focus is the vacuum hose, which is a part of ‘amplifying’ subsystem

together with the brake booster in the ‘actuation’ system.

2.1.1 Principles Of Brake Actuation

The principles of a brake actuation system can be summarized with the following
example.

The force which a human being can apply with its leg is limited and the maximum
value varies between 1500-2000N. However the law-maker obligates [1] to use S00N
as a maximum design guide force for a brake system in order to depict a worse case
situation (loss of brake booster). The customer applies this force with an
approximately 150mm-200mm pedal travel.

Nowadays the vehicle weights start from approximately 1000kg (the vehicle variants
[2] in this study weigh approximately 1700 unladen and 2400kg laden).

The kinetic energy which results from such a high load and high speeds such as
200km/h can not be ‘directly’ converted to the thermal energy just with the leg force
of a customer. The force applied by the customer has to be amplified and the

actuation system takes this role, reducing the travel and maximizing the output force.



There are two types of amplification in the brake actuation system:

e Mechanical: Pedal box has a constant ratio which raises the applied
force by reducing the applied travel

e Pressurized: The brake booster is a closed box with a membrane in the
middle dividing it in two pressure chambers. Through this box a rod
directs the displacement taken from the pedal box to the brake master
cylinder. One side of the pressure chambers is open to atmosphere and
on the other side a sub atmospheric condition has to be assured. The
difference of the pressure values multiplied by the membrane surface

area results in an additional force which is the second amplifier.

In this way the relatively low force which is applied by the customer gets converted

to a higher force by reduced application displacement.

2.2 Function Of Brake Vacuum Hoses

The function of brake vacuum hose is to deliver, enhance and keep the sub-
atmospheric pressure to the second chamber in the brake booster. In below chapters

these are explained in detail.

2.2.1 Delivering Of Vacuum From The Source To The Brake Booster

A constant level of vacuum is essential for the brake vacuum system.
The sources of vacuum vary on different engine variants and therefore provides

vacuum with different characters.

On petrol engines, the source of vacuum is the engine intake manifold, where level
of vacuum varies according to driving conditions and engine control system.

Once vacuum is delivered it is almost always enough for the brake system. As an
example, the intake manifold on a 2.0lt petrol engine acts as a 2.0t pump delivering
that volume in less than a second, when the manifold is closed to the atmosphere.
With an assumption of 3-41t volume for an ordinary brake booster this means a fast

delivery of vacuum for the brake system.



However due to the stricter engine control systems preventing high emissions, the
occurrence of closed manifold condition is limited, causing a risk of low vacuum

level in the brake system.

On diesel engines, due to the absence of vacuum in the engine combustion system
(high pressure common-rail system) vacuum is applied through a mechanical
vacuum pump delivering a continuous but relatively low volume vacuum compared

to the petrol variants.

2.2.2 Enhancing Level Of Vacuum In The Booster If Necessary

On petrol variants where not enough vacuum is present in the brake system, the
vacuum system has to be improved either by enhancers (venturi) or additional
electrical vacuum pumps, which takes over the function of a mechanical pump on a

diesel engine.

2.2.3 Keeping Vacuum In The Brake Booster

Especially on petrol engines where the booster can be very often exposed to higher
pressure levels (more than the required minimum pressure level) the vacuum in the
booster has to be kept at a maximum level.

This can be achieved by separating both systems (source of vacuum and brake
booster) by so called non-return valves (NRV), allowing the booster to provide the
system enough vacuum for a couple of pedal applications depending on the system

specification.



3. REQUIREMENTS FOR BRAKE VACUUM HOSES

The requirements for brake vacuum hoses can be summarized in three categories:

31

3.1.1

3.1.2

3.2

3.2.1

Brake System Requirements

Downstream Routing & Non-Return Valve Positioning [3,4]

Especially on petrol variants there is a risk of condensation in the vacuum
hose due to being connected to the engine, which is collecting humidity from
the air and contains fuel and oil humidity.

Condensation in the vacuum hose may reduce the flow of air or cause stuck
or frozen non-return valve especially at cold weather.

In order to prevent this, a continuous downstream routing has to be
established and the non-return valve has to be positioned in the highest point

of the routing during vacuum hose design.

Clearance-Robustness [3]:

During complete lifetime of a vehicle the vacuum hose have to be prevented
from being chafed/worn out and disconnected from the vacuum source or
brake booster.

Enough clearance from surrounding components and enough length to take

up dynamic movement (engine rock) during design has to be assured.

Vehicle Requirements

Package:

With every new vehicle development, new functions and components are
added (e.g.: bigger batteries, external heaters, cold zone areas, additional
body stiffenings) to the vehicles, where the package area for all those new
components and functions almost stays the same compared to the previous
vehicle models. This of course causes a hard task to pack all those

components statically and ensure their functions under dynamic conditions.



3.2.2

3.2.3

3.24

3.3

Squeak & Rattle:

Although a component may fit to the package environment, and a foreseen
touch condition proves itself as non risky, it has to be assured that in neither
case any component creates squeak or rattle noises. Such noises may be

annoying for the customer and cause dissatisfaction.

Commonality:

In order to keep the variance in production tools and part numbers in the plant
at a minimum, maximum effort has to be devoted to communize routings,

connection points, types and locations.

Assembly-Manufacturing & Service:

All component designs have to enable a proper and foolproof assembly with
reasonable forces. Although a vehicle is the same, different manufacturing
plants in different locations (countries) may have different requirements,
which have to be fulfilled.

In addition to that, the removal and replacement of a component has to ensure

minimum service time in order to keep the service costs as low as possible.

Supplier requirements

Each supplier has their own unique way of producing extruded hose and for bending.

3.3.1

3.3.2

Bending radius:

The tool to bend the vacuum hose allows only a certain min. radius. If a
radius through the complete routing is kept below that, a certain risk occurs
that the hose can not be taken out of the tool or get distorted during this
operation. During design, the minimum bending radius from the supplier has

to be fulfilled.

Straight length:

Another restriction for production of vacuum hoses is the required straight

length at the start of the hose or between bends. The connectors and valves on



the vacuum hoses require a certain length on the hose to enable the pusher

tool hold the hose firmly and assemble the subcomponents.



4. NEED FOR CAE CALCULATION

All above requirements, especially the tighter vehicle package as mentioned before
in the introduction, drive to the need for a more accurate design of flexibles in the
automotive industry. This can be achieved by a proper 3D design and furthermore
through CAE analysis of the designed model under engine rock conditions. For 3D
modeling different software’s can be used such as IDEAS or CATIA. Different
brands (even in the same company) may use different software’s. In this study, all

CAD modeling and CAE analysis is done with IDEAS [5].

The main purpose of CAE analysis is to show correlation to the real life dynamic
usage of the components in the development phase.

After CAE analysis it can be identified, whether the modeled design has enough
length to take up the dynamic movement during engine rock and how much

clearance all around the hose (flexible) is available.

The analysis provides very useful information about the dynamic movement,
however even with high proximity, such a study can not 100% replicate real life
usage. To ensure maximum robustness, it is essential to conduct a vehicle durability
test, a reasonable tolerance study and if necessary a rig test where worst case usage

can be simulated.



S. ROUTING WITH STATIC DESIGN

Static 3D design will be conducted with according to the above mentioned
requirements such as brake system requirements and supplier requirements. During
this maximum effort has to be devoted to keep as much as possible clearance from

surrounding components.

5.1 Example for a static 3D design

5.1.1 Perfect static routing

Taking only the two main elements of a vacuum delivery as engine (vacuum pump)
and brake booster, a brake vacuum hose is one (Figure 5.1), which shall:
¢ Have a constant downstream flow from booster to the engine to prevent
condensate collection.
e Static fixation after booster output in order to prevent any leakage at booster
port due to engine rock.
e an “S” or “U” loop allowing take up of dynamic movement

e Have enough clearance ensuring prevention of damage to the hose itself.

Static
fixatio \

—/\

SorU_y Booster

loop connection

Engine

ﬂ connection

Figure 5.1: Routing and fixation principle of a perfect static vacuum hose design
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5.1.2 Impact of surrounding components and assembly requirements

Different components sharing the same environment as brake vacuum hoses force the
routing to deviate from above given “perfect routing”, because of brake vacuum hose

being a flexible part and easier to accommodate to its surrounding.

A very typical example for a “tight” vehicle package and strict assembly requirement
is below shown 5 cylinder diesel engine application (Figure 5.2 and 5.3), where it is
hard task to fulfill all requirements.

Usually the brake boosters are placed directly in front of the dash panel which
separates the passenger compartment from the engine compartment.

On top of this a plenum is placed which is usually in front of the front windshield
and protects the engine compartment from outside impacts.

Nowadays due to increased customer requirements a second panel is added between
engine and dash panel, a so called cold zone panel, which provides a more
convenient acclimatization condition for the A/C system. This panel minimizes the

warm up effect of the acclimatization air by the engine temperature.

Plenum

Coldzone
panel

Figure 5.2: Impact of surrounding components (in X view) to the vacuum

hose design and installation

11



Booster
connection

Plenum
cover

Figure 5.3: Impact of surrounding components (in Z view) to the vacuum

hose design and installation

There are also other surrounding components where the vacuum hoses are routed.
Due to high complexity these are not shown on the pictures but have impact on the
vacuum hoses. Special care must be taken to those parts in order to prevent any issue.

Some of them and their main impact to the hoses can be summarized as follows:

¢ Windshield viper system: Dynamic (rotational) arms.

e Hydraulic brake pipes: Static parts with assembly variance.

¢ Electrical wirings: Static parts with high assembly variance.

¢ Electronic control modules: Sharp edge modules and fixation parts. Usually

radiating high temperatures (usually >100°C).

Engines (depending on positioning and mounting) doing a rotational motion around a
particular axle result usually in a (+/-) X-direction movement at the area (engine top)
where the vacuum hoses are routed. The following two examples are picked in order

to depict effective usage of engine rock simulation.

12



5.1.2.1 I5D Vacuum hose (Volvo application)

In this application the vacuum hose is mounted rigidly to a so called static cold zone
panel with one end and to the dynamic mechanical vacuum pump with the other end
(Figure 5.4). The X-direction distance between these two points is only 35mm and
the approximate engine rock is 20mm. Figure 5.5 shows the clearances to engine
cover. It is expected that between these two points such a routing is designed so that

all above requirements (e.g.: downstream flow, min. bending radius) are fulfilled.

Plenum cover

Engine cover

Figure 5.4: ISD Vacuum hose static design, clearance to plenum cover

When the vacuum hoses are routed in such tight areas and there are a lot of different
components attached to each other the tolerances play a huge role in the robustness
of the design and assembly. These are part to part variance of each component and
assembly tolerances of all parts in the vehicle. A total tolerance study requires a
through investigation of all those parts and their relevant tolerances, which is not a

part of this study.

13



Figure 5.5: ISD Vacuum hose static design, clearance to engine cover

5.1.2.2 ISP Vacuum hose (Ford application)

In this application the vacuum hose has two vacuum sources. One is the engine
intake manifold as usual for petrol engines and the second one is the electrical
vacuum hose to support the vacuum delivery to the booster in certain engine modes,
where vacuum supply is not fast and sufficient enough.

On top of that there is also a vacuum enhancer (venturi) which supports the vacuum
from the engine in order to minimize the operation duration and cycle of the
electrical vacuum pump. Usually electrical vacuum pumps have very limited life-
time compared to the hydraulic pumps.

Because of above the vacuum hose routing on this variant is depicting a complex one
with one end mounted rigidly to dash panel with second end to the dynamic engine
port and third end to the static electrical vacuum pump.

Here the most critical area for the routing appears to be the area between engine fresh
air duct and brake fluid reservoir. The clearance to the brake fluid reservoir is

11.2mm and to the fresh air duct 10.7mm (Figure 5.6).

14



Figure 5.6: ISP Vacuum hose static design

In both applications (ISD & I5P) first the challenge is to fit the hose design into this
tight area and after that, optimization on the routing to increase clearances under

dynamic conditions.

5.1.2.3 DWI12 Vacuum hose (Land Rover application)

In this application the vacuum hose is mounted rigidly to a so called static cold zone
panel with one end (Figure 5.7) and to an engine fixation bracket with the other end
(Figure 4.8).

In this manner the engine compartment seems very similar to the Volvo application.
This allows us to see in this study two similar engine compartments and vacuum

hose ports with two completely different engine (ISD & DW12) variants.
The routing fulfilling the generic requirements resulted in a minimum clearance of

20,9mm to the engine fresh air duct, which seems to be reasonable in static condition

(Figure 5.8).

15



Electrical
wire
grommet

' Engine
fresh air
duct

Fixing clip

Figure 5.8: DW12 Vacuum Hose Static Design Engine bracket fixation

16



6. APPLICATION OF ENGINE ROCK SIMULATION TO THE VACUUM
HOSE ROUTING

The engine movement envelope, bases on particular extreme movements of engine
(e.g.: wide open throttle etc.) through complete vehicle life time.

This envelope does not provide any data about how often a particular movement
takes place. Some of them happen only once in the vehicle life, the others dozens of
times during each drive.

Application of engine rock simulation to the brake vacuum hose is forcing it to
follow this envelope with its connected end to the manifold and creating the
movement envelope of the routing between its fixed end (body) and relatively

moving end (engine).
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7. ASSESSMENT & EVALUATION OF CAE CALCULATION RESULTS

Once completed the engine rock simulation results enable one to find out whether
there is a critical clearance situation, if yes where it is and which specific engine

movement these represent.

7.1  Assessment Of Engine Rock Study For ISD Vacuum Hose

In this specific example it becomes clear that this design may have a clearance issue
against plenum cover with 0.0 mm (Figure 7.1) during wide open throttle and against

engine cover with 5.6mm (Figure 7.2) during rail shipment.

Figure 7.1: ISD Clearance at wide open throttle engine condition
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Figure 7.2: I5D Clearance during rail shipment

Those clearances prove the necessity of a design change at both vacuum hose and
plenum cover. In the following steps of this study the plenum cover will be presented
as thinned by Smm providing the vacuum hose more clearance.

The routing of the brake vacuum hose will be lowered to improve above impact and

taken back (against driving direction) to improve the clearance against engine cover.

7.2  Assessment Of Engine Rock Study For ISP Vacuum Hose

Under engine rock the clearance to the brake reservoir becomes 3.8mm and 9.9mm
(Figure 7.3) in step 14 which were 11.2mm and 10.7mm under static conditions

(Figure 5.6).

Figure 7.3: ISP Vacuum Hose Engine Rock - Step14
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In step 199 the routing depicts a different character and then comes closer to the
engine fresh air duct. As shown in Figure 7.4, the clearance is reduced to 9.9mm

which was 10.7mm under static conditions (Figure 5.6)

[

Figure 7.4: ISP Vacuum Hose Engine Rock - Step199

The engine rock simulation provides very important information about the dynamics
of the movement. According to the simulation the vacuum hose movement follows
approximately the movement of the fresh hose, which will allow keeping the vacuum
hose routing closer to the fresh air hose in this section in order to compensate the

movement to the brake reservoir.
7.3  Assessment Of Engine Rock Study For DW12 Vacuum Hose

After applying engine rock simulation to the static routing it became clear that a
clearance of even 20.9mm decreases to 9.3mm at step 170 (Figure 7.5). This
clearance might be critical taking the assembly and manufacturing tolerances into
account. Therefore a routing optimization is required in order to prevent a risk of

touch causing abrasion and squeak rattle and a costly foam pad application.
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Figure 7.5: DW12 Vacuum Hose Engine Rock - Step 170
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8. RE-ASSESSMENT OF REVISED ROUTING

8.1  Re-Assessment Of Revised Routing For ISD Vacuum Hose

The non-revised routing shows (Figure 8.1) clearances of 3.9mm to the plenum cover

fixation pin 3.3mm to the cover inner surface itself and 4.5mm to the cover corner.

In order to observe the impact of a probable foam protection, these measurements
have been taken with an added small piece of tubular foam pad of 7mm thickness.

By using such a foam pad the severity of a touch condition will be reduced majorly,
squeak & rattle noises prevented. These impacts will be summarized at the end of

this chapter as a final conclusion.

Picture 8.1: Rubber protection non-revised routing and plenum cover additional

cut- out (Step 156 — Rail shipment)
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Simulation results show (Figure 8.2) that the revised routing improves the clearance
situation for rail shipment conditions. However the improvement is very minor (1-

3mm) compared to the non-revised routing (Figure 8.1).

Figure 8.2: Rubber protection revised routing and plenum cover additional cut-out

(Step 156 — Rail shipment)

On the other hand rail shipment condition may be observed only a couple of times
for a vehicle life-time, which makes the risk almost neglect able.

The more risky situation for the robustness of the vacuum hose is ‘wide open
throttle’ condition because it may happen a couple of times at each drive as worst

case.

When the revised routing is observed in this more often happening wide open throttle
condition, it can be clearly seen that the situation worsens approximately in the same
weight.

The clearances before the revision are 12.3mm to the plenum cover pin and 4.3mm

to the cover corner (Picture 8.3).
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Picture 8.3: Rubber protection non-revised routing and plenum cover cut-out

(Step 40 — Wide open throttle)

After the revision and applying the engine rock above values get reduced to Smm

and 3.6mm respectively (Figure 8.4).

Figure 8.4: Rubber protection on revised routing and plenum cover cut-out

(Step 40 — Wide open throttle)
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Although the second revision of the routing did not improve the situation drastically
it provided a very important information and proof, that a further re-routing to
improve the clearance situation is not possible.
Taking all above into account, even not providing a desired vacuum hose routing the
engine rock simulation enabled:

¢ Defining how often and how severe a clearance issue may occur.

e Saving a lot of time, effort and money which should be devoted to find the

optimum design by costly and time consuming physical prototypes.

As the engine rock simulation has shown the clearance issue a tubular foam pad is
applied to the vacuum hose and following has been reached:

e a softer touch condition in case of a clearance issue,

® improvement on surface protection of the vacuum hose itself,

e prevention of squeak&rattle noises, which may be annoying to the customer

8.2 Re-Assessment Of Revised Routing For ISP Vacuum Hose

The revised routing shows (Figure 8.5) 7.7mm to the brake fluid reservoir and
16.9mm to the engine fresh air duct at step 14. This shows us that the routing has
been optimized by 4mm compared to the non-revised routing (Figure 7.3) between
these two surrounding components so that a touch condition occurrence and its

severity gets minimized taking high volume production variability’s into account.

Figure 8.5: ISP Vacuum Hose — Step 14
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When continued the engine rock simulation shows (Figure 8.6) on step 157 that the
clearance to the fresh air hose becomes 10.7mm, almost equal to the clearance to the

brake reservoir with 11.2mm.

Figure 8.6: ISP Vacuum Hose — Step 157

Taking the fact into account that in reality the vacuum hose due its own weight and
high unsupported length will fall down a little bit, the critical clearance on step 14
with 7.7mm will be increased on the vehicle application.
In the lights of the engine rock simulation on the revised routing and above
assumption, the results of the engine rock simulation for ISP vacuum hose can be
summarized as follows:

¢ Revised routing does not allow further routing the vacuum hose closer to the

fresh air hose, but providing the best compromise.

e [t is not possible to reach enough clearance in worst case situations to none of
the surrounding components, therefore a tubular protection foam sleeve has to
be applied onto the vacuum hose ensuring robustness against chafing and

squeak & rattle noises which may be annoying for the customer.

ubular foam
protection sleev

Figure 8.7: Tubular foam protection sleeve on revised ISP vacuum hose routing
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8.3 Re-Assessment Of Revised Routing For DWI12 (Land Rover)

Vacuum Hose

With the initial static design of the DW12 vacuum hose, the static clearance of
20.9mm to the fresh air hose (Figure 5.7) seemed to be sufficient enough. However
once again the engine rock simulation enabled us to see that even this clearance may

not be sufficient enough.

After revising the routing, the static clearance increased from 20.9mm (Figure 5.7) to
23.8mm statically (Figure 8.8) to the fresh air hose based on the engine rock

simulation applied before.

Figure 8.8: DW12 Vacuum Hose — Static

Also the clearance to the electrical grommet has been optimized; however this has
not been mentioned on the picture being not critical due to being more or less

statical.
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The clearance at the critical area in step 170 increased to 13mm compared to 9.3mm

(Picture 8.9) as a result of several revision loops.

Figure 8.9: DW12 Vacuum Hose — Step 170

Taking the fact into account that the vacuum hose due its close fixation to the cold
zone panel will be making subjectively small movements, the reached clearance has
been evaluated as sufficient for a robust implementation and the usage of a protection

sleeve is prevented.

In the lights of the engine rock simulation on the revised routing and above
assumption, the results of the engine rock simulation for DW 12 vacuum hose can be

summarized as follows:

e Revised routing allows to further optimizing the routing between fresh air
hose and electrical grommet.

e It was possible to reach enough clearance in worst case situations to the
surrounding components, without jeopardizing the robustness of the part and
causing a squeak & rattle noise issue.

e The usage of a protection sleeve could be prevented and therefore costs been

saved.
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9. VERIFICATION OF DESIGNED ROUTING

9.1 Verification O The Assembly In Static Condition

In order to verify the routing, a test rig has been prepared for ISD vacuum hose
assembly and sample parts placed on. This method enables to observe the parts,

which were modeled just in 3D before, and their assembly condition in real world.

In below pictures it can be clearly seen that the modeled designs show a high

proximity to the real assembly.

9.2  Verification Of Vibration Impact

The vacuum hose is attached to the engine with one end and this is actuating the
vacuum hose with different frequencies. The displacement envelope resulting from

these vibrations have to be taken into consideration.

In order to define this envelope, the eigenfrequencies of the assembly have to be
found, judged whether these are in a critical span or not and then the design has to be

optimized resulting in a better condition if possible.

9.2.1 Definition of Eigenfrequencies

An actuator vibrates the vacuum hose and an optic measurement system identifies

the eigenfrequencies of the assembly.

In order to enable the system to detect and measure even the smallest displacements

on the vacuum hose it gets painted with a white a color as a reflection item.

Below Figure 9.1 shows the following:

e The assembly and vibration pattern (red)

e The eigenfrequencies depending on the amplitude (m/N)
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Figure 9.1: Eigenfrequencies of ISD vacuum hose with two modes

9.2.2 Calculation And Matching To Engine Frequencies

As it can be seen on the graph the eigenfrequencies of the assembly are 75.63Hz (1st
mode) and 123.75Hz (2nd mode). Now the equivalent engine frequencies have to be
identified in order to make an assessment.

An engine generates the following two types of forces throughout the combustion

process:

9.2.2.1 Combustion forces and relevant frequency

As a typical engine principal, for two consequent rotations of the crank shaft, all 5
cylinders get combusted. At each of these, the engine generates the force which is
applied through the transmission to the wheels.

Since our calculations base on ‘rpm’ (revs per minute) and ‘Hz  the following
calculations show the engine revs at which the vacuum hose is activated with its

eigenfrequencies as a result of combustion forces:
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nee: 5/2 =2.5 (1/rpm) Amount of combustion force application per rpm
60/2.5 = 24 (rpm/Hz)

24x75.63 = 1815.12 rpm (1st mode)

24x123.75 = 2970 rpm (2nd mode)

9.2.2.2 Mass forces and relevant frequency

As a typical engine principal, for two consequent rotations of the crank shaft, the
engine generates 4 times mass forces as a result of dynamic movement of the engine

components.

Since our calculations base on ‘rpm’ (revs per minute) and ‘Hz  the following
calculations show the engine revs at which the vacuum hose is activated with its

eigenfrequencies as a result of mass forces:

nyve: 4/2 =2 (1/rpm) Amount of mass force application per rpm
60/2 = 30 (rpm/Hz)

30x75.63 =2268.9 rpm (1st mode)

30x123.75 = 3712.5 rpm (2nd mode)

9.2.3 Summary of Frequency Results

Above results show that the vacuum hose depicts its:

e Max. displacement envelope in the 1st mode between (approx.) 1815rpm
2270rpm
e Max. displacement envelope in the 2nd mode between (approx.) 2970rpm

3715rpm

9.2.4 Displacement Envelope Of Plain Hose At 75Hz — 1st Mode

Since the worst case clearance occurs at wide open throttle condition (step 40) and
the engine starts to provide its maximum torque with approximately 1750rpm it is
highly probable that during wide open throttle the vacuum hose passes the critical

rpm span during acceleration.
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The vibration analysis at the Ist mode (75Hz) of the vacuum hose shows the
characteristic of the displacement envelope (Figure 8.2). On X-axis the graph depicts
the frequency and on Z-axis the graph depicts the amplitude in (m/N). This means
that the graph is independent from any force value (in N) and just shows the
characteristic. The more force is applied at that frequency the more displacement
shall be expected as a result of vibration. In order to show realistic values about the
displacement envelopes the exact force needs to be known, which is applied to the
vacuum hose at the engine connection.

The three different routings below (Figure 9.2) show snapshots of the nominal
(grey), maximum (red) and minimum (green) displacement conditions of the routing
during the vibration at 75Hz.
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Figure 9.2: Displacement envelope characteristic at 75SHz

9.2.5 Displacement Envelope Of Plain Hose At 123Hz - 2nd Mode

The likelihood of passing the engine 2970rpm at wide open throttle is relatively
small and therefore the impact of the 2nd mode can be ignored compared to the 1Ist
mode vibration.

High probably the engine mounts will compensate the engine displacement towards
3000rpm even at wide open throttle, so that the clearance between vacuum hose and

plenum cover will not be critical anymore.
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The vibration analysis at the 2nd mode (123Hz) of the vacuum hose shows the
characteristic of the displacement envelope (Figure 9.3). The three different routings
in this graph again depict the nominal (grey), maximum (red) and minimum (green)

displacement conditions of the routing during the vibration at 123Hz.

As it can be seen, a node appears almost in the middle section of the hose and two
opposite amplitudes can be observed at each (nominal, maximum, minimum)

displacement conditions.
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Figure 9.3: Displacement envelope characteristic at 123Hz

9.2.6 Assessment About Clearances After Applying The Displacement

Envelope

Above investigations show that the displacement envelope may have a negative
impact on the clearance situation at wide open throttle. In order to prevent this, the
eigenfrequencies of the vacuum hose have to be changed so that they are not in the

span of 1750rpm to 3000rpm
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9.2.7 Re-Assessment Of Revised Design

As a result of CAE engine rock analysis a tubular protection foam sleeve has been
applied to the vacuum hose. Let’s see whether this foam pad provides the desired
impact of eigenfrequency change or not.

Below Figure 9.4 shows as before the assembly and vibration pattern (red) and the
eigenfrequencies depending on the amplitude (m/N)
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Figure 9.4: Eigenfrequencies of ISD vacuum hose with two modes

9.2.8 Calculation And Matching To Engine Frequencies

As it can be seen on the graph the eigenfrequencies of the assembly are reduced to
55.63Hz (1st mode) and 108.44Hz (2nd mode). The calculations for defining the

engine rpm is as before:
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9.2.8.1 Combustion forces and relevant frequency

ner : 5/2 =2.5 (1/rpm) Amount of combustion force application per rpm
60/2.5 = 24 (rpm/Hz)

24x55.63 = 1335.12 rpm (1st mode)

24x108.44 = 2602.56 rpm (2nd mode)

9.2.8.2 Mass Forces and relevant frequency

nye - 4/2 =2 (1/rpm) Amount of mass force application per rpm
60/2 = 30 (rpm/Hz)

30x55.63 = 1668.9 rpm (1st mode)

30x108.44 = 3253.2 rpm (2nd mode)

9.2.9 Summary Of Frequency Results For The Added Tubular Foam

Protection Sleeve

Above results show that the vacuum hose with its added foam pad depicts its:
e Max. displacement envelope in the 1st mode between (approx.) 1335rpm
1670rpm
e Max. displacement envelope in the 2nd mode between (approx.) 2600rpm

3255rpm

9.2.10 Displacement Envelope Of Vacuum Hose With Foam At S5Hz - 1st Mode

The vibration analysis at the 1st mode (55Hz) of the vacuum hose shows the
characteristic of the displacement envelope (Figure 9.5). On X-axis the graph depicts
the frequency and on Z-axis the graph depicts the amplitude in (m/N). As mentioned
before the graph is independent from any force value (in N) and just shows the
displacement characteristic. The more force is applied at that frequency the more
displacement shall be expected as a result of vibration. In order to show realistic
values about the displacement envelopes the exact force needs to be known, which is
applied to the vacuum hose at the engine connection.

The three different routings below (Figure 9.5) show snapshots of the nominal
(grey), maximum (red) and minimum (green) displacement conditions of the routing

during the vibration at S5Hz.
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Figure 9.5: Displacement envelope characteristic at 55Hz

9.2.11 Displacement Envelope Of Vacuum Hose With Foam At 108Hz - 2nd
Mode

The likelihood of passing the engine also with 2600rpm at wide open throttle is
relatively small and therefore the impact of the 2nd mode can be ignored compared
to the 1st mode vibration.

High probably the engine mounts will compensate the engine displacement towards
3000rpm even at wide open throttle, so that the clearance between vacuum hose and

plenum cover will not be critical anymore.

The vibration analysis at the 2nd mode (108Hz) of the vacuum hose shows the
characteristic of the displacement envelope (Figure 9.6). The three different routings
in this graph again depict the nominal (grey), maximum (red) and minimum (green)
displacement conditions of the routing during the vibration at 123Hz.

As it can be seen, a node appears almost in the middle section of the hose and two
opposite amplitudes can be observed at each (nominal, maximum, minimum)

displacement conditions.
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Figure 9.6: Displacement envelope characteristic at 108Hz

9.2.12 Assessment About Clearances After Applying The Displacement

Envelope

The added tubular protection foam sleeve reduced the eigenfrequencies of the
assembly and helped to keep them at a relevant engine rpm span below 1750rpm —
3000rpm (wide open throttle).

In this manner the added foam pad provided the following:

¢ Reduced the displacement envelope in the critical (wide open throttle) engine
mode.

¢ enabled a more robust component

e prevented squeak and rattle

¢ Minimized the likelihood of touch conditions and probable guaranty costs.

As mentioned in the first example the engine mounts will high probably compensate
the engine displacement towards 3000rpm even at wide open throttle, so that the
clearance between vacuum hose and plenum cover will not be critical anymore for

the 2nd mode starting from 2600rpm.
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10. RESULTS

The aim to use engine rock simulation for brake vacuum hoses was to enable
depicting the dynamic displacement envelope of it. This has a lot of advantages in
the development phase of this and affecting components.

In order to present the benefits of this method it is a good way to compare a

development phase of a brake vacuum hose with and without this method.

10.1 Developing A Vacuum Hose The Conditional Way, Without Engine Rock

Analysis

Nowadays it is inevitable to design any vehicle component without CAD modeling.
The development phase starts with the initial 3D model of the brake vacuum hose.
Then this gets placed, so called "packaged’, into the engine compartment together
with other surrounding components such as brake booster, body panels, attachments,
brake pipes, battery, electrical wirings. This is the most important phase in the
vehicle development phase before starting build of prototype vehicles. Any
unforeseen criteria, component or its characteristic gets visible in the vehicle
prototype phase or later on.

In the second phase of development, the prototypes get prepared and a prototype
vehicle gets built. The prototype phase is a very useful one to observe on the
component how far the goals, set by the design has been accomplished. Before
starting the first vehicle and component tests, especially for brake vacuum hoses, the
functions of single components can not be observed or tested. However the first
prototype vehicles provide a good understanding of the assembly and main package
situation of the components and surrounding area.

In the next phase of development vehicle and component test get done. These tests
enable to test the functions of them under different conditions.

Usually at this phase it becomes visible, whether a design has any issues or not. For
brake vacuum hoses one of the most important items for ensuring a robust life-time

is ensuring enough clearance to the surrounding components. Unfortunately due to
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previously mentioned tolerances and lack of available component usage variations
(different engines, body types, engine and transportation conditions etc) any kind of
test, even if it is thorough, can not provide a verification result with high confidence.
In order to verify the design as much as possible vehicles have to be tested with
different variants and under different conditions. Usually the touch or clearance
issues, which are the main focus of this study, occur only at particular vehicles but
not at all of them.

In the following phase of development the ‘lessons learned’ from the prototype phase
flow into the next design of the component, with a high risk of delay in the initial
component timing plan.

At this stage, timing becomes critical. In order to maintain the vehicle
implementation date, even high cost design applications can be chosen. Usually this
is the one and only designs modification opportunity before going to production, due
to the long lead times of tool preparation.

In the last phase of development, until going into vehicle final production, the
revised parts from final tool get prepared and tested on available vehicles. Again this

phase requires the same steps and resources mentioned in the first prototype phase.

10.2 Developing A Vacuum Hose Through Engine Rock Analysis

The first step of initial vacuum hose statical design is done the same as mentioned in
the conventional method, but immediately after this the engine rock analysis method
flows into the development phase. After completing the first models it get processed
within IDEAS and the engine rock analysis done. The experience shown that most of
different brake vacuum hose variances have shown the need of revision after
applying the engine rock simulation. With this method the results can be obtained in
hours and then following revision loops can be applied consequently one after the
other again in hours in case of a need.

As soon as a satisfactory level is reached with the design of brake vacuum hose
through engine rock analysis the component prototypes get prepared and the
prototype vehicles get build. As with the conventional development method the first
prototype vehicles provide a good understanding of the assembly and main package

situation of the components and surrounding area.
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In the next phase of development where the component and vehicle function and
performance tests are done the likelihood of facing clearance issues drop drastically
if the engine rock simulation is done and analyzed thoroughly. This enables the
designer and component engineer to focus on function based tests on a small sample
rate rather than clearance verification tests which require a high quantity of vehicles

as mentioned before.

10.3 Advantages Of Using Engine Rock Analysis For Engine Compartment
Flexibles

Taking into account that the engine rock simulation as principle replaces any
prototype phase which is required for clearance verification with physical parts the

advantages of and reached goals by using this method can be summarized as follows:

10.3.1 Timing

The preparation phase of the component and vehicle prototypes is very timing
critical. Taking into account that a newly developed vehicle consist of thousands of
new components, the value of time planning for prototype preparation shows itself.
Any missing component at the vehicle prototype build date means a delay in the
complete vehicle program plan. Sometimes even a small delay may mean long delays
for placing the vehicle to the market. Assuming that certain tests can only be done
during defined seasons (for example winter tests), a delay of a couple of weeks of a
component may lead to miss a portion or complete season test. Such a delay may
have big cost and timing impact for the vehicle implementation. With the prevention
of any prototype phase the risk of jeopardizing the vehicle program timing drop

drastically by preventing the following timings:

¢ Development time
¢ Prototype tool time
® Prototype part preparation time

e Extra verification time due the need of high amount and variation of vehicles
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10.3.2 Cost

10.3.2.1 Development cost

The preparation of a design, its prototype tool and prototype parts require sometimes
up to months. With the prevention of such a phase the following development phase
can be saved:

¢ Development team cost for the development period

¢ Prototype and manufacturing team costs for part preparation period

10.3.2.1 Tool cost

Every single design change even if minor requires a complete new tool for brake
vacuum hoses. This is due to the manufacturing principle of flexible hoses. With the

prevention of any prototype phase these tooling costs can be saved.

10.3.2.1 Piece cost

With every single design change even if minor the new and existing prototype
vehicles have to be updated with the revised design level of brake vacuum hoses for
further tests. Taking into account that prototype parts are far more expensive than the
serial production parts the piece costs may reach a high amount, also considering the
vehicle update costs for each vehicle. With the prevention of any prototype or

revision phase these piece costs can be saved.
10.3.3 Verification

10.3.3.1 Verification exactness

As mentioned before the clearance verification can only be conducted with high
amount and variation of vehicles in order to cover a certain sample size depicting
most of the worst case combinations. However even with a high amount of
verification vehicles, the chances of not meeting one of the worst cases during the
development phase may arise.

This method enables the design team to make this verification at an early stage with

the minimum need of verification.
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10.3.3.2 Verification vehicle availability

Due to the above reason without using this method the need for verification vehicles
arise. Taking into account that the vehicle consist of thousands of newly developed
components, the number of required verification vehicles may reach an unaffordable
level. There as a total picture the need for verification vehicles have to be reduced in
order to keep the vehicle program at an affordable level. This new method helps to

keep up with this need.

10.4 Probable Application Areas Of Engine Rock Simulation

There are a lot of flexibles used in the engine compartment of a vehicle. This method
can be applied to the brake vacuum hoses as well as to these other engine
compartment flexibles with a dynamical character such as fuel hoses, flexible
hydraulic hoses etc. With the help of this method above mentioned advantages can

be obtained during development phase of vehicles.
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