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-" CONCLUSIONSAND RECOMMENDATIONS
(

CONCLUSIONS

4 r

! Quiettruckstudiesshowedthatthe fan environmenthas a significant

_i andperhapsdominanteffecton fan noisegeneration.Thus,improvingcooling

' '' systemperformanceand consequentlyreducingthe fan aerodynamicrequirement

r- Isa key to quieterfans, Currently,coolingsystemcomponentsare specified

i_ primarilyon thebasis of minimumcost andnot on thebasisof maximum

efficiency.Ifthe relativevaluesplacedon costcontrolandheattransfer

_/ efficiency are changed, benefits can be derived not only from reduced noise,
'_ butalsofrom reducedparasiticfuelconsumptionof the coolingsystem,an

! _ increasinglyimportantfactorin vehicleoperatingcosts.

_ quietVehicle Design

_ Radiatorperformanceis primarilycontrolledby radiatorface area,

! top tanktemperature,and numberof coolantpasses, For a hypothetical
radiatorwith constantfaceareaand core thickness,increasingtop tank

_ temperaturewouldpermitan airflowrequirementreductionwhichis estimated
to allowm 11 dg reductionin fan noise. Use of a multipassradiatorin this

I_ configurationwouldadd a further1.5 dB reduction,as estimatedin anon-optimizedcase.

if'_j Fan aerodynamicperformanceis mostsignificantlyimprovedby

_i reducingblade tip-to-shroudclearance,Testdata providedbymanufacturers

i
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tendsto use tip clearancesmuch smallerthanobtainablein practice.

Consequently,a test standardis requiredwhichwouldprovidethe vehicle

designera consistentdatabase.At the s_e time, a fan designwhich includes

_> integral(rotating)shroudswill providethebest aerodynamicperformanceand

, leastnoise. Alternatively,low tip clearancefans usingfixedenglne-mounted

shrouds or radiator-mounted fans (driven by a flexible coupling) will also
J

_ providesuperioraerodynamicand acousticalperformance.

" quietFan Selection(

t" Recentdevelopmentsindicatethatthe understandingof fan noise

4_ generationmechanismsis now sufficienttodevelopanalyticalmodelswhich can

,, be usedto predictfan sound levelsand optimizefan geometryfor a given

acousticand aerodynamicperformance.Thisunderstandingalsounderscoresthe

needfor an acousticaltestprocedurewhichwill accuratelydescribefan noise

generationcharacteristics(whichare completelyundocumentedfor current

productionfans}. This informationis urgentlyneededif the vehicledesigner

is to considera quietfan for his application.
it

_N RECOI_IENDATIONS

Fromthe previousconclusions,a numberof actionsare indicated

i! whichwould resultin quieterfans and vehicles.

! I_ Gen.eral

Developmentof bothaerodynamicandacousticalfan testprocedures_ for vehicleapplicationsshouldbe fostered,These procedureswould allowa

commonbasisfor the catalogingof the performanceof commerclallyavailable

fans and the cumparisonof new fan designscurrentlyin research. Withthe

availabilityof such measurementstandards,a programof performance

measurementsshouldbe undertakento createa data basefor the use of the
;: vehicledesigner.
Y

A mathematicalmodeldescribingfannoise generationwhich describes

_ the major noisegenerationmechanismshouldbe developed. Thismodel should

then be automatedto permitthe optimizationof fan geometriesfor given

vehicleapplications.
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Quiet Vehicle Demonstration Program

, A quietcoolingsystemshouldbe installedin a demonstrationvehicle

whichutilizesa hightop tanktemperature.This can be accomplishedby

_" selectinga gasolineenginecurrentlyspecifiedwithhigh top tank

temperature.Thequietedvehicleshouldalsoutilizea multipassradiatorof

,P" optimizedconfiguration,radiatorface areaand corethickness. The fan for

*" thisvehicleshouldbe an integralshroudfan or elsebe fittedwith,

_, preferably,a radiator-mountedfan witi_closetip clearance.

i
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I. INTRODUCTION

Y
The enginecoolingfan is a majorcomponentnoise sourcein highway

f= trucksas indicatedin Table1.1. Thistable,whilespecificallyapplicable

to heavy trucks,is representativeof mediumtrucks(orperhapseven

understatesthe significanceof the fan noisecontribution).The data
i_ presentedin Table 1.1 arebasedon workperformedor reportedduring the

early1970s -- a watershedperiodin trucknoisecontrol. Sincethat time,

however,the use of thermostaticspeed-modulatedfan driveshasbecome

commonplace,particularlyinheavy trucksand increasinglyin mediumtrucks.

Thesefan driveswereprimarilyinstalledto reducethe parasiticfuel
consumptiondue to the fanbutalso havethe benefitof reducingfan noise

exposure. (Thethermostaticspeedmodulation,whileslgnlflcantlyreducingF:

noiseexposure-- the integrationof soundlevelovertime-- didnot reduce

i_: the actualmagnitudeof the fan sound levels.) The use of thermostaticfan

_! driveswas furtherencouragedby the allowancein the EPA Mediumand Heavy

_ TruckNew ProductNoiseRegulationfor testingof the vehicleswith fans

I_ inoperativewhen these devicesare Installed.Consequently,by the latter
partof the Ig7Os,work on developingand implementingquietertruckfans

F_ appearedto come to a halt.
W

,_ _ A numberof lessonswere learnedfrom this earlierwork. Perhapsthe

, _,i! most salientrealizationwasthe relativeinsensitivityof noisegenerationto

fan design. A numberof theseinvestigatorsfound,whentestinga varietyof

I_ fan configurationsin the testvehicles,no significantdifferencewith

respectto the originalproductionfan was observed.2,3,4 The fans

f_ evaluatedincludedaerodynamicallysophisticateddesignswith manyblades and

i-i



twisted,airfoil-sectionbladegeometries.However,inone vehicle

investigatorsfoundthat al.___lreplacementfanstested intheirvehicle

performed between 4 and 10 dBA better than the original production

installation.5 This behavior may be explained by very poor fan installation

"" in the productionvehicle. Thus,whenthe productionfan is reasonablywell

selected,relativelylittleadditionalnoisecontrolbenefitcan be obtained

r- by fan substitution-- evenwhenthe productionfan is a rudimentarystamped-

steelconfiguration.

i

TABLE 1.1

-- HEAVYTRUCKCOMPONENTNOISESOURCESI

(Measuredat 50 Ft. Per $AE J366aAccelerationTest)

VEHICLE TOTAL COMPONENTLEVEL(dBA)

__ TYPE VEHICLE BARE EXHAUST FAN INTAKE TRANS- TIRES OTHER

= i LEVEL ENGINE MISSION

(dgA)

DIESEL-ENGINED B1 82 82 81 74 75 6B 75

-_ GASOLINE-ENGINED 86 76 B1 80

! Investigatorsalsoobservedthatlaboratory-measuredresults

significantlyoverstatedbenefitsof noisecontrolmodificationswhen

i_, installedinan actualvehicle.2 Thisfurtherunderscoresthe significance
of the fan environmenton noisegeneration.This and the experiencewithfan

substitutionemphasizethe needfor reducingfan aerodynamicperformancerequirementsas a meansof quietingcoolingsystems. The use of a largerface

arearadiatoris an obviousmeansof increasingcoolingsystemperformance.r_
In one studytheradiatorface areawa_ increased67_ andfan size increased

20_ resultingin a halvingof the fan speedrequirement.6 This

z ,_ configurationresultedin an approximately15 dBA reductionin fan noise
levels(althoughair-to-boilperformanceof the vehiclewas approximately

50F deficient).



Several investigators found that reducing fan tip-to-shroud clearance

has a substantialbenefitin improvingfan performanceandreducingfan

nolse.2,5 For engine-mounted fans and radiator-mounted shrouds, tip

clearancereductionsdown to approximately0.75 in. werepossible(from

typical current practice of approximately 1.5 in.), Because of engine

deflectionon its mounts,greatertip clearancereductionrequired

,-- englne-mountedshrouds. This approachwas implementedusinga flexibleshroud

; attachedto the radiator.2 Use of the engine-mountedshroud resulted in

some installation difficulties and required that an idler pulley be utilized

for fan belt adjustment.

-- Theseinvestigatorshad severalother interestingfindings:

"-_ • Improvedsealingbetweenthe shroudandthe radiatorreducedthe

air leakagebehindthe radiatorand improvedthe heattransfer

/h performanceof the radiator,permittinga 3-4dBA noiselevel

reduction.

• Modificationof the fan-to-radiatorand fan-to-enginedistances

resultedin a noise levelreductionof 4 dBA -- a benefitwhich

:-l is greaterthan thatpredictedin laboratoryevaluations,again

_' demonstratingthe effectof the enginecompartmentenvironment.

,i i
.; • Even with the improvedairflowenvironment,includingthe usage

of tight tip clearance and a venturi shroud, the "conventional

truck fan is still as goodor betteras anyknown design
available."

L.
• Optimizationof the radiatorcore geometryby alterationsof

numberof tube rows and fin configurationresultedin

L._ approximatelya 5 dBA reduction.

.j The purposeof this reportis to reviewthe currentstateofthe art

for quietingof truck coolingsystemfans. Recentimprovementsin analytical

capabilitiesand increasedunderstandingof fan noiseare reviewed.Practical

considerations drawn from these insights are noted. In light of the



experiencedescribedabove,considerableemphasishas beendevotedto the

investigationof the coolingsystemairflowrequirementand an evaluationof

alternativecoolingsystemairflowconfigurationswhichwouldyield

significantcoolingsystemsoundlevelreductions, Recommendationsfor

actionswhich wouldfosterthe design,development,and installationof

quieterfans are made.

, t

h

r_

&e

*1

1-4



II. FAN AIRFLOWREQUIREMENT

J_

i'
' For internalcombustion-enginedvehicles,only a fractionof the

chemicalenergyof the fuelis transformedintousefulwork. The remainderof

ii the fuel energyis dissipatedby variousmechanisms. The relativeproportions

of thesefuel energypathsare definedin Table2.1 for vehiclesoperatingat

maximumload. The fractionof chemicalenergyrejectedto the coolingsystem
4_

is roughlyconstantregardlessof the engineoperatingcondition(althoughdue

to throttlinglosses,gasolineenginesrejectrelativelymorewasteheat at
_ l_ loadconditions).Therefore,the greatestheatrejectionrequirement

_,_ placedon the coolingsystemwill be at the high load,highfuelconsumption
Is conditions,Theseconditionsare at the maximumrated or governedspeedof

!; the engine.

TABLE 2.1

ENERGYBALANCEIN MOTORVEHICLES7
(Percentof FuelEnergyat MaximumLoad)

_, Gasoline- Diesel-EnginedEngined Vehicles
Vehicles Trucks Automobiles

l! Coolant 20 30 27
Exhaust Gases 35 30 37
Radiation* 20 10 13

_! UsefulWork 25 30 23

*Includesradiationfromexhaustpipes,coolantjacketand pipes,and engine
._ wallswithoutcoolantcirculation,e.g.,crankcase.

:i
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Vehicleoperationat low speedin the lowestgear presentsthe

greatestdemandon the coolingsystem,especiallythe fan,sincewasteheat

productionis high but littleram air benefitis present. Consequently_low

vehicle speed operation at maximum engine speed (typically at vehicle speeds

of 5 to $5 mph)Is the coolingsystemdesigncondition.

'_ Coolingsystemperformanceis generallyevaluatedby means of a

parameterknownas air-to-boil(ATB),theoreticallythe inletair temperature

at which thecoolantboils, ATB is testedparticularlyduringlow speed,high

: loadvehicleoperation. For automobilesseveraldesignconditionsare

generallycheckedto assurethe coolingsystemwill performadequatelyunder

i all circumstances.These conditionsare maximumspeed,towingon a grade,and

idle. For medium and heavy trucks, low speed in the minimum gear is the

singleconditionthat is generallysufficientto testthe adequacyof the

coolingsystem.

_' ATBman be determinedat any ambienttemperatureduringa cooling

system test,as

ATB = TB - TTT+ TA
i

where, TB = coolantboiling point

TTT = top tanktemperature,measuredin test

_: TA = ambienttemperature,measuredin test,

_. Most dieselenginemanufacturersspecifymaximumtoptank temperature,minimum

air-to-boil,and boilingpoint temperature,Thus a designambienttemperature

_ is implied, DetroitDieseland Caterpillarlimittoptank temperatureto

210°FwhileCumminslimitstop tanktemperatureto 203°F.8,9,I0 The

designconditionsfor gasolineenginesaregenerallyconsideredproprietary,

L_ sincetheengineand vehiclemanufacturersare the same. Designambient

temperaturesaretypicallyaboutllOOF.

COOLINGSYSTEMDESIGNPROCESS

1

The coolingsystemdesignprocessconsistsof essentiallyfour

steps: the determinationof totalheatrejectionrequirement,the selection
w

2-2



of a radiator configuration, the calculation of airflow requirement, and the

selection of a suitablefan. Typicallythese steps are performed in the order

as stated here:

• The heat rejection requirement is a sum of those heat loadsb
J .

resulting from the engine, automatic transmission, air

'_ conditioningcondenser,and engineretarder--asapplicableto

the specific vehicle.

$; • The radiatorconfigurationis selectedbasedupon the physical

,_ installationconstraintsand cost, and themagnitudeof the heat

,_ rejectionrequirement.

__ m The volumetricairflowrequirementis determinedfromthe

radiatorheatrejectioncapabilityand theheat rejectionrate

dictatedbythe installationand the coolingsystemdesign

_, requirements.The requiredpressureriseis determinedby the

pressuredrop incurredby the radiatorandthe pressuredrops

__ incurredthroughthe restof the vehicle,II

_._ • The fan isselectedbased the airflowoperatingpoint,
upon

physicalinstallatlonand costconstraints,and noise

performance.
t'_

A slightlydifferentcoolingsystemdesignprocedureis usedbyFord.11 In thisprocedurethe fan configurationis initiallyselectedbased

upon an a priorinoiseperformancegoal, The radlatorconfigurationis then

pIl selected, The airflow,for whichthe aerodynamicbalanceis achieved,is

v calculated.Finally,the heatrejectioncapabilityof the system is evaluated

_ with respectto cooling systemcriteria, Thisprocedureis illustrated,in

_; !_' simplifiedform,in Figure2.1, This approachappearsto be attractivefrom

' i_( the noisecontrolstandpointsinceit givesfirstpriorityto noise

!_ performance,However,it can onlybe trulyeffectiveif the chosenfan noise

designlevelchallengesthe coolingsystemdesigner.

2-3



p_



Specificationsfor the coolingsystemare definedfrom various

sources:

m The engine manufacturer specifies the heat rejection rate of the

engine,the requiredcoolingperformance(ATB),the maximum

allowabletop tanktemperature,the coolantflow rate provided

by the engine,and --possibly--the coolanttype.

• The radiatormanufacturerprovidesheat transferperformance

curvesandairflowresistancecurvesfor the radiatorcores.
i;

• The fan manufacturer provides aerodynamic performance curves for

. the fan.

• The vehiclemanufacturerdefinesthevehicleconfiguration(cab

design, transmission type, and so forth), the installation and

._ cost constraints,the vehicleairflowresistance,and the design

_ ambienttemperaturedesired.

,.j RADIATORDESIGNAND CODLINGSYSTEMPERFORMANCE

> The radiatorsof currenthighwayvehicleshavegenerallybeenh_

optimizedon the basisof minimumweightand cost. Faceareahas increasedto

betterutilizeram air for coolingand to gainfuel economyby reducingfan

usein normaloperations. It is possible,however,to optimizea radiatoron

thebasis of the minimumrequiredair power.* The parameterswhich affectthe

:J coolingsystemair powerrequirement,whicharediscussedin the following

paragraphs,are:

• Thickness

• Face area

" • Fin density

J

*Airpower isthe idealhorsepowerrequiredto move a certainweightof air
througha pressurerise. The air powerdictatesthe fan performancerequire-
mentwhich in turn relatesdirectlyto noisegeneration.See AppendixA,
Nomenclature,for definitionof air power.

_r
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• Fin design
• Coolantflowrate

• Radiator loading

• System resistance

• Maximum ambient temperature

• Maximum top tank temperature

"" • Coolanttype

,i • Heatexchangertype.

_ As partof a coolingsystemstudyfor a militarycombat/tactical

vehicle,a parametricstudywas conductedof a typicalradiatorusedin an

automotivecoolingsystem.12 The vehicleanalyzeddifferedfromhighwayJl
truck designpracticein thatthe vehiclepressuredrop (lessradiatorcore)

._ was quitelarge,5.79in. H20 with 15,000ft3/min,airflow,and the
' J radiatorair inlettemperaturewas relativelyhigh, 120°F. (Complete

descriptionof thecoolingsystemof this vehicleis providedinTable 2,2.)

I_ These differencesmakepracticalthickerradiatorcoresthan normallysuitable

in highwayvehicles.However,the trendsdefinedin thisstudyare appllcable

_i to highwayvehicles.

TABLE2.2

DESCRIPTIONOF COOLINGSYSTEMFORMILITARYVEHICLE12

HeatTransferRate: 9,000BTU/min

i_ CoreFaceArea: 6.19ft2

CoolantType: 50/50aqueousethyleneglycolmixture

CoolantInletTemperatureto Radiator: 200OF
CoolantTemperatureDropThroughRadiator: 10OF

Air InletTemperatureto Radiator= 120OF

• _ Fin Density= 11 flns/In.

t_ Core Type: tube andfin,with wavyfins
L_ Vehicles(lessradiator)PressureDrop: 5.79 in. H20

with15,000ft3/min,air.flow

2-6



-- This study will be cited liberally in the followingparagraphs. Exceptwhere

otherwisenoted,figuresreproducedfromthisstudypertainto the

configurationspecifiedby Table2.2.

The militaryvehiclesas statedabovehavehighlyrestrictedcooling

airflow paths. The author describes a representative vehicle in which thei

pressure drops through the system are as in Table 2.3.

J

J _ TABLE2.3
i

i _ COOLINGAIRFLOWPRESSUREDROPSTHROUGHA MILITARYVEHICLE12

Ji (with18,000ft3/min,airflow)

: Flow Element IntakeGrill Radiator EngineCompartmentExhaustGrill Totalti
Pressure

Drop, AP 2.1 2.0 3.7 2.2 10.0

'' (in.H20)

;._ In this analysisof airflowresistanceeffectson coolingperformance,the

authoradoptsthe practice

_]

APT = APl + APR + rAPo+ APE

where the subscriptsdenote,

T = Total

r-_ I = intakegrill
R = radiator

C = enginecompartment

_} E = exhaustgrill

r_ and the coefficient,r, is definedas the enginecompartmentair resistance
:(

index, The enginecompartmentair resistanceindexis takenas I in the

fo11_ing figuresfromthis work exceptas specificallynotedotherwise.
_L

]
_ 2-7

M



Thickness. Modern highway vehicle systems can have an overall

vehicle pressure drop at the design flow one to four times the radiator core

pressure drop. Military vehicles have an overall vehicle pressure drop

approximately five times the radiator core pressure drop. Figure 2.2

illustratesthe interactionof systempressuredrop,corepressuredrop,air

velocity,and fan powerwith corethicknessfor the previouslydescribed

_* militaryvehiclefor a constantrateof heattransfer.12 Comparedto

: _ highwaytruckpractice,this vehiclehas veryrestrictedair flow, slightly

high air inlettemperature,and a relativelysmallradiatorface area.

:i However,the radiatorheat transferfor thisvehicleis about 1500

BTU/min/ft2, not particularlydifferentfrommosthighwayvehicles. Note

thatfor constantheat transferrateairflows,the minimumvaluesfor fan

(air)power,air velocitysystem(total)air pressuredrop,and radiatorcore

air pressuredrop do not occur untilcore thicknessof about11 in., g in.,

and 6.5 in.,respectively.

' _ FaceArea. The requiredfanair powerfor givenheat transferrate

will alwaysbe lessfor a largerfacearea at a givencorethickness. Thisis

Illustratedin Figure2.3. A radiatorweightreduction(i.e.,smallercore

.... volume)at constantpower can sometimesbe achievedby usinga smallerface

"_ areaand greaterthickness.This isillustratedby Table2.4. The smaller
*_ corevolumein turngenerallytranslatesto lowertotalcost.

L. TABLE2.4

EFFECTOF COREFACEAREAON REQUIREDRADIATORVOLUME

_J
FaceArea Thickness Core Volume Air Power

r_ (Ft2) (in.) (ft3) HP
L_

.! 8.28 3.2 2.21 20

6.19 4.0 2.0B 20

J
Fin Denslt_. Increasesin findensityincreasethe heat transfer

areafor a givencoreweightbut alsoincreasethe pressuredrop. A core
havinga higherfin densitywithfinsof the samedesignwould reach its

2-8
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optimum thicknessat a lower thicknessthan a corewith a lower fin density.

Increasing fin density increases the overall performance of a radiator because

the air side heat transfer effectiveness is normally the limiting factor on

radiator performance. Thus, increasing fin density matches the air-side heat

transfer capacity more closely with that of the Water-side. To reduce the

cost of radiatorsand increaseperformancefor a givenweight,greaterfin

densitiesfor radiatorshavebeenused. Automobileradiatorsare now being

_- producedwith densitiesas highas 24 fins/in. The optimumfin densitywill

dependon the fin thicknessrequiredfor durabilityin the installation,and

the relativechangesin heat transfereffectivenessand pressuredropwith

! thickness. For eachcore geometryunderconsideration,a core thicknessfor

minimumair power in the availableface areacan be determined.A complete

parametricstudy thatwould includenot onlyvariationincore thicknessbut

variationin fin densityas wellwould be requiredto determinethe combined

"- optimumof both parameters.

Fin Design. Convectiveheat transferfromthe radiatorcoremetal to

; the air is impairedby the formationof the boundarylayerin the airflow.

• Thus, texturingof the fins, whichgeneratesturbulencein the airflow,

increasesthe heattransfercapacityof the radiator. Thesefin texturing.J
devicesincludedimples,louvers,and _vaves.In a wind tunnelinvestigation

r_ of the effectsof installationparameterson truckcoolingsystemperformance,
i

_,J a radiatorwith 11 fins/in,fin densityand plate(flat)finshad the same

heat transfercapabilitiesat equalflow and temperaturesas a secondradiator

with onlyg fins/in,and louveredfins. Thus, a louveredfin radiatorwith

the samefin densityhas a higherheat transfercapability.However,for the

same heattransfercapability,the platefin t_pe radiatorhas the least
pressuredrop. When a radiatoris optimizedon the basisof minimalweight,a

louveredfin radiatorwill be the obviouschoice,while themost efficient
"_ radiatoron the basisof minimumair powerwill be a platefin radiator.

Generally,louveredfinradiatorshave beenchosenfor highwayvehicleswhere

pluggingis not a problemwhileplate-finradiatorsare usedfor off-highway

applications.

.J

CoolantFlowRate. As discussedabove,automotiveradiator

i'_ performanceis generallylimitedby the air-sideheattransfercapabilityof
-.J

17 2-11
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-- the radiator. Consequently,increasingcoolant flow rate will provide

significant benefits only for those systems which are coolant-side limited or

havebeenalteredalreadyto improveair-sideheat transfer. Figure2.4 is a

typicalradiatormanufacturer'sheattransfercorrectioncurve. In this

figure,the designpointis indicatedas 2 gal/min/in,corewidthand all of

the radiator core performance curves are constructed using this coolant flow.

Note that doubling of flow rate results in a 5% heat transfer increase, while

'- a halvingof flowresultsin a 6.5%decrease. Furtherflow reductionswill

'_ resultin significantlygreaterheattransferdecreases.

.. RadiatorLoading. Radiatorloadingis the heatrejectionrequirement

placedupon the radiatorper unitof radiatorcore volume. Table 2.5compares

radiatorloadingsfor a militaryvehicleand comparablecommercialvehicles.

Severalcomparisonsare of interestinTable 2.5. For themilitaryvehicle,

! increasingthe requiredheat rejectionratewlth constantface arearesulted

'' in greaterradiatorIoadingsanddramaticallyincreasedair power

-- requirements--evenwhenminimumairpower radiatorcoresare used. Note

_; that,althoughthesesystemshavequitelow radiatorloadlngs,theirair power

requirementis relativelyhighdue to their highsystemairflowresistance.

: For theheavytruck,increasingfacearearesultedin lowerradiatorloading

andsignificantlylowerrequiredairpower. In general,radiatorloading

shouldbe minimizedfor the minimumair powerrequirementin a given
L;

installationalthoughit Is not suitablefor comparisonsbetweendifferent

_ installation.A rangeof requiredradiatorloadingfor gooddesignpractice

i_ has beenrecommendedas 1.6 to 2.2 BTU/mln/in.3

S_stemResistance.The effectof increasesin the airflowpath

resistanceis indicatedin Figure2.5. Recallthat thepower plant

compartment index,r, a multiplierplacedupon engine
alr resistance is the

compartmentand thatinlet,outlet,and radiatorresistancesare held

I_ constant.(However,for the conditionof r=O, the resistanceof the inletand

_ outletis alsoequatedto zero. Thus,this curve is theminimumfan powerfor

I_ the radiatorcore.operatingwithzeroadditionalpressuredropeitherin the
_ inletor outletpaths,an unattainableminimum.) The rangeof system

resistancedepictedin Figure2.5 is extremein the contextof highway
F_

.J

r_
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TABLE2.5

EFFECTOF RADIATORLOADINGS

VEHICLEAPPLICATION R_. COREFACE CORE HEAT REJECTIONRADIATOR AIR

AREA THICKNESS RATE LOADING POWER

(in.2) (in.) (BTU/min) (BTU/min-in3) (HP)

MilitaryVehiclea 12 891 i0.3f 7,200 0,784 3.0

691 11.5f g,O00 0,878 6.3

891 12,5f 11,250 1.01 13.3

Ford heavy truck a 11 1200 3.2g b 9,600 2.43 4.1

1700 3.29 b 9j600 1,72 2.3

GMCmediumtruck c 13 694 2.63 6,160 d 3.37 3.5

694 2.63 6,602 e 3.61
Goodpracticerange 14 ....... 1.6-2.2

NOTES:

adiesel-engined

bestimated

Cgasoltne-englned

dwithout air conditioning

ewith a_r conditioning load added to radiator

fforminimumair power,thickness



m m

°°
T

x
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vehiclesfor which the totalvehicleresistancerepresentedby r=l is not
likelyto be exceeded. However,the trend illustratedis significant-- more

-- restrictedsystemsrequirethickerradiatorcoresfor constantair power,

-- MaximumAmbientTemperature. Figure2,6 illustratesthe effectof

the design ambient temperature upon the optimum core thickness for minimum fan

power, The 1200F ambient used as the design condition is reasonably

representative of current highway trucks since a margin is allowed for air
i

conditioning.Note that a 30OFdrop in ambientonlydropsoptimumcore

-- thicknessslightly. A 30of riserequiresmore thanthreetimesthe fan

powerand a much thickerradiatorcore.

. MaximumTop Tank Temperature.The heatrejectioncapabilityof a

radiatoris a strongfunctionof radiatorinletair temperature,i.e.,top

tanktemperature.Figure2,7 illustratesthe effectof top tanktemperature
iL

on thecore thicknessfor minimumfan power andthus alsoon the overallsize

_ andweightof the coolingsystem. The 200OFmaximumcoolanttemperatureis
• !

' conservativeby most currenttruckpractices. AlthoughCumminsrequires

_- 2030Fand DetroitDieseland Caterpillar,210of,Chrysleruses 2450Ffor

,_ automobilegasolineenglnes.15 Highertop tanktemperature(maximumcoolant

r_ temperature)wouldreduce bothfanpower and optimumthicknesseubstantially.

!I In Figure2.7 a 20°f rise in the allowabletop tanktemperaturewouldcause
theoptimumcore thicknessto occurat approximately8 in. insteadof 11 in.

anda halvingof the requiredfanpower.

CoolantType. The effectof changesinthe enginecoolanton the

I,, sizeand requiredfan power foran optimumheatexchangeris illustratedin

Figure2.8. A coolantwhich hasa higherspecificheat is ableto extractthe

sameheatfromthe radiatorcoreat a lowerflowrate or more heatat the same

flowrate. The figure illustratesthe conditionsfor two coolants,waterand

I_ aqueousethyleneglycol. The water,havingthe higherspecificheat,results
in lowerfan power. This effectis particularlypronouncedfor thinradiator

{_ coreswhere the use of glycolresultsin a significantair powerpenalty.
_J (Notealso thata coolingsystemperformanceevaluatedwithwater coolantmay

_: significantlyoverstatecoolingperformanceusingglycol.) Nevertheless,the

useofwater in enginecoolingsystemsis no longerrecommendedby most engine

2-16
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manufacturersbecauseof the need forcorrosioninhibitorswhichare present

in meet ethyleneglycolcoolingsystemconditioners,Usingwater,the

immediate heat transfer capabilitiesof the cooling system would be improved

slightly, but core scaling would be more severe than with a glycol mixture and

_ ultimately the heat transfer capabilities would be less. Furthermore, glycol

coolantsare capableof operatingathigher temperatures,thus further

_. improvingthe heat transfer as discussed previously.

HeatExchangerType. The heattransferat any specificpoint in a

-_ heatexchangeris directlyproportionalto the temperaturedifferencebetween

' the hot and cold fluids (e.g., for the automotiveradiator,the coolant and

r'] air), Consequently,themost efficientheat exchangeris one inwhich this

_. differenceis maximizedat all pointsin the exchangercore. Thismaximum

differencewouldbe achievedwhen the air and coolantflowin parallelbut

_ oppositedirectionssuchthat the enteringcoolant"sees"the exitingair and

i vice versa. This heatexchangerconfigurationis knownas counterflow.In

automotiveradiatorsthe coolingairflows perpendicularto the path of the

i coolant. Thisconfigurationis knownas crossflow. Sincethe temperature

_" differentialis not maximizedthroughoutthe radiator,its heattransferIs
! j i

i _ only somefractionof thatpossiblewith a counterflowheatexchanger.

,-.I_ _ Counterflowheatexchangerperformancecan be approachedwitha crossflow
i_ radiatorby directingthe coolantflowthroughmultiplepassesthroughLhe

I exchangercoresuch thatthe differentialbetweenthe averagecoolant

_ temperaturefor each passand the alrtemperaturefor that passismaximized.

This configurationis knownas a multipasserossflowheatexchanger.

LJ The automotiveradiator isa single pass crossflowheatexchanger.

Its effectiveness,e,(asdefinedinAppendixA), is approximately50%.*

Alterationof coolingsystemoperatingparameters--notablyincreasingmaximum

top tanktemperature--can increasethe effectivenessto about70% (for a top

j tank temperatureof about250OF).

*As calculatedfor the r._MCgasoline-enginedmediumtruckdescribedin
r_. AppendixC.

i 2-20
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The potential benefit multiple passes in an automotive radiator are

il]ustrated in Figure 2.9.16 At current coo]ing system operating
J_

conditions,use of multiplecoolantpasseswillresultin heattransfer

improvementsof about2-3%. However,for radiatorsoperatingat higher

_'" effectivenesses--suchas thosewith hightop tank temperatures--heat

transferimprovementsof about10% can be obtaineddependinguponthe number

_. of coolantpassespossible.
;

4 ,

FAN SELECTIONPROCESS

!,

Fans for currenthighwaytrucksare generallyselectedon the basis

of cost, noise,andpowerconsumption(i.e.,parasiticfuel consumption).

Sincethermostaticspeedmodulationis typicallyused to minimizenoise

.- generationand powerconsumptionfor high performancefan installations,cost

is the predominantselectionconsideration.(A resultof these fan speed

controldevices,consequently,has beento retardthe developmentand

i_ implementationof inherentlyquiete_,more efficientfan designs.)

_ Currentlyno industry-widepracticeexistsfor the aerodynamic

: _ performancetestingof fansfor automotiveapplications.Fan manufacturers

i _ providefan performancedata baseduponproprietarytestpracticeswhichvary

._, and are idealized. (Theseproceduresuse fan-to-shroudclearancesthatare

/ much lessthanobtainedin practiceand the enginecompartmentenvironmentis

I( not simulated. Thus,aerodynamicperformancerelativeto actualinstal]ationsi_tt

is overestimated.)A Societyof AutomotiveEngineers(SAE)test procedurefor

r" the measurementof powerconsumptionof automotivefans is being drafted(SAE

J133g). Thisproceduredoes specifytest installationparametersbut still

_w acceptssomewhatoptimistictestconditions.

Fan performancedata providedby manufacturersnormallyconsistsof

pressurerise and powerinputas a functionof volumetricflow ratefor a

givenfan size and operatingspeed;examplesof these data are providedin

Figures2.10. The specificationof a fan for whichthe availableperformance

curve (pressurerisevs.airflow)doesnot intersectthe desiredoperating

_'_ conditionis determinedby use of the "FanLaws." The Fan Laws relate
)
" pressurerise and airflowto fan speed and sizefor geometricallysimilarfans

at the same pointof ratingon theperformancecurve.

_" 2-22
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--' Non-dimensienalyzingfan performance parameters provides a more

convenient means of fan selection. Non-dimensional variables --flow

-- coefficient,@, and presssure coefficient,@ ,-- specify the dimensionless fan

operating point. They are calculated from the parameters of flow, pressure,

speed, and diameter. Any fan whose dimensionless performance curve passesr_

through the operating point will meet the application requirements. Figure

2.11 illustrates the matching of a fan to a particular system using

dimensionless fan performance characteristics.17 Three fans are il]ustrated

on the dimensionless pressure coefficient versus flow coefficient plane,

,-_ identified as A, B, and C. A is a low capacity fan, B a medium capacity fan,

. and C a high capacity fan. Intersections of systemcharacteristics and fan

characteristics represent fan operating points. If diameter is limited, as it

is in most trucks, the slowest turning fan will be the one with its

characteristics furthest to the right of the graph. For example, at 36 in.

diameter, fan C operates at 1370 rpm whi]e fan Aoperates at 2150 rpm. For

noise control, the higher capacity fan appears to be a likely choice since

noise is a strong function of fan speed. However, off-design operation into

i _ stall, noise performance data, and efficiency would have'to be examined before

a finalchoicecouldbe made.

Caution should be exercised in using a nell-dimensional flow

_i coefficient since its definitionhas not became standardized in the

literature. Examples of alternative definitions are provided in Table 2.6.

In this report the convention of Baranski is used.

TABLE 2.6

DIMENSIONLESSCOEFFICIENTS

I_ Reference Baranski17 Mellin18 Lemghouse19

i.. .o.coofficiemt,,,
I_ - fan disc area = _ dZ/4
'_ d • fan diameter

Ab , annular area swept by fan blades

dr = fan blade root diameter

2-25
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_" A furtherextensionof the use of non-dimensionalvariablesinvolves

specific diameter. The specific diameter of a fan is a function of the flow

coefficientfor a givenfan design. It representsthe relativefan sizefor a

given fan performance, and is defined as

Ds =

Specificdiameter is particularlyuseful for design of automotive systems

sincetheirperformanceis typicallyfan sizeconstrained. In automotive

_- applicationsspecificdiameterrangesfrom1.2 to 2.4 where the lowerlimit

describesunrestrictedsystemswith ramair benefitandno air conditioning

_- condenser,and the upperlimitdescribesveryrestrictedsystemsor these

. operatingwithoutram air,such as at idle.18 A fan selectionprocedure

utilizingspecificdiameteris describedin Figure2.12.

FANDESIGNAND COOLINGSYSTEMPERFORMANCE

; Theeffectsof installationparameterson fan performanceare

displayedinFlgure2.13. The primaryparameterswhichaffect fan performance
are:

, _ • Projectionof the fan intothe shroud

• Fen-to-radiatordistance

• Tip clearance
,w • Shroud t_e

r_ • Fan-to-enginedistance.

Theseparametershavebeen listedin the order of the importanceof their

P_ effectas determinedintests.20b_

_ p_o_ectionof the Fan intothe+Shroud.Sinceengine-coolingfans are

i.' generallyoperatingina mixed flowmode ratherthanan axial flowcondition,*

•At low pressureriseconditionsthe airflowfrom automotivefans exits
_, axially. As the pressurerise requiredof the fan increases,an increasingly

_ largerradialcomponentof flowvelocityIs produced. (The radia]flow is
_._ essentiallye pumpinglossof the fan.) The resultantaxial+radialflow is

knownas mixedflow.

,_ 2-27
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-- the portionof the projectedwidth of the fan outside of the shroudaffects

fan pumping capability. The use of a fan shroud restricts radial airflow.

_ The effectivenessof the shroudin accomplishinglhls Is a Functionof the

extent of the fan insertion into the shroud. As shown in Figure 2,13a, heat

rejection improved about g% for a fan with 75% shroud coverage versus one with

0% coverage. Recomendedfan coverageis 50 to 67%.10 Very highresistance

systems work better with 50% coverage while very low resistance systems work

,- betterat 57% coverage.21

Fan-to-Radiator-Distance. The proximity of the radiator to the fan

i! affectsthe turbulenceat the fan inlet. Cummins recommendsthat the

fan-to-radiatordistancebe 2 to4 in. for the best performance.An increase

in heatrejectionof B% was observedas shownin Figure2.13bfor increasing

fan-to-radiatordistancefrom1.5 to 10 in. (.05to .3 diameters).However,

in most vehiclesthe availablespacingis suchthat 10 in. spacingis not

possible. If it w_re available, the additional space might better be utilized

-- for additionalcore thicknessor straighteningand fairing of the flow path.

Tip Clearance.Fan shroudeffectivenessis alsoa strongfunctionof
r fan bladetip-to-shroudclearance. In Figure2.13ca 0.05 in. (0.3diameter)-i

tip clearanceshroudhad abouta 7% performanceimprovementwithrespectto a

"_ 0.75 in. (0.05diameter)tip clearanceshroud. Mellinfoundpeakfan

efficienciesincreasedfrom 16%to 34% for fan tip clearancereductionfrom

3.6% to 0.5%of the tipdiameter.18 Furtherexamplesof the benefitsof

reducedtip clearanceare foundon pages,B-4 and B-6 of AppendixB.21 The

benefitsof reducedtipclearancewillbe greaterfor aerodynamically

iJ sophisticatedfans(e.g.,twisted,airfoilsectionblades)vs. simplestamped

sheetmetalblades.22 The industrygenerallyfeels that0.75 in.tip

clearanceis requiredwhenthe fan ismountedon the engineand theshroudis
mountedon the radiator.Thisallowsformovementin the enginesupportsdue

to changesin the torqueproducedby the engine. A 0.05 in. tip clearance
,-, would not be possiblewithoutfixingthefan and shroudrelativeto each

other. Tip clearancewouldeffectivelybe zero if a rotatingshroudwereused

_._ althoughsealingthe shroudto the radiatorwould be requiredandthe

L clearancebetweentherotatingand fixedportionsof the shroudshouldbe

_ minimized.

_ 230
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_ ShroudType. The types of fan shroudsare illustratedin Figure

2.14. InFigure2.13da bellmouth(or venturi)shroudwas foundto giveabout

_ a 3% increasein theheat transferperformanceover the squareedge(or box

type) shroud. An intermediatelevelof performanceis generallyfoundwith

ring typeshrouds. As shown in FigureB.2 of AppendixB the ring shroudalso

providesa significantperformanceimprovementover the flat plate(or box)

shroud. As with shroudclearanceimprovements,a simplesheetmetal fan may

not have nearlytheperformanceimprovementas one withsophisticatedgeometry

' _ when the shrouddesignis improved.22 The venturishroudprovidesthe

_- greatestperformancebenefitsbut is alsothecostliestand worksbestwith

. _ low to moderateairflowresistancesystems. The box shroudis leastcomplex,

leastexpensive,but also leastefficient. In high airflowresistancep_

systems,it can providecomparableperformanceto the moresophisticated

configurations.Thering shroudis a compromisedesignand has moderate

"_ performance,cost, andcomplexity.
:J

Fan-to-EnglneBlockClearance. The effectof fan-to-engine-block

,. clearanceis illustratedin Figure2.13e. Thisfigureshowsthatthe

fan-to-engine-blockdistanceover the rangeof 6 to 14 in. (.Z to .5 fan

C'_ diameters)gave negligibleincreasein the heattransferperformanceof the '

system,

Inadditionto the aboveeffects,the followingvariablesaffected

fanperformanceas indlcated:18

• Increasingblade pitchan_ledecreasedpeakefficiency

_ significantly.

• Increasingblade camber(curvature)had littleeffecton

effeciencyup to some criticalvalueof camberbeyondwhich

"_ efficiencydroppedrapidly.
i

_J
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F£GURE2,14. TYPESOF FANSHROUD10
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i

m Increasing the number of blades above some minimum desirable

solidity (ratioof blade area to fdrldisc area) slightly

decreased efficiency.

-_ m Increasing tip solidity with constant number of blades had

insignificant effects on efficiency.

• Doubling blade chord with constant solidity increased efficiency

slightly due to smaller effective tip clearance.

' j

,i

71

:i
,L,

_J

.d

rl
J

J

]

2-33



III. FAN NOISE GENERATION

Li

': In thischapterthe understandingof the fan noisegeneration

mechanism,as it existscurrently,willbe discussed. The effectof fan

: designand installationon noisegenerationwillbe reviewed.Finally,

formulasfor the predictionof fan noisein vehicleswillbe discussed.
i

ii
NOISEGENERATIONMECHANISMS

i Noise generateddirectlyor indirectlyby enginecoolingfanscan be

._ describedin six categories:

• Tip vortexinteractionnoise

• Vortexsheddingnoise

• Rotationalnoisedue to blade/inflowinteraction

J • Blade sial]

! • Fan bladeand shroudstructuralresonances

"i • Noiseduetofan outflow/enginecompartmentinteractions.J

The firstthreeaeroacousticnoise generationmechanismsare fundamentalto

the fan functioning.Thelatterthreemechanismsare essentiallyinstallation

designproblems.
:i
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The vortex shedding and rotational noise mechanisms

characteristically occur at various points over a fan's operating range, as

-- illustratedin Figure 3.1. The tip vortex noise, for a given fan

tip-to-shroud clearance, increases significantly for high pressure rise

-- requirements. Rotationalnoise is a strong function of the degree of inflow

distortion and is relatively insensitive to fan back pressure except near a
i

stall. The vortexsheddingnoisedominatesonlywhen the fan is lightly

loaded,i.e., highestflowcoefficients,and is only of significancewhen the

fan isoperatedwiththe low levelof rotationalnoise and smalltip
"_ clearance.lg

Tip VortexNoise
i*

Tip vortexnoiseresultswhen a heavilyloadedfan bladebecomes

stalledand shedsan unsteadywake in whichthe followingbladebecomes

immersed.Thislargetip vortexinteractswith the trailingedgeof the

leadingblade andthe leadingedgeof the followingbladeto becomea source

of noise. Tip vortexnoiseis the noisemechanismwhich isquietedwhenblade

tip-to-shroudclearancesare reduced. For largetip clearancesthisnoiseis

relativelyconsistentand increasesfan noise level10 to 15 dB overthe full

.'1 fan operatingrange. For smallclearances,however,(approximately3 to 4% of

__j_ bladecord), tip vortex noise becomes dominant only when the fan is heavily

loaded.* Tip vortex noise is eliminated when tip clearance approaches zero

I_ (approximately0.09%bladecord). The tip clearancecan bestbe reduced--..J

consideringpracticalconstraints-- by the use of an integral,i.e.,

rotating,shroudfan forwhich significant(6 to 10 dB) noisereductionshave
beenreported.19,23

LI RotationalNoise

Rotationalnoiseis a resultof the airflowdistortionand turbulence

enteringthe fan disk. It resultsin thecharacteristictonalspectraat

F-I bladepassagefrequenciesand overtones. This turbulenceis,in part,created

*Longhousefoundtip vortexnoiseto be a functionof bladechordand not
'_ bladediameteras is normallydiscussed.19

,_ 3-2
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by the radiator; however, the radiator also tends to act as a flow

straightener 24 minimizing the effects of grill and other large amplitude

inlet flow pertubations. Thismechanismcan be quieted by operatingthe fan

more heuvilyloadedand wJtllreducedtip speed,suchas by increasingblade

- tip angle. The useof unevenbladespacingchangesthe locationof the blade

passagefrequencyand its overtonesbut doesnot significantlyaffectthe

overallsoundlevelgeneratedby thismechanism.2g

Vortex Sheddin9 Noise

' Vortexsheddingnoiseapparentlyresultswhen vorticesshedfrom a

_- laminarboundarylayeron one sideof the blade interactwithturbulence

_. createdfromothersideof the blade. This interactioncreatesacousticwaves

which then travelup streamto the pointof originof the boundarylayer

instabilityand, with proper phasing, produce a resonancewhich generates

strongnarrow-bandnoise. Whilethismechanismis quite narrowinbandwidth,

it appearsin the fan spectrumbroadbandin nature. This broadband

'' characteristicisthe resultof the sunrnationof the vortexsheddingnoise

_- sourcesalongthespan, Sincethismechanismrequiresa laminarboundary
i!

l.i layeron one sideof the blade,it is eliminatedwhen the flow aroundthe

blade is fullyturbulent,Thiscan be accomplishedby such turbulence

kJ generatingmechanismsas leadingedgeserrations.Operatingthe bladesin

naturallyturbulentconditions,by increasingthe localReynoldsnumber,will

also eliminatevortexsheddingnoise. Thiscan be accomplishedby operating

I.J at higherbladespeed,or increasingbladeloadingor bladechord,Ig

iJ InstallationNoiseMechanisms

Bladestallis a resultof operatinga fan beyondits pumping

capabilities,Thisresultswhen shutoffconditionsoccur overall or part of

the fan inlet such as when upstreamflow obstructionsexist. These
area,

obstructionsmay be: closedradiatorshuttersand zippedgrillcovers,a piece

of cardboardin frontof the radiator,or the pluggingof the radiatordue to
dirt and insectentrapment,This noisemechanismis expectedto increasefan

sound levels2-5 dB.
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-- Fan bladesand shroudsare the structureswhichare primarily

susceptible to structural resonance. The fan blade is essentially a beam

cantileveredfrom the fan hub and willhave a familyof resonances-- which

for most fan geometriesare probablybastdeterminedexperimentally.(NuL_

that in use the fan will appear stiffer due to the effect of centrifugal

force.) These resonances will be excited primari]y by fan inflow distortion

and result in periodic loading and unloading of the blade as a function of fan

-- speed. In thiscontext,use of plasticfans are attractivesincetheir higher

internal damping will make them less responsive at their natural modes. The

_ shroud is essentiallya thin-walledshell. It is most likelyexcited at the

throat of the shroud by the passing tip vortices. This loading would be

periodicat the bladepassagefrequency. Beth the shroudand fan blade

resonances would be excited only at certain fan speeds and would not scale

with blade speed.

Noiseresultingfrom aeroacousticinteractionsbetweenthefan

-_ outflowand objectsand structuresin the enginecompartmenthas had littleor

! . no discussionin the literaturebut may be particularlysignificantas other

noisesourcesare quieted. Airflowexitingthe fan may locallybe at speeds

i of greaterthan120 ft/s.26 Obstructionsdownstreamof the fan (fandrive
i

beltpulleys,mountingbrackets,and miscellaneoussharpedges)can interact

i withthis airflowand resultin aerodynamicallygeneratednoise. The

i : amplltudeof thisnoisewill be relatedto airflowvelocityand,thus,fan
i - speed.

FAN SOUNDLEVELSAND SPECTRA

In the pastm_y investigatorshavediscussedthe fan soundlevelsin

termsof A-weightedoverallsoundlevels. However,unwei_htedsoundpoweri

levelspectra,takenat variousspeedsbut at the sameflowcoefficientfor a

-] givenfan,normalizewlthharmonicnumber.18 This normalizationoccurs

r becauseboththe.broadbandvortexsheddingspectraand the discreterotational

noisespectrevarywithfan speed.
I

The vortexsheddingnoisemean frequency(at a givenflow coefficient

I .7 for a givenfan design)normalizeswith Strouhalnumber, as
defined

3-B
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S = fl
-V

where f = meanfrequency

1 : characterlstic length

V = the average flow veloolty through the fan=Nd,

The Strouhal number can be shownto be proportional to 60 f/N, harmonic
,i

number,

!
i

_, In the following discussion the fan sound level will be discussed in

_ termsof un_ei_htedoverallsoundpowerlevel. Fan noisedue to structural

resonances,however,will not be afunctionof fan speed,but will not be

consideredin the followingdiscussionsince it is not inherentlypartof the

fan noise generationcharacteristics.

The aerodynamicperformanceof a fan can be describedin termsof its

- pressurecoefficientand efficiencycurvesas a functionof flowcoefficient,

suchas is shown in Figures3.2aandb. The characteristicsoundpower

_-i performanceof a fan is that soundpowerlevelat a givenairflowand pressure

riseratherthan at constantspeedand diameter. This can alsobe presented

as a functionof flow coefficientas shownin Figure3.2cZS,z7.A This

characteristicsoundpower levelis alsocalled"soundpowerlevel

coefficient"by Mellin6'7 and "specificnoise level"by Baranskiand
Pisarski.28. Notethatthe flowcoefficientcorrespondingto peak

efficiencyIs not the s_e flowcoefficientcorrespondingtominimum

characteristicsoundpower level._8'_B Mellinfound thatat a givenflow

coefficientthe soundpowergeneratedby the fan variedas

W = QAP(x-l)/2

*Baranskiand Pisarski'sspecificnoiselevelpar_eter issimilarto the sound
powerlevelc_fficient parameterof Mellin,exceptthat it is describedin

termsof A-weightedsoundpressurelevels.
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-- where x is the sound powerexponent. This soundpowerexponent varieswith

fan design and flow coefficient of operation. Its magnitude appears to be

- relatedtn the particularcombinationof soundgenerationmechanisms

associatedwiththe givenfan designand operatingpoint, Its valuemust be

found experimentallyfrom

• x = (Lw2- LWI)/IOlog (N2/NI),¢ = constant

-- This result,as a functionof flow coefficient,is illustratedinFigure
i

3,2d.

Historically,investigatorshad assumedthatx was independentof

flowcoefficientand assumeda value in the rangeof 5 to 6 -- an assumption

'_ not born out by closeexperimentation.Soundpowerexponentalsorelatesthe

variation of sound power with fan diameter and speed.

W = NXApx+2
r_

!

'' Note that,if x = 5, thisrelationshipreducesto the classicallyassumed

-- N5d7 relationship.
i

_ Takentogetherthe workof LonghouseandMellinhave considerable

_ significance.At anygivenflowcoefficient,Lhe totalsoundpowerlevelof

the fan can be consideredthe sum of soundpowercontributionsof the three

aeroacousticnoise mech_isms

i.!_ "/LWTV/10 LW /I0 LWVS/10\.¢=
constant

,1olog ÷ioR +1o /'LWT

where the subscriptsdenote:TV, tip vortexnoise;R, rotationalnoise;and

VS, vertexsheddingnoise. Thesemechanismswillhaverelativecontributions

_, which will _en dictatethe characteristicsoundpowerleveland soundpowerI
exponentat that fl_ coefficient.Presumably,eachof thesemechanismshas

_, its own soundpower exponentandthe observedsoundpowerexponentof the

_,,w.' totalsoundpower is essentiallythe weightedaverageat the specificflow

_, coefficient.As a result,a model of fen noisegenerationcan be developedwhich should accurately predict fan sound power levels and allow the

optimization of fan configurations for given performance.
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Theserecentfindingsalsohavesignificantimplicationsfor fan

selection. The non-coincidence of the peak efficiency and minimum

-- characteristicsound powerlevelflowcoefficientsmeans thatvaluejudgments

and trade-offsmust be made in fan selections.This situationappearsto be

recognizedby at least one fan manufacturer.28 For rationalfan selection,

a family of fan aerodynamic and acoustical performance curves -- such as

illustrated in Figure 3.2 -- will be necessary. As discussed in Chapter II,

thesecurvesshouldbe derivedusingprocedureswhichare representativeof
l

vehicleenginecompartmentenvironments.

' FAN DESIGNAND INSTALLATIONEFFECTS

_j A numberof factorsaffectnoisegenerationcharacteristicsof a

givenfan and its installation.A reviewof theseeffectsappearsin the

followingparagraphs.

BladeTip Clearance. Reducedtip clearancesprovideimproved

'_' aerodynamicperformanceandallow lowerfan speedsfor a givenperformance.

-- In addition,reducedtip clearancefansare inherentlyquieter. Comparedto

.... largetip clearancefans (<3%chord),rotatingshroudfans are significantly

___ quieter(asmuchas 10 dB).Ig For fanswithfixed shrouds,reductionsof 2

_ to 6 dB haveb_n observed.IB A 7 dBA soundlevelreductionwas observed

for a fml withrotatingshroudimmersedcompletelyin a venturitypefixed

shroud.23
L

-_ BladeShape. Variousshapeshavebeen proposedfor fan bladesto

!I achievequieteroperation. These includeserrationsIg and guidevanes.2g

The use of leadingedge serrationsreducedvortexsheddingnoise10 to 20 d

!_ but does not haveany significanteffecton rotationalnoise. A guidevane

fan has beendesignedwhichincludestwo guidevanes attachedto the suction

_'_ surfaceof thefan at approximatelyi/2 and 3/4 blade span. This fan providedJR

35% increasedpumpingcapability,approximately8% improvedefficiency,and

was 4 dg quieterfor a givenairflowcomparedto the samefan geometrywithout
rl
"_ guidevanes. The guide vanesare intendedto directthe flowradiallyfrom

the fan, intentionallyinducinga mimedflowcharacteristicand compensateforr_
i largetip clearancesrequiredfor fixedshrouds. (Unfortunatelythe

I
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comparison data provided above did not specify shroud tip clearance.) These

guidevanespresumablyreducedbothtip vortexnoiseand rotationalnoise.

A skewed or swept blade fan has been evaluated which provided

"- approximatelya i0 dBA reductionin broadbandnoiseand abouta 4 dBA

.J reductionin discretefrequencynoisewhen comparedto an unsweptfan of

.. comparablesolidity and number of blades. While this study didnot include

;; aerodynamicperformance,evaluationof the fan in a heavytruckindicatedthe

skewed blades had an adverse effect on truck cooling performance.

Blade Chord. Increasing blade chord tends to reduce both tip vortex

and vortexsheddingnoisemechanisms. A reductionof almost6 dB at some

.u operatingpointswas observedfor a fan with a tripledtip chord. Sound level

.. reductionsof as much as 8 dB wereobservedfor highersolidityfans using

i: increasedbladechord, However,forconstantsolidity,soundlevelgeneration

was unchangedwith increasingbladechord (withproportionallydecreasing

bladenumber).1B

Numberof Blades. Increasingthe numberof fan bladesfrom 4 to 8

.... resultedina 9 dg increasein fan sound levelsfor lightlyloadedblades.

Howeverformore heavllyloadedconditions,the numberof bladeswas

__ inslgniflcant,6 As mentionedbefore,the spacingof the bladesdoes not

significantly affect the overall sound power although the tonal content of the

fan is significantly altered. 2B

:i BladePitchAn_le. When noiselevel is adjustedto agiven

'_ performance,a 7 dB decreaseminimumnoise levelis obtainedby increasing

pitch anglefrom160 to 260, However,soundlevelincreasedabout2 dB as
i_ pitch angleincreasedfurtherto 39°. (Notethatwith increasingpitch

angle,peakefficiencydecreasesinmagnitudeand occursat lowerIoadings.)

_J

BladeCamber. Characteristicsoundpower leveldecreasedby as much

as 10 dB as curvaturewas decreased(forincreasingradiusof curvaturefrom
82% to 150% of bladechord)for fanswith low loadings. At higherloadings

,_ differencebetweencurvatureswas Insignificant,18

It
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_" VEHICLEFAN NOISE PREDICTIONS

.... Over the years a numberof investigatorshave attemptedto provide

' simplifiedfan noisepredictionformulasfor vehiclefans. These formulasare

suramarlzedin Table 3.1 (Theyare presentedin a form suchthattheypredict

: the soundpressurelevelfromthe vehiclefan at BO ft. In some cases

liberties have been taken with the authors' original formulation to allow a

comparisonto the otherequations.)Theseequationsare reviewedto caution
' usersoftheir limitations.

_ From the previousdiscussion,inspectionof theseequationsshould

make it immediatelyobviousthatsomeof them are incorrect. In all of the
f_

equationsexceptequationi0, simplifiedsound powerexponentshave been
assumed,generally,in the rangeof 5 to6. Equations3, 4, 5, 6, 8, and 9

. attemptto predictA-weightedsoundlevels,thus ignoringthe frequency

dependenceupon fan speed. Equations5 and 6 are singledout for particular

"_ comment. Both are somewhatmoreambitiousin relatlngnoiseto fan

_-' parameters.Equation5 includesan effectof solidity(nB)whichconflicts

with recentfindings.18 Equation6, which appearsquiterigorous,was in

;.I factbasedon testof a singlevehicle(1964PlymouthFury V-B)with a

4-bladedfan and consequentlydoesnot havestatistlcalvalidity.Finally,

!_-- Equation9 can be derivedfromEquation10 if the sound powerexponent,x,is
equal to5.
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TABLE3.1

VEHICLEFAN NOISEPREDICTIONFORMULAS

(SoundPressureLevelat 50 ft)

£quatloANumbor [xpresslon Reference

I L • _ * (55-60) Io9 N Prledo/NCHRP )73

2 L • K _ 60 Io9 N Wyle/N_IRP 173

3 Lk • 76.7 * 70 Iog_l-* 50 log_ AS,RA(/H_RP 17)

4 LA • 76.1 * 72 Io9_ 52 1o9_ P41y/_C_IRP 175

5 LA • K * 50 leo N _ 50 )o9 4 • IO leg nO _mkevJla, et,ll*

5 LA • 75.6. 60 ]og _fl_. 60 '09 _* 25 109 _' ,0 1o9 _* 20 log _)_ See.rid,Fit. (BSN)/NC,55 173

7 L " K + 9 log P + 29 1091_* 30 1O9_ from HIwes

• ''loopl pdl--dl-_,-- ] '501o5_'701og"

Lk -103.1 from Rising (from _lwts)

91 LA • LIA _ |Q I05 Q _ |0 log 65 a from BIr|_skl endPlslrskl
N

b LA • L_dA * _0 Io9 N * ?0 Io5 d

,o, ,o,oo,o,oo(1 ,,o.,.,,,o
b L , LNd * 10 lo0 * IO log

• SOUnl ievQI IONStl_t* d_ p • lit density, SlUss]fl I

• fe_ Sgll°, 15_ ¢ • fTOWcoefficient

• fl_ dleMQt|r I Ifl, Lt • fin SOUndllvel at flow _olfflcleRt 1

• _UPJ_Ir of fl_ blades L * fan sound level at sp_cIfl|t spied
• 4ro4 per bllde, In. I _d ii d dlll_ter

•flO blld4 width* 1ft. , Q • 5|rflOW, ftl/lln (Stllllfd conditionS)

'_* *lrflow turbulence Ineex (duo to rldll|or in° _rttl) ep • fen pressure rise, I_, H20

• fo_ _owIr_ ll_ X • _1_ SO_flt !wtr IlOOflOfl_, _ " gO_ltl_t

• [L_I-Lwz 1_9 (_I/HI))
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. IV. ALTERNATIVECOOLINGSYSTEMCONFIGURATIONS

il

Various design configurations are discussed in this section starting

r_ with an illustrationof the currentpracticefor a largegasoline-engined

'' medium truck, Threealterationsto thisbaselinedesignwill be successively

made untilall threealterationsare includedin the finalexample, The pur-

:i pose of thisexerciseis not to determinethe optimumspecificationfor the

baselinevehicle,but to illustratethe potentialbenefitsin reducedfan

i_ performancerequirementsfor varioust_es of coolingsystemdesignchanges,

An additionalsectionwilldiscussotherpossibleconfigurationsfor the cool-

i_ Ing system. The finalsectionwill thenexaminethe potentialsoundlevel
,J

benefitsfrom the baselineof the threedetailedalterationsconsidered.

"7

.: CURRENTPRACTICE

i A GMC mediumtruck,whichcouldbe equippedfor inner-citydelivery

work, is selectedas a baselineexampleof currentpractice. The GVW of the

_] truck,withbody,is 25,000Ib,,the highestcapacityfor this classification
of mediumtruck, Table4.1 showsthe specificationsof the exampletruck,

The engineselectedfor this exampleis a 427 in.3 V-8 gasolineengine,cur- i
-_ rentlythe largestgasolineenginenow installedin GMC trucks. The design

._ conditionfor the coolingsystemat fullpowerand with air conditioneris
I

L_ 110°F air-to-boll(ATB)which correspondsto a 120°FATB with the air con-

ditionernot in operation.The fan installedin the baselinemediumtruck is

'_ manufacturedby Hayes-Albion,Inc, It isa sheetmetalfan formedfrom

oa_ered uniformthicknessbladesattachedto a metal spider. The spideris
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TABLE 4,1

_XAMPLE MEDIUM TRUCK SPECIFICATIONS 13

Manufacturer: General Motors Corporation

Model: GMC C70042

Radiator: Tube and centersideflow

4tuberows

; 28.8 in. widex 24.1 in. high x 2.63in. thick

._ 12.5fins/in.,louvered

Fan: Hayes-AlbionCorporation

Model: 202874g

r_ 22 in. dia x 2,50in. proj.width

7 equally spaced blades

Part: GM-G-167-F-1

Engine: 427 in.3 V8, gasoline

Fan Drive: Eaton280 ViscousClutch
!
.; PeakHP test: Air-to-Boil:12OOF(withoutair conditioning)

:110°F(withair conditioning)

HeatRejection: BTU/min6160 (withoutair

conditioning

_] 6602BTU/min(withair

-- conditioning)

.- Water PumpFlow: 70.0gal/mim

: MaximumEngineSpeed: 4000RPM

MaximumFan Speed(engaged): 3530RPM
C_
j Ram air velocity: 5 MPH

,2'
,!
,j

,p,

,q
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attachedto the output of the fan clutch. The use of seven blades combined

with 22 in. di_eter indicates that this is a high capacity fan. The great

._ majority of current practice medium truck fans are similar. The performance

curvefor this fan in a wind tunnel test is the first curve found in Chapter

IIas Figure 2.10a, or in Appendix B, on page B-2.

The radiator installed in this truck is a tube-and-center side-flow

radiator* with four tube rows and 12 fins/in. The fins are perforated with

'' louvers. (These fins are manufactured by taking one continuous sheet of

metal, perforating it, folding it into a serpentine ribbon, and then soldering
.!
_.. itbetween the two adjoining tube columns. Each serpentine section which

-- results has four tubes on each side,)

i Calculations of the airfl_ required to dissipate the heat generated

i bythe engine are contained in Appendix C. In these calculations a radiator
.I,

temperatu_ drop of 100 is assumed and the radiator heat transfer perform-

_l once is assumed to foll_ the performance of a g_metrically similar radiator.

... Giventhe air-to-boil requirement (without the air conditioning system in

operation) and an assumed maximum top tank temperature of 210°F (based upon

:j _ Detroit Diesel Allison Division diesel engine practice), the design ambient

of 1180F was calculated, This design ambient is used for the following

alterations to the baseline design, i
.... i

Based upon the above assumptions and the calculations described in

! _ Appendix C, the volumetric airfl_ required of the fan (at fan inlet tempera- :

ture)was calculated, Ignoring any installation effects, the pressure rlse of

the f_ was estimated for the calculated airfl_ and 3530 RPM fan speed. The

resultant cooling system operating conditions are summarized as:

• Required airflow, 6890 ft3/min (at standard conditions)

' _ • Engine compartment temperature, 167°FJ_

*In common radiator design practice, coolant enters at the top of the radi-ator, travels downward, and exits at the bottom, General Motors uses a radi-
ator design in which coolant enters at one side of the radiator, travels

, laterally across the radiator, and exits the other side. This design permits

reduced radiator heights,
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m Fan airflow,8310ftg/mini

• Fan pressure rise, 3.20 in. H20
m Air power,3.47HP.

INCREASEDTOP TANKTEMPERATURE

One of the most efficient ways of increasing the heat transferred for

, a given size radiator is to increasethe differentialbetweenthe two incoming

fluids. Sincethe operatingambientcannotbe changed,the only temperature

:_ whichwould accomplishthis is the toptanktemperature,thetemperatureof
_t

the coolantleavingthe engine. Table4.2 shows typicalmaximumtop tank

,m temperaturesnow beingused. The toptanktemperaturelimitationsspecified

ii by manufacturersof dieselenginesusedinmediumand heavy trucksare all

basedon the premisethat it is possiblethat watermight be used as coolant
:j and that the systemshouldbe ableto operatewithoutthe pressurecap in

place. The practicewith automobiles,however,hasbeen to designthe system
p-.

'I assumingthatthe pressurecap willfunctionproperlyand thatthe systemwill

be pressurized.Nevertheless,eventheautomobilemanufacturersdo nottake

i.,_) advantageof the increasedboilingpointwhich willbe presentif the proper
solutionof ethyleneglycoland waterisused. The boilingpointusedas a

,., TABLE 4.2

TYPICALMAXIMUMTOPTANK TEMPERATURES

MANUFACTURER ENGINETYPE SPECIFIEDTEMPERATURE

of i

CumminsEngineCo., Inc.32 diesel 203 i

CaterpillarTractorCo,

CaterpillarEngineDiv.33 diesel 210L.J

,_ GeneralMotorsCorp.
DetroitDiesel-AllisonDiv.8 diesel BlO

ChryslerCorp.34 gasoline 245
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design for Chrysler Corporation automubile _nglnes is based on a pressure cap

openingat 14 lb/in2. At 14 Ib/in2, water boils at a temperatureof

247OF, Thus, the245OFshown in Table4.2 for Chryslerrepresentsthe

same margin betweenmaximum top tank and boiling temperaturesas used by both

CaterpillarandGM, assumingatmosphericconditionsandwatercoolant.

As the firstalterationon the baselinemediumtruckcoolingsystem,

i an increasein thetop tanktemperatureto 245°F isevaluated.The calcu]a-

tlonsof the requiredflowwith thishighertop tanktemperatureare also

. i_ containedin AppendixC. For estimatingthis effect,the coolanttemperature
dropacrossthe radiatoris assumedas in the baselinecondition.With the

highertemperaturedifferentialbetweenthe entranceof air andwater now

'• available,the requiredairflowthroughthe radiatorto obtainthe same heat

.._ flow isgreatlyreduced. However,with the lower airf]owratethe temperature

•_ in theenginecompartmentis greatlyincreased,sincea smallerquantityof

air must absorb the same heat. The required airflow at the entrance to the

: i radiatoris reducedfrom 6890ft3/minto 3840ft3/min,nearlya 50% drop

in the requiredairflow.The pressuredropthroughthe systenis reducedto

approximatelyi/3. The increasedtemperaturein theenginecompartment

increasesthe volumeof air passingthroughthe partsof the flowpath down

-_ streamof the radiatorso the full benefitof reducedpressure,to I/4 its

-_ originalvalue,cannotbe realized.The air power requiredfromthe fan is a

functionof the productof the pressurerise acrossthefan and the airflow.

l Air powerdrops from3.47HP to 0.677HP, only20_ of the requiredfan power
. J

in theoriginalbaselinedesign.

In summarythe conditionswith increasedtop tanktemperatureare as

•" follows:
J

• Requiredairflow,3840ft3/min.(at standardconditions)

{ _i • Enginecompartmenttemperature,206OF

• Fan airflow,4910ft3/min

' _ • Fan pressurerise, l,l?in. H20

• Air power,0,877HP.
f_

'_j
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MULTIPASSRADIATOR

-_ The efficiencyof a heatexchangeris definedas the heat transferred

dividedby the potentialheattransfer.Sinceboththe massof air and the

specificheatof air are lessthanthose of a waterand ethyleneglycolmix-

ture,the limitationon all automotiveradiatorsis due to the air-sideheat

transfer,Thus,potentialheattransfercan be estimatedas thatwhich could

be transferredto the quantityof air whichmovesthroughthe radiator,if it

: werebroughtup to the temperatureof the enteringwater. As the efficiency

of the radiatorincreases,the airtemperatureis broughtcloserto that of

.. thecoolant, When air and coolanttemperaturesleavingthe radiatorget

closer, benefit can be obtained by increasing the number of passes in the

; radiator.Thiskeepsthe temperaturedifferentialbetweenthe air and water

' ' ata maximumfor any positionin the core. The baselinevehiclehas a

radiatorcontainingfour tuberows. With suitablebafflingin the inletand

outlettanksof this radiator,thesefour tube rowscan be made to functionas

._ separatepasseswith the highestwatertemperatureoccuringin the tube row

•i closestto theengine. Figure4,1showshow bafflingmay be usedto createa

multipassradiatorfrom the samecoregeometry.The core illustratedin

Figure4.1 isa fivetube row core. Its odd numberof passesallowsthe
',--F

entranceto be on one side of theradiatorand the exit fromthe radiatorto

"_ be on the othersideas in conventionalsinglepass radiators, If this was aI

_'; downflewradiator,the top tankwouldstillbe locatedabovethe radiatorcore

._ as it now is and the bottom tankwouldcontainthe exit fromthe radiatorto

.__ thewater pump.

r-1

r The use of a multipassradiatordoespresentsomedesignproblems.

Inorderto maintainthe same 10°Ftemperaturedropacrossthe radiatorwith

i more effective heat transfer, an Increased water flow rate will be required.

Thisincreasedwater flow ratemay lead to morepossibilityof vapor.lock

_ occurring,sincethe water velocityin the tubesis now more thanfour times :

" thatof the baselinedesigndue to bafflingand the increasein a heat trans-

fereffectiveness.
C i

J
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The effectiveness of thR high top tank temperature radiator calcu-

lated from the results in the previous section is 0.694. Entering Figure 2.9

in Chapter II withthis effectiveness,the number of heat transferunits

(NTU) are determined at 3.2. At 3.2 heat transfer units, the effectiveness

of a fourpassheatexchangeris 0,750. This highereffectivenesscan be used

to calculatethereducedflowrequired,the reducedpressuredropthroughthe

systemand the powerneededfrom the fan. In summarytheseconditionsare as

follows:
' i

• Requiredair flow, 3550 ft3/min (atstandardconditions)
r

: • Enginecompartmenttemperature,213°F

• Fanair flow, 4590ft3/min

. : • Fanpressurerise,0,979 in. H20

• Airpower,0.548HP.

THICK RADIATOR CORE

_ The effectof radiatorcore thicknesson heat transfereffectiveness

is alsoshown inFigure2.9. The numberof heat transferunitsincreasesas

i_J the air flow pathlengthincreases.Core thicknessis thusdirectlypropor-

tionalto the numberof heattransferunits. As discussedin ChapterIf, the

;.j thicknessof radiatorcore can be optimizedon the basisof minimumrequired
air power. Thisoptimizationapproachdiffersfromthat normallytaken where

weightand costarethe primaryconsiderations.Calculationsof the air power

requiredfor each0.25in. of thickness,startingwlth 3.00-in.thickradi-

ators,weremade. The minimumrequiredair powerwas foundto occurfor the
3.00-in.thickradiator,for which calculationsare containedin AppendixC.

A 3.00-in.thickradiatorwith fourpasseshas an effectivenessof 0,773 vs.

the .750effectivenessfor the 2.63-in.thickradiatorof the previousexample.

The increasedcorethicknesscausesa penaltyin radiatorpressuredrop to be

incurredproportionalto the thickness. Becauseof this penalty,corethick-
nesses of 3.25 in. thick and greater were found to have higher required air

powerseventhoughthe flowrequirementswere reduced. The resultantcoolingi systemoperatingconditionsare:
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• Requiredair flow,3450ft3/min(at:_tandardcondition_)

• Engine compartment temperature, 216°F

m Fan air flow,4490ft3/min

• Fan pressure rise, 3.00 in. HzO

• Air power,0.540HP.

OTHERENGINE/COOLINGSYSTEMCONFIGURATIONS

];

Arrangementsotherthanthose justdiscussedcouldbe consideredto

reducecoolingsystemnoise,but most of theserequiregreaterchangesfromr_

the baselineconditionandsomesufferfroma lackof designdataneededto

evaluatethem. Table4.3 suemarizesthe advantagesand disadvantagesof five

• ; additionalcoolingsystemconfigurations.Thesemodificationsare listedin

theorderof theirperceivedcomplicationwith the leastcomplexfirst.

HighFin DensityRadiatorCore
i

Thefirstmodificationconsideredis the highfin densityradiator

core. As discussedin ChapterII, a Iouvered-finradiatorresultsin a lessh*

effectiveradiatorwhen the fin densityis increasedabove12.5fins/in.

becausethe pressuredropincreasesmore rapidlythan increasesin heattrans-!

;-_ fer. However,dataexistwhichindicatethat goingto unperforatedplatefins

allowsmore heat transferat the s_e pressuredrop. Sucha radiatorwould

._] certainlyhavea greatercostthanthe louvered-finradiatorand would also

havehigherweightdue to the greateramountof metalused in the core. The

optimumfindensitywould haveto be determinedon the basisof the minimum

requiredairpowerby performanceof calculationssimilarto those developed

forthe thickcore, 12.5fins/in,radiator,containedin AppendixC. The
relativevaluesof the heattransfereffectivenessand pressuredrop in the

givenapplicationwill determinewhichradiatoris best. No singleoptimum

i_ findensitywill likelyemergefor all applications.

L_ WaterFI_ Engine

At leastone manufactureris now workingon an enginewhichhas a

lowerwaterpumpfl_ which resultsin a higherwater temperaturedropthrough
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_ TABLE4,3

OTHER ENGINE/COOLING SYSTEM CONFIGURATIONS

Description Advantages Disadvantages Highlights

High Fin Density More heat transfer Higher weight, Lower "optimum"

Radiator at same pressure cost thickness than

-_ drop baseline

Low Water Flow Reduced water pump Lower air-to- May combine welli

Engine load coolanttempera- with highertop

ture differential tank temperature or

= counterflow

• _ radiators

I Reduced Cooling Reduced cooling Higher engine Uses insulated

Requirement systemrequire- operating pistons, altered

I ments temperature; coolantpassages;

significant Army experimenting

i change in with no coolantL_

current

practice
;.]

Auxiliary Lowerprimary Difficultto May be drivenby

i Radiators radiator require- obtain airflow, ram air or use

ments. Reduced auxiliary fans auxiliary fans

,E fan-usewhenram
_J

airissufficient

Air-/Water- Reduced cooling Grease and dirt Separate flow

CooledEn- systemrequire- blockedfins may )ath for radiator

'_ gine ment reduce effective- and engine and/or

ness; added additional booster

weight,complexityfanmayberequired
and cost

F1 4-Io
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the radiator while rejecting the same quantity of engine heat. Although this

reducesthe waterpump Inadon the engineand is likelyto increasethe engine

-- efficiencyby reducingparasiticload,thismodificationwill increasethe

requiredfan power on the air-side flow path. In order to minimize the

increasedfan powerrequired,thislow waterflowenginemay combinewellwith

the use of higher top tank temperatures and multipass radiators to regain the

effectivenessof higherwaterflowengines. Sincetherewill be a greater

temperaturedropacrossthe radiatoron thewater side,the averagecoolant
temperaturein the enginecouldbe maintainedequalto a highwaterflowcase

and stillallow a substantialincreasein thetop tanktemperature.Use of

multiplecoolantpassesin the radiatorwouldbe particularlyeffectivein

- maintainingturbulentconditionssincethewatervelocityin a tubecouldbe

: maintained(comparedto currentpractice)by goingto a fourpass radiator

-4 withonlyone-quarterthe waterflow,for example.

ReducedCoolingRequirement

}
The coolantpassagesaroundthe headand cylindersof the engine

•_. couldbe redesignedsuchthata greaterquantityof the wasteheatwas leftin
, I

.-] the exhaustand lessengineheatwas rejectedto the coolant. Thiswould

requirean increasein the operatingtemperatureswithinthe cylinders.How-

"-]' ever,anyreductionin the heatrequiredto be dissipatedby the engine

coolant--and thusthe coolingsystem--wouldalsoreducethe air power

requiredof the fan. The U,S.Armyis nowexperimentingwithoperatingdiesel

engines,which haveno coolantat all. Suchengineshave used insulatedpis-

-i tonsincludingceramicpistonheadsto maintainthe waste heatwithinthe
i

-: exhaust,ModifiedCumminsengineswhich compareto basic currentdesignare

now operatingin testcellswithoutany coolant.35

Auxillar_ Radiators

1

The design speed for the truck cooling system is determined by the

gradeclimbingcapabilitiesof the vehiclewhichare in turn determinedby its

:_ power-to-weightratio. The recenttrendhas beento increasingpower-to-weight

ratios;consequently,vehicledesignspeedswhichwere formerly5 mph are now

J commonly15 mph. The baselinetruckis designedto operatewithfull

J 4-11
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power at B mph. At this low speed, the benefits of ram air are practically

negllg_ble. If the vehicle power Is such that the minimum full-power design

speed could be increased to about 25 mph, then ram air could be utilized

through auxiliary radiators to reduce the cooling capacity of the main

radiatorsystem. Such auxillaryradiatorsmightbemounted to the sideof the

main radiator and could be driven either solely by ram air or could use small

electricfans. Any heatdissipationwhich resultedfrom installationof such

auxiliaryequipmentwouldreducethe requiredheattransferof the main system

andthus the requirementforthe fan. Auxiliaryradiatorsmightfit behind

the headlightsor safety lights of a truck. Such radiators would probably be
J

of very little benefit at the low speeds resulting from heavy traffic and this

-- mightrequirea limitationon the enginepowerwhensuch conditionexisted.

_ Air-/Water-CooledEngine

Anotherpossibilityis a combinationalr-and-water-cooledengine.

Suchan enginewould havecoolingfins locatedatthehighertemperatureparts

ofthe engineblock. Air-cooleddieselenginesarefrequentlyused in con-

"_ structionequipment.However,the powerlevelsofsuchenginesare generally

=.i lessthan thoseof water-cooledengines. One of thebiggestdisadvantagesof

useof auxiliaryair coolingis that there is greatpossibilityfor greaseand

• dirtto blockthe fins and reducetheireffectiveness.Such a greaseand dirt

buildupmightultimatelyresultin an insulatingeffectof the fins rather

i thana benefit. Incorporationof coolingfins on theengine blockis boundto
add to the weight and cost of the vehicle and may make it more difficult to

"_ maintain, If highertop tanktemperaturesare usedwith their lowerairflows.

-_ theresultinghigherenginecompartmenttemperatureswill reducethe effect-

,-_ ivenessof suchfins, This may requirethat a separateflow pathbe created
,J for the radiatorand the englne-fincoolingsystems.

The portion of heat lost from a vehicle through convective cooling of

the engine block is now quite small. Calculations indicate that at the design

conditionwhen the flow throughthe engine compartmentis strictlythat due to
i

-- the fan,the convectiveheattransferfrom the engineblock can be as little

._ as 2-3_. To obtainair velocitiesoverthe enginesufficientto realizesig-

_J nlficantheattransferbenefits,an additionalenglne-mountedfan °- similar

_ 4-12
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-- ininstallationto thoseon air-coo]edengines-- may be necessary. (The

highervelocityairflowmay also resultin reduceddlrt accumulationin the

-- coolingfins.) This engineboosterfan wouldbe thermostaticallycontrolled

separatelyfrom the radiatorboosterfan.

As the flow of the fan is reducedthroughutilizationof highertop

tanktemperatures,or more efficientradiatorsincludingmultlpasstypes,the

enginecomparbnenttemperatureswillincreaseto the point thatthe differ-

entia]betweenthe engineblockand the enginecompartmentair willbe very

_? s_all.Thus,the heat transferpotentialwillbe evenmore reducedand the

applicationfor an air-/water-cooledenginewill disappearunlessa separate

-- supplyof coolair is obtainedfor the engine.

POTENTIALSOUNDLEVEL REDUCTIONS

An estimatecan be madeof the potentialsoundlevel reductionbased

solelyon the changesin airflowof the threenew configurationsfromthe

baseline.Priorto discussingthesebenefits,an overviewof theeffectsof

._ coolingsystemconfigurationon fan operatingrequirementsis providedbelow.
,!

A summaryof the baselineand threemodifiedcoolingsystemconfigur-

-_. ationsis containedin Table4,4. The firstthreecolumnsof datashowthe

modificationsmade and proceedprogressivelyfromthe firstto thethird. The

"_ lastsix columnsshow the requiredflow and temperatureconditionswhichexist

i dueto thesemodificationsand theirpotentialnoise reductionbenefits.Each

._ ofthemodifiedcoolingsystemscontainsthe assumptionof the samecoregeo-

metry,i.e.,fin densityand type,and relationbetweenair-sideand water-

sidesurfaceareas. No benefitshavebeenestimatedfor improvementsin the

flo_pathgeometrythroughuse of improvedshroudsor cleaningthe flowpaths.

Thus,the benefitsin reducedair powerare the resultstrictlyof modifying
,m

the arrangementsof the coolingsystemand radiator. The greatestbenefit
occursby increasingthe top tanktemperature35°F. Thisreducesthe

requiredairpowerto 20_ of the baselinevalue. Becauseof operationat arelativelyhigheffectiveness,the introductionof multiplecoolantpasses
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TABLE4.4

SUMMARYOF ALTERNATIVECOOLINGSYSTEMCONFIGURATIONS

DESCRIPTION TOPTA8_ NUMRER CORE 2E_AJIRE FAN FP.N hI_
ENGINECOItPT ( RELATIYfLEVELSOUNDTRHPENATUREOFPASSESTN[CRNESRAIRFLOW T[MRERATURE ASRFL_ PRESSURE POWER

(OF) (In.) (ft.R/min) (OF) (ftR/mln) (in)120) (liP) (de)

Current Practice 212l t 2.68 _90 167 8210 3.20 3.47 O.O

Ir_reased Top
Ta_k Ten_erature 245 1 2.63 3840 _6 4910 1.12 0.677 -11.R

Mul t Ipass Radiator 245 4 2.93 3550 213 4590 0.979 0.5¢9 -|g.9

a_ Thick ged|Rtor
_, Core 245 4 3.00 3450 21d 4490 0.924 0,540 -12.0

ASStI_PTIONS:

Radiator core face arel 24.1 En. high x 28.D in, wide, 12.5 flns/_n,
Design anti,lent ]16o
lOOF mater ten@erakuredrop _n radiator

ItOTE5:

IEstlmated based on Detroit Diesel Alllsun Dry. practice
2At standard emporiture and assure
3per L_C 101o9 (fan presturel_(fan atrfloN) . dO re (Current Practice)

,. ....... : .......... ,................. ...



-- becomesmore worthwhilethanit would be for the baselinecondition. Ca]cula-

tionsto determinewhethermultiplecoolantpassesor increasedcore thickness

_ were more effectiveat thispoint show the multipassradiator to be the more

beneficial. Even so, the required air power drops to 80% af its value with

the increased top tank temperature for a benefit of 0.13 HP.

Withbothincreasedtop tanktemperatureand a multipassradiatoralready

considered,theremainingbenefitgainedby increasingradiatorcore thickness

-- is veryslight. Only O.OOBHP can be gainedby increasingthe core thickness

from2.63 in. to 3.00 in.

Figure4,2 shows therelationshipbetweenthe fan operatingpoints

for eachof thefour systems, The baselinetruckhas a totalvehiclepressure

dropof 3.2 in.H20. In thisexercisethe systempressuredrophas been
estimatedto followthe squareof the airflowat the fan. Sincethe radiator

: -- thicknessis unchangedand thegeometryis identicalfor both hightop tank

temperatureand the counterflowradiatorconfiguration,the operatingpoints

-- for eachof theseconditionsare on the same systemcurve but occur at a lower

, ! pressuredropand flow condition.When corethicknessis increased,the sys-

tem resistancecurvechanges,as is indicatedby the fourthdesignnot falling

i) on the same curvewith the baselinesecond,and thirddesigns.

"_ The fan or fans whichwould be selectedfor the modifiedcoolingsys-
i,

tems are likelyto be significantlydifferentfromthe currentlyinstalledfan

-_ -- evenusing the sameselectioncriteria(cost,etc,). Thus, an exact cal-

-_ culationof the effectof the changedfan operatingpaints is not possible

here. However,for estimationpurposes,the effectof reducedaerodynamic

performancerequirementscan be describedby.

÷ log log-_ -- Pr

from EquationlOaof Table 3.1,and assuming5th ordersound levelvariation
--' with fan speed and all blade designshavecomparablenoise generationcharac-

terlstlcs, Thus,the sound levelcan now be estimateddirectlyfrom the

J
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_ 1. CURRENTPRACTICE
2. INCREASEDTOP TANK TEMP,
3. MULTIPASS RADIATOR

-- 3.5- 4. THICK RADIATORCORE
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FIGURE4.2. EFFECTOFCOOLINGSYSTEMDESIGNONFANOPERATINGPOINTS

4-16

i



requiredoperatingconditions.Usingthisapproach,thesound levelsfor each

of the coolingsystemconfigurationswerecalculated(referencedto current

-- practice)and presentedin Table 4.4. As seen in Table4.4, a substantial

benefit,11.4dB reduction,is obtainedfromincreasedtoptank temperature.

-- Theincrementalbenefitof the multipassradiator,1.5 dB, whilemuch less,is

notinsignificant.Thethick coreradiatorshowsa soundlevelincreaseas a

resultof itsslightlyhigherpressureriserequirement;however,with other

systemconfigurations-- such as a conventionalsinglepassradiator-- a

thickercore radiatormay also exhibitsoundlevelbenefits.

i

"1
_J

-I

21

]
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A area,ft.2

B bladearea,in.2

C heatcapacity,BTU/min/°_= Cpm

_- K soundlevel constant,dB

L soundlevel,dB

N rotationalspeed,RPM

P fan mechanicalpower,HP

Q volumetricairflow,ftS/mln

"_ S Strouhalnumber= f_/V

' _ T temperature,OF

-- U velocity,ft/s; overallcoefficientof heat transfer,

• BTU/min/ft2/OF

V velocity,ft/mln

L_/ W soundpower,W

._ b fan bladewidth=in.

d fan diameter,in.

-] f frequency,Hz
_ 1 characteristiclength

m mass flow rate, Ibm/min
i

:_ n numberof fan blades

p pressure,in. H2O

heat transferrate,BTU/mlnq

r enginecompartmentair resistanceindex

x soundpower exponent

A change

, flowcoefficient,AU_
pressurecoefficient,

fanefficiency

J A-2



q

: E heat exchangerefficiency= C mlnAT.

_ 3,1415@

p air density,Ibm/fts

'. Subscripts

A ambient

B boiling,t

F fen

. ; M mean

; R radiator

S system(vehicleleasradiator)
!
, T total;tip

, _ TT top tank
;_I

Other

i,._ LA A-welghtedsound pressurelevel,dBA re 20 _Pa

_ Lw sound powerlevel,dBre 1 pW

_ L¢ sound (pressureor power)levelat specifiedflowcoefficient,dB

LNd sound (pressureor power)levelat specifiedspeedand diameter,dB

Wlom elr_ow turbulenceindex

Cp constantpressurespecificheat=BTU/Ibm/OF

Cmln minimumheatcapacityof air or coolantin radiatorUA

NTU numberof heat transferunits- m_in

= _
Os specificdiameter ¢_

PA fan (air)power,HP = 1.B8xlO"W _pQ
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APPENDIX B

,_ FAN AERODYNAMIC PERFORMANCE CURVES

(PressureCoefficient,_ andEfficiency(inpercent),n,fI i

versusFlowCoefficient,¢)
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APPENDIX C

" RADIATORPERFORMANCEANDAIRFLOWDESIGNCALCULATIONS

i

A calculation of the airflow required to dissipate the 'heat generated

i by the engineis describedhere. In thesecalculationsa radiatortemperature
,i

drop of 100 is assumed and radiator heat transfer performance is assumed to

". followtheperformanceof a geometricallysimilarradiator.Given the

'' air-to-boilrequirement(withoutthe air conditioningsystemin operation)and

an assumedmaximumtop tank temperatureof 210OF (basedon GM DetroitDiesel
i_ AllisonDivdieselenginepractice),the designambientof II8OFis

calculated.This designambientis usedfor.thefollowingalterationsto the
'i
iN baselinedesign. With the designambientand the meanwatertemperaturein

the radiatordetermined,the air-to-watertemperaturepotentialfor entering

the radiatorperformancecurvesis estimated.The heattransferperformance

_'_ equationrelatesthe velocityof the air throughthe radiatorto the heat

)_ rejectedby the engineat fullpower. The airflowrateand heat dissipatedalso establish the temperature in the engine compartments. By considering the

density of the air after it has passed through the radiator, a volume flow

;_ ratethroughthe fan can alsobe determined.Fan performancecurvesfor the

fan installed in a baseline truck were provided by General Motors. The

geometricalconfigurationin the truck is assumed similarto that employed
during the fan test, as the fan curves can be entered to determine the

pressureriseacrossthe fan. Sincethe designair-to-boilis specifiedas

occurringat 5 mph ram air speed,ram effectis neglected.One of the

radiator performance curves generally furnished by manufacturers is the

radiatorpressuredrop as a functionof the air velocitythroughthe core.

This performanceinformationgenerallyplotsas a straightlineon log-log

papersimilarto the heattransferperformance.An equationof this line is

C-1



-- used to findthepressuredrop acrossthe radiatorcore. A pressuredrop

through the remainder of the vehic]e can be estimated by subtracting the

-- radiatordropfromthe pressureriseacrossthe fan. For themultipass

radiator and thick core radiator calculations, the radiator effectiveness

curves are entered to determine performance improvements. The calculations

for each of the four cases aoa]yzed are attached.
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