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EFFECT OF THERMAL INERTIA ON DIESEL ENGINES
TRANSIENT PERFORMANCE

Transient operation of turbocharged diesel engines is affected by the thermal inertia of the cylinder parts, intake and
exhaust manifolds. Because of thermal inertia the temperature of engine parts at steady operation fluctuates during
the operating cycle near their average values in a relatively small range, but during transient operation it takes some
time to warm or cool the engine parts. Thermal inertia is expressed in changes in fuel combustion, in-cylinder heat
transfer and indicated efficiency of the cycle, and increase of general inertia of gas-turbine supercharging system,
which determines the necessity to take into account this phenomenon when modeling unsteady engine operation. The
conductance-capacitance model was proposed for online internal combustion engines operating cycle simulation tool
Blitz-PRO to consider thermal inertia during engine’s transient process. The idea is to consider the heat capacity of
engine parts during the heat transfer process, so they accumulate energy at warming and release it at cooling. Com-
bined with equations of heat transfer and thermal conductivity it enables to calculate the change in the average tem-
peratures during engine transient and consider the changes in the overall heat transfer process. The proposed meth-
od was tested by comparing the experimental data, obtained from the dyno test-bench based on modified KamAzZ-
740.10 diesel engine, and the results of modeling in Blitz-PRO. During the experiment, the instantaneous brake
torque of the engine, crankshaft and turbocharger speed, supercharged air pressure and the pressure at the turbine’s
inlet as well as the intake air mass flow were automatically measured during engine running. Calculations were exe-
cuted for two setups: with the thermal inertia consideration and without it. As a result, it was found that the most in-
fluenced by thermal inertia is the supercharging system: by the 8th second of transient process the calculated super-
charged air pressure without thermal inertia consideration is 19% greater, comparing to experimental data. The tur-
bocharger’s rotor speed, intake air flow are influenced greatly too. Suggested method of thermal inertia assessment
helps to provide much more accurate simulation of engine transient operation, especially in terms of turbocharging

system behavior as it is shown.

Key words: thermal inertia; transient operation; diesel engine; turbocharging system.

Introduction

Thermal inertia causes difference in body temper-
atures at steady and unsteady heat transfer processes.
Because of thermal inertia temperatures of engine parts
oscillate near their average values during given operat-
ing cycle, and the difference between maximum and
minimum value generally is in the range of 10...50 °C.

The engine’s transient behavior is also affected
by non-steady temperatures of engine parts — piston,
cylinder liner and head, exhaust manifold and intake
receiver. Thermal inertia causes that warming and
cooling the parts of an engine takes some time, so their
average temperatures differ from the average tempera-
tures of steady operation at the same combination of
speed and load during transient operation. That’s why
it is important to consider thermal inertia for internal
combustion engines transient operation simulation.

Literature review

The effect of thermal inertia on diesel engines
transient operation at the engine acceleration under
load is quite complex: lower temperatures of engine
parts affect the indicated process, causing lower tem-
peratures at the end of combustion and, thus, longer
ignition delay, greater pressure rise rates during com-
bustion and much higher combustion noise [1]. Turbo-
charging system is also very sensitive to the exhaust
and intake piping thermal inertia, causing additional
lag in turbocharger response during engine acceleration
and the danger of compressor’s stall at engine decel-
eration under load [2]. The conductance-capacitance
models are proposed for thermal inertia consideration
[3], but their application needs experimental approval.

The paper aims is to develop and asses the con-
ductance-capacitance sub-model of heat transfer pro-
cesses for correct thermal inertia influence considera-
tion.

Thermal inertia assessment,
study and model calibration

Blitz-PRO — the online internal combustion en-
gines operating cycle simulation tool offers the simula-
tion of engine’s transient operation [4]. To consider the
engine’s parts thermal inertia the heat capacity of the
engine parts is assumed by setting up their mass and
specific heats. The heat balance equation for engine
part:

experimental

Qn=Qc+Al
where Qn — the heat, taken from the hot source,
Qc — the heat, rejected to the cold source, Al — the
change in enthalpy of the part.
The Al is considered in respect to the part tem-
perature change ATn as:
Al = cpm-ATn
The part temperature is assumed as average value
between temperatures of hot surface Twain and cold
surface Twailc.:
T = (Twaith + Twaiic)/2.
So the heat balance equation is:

Ti+l +TI
ahFh[Th+ wallh 5 wallh ]’EZ
Ti+1 Ti . .
:ach[ waII.c'; wallc _TCJT+Cpm(Tan+1_TnI1)r:

where an and o. — heat transfer coefficients from hot
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source to the hot wall and from the cold wall to cold
source, Frand F.— areas of the hot and cold surfaces of
engine part, Tn and T, — temperatures of the hot and
cold source respectively, T — the time of current operat-
ing cycle, i — number of calculated consecutive cycles.

This equation is completed with equations of heat
transfer trough the part wall:

Q. :( A + ij,:{ﬂiﬁm + Toaitn _ Tomitc * Tuaie ]T,

8waII Rw 2 2
where A — heat conductivity coefficient for the wall
material, dwan — wall thickness, Ry, — thermal resistance

of fouling on the wall surfaces.
Solving this set of equations gives values of
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We used the dyno-testbench, based on KamAZ-
740.10 engine, equipped with necessary measuring and
control devices [5]. The engine is eight-cylinder, V-
type diesel engine with direct fuel injection, turbo-
charging and charge air cooling. It is directly coupled
with separately-excited DC generator, which is loaded
by adjustable resistors block and controlled by thyristor
electric drive.

The conditions of engine’s transient test were as
following. Engine is steadily running at 800 rpm of
crank speed, the thyristor electric drive is set to the
constant value of excitation voltage (the excitation cur-
rent if 3 A). The engine’s brake power under these
conditions is 19.6 kW. The thyristor electric drive set
up remains the same during transient. Then the fuel
supply control lever is rapidly switched into position
which corresponds to 100.1 kW of brake power at
1960 rpm for engine’s steady operation. The instanta-

Tou T for the next operating cycle calculation.

Fig. 1 shows the effect of piston mass and the ex-
haust manifold mass on their temperatures and the
amount of rejected heat during transient operation.
Engine acceleration from 800 rpm to 2200 rpm while
the engine’s load increased gradually from 20 to 100
kW was considered. Zero mass of engine parts means
absence of thermal inertia. As it is shown, the thermal
inertia causes increment in the amount of rejected heat
into cylinder and exhaust manifold parts because of
much lower temperatures. So the engine’s indicated
performance is affected as well as the amount of ener-
gy at the turbocharger’s turbine inlet.
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Fig. 1. The results of KamAZ-740.10 diesel engine transient simulations

neous brake torque, crankshaft and turbocharger speed,
supercharged air pressure and the pressure at the tur-
bine’s inlet as well as the intake air mass flow were
automatically measured. To illustrate the influence of
thermal inertia on the engine’s transient behavior we
compared experimental data with calculations results.
The same transient operation was also simulated at
Blitz-PRO. We used following data for setup: the re-
ferred moment of inertia for engine-generator couple
3.9 kg-m?, the turbocharger’s rotor moment of inertia —
0.0011 kg-m? The mathematical model setup was
based on more than 100 engine’s steady operating
measurements and included turbocharger’s maps iden-
tification and calibration. The engine fuel injection
maps where also prepared from the experimental study.
Assumed masses and specific heats of engine parts are
presented on Fig. 2.
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Heat inertia setup

Mhasd _ kg cylinder head mass (per one
piston crawn mass for composite
M l:l kg liner mass
Mgy l:l kg exhaust manifold mass
Mt ‘:I kg intake receiver mass
Cp head : JIkgTK) specific heat for the cylinder
A00... 800 - for steel. 500... 1000 -
Copist : Jikg'K) specific heat for the piston v
A00... 800 - for steel. 500... 1000 -
c. : Ji(kg'K) specific heat for the liner ma
400,800 - Fou eel 500 1000
Cpax l:l Ji{kg™K) specific heat for the exhaust
4C 800 - for steel 500 1000
e l:l Jifkg™K) specific heat for the intake re

Fig. 2. Setup of the engine parts therma.l.l. iner.tia"sulﬁ;
model in Blitz-PRO interface

The comparison of experimental and calculated
transient diagrams is presented on Fig. 3. Calculations
were executed for two setups: with the thermal inertia
consideration and without it (masses of piston, cylinder
liner, cylinder head, exhaust manifold and intake re-
ceiver were set equal to 0 for this case). As it is shown,
the thermal inertia consideration increases greatly the
accuracy of transient calculations. The most influenced
by thermal inertia is the supercharging system: for the
8th second of transient the calculated supercharged air
pressure is 195 kPa without thermal inertia considera-
tion, comparing to 164 kPa with the thermal inertia
consideration (measured supercharged air pressure if
163 kPa). The turbocharger’s rotor speed, intake air
flow are influenced greatly too. So the engine’s brake
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power, torque and the crank speed during transient is
different.

The mechanism of thermal inertia influence is
uncovered on Fig. 4, where some calculations results
are compared. The temperatures of engine’s parts dif-
fer greatly, when the thermal inertia is considered: for
the 8th second of transient the piston’s crown tempera-
ture is 217 °C with thermal inertia and 287 °C without,
the cylinder head fire surface temperature is corre-
spondingly 168 and 224 °C and the exhaust manifold
walls temperature is 312 and 481 °C. The exhaust
walls temperature diagrams differ the most in terms of
thermal inertia influence: due to thermal inertia, much
more heat is rejected to the manifold’s walls. Bigger
heat losses to cylinder walls are also caused by smaller
air excess ratio values and, thus, higher in-cylinder
temperatures.

So, the thermal inertia consideration helps to pro-
vide much more accurate simulation of engine’s transi-
ent operation.

Conclusions

The thermal inertia of engine parts makes significant
contribution into diesel engine transient process build-
up. It affects engine in-cylinder heat transfer processes
and has great influence on the turbocharging system
operation. Blitz-PRO offers consideration of the ther-
mal inertia, based on the heat capacity equations for
engine parts with flexible setup.
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Fig. 3. Comparison of experimental and simulated transient diagrams for KamAZ-740.10 dyno test-bench
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Il HA YCTAaHOBMBILEMCS PeXXUME pabOThl KoJIeOIeTcst B TeueHne pabouero UKIa B y3KOM IIpezielie, OHAKO BO BPeMs Mepexo-
HOTO IIPOLIECcca HAarpeB WM OXJIXACHUE IeTallell IBUraTelis TpeOyeT olpe/ielIeHHOro BpeMeHH. TerioBas HHepLus BbIPaXKaeTcs
B U3MEHCHUH YCJIOBHUH IPOIECCOB BBITOPAHMS TOIUIMBA, BHYTPHUIIWIMHAPOBOrO TeruiooOMeHa u uHankaropHoro KII/I uukna, a
TaKOKe YBEIHYEHUH OOIIeH MHEPIIMOHHOCTH CHCTEMBI ra30TypOMHHOTO HAAIyBa, YTO ONpEAeNsieT HeOOXOAUMOCTh ydeTa 3TOTOo
SIBTICHWSI IIPU MOJICJIMPOBAaHUY HEYCTAHOBHBINEHCS paboThl aurareneil. s pemenus yka3aHHOH 3aa4yd B IPOrPaMMHOM KOM-
miekce Blitz-PRO, nocrynHom On-line u npeaHa3Ha4eHHOM [IJIsl MOACIMPOBAHHUS pabOUYHX MPOIIECCOB JBUIATENCH BHYTPEHHETO
CrOpaHUsl, peal30BaHa IOAMOAENE IIPOLECCOB TEIIONepeaud TeIUTOTH. MeTos 3aKiIfodaeTcs B y4eTe TEINIOeMKOCTH JieTalleH
JIBUTATENIs, aKKYMYJIMPYIOIIMX SHEPTHIO BO BPeMsl HArpeBa U OTJNAIOIINX ¢ BO BPeMsl OXJIaXCHHS IPY HEyCTAaHOBUBLIEHCS pa-
6ote aBurarensi. B koMOMHALMK ¢ ypaBHEHUSMH TEIIOOTAAYH M TEIIONPOBOIHOCTH 3TO MO3BOJIIET PACCUMTHIBATH M3MEHEHHE
CpelHEeH TeMIlepaTyphbl JeTajeil JBUratens BO BPEMEHH M OTPa3uTh M3MEHEHMs B oOIIeM Ipoliecce Temionepenayun. IIpemno-
KEHHBIH METOJ HPOBEPSIICS IIyTEM CPaBHEHHS SKCIEPUMEHTAIBHBIX ITAaHHBIX, NMOJTYYEHHBIX HA HCHBITATEIBHOM TOPMO3HOM
crenzae Ha Gase nmeurarens KamA3-740.10, ¢ pesynsraramu MozpenupoBanus B Blitz-PRO. B xone skcnepuMeHTa (GpUKCHpOBa-
JIICh MTHOBEHHBIH KPYTAIIMI MOMEHT JBHTATels, YacTOTa BPAIICHUS KOJEHYaTOro Baja M TypOOKOMIIpeccopa, DaBlICHHE Ha
BBIXOJIE M3 KOMIIpEccopa M Ha BXOJie B TypOuHy TypOOKOMIIpeccopa, a Takke MTHOBEHHBIH pacXoJl Bo3ayXa JBHrareneM. Pacue-
THI BBIIOJIHSUIMCH KaK C YUeTOM, Tak M Oe3 ydera TEeIIOBOI MHepuuH. B pesynpTraTe yCTaHOBIEHO, YTO HamOOJbIIEE BIIMSHHE
TEIIOBasl MHEPIHs OKa3bIBaeT Ha paboTy CHCTEMBI ra30TYpOMHHOTO HA/UTyBa, TaK K 8 CEKyHJIe IIepexoJHOTro Iporiecca 0e3 ydaera
TEeMJIOBOI MHEPIUH JaBleHHe HajlayBa Ha 19 % Bblle, IO CPAaBHEHUIO C HKCIIEPUMEHTAbHBIMH JaHHBIMU, COOTBETCTBEHHbIC
pazinuus HaOJIOJAal0TC U B 3HAUSHHSX YaCTOTHI BPAIlleHHUs TYpOOKOMIIpeccopa M pacxoja Bo3/yxa JABuratesneM. IlokasaHo, 4To
Y4eT TeIUIOBOM MHEPIMH NPEATI0KEHHBIM CII0COO0M 00€CIIeUMBAET CYIIECTBEHHOE MOBBILICHUE TOUHOCTH MOJEIUPOBAHUS pabo-
TBI JU3CNIbHBIX JIBUraTelIed Ha HEYCTAaHOBUBLIMXCSA PEKHMMAaX, OCOOCHHO B YAaCTH KOPPEKTHOCTH pacyueTa MapamMeTpoB CHCTEMBI
ra30TypOMHHOIO HaJyBa.
KiioueBble cj10Ba: TEIUIOBAsi HHEPLMS; HEYCTAaHOBUBLIMHCS PEKHUM; AN3CIBHBIN JBUTATEIb; Ta30TypOMHHBIH HaITyB.

BIIJIMB TEILJIOBOI IHEPIIIi HA HEYCTAJIEHI PEXKUMHM POBOTHU JU3EJIbHUX ABUT'YHIB
.C. Minues, O. A. I'ocopenxo

TerutoBa iHepIist JeTanedl MITIHAPO-TIOPIIHEBOI TPYNH, KOJEKTOPIB BIYCKHOI Ta BHUIIYCKHOI CHCTEM BIUIMBA€ Ha poOOTY
JIM3ebHUX JIBUTYHIB Ha HEYCTaJCHHX PEXMMaX. BHacmimok TemoBoi iHepuil TemmepaTypa JeTajiedl JBHI'YHA Ha YCTaJCHOMY
peXHUMi pOOOTH KOJIUBAETHCS y BY3bKOMY Aialla3oHi, IPOTE IIiJ| 4ac IepexiJHOro Iporecy HarpiBaHHsI ab0 OXOJIOMKEHHs JeTa-
nell noTpebye MeBHOro 4acy. BIimB TermnoBoi iHepIil NPOsBISIETHCS B 3MiHI YMOB NMPOTIKAHHS IPOIECIB BUTOPSHHS NajMBa,
BHYTPIIIHBO HWIIHPOBOTO TeIuiooOMiHy Ta iHaukaroproro KK/l nukity, a Takox y 301IbIICHH] 3aralbHOI iHEPLIHOCTI chcTe-
MH Ta30TypOiHHOTO HAJIyBY, IO 3YMOBIIOE€ HEOOXITHICTh BpaxyBaHHS BKa3aHOTO SBHIIA MPHU MOAETIOBAHHI HEYCTAJICHHUX pe-
KUMIB pOOOTH JABUTYHIB. I BUpIlICHHs BKa3aHoi 3a/1a4i B porpamMuoMy komruiekci Blitz-PRO, sikuii € noctymaum on-line, ta
JIO3BOJISIE 311HCHIOBATH MOJAETIOBAHHS POOOUYMX MPOIECiB IBUTYHIB BHYTPIIIHBOTO 3TOPSIHHA, Peali30BaHa ITiAMOAENb IPOLECiB
Terronepeaayi. Meros mojsrae y BpaXyBaHHI TEIUIOEMHOCTI JeTajieid ABUTYHA, IO aKyMYJIOIOTh CHEPTilo IiJ 9ac HarpiBaHHS
Ta BIJAIOTh CHEPTil0 IPH OXOJIO/PKEHHI IiJ Yac HeycTaleHol poOoTH IBHryHA. Y KOMOIHAII 3 piBHAHHAMH TEIUIOBigAAYi Ta
TEIUIONIPOBIHOCTI 1€ JIO3BOJISIE PO3PAaXyBaTh 3MiHY CepelHbOI TEMIEpaTypH JeTajell IBUTYHA B Yaci Ta BiZOOpa3sHTH 3MiHH B
3araJbHOMY ITPOLECi Terronepenadi. 3anponoHOBaHUN METO MEePeBipsBCs IULSIXOM CIIBCTaBICHHS €KCIICPHMEHTAIBHUX JAHUX,
OTPUMAaHHX Ha BUMPOOYBATLHOMY THHAMOMETPUYIHOMY CTeH/II Ha 0a3i apuryna KamA3-740.10, 3 pe3ynbpTaTaMi MOJICITIOBAHHS B
Bltz-PRO. ITix wac excriepumenTy (iKCyBaauCsl MUTTEBI 3HAYEHHS KPYTHOTO MOMEHTY ABHTYHA, 4aCTOTH OOEpTaHHS KOJIiHYAC-
TOTO Bajla Ta POTOpa TypOOKOMIIpecopa, THCK Ha BHXOJI 3 KOMIIpecopa Ta Ha BXOJi B TypOiHy TypOOKOMITpecopa, a TaKOX MHUT-
TEBY BUTpPATY TOBITPS JBUTYHOM. PO3paxyHKH BUKOHYBAJHCA SIK 3 BPaXyBaHHSIM Tak i 0e3 BpaxyBaHHS TEIUIOBOI iHepwii. B pe-
3yJIbTaTi BCTAHOBIICHO, M0 HAMOUTHIINIT BIUTHB TEIUIOBA 1HEPLis 3IIMCHIOE Ha POOOTY CHCTEMH Ta30TypOIHHOTO HAAIYyBY, TaK Ha
8 cekyH/i mepexiJHOro Mpolecy THCK HaJUTyBHOTO MOBITpPS B pa3i HEBPaxOBYBaHHs TEIUIOBOI iHepwii Ha 19 % HypKumMii 3a exc-
NepUMeHTaJIbHE 3HAYECHHS, BiJTOBIHI BiIMIHHOCTI CIIOCTEpIraloThCsl B 3HAUCHHSX YacTOTH o0epTaHHs TypOOKOMIpecopa i BU-
TpaTH TIOBITps JBUTYHOM. BcTaHOBIIEHO, 110 BpaxyBaHHS TEIIOBOI iHEpIlii 3alpoIlOHOBaHMM CIOocoOOM 3abe3ledye CyTTeBe
IiIBUIIICHHS. TOYHOCTI MOJETIOBAHHS HEYCTAJIEHHX PEXUMIB POOOTH IM3ENBHUX JIBUI'YHIB, OCOOJIMBO B YaCTHHI KOPEKTHOCTI
PO3paxyHKy mapaMeTpiB CHCTEMH Ta30TypOiHHOTO HaIIyBY.

Karouogi cioBa: Teriosa iHepIlis; HEYCTAICHUI PEKUM; AU3ETbHUI TBUTYH; ra30TypOiHHUI HATYB.
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