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Abstract

The behavior of small turbochargers is deeply affected by heat transfer phe-
nomena. The external heat losses of these engines are studied and a simplified
model that takes into account both radiation and convective mechanisms has
been proposed. The model has been adjusted in a turbocharger test bench for
two different turbochargers, later on it has been validated against experimental
measurements on an engine test bench. Finally, the model has been used to
estimate the most important external heat flows among the different elements
of the turbocharger.
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S

<

T
Q

Conductance
Length

Mass flow
Radius
Temperature

Heat flow

Dimensionless numbers

F

View factor
Grasshof number
Nusselt number
Prandtl number
Rayleigh number

Reynolds number

Greeks symbols

« Percentage

€ Emissivity

v Kinematic viscosity

10} Diameter

o Steffan-Boltzman constant
Subscripts

air Air

amb Refers to ambient

C Refers to compressor

CN Natural / Free convection

CF Forced convection

ext Refers to external surface

gas Gas

H Refers to housing

H1 Refers to housing node close to turbine
H2 Refers to central housing node
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H3 Refers to housing node close to compressor

i,7,k,n  Generic element

c Compressor inlet

10 Oil inlet

IT Turbine inlet

lat Refers to lateral surface
oil Oil

ocC Compressor outlet

00 Oil outlet

oT Turbine outlet

r Refers to radiation

S Shield

T Refers to turbine

unb Unbalance

w Refers to wall temperature
1,2 Element number

1. Introduction

Nowadays, internal combustion engines (ICE) face with two main challenges:
the reduction of fuel consumption and pollutant emissions. With this purpose
different techniques have appeared to better optimize the combustion process:
high pressure fuel injection systems [I], multiple injections [2], high boost pres-
sure [3], two stage turbocharging [4],EGR [5], variable valve timing [6], high
swirl ratios [7], new clean fuels [8], etc. In this framework, the optimization
of engine external systems can play an important role. One of the most used
among these systems is turbocharging. In order to predict accurately engine
behavior is necessary to predict the behavior of turbocharger [9]. This behavior
must bear in mind at least two main factors: mechanical power transferred from
the turbine to the compressor through the central axis [I0] and the heat flows

between these two elements due to the differences in the working fluids temper-
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atures. This work falls in the second item trying to contribute to the knowledge
of the external heat losses (convection and radiation) in small turbochargers.

Bohn [II] performed a parametric study for a passenger car turbocharger
in order to analyze qualitatively the heat flux between turbine and compres-
sor, finding that, in their measurements, and due to turbocharger geometry,
radiation had a small influence on the total heat flux.

On the contrary, Baines [I2] assured that the heat transfers of greatest mag-
nitude and significance to turbocharger performance on-engine are external from
the turbine to the environment, and internal from the turbine to the bearing
housing and that radiation makes an appreciable contribution to the external
heat transfer. They assumed that external heat transfer could be calculated
as the energy unbalance in their measurements, but no model of radiation to
ambient was presented.

In [I3], authors suggest that the radiation and natural convection from the
engine to the turbocharger are relevant but they do not quantify it, since they
would need further investigation. In other work [I4], the heat fluxes through
the turbocharger were evaluated by means of well known correlations available
in literature, but some of them were not described in the paper.

On other research works [15], authors simulated heat flows from the turbine
and to the compressor artificially and assuming only external heat transfer from
turbine to ambient.

In this work a simplified external heat transfer model taking into account
all the possible heat fluxes in a turbocharger is developed. The first part of the
work concerns about the experimental methodology and the main parameters
measured in order to characterize external heat transfer flow. Then, the pro-
posed external heat transfer model of the turbocharger is presented. After that,
results are presented. Later, an analysis of the different heat fluxes is performed

by using the model and, finally, the main conclusions of the work are outlined.
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2. Experimental tools

The experimental tools used in this work consist on two different test rigs
(a turbocharger test rig, which is briefly described in section and an engine
test rig, described in section [2.2)) and two different turbochargers units, whose

main characteristics are mentioned on section 2.3

2.1. Turbocharger test Tig

The measurement on turbocharger test rig has been used in order to adjust
the proposed model. Figure [I] shows the layout of a continuous air flow test

bench [I0]. It is composed by the following parts:

e A screw compressor with a maximum mass flow capacity of 0.2 kg -s~1,

at a maximum discharging pressure of 3.5 bar (gauge), which provides the
mass flow to the turbine. The mass flow rate is controlled by the screw
compressor speed or an electronic discharge valve (placed after the screw
compressor). The valve is used when a mass flow lower than the minimum
supplied by the screw compressor is required. The extra flow is directly

discharged to the atmosphere.

e The mass flow is heated in parallel by five tube-type electrical heaters.
The flow through each of the heaters is regulated and balanced by means
of valves placed on the heater’s inlet ports. This system can reach up to
720 K at the maximum mass flow rate. This hot flow is collected in a

plenum and conducted to the turbine inlet.

e After passing through the turbine, the air is cooled by means of a heat ex-
changer in order to allow the mass flow measurement by high accuracy hot
film flow meters. All flow meters in the installation have been previously

calibrated.

e The turbocompressor sucks air from the atmosphere. The air passes first

through a filter and then its flow rate is measured. Downstream of the



69 compressor, there is an electronically driven backpressure valve. Here-

70 inafter compressor refers only to turbocompressor.

7 e An independent lubrication system is used to control oil flow rate, pressure
72 (by means of an oil pump and a pressure control valve) and temperature
73 (by using an electrical heater and a cooler). The oil mass flow rate is
7 measured by means of a Coriolis flow meter. Lubrication inlet and outlet
7 temperatures are measured by means of low uncertainty platinum resis-
76 tance temperature sensors. The independent lubrication system is condi-
7 tioned to take periodic samples of oil in order to characterize its properties
78 (viscosity, density and specific heat capacity variations with temperature).
79 e Temperature and pressure sensors are installed on the inlet and the outlet
8 pipes of the compressor and the turbine according to SAE J1723 [16] and
& SAE J1826 [17] standards.

8 e An independent cooling system (when turbocharger is water cooled) is
8 used to control coolant flow rate, pressure (by means of a coolant pump
84 and a pressure control valve) and temperature (by using an electrical
8 heater and a cooler). Coolant inlet and outlet temperatures are measured
86 by means of low uncertainty platinum resistance temperature sensors.

87 e Wall temperatures in three different radial planes and in five different axial
88 planes are acquired by means of K-type thermocouples.

8 Table [1| shows representative information about the measurement range and

o uncertainty of the main sensors used in the test bench.
o1 The tests performed on this rig have been divided into two main groups,

e namely:

0 1. Almost-adiabatic tests [I8]. The main objective in this kind of tests is to
" decouple mechanical losses and heat transfer in the turbocharger under
% study [19]. In this way, heat transfer is minimized and the oil enthalpy
% drop corresponds mainly to mechanical losses in the turbocharger. This
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Table 1: Characteristics of sensors employed in the test bench

Variable Sensor Range / Error
Gas Pressure Piezoresistive [0 — 5] &+ 0.025 bar
Air Pressure Piezoresistive [0 — 2] £+ 0.025 bar

Gas, Air and wall Temp. K-type Therm. [—200 — +1200] £ 2.2°C

[
Gas and Air Flow Hot wire [0 —720] £ 0.72 kg/s

Oil Pressure Piezoresistive [0 — 6] £ 0.025 bar

Oil Temperature RTD [—200 — +650] £0.15 °C
Oil Flow Coriolis [0 —100] kg/s 0.1 %
Coolant pressure Piezoresistive [0 — 6] £ 0.025 bar
Coolant Temperature RTD —200 — +650] + 0.15 °C

[
Coolant Flow ?kg/s £0.1 %

allows the adjustment of these losses by a experimental [20] or a physical
model [I0].

2. Hot tests [9]. The main objective in this kind of tests is to obtain the
convective heat fluxes in a turbocharger [2I]. Besides, these tests can be

divided into two groups:

(a) External insulated tests. In these tests the whole turbocharger is
externally insulated avoiding heat flows to the environment. So, only
internal heat fluxes are allowed.

(b) Exposed tests. These tests are the usually performed by manufactur-
ers in order to obtain the turbocharger maps. The main difference
with previous tests comes form the fact that heat to the environment

is allowed since turbocharger is not externally insulated.

In this work, exposed tests will be performed in order to obtain external

heat transfer.
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2.2. Engine test rig

The test rig used to validate the proposed model in a real application, i.e.
mounted on an engine, is a standard engine test rig, designed for the study of
internal combustion engines up to 200 kW of power. The facility is assembled
to control and evaluate the engine performance in steady and transient states.
The most important devices of the engine test bench are described as follows

and a scheme of the facility and its instrumentation is shown in Figure
e AC- Dynamometer, variable frequency and high response.
e High frequency analogical data acquisition system.
e Last generation test room control device and data acquisition system.
e Continuous smoke measurement device.
e Control strategies design hardware.
e Airflow measurement system (Hot-wire anemometer).
e Transient fuel-flow measurement balance.
e Piezoelectric and piezoresistive cooler pressure transducer.
e Exhaust gas analyser.
e Thermocouples and Thermoresistances

The engine is installed in a bench fixed by means of metallic beams joined
by screws or weldings. The structure is designed in a way that prevents the
longitudinal movement of the engine and makes easier the alignment with the
dynamometer.

The load rate and the engine speed are controlled by this asynchronous dy-
namometer (APA) and an automatic acceleration system called Throttle which
are introduced into the control and data acquisition system called PUMA. The
dynamometer offers the necessary resistant torque for the engine in order to

test different rates of charge and dissipates the heat generated by the engine by
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Figure 2: Layout of the engine test cell
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means of water cooling systems. The thermal state of the different fluids (cool-
ing water, admission air, fuel and oil) is controlled by means of heat exchangers,
in which the mass flow of the coolant is adjusted by an electric valve controlled
by a PID controller.

In an engine test bench the measurement conditions are more restrictive,
although the test conditions are similar to the real operation of the turbocharger.
A HDI turbocharged Diesel engine with a variable geometry turbine and an
exhaust gas re-circulation valve is mounted on the facility. The main technical

characteristics of this engine are presented on table

Table 2: Main characteristics of the employed engine

Parameter Value
Engine displacement [cm?] 1997
Bore [mm)] 85
Stroke [mm)] 88
Number of cylinders 4 in line
Valves 4 valves per cylinder
Compression ratio 16

The facility is controlled automatically by a control system (PUMA V5)
which allows the acquisition of a set of variables that characterize the behavior
of the different systems of the engine. The sensors acquired by this system are of
medium frequency (100 Hz). In order to acquire instantaneous (high frequency)
measurements an oscillographic recorder Yokogawa DL716 digital scope (from
now on YOKO) is used.

Finally, engine calculator (ECU) variables are acquired by specific control
software INCA V5. Some of the measured parameters, like turbocharger pres-
sures, are acquired by two type of sensors which are recorded by an acquisition
system depending on their frequency (high or low. The torque of the engine is
measured by means of a load cell coupled to the dynamometer, which speed is

measured by means of an optical sensor.

11
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The engine speed and the crankshaft rotation angle are measured by means
of a Kistler 2613B optical angular encoder. The fuel flow rate is measured using
a gravimetric balance (AVL-733S), allowing the measurement of both instan-
taneous and average fuel consumption. In the same way, as in the gas stand
several instantaneous piezoresistive KISTLER pressure sensors are installed in
order to measure pressure fluctuations. When no pressure fluctuations must be
measured average pressure sensors are used (called FEM-P in PUMA acquisi-
tion system). For temperature measurements either Pt100 thermoresitances or

type K thermocouples are used in the same way as described in section [2.1

2.3. Turbochargers units

As it has been mentioned previously, two different turbocharger units, whose
main characteristics are in Table [3| has been installed on both test rigs in order

to perform the corresponding tests.

Table 3: Main characteristics of the employed turbochargers

Parameter First Second

turbocharger turbocharger

Turbine wheel diameter [mm] 41 38

Compressor wheel diameter [mm] 49 46
VGT yes, vanes yes, vanes

Water cooled yes no

For external convection characterization of the turbocharger fifteen type K
thermocouples are used, placed in five axial planes (Figure [3| shows this on
turbocharger number 1). The acquisition of these sensors is performed by a

datalogger Agilent 34972A unit.

3. External heat transfer model

In the case of external heat transfer, two different mechanisms are considered:

radiation and convection. The proposed models for each one are explained in

12
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Figure 3: Photographic of wall thermocouples on Turbocharger number 1
the following sections

3.1. External radiation

The heat radiation between two gray surfaces (as the turbocharger can be
considered [I]) can be calculated as [22]:
o (T} - T3)

QT = 1-e 1 + 1—eg (1)
Aq-eq A1-F1_ o Ag-e2

where: Q, is the net heat flux due to radiation, T is the absolute temperature
of each of the surfaces, 0 = 5.67 - 1078 W . m~2 . K~* is the Steffan-Boltzman
constant, ¢ is the emissivity of the surface, A is the Area and F is the view
factor (ratio of radiation leaving the surface and reaching another).

The exact calculation of the view factors is possible to be performed in some
simple geometries (in other case, they are estimated by different mathematical
algorithms such as Monte Carlo method).

In the case of a turbocharger 1D modeling programs (as GT-Power, ..) us-
ing mathematical methods is computationally unfeasible (even simplifying the
complex geometry). For this reason, the turbocharger has been geometrically
simplified as three cylinders (turbine, Housing and compressor) as shown in
Figure {4| (where the external dimensions needs to be known)

Three different surfaces are considered in both compressor and turbine:

1. Interior surface. Disc that can interchange radiative heat transfer with

the center housing.

13
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Figure 4: Simplification of turbocharger geometry

Exterior surface: Disc in the opposite side of central housing, it would
only exchange heat to the environment (ambient, engine, ...).
Lateral surface of the cylinder, it would exchange heat with the outside of

the turbocharger (ambient, engine, ...).

The nodal model has three nodes in the central housing (as explained in pre-

vious works [9] 23] [24]), therefore it is necessary to have three radiant exchange

surfaces, as a first approach, it was decided that this division would be:

1
g1 = g2 = A@g3 = g (2)

According to geometrical simplification, each of the internal nodes can ex-

change heat by radiation with other nodes:

1.

2
3
4.
5

Turbine (inside surface) with H1, H2, H3, C and environment.

. Compressor (inside surface) with H1, H2, H3, T and environment.

. Node H1 with C, T and environment.

Node H2 with C, T and environment.

. Node H3 with C, T and environment.

3.1.1. Calculation of view factors for each surface

In the literature, the following analytic expressions of the view factors can

be found:

14
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Figure 5: Two concentric discs separated by a concentric cylinder

1. Between two concentric discs separated by a concentric cylinder (Figure

and equation [3)) [25]:

Fi o= ——

g cos™! % + L cos™! % + 2R, (tan™'Y — tan™! A2 _ gan! Bl/2)

2 2 2 1/2
1/2 _ 1+¢?)(v2-D
~ [0 (7)) e [N

1/2 2 p 1/2
T A 2 2 —1 1+(R1+Rc)”|(R1—Rc)
{1+ R+ R [14+ (R = R)?] b s { e i (RﬁRc)}

/2
2 o2, 1 [ [14+(Ra+R.)?|(Ra—R.) !
{0 Rer B[ [t (B = ROP| e

3)

T1 — T2 _ T _ R2 2
o Ry="t2 R,="= A=R}-R

B=R}-R? C=Ry+R D=R,—R, Y=AY24DBY?

(4)

2. Between a ring and a cylinder lateral surface (Figure |§| and equation

15
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M 3

h

A2

Figure 6: A ring and a cylinder lateral surface

218 m:

I 2:73 Jri cos™ ! é 7i il
77 8RH ' 2r B 2H R2 B 2RH

()

Ar2? 177 AR\ A
g — 4] cos™! ( ) — sin"'R

210 where:
h
R=" H=" A=H?+R*-1 B=H>-R*+1 (6)
T2 T2
220 The different view factors of the simplified geometry (Figure [4]) can be cal-

21 culated using the previous analytic expressions and the properties of the view
2 factors [22]: reciprocity (equation [7)), summation (equation [8) and subdivision
23 (equation E[),

Fi0A1 = Fy 5142 (7)

ZFi—m‘ =1 (8)

Sory ApFryi
By = g Al o)
= Zk:1 Ak

24 So the view factors in the internal part of the turbocharger can be calculated

»s  following this methodology:

16
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View Factors in turbine side:

1. Fr_c: The view factor between turbine and compressor can be calculated:

(a) If turbine diameter, ¢, is smaller than compressor external diameter,
¢c, using directly the analytic expression of view factor between two
concentric discs separated by a concentric cylinder, using Equations
Bland @

(b) Otherwise, the same expression (Equations [3| and [4)) can be used to
calculate the view factor between compressor and turbine, Fo_ 1, and
then applying the reciprocity property of view factors (Equation @,
one can lead to:

Fr_c = FC%AC = FC—TM
T d)T - ¢’H

2. Fr_pg1: The view factor between turbine and H1 nodes can be calculated

(10)

in two steps methodlogy:

(a) Using the analytic expression of view factor between a ring and a
cylinder lateral surface (ie: obtaining Fgi_71) using Equations [5{ and
§

(b) applying the reciprocity property (Equation :

Fr i1 — Fri 7 Am — Py T4'aH1 Ly - on
o Ar T 7 — Oh

3. Fr_po: in this case the methodology is:

(11)

(a) Applying the subdivision property (Equation @ by defining a surface

composed by H1 and H2 external surfaces:

Fr_go=Fr_mgiyn2 — Fr—m (12)

(b) Now, the view factor Fr_gi4+pm2 can be calculated as Fp_pg; with
different geometrical length, i.e.:

Ami4m2 4-(ag1+apg2) - Ly

“¢H

Fr_miyme = FH1+H27TTT = Fritm2-1 e —
T~ 9u
(13)

17
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where F14pgo—7 is calculated as the view factor between a ring and
a cylinder lateral surface (Equations [5 and [6)
4. Fp_ g3, the methodology is similar to the one explained for Fr_po:
(a) Apply the subdivision property by defining a surface composed by

H1, H2 and H3 external surfaces, so:

Fr_pgs = Fr_mgi+moyns — Fr—mi+me (14)
being:
r —F AH14+H2+H3
® I'T—H14+H24+H3 = UH1+H2+H3-T — A,

o Friimoyms—r is calculated as the view factor between a ring

and a cylinder lateral surface (Equations |5 and @

) LA L.
e the ratio between the areas is: “HLHIEIS — aludn
T ¢T_¢H

5. Finally, the view factor between turbine and the ambient is calculated

using the summation property (Equation [§) as:
Fr_amy=1—(Fr_mg1 + Fr_g2+ Fr_pgs+ Fr_¢) (15)

View Factors in Compressor side:
1. Fo_p: in the case the compressor external diameter, ¢ would be smaller
that the turbine external diameter, ¢, this view factor has been already
calculated (see[l]in the view factor in turbine side (section[3.1.1), otherwise

the reciprocity property (Equation [7)) is applied:

(16)

where Fr_c is already known (1] of section the turbine side calcula-
tions)
2. Fo_p3. The view factor between compressor and H3 nodes can be calcu-
lated in two steps:
(a) Using the analytic expression of view factor between a ring and a

cylinder lateral surface (i.e: obtaining Fus_¢) using Equations

and

18



22 (b) Applying the reciprocity property (Equation [7)):

Frs—c - Ans 4-aps Ly ¢n
Foe-ps=——F—"""—="Fus—c (17)
Ac e — O
273 3. Fo_po: in this case the methodology is:
274 (a) Applying the subdivision property (Equation@ by defining a surface
275 composed by H2 and H3 external surfaces:
Fo—ga=Fo_pma+ns — Fo-ms (18)
276 (b) Now, the view factor Fo_pgotpgs can be calculated as Fo_pgs with
277 different geometrical length, i.e.:
Apoy 3 4-(ape +aps) Ly -og
Fo_porns = Fuoyus—-c——— = Fuarns—c 5 5
AC ¢C - ¢ H
(19)
278 where Foypgs—c is calculated as the view factor between a ring and
279 a cylinder lateral surface (Equations [5 and [6)
280 4. Fo—_p1, the methodology is similar to the one explained for Fr_p3 (see
281 point [4] in section [3.1.1)
28 (a) Apply the subdivision property by defining a surface composed by
283 H1, H2 and H3 external surfaces, so:
Fo—m = Foe—mi+n2+u3 — Fo—povms (20)
284 being:
A
285 o Fo—mi+m2+ns = Fuiynayns—c ="
286 o Fritmo+ms—c is calculated as the view factor between a ring
287 and a cylinder lateral surface (Equations |5 and @
28 e the ratio between the areas is: A’“t{f“” = 4%%*1'(;5{:
280 5. Finally, the view factor between compressor and the ambient is calculated
200 using the summation property (Equation [8]) as:
Fo—amy =1~ (Fo—m + Fo_nu2 + Fo—m3 + Fo_r) (21)

19



2 View Factors in Central housing:

202 1. Two of the needed view factors are already calculated:

203 o 17 (see 2] of section (3.1.1))

204 e Fys_c (seef2 of section [3.1.1)).

205 2. The view factors: Fgo_1, Fs_1, Fg1i_c and Fgo_c; can be calculated
206 using the reciprocity property (Equation [7) and already calculated view
207 factors: Fr_po, Fr_ps, Fo—p1 and Fo_pgo (points (3] and |4 in section

208 3.1.1{ and points |4| and |3|in section |3.1.1| respectively), leading to:
p p y g

Ar o7 — b
Fyo 7= Fp_ =Fr_ 22
H2-T THQAH2 TH24'aH2'LH'¢H (22)
Ar 7 — %
Fys 7 =Fr_g3s—— = Fr_ 23
H3-T THSAH3 TH34‘06H3'LH'¢H (23)
Ac P — Ok
Fryi_c=Fo_pg1—— = Feo_ 24
w10 = Foom 7= L s (24)
Ac e — O
Fryo ¢ =Fo_pgo—— = Fo_ 25
H2-C CHQAH2 CH24'04H2'LH'¢H (25)
209 3. Finally, the view factor between housing nodes and the ambient are cal-
300 culated using the summation property (Equation [§)) as:
Fri—amp =1~ (Fagi—c + Fa1-1) (26)
Fraamp =1~ (Faa—c + Fraa-1) (27)
Frs—amp =1~ (Faz—c + Fus_1) (28)
sm 3.1.2. Radiation to the ambient
302 For radiation to ambient Equation [1] is simplified to:
. €1 Fisa 4 4
= Ay o Iy =T, 29
@ e1-(1—Fiso) + Fise (T 0) (29)
303 Then, in the case of the turbine and the compressor, the surfaces that do not

3¢ see the internal part of the turbocompressor (i.e,: lateral and external casings)

20



;s must be also taken into account. Therefore the whole radiative heat transfer for

6 these nodes can be calculated as:

QTtotal—amb = QT—amb + QTlat—amb + QTemt—amb

o ( %(i)’% : FT%amb
er - (1 = Froams) + Froamb

FT—)amb ™
= |1+ +4-Lr)- = ppep-o-
(d)T |: Er - (1 - FT—>am,b) + FT—>amb r 4 (bT 9

(30)

QC’totalfamb = C2C'7a1ﬂb + QClatfamb + QCsztfamb =

_ < %¢%’ . FC—)amb
ec - (1= Fossamb) + Fossams

F

B <¢C ' {1 * ec(1- Fci;;:;n)b—f— Foosamb

(31)

307 In the case that one of the surfaces had a radiation shield (typical in tur-
28 bine side) a procedure has been developed in order to avoid the inclusion of
;0 new nodes. The methodology consists on changing the view factor between the
s shielded surface and the others, which has been possible assuming that the ex-
su  ternal surface of the shielded surface is the same as the non-shielded. Comparing

sz the heat fluxes between two gray surfaces with (Equation and without shield
a3 (Equation [1)) and after some calculations one can led to equation

- o (T - 1)
Q" = 1—eq 4 2 +92. l1—eg + l1—eo (32)

Ai-er A1-Fi2 Aj-es Az-e2

Fi2 ( Es )
Fis 0= 33
o 2 Fiso+4es(1—Fiso) (33)

su 3.2. External Convection.

315 In the case of external convection, three cases are considered: free, forced

s1is  and mixed convection:

21

7T
+F-¢T'LT+4¢%>'ET'O“(T%—TA

amb

iy
+7T'¢>C~Lc+4¢2c> cec o (Té—Thy) =

:|+4'LC)'Z'¢C'€C'U'(Té'T

(Tr
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3.2.1. Free convection
The geometric simplification is the same that in external radiation (see Fig-
ure . The calculation of the convective conductances between the ambient air

and each of the five metal nodes is calculated as:
Key=hon-A=hon-m-L-¢ (34)
The coefficient of heat transfer by free convection, hoy , is calculated from
the correlation of Churchill and Chu [27]:
2

. 0.387 - Ral/®
NuDCN = 06 + aD

52 (35)

{1 + (0.559/Pr)*/1

3
Q'B'(Tw ;gamb)'¢ iS the

where: Rap = Gr - Pr is the Rayleigh number, Gr =

Grasshof number; 5 = 5 and v is the kinematic viscosity.

1
(Tw+Tamp)/
All the properties in Equation are calculated at mean temperature be-

tween wall, T, and fluid, Ty,

3.2.2. Forced convection
In the case of forced convection, the used correlation [28] correspond to the

perpendicular flow through a horizontal cylinder:

4/5

NuD@F = 03 +

0.62-Rej/” - Pr'/3 l ( Rep )5/8] (36)

L11/4
(14 (04/Pr)*?] 282000
All the properties in Equation are calculated at mean temperature be-

tween wall, T,,, and fluid, T},,; and it is valid for Rep - Pr > 0.2

3.2.3. Mized Convection
In the case that there is no predominant kind of convection (forced or free)

a mixed of both is used. Therefore Equation [37]is used:

GI‘D
eh

0.1< <10 — NuD3 = NuD,CN3 + NuD,CF3 (37)
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4. Validation of the model

In order to validate the presented turbocharger external heat transfer model,
exposed measurements in the gas stand test rig, explained on section were
performed and used. Figure [7] show the measured points in both compressor
and turbine maps. Only one VGT position has been measured for turbocharger
1 (corresponding to a 40 % opening) and 2 positions for turbocharger 2 (30 and
15 % respectively).
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Figure 7: Measured points in exposed tests

4.1. Ezxperimental external heat transfer

In exposed tests, turbocharger can exchange energy with environment. In
order to obtain external heat transfer an energy balance has been performed
[12], i.e. the measured energy unbalance is assumed to be equal to external heat
transfer. The advantage of this approach is the simplicity (equation but

its main disadvantage is that only global behavior can be determined (that is,
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363

the contribution of the different nodes to external losses can not be determined
directly neither the possible interactions among them). Nevertheless, the most
important contribution to external heat transfer to the environment will be the
turbine, due to its higher temperature (radiative contribution) and big contact

area:

Qezt ~ Qunb = Zmz - Ah; =

= TMgas - Agas + Mair - ARgir + Moi - Ahgir + Mcool * Ahcool =
=1y - Gr - (Tir — Tor) + e - Gpe - (Tic — Toc) +
Moit * Cpoil - (T10 — T00) + Mool * Cpeool - (T1c — Toc)

4.2. Adjustment external heat transfer models.

Figure [8| shows the comparison between unbalance results and the estimated
by the external heat transfer model (see section [3] where the main parameters
are shown in Table [f] and air velocity in the benches has been imposed to 1

ms~! after some measurements performed.

Table 4: Values used in the model

Zone
Parameter Source
H C
€ 0.93 093 0.64 [II] and thermographic measurements
¢ [mm] 122 70 123 Measured
L [mm] 70 31 32 Measured

As Figure [8| shows, the agreement is reasonable, but it seems the proposed
external heat transfer model (it must be pointed out that the model means
a high geometric simplification and no adjustment constant has been used)
underestimate the experimental values. This deviation is small compared with
turbine enthalpy drop as can be shown in Figure [9] where the dimensionless

difference between measured external heat transfer and the one obtained directly
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373

with external heat transfer model are presented. As Figure [J] shows, the main
differences come at low turbine enthalpy drops, being in this case below than

10 % while it is lower than a 3 % at high turbine powers, i.e. Ny > 3kW.
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Figure 8: Comparison between measured external heat transfers and model prediction
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Figure 9: Difference, in dimensionless form, between measured external heat transfer and

model results

In order to adjust the proposed external model and knowing that the most
significant geometrical parameter will be the Turbine external diameter, an

adjustment parameter of this diameter has been included:

¢T = wT Dy (39)

Results of the adjustment are shown in Figure[I0]where, for both turbocharg-
ers, ¢ = 1.25, which means an increment of effective surface respect to the pro-
posed cylinder used for turbine simplification. It is justified watching at Figure

where turbine flanges were not included inside the proposed simplification of
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Figure 10: Comparison between external heat transfers: adjusted external model and unbal-

ance method

4.3. Validation of external heat transfer models.

In order to validate the proposed model, both turbochargers were installed on
an engine (section: the external heat transfer has been obtained as explained
in section [4.1} Figure shows the same data of Figure but including the
data from engine test measurements, where a good agreement is observed.
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Figure 11: Comparison between external heat transfers: adjusted external model and unbal-

ance method in engine

Maximum turbine inlet temperature was about 450 °C in gas stand tests
used for model elaboration, but around 900 °C in engine tests used for proposed

model validation.
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5. Model application

Once the external heat transfer model has been validated, it has been used in
order to estimate the different heat flows among turbochargers nodes. Figure[I2]
shows the external heat (absorbed or lost) by each of the five nodes compared
to the total enthalpy drop in the turbine, the following conclusions can be

extracted:

e The main important external heat losses comes from turbine node (they
can reach up to a half of the turbine enthalpy drop. This fact can be
explained by two main reasons: on one hand the high temperature of the

turbine external surface and, on the other, the high exposed area.

e In compressor side, in most of the cases, heat is absorbed by the compres-
sor case (negative values), indicating that compressor case is receiving
a higher heat from turbine side by radiation than the heat lost to the

ambient (both convective and radiative).

e External heat fluxes at housing nodes is almost negligible compared to
the turbine enthalpy drop. They are about two order of magnitude lower

than heat losses from turbine node.

Due to the previous results a deeper study on heat transfer in turbine and

compressor side has been performed.

5.1. Turbine side

Figure [I3|shows the external heat flows obtained in the turbine side for both
turbocompressors, where it is observed that the radiation heat flux is almost
equal to the total heat lost by the turbine (left top of Figure, while convective
heat losses (right top of Figure are negligible in comparison. The different
radiation losses in turbine are shown in the left bottom of Figure [I3] where the
most important contribution is due to ambient losses, but right bottom of Figure
shows a zoom of left bottom of Figure [[3| where it is shown that the radiation

to compressor is quite more important that radiation to the other nodes.
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Figure 12: Importance of modeled external heat fluxes compared to turbine enthalpy drop

28



411

412

413

414

415

416

417

418

419

420

421

422

423

424

4000 — T node radiation 120 -
+ 12 N
@ w
3000 4 & T1_Eng . A att
T2_Engine A L go4 AAPA
3 # z
% 2000 | & 3 _
g . e : , Tnode convection
& 40 o + 12
A
1000 — o o & [ I
/ A T1_Eng
T2_Engine
P
0-r T T T T 0 T T T 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
& W] QW]
4000 200 T node radiation
T node radiation @ TH2 a
T-amb + A TH3
3000 | @ TH2 160 TH1 -
A TH3 L ATC At
© T-H1 o . A
£ ATC + g 120 £
5 2000 - = &
a e T 80 A o8
+F ot
1000 -+
40 . .
2 A
. 2 ssmm B2
0+ 0 T T T 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
QW] QW]

Figure 13: Analysis of modeled external heat transfer in turbine side

5.2. Compressor side

In compressor side, external heat fluxes can be reversed, i.e. compressor can
absorb some heat from the enviroment (mostly from the turbine case). Top
left of Figure [14] shows that, as in the case of the turbine, the whole external
heat to/from compressor is almost equal to the radiative part, while top right
of Figure [14] indicates that convective heat losses has no any clear relationship
with total external heat of compressor. Finally, bottom of Figure indicates
that the most important radiative heat flux comes from turbine side, but due

to the smaller quantities the other fluxes cannot be neglected.

6. Conclusions

Traditionally, heat losses in small turbochargers has been neglected and
the behavior of the machine has been predicted by direct use of manufacturer
maps. But at low loads, this energy transfer can reach values even higher than

mechanical power.
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Figure 14: Analysis of modeled external heat transfer in compressor side

This work presents a external heat transfer model that takes into account
radiation and convective phenomena and all the possible paths of heat from
turbocharger external surfaces. The model uses a simplified geometry, based on
cylinders, of the whole turbocharger.

The proposed model has been adjusted against experimental measurements
on two different turbocharges in a turbocharger test bench. The validation
of the model has been performed by comparing the model predictions with
experiments performed on an engine test bench.

The adjusted and validated model has been used to perform an analysis of

the different heat flows, showing that:

e The most important external heat fluxes comes from turbine external sur-
face, due to its higher temperature and its big areas. They can lead to be

up to a half of turbine enthalpy drop.

e External heat fluxes at the central housing are negligible compared to the

turbine enthalpy drop

30



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

e In compressor side, external heat flow can be reversed, i.e. it can be lost
or absorved depending on the running conditions. In this side, the most
important seems to be the heat radiated by the turbines side but the other

paths can not be neglected.
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