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Abstract

A test bench has been designed to assess condensation formation pro-
duced on the interior of a Low Pressure EGR cooler working with hot stream
of humid air representing an engine warm up stage, when its coolant starts
from very cold conditions. An experimental campaign has been conducted
with three different EGR mass flow rates, four EGR inlet temperatures
and three different coolant initial temperatures, covering common conditions
found in the Low Pressure EGR system of internal combustion engines un-
der cold starts. The transient experimental results are analyzed and com-
pared with a simple psychrometric condensation model, obtaining a good
correlation and reproducing the trends of the condensation, even though an
overprediction of the condensates of around 20-40 % exists due to the strong
hypotheses assumed. The warm-up tests are most sensitive to the initial

coolant temperature. For example, an engine starting at -10 °C ambient
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temperature could require 10 minutes to stop producing water in the LP-
EGR cooler, with an accumulated quantity during the warm-up of about 100

ml of condensates.

Keywords: Low-Pressure EGR, Experimental setup, Engine warm-up,

Heat exchanger, WLTC, Engine cold start

1. Introduction

Light-duty vehicles play an important role in modern societies [1], im-
proving the mobility of people and goods [2]. As a result, the vehicle fleet
has increased significantly during the last decades, generating or increasing
issues which were not a concern some time ago, including the pollution pro-
duced by the manufacturing process and usage of internal combustion engines
(ICE) [3]. With a production of 98.9 million units (European Automobile
Manufacturers Association (ACEA) [4]) only in 2017, any improvement in
the reduction of ICE emissions would became a positive contribution to the
world.

Due to the direct correlation between the emissions produced and the en-
vironmental impact [5], stringent emission regulations have been introduced
around the world.

Pollution regulations are steadily becoming more restrictive. It is widely
known that the Worldwide harmonized Light vehicles Test Cycle (WLTC) [6]
will consider low and realistic winter temperatures as boundary conditions [7].
Under these conditions, pollutant emissions are mainly emitted during the
warm-up of the engine [8, 9].

Emissions reduction technologies are divided into active (in-cylinder) or



passive (aftertreatment control measurements) [10]. In-cylinder control sys-
tems functioning is based in the reduction of pollutants within the source.
For example controlling the injection scheme (pressure, duration...), using
Exhaust Gas Recirculation (EGR) [11] or injecting water into the cylin-
ders [12, 13]. This work is focused on using EGR as an emission reduction
technique [14]. This technique consists in recirculating a portion of the ex-
haust gases back to the engine cylinders mixed with fresh air, which dilutes
the concentration of Oy and provides inert gases to the combustion process.
This reduces the in-cylinder peak temperature and, therefore, the NOx emis-
sions [15].

Considering a turbocharged engine, two possible paths of EGR are avail-
able, depending on location of extraction and reintegration of the exhaust
gases. The most commonly used technique (as in 2020) is the so-called High-
Pressure EGR (HP-EGR) which connects the exhaust and the intake mani-
folds. The other path available is the Low-Pressure EGR (LP-EGR), which
consists in taking the exhaust gases downstream the aftertreatment and rein-
troducing them before the compressor.

Low pressure EGR presents several advantages over HP-EGR. Lapuerta
et al. [14] concluded that LP-EGR is more efficient than HP-EGR to reduce
NOx emissions, mainly due to the higher recirculation potential and the
lower temperature of the recirculated gas; for this reason, the LP-EGR has
attracted much research in the last years [16, 17, 18]. Another difference
between both alternatives is related with the mass flow rate (MFR) that goes
through the turbine and the compressor. When the LP-EGR is activated,

the flow passing through the turbocharger is not affected. Conversely, with



the HP-EGR, the flow going throw the turbocharger is reduced, generating
lower efficiency values and reducing the compressor surge margin [19]. From
the point of view of air charge, using LP-EGR produces an intake manifold
temperature reduction compared with the HP-EGR, which positively affects
the fuel consumption [20]. Finally, another important aspect is the cylinder-
to-cylinder EGR distribution. The mixing of the LP-EGR gases and fresh
air is produced upstream the compressor and far away from the cylinders,
allowing a perfect distribution of the exhaust gases inside the cylinders. On
the other hand, the HP-EGR system may not be able to uniformly distribute
the exhaust gases in the cylinders due to closeness of the EGR discharge to
the intake pipes. This phenomenon is responsible for cylinder charge non-
uniformities [21, 22], which increase NOx or particulate matter emissions.

To cope with the pollution issue, an early activation of the LP-EGR sys-
tem during the engine warm-up could be a solution in order to fulfill the
emission regulations at those boundary conditions. However, a drawback
appears when using a LP-EGR at low engine temperatures. Water conden-
sation may be produced in two different localizations; first in the LP-EGR
path, specially in the cooler due to the low temperature of the walls and the
coolant during the warm-up of the engine [23, 24, 25]. In addition, it can be
found in the mixing region between fresh air and EGR gas, due to its high
water content [26, 27]. Water droplets can produce an important damage to
the compressor impeller, severely reducing its durability. In other research
fields such as steam jets [28, 29] or nozzles [30], water condensation is also a
problem.

Authors such as (Noori [31], Murphy [32] or Vasyliv [33]) have studied



the phenomena of in-flow condensation, but with another gases (propane or
steam) instead of most air. Regarding the condensation in EGR coolers,
Warey et al. [34] provided a surface condensation model for the EGR cooler.
Whereas Cuevas et al. [35] conducted an experimental campaign on LP-EGR
cooler to assess condensation, but in steady conditions.

The aim of this research is to assess the implications of using the LP-EGR
system during the warm-up of an automotive cycle, in terms of condensation
in the LP-EGR cooler. The first novelty of this work is the development of an
experimental test bench to quantify the condensation on a heat exchanger,
while other authors such as Lujan et al. [36] only were able to study the
condensation in a qualitative way. The advantages and the limitations of the
test rig will be addressed as well. The analysis of water generation covers
the operating range of a C-segment passenger car into the future taking into
account regulations, in which, an early activation of the LP-EGR will be
required. Finally, a development of a simple mean value condensation model
is shown based on a psychrometric analysis. During the development of this
work, the LP-EGR cooler performance was evaluated under transient condi-
tions to emulate the thermal inertia and the warm-up of the engine coolant
of the engine. In sequence, a weighing scale was added after the LP-EGR
cooler to quantify the evolution of the water generation. At last, a detailed
analysis of the tests and the comparison with the model was performed to
assess the impact of using a LP-EGR system during the cold conditions of
an early activation.

In Section 2, the developed experimental test bench and the condensation

model are explained. Next, the measured condensation rate for different



working points is presented in Section 3, together with the results predicted

by the model. Finally, the conclusions obtained are exposed in Section 4.

2. Materials and methods

2.1. Ezxperimental apparatus

In order to assess the condensation produced in the LP-EGR cooler, a
continuous flow test rig has been used to replicate engine exhaust condi-
tions, reducing, thus, the complexity of an actual Internal Combustion En-
gine (ICE) test bench. In this way, humid air will be used instead of exhaust
gases with unburned hydrocarbons, particles matter. The difference related
with the condensation produced between using an ICE or a flow test rig is
low, as assessed in Appendix A.1 with a deviation between 1-4% in terms of

accumulated water. The flow test rig layout is depicted in Fig. 1.
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Figure 1: Scheme of the LP-EGR cooler condensation test rig with the stations.

As will be presented in Section 2.2, with this arrangement it is possible

to reproduce the transient operating range of a LP-EGR cooler during an
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engine warm-up and also to arrive to any operative point of a wide range of
common steady operating points from both medium and light duty ICEs.
At the core of the rig, there is an Atlas Copco ZE 3C-300-5E VSD volu-
metric screw compressor (between stations 1 to 2 of Fig 1), which is able to
provide up to 720 kg/h of mass flow and a maximum pressure of 4 bars. This
compressor is connected to five heaters (Watlow, 9 kW each) (between sta-
tions 2 to 3) to increase the flow temperature to 400 °C, in order to guarantee
a complete evaporation of the water injected downstream. A counter-pressure

valve controls the mass flow rate circulating through the flow test rig.

v

Figure 2: Calibrated orifice.

Because of the high flow temperature and the water content, it is complex
to measure the mass flow rate. For this reason, it was decided to employ a
calibrated orifice (Fig. 2). The mass flow meter described in Table 1 was
previously employed to characterize the relation between pressure drop and
MFR of the orifice. Equation 2 shows how the target EGR humid MFR is
calculated to be imposed in the calibrated orifice. This target depends on
the desired MFR, the ambient conditions, and the specific humidity (w) of
the EGR gas.

Morif = MEGR
1— Wamb



1— Wamb

Minj = MEGR *
After the orifice, a Bosch AdBlue dosing module denoxtronic 2.1 injector
is placed, which adds the desired water content. An arduino board [37]
controls the injection rate using a pulse-width modulation (PWM) signal.
The operating range of the injector is between 0 and 3 1/h, which limits the
maximum specific humidity that can be set. A further constraint over EGR
humidity is the maximum quantity of water that the flow is able to evaporate
(dependent of the MFR). In order to make sure the evaporation of the water
content occurs, 3 extra meters of pipe are installed between the injector and
the next element. A calibration of the injector is performed which correlates
the water injection rate with the duration pulse lengths of the PWM signal
in order to be able to set the exact water quantity at the tests. Then, a
weighing scale is set in the water reservoir to measure and double-check the
water injection. Next, a pre-cooler is installed to control the temperature
of the flow required for each specific test. In order to check that the flow
is not condensing in the pre-cooler, a transparent duct is installed on its
outlet to visualize the presence of liquid water. Between points 7 and 9 of
Fig. 1, a bypass is mounted in order to allow a proper settling of the flow
temperature when the target cooler is placed in the insulated box, prior to
start measuring.
This insulated box features a local air conditioning as shown in Fig. 3.
Inside the box, there are the following elements: a radiator with a fan in
order to set a cold ambient in the box and the target LP-EGR cooler, both

connected through the coolant line. This coolant line is connected to a heater,
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Figure 3: Local air conditioning.

Table 1: Instrumentation accuracy!

Sensor Model Accuracy |
Thermocouples Thermocouple K-type WATLOW 1

Pressure sensor Piezoresistive KISTLER RAG25A52BV1H 0.3

Flow meter ABB SENSYCON 14241-5-7962633 1
Weighting scale for water injection Balance AND GX-20K 0.1
Weighting scale for condensation MFR  Balance AND EK-300i 0.001

1 According to datasheets

a chiller and a pump. The chiller is an Euroklimat M10 MICRO with 3.75 kW
of nominal cooling capacity. Inside the chiller, there is a pump that moves
coolant (ethylene glycol 30 % - water 70 %) in the coolant circuit through
the LP-EGR cooler, the radiator, the heater and the chiller. Finally, in order
to simulate warm-up conditions, a 5 kW heater is set in the coolant line to
obtain an approximation of the WLTC coolant temperature profile, which
will control the condensation produced in the LP-EGR line. At the beginning

of the test, once all parameters are stabilized, the bypass valve is closed and



the flow is redirected towards the cooler in the insulated box. Then, the
chiller is switched off and the heater switched on. The outlet of the LP-
EGR discharges on a reservoir which collects the fraction of condensed water
travelling as large droplets, not being able to collect the tiny droplets existing
as fog inside the stream. In any case, the fog generates less damage if arriving
to the compressor. The condensed water is measured using a weighing scale
connected with a data acquisition system, as can be seen in Fig. 3.

Piezoresistive pressure sensors are mounted along the different ducts of
the rig. Their specifications are noted in Table 1. For the temperature
sensors, K-type thermocouples are used. The two different weighing scales
employed in the test rig, one for obtain the condensation produce in the
cooler and the other to check the correct functioning of the injector, are
shown as well in Table 1.

Table 2 shows the operating range of the flow test rig with the current
setup, being mainly constrained by the ability of the EGR stream to fully

evaporate the spray of injected water.

Table 2: Flow test rig - operating range

EGR Temperature! 40-180 °C
EGR flow 10-50 kg/h
Specific Humidity 0-65 g/kg
Coolant temperature | -15-60 °C
Local air conditioning | -15-60 °C

I Temperature at the pos. 8 of the test rig.
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2.2. Operating conditions

As it is mentioned in the introduction, the purpose of the work performed
is to assess the impact of the condensation generation during the warm-up,
considering the WLTC cycle as a reference to obtain the boundary conditions.

Figure 4 shows the specific humidity during the first 10 minutes of a
WLTC cycle comparing with the EGR mass flow rate that is being intro-
duced on a diesel engine for a C-segment passenger car (1.6 L) and the speed
of the WLTC cycle. The specific humidity is calculated with the Air-Fuel
ratio knowing surrogate CsH5. Knowing these values and considering the
operating range capabilities of the test rig showed in the Table 2, a test matrix
is able to be defined in a way that covers a wide range of common operat-
ing conditions for a low and medium loads, being specified in Table 2.2. In
Section 3, the proposed test matrix will be processed to assess the produced
condensation. Only the initial stage of a WLTC cycle was analyzed since
the coolant temperature being under the dew point. For the current test, a
specific humidity of 46 g/kg is selected as a characteristic and conservative
value (dashed black line at Fig. 4).

Concerning the initial coolant temperature, three values are selected: -10,
-2.5 and 5 °C (Table 2.2). Figure 5 shows the coolant temperature evolu-
tion of the warm-up tests with a 5kW heater, compared with the coolant
temperature evolution of a WLTC cycle. The test with the coldest initial
temperature ( -10 °C) takes near 10 minutes to reach the dew temperature
(= 40 °C) like in the engine WLTC cycle. Condensation in the LP-EGR
cooler is only produced during this period.

Taking into account the results observed at Fig. 4, three different mass
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Figure 4: The evolution in time during the WLTC cycle of the specific humidity vs EGR

mass flow rate compared with speed.
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Figure 5: Different coolant temperature evolution during the WLTC cycle using a 5 kW

heater compared with an engine coolant evolution.

flow rates are selected: 10, 20 and 40 kg/h (Table 2.2). A higher value than
the one shown in Fig.4 (40 kg/h) has been selected considering a future in-
crease of EGR rate, to be able to anticipate futures tightening of the emission
requirements.

Finally, in order to cover different EGR temperatures at the inlet of the
LP-EGR cooler, four different values are selected (Table 2.2): 45, 70, 90 and
150 °C. These EGR temperature values have been measured during the tests

(Position 7 in Fig. 1).
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Table 3: Operating points

EGR Temperature! 45, 70, 90 and 150 °C
EGR flow 10, 20 and 40 kg/h
Specific Humidity 46 g/kg

Initial coolant temperature | -10, -2.5 and 5 °C

Initial local air conditioning | -10, -2.5 and 5 °C

I Temperature at the pos. 8 of the test rig.

2.3. Condensation model in LP-EGR cooler

The simple condensation model proposed in this work does not take into
account the local wall temperature in the LP-EGR cooler, the cooler capacity
to retain water inside, which delays condensation appearance at the cooler
outlet, the partial evaporation and the possible icing generation.

Condensation in the LP-EGR cooler is an undesired phenomenon. Water
droplets appear whenever the local gas temperature is below dew tempera-
ture. If these droplets are dragged by the EGR flow, the compressor impeller
may be damaged [38]. Condensation depends on the gas temperature at the
cooler outlet, the heat exchange across the cooler and the dew point of the
LP-EGR flow. More in detail, the dew temperature depends on the spe-
cific humidity and, to a lesser degree, the gas pressure. In Eq. 3, Serrano et
al. [38] defined a correlation of the dew temperature with the RH and the

temperature.

RH
Thew = \g/m-(112+O.9-T)+(0.1-T)—112 (3)

Figure 6 shows the moisture air psychometric diagram, in which the inlet
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Figure 6: Psychrometric diagram with the ideal evolution between points a to c.

and outlet conditions for a given point (Tje:=45 °C, Tpu=-10 °C, wjniet=46
g/kg) have been represented. Point (a) is cooled down until saturated condi-
tions (b). Then, cooling continues and the point follows the curve RH=100%
defined by Eqs. 4, 5, 6 until it achieves the outlet temperature (c).

Pgas

Poap = MW (4)

1+1000———2¢

- Wy - MWdryair

1435.264
4.6543—
Dons = 10 Tyas + 273.15 — 64.848 (5)
RH =22 100 (6)
psat

The model only considers the cooler outlet temperature of each time step
for the water condensation prediction. The estimation of the humidity that

has condensed (Eq. 7) at each time step (same as sampling time), being w;
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the saturation specific humidity at each time step, is given by:

wcond(t> — (7)
wpaRr(t)
14 e
mcond = Weond * mdrya" (8)
Ttest
mcond(warm - up//test) = / mcond . dt (9)
0

The Equations 8 and 9 are used to calculate the accumulation of con-
densed water since the beginning of the test. As aforementioned, the wall
temperature in the LP-EGR cooler which could be locally below the gas out-
let temperature, is not taken into account due to the 0D approximation. The
cooler capacity to retain water inside is not considered due to the geometrical
complexity of each specific design, then neglecting the delays produced by
the soak capacity of the cooler that presents some of the condensates to come
out of the cooler. Other phase change phenomena are not considered either,

such as evaporation and icing.

3. Results and discussion

The results are divided into three subsections. The first subsection (3.1)
shows the pressure and temperature evolution during the beginning of the
test. In the second subsection (3.2), the condensation rate produced during
the warm-up test is compared with the model results developed in section 2.3.
Finally, the last subsection (3.3) presents the total amount of condensates
for the proposed test matrix and the time in which the test takes to finish

the production of condensates.
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3.1. Pressure and Temperature evolution

In order to evaluate the changes in the boundary conditions due to the
start of the test and related with the methodology employed, a test is carried
out and the evolution of pressure and temperature are assessed. Figure 7a
shows the pressure evolution before and after the starting of the test; when
the test starts, the pressure downstream the orifice rises due to the higher
pressure drop that causes the LP-EGR cooler compared to the external by-
pass valve is activated. Consequently, and following the nozzle equation
(Eq.10), Figure 7b shows a reduction in the theoretical mass flow rate close
to the 2 % for the cases with the higher amount of MFR, which agrees with
a value of Cp ~ 1 in Eq.10 for the calibrated orifice as was obtained by a

3D-CFD simulation.
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Figure 7: Evolution of pressure and MFR in the the flow test rig for ¢ < 0 and ¢ > 0.

The temperature evolution for the working point with an initial coolant

temperature of -10 °C, mass flow rate of 20 kg/h and EGR temperature of 70

16



°C is shown in the Fig. 8. The evolution temperature is represented in two
instants: at t < 0 and at time t4.,, when the cooler outlet exceeds the dew
temperature (Eq. 11). The EGR mass flow temperature is being considered
as the position 8 in the test rig (see Fig. 1) in order to procedure with the

setup of the installation previously on the test.

T11(t = taew) = Taewn0;  Taew10 = Thew10(Winit, Pi1) (11)

___________

Temperature [°C]

= = EGR temp. at (8)
= = Coolant temp. at tgew
Initial-Coolant temp.

7-Precooler Outlet  8-Bypass 9-Box Inlet 10-Cooler Inlet 11-Cooler Outlet
Distance

Figure 8: Temperature evolution at different points of the test rig for ¢t < 0 and ¢ > 0 at
Teooi=-10 °C =20 kg/h and Trgr = 70 °C.

Notice that the test starts with (710 = 711 = Ttoolinit) and, after that, the
temperatures 9 (Box inlet), 10 (Cooler inlet) and 11 (Cooler outlet) begin to
increase (Fig. 8). Looking at the difference between cooler inlet and outlet

temperature, the time-dependent EGR cooler efficiency can be calculated.

3.2. Condensation rate

Some comparisons of the condensation rate produced during the warm-up
tests with the estimation of the model developed in section 2.3 are shown in
Figures 9, 10 and 11. In order to process the measurements obtained by the

weighing scale, one has to take into account the extra weight measured due

17



to the discharge flow momentum (see Appendix A.2). Moreover, a partial
derivative of the measured condensation weight trace is performed to obtain

the condensation rate and a running mean average is used.
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Figure 9: Condensation rate evolution during time for m=20 kg/h, T.pn=5 °C and mod-

ifying TEGR~

In first place, Fig. 9 shows the tests with different EGR temperature at
a mass flow rate of 20 kg/h and at an initial coolant temperature of 5 °C.
As can be seen, three noticeable stages are outstanding in the figure. On
one hand, the first stage (Stage I) where the condensates starts and where
the difference between the test and the model prediction is maximum. In
the second stage (Stage II), the measured and modeled condensation rate are
similar, decreasing due to the increasing coolant temperature, and ends when
the theoretical condensation stops (tge, from Eq. 11). On the other hand,
the third stage (Stage III) ends when the actual condensation is stopped.

Compared with the previous figure, Fig. 10 shows the tests with a mass
flow rate of 20 kg/h and a coolant temperature of -10 °C. The most notice-
able difference in Stage I is the possibility of distinguish two parts. Stage Ia

considers the period until the condensation is detected at the cooler outlet.
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Figure 10: Condensation rate evolution during time for =20 kg/h, T.,,;=-10 °C and

modifying Tpgr.

Then, in the Stage Ib some condensation rate peaks appear caused by the
formation of ice inside the cooler during the first minutes of the test (tem-
peratures below 0 °C) followed by its melting and a sudden release through

the cooler outlet to the weighing scale.

30

Ia Ib ! —= Test  Teou=-10°C, Model
25 : Test :Tmol=-2.59¢ Model
—:— Test  Teoor=5°C ! Model

I ;I

Condensation rate [g/min]

Time [min]

Figure 11: Condensation rate evolution during time for =20 kg/h, Tpgr=150 °C and

modifying Tepor-

Finally, Fig. 11 shows, for the same mass flow rate (m=20 kg/h) and
EGR temperature (Trgr=150 °C), some tests modifying the initial coolant

temperature (T,o,) between values of -10 to 5 °C. As can be seen, when com-
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paring with the previous figures, the difference appears between the length of
the Stages II and III. For each test, the time t4.,, in which the cooler outlet
exceeds the dew temperature is different because of the initial coolant tem-
perature of each test. Thus, Stage II increases its length with the reduction

of Tcool .

3.3. Accumulated condensation map

The accumulated condensates produced during the warm-up approxima-
tions for the cases of 20 kg/h are presented in Figs. 12 and 13, which
represent the experimental results and the predictions of the model, respec-

tively.

EGR Temperature [°C]
Co?lde;‘sat:s [mL]

¢
-10 -8 -6 -4 -2 0 2 4
Inital Coolant Temperature [°C]

Figure 12: Final condensates at 20 kg/h, experimentally measured.

Starting with the experimental results, Fig. 12 shows the accumulated
condensates depending on the EGR temperature (position 8 in Fig. 1) (for
t < 0) and the initial coolant temperature. As aforementioned, the key pa-
rameter that controls the generated condensation is the coolant temperature,
which produces higher condensates as it decreases. In fact, due to the high
efficiency of the LP-EGR cooler, the impact of the EGR temperature is quite

low, as can be seen in the figure.

20



EGR Temperature [°C]
Condensates [mL]

-10 -8 -6 -4 -2 0 2 4
Initial Coolant Temperature [°C]

Figure 13: Final condensates at 20 kg/h obtained by the model.

Concerning the model prediction, Fig. 13 shows a result analogous to
the previous figure but with an overprediction of the condensates of around
20-40 %. The trends found in the experimental figure are captured by the
model. As exposed in Section 2.3, the model only considers the cooler outlet
temperature of each time step for the water condensation prediction. Thus,
differences appear due to the simplified thermal modelling of the cooler which
implies an underestimation of the condensates due to neglecting some phe-
nomena such as the presence of cold spots inside the cooler below dew con-
ditions.

Regarding ¢4, in which the production of condensates stops, as it is men-
tioned in Eq. 11, notable differences are observed between mass flow rates,
coolant temperatures and EGR temperatures. In Fig. 14, the time until the
condensation stops is shown for all mass flow rates and initial coolant tem-
perature at a EGR temperature of 90 °C. There are not significant differences
between EGR temperatures, but discrepancies appear between different ini-
tial coolant temperatures and, in a smaller scale, between mass flow rates.

The greater the reduction on the initial coolant temperature, the longer the

21



tgew[min]
-

2 @ Teoo=-10°C Tegr=90°C
Teoor=-2.52C Tegr=90°C
B Tcoo=5°C Tegr=90°C

0

10 40

25
Mass Flow Rate [kg/h]

Figure 14: Time to finish the condensates compared with the mass flow rates for a Trar

= 90 °C and different coolant temperatures.

time to finish the condensation produced in the LP-EGR cooler. Comparing
by mass flow rates, some differences appear due to the aforementioned effect
of the cooler efficiency, with a higher amount of MFR, and an increase of

thermal load occurs, being able to reduce the t4.,,.

4. Conclusions

The effects of low ambient temperature on condensation formation inside
the LP-EGR cooler are analysed in this work, thanks to the experimental
setup proposed for this task. Experimental tests were carried out on simu-
lating the warm-up transient evolution of a WLTC cycle in a flow test rig.

Regarding the condensation produced, different behaviors were observed.
On the one hand, the coolant temperature takes the key role in the con-
densation production, a lower initial coolant temperature produces a higher
condensation rate and accumulated water at the end of the test. On the
other hand, the gas inlet temperature and the MFR gas have a noticeable

but lower influence on the condensation production due to the modification
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of the cooler efficiency, i.e., as the MFR increases, a non-ideal cooler is not
able to cool down the gas until the coolant temperature, thus reducing the
condensed water. Moreover, a relevant tendency appears in the cases of a
coolant temperature of -10 °C. Ice forms inside the cooler at the beginning
of the warm-up and is later rapidly melted and expelled through the outlet.

Concerning the condensation model presented in this article, the pre-
dicted results are consistent with the experimental tests, except at the very
beginning of the test. This error is produced due to not considering the local
wall temperature in the LP-EGR cooler, the cooler capacity to retain water
inside, the partial evaporation and the icing produced in the cases of coolant
temperature below 0 °C.

Finally, regarding the time until the condensation stops (Zgey ), a strongly
dependence of the coolant temperature has been found as well. The inlet gas
temperature and the mass flow rate, which lower the efficiency as they rise,
also reduce the time to stop the condensation.

The experimental setup has some limitations regarding the maximum gas
mass flow rate and water injection rate that can be achieved. Nevertheless,
the requirements for simulating a C-segment passenger car diesel engine are
covered. In order to simulate heavy duty engine conditions, an upgrade
should be applied to the test rig including more water injectors.

Future works on this topic are addressed to develop an advanced conden-
sation model with a higher accuracy. A proper model should consider local

wall temperature distribution and partial evaporation.
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Appendix A.

Appendiz A.1. Humid air vs exhaust gas usage

A calculation has been made in order to assess the impact of using clean

air in the test rig instead of engine exhaust gases on the condensation pro-

duced. Equation 4 is used to calculate the vapor partial pressure in which

the molecular weight (MW) of the dry gas is considered. The MW of dry air

31


http://dx.doi.org/10.1016/j.applthermaleng.2011.04.013
http://dx.doi.org/10.1016/j.applthermaleng.2011.04.013
http://dx.doi.org/10.1177/1468087419868026
http://dx.doi.org/10.1016/j.buildenv.2016.02.010
http://dx.doi.org/10.4271/2015-24-2521
http://dx.doi.org/10.4271/2015-24-2521

is around 28.96 g/mol, whereas that of diesel engine dry exhaust gas consid-
ering a surrogate CgHys is around 30.46 g/mol. Then, Eq. 5 provides the
partial saturation pressure correlation (Antoine equation) of saturated water
vapor, which only depends on the temperature of the gas. So, the relation
of the RH (Eq. 6) between both gases is connected through a proportional
constant as can be seen in Eq. A.1. The error of using this consideration has
been assessed using the developed condensation model, resulting in a devia-
tion between 1-4% in terms of accumulated water at the end of the warm-up
tests for the selected test matrix, which is in the order of magnitude of the

measurement uncertainties.

RHair - 09543 . RHExh (Al)

Appendiz A.2. Weighing correction

During the condensation measurements, the cooler outlet discharges over
the weighing scale (Fig. 3), increasing the weight measured due to the impact
of the flow momentum in accordance with Eq. A.2.

1

FZE-CD-p-A-u2 (A.2)

Figure A.15 shows the accumulated condensates as measured (solid line).
Notice how the effect of the momentum is observed as a sudden step as the
initial flow discharges into the scale and an opposite effect at the end of
the discharge (it < t < teng). This phenomenon significantly distorts the
condensation measurement, because the impact of the discharge flow on the

scale is time-dependent, as cp from Eq. A.2 changes with the height of the
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condensed column. Equation A.3 shows a linear correction used to subtract

the overestimated weight produced by this force. Figure A.15 depicts how

this postprocess corrects this spurious additional weight.

Mend — Min;
Meorr. (t) - mmeas.(t) - (minit + —end it (t - tmzt)) y
tim’t - tend

tinit S t S tend (A3>

Condensates [mL]

== Test w/out postprocessing
== = Test with postprocessing

8 10 12 14 16
Time [min]

Figure A.15: condensates w/out vs with postprocessing.
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Sub- and Superscripts
0 stagnation operating point

1,2,3... position in the test rig

a,dis.  condensate after the discharge
air air flow

amb. ambient conditions

b,dis.  condensate before the discharge
air air flow

cond condensates

cool coolant conditions

corr. condensates corrected

dew dew point

dryair  dry air flow

EGR egr flow

end end value of the test
Exh. Engine exhaust gas
gas gaseous flow

H,O liquid water

7 data for each time step

it initial value of the test
inlet inlet flow

m mass

meas.  condensates measured

out outlet flow

sat saturation

theo theoretical conditions

vap water vapor 34

water liquid water



List of abbreviations

EGR Exhaust gas recirculation
ICE Internal combustion engine
LP-EGR Low-pressure EGR
HP-EGR High-pressure EGR

MFR Mass flow rate

NOx Nitrogen oxides
PWM Pulse-width modulation
RH Relative humidity

WLTC Worldwide harmonized light vehicles test cycle
WLTP Worldwide harmonized light vehicles test procedure
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