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Analysis of condensation and secondary flows at three-way junctions using optical
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Abstract

Three-way junctions are employed in almost all piping systems, whenever two streams need to be merged into one duct. In

some applications, the mixing between streams plays an important role for determining the performance of downstream elements.

The situation is particularly interesting for low pressure Exhaust Gas Recirculation (EGR) junctions featured in piston engines,

where warm humid exhaust gases meet cold fresh air, since the mixing of both streams can produce water condensation. This con-

densation deteriorates the integrity and performance of the adjacent compressor wheel. This work explores the aforementioned flow

configuration in a three-way junction by means of a novel gas test bench that allows the characterization of the transversal section

at the junction outlet, and 3D Computer Fluid Dynamics (CFD) simulations embedded with a previously-developed condensation

model. Two optical techniques are employed: laser particle image velocimetry, which is used to characterize the cross-section sec-

ondary flows, and planar laser-induced visualization, which is employed for the first time to obtain the condensation pattern. The

experimental measurements are conducted at two different working points and for two different three-way junction designs, being

in agreement with 3D CFD simulations. Particularly, the overall luminosity captured in the experiments presents the same trends

than the numerical condensed mass fraction. This innovative validation proves that a CFD model employing a psychrometric-based

condensation submodel can be used as a tool to quantify the condensation produced in a three-way junction. The proposed tools

are shown to be helpful for the development of advanced LP-EGR systems to reduce NOX , CO2 and particulate matter emissions

during engine warm-ups.
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1. Introduction

Many industrial applications involve mixing processes, ei-

ther between streams of different species or single-species flows

but with different thermodynamic properties. Examples include

power plants, in which hot and cold water is combined [1, 2],

the mixture of different fluids in chemical processes or the dif-5

ferent connections in internal combustion engines piping sys-
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tems. This study aims at investigating the mixing of streams

of humid air with different psychrometric conditions happening

in a three-way junction. Given the broad scope of these pro-

cesses, the boundary conditions have been particularized to that 10

of Low-Pressure Exhaust Gas Recirculation (LP-EGR) junc-

tions belonging to piston engines, in which EGR is mixed with

fresh air.

Exhaust gas recirculation is a passive technique to reduce

emissions that consists in reintroducing a fraction of the ex- 15

haust gases back into the engine cylinders. By doing this, the

release of combustion energy is distributed into a higher amount
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of gas, which reduces the maximum in-cylinder temperatures

and therefore decreases NOx emissions [3]. For turbocharged

engines, there are two main paths to reintroduce the EGR into20

the fresh air line (see Fig. 1): either taking the exhaust gases

before the turbine to send them after the compressor or extract-

ing the exhaust gases downstream the aftertreatment to reintro-

duce them before the compressor. The former is know as high-

pressure EGR (HP-EGR) and the latter is called LP-EGR, since25

EGR is conducted in the high-pressure or low-pressure side of

the engine, respectively.

Figure 1: Layout of a turbocharged four cylinder internal combustion engine,

featuring different EGR routes.

HP-EGR is well established in current automotive engines,

but manufacturers are lately placing LP-EGR in the spotlight,

due to its benefits when compared to HP-EGR. For instance,30

LP-EGR conducts the mixing between the exhaust gases and

fresh air far upstream from the cylinders, which overcomes the

issues of uneven EGR cylinder-to-cylinder distributions of HP-

EGR [4, 5]. Furthermore, LP-EGR does not detract energy

from the turbocharger as HP-EGR does, and allows using higher35

EGR rates than HP-EGR, which increases its benefits on emis-

sions.

Unfortunately, a drawback appears when using EGR dur-

ing the engine warm-up or at cold ambient conditions [6], since

the water vapor of the exhaust gas may condense at the EGR40

cooler [7] and in the mixing region between fresh air and EGR

stream [8]. This condensation may happen at HP-EGR [9] and

LP-EGR alike [10], but it is especially harmful in the latter,

since EGR is reintroduced before the compressor. In this way,

the condensates may reach the compressor impeller (which is 45

spinning at high speeds) in the form of droplets, damaging the

blades [11]. Serrano et al. [12] performed an experimental

study of the erosion of the impeller caused by the condensation

produced on the LP-EGR system. This impact may produce, if

prolonged over time, an important damage on the leading edges 50

of the compressor which worsens its efficiency and poses a limit

to its durability.

To study in-flow condensation problems, Serrano et al. [13]

developed and verified a psychrometric-based model to calcu-

late the water condensed at each cell of a 3D Computer Fluid 55

Dynamics (CFD) case. Galindo et al. [14] shown that this model

provided condensation mass flow rates that correlated well with

compressor damage, by observing the eroded state of several

impellers after 50-hour durability tests. Even though the model

has been validated for assessing the risk of compressor wear 60

depending on the operating conditions, the ability of such con-

densation model to predict accurate condensation distributions

due to the mix of humid streams in junctions has not been as-

sessed yet. Indeed, changes in the EGR rate or the junction

design entail a modification in the cross section distribution of 65

condensed water [15], which determines the compressor dam-

age as it dictates the kinetic energy of the droplets impacting

on the impeller blades, together with the compressor rotating

speed.

Literature about flow phenomena in three-way junctions is 70

extensive, particularly for 90◦ T-junctions [16, 17, 18]. Zhou

et al. and Evrim et al. studied the thermal mixing in a T-

junction [19, 20, 21] showing a range of experimental tech-

niques to characterize such mixing, whereas Georgiou and Pa-

palexandris [22] studied the same problem with CFD. In the 75

framework of air and EGR mixing, Reihani et al. [23] exper-

imentally characterized its impact on compressor performance

and Sakowitz et al. [24] numerically analyzed the existing tur-

bulent flow mechanisms. Unfortunately, none of them have

studied the condensation phenomena in three-way junctions. 80

In this work, a novel flow test rig able to assess conden-
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sation in three way junctions is developed, which provides hot

humid air to one junction inlet and cold air to the other. Pla-

nar laser-induced visualization, which is used in the scope of

multiphase problems in other works [25], is employed for the85

first time in this paper (to the authors’ knowledge) to experi-

mentally characterize condensation patterns in three-way junc-

tion. Besides, laser particle image velocimetry (PIV) measure-

ments [26, 27] are also conducted to obtain secondary flows at

the junction outlet cross-section. Notice that direct measure-90

ments of mixing condensation, that could be performed using

separators to collect liquid water as presented by Chen et al.

[28], are not valid for the studied problem as the technique

will affect the flow mixing and thus the generated condensa-

tion. Concerning the numerical simulations, the commercial95

code STAR-CCM+ [29] is used to conduct the CFD campaign,

featuring the previously mentioned condensation model [13].

The objective of this work is therefore to assess the sensitivity

of condensation to changes in junction geometry and working

conditions, both experimentally and numerically.100

The experimental test bench is explained in Section 2, to-

gether with the different techniques used to characterize the

flow distribution and condensation at the junction outlet. Next,

the numerical configuration is presented in section 3. The re-

sults are shown and discussed in Section 4, comparing 3D-CFD105

simulations with PIV measurements and planar laser-induced

images. An example of the potential of the proposed multi-

phase 3D CFD configuration for improving LP-EGR systems

is provided in Section 5. Finally, the conclusions obtained are

exposed in Section 6.110

2. Experimental apparatus

This work presents an experimental campaign conducted in

a continuous flow test rig. The test bench is equipped with op-

tical accesses in order to use PIV and planar laser-induced vi-

sualization at the outlet cross section of the geometry. In this115

section, the test facility and the employed visualization tech-

niques are described.

2.1. Condensation test bench

In order to assess the condensation produced in LP-EGR

junctions (as the one framed in Fig. 1), a novel test bench 120

has been developed, which provides hot humid air through one

branch (representing EGR) and conditioned air through the other

(to simulate ambient intake from cold climates). The pair of in-

lets of the three-way junction are fed by their corresponding

branch, while the outlet directly blows into the test rig (free 125

discharge configuration). A free discharge is more convenient

for the sake of outlet visualization, and section 3.1 will show

that the impact of removing the outlet duct is small. For LP-

EGR applications, a compressor would be installed in that out-

let duct. However, Galindo et al. [15] concluded that the pres- 130

ence of the compressor has a low influence on the formation

of condensation; the error being 4% or lower for representative

LP-EGR boundary conditions.

Figure 2: Layout of the condensation test bench

Figure 2 depicts the layout of the test rig employed. The

objective of the test rig is to provide the three-way junction ge- 135

ometry with hot humid flow (station 7) and cold flow (station

8). Regarding the hot humid flow stream (EGR), the method

proposed by Galindo et al. [30] is followed. In this way, at the

core of the rig (between stations 1 and 3), there is a volumet-

ric screw compressor (Atlas Copco ZE 3C-300-5E VSD) that 140

supplies compressed air and five heaters (9kW each) that in-

crease the flow temperature up to 400◦C for the sake of enhanc-

ing subsequent injected water evaporation. A counter-pressure

valve controls the mass flow rate (MFR) that goes through the
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Table 1: Instrumentation range and accuracy1

Sensor Variable Range Accuracy [%]

K-type thermocouples Temperature -260 – 1260 ◦C 1

Pressure sensor Pressure 0 – 6 bar 0.3

Flow meter Air mass flow 0 – 720 kg/h 1

Weighing scale Water injected mass 0 – 20 kg 0.1

1 According to datasheets

three-way junction EGR inlet. A calibrated orifice (located be-145

tween stations 4 and 5) was used to set the desired MFR in

the EGR line, by previously determining the relation between

orifice pressure drop and the MFR. To simulate humid LP-EGR

flow conditions, water is injected between stations 5 and 6 to in-

crease the specific humidity up to the desire value with a Bosch150

AdBlue dosing module denoxtronic 2.1 injector controlled by

an Arduino board, able to inject a maximum of 3 l/h. Full evap-

oration is guaranteed by the aforementioned high flow temper-

ature and 3 meters of pipe downstream the injection. Once the

water is evaporated, the flow temperature is reduced in the LP-155

EGR cooler down to the target value at station 7, being higher

than the dew point. To make sure that no water exists at the

LP-EGR cooler outlet, a transparent duct is installed there (see

Fig. 2). To produce the stream of cold air, air is cooled and

dried in a climatic chamber. Then, using a blower, it is pushed160

through the cold branch to be mixed with the humid stream in

the LP-EGR junction (stations 7-9).

The operating range and accuracy of the instrumentation

used to establish the working point is shown in Table 1. K-type

thermocouples are used for measuring temperature in the test165

rig. Piezoresistive pressure sensors are mounted along the dif-

ferent ducts. Both temperature and pressure measurements are

obtained at all stations (1-9) in Fig. 2. A flow meter is installed

in the cold flow branch downstream of the blower, together with

a frequency controller to set the desired air mass flow rate. A170

weighing scale was employed in the test rig to double-check the

water injection rate. An acquisition frequency of 2 Hz was used

on every sensor.

2.2. Laser PIV measurements

In this work a PIV campaign is conducted to character- 175

ize the flow distribution in a cross-section just downstream the

junction discharge. Fig. 3 shows a schematic representation of

the laser PIV system. In this study, a standard 2D PIV system

by TSI has been selected to measure 2D instantaneous velocity

fields following the validated methodology presented by Torre- 180

grosa et al. [31] and Pastor et al. [32]. This involves a 15 Hz

flashlamp pumped Nd:YAG laser with 135 mJ/pulse at 532 nm.

A redirecting optical system with a set of lenses and mirrors is

used to set the measurement plane a 4 megapixel, 12-bit strad-

dle CCD camera (PowerView Plus 4MP) and a synchronization 185

device is used to capture the images. Tests were carried out with

both fresh air and EGR inlets seeded with particles to allow the

processing of the velocimetry. For this purpose, oil droplets of

1 µm of diameter are supplied to the flow using an atomizer. A

commercial synthetic oil based on liquid paraffin and isopropyl 190

palmitate is employed, in accordance with the work of Torre-

grosa et al. [31].

Images were processed with the software TSI Insight 3G in

order to obtain the components of the velocity vectors and the

in-plane velocity modules. The software is configured to obtain 195

the maximum available spatial resolution of velocity vectors.

Additional custom routines are developed in Python to crop the

outlet section of the raw snapshot (Fig.4a) and for represent-

ing velocity vectors and contours previously calculated by the

software TSI Insight 3G. 200

Figure 4a depicts a raw cross section snapshot, detailing the

available region of interest (ROI) of the cross section where the
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Figure 3: Schematic representation of the employed laser PIV apparatus.

velocity is calculated (shown in Fig. 8). Figure 4b shows an

example of the postprocessing performed in the measurement

plane.205

(a) Raw snapshot. (b) Postprocessed velocity field.

Figure 4: Example of laser PIV process to measure velocity field at the three-

way junction outlet.

The magnification of the images was 860 pixel/mm, whereas

the visualization resolution and the size of the cross correlation

were set to 16x16 pixels so as to prevent an excessive interpola-

tion during data processing. The time elapsed between the two

laser shots was established as 15 µs, since it provided the flow210

velocity field in the greatest detail. This is the maximum time

difference with which the particles at the two snapshots are con-

fined within the laser sheet. Velocity vector field is averaged by

considering 200 images for each case, which extend over a time

period of 3 ms. If the uncertainty of time-averaged in-plane ve-215

locity [33] is spatially averaged for the cross section of inter-

est and normalized with the mean in-plane velocity (temporally

and spatially averaged) in accordance with Eq. 1, normalized

uncertainties Ũu between 10% and 11% are obtained for the

cases considered in Section 4.3. 220

Ũu(%) =
σ̂u/
√

N

û
100 (1)

2.3. Planar laser-induced visualization

Considering the impossibility of providing an accurate quan-

titative measurement of the liquid phase distribution in a foggy

environment, the condensation pattern is assessed by means of

planar laser-induced visualization in this work. Given the diffi- 225

culty of quantifying the uncertainty of liquid sprays visualiza-

tion [34], the main objective is therefore to characterize experi-

mentally the locus at which condensation is produced. To allow

a proper comparison of the qualitative changes in condensation

distribution, the same luminosity conditions have been kept for 230

all cases. In any case, the differences in the local amount of con-

densed water should produce a corresponding variation in the

luminosity distribution. This effect will be used in Section 4.4

in order to compare the condensates predicted by CFD simu-

lations with the laser-induced visualization of the condensation 235

pattern.

Figure 5: Schematic representation of the employed planar laser-induced visu-

alization apparatus.

The layout for the laser-induced visualization (Fig. 5) may

seem similar to that of the PIV measurements depicted by Fig.3,

but the laser and camera are different. The measurements con-

ducted with the planar laser-induced visualization involve a 3 240
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kW laser with a wavelength of 532 nm (MGL-N-532B 3kW)

provided by a power supply (PSU-H-LED) and a plano-concave

lens for the laser beam expansion to cover the diameter of the

circular outlet section with around 1 mm thickness at the mea-

surement section. A 24 megapixel, DSLR camera (Nikon D3400)245

and a redirecting mirror to protect the equipment from the con-

densed water are used to take the pictures. A long exposition of

3 seconds is employed to average the temporal fluctuations of

the condensation pattern.

(a) Luminosity distribution for a homogeneous cloud of dopant.

(b) Luminosity profile reduction in the direction of horizontal lines 3 to 2 (blue line)

and 2 to 1 (red line) of Fig. 6a.

Due to the plano-concave lens, a correction of the measured250

luminosity data is required. Figure 2.3 shows a picture of the

measured luminosity for a still ambient with a cloud of droplets

of 1 µm diameter obtained by means of an oil atomizer. An

ideal laser beam would produce a homogeneous sheet in these

conditions. However, Fig. 6a presents a luminosity loss due to 255

the beam expansion, quantified at two lines in Fig. 6b. There-

fore, the uneven distribution shown in Fig. 6a is characterized

and employed to correct the raw pictures that will be obtained

in the experimental campaign discussed in section 4.1. The

correction procedure is done by virtue of equations 2 and 3, 260

in accordance with the works of Pastor et al. [35] and Charo-

gianni [36]:

fL(i) =
Lmax

Li
(2)

Lcorr(i) = fL(i)Lraw(i) (3)

Figure 7 shows, at the top left side, a sample of raw data ex-

tracted directly from the tests, together with the reference laser

sheet characterization (bottom left) within the region of interest 265

(ROI). The two pictures are then processed to depict the mea-

sured luminosity. The laser sheet reference luminosity (bottom

center) is employed to calculate the distribution of the correc-

tion factor (Eqn. 2), by dividing the maximum luminosity of the

reference sheet by the luminosity of each pixel of the reference 270

sheet. Finally, the luminosity of the considered test (top cen-

ter) is corrected by means of equation 3 to obtain the processed

image on the right side of Fig. 7.

ROI

ROI
Reference sheet

RAWT-joint

Condensation

Corrected data

RAW

Reference sheet

Applying
Eq. 1

Figure 7: Method to correct the raw data measured with the planar laser-induced

visualization.
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3. Numerical configuration

3.1. Geometry and mesh275

As aforementioned, the element studied in this work is a

three-way junction, such as the one shown in Fig. 8. In particu-

lar, the junction has two entries, one for the cold fresh air (inlet)

and one for the humid and warm flow (EGR). The lengths of the

inlet and the EGR lines in the numerical domain are extended280

three additional diameters upstream from the actual junction en-

tries (see Fig. 12). These extrusions are employed to limit the

impact of the boundary conditions in the region of interest. A

sensitivity study about extruded ducts at both inlets was per-

formed. When no extrusions are employed, the condensation285

mass flow rate at the studied cross section changes by 5%, com-

paring with the baseline case with three-diameter extrusions. If

the extrusions are doubled in length, a difference of only 0.7%

appears. Balancing computational cost and impact of boundary

location on the solution, the extrusions of three diameters are290

therefore selected.

Figure 8: Geometry of the LP-EGR junction in the CFD model.

Notice how the compressor that should be in the outlet duct

of a LP-EGR junction system is not considered neither in the

measurements nor in the simulations, for the reasons discussed

in section 2.1. In the experiments (see Fig. 2), the three-way295

junction discharges directly into the test rig, whereas the CFD

domain features a five-diameter duct downstream the original

outlet cross-section (see Fig. 8), again for limiting the impact

of boundary location in the region of interest.

To assess the impact of neglecting the actual experimental 300

configuration in terms of outlet discharge, a more representative

domain is considered in Fig. 9b. In this case, there is free flow

discharge from the junction outlet into a cylindrical volume of

5 outlet diameters. The difference in condensation between the

free-discharge domain (Fig. 9b) and the extruded-duct configu- 305

ration 9a at the reference cross section is below 3%, considering

that the target surface is 2 mm away from the duct outlet, since

there is where visualization techniques are conducted. This dif-

ference in condensation is due to the expansion of the discharge

stream after being released from the duct over these 2 mm. Fig- 310

ure 10 shows a comparison between the lower part of the target

cross section with both domains. For the free-discharge do-

main (bottom side of Fig. 10), a small fraction of condensa-

tion region exists outside the target surface (depicted as a white

line), which accounts for this missing 3% of condensation com- 315

pared to the extruded-outlet domain (top side of Fig. 10) with

the same cross-section area. Since the computational effort of

the case representing the free discharge was 2 times higher than

that of the extruded outlet duct, it was decided to proceed with

the latter for the rest of the work. 320

(a) Extruded-outlet domain. (b) Free-discharge domain.

Figure 9: Comparison between the domains simulated, (a) the selected domain

with the extruded outlet and (b) the free-discharge domain

The meshing strategy corresponds to the approach proposed

by Galindo et al. [15]. The meshed domain is depicted in

Fig. 11. A polyhedral grid is employed for the region of in-

terest. A structured mesh is generated in the extruded regions

of both inlet and EGR lines. Prism layers are created on the 325
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Figure 10: Contours of condensed mass fraction at the bottom part of target

cross-section with same area for (a) the extruded outlet domain and (b) the

free-discharged domain.

walls, which improve the flow resolution on the velocity bound-

ary layer.

A grid independence study is conducted with three meshes

of different number of cells: 300 thousand, 3 million and 11

million cells. A representative parameter of the physical prob-330

lem considered in this work was selected to address the mesh

independence study, i.e., the mass flow rate of condensed wa-

ter going through the target cross section, corresponding to the

compressor inducer. While the refinement from 300k to 3M

cells entailed a difference of 13% in the prediction of conden-335

sates at the T-junction 12b, a subsequent increase of mesh den-

sity modified the condensation mass flow rate only by 1%. Then,

the 3 million cell mesh was selected for conducting the rest of

the work. The employed grid features a base size of 0.6 mm,

with 99% of its wall cells presenting a y+ value below 1.340

3.2. Setup and boundary conditions

The numerical configuration of the simulations is set up fol-

lowing in accordance with the work of Galindo et al. [14, 15].

The segregated solver is selected in the 3D-CFD Finite Volume

Method code STAR-CCM+ [29], employing second-order up-345

wind schemes for the discretization of convective terms. Even

though the maximum Mach number does not go above 0.2 for

Figure 11: Longitudinal cross section of the 11 million cells mesh for LP-EGR

junction. The extruded ducts are not shown entirely.

the considered simulations, the flow is not regarded as incom-

pressible and the ideal gas equation of state is employed for air

and vapor water. 350

For modeling turbulence (which is required as Reynolds

numbers based on inlet and EGR diameters range between 18 ·

103 and 51 · 103), RANS and unsteady RANS (URANS) ap-

proaches were used, both employing the k-ω SST submodel

[37]. Steady RANS simulations have been used for the geome- 355

try shown in Fig. 12a, whose reduced mixing produced a fluc-

tuation of condensation MFR (once converged) of less than 1%.

However, URANS was required with the geometry depicted in

Fig. 12b due to the strong condensation instability produced by

the detachments that will be discussed in section 4.2. A time- 360

step size of 1·10−4 s and a second-order implicit unsteady solver

were considered when transient simulations were required, fol-

lowing the methodology presented by Galindo et al. [14]. For

these unsteady simulations, time-averaged values are obtained

once the solution is stable by averaging over additional 400 time 365

steps (40 ms).

Concerning the boundary conditions, mass flow rate is es-

tablished in both fresh air and EGR inlet boundaries, together

with the total temperature and the mass fraction of each com-

ponent (dry air and water vapor). The corresponding values for 370

the two studied working conditions will be presented in Table

3. Turbulence intensity of 0.01 was set in both inlet boundaries.

Regarding the outlet specifications, the test rig ambient pres-

8



sure is established as the outlet boundary condition, whereas

the compressor intake in an internal combustion engine would375

operate slightly below atmospheric pressure. In any case, Tarı́

[38] showed a low impact of the junction pressure on the gen-

erated condensation rate.

The condensation submodel implemented in STAR-CCM+

is based on the work presented by Serrano et al. [13], which380

estimates the quantity of condensates that a given cell of the

simulation geometry should produce in order to reach an equi-

librium state at saturated conditions, following an isenthalpic

process. The estimation of the vapor that condenses is calcu-

lated with the psychrometric variables of the gas (temperature,385

pressure and specific humidity), which are in turn calculated

employing Dalton’s Law and an Antoine equation for the sat-

uration curve. Then, the model interacts with the numerical

solver through the transport equation source terms, replicating

the actual condensation process. Notice that droplet nucleation390

and subsequent Lagrangian particle tracking, as employed by

Schuster et al. [39, 40] or Wittmann et al. [41] in the frame-

work of condensation in radial turbines, are not considered in

this work due to the significant increase in computational effort

when shifting to a Eulerian-Lagrangian approach [42].395

A general transport equation is presented in Eq. 4. The

solved transport equations governing the flow field (save for k

and ω turbulent transport equations) are yielded when the terms

in Table 2 are particularized in Eq. 4, considering that diffusion

coefficients are effective (RANS). Besides, the custom source400

terms of mass, energy and momentum due to the condensation

submodel are presented in Eqs. 5, 6 and 7 respectively.

∂(ρϕ)
∂t

+ ∇ (ρϕui) = ∇
(
ρΓϕ∇(ϕ)

)
+ S ϕ (4)

S vap =
ργair(w f − w1)

∆t
(5)

S ener. = −S vap(L − cpT ) (6)

S mom.. = S vap
−→u (7)

Table 2: Convective, diffusive and source terms of solved transport equations

(excluding turbulence).

Equation ϕ Γϕ S ϕ

Mass 1 – S vap

Species y D S vap

Momentum ui ν −∂p/∂xi + fm + fv + S mom

Energy h α −Dp/Dt + ft + fv + S ener

The main simplifications and hypotheses assumed for the

model implementation are:

• Instantaneous condensation: since low velocities appear 405

at the LP-EGR junction, it is acceptable to assume that

condensation occurs instantaneously whenever a cell presents

oversaturation. In this way, growth rate of water droplets

is not modeled [43]. This hypothesis may not be appro-

priate in applications where condensation takes place in 410

high velocity flow fields, such as in steam turbines or

rocket engines.

• Condensed liquid water is not modeled. Liquid water

mass fraction is low, even with highly condensing bound-

ary conditions. Therefore, the impact of this simplifica- 415

tion on the conservation of the transport variables is neg-

ligible.

More information about the underlying hypotheses of the

condensation submodel can be found in the work of Serrano et

al. [13]. 420

4. Results and discussion

First, the different operating conditions and geometries as-

sessed in the test bench and in the CFD simulations are pre-

sented in section 4.1. Then, the flow longitudinal evolution is

presented only for the CFD simulations, since it is not feasible 425

to be obtained by means of experimental measurements. After-

wards, the comparisons between PIV measurements and CFD

predictions of cross-section in-plane velocity field are shown in
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section 4.3. Finally, the condensation patterns calculated using

CFD are compared with the corresponding planar laser-induced430

visualizations in section 4.4.

Comparing the resolutions of the data acquisition for each

technique at the junction outlet cross section: 1806 values of

velocity vectors are obtained for PIV measurements with the

configuration and image processing described in Section 2.2,435

4140 faces are available with the mesh employed in the CFD

simulations (see Section 3.1) for displaying velocity and water

mass fraction contours, and for the Planar laser induced visu-

alization about 1 megapixel are extracted from the raw images

obtained with the setup presented in Section 2.3.440

4.1. Test campaign

Table 3: Studied operating points.

Operating points P1 P2

EGR Temperature [◦C] 50 50

EGR mass flow rate [kg/h] 40 40

Specific Humidity [g/kg] 60 60

Inlet Temperature [◦C] -2 0

EGR rate [%] 21 32

Inlet mass flow [kg/h] 150 85

As mentioned in section 1, the purpose of this work is to

analyze the secondary flows and the condensation at the outlet

of a three-way junction, evaluating the agreement between ex-

perimental optical techniques and CFD simulations. To reduce445

the danger of drawing case-specific conclusions, two operating

conditions and two geometries are assessed. As can be seen in

Table 3, the operating conditions considered in the test matrix

present a 50% difference in the EGR rate (defined by Eq. 8),

which is obtained by modifying the air inlet MFR. These oper-450

ating points share the same EGR temperature, EGR mass flow

rate, specific humidity and they have a similar inlet tempera-

ture. Galindo et al. [30] studied the range in which variables

like EGR mass flow rate, specific humidity, etc. worked in a

vehicle for a WLTP cycle. Values considered in Table 3 have455

been defined taking into account these working ranges.

EGRrate =
ṁEGR

ṁEGR + ṁAir
(8)

Additionally, two three-way junction geometries (Fig. 12)

are used to study their influence on the condensation produced,

with the objective of producing a completely different flow pat-

tern and condensation. As can be seen, Fig. 12a shows a ge- 460

ometry where the EGR duct is aligned with the outlet duct. On

the contrary, Fig. 12b depicts a geometry with the EGR branch

oriented towards the fresh air inlet.

(a) Three-way junction A (b) Three-way junction B

Figure 12: Longitudinal slice and main dimensions of three-way junctions an-

alyzed.

To assess the influence of different EGR rates and geome-

tries, all two operating points and two geometries are tested 465

(and measured with both laser techniques) and simulated with

the 3D-CFD code at the cross-section showed in Fig 8, which is

in the corresponding position at which the compressor impeller

should be located.

4.2. Longitudinal evolution of the flow 470

In Figures 13 and 14, a longitudinal cross-section of the

CFD simulation results is provided for the working point P1

(see Table 3) with both geometries of study. In the case of

Fig. 14, the variables of the unsteady simulation are time-averaged.

In these figures, the liquid condensation water produced by the 475

CFD simulation at the junction due to the mixing process is

shown. The three-way junction of Fig. 13 displays a reduced

air-EGR mixing in the longitudinal section, due to the align-

ment between the EGR duct and the main duct. On the con-
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trary, Fig. 14 shows a strong separation when the EGR stream480

is discharged into the air mass flow due to the geometry of junc-

tion B, which presents the EGR duct oriented slightly opposed

to the main stream. The enhanced mixing at the longitudinal

cross-section of junction B (Fig. 14) compared to junction A

(Fig. 13) entails an increase in condensation, as will be seen in485

Section 4.4.

Figure 13: Condensation water mass fraction together with in-plane velocity

vectors in the longitudinal section for the junction A at the operating point P1

Figure 14: Time-averaged condensation water mass fraction together with in-

plane velocity vectors in the longitudinal section for the junction B at the oper-

ating point P1

4.3. Transversal secondary flows: PIV vs CFD

According to Galindo et al. [15], the condensation produced

in the junction depends on the intensity of the air-EGR mixing.

Therefore, the first comparison to be conducted between ex-490

perimental PIV measurements (as described in Section 2.2) and

CFD simulations is in terms of secondary flows at the cross sec-

tion of study (see Fig. 8). With this purpose, in-plane velocity

contours of both techniques are shown in the Figs. 15, 16, 17

and 18 along with velocity vectors. 495

For all the figures, the iso-velocity of 2 m/s is represented at

each figure, including as well dashed curved arrows to represent

the main vortices that can be identified. In first place, Figures 15

and 16 show the velocity at operating points P1 and P2 while the

three-way junction A is set. The flow at these working points 500

is alike. There is a pair of large counter-rotating vortices in

the upper part of the cross-section generated by the cold stream

that comes from the upper duct, since this branch behaves as an

elbow (see Fig. 13), thus creating the so-called Dean vortices

[24, 44]. Such Dean vortices appear at curved pipes due to the 505

inertia of the core stream, that tends to flow towards the outer

part of the bend. This centripetal motion in the elbow plane is

balanced by the fluid returning close to the walls [45]. Hence,

a pattern of secondary flows is established as a pair of counter-

rotating vortices [46]. These Dean vortices induce in turn a 510

second pair of counter-rotating vortices in the lower part of the

transversal section, because the EGR stream is aligned with the

outlet pipe in three-way junction A (Fig. 13) and therefore is

not suitable to create secondary flows by itself.

For the low mass flow rate case (P1), two small counter- 515

rotating swirling structures are indeed created at the low part of

the cross section in the CFD case (Fig. 15b), while the experi-

mental case shows only one of the two swirl structures (Fig. 15a),

probably due to their low intensity. Concerning the working

point P2 with a higher mass flow rate than P1, Figure 16 shows 520

the two pairs of counter-rotating swirling structures, both mea-

sured by PIV and predicted by CFD simulations.

Finally, Figures 17 and 18 show the results with the junc-

tion B, in which a higher penetration of the EGR stream exists

due to the geometry. As a consequence, the presented vortical 525

patterns and secondary flows are of greater intensity when com-

pared to junction A (Figures 15 and 16). The impact of junction

geometry is well predicted by CFD simulations.

The significant detachment of the EGR stream at junction B
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(a) PIV technique (b) CFD simulation

Figure 15: Comparison between the in-plane velocity field at P1 and junction

A for the PIV technique (a) and the CFD RANS simulations (b). Large dashed

arrows are manually added to highlight main vortical patterns.

(a) PIV technique (b) CFD simulation

Figure 16: Comparison between the in-plane velocity field at P2 and junction

A for the PIV technique (a) and the CFD RANS simulations (b). Large dashed

arrows are manually added to highlight main vortical patterns.

(a) PIV technique (b) CFD simulation

Figure 17: Comparison between the time-averaged in-plane velocity field at P1

and junction B for the PIV technique (a) and the CFD URANS simulations (b).

Large dashed arrows are manually added to highlight main vortical patterns.

due its high penetration into the core stream and the sharp bend530

between its duct and the main duct (see Fig. 14), causes the

flow of junction B to be inherently unsteady and thus require

URANS instead of RANS, unlike junction A. These transient

oscillations in junctions were also experienced by Lu et al. [1],

(a) PIV technique (b) CFD simulation

Figure 18: Comparison between the time-averaged in-plane velocity field at P2

and junction B for the PIV technique (a) and the CFD URANS simulations (b).

Large dashed arrows are manually added to highlight main vortical patterns.

in the form of low-frequency temperature fluctuations due to the 535

mixing of hot and cold streams. Lyne [47] first discovered that

the elbow centrifugal pattern (and therefore the direction of the

Dean vortex pair) can be reversed when shifting from steady

to unsteady flow. Tunstall et al. [44] analyzed the complex

vortical pattern at T-junctions, showing how the Dean vortices 540

present an unsteady switch between different modes. Sakowitz

et al. [24] found that Dean-like vortices were predicted with

opposite directions depending on whether LES or k-ε URANS

were considered.

The literature shows that flow separation makes the case 545

to be more sensitive to variations of geometry and working

points, and therefore it is more difficult to accurately predict its

transversal secondary flows. One may have expected the Dean-

like vortical pattern of the upper part of junction A (Figs. 15

and 16) to appear in junction B again, as the main duct bend an- 550

gle is the same for both junctions. Aside from the reported com-

plexity of the unsteady vortical phenomena, the greater inten-

sity of secondary flows at junction B would mask any lesser pat-

tern, such as the Dean vortices of junction A. The comparison

of secondary flows strength can be assessed through the area 555

determined by the iso-velocity of 2 m/s, being much greater

at junction B (Figs. 17 and 18) than at junction A (Figs. 15

and 16).

All in all, there is an agreement between CFD simulations

and the PIV technique at the Fig. 17, when observing the veloc- 560

ity pattern produced by the two counter-rotating swirling struc-
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tures at the center of the cross section. These larger and more

intense vortices increase the mixing of air and EGR streams

compared to that of junction A. Working point P2 presents an

EGR rate 50% greater than that of P1 (see Table 3), so the pene-565

tration of the EGR stream into the fresh air is even more intense

than the one depicted in Fig. 14. This severe flow detachment

at P2 for junction B generates a clearly asymmetrical in-plane

velocity field in Fig. 18, in which both PIV and CFD depict

a single large vortex, but with different rotating direction. As570

aforementioned, this unstable flow field is more challenging to

be modeled by CFD due to its greater sensitivity to slight vari-

ations on geometry or upstream boundary conditions.

4.4. Planar Laser-induced Visualization vs CFD

(a) Laser visualization (b) CFD simulation

Figure 19: Comparison between the luminosity on the Laser visualization (a)

and the mass fraction of condensed water predicted by the CFD RANS simula-

tion (b) at the outlet cross section of junction A for working point P1.

(a) Laser visualization (b) CFD simulation

Figure 20: Comparison between the luminosity on the Laser visualization (a)

and the mass fraction of condensed water predicted by the CFD RANS simula-

tion (b) at the outlet cross section of junction A for working point P2.

Section 4.3 has shown an overall good agreement between575

CFD simulations and experimental tests in terms of secondary

flow patterns, which is critical for condensation [15]. In any

case, the prediction of the condensation distribution at the target

cross section is assessed by comparing the water mass fraction

calculated by CFD simulations with the luminosity obtained by 580

the planar laser-induced visualization described in Section 2.3.

The underlying idea is that the condensation produced exper-

imentally at the section is correlated with the measured lumi-

nosity, i.e, a greater quantity of condensed water would reflect

light in a more intense way when a laser sheet is projected onto 585

the cross section.

Figures 19, 20, 21 and 22 show the luminosity with a range

between 0-255 for the case of the experimental laser visual-

ization and the mass fraction of condensed water for the CFD

simulations, depending on the working point and the geometry 590

employed. The mass fraction of condensed water at CFD sim-

ulations as shown in these figures is obtained by calculating the

condensed mass flow rate at the cross section and dividing by

the total mass flow rate

Figures 19 and 20 show that the condensation is produced 595

at the thin interface of the two streams (EGR and fresh air).

As it is shown in Figures 15 and 16, the mixing occurs at the

bottom part of the cross section due to vertices that add fresh air

from the core to the lower side, which is dominated by the EGR

stream. If junction A is kept but the EGR rate is increased (P2), 600

Fig. 20 presents a higher penetration due to the higher EGR

rate than Fig. 19. This difference causes a larger condensation

interface due to the increase of air-EGR of mixing.

When three-way junction B is considered, Figures 21 and 22

show condensation at the whole perpendicular cross-section for 605

both working points. This happens due to the stronger sec-

ondary flows and mixing existing for junction B, as seen pre-

viously in Figs. 17 and 18.

Finally, a quantitative comparison is conducted to assess the

capability of the CFD model to predict the influence of junction 610

geometry and working point on condensation. To do so, values

of luminosity (experimental) and condensed mass fraction (nu-

merical) depicted at Figs. 19-22 are averaged at the outlet cross

section. The results for junction J and working point P for each
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(a) Laser visualization (b) CFD simulation

Figure 21: Comparison between the luminosity on the Laser visualization (a)

and the time-averaged mass fraction of condensed water predicted by the CFD

URANS simulation (b) at the outlet cross section of junction B for working

point P1.

(a) Laser visualization (b) CFD simulation

Figure 22: Comparison between the luminosity on the Laser visualization (a)

and the time-averaged mass fraction of condensed water predicted by the CFD

URANS simulation (b) at the outlet cross section of junction B for working

point P2.

technique are normalized with those of the case with higher615

condensation, i.e., the working point P2 with the junction B.

Equations 9 and 10 show how this average and normalization

are conducted:

L̃J,P =

∑
LJ,P/N∑

LJB,P2/N
(9)

ỹcond. J,P =
1/A

∑
ycond. J,P · dA

1/A
∑

ycond. JB,P2 · dA
(10)

As a sample of the method employed for obtaining the data

that will be reported in table 4, the calculations for junction B620

at working point P1 are described. First, luminosity is summed

over all pixels and divided by this number of pixels, provid-

ing an average luminosity of LJB,P1 = 62.84 (see Fig. 21a).

For that point, the area-weighted average of condensed mass

fraction is directly provided by StarCCM+, with a value of 625

ycond. JB,P1 = 1.58 · 10−3 (see Fig. 21b). To normalize, the same

method is applied for junction B at working point P2 (maximum

condensation), yielding an average luminosity of LJB,P2 = 91.70

(see Fig. 22a) and an area-weighted average of liquid water

mass fraction of ycond. JB,P2 = 1.90 · 10−3 (see Fig. 22b). Di- 630

viding the corresponding values in accordance with Eqs. 9

and 10, one obtains the normalized values for the experiments

(L̃JB,P1 = 0.69) and for the CFD simulations (̃ycond. JB,P1 = 0.83).

Table 4: Normalized luminosity (exp) and predicted condensation (CFD) for

all the test matrix.

Operating L̃J,P ỹcond. J,P

point (exp) (CFD)

Junction

A

P1

P2

0.14

0.19

0.18

0.19

Junction

B

P1

P2

0.69

1.0

0.83

1.0

Table 4 shows the normalized luminosity for the laser visu-

alization technique and the normalized condensation at the CFD 635

simulations. As can be seen, the tendencies discussed in previ-

ous sections are in agreement with the quantification presented

at table 4. Both junctions provide less condensation at work-

ing point P1 than at P2. Also, three-way junction A produces

less condensation than junction B for both operating conditions. 640

Even though the relationship between condensation mass frac-

tion and luminosity is not necessarily linear, the agreement be-

tween the normalized luminosity and normalized condensation

is satisfactory for the 3 remaining cases (excluding obviously

the one used to normalize). 645

5. Potential of multiphase 3D CFD simulations for improv-

ing LP-EGR systems

An example is presented to demonstrate the potential of the

3D CFD simulations as a tool to:

• Improve the three-way junction designs to reduce as much 650
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as possible the condensation caused by the mixing behav-

ior, in order to mitigate compressor damage shown in the

literature [12, 48].

• Increase EGR rates (see Eq. 8) up until the condensation

mass flow rate is the maximum bearable for the sake of655

compressor durability (see the threshold case presented

by Galindo et al. [14]), and in this way minimize engine

pollutant emissions [3].

In this section, three-way junction A depicted in left hand

side of Fig. 12 is considered as a baseline. The EGR duct di-660

ameter is increased by 25% (as can be seen in Fig. 23) to assess

if this geometry modification is beneficial for condensation. A

CFD simulation is therefore conducted at working point P2 (see

table 3).

Figure 23: Increase of EGR diameter in junction A.

Considering the condensed water mass flow rate ṁcond go-665

ing through the junction outlet cross section, a value of 4.796 ·

10−2 kg/h is obtained for the original three-way junction A at

P2. The junction with an increased EGR diameter provides a

condensation of ṁcond = 3.526 · 10−2 kg/h instead, with a sub-

stantial reduction of 30% just by modifying the junction geom-670

etry. Contours of mass fraction of condensed water at the out-

let cross section are depicted for the baseline junction A (Fig.

24a) and its counterpart with a greater EGR duct diameter (Fig.

24b). 3D CFD simulations predict that reducing the EGR ve-

locity by increasing the EGR pipe area entails a reduction in the675

interface length (compare Fig. 24a and Fig. 24a), with a sub-

sequent reduction in condensation. If the compressor was able

to withstand the original condensation, an additional simulation

would show that the new junction design allows to increase the

EGR mass flow rate up to 50% (and EGR rate by 30%, in ac- 680

cordance with Eq. 8), to achieve a condensation mass flow rate

of ṁcond = 4.796 · 10−2 kg/h again. Notice that Fig.24c presents

an average condensation mass fraction lower than that of the

baseline case (Fig. 24a), but its normal velocity is greater due

to the increase in mass flow rate. 685

Figure 24: Comparison between the mass fraction of condensed water predicted

by CFD simulations at the outlet cross section of junction A for working point

P2, considering the baseline case (a), the case with a 25% increase of EGR

diameter (b) and the case with a 25% increase of EGR diameter and a 50%

increase of the EGR mass flow rate (c).

6. Concluding remarks

In this work, the mixing between two streams with differ-

ent psychrometric conditions in a three-way junction has been

addressed. The secondary flows presented at the outlet cross-

section and the condensation generated in the junction have 690

been analyzed by means of experimental techniques as well as

CFD simulations.

Regarding the experimental measurements, a humid gas stand

to reproduce EGR and a climatic chamber to obtain cold flow

are originally combined to reproduce the flow in a LP-EGR 695

junction. A free-discharge configuration is selected for the junc-

tion, whose impact is found to be below 3%. This configuration

allows the employment of two different optical techniques to

analyze the outlet transversal section of the junction. On one
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hand, laser PIV measurements have been used to characterize700

the in-plane velocity of the cross section and to obtain the pat-

tern of the secondary flows. On the other hand, the conden-

sation generated due to the mixing process is studied for the

first time with planar laser-induced visualization. Flow field

and condensation at two different operating points at the out-705

let of two different junctions has been characterized, allowing a

comparison of the corresponding experimental techniques with

3D-CFD simulations enhanced with a condensation submodel

[13].

The proposed CFD configuration obtains a flow distribu-710

tion which is generally in agreement with the experimental PIV

measurements. The CFD model predicts the main flow fea-

tures and how they change when considering different junctions

or operating points. Considering planar laser-induced visual-

ization and CFD condensation simulations, they both agree in715

showing a greater condensation for those cases with stronger

secondary flows and air-EGR mixing.

Both techniques suggest that a careful design of a LP-EGR

junction (if allowed by the engine packaging constraints) is able

to decrease air-EGR mixing and secondary flows. Depending720

on the junction, the air-EGR mixing is either located at a nar-

row interface or is performed across the whole cross-section,

which boosts the produced condensation. Indeed, a reduction

of condensation mass flow rate of 5 times (for the same work-

ing point) can be found when modifying the junction geometry.725

Therefore, the present work confirms the importance of the

junction design to abate the condensation arriving to the com-

pressor impeller due to LP-EGR through the reduction of sec-

ondary flows and air-EGR mixing. Optimizing the junction

to minimize condensation, which can be performed with the730

CFD model qualitatively validated with the results shown in

this work, would therefore act as a key enabler to increase the

LP-EGR rates during engine warm-up and thus abate NOx, CO2

and particulate matter emissions. However, Guilain et al. [49]

showed that geometries that reduce the condensation formation735

could decrease the efficiency of the compressor, so a trade-off

should be obtained.
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y mass fraction
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