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Abstract 

The objective of this study is to explore the limits of a one-dimensional model to predict 
the movement and mixing of the air and exhaust gases recirculation (EGR) flows in 
compact intake manifolds of recent automotive engines. In particular, the high pressure 
EGR loop configuration is evaluated in this study from the perspective of the EGR 
dispersion among cylinders. 

The experimental work includes the use of a fast CO2 tracking system that provides 
crank-angle resolved results in six locations of the intake manifold together with the 
acquisition of the time-averaged CO2 concentration in all the intake pipes (eight 
locations) to evaluate the EGR dispersion empirically. A specific system was developed 
to inject the EGR in three locations of the intake manifold in a flexible way to modify the 
dispersion. Up to 29 engine running conditions defined by engine speed, engine torque 
and EGR rate, spanning the entire engine map, including full load operation, were 
evaluated. 

A one-dimensional engine model was built to detect the limits in reproducing the EGR 
transport in the intake manifold and quantify the accuracy when predicting the dispersion 
among cylinders. The study concludes that the predicted EGR rate in the cylinders may 
differ up to 75% from the experimental measurement at low engine averaged EGR rate. 
The model prediction improves to differences lower than 40% in EGR rate per cylinder if 
the engine operating points with an EGR rate lower than 10% are excluded. In this 
situation, 80% of the predicted in-cylinder EGR rates have differences lower than 25% 
when compared to experiments. 

Acronyms 

AE Absolute error 
BMEP Brake mean effective pressure 
CF Convexity factor 
CFD Computational Fluid Dynamics 
COV Coefficient of variance 
EGR Exhaust gases recirculation 
HP High pressure 
LP Low pressure 
MRE Maximum relative error 
ndRMSE non-dimensional root mean squared error 
RE Relative error 



SF Symmetry factor 
VGT Variable geometry turbine 

 

1. Introduction  

Nowadays the automotive industry is facing a challenging situation. The climate change 
and the health of the people are considered remarkable issues for the population. In 
recent years, the fuel consumption or the CO2 emissions are in the focus of the research 
in the field of the use of internal combustion engines as the main powertrain system in 
automotive applications. In addition, NOx and smoke emissions are also considered 
relevant topics in Diesel units. Because of that the research efforts and the incoming 
laws are increasing and developing in this way. 

A widely use strategy to reduce the NOx emissions in Diesel engines and improve fuel 
economy in gasoline ones is known as exhaust gas recirculation (EGR) [1, 2]. The 
performance and the effectiveness of the EGR is based on the reduction in the peak 
combustion temperature and the oxygen concentration as explained by Ladommatos et 
al. in 1996 and 1997 [3-6]. 

In the recent past, the range of the application of the EGR was restricted to New 
European Driving Cycle (NEDC) and Euro normatives. It was low speed and low load. 
Nevertheless the new normatives and homologation cycles are considering more 
realistic working operations like real driving emissions test (RDE) [7] and lower 
temperatures [8], both of them studied by Luján et al. in 2017 and 2018 respectively, and 
more frequent engine transient operations [9] studied by Galindo et al. in 2017. 

These new requirements are accompanied by new challenges to overcome like the effect 
of the condensation when EGR mixes with ambient low temperature air. This effect was 
studied to predict the condensation rate by Serrano et al. in 2018 [10] and by Galindo et 
al. who studied the effect of the condensation in the rotor of the compressor in 2019 [11]. 
New EGR strategies are developed to comply the new requirements related to new 
transient operation marked by RDE or the Worldwide Harmonized Light vehicles Test 
Procedures cycles (WLTP) [12] studied by Luján in 2018.  

There are two main engine configurations to perform the EGR strategy: high pressure 
(HP) and low pressure (LP). They are different strategies, with their own advantages and 
disadvantages depending on the context. In fact, nowadays there are a lot of vehicles 
that have both of them, which enables a better adaptation to more complex strategies 
required to achieve the anti-pollutant standards, increasingly demanding. 

This study is focused on the HP EGR, particularly on the prediction capability of a one-
dimensional model to reproduce the EGR transport inside the intake manifold and, finally, 
the dispersion among the cylinders, which is one of the characteristic disadvantages of 
the HP EGR. The dispersion of the EGR among cylinders has a negative effect over NOx 
and smoke emissions in diesel engines [13] and is of increasing interest in gasoline 
engines since an uneven repartition of the exhaust gases may lead to undesirable 
combustion issues. Due to these negative consequences is important trying to reduce 
the level of the dispersion effectiveness. 



Computational codes, numerical simulations and modeling tools are widely used in 
engines research to predict fluid dynamics behavior. From 0D to 3D including 1D there 
is a lot of literature background. This kind of study is very useful because it is resource-
efficient, it does not need a complex computing infrastructure and it also provides 
information about flow variables which are not possible to measure experimentally. 
These tools have been improved over the years and they are widely used by the industry 
when developing new engines. Although reliable and accurate to some extents, these 
techniques have limits. This study explores those limits too. 

The application of modeling tools to engine research is diverse. Baratta et al. studied 
deeply the 0D combustion models and 1D simulation applied to internal combustion 
engines in 2011 [14]. In 2019 Korsunovs et al. evaluated a zero-dimensional stochastic 
reactor modeling to predict NOx emissions [15]. Poubeau et al. [16] developed a 
methodology and used the 1D and 3D modeling to study the benefits of thermal 
insulation in the combustion chamber, which was an issue previously studied, by 
modeling and experimentally, by Andruskiewicz et al. in 2017 [17, 18]. In 2019 Galindo 
et al. examined numerous extrapolation methods to study off-design conditions of the 
compressor map for 0D and 1D engine simulations [19]. In 2006 Bobhbot et al. 
performed a methodology based on a direct temporal coupling between 1D simulation 
software and 3D combustion code to improve the engine performance and the prediction 
of the emissions [20]. Different dimensional modeling have advantages and 
disadvantages. Ones depends of each other to work correctly. From this point of view, 
as long as the limits are more explored and expanded, more realistic will be the results 
obtained. 

Concerning the modeling application on EGR, in 2012 Millo et al. presented a study 
where 1D model was built to evaluate the opportunities of a dual loop EGR system 
(combining a short route and a long route) [21]. More specifically, regarding the EGR 
dispersion, in 2001 Siewert et al. performed an investigation combining CFD and 
experimental tools [22] where two manifolds were developed to reduce the EGR 
dispersion and CFD analysis to understand the causes of the high dispersion. Later, in 
2013, a study about the effect of the EGR dispersion on NOx and smoke tradeoff was 
performed by Lakhlani et al. In that study a combined modeling between 1D and CFD 
was useful to understand better the behavior of the EGR dispersion [23]. Finally, in 2015, 
a research realized by Dimitriou et al. [24] combined experimental and modeling tools 
and provided a thorough analysis of the geometry in the EGR dispersion, since they 
analyzed ten different configurations combining 1D and 3D modeling. 

Most of the studies found in the literature combine 1D and 3D modeling; the former to 
provide boundary conditions to the latter, which is devoted to calculate the fluid-dynamics 
inside the intake manifold. The novelty of this study lies in three assets: (i) it quantifies 
the accuracy of a full 1D engine model when calculating the EGR dispersion since 
several dispersion levels were analyzed in each engine operating point, (ii) it compares 
1D results concerning gases concentration with experimental ones in the crank-angle 
degree domain, and (iii) the work is developed in a state-of-the-art automotive engine 
with the EGR strategy activated in a wide engine running conditions, including full load 
operation, where there is a lack of data in the literature. 



The paper is structured as follows. The experimental setup and the modeling tools are 
described in Section 2 and Section 3 respectively. Section 4 presents the model 
assessment in terms of crank-angle resolved results by comparing with the experiments. 
Section 5 contains the main results and the discussion in terms of the EGR dispersion 
prediction capability of the 1D model. Finally, main conclusions are presented in Section 
6. 

2. Experimental setup 

The experiments are performed on a test bench with a turbocharged diesel engine. Table 
1 shows the main features of the engine. The engine includes both LP and HP EGR 
systems, although this study is focused only in the HP EGR loop, whose schematic 
layout is depicted in Fig. 1. The original engine configuration concerning the intake 
manifold was modified with the following features: (i) an additional hardware consisting 
in 8 straight pipes was placed between the intake manifold and the engine block, where 
average CO2 probes are placed to measure gas concentration in each intake pipe, and 
(ii) the EGR introduction in the intake manifold is performed by using three branches 
(one on the center and two on lateral locations in the manifold) together with three 
corresponding valves that can be manually adjusted to promote different EGR dispersion 
levels during the tests. 

Table 1 

Engine specifications. 

  
Cylinder number In-line 4 
Bore x stroke (mm) 80x79.5 
Displacement (cm3) 1600 
Compression ratio  15.4:1 
Valve number 4/cylinder 
Fuel delivery system Common rail. Direct injection. 
EGR system HP and LP cooled EGR 
Intake boosting Turbocharger with VGT 
Intake cooling system Air charge air cooler (ACAC) 
Maximum power (kW/rpm) 96/4000 
Maximum torque (Nm/rpm) 320/1750 

 

To determine the dispersion of the EGR rate in each intake pipe, the CO2 concentration 
is measured and up to eight probes were installed in the adapted hardware in the intake. 
The probes were connected to a Horiba MEXA 7170DEGR, which is a conventional gas 
analysis system widely used in engine testing in steady conditions. Each probe had a 
valve that controls the gases flow to the gas analyzer. The corresponding valve was 
opened meanwhile the others were closed to measure only the gas composition from 
one pipe. 

As stated before, a home-made device was installed between the HP EGR line and the 
intake manifold with three pipes and three regulation valves (one per branch) to control 
the HP EGR dispersion. The EGR branches discharged in the intake manifold in three 
locations: one pipe was located on the left, other was located on the right and the third 



one on the center, at the top of the manifold, as in the original manifold configuration. 
Each pipe contained a regulation valve to control the HP EGR dispersion with high 
accuracy as observed in Fig. 1. 

 

Figure 1. Engine schematic layout and CO2 measurement detail in the cylinders. 

Different sensors, which are also depicted in Fig. 1, were installed additionally to 
measure different engine parameters, which help to set the steady engine conditions to 
perform the tests. Some of them collect time-averaged values, such as pressure and 
temperature in relevant engine locations, while others acquire crank-angle resolved 
pressure traces in the cylinder, in the intake manifold and in the EGR line. They also 
offer relevant information to calibrate properly the 1D engine model. The variables 
together with the sensors features are presented in Table 2. 

Table 2 

Instrumentation accuracy 

Sensor Variable Accuracy at Full 
Scale [%] 

Range 

Thermocouples type K Temperature 1 0 ºC – 1260 ºC 

Pressure sensor Pressure 0.3 0 - 6 bar 

Pressure sensor Pressure 0.05 0-150 bar 

Gravimetric fuel balance Fuel mass flow 0.2 0 - 150 kg/h 

Hot wire meter Air mass flow 1 0 - 720 kg/h 

Dynamometer brake Torque 0.1 0 - 480 Nm 

Smoke Meter Soot 0.5 0 – 32000 mg/m3 

 



A CO2 fast tracking system, based on Non-Dispersive Infra-Red measuring principle, 
was used to evaluate the transport of exhaust gases in the intake line. The CO2 tracking 
system is able to detect changes in gas concentration with a T90 of 8 ms, which is a 
higher sampling frequency than other conventional gas analysis systems, like the 
HORIBA MEXA 7170DEGR. The fast tracking system is able to measure with two probes 
at the same time. Since up to six locations in the intake manifold are used for the 1D 
model assessment, engine tests have to be repeated three times in a row to provide the 
needed data. Special care was paid to ensure the repeatability of the engine running 
point stabilization so the diesel particulate filter was removed in these tests and replaced 
by a device that provided a similar pressure drop in a specific particulate matter load 
conditions. 

The six locations for the instantaneous measurement of the CO2 concentration are 
depicted in Fig. 2. Location #1 and #2 are placed in the intake manifold; #1 is in front of 
cylinder 1, that is, facing a cylinder in one of the extremes of the engine block, while #2 
is in a location between location #1 and the EGR discharging central branch. Locations 
#3, #4, #5 and #6 are placed directly in the intake pipes of cylinders 3 and 4. 

  

Figure 2. Intake manifold representation with the six locations for the fast CO2 tracking 
system. 

Engine tests in steady conditions were performed to analyze the dispersion of the HP 
EGR. First, it was necessary to determine the operating points taking care to study a 
large range over the engine map in both engine speed and brake mean effective 
pressure (BMEP). The EGR rate was determined under two restrictions: the first one was 
to study a large range between low and medium EGR rate, and the second one was to 
keep margin to be able to modify the HP EGR dispersion taking into account the effect 
on the engine stability, highly affected when the air to fuel ratio approaches to 
stoichiometric conditions. As stated in the Introduction section, following the current trend 
to perform EGR at full load operation, which was avoided several years ago, three engine 
running conditions are chosen in the full load curve. The final engine running conditions 
are presented in Table 3. In some of these engine running conditions several EGR rates 
were tested. 

Table 3 

Working operation points 



N 
[rpm] 

BMEP 
[bar] 

Intake P 
[mbar] 

EGR rate 
[%] 

Engine Torque 
[Nm] 

1250 11 1500 6 140 

1500 1 1000 7, 22, 29,42 13 

1500 3 1040 3, 10, 20 38 

1500 15 1900 5 191 

2000 6 1250 5, 15, 22, 30 76 

2500 10 2100 3, 7, 17 129 

2500 11.7 2300 20 149 

2500 19 2660 4 231 

3000 20 2750 12 254 

 

In each operating point the values shown in Table 3 had to be kept constant so the 
control strategy during the tests was based on two engine controls at steady conditions. 
The first one was the engine torque, which was controlled by the injected fuel. And the 
second one was the intake manifold pressure, which was controlled by the Variable 
Geometry Turbine (VGT) position by means of a look-up table in the ECU calibration. 

The process to perform the tests was always the same for every operation point. The 
configuration of the three valves to control the HP EGR dispersion was set before starting 
the engine. After that, the engine was started and the operation point was set (speed, 
torque and intake manifold pressure). It was necessary to wait to stabilize the 
temperature of the engine to fulfill real steady conditions. The testing procedure started 
with the acquisition of CO2 concentration in the intake pipes and intake air sequentially. 
It required a few seconds to stabilize the measurement and obtain an accurate result, 
between ten and twenty seconds per pipe, depending on the working operation point.  

Horiba MEXA 7170DEGR is the equipment that measures the time-averaged pollutant 
emissions. It acquires the CO, CO2, THC, O2 and NOx concentrations. It is not possible 
measure the EGR rate directly, so it is necessary a conversion from the exhaust and 
intake CO2 concentration measurements [25] following the next expression: 

𝐸𝐸𝐸𝐸𝐸𝐸 =  
[𝐶𝐶𝐶𝐶2]𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 − [𝐶𝐶𝐶𝐶2]𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼

[𝐶𝐶𝐶𝐶2]𝐸𝐸𝐸𝐸ℎ𝐼𝐼𝑎𝑎𝑎𝑎𝐼𝐼 − [𝐶𝐶𝐶𝐶2]𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐼𝐼𝐼𝐼𝐼𝐼
 (1) 

 

Where intake indicates the intake pipe under measurement, ambient means the 
atmospheric concentration and exhaust represents the measurement in the exhaust line 
upstream the turbine, where the HP-EGR line is placed. 



3. Modeling tools 

It is possible to simulate the flow behavior inside internal combustion engines with the 
aid of computer codes. Historically, modeling tools are widely used in engines research. 
Intake and exhaust lines in engines are composed of long pipes in which the flow can be 
considered one-dimensional (when the length-to-diameter is high enough and the 
turbulent flow is totally developed). So, the most important axis is in the direction of the 
movement of the flow, X axis. Essentially, Z axis and Y axis are not relevant. This is 
important because the calculation time is significantly reduced. It is possible to propose 
a hyperbolic system of partial differential equations thanks to the simplification of one-
dimensional Euler equations for unsteady compressible non-homentropic flow [26]. The 
symbolic vector form is represented in Eq. (2): 

∂W
∂t +  

∂F
∂x + 𝐶𝐶1 + 𝐶𝐶2 = 0 (2) 

 
Where W corresponds to the mass, momentum and energy aggrupation terms, F is the 
flux of these terms and C represents the source terms. In Eq. (2), the more basics source 
terms are included, which take into account the friction, the area changes and the heat 
transfer effects. Nevertheless, it would have source additional terms, which are not 
defined in Eq (2), but they take into account other less influential effects like viscosity. 
The strong conservative form of Eq. (2) is represented in Eq. (3) [27]: 
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(3) 

Furthermore, an estimation of the inclusion of the chemical species transport equation 
to the governing equations system is possible with the same accuracy than applied 
numerical methods and without changes on the resolution techniques. A total of n-1 
equations considering chemical species conservation in the governing equations system 
is required, where n is the number of the chemical species to be transported, to solve 
the transport of the chemical species along the 1D elements. The vector form of the 
chemical species conservation equation is represented in Eq. (4): 

𝜕𝜕(𝜌𝜌𝜌𝜌𝑑𝑑)
𝜕𝜕𝐼𝐼

+ 𝜕𝜕(𝜌𝜌𝑎𝑎𝜌𝜌𝑑𝑑)
𝜕𝜕𝐸𝐸

=  𝜌𝜌𝐹𝐹Ẏ, (4) 

 
Where Y expressed is a vector that includes the mass fraction of n−1 different chemical 
species. The Eq. (5) is a compatibility equation that gives the mass fraction of the 
chemical species n: 



 
𝑌𝑌𝐼𝐼 = 1 −  ∑ 𝑌𝑌𝑗𝑗𝐼𝐼−1

𝑗𝑗=1 , (5) 
 
The inclusion of the chemical species in the governing equations is represented in Eq. 
(6): 

𝑊𝑊 (𝑥𝑥, 𝑡𝑡) =  

⎣
⎢
⎢
⎢
⎡

ρF
ρuF

𝐹𝐹 �𝜌𝜌 𝑎𝑎2

2
+ 𝑝𝑝

𝛾𝛾−1
�

𝜌𝜌𝐹𝐹𝑌𝑌 ⎦
⎥
⎥
⎥
⎤
  

𝐹𝐹 (𝑊𝑊) =  

⎣
⎢
⎢
⎢
⎡

ρuF
�ρ𝑢𝑢2 + p� F

𝑢𝑢𝐹𝐹 �𝜌𝜌 𝑎𝑎2

2
+  𝛾𝛾𝑝𝑝

𝛾𝛾−1
�

𝜌𝜌𝑢𝑢𝐹𝐹𝑌𝑌 ⎦
⎥
⎥
⎥
⎤

  

𝐶𝐶1(𝑥𝑥,𝑊𝑊) = �

0
−𝑝𝑝 𝑑𝑑𝑑𝑑

𝑑𝑑𝐸𝐸
0
0

�  

𝐶𝐶2(𝑊𝑊) = �

0
𝑔𝑔𝜌𝜌𝐹𝐹
−𝑞𝑞𝜌𝜌𝐹𝐹
𝜌𝜌𝐹𝐹Ẏ

� 

 

(6) 

As commented before, the resolution of these equations requires the use of numerical 
methods. Depending on the problem to solve, the numerical method employed by the 
software could variate according to the adaptation of the different methods to the needed 
resolution. 

In engine geometries where there is not a prominent flow direction, a 0D approach can 
be employed too. These elements are widely employed because they consume less 
computational resources and, therefore, they are faster solving the flow governing 
equations. Moreover, a very relevant characteristic of 0D elements to this study is that 
they are able to accumulate mass inside them. So, the flow conditions are spatially 
homogeneous wherever inside them. In the model, some elements work in this way. The 
filling and emptying model is used to solve the equation system in 0D elements. The 
mass and energy conservation equation for an open system are applied as well as the 
ideal gas state equation. However, the momentum conservation equations are not 
applied in 0D elements. 
 
The inclusion of the chemical species in the equation system requires the addition of n-
1 equations, just like before. 
 

∆𝑚𝑚𝐴𝐴𝐼𝐼𝑌𝑌𝑗𝑗
=  �ṁ𝐴𝐴𝑌𝑌𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖∆𝑡𝑡

𝐴𝐴

 (7) 

Where 𝑚𝑚𝐴𝐴𝐼𝐼𝑌𝑌𝑗𝑗
 expressed in Eq. (7) represents the mass of the chemical species j inside 

the 0D element and 𝑌𝑌𝑗𝑗𝑗𝑗𝑗𝑗𝑖𝑖  represents the mass fraction of the chemical species j entering 
to or exiting from the 0D element through the boundary condition i. Finally, the mass 
fraction of the chemical species j at time instant is expressed in Eq. (8): 



 

𝑌𝑌𝑗𝑗 =  
𝑚𝑚𝐴𝐴𝐼𝐼𝑌𝑌𝑗𝑗  +  ∆𝑚𝑚𝐴𝐴𝐼𝐼𝑌𝑌𝑗𝑗

𝑚𝑚𝐴𝐴𝐼𝐼 +  ∆𝑚𝑚𝐴𝐴𝐼𝐼
 (8) 

 

Like before, the Eq. (5) is a compatibility equation that gives the mass fraction of the n 
chemical species [28]. The species considered in the model of the present study are air, 
burned gas and fuel. 
 
The intake manifold in the present study is approximated by a combination of pipes (1D 
elements) and volumes (0D elements), which are connected with junctions in a 
convenient manner. For these junctions, the following characteristics are defined: 
volume, expansion diameters, characteristic length, and boundary angles. If the 
geometry is quite complex, the friction multipliers, heat transfer multipliers, and pressure 
losses coefficients are adjusted. The maximum diameter that the flow may expand to 
after entering a boundary is named the expansion diameter. It is used in order to model 
the contraction and expansion losses. 

A specific software to import the geometry of the intake manifold from a computer-aided 
design (CAD) file to the 1D modeling was used. Then it is important to describe the 
manifold with a set of volumes and ducts connected with junctions. The orientation of the 
angles of the ducts is crucial to obtain reasonable results according to EGR dispersion. 

The combustion profile of the cylinder is essential to obtain a predictive model in terms 
of engine performance and hot gases residuals. Therefore, a first task was required to 
obtain the combustion heat release profile for each engine running condition. The 
experimental inlet cylinder pressure is required to adjust the combustion profile on the 
model. In addition, it is necessary to know the timing of the injection and the fuel mass 
injected [29]. 

The materials of the each component of the engine and the heat transfer coefficients 
must be close to real conditions. It is necessary to adjust the pressure and the 
temperature in the exhaust. The geometry of the manifolds, exhaust line, intake line and 
EGR line must be performed according to reality: lengths, diameters, materials and heat 
exchangers. A multiplier for the heat transfer coefficient inside the cylinder, the inertia of 
the turbocharged and the compressor and turbine efficiencies are useful to calibrate 
methodically the model [30]. 
 
4. Model assessment 

This section details the comparison between modeled and measured CO2 concentration 
with the fast tracking device. Even though this device is able to sample with higher 
frequency than the traditional gas analyzer, its time resolution provides an approximate 
value of 8 ms, which is still far from crank-angle resolution. Depending on the system 
settings and, mainly, engine speed, around ten points can be sampled in one engine 
cycle (720 CAD). For this reason, the fast gas analyzer is measuring for several engine 
cycles (up to 200 consecutive cycles) and, under the assumption that the engine is 
running in steady condition, these measurements will fill the whole 720 CAD domain, as 
the following figures show. 



Fig. 3 presents the results for the 2500 rpm and 19 bar BMEP running conditions, where 
the engine is operating with 4% EGR. Six plots are shown, corresponding to the 
measurements in the six locations described in Fig. 2. The CO2 concentration is plotted 
against the crank-angle degree. As stated before not all the measured points correspond 
to the same engine cycle. All the points are plotted in red with certain level of 
transparency. The red solid line correspond to the average of all data, together with a 
light red band of two standard deviations wide (one above and one below the average 
values). The solid blue line corresponds to the predicted results provided by the 1D 
model. Together with the x-axis, labels indicating the period of the intake strokes for the 
four cylinders are added, following the firing order of the engine (1-3-4-2). 

From the experimental point of view, some relevant information is obtained from the 
results. The variation of the CO2 concentration along the engine cycle is reduced in 
locations #5 and #6, which are placed in the pipes of cylinder 4, since the air and EGR 
motion in that area should not be remarkable. Only when the intake valves of that cylinder 
open, a slight variation in the signals is observed. Locations #3 and #4 present slightly 
higher variations since they are placed in the pipes of cylinder 3, and the flow motion in 
the intake manifold in front of the central cylinders should become relevant. Location #1, 
which is placed in the intake manifold and not in the pipes, also reveals some variations 
in the CO2 concentration but not so significant because the probe is close to one lateral 
end of the manifold. On the other side, location #2 is where the CO2 concentration shows 
the largest variations since the probe in this location is in the central zone of the manifold 
and flow stream lines probably go through this area when either cylinder 1 or 2 perform 
the intake process. 

 

Figure 3. Instantaneous CO2 concentration in several location of the intake manifold at 
2500 rpm and 19 bar BMEP with 4% of EGR rate. 

Regarding the comparison between experiments and the model prediction, it should be 
noted that the 1D model is able to reproduce with a good level of agreement the CO2 
concentration evolution in all the tested locations except location #2. The plot in location 
#2 includes the modeling results in two places of the intake manifold. Both plots 
correspond to the closest pipe and closest volume to the measurement probe. Since the 



fluid dynamics inside the intake manifold follow a highly 3D pattern, a 1D engine model 
is not able to capture the concentration evolution in the same way that it is observed for 
other locations, which are placed in the pipes or in the lateral end of the manifold. 
However, it is observed that the experimental data falls between the chosen model 
places. 

For the sake of brevity, not all the tested conditions introduced in Table 3 are plotted. If 
Fig. 3 constituted an example of engine full load conditions, Figs. 4, 5 and 6 represent 
partial load (2500 rpm and 10 bar BMEP with 17% of EGR), low load (1500 rpm and 3 
bar BMEP with 3% of EGR) and very low load conditions (1500 rpm and 1 bar BMEP 
with 42% of EGR), respectively. The two last examples are both low load engine 
conditions but they have been chosen because they operate with very different EGR 
rates so they model performance in extreme situations can be assessed. 

Focusing on Fig. 4, similar messages to those observed in Fig. 3 may apply. Firstly, 
location #2 presents again the largest CO2 variations during the engine cycle, although, 
in this case, with 17% of EGR rate, the fluctuations in the intake manifold are lower (in 
relative terms) than those observed in Fig. 3, with 4% of EGR rate. And secondly, the 1D 
engine model is able to capture the signal evolutions, except for location #2. 

 

Figure 4. Instantaneous CO2 concentration in several location of the intake manifold at 
2500 rpm and 10 bar BMEP with 17% of EGR rate. 

Fig. 5 presents the results for low load operation (1500 rpm and 3 bar BMEP) with a very 
reduced EGR rate (3%). This EGR rate is not the one typically found in real engines but 
was tested to confront the modeling results. On the other side, a low load and high EGR 
rate (42%) is found in Fig. 6, where the engine is running at 1500 rpm and 1 bar BMEP. 
Similar conclusions as the described before are derived from the plots. 



 

Figure 5. Instantaneous CO2 concentration in several location of the intake manifold at 
1500 rpm and 3 bar BMEP with  3% of EGR rate. 

One additional comment would arise when observing the CO2 traces in front of cylinder 
3, i.e., locations #3 and #4. During the intake process in cylinder 3, the CO2 concentration 
behaves oddly: sometimes a drop occurs, sometimes there is an increase, and 
sometimes there is an increase after an initial drop. This behavior does not happen 
equally in both pipes of cylinder 3, as can be observed in Figs. 5 and 6, where location 
#3 starts with a reduction in the CO2 concentration while location #4 initiates with a slight 
increase. The local fluid dynamics phenomena may be the root cause for this behavior 
and the 1D model is not always capable to capture. For instance, the evolutions in low 
load engine conditions with high EGR rate shown in Fig. 6 present the opposite behavior: 
measured CO2 concentration in location #3 presents a sudden reduction while the model 
predicts an increase; however, location #4 reveals the opposite performance. It is 
important to keep this in mind because the predictive model capability for the cylinders 
EGR dispersion will be determined by the ability to reproduce the CO2 concentration in 
the pipes during the intake stroke; a perfect match between model and experimental data 
while the intake valves are closed does not necessarily mean a good EGR dispersion 
prediction.  

Another important remark that derives from the observation of empirical data is that there 
is always a presence of CO2 in the pipes, even in the situations when the engine is 
running with very low EGR rates (3% and 4%), as in Figs. 3 and 5. The concentration in 
the pipes of the lateral cylinders provides nearly constant values while the central 
cylinders present higher fluctuations, with ranges that move from 50% over the average 
value, when the engine is running with high EGR rates, to 100% when the EGR rate is 
reduced. 



 

Figure 6. Instantaneous CO2 concentration in several location of the intake manifold at 
1500 rpm and 1 bar BMEP with 42% of EGR rate. 

5. EGR dispersion results 

Once the 1D engine model is evaluated with instantaneous CO2 concentration inside the 
intake manifold during an engine cycle, the EGR dispersion among the cylinders is the 
topic presented in this section. The results discussed here correspond to a direct 
comparison between experimental EGR calculation in each pipe obtained with Eq. (1) 
using measurements acquired with the time-averaged gases analyzer and the predicted 
results from the 1D model. 

Several engine running conditions are evaluated to cover a wide range of engine 
operation in terms of engine speed and load. The performance of the model is 
demonstrated with several levels of EGR dispersion, which are achieved by proper 
modification of the regulation valves in the three EGR branches described in Section 2. 
Even off-design levels of EGR dispersion were tested to check the model predictive 
capabilities under extreme situations. In specific operating conditions, a variation of the 
EGR rate and its influence on the EGR dispersion is also assessed. 

5.1. Metrics definition 

There are eight outputs from the model to be compared with experimental data: the EGR 
rate in each intake pipe. Direct visualization of these data in bar plots comparing 
predicted and measured results is possible but not practical for the 29 engine conditions. 
Therefore, the definition of some metrics is helpful to analyze the EGR dispersion in a 
comprehensive manner. The non-dimensional root mean squared error summarizes all 
the differences between model and experiments in a scalar. It results from the simple 
addition of the differences in all the cylinders to the square (in order to avoid that negative 
errors would decrease the global error) and divided by the average of the experimental 
EGR rate. The expression is given in Eq. (9): 



𝑛𝑛𝑛𝑛𝐸𝐸𝑛𝑛𝑛𝑛𝐸𝐸 =  
�∑ (𝐸𝐸𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚−𝐸𝐸𝑖𝑖,𝑒𝑒𝑒𝑒𝑒𝑒)2𝑛𝑛

𝑖𝑖=1 𝐼𝐼⁄
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(9) 

Where n is the number of cylinders, i denotes the cylinder, subscripts mod and exp 
indicate model and experiment, respectively, and �̅�𝑥 is the average of all the cylinders. 
Since the EGR dispersion analysis should be evaluated in the cylinders, where the 
combustion process takes place, the comparison between experiments and model is 
performed from a cylinder point of view and not from an intake pipe perspective. The 
calculation of the EGR rate in the cylinders is carried out by averaging the values from 
the two corresponding intake pipes. The ndRMSE is a non-dimensional value but in the 
following analysis it is expressed in percentage format. 

Together with the non-dimensional RMSE, simple comparisons can be made from a 
cylinder perspective, which will lead to an additional metric: the difference between the 
model and the experiment from all the pipes for a given running condition. This metric 
can be calculated: (a) in absolute terms, whose unit will be percentage points of EGR 
level (absolute error), and (b) in relative terms, dividing the difference between the 
experimental and modeling values by the experimental value, whose unit will be 
percentage (relative error). 

The non-dimensional root mean squared error (ndRMSE), absolute error (AE) and 
relative error (RE) compare predicted and measured results, while the following metrics 
can be applied to either the model or the experimental data and do not provide any 
information about the performance of the model. The standard deviation can be 
computed to evaluate the differences in the pipes related to the average value. So this 
is a metric to evaluate the EGR dispersion, whose expression is given in Eq. (10): 

𝜎𝜎 =  �∑ (𝑥𝑥𝐴𝐴 − �̅�𝑥)2𝐼𝐼
𝐴𝐴=1 𝑛𝑛⁄    (10) 

If a normalized value with the EGR rate that the engine is running is desired, then the 
coefficient of variance provided in Eq. (11) is needed: 

𝐶𝐶𝐶𝐶𝐶𝐶 =  
�∑ (𝐸𝐸𝑖𝑖−�̅�𝐸)2𝑛𝑛
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A symmetry factor SF [31] can be defined taking into account that every pipe from 1 to 4 
will have a geometrical opposed pipe, from pipe 8 to 5. Hence, this factor is defined as: 

𝑛𝑛𝐹𝐹 =  ∑ (𝐸𝐸𝑖𝑖−𝐸𝐸9−𝑖𝑖)2

�̅�𝐸2
4
𝐴𝐴=1    

(11) 

Where the subscript refers to the number of the intake pipe. Again, the differences are 
computed to the square to avoid the cancellation between positive and negative 
differences. The symmetry factor is always a positive value and it provides values close 
to zero when the spatial profile of the EGR dispersion is symmetric. The higher the SF 
value, the more asymmetric spatial pattern is found. 



Finally, another metric to evaluate the shape of the spatial distribution of the results in 
the pipes (either predicted or measured) is the convexity factor (CF) [31] given by Eq. 
(12):  

𝐶𝐶𝐹𝐹 =  ∑ �𝑥𝑥𝐴𝐴 −
(𝐸𝐸𝑖𝑖+1+𝐸𝐸𝑖𝑖−1)

2
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𝐴𝐴=2 ∙  1
𝑥𝑥�  

(12) 

Where, again, the subscript relates to the intake pipe. While the other metrics provided 
scalars greater than zero, the CF can be a positive or a negative number. An inspection 
of the previous expression would lead to conclude that flat spatial EGR distributions in 
the pipes provide convexity factors close to zero, while positive values indicate a convex 
distribution (i.e. higher values in the pipes located in the extremes) and negative values 
mean concave profiles (i.e. higher values in the central pipes). 

5.2. Results with controlled EGR dispersion 

Figure 7 shows the measured and predicted EGR rate in the intake pipes with the engine 
running at 2000 rpm and 6 bar BMEP. The engine runs with an average EGR rate around 
24% and the three valves that regulate the EGR dispersion are open in specific positions 
to obtain a very low EGR dispersion in the cylinders. The numbers above the bars 
correspond to the EGR rate in each pipe, so a simple difference between measured and 
predicted data provides the absolute error in each pipe. The numbers inside the bars 
corresponding to the predicted results from the model are the relative errors between 
predicted and measured values in each pipe. A legend with the non-dimensional RMSE 
and the experimental information concerning the average EGR rate, the symmetry factor 
and the convexity factor is also displayed in the plot. 

The spatial pattern of the EGR in the pipes is nearly flat so the symmetry and convexity 
factors calculated from the experimental information are close to zero. The 1D engine 
model predictions are reasonably accurate in this case. The large differences in the pipes 
of cylinder 2 are cancelled when the average EGR in the cylinder is calculated, since the 
predicted results in one pipe are overestimated while an under-prediction appears in the 
other pipe. Something similar occurs in cylinder 3. As a global comparison of all the 
cylinders, the non-dimensional RMSE, which accounts for the deviations from 
experimental and modeling results, is lower than 5%. 

 

Figure 7. Measured and predicted EGR rate in the pipes at 2000 rpm and 6 bar BMEP 
with 24% EGR rate and symmetric position for the EGR dispersion valves. 

The engine running conditions are kept constant in terms of engine speed, torque and 
average EGR rate but the EGR dispersion regulation valves are operated to have an 



asymmetric spatial distribution. This situation is depicted in Fig. 8, where two arbitrary 
positions for the EGR valves provide more EGR to cylinders 3 and 4 (left plot) or to 
cylinders 1 and 2 (right plot). As a consequence, both the symmetric and convexity 
factors increase. The 1D engine model, calibrated with the corresponding effective area 
in the EGR regulation valves, is not performing with the same accuracy level as in Fig. 
7. The model overestimates the EGR in the intake manifold side where the EGR 
introduction was promoted. Predicted values in pipes in cylinder 4 in the left plot (or 
cylinder 1 in the right plot) are remarkable higher than in the measurements. Therefore, 
the non-dimensional RMSE increases up to approximately 30% in both cases. 

 

Figure 8. Measured and predicted EGR rate in the pipes at 2000 rpm and 6 bar BMEP 
with 22% EGR rate and two arbitrary asymmetric positions for the EGR dispersion 
valves. 

The engine running conditions are now changed to 3000 rpm and 20 bar BMEP with 
around 12% of EGR rate. This engine condition at full load did not activate the EGR 
strategy in engine a few years ago. Figure 9 shows two situations: on the left, the EGR 
valves position are calibrated to achieve a very low dispersion level while, on the right, 
an arbitrary position for the EGR valves provide more EGR to cylinders 3 and 4. Hence, 
the symmetric factor is close to zero on the left plot while it increases up to 3 in the high 
dispersion level situation on the right. The convexity factor is low in both cases. The 1D 
engine model performs with a good agreement to the experimental results in both 
conditions as observed in the low values of the non-dimensional RMSE, with values 
lower than 2% and 6%, respectively. 

 

Figure 9. Measured and predicted EGR rate in the pipes at 3000 rpm and 20 bar BMEP 
with around 12% EGR rate, with symmetric (left) and asymmetric (right) positions for the 
EGR dispersion valves. 

5.3. Results with EGR rate variations 

Figure 10 presents the comparison at 1500 rpm and 1 bar BMEP with different EGR 
rates: 42% (top, left), 29% (top, right), 22% (bottom, left) and 7% (bottom, right). The 
EGR regulation valves were set to provide a low EGR dispersion with 42% EGR and 



remained in those positions in the rest of the EGR rates. From the experiments, 
symmetry and convexity factors are close to zero in all the conditions, but the one with 
the lowest EGR rate, where more EGR is detected in the central pipes. In fact, the 
convexity factor increases from nearly zero to 0.23 in this case. The model performs with 
non-dimensional RMSE values lower than 8% in the three cases with high EGR rates. 
With the lowest EGR rate, although the engine model reveals higher EGR levels in the 
central pipes than in the rest, the phenomenon is not captured as measured in the 
experiment and the error increases up to 18.5%. 

 

Figure 10. Measured and predicted EGR rate in the pipes at 1500 rpm and 1 bar BMEP 
with 42% (top, left), 29% (top, right), 22% (bottom, left) and 7% (bottom, right) EGR rates 
and symmetric positions for the EGR dispersion valves. 

The COV is plotted against the averaged EGR rate in Fig.11. The results from the engine 
tests are shown in red circles, while the model data is given with blue crosses. Together 
with these dots, linear trends are included. An increase in the COV, which is a metric for 
the EGR dispersion, is observed as the EGR rate reduces. This behavior is clearly 
detected in the engine tests. However, the model is not able to capture this phenomenon, 
mainly for EGR rates lower than 10%. 

 

Figure 11. Measured and predicted COV as a function of the EGR rate in the 29 engine 
running conditions. 



5.4. 1D engine model performance 

The absolute and relative errors in the cylinders for the 29 engine running conditions are 
depicted in Fig. 12. Each dot represents a comparison in a cylinder. Red dots refer to 
the cylinders at the end of the engine block (either cylinder 1 or 4), while blue dots 
correspond to the cylinders in the central part (either cylinder 2 or 3). A positive value 
means that the model is overestimating the EGR rate in a given cylinder. In general 
terms, the 1D engine model over-predicts the experimental results concerning the 
cylinders 1 and 4; the opposite occurs for the other cylinders. The representation of the 
real intake manifold with 1D and 0D elements allows to have some flow motion from the 
central part of the manifold to its ends but when cylinders 2 and 3 are in the intake stroke, 
the flow motion from the pipes of cylinders 1 and 4 is less likely to happen than from the 
intake line. Therefore, the path for fluid motion between cylinders 1 and 4 to cylinders 2 
and 3 is easier in the real 3D geometry rather than in the 0D-1D simple approach. 
Maximum absolute errors of 10% in EGR rate take place when the engine operates with 
EGR rates around 20%. On the other hand, maximum relative errors up to 80% occur at 
reduced EGR rates (i.e. lower than 10%). 

 

Figure 12. Cylinder EGR absolute (left) and relative (right) errors as a function of the 
EGR rate in the 29 engine running conditions (red dots: cylinders 1 and 4; blue dots: 
cylinders 2 and 3). 

Figure 13 correlates the relative errors results with the non-dimensional RMSE. There is 
an obvious relation between both metrics. Large differences in the model predictions 
show high values for both the RE and ndRMSE. If the ndRMSE is lower than 10%, the 
maximum relative errors do not exceed 20%. The same color code for the cylinders is 
applied in Fig. 13 than in Fig. 12. While for ndRMSE values higher than 10%, the model 
presents a clearly overestimation in the results for cylinders 1 and 4, this is not so evident 
for ndRMSE values lower than 10%. 

 



Figure 13. Cylinder EGR relative errors as a function of the non-dimensional RMSE in 
the 29 engine running conditions (red dots: cylinders 1 and 4; blue dots: cylinders 2 and 
3). 

A simple inspection of the data presented in Fig. 12 and 13, with a cloud of dots ranging 
from -40% to 80% in relative errors, does not allow to give answers to: (a) the percentage 
of engine simulations that obtain a specific threshold of relative error, and (b) which 
engine running conditions the model is able to predict with a good level of agreement. 
Therefore, a thorough analysis of the results is needed. The left plot in Fig. 14 shows in 
the Y-axis the percentage of simulations that achieve a maximum relative error (MRE) 
found in the X-axis. There are two curves inside: the red one corresponds to the analysis 
when all the simulations are considered, while the blue one shows the information 
without considering the engine running conditions with an EGR rate lower than 10%. The 
plot on the right is similar but replacing the X-axis with the non-dimensional RMSE. 

 

Figure 14. Simulations percentage with lower values of maximum RE (left) and non-
dimensional RMSE (right) with all engine conditions (in red) and engine operation with 
EGR rate higher than 10% (in blue). 

From the data in Fig. 14, the 60% of all the simulations provide maximum relative errors 
lower than 20%. If the engine operations with EGR rate lower than 10% are filtered out, 
the percentage of simulations increases. For instance, up to 80% of the simulations 
provide results with relative errors lower than 25% and nearly all the simulations run with 
relative errors lower than 40%. Concerning the non-dimensional RMSE, 40% of all the 
simulations provide an error lower than 10%, while the percentage of simulations 
increases up to 60% if the engine runs with EGR rates higher than 10%. 

The last question would be to find out why the model performs so different in terms of 
cylinder EGR accuracy and, in particular, which engine running conditions have to be 
met to rely on the data predicted by the 1D. The experimental data for symmetry and 
convexity factors are plotted against the non-dimensional RMSE in Fig. 15. It is important 
to remind that SF takes only positive values, being zero a perfect symmetric spatial EGR 
dispersion, while CF takes positive and negative values, being zero a completely flat 
distribution; for visualization purposes, the two Y-axes share the zero value. Engine tests 
with high convexity factors (in absolute value) and extremely high symmetry factors 
provide bad model prediction values concerning the non-dimensional RMSE. There are 
simulations that show high errors with reduced CF and SF but these simulations 
correspond to low EGR rate engine conditions. 



 

Figure 15. Symmetry and convexity factors from the experiments as a function of the 
non-dimensional RMSE in the 29 engine running conditions. 

6. Conclusions 

The performance of a 1D modeling approach to predict the high pressure EGR transport 
and dispersion in the cylinders of an automotive engine was evaluated in this study. An 
exhaustive experimental campaign was fulfilled including EGR operation in full load 
conditions. Up to 29 engine running conditions covering the engine map together with 
variations in the EGR rate in specific engine speed and engine torque set points were 
tested. A fast CO2 tracking device was used to assess the 1D model results in 6 locations 
of the intake manifold. Since the sampling frequency of this equipment provides around 
10 measurements per engine cycle, several consecutive engine cycles were acquired in 
order to have a pseudo-evolution of the CO2 with crank-angle resolution. From the 
experimental domain, a specific hardware was setup to promote and control different 
levels of EGR dispersion in the cylinders. 

A 1D engine model was employed to simulate the experiments in the test bench. 
Instantaneous CO2 concentration predictions in the 6 locations inside the intake manifold 
lead to the following: (a) predictions in locations in the center of the manifold (location 
#2) are difficult to be captured by the model due to the highly 3D behavior of the flow and 
the compactness of current intake manifolds; and (b) predictions in the pipes offer better 
correlations. However, the instantaneous evolutions during the intake stroke of the 
corresponding cylinder are not always properly captured. 

Comparisons in EGR averaged values in the pipes were also discussed to assess the 
performance of the 1D model. Globally, the model underestimates the EGR rates in the 
central cylinders (2 and 3), while an overestimation occurs in the cylinders at the engine 
block ends (1 and 4). From the experimental perspective, the normalized EGR standard 
deviation increases with low EGR rates. This phenomenon is not captured by the model, 
which shows maximum relative errors in some cylinders around 60%. The prediction in 
terms of in-cylinder EGR improves to differences lower than 40% if the engine operating 
points with an average EGR rate lower than 10% are excluded. In this situation, 80% of 
the predicted in-cylinder EGR rates have differences lower than 25% when compared to 
experiments. The prediction performance of the 1D model is not remarkable in all 
simulations. There is an obvious correlation between the individual errors in the cylinders 
and the global metric to evaluate the prediction performance, which is the root mean 



squared error. The RMSE present values up to 40%. However, 40% of the simulations 
provide RMSE lower than 10%, linked to relative errors in the cylinders lower than 20%. 
The simulations with RMSE higher than 10% reproduce experimental profiles for the 
EGR spatial distribution with remarkable values of the convexity factor or symmetry 
factor. Therefore, the model provides best results when reproducing engine situations 
with high EGR rates and an HP-EGR system that enables a moderate EGR dispersion, 
being both conditions typically found in current automotive engines. 
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