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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

In the past 20 years, Large Eddy Simulation methods have continuously increased their popularity among the Internal 
Combustion Engines modeling community, due to their intrinsic potential in the description of the unsteady and randomly 
generated in-cylinder flow structures. Such capability has gained further relevance in the simulation of modern turbocharged GDI 
engines, where the high-fidelity resolution of cycle-to-cycle variability phenomena is crucial for the evaluation of the engine 
performance and emission trends. Nonetheless, even after many years of development the application of standard LES methods 
to full-scale engine geometries is still not straightforward, due to: the need for specific, turbulence-generating boundary 
conditions at open ends; more severe grid resolution/quality and time step requirements compared to unsteady RANS; the need 
for high-order (at least second-order accurate) numerical schemes. Therefore, a viable alternative might be found in hybrid 
URANS/LES turbulence modeling, which has the potential to achieve adequate scale-resolving levels wherever actually needed, 
but mitigating at the same time some of the aforementioned concerns. In the present work we discuss the current status and 
perspectives of URANS/LES hybrids in the ICE field, based on the scientific literature state-of-the art and on a series of previous 
computational studies made by the authors. Outcomes from this study essentially confirm that this class of methods deserve 
further attention and will likely support URANS and standard LES in the near future as an effective computational tool for the 
ICE development and optimization. 
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1. Review of hybrid URANS/LES methods for ICE flow modeling 

Hybrid URANS/LES turbulence models have been steadily developed for engineering applications since 1997 [1] 
and, at present, are considered a reliable and efficient option for fluid flow problems in the aerospace and 
turbomachinery fields [2,3]. On the other hand, the first noticeable application of such class of methods to Internal 
Combustion Engines is much more recent, as it dates back to 2009 [4]. Reasons for such a late development might 
be classified as geometry-dependent (e. g. complex moving boundaries and very small gaps between adjacent 
moving walls) or physics-dependent (continuously varying Reynolds number, simultaneous presence of wall-
impinging and tangential flows, generation-disruption of large-scale flow structures [5]). In spite of this, in recent 
years the interest in URANS/LES hybrids for ICE modeling has marked a significant growth [6], essentially due to 
the need for scale-resolving-capable computational tools which might be regarded as alternative to standard LES 
approaches. 

A comprehensive and detailed discussion about the currently available hybrid formulations has already been done 
in previous excellent reviews (see e. g. [7,8]) and is, therefore, out of the scope of the present work. Instead, to 
regroup the ICE-related hybrid modeling literature we propose two simple classification criteria (see Table 1): first, 
we divide Detached Eddy Simulation (DES) based methodologies from non-DES ones; second, each methodology is 
then classified as seamless or zonal. Following the definition found in [8], we call seamless (or universal) all models 
that are able to switch automatically from one method (URANS) to the other (LES), resulting in a change in terms of 
frequency and wave number resolutions. Conversely, zonal methods adopt pre-defined pure-URANS, pure-LES or 
seamless URANS/LES zones [8,9], in order to fully clarify the expected behavior of the numerical solution. 

The first relevant seamless DES study on engine-like geometries is reported in the work of Hasse et al. [4], where 
a two-equation SST DES formulation was used to investigate the simplified tumble vortex compression described in 
[10]. In this work, the SST DES model was found to be competitive with LES for the capturing of the large-scale 
precessing tumble vortex and returned accurate mean-flow predictions of the intake flow motion. In a subsequent 
paper from the same authors [11], the same seamless DES model was adopted for the reproduction of the cold-flow 
cyclic variability measured in a real engine motored configuration. In this case, simulations were carried out on a 
relatively fine unstructured computational grid (up to 3·106 elements) and a relatively small number of engine cycles 
(up to 13) was considered for statistical computations. Results from this study showed a reasonable agreement with 
the experiments, but questioning at the same time the statistics validity due to the unavailability of a large number of 
statistical samples. Seamless DES was also applied in [12], using a time-scale based URANS formulation as the 
baseline model and stressing some of the issues related to the efficient URANS-to-LES switching in complex 
internal flow geometries. Further applications can be found in [13] and [14], where the seamless DES approach was 
additionally compared to LES and other hybrid methods, finding good overall performances in realistic engine 
geometries but confirming at the same time the uncertainties related to the standard DES switching mechanism [9]. 

Zonal-DES (ZDES) was initially introduced by S. Deck for aerospace engineering computations [15], with the 
aim of taking full advantage of each mode of operation (URANS, LES or various forms of seamless DES) across 
different parts of the computational domain. This kind of zonal splitting is potentially attractive for full-scale ICE 
simulation, since it allows to enable scale-resolving capabilities only where needed the most (in-cylinder volume), 
saving computational resources elsewhere (inlet/exhaust ducts, plenums, etc.).  ZDES investigations of engine-like 
geometries are reported in [6], and [16-18], where a zonal reformulation of the same DES model proposed in [12] 
was applied together with the ZDES rearrangement of the RNG k- URANS closure. Results from these studies 
show that a much better control of the solution behavior can be easily achieved with only minor modifications to any 
standard DES approach. However, questions like the near-wall behavior/treatment and the optimal URANS/LES 
interface treatment were not investigated in details. 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.047&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
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regroup the ICE-related hybrid modeling literature we propose two simple classification criteria (see Table 1): first, 
we divide Detached Eddy Simulation (DES) based methodologies from non-DES ones; second, each methodology is 
then classified as seamless or zonal. Following the definition found in [8], we call seamless (or universal) all models 
that are able to switch automatically from one method (URANS) to the other (LES), resulting in a change in terms of 
frequency and wave number resolutions. Conversely, zonal methods adopt pre-defined pure-URANS, pure-LES or 
seamless URANS/LES zones [8,9], in order to fully clarify the expected behavior of the numerical solution. 

The first relevant seamless DES study on engine-like geometries is reported in the work of Hasse et al. [4], where 
a two-equation SST DES formulation was used to investigate the simplified tumble vortex compression described in 
[10]. In this work, the SST DES model was found to be competitive with LES for the capturing of the large-scale 
precessing tumble vortex and returned accurate mean-flow predictions of the intake flow motion. In a subsequent 
paper from the same authors [11], the same seamless DES model was adopted for the reproduction of the cold-flow 
cyclic variability measured in a real engine motored configuration. In this case, simulations were carried out on a 
relatively fine unstructured computational grid (up to 3·106 elements) and a relatively small number of engine cycles 
(up to 13) was considered for statistical computations. Results from this study showed a reasonable agreement with 
the experiments, but questioning at the same time the statistics validity due to the unavailability of a large number of 
statistical samples. Seamless DES was also applied in [12], using a time-scale based URANS formulation as the 
baseline model and stressing some of the issues related to the efficient URANS-to-LES switching in complex 
internal flow geometries. Further applications can be found in [13] and [14], where the seamless DES approach was 
additionally compared to LES and other hybrid methods, finding good overall performances in realistic engine 
geometries but confirming at the same time the uncertainties related to the standard DES switching mechanism [9]. 

Zonal-DES (ZDES) was initially introduced by S. Deck for aerospace engineering computations [15], with the 
aim of taking full advantage of each mode of operation (URANS, LES or various forms of seamless DES) across 
different parts of the computational domain. This kind of zonal splitting is potentially attractive for full-scale ICE 
simulation, since it allows to enable scale-resolving capabilities only where needed the most (in-cylinder volume), 
saving computational resources elsewhere (inlet/exhaust ducts, plenums, etc.).  ZDES investigations of engine-like 
geometries are reported in [6], and [16-18], where a zonal reformulation of the same DES model proposed in [12] 
was applied together with the ZDES rearrangement of the RNG k- URANS closure. Results from these studies 
show that a much better control of the solution behavior can be easily achieved with only minor modifications to any 
standard DES approach. However, questions like the near-wall behavior/treatment and the optimal URANS/LES 
interface treatment were not investigated in details. 
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Besides DES, two additional seamless methodologies were extensively tested on ICE-relevant geometries in 
recent years. The first one is Menter’s Scale-Adaptive Simulation (SAS) approach [19], which is directly derived 
from the SST k- URANS model. Differently from DES, in the SAS formulation there is no grid-dependent length 
scale switching and the only difference with the baseline URANS form is a source term in the -equation that 
depends on the second spatial derivative of the velocity field. The source activates itself in the presence of small-
scale instabilities in the flow, adjusting the eddy viscosity to a level that allows the formation of a turbulent 
spectrum. Otherwise, if the instabilities are too weak the model simply reverts back to the original URANS form. 
The computational studies found in [14] and [20-22] suggest that the SAS approach is fully capable of capturing 
large-scale unsteady flow structures, even in production-grade engine geometries. In addition, it seems to exhibit a 
more robust URANS-to-LES switching mechanism compared to seamless DES, which is desirable when there is 
limited a-priori knowledge about the optimal grid/numerical setup for the specific engine configuration. As a 
drawback, a more aggressive grid refinement strategy seems necessary in regions where a substantial scale-resolving 
capability is required. The last seamless approach analyzed here is called Dynamic Length-scale Resolution Method 
(DLRM) and is based on a local adaptive filtering operation that directly involves the Reynolds stress tensor 
produced by any URANS turbulence model [23]. The filter form is general and is designed to be consistent with the 
turbulence scaling laws in regions where the scale-resolving mode is enabled, while the URANS mode fallback is 
somewhat more conservative compared to the seamless DES. Results from the DLRM applications available in the 
literature [23,24] show good scale-resolving capabilities and a robust mode of operation, even for coarse sub-milion 
computational grids. 
 

Table 1. Relevant bibliography about hybrid URANS/LES applications to ICE flow modeling. 

Model type Reference Year of publication 

DES (seamless) [4], [11], [12], 
[13], [14] 

2009, 2010, 2015, 
2016, 2017 

DES (zonal) [6], [16], [17], [18] 2018, 2016, 2017, 
2017 

Others (seamless) [14], [20], [21], 
[22], [23], [24] 

2017, 2016, 2016 
2018, 2015, 2018 

2. Open issues and areas of improvement 

Based on the brief survey presented in the previous paragraph, we focus here on several key-points, which have 
not been fully addressed yet and/or need further development to extend the applicability of URANS/LES hybrids for 
comprehensive engine modeling and simulation. 

2.1. URANS-to-LES switching in seamless approaches 

Soon after its first appearance in 1997, it has been quickly detected that the original seamless DES switching 
formulation possesses an undesirable dependence on grid spacing, which might easily produce inconsistent flow 
features close to the walls or in the proximity of separation points [9]. Although subsequent modifications have 
found to significantly mitigate this problem through the introduction of semi-empirical delaying functions [25], the 
general validity of such type of correction for complex internal flows is debatable. Based on our previous 
experiences [12,16], the standard delaying function form proposed in [25] may produce substantially different 
results even for relatively simple geometrical configurations, depending on the local flow regime (see Fig. 1). 

It is the authors’ opinion that the other two seamless methods introduced in Section 1 possess a more consistent 
switching behavior compared to (standard) DES. More specifically, in agreement with the statements contained in 
[14] we consider the SAS SST model as a conceptually robust modeling choice for the scale-resolving simulation of 
realistic ICE configuration. However, it should be also underlined that all the computational studies found in the 
literature are characterized by very fine meshes (8·106 computational nodes and above), which poses the question of 

4 Author name / Energy Procedia 00 (2018) 000–000 

the actual scale-resolving performances of SAS in the case of relatively coarse, engineering-grade meshes. In 
addition, special attention must be given to the discretization of the velocity second derivatives, in order to properly 
capture the source term activation. Concerning DLRM, the proposed dynamic filtering procedure has shown very 
interesting results under coarse grid conditions, which would have produced highly unresolved results with any 
standard LES modeling option (see Fig. 2). However, the filter formulation partly relies on empirical arguments that 
have not been yet fully verified by the model developers under realistic engine operating conditions [27]. 
 
 

      
  (a)                                                                                                          (b) 

Fig. 1. Instantaneous viscosity ratio distribution during the DDES simulation of a reference abrupt expansion flow [26]: (a) zero-swirl case; (b) 
case with moderate swirl imposed at the inlet of the upstream pipe. Figure adapted from [12]. 

 

       
(a)                                                 (b)                                                   (c)                                                    (d) 

Fig. 2. Symmetry plane contours extracted from the DLRM simulation of a reference static intake valve geometry [28]: (a) mean axial velocity, 
coarse grid; (b) mean axial velocity, fine grid; (c) RMS axial velocity fluctuation, coarse grid; (d) RMS axial velocity fluctuation, fine grid. The 
coarse grid is made by 7·105 cells, the fine grid is made by 5.3·106 cells. Figure courtesy of Prof. F. Piscaglia [27]. 

2.2. Interface treatment in zonal approaches 

According to S. Deck [15], in ZDES there is no need of a special treatment at the URANS/LES interface, 
provided that the upcoming flow in URANS mode has a sufficient amount of momentum to rapidly overwhelm the 
modeled turbulent content and trigger flow instabilities in the LES-treated region. However, this is no longer the 
case when the upcoming flow is characterized by a relatively low Reynolds number (see Fig. 3) and/or when 
complex two-way passages may occur across the interface. Different methods where developed in order to ensure 
resolved turbulence generation on the LES side and consistent interface coupling on the URANS side [5,7,8,29,30]. 
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drawback, a more aggressive grid refinement strategy seems necessary in regions where a substantial scale-resolving 
capability is required. The last seamless approach analyzed here is called Dynamic Length-scale Resolution Method 
(DLRM) and is based on a local adaptive filtering operation that directly involves the Reynolds stress tensor 
produced by any URANS turbulence model [23]. The filter form is general and is designed to be consistent with the 
turbulence scaling laws in regions where the scale-resolving mode is enabled, while the URANS mode fallback is 
somewhat more conservative compared to the seamless DES. Results from the DLRM applications available in the 
literature [23,24] show good scale-resolving capabilities and a robust mode of operation, even for coarse sub-milion 
computational grids. 
 

Table 1. Relevant bibliography about hybrid URANS/LES applications to ICE flow modeling. 

Model type Reference Year of publication 

DES (seamless) [4], [11], [12], 
[13], [14] 

2009, 2010, 2015, 
2016, 2017 

DES (zonal) [6], [16], [17], [18] 2018, 2016, 2017, 
2017 

Others (seamless) [14], [20], [21], 
[22], [23], [24] 

2017, 2016, 2016 
2018, 2015, 2018 

2. Open issues and areas of improvement 

Based on the brief survey presented in the previous paragraph, we focus here on several key-points, which have 
not been fully addressed yet and/or need further development to extend the applicability of URANS/LES hybrids for 
comprehensive engine modeling and simulation. 

2.1. URANS-to-LES switching in seamless approaches 

Soon after its first appearance in 1997, it has been quickly detected that the original seamless DES switching 
formulation possesses an undesirable dependence on grid spacing, which might easily produce inconsistent flow 
features close to the walls or in the proximity of separation points [9]. Although subsequent modifications have 
found to significantly mitigate this problem through the introduction of semi-empirical delaying functions [25], the 
general validity of such type of correction for complex internal flows is debatable. Based on our previous 
experiences [12,16], the standard delaying function form proposed in [25] may produce substantially different 
results even for relatively simple geometrical configurations, depending on the local flow regime (see Fig. 1). 

It is the authors’ opinion that the other two seamless methods introduced in Section 1 possess a more consistent 
switching behavior compared to (standard) DES. More specifically, in agreement with the statements contained in 
[14] we consider the SAS SST model as a conceptually robust modeling choice for the scale-resolving simulation of 
realistic ICE configuration. However, it should be also underlined that all the computational studies found in the 
literature are characterized by very fine meshes (8·106 computational nodes and above), which poses the question of 
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the actual scale-resolving performances of SAS in the case of relatively coarse, engineering-grade meshes. In 
addition, special attention must be given to the discretization of the velocity second derivatives, in order to properly 
capture the source term activation. Concerning DLRM, the proposed dynamic filtering procedure has shown very 
interesting results under coarse grid conditions, which would have produced highly unresolved results with any 
standard LES modeling option (see Fig. 2). However, the filter formulation partly relies on empirical arguments that 
have not been yet fully verified by the model developers under realistic engine operating conditions [27]. 
 
 

      
  (a)                                                                                                          (b) 

Fig. 1. Instantaneous viscosity ratio distribution during the DDES simulation of a reference abrupt expansion flow [26]: (a) zero-swirl case; (b) 
case with moderate swirl imposed at the inlet of the upstream pipe. Figure adapted from [12]. 

 

       
(a)                                                 (b)                                                   (c)                                                    (d) 

Fig. 2. Symmetry plane contours extracted from the DLRM simulation of a reference static intake valve geometry [28]: (a) mean axial velocity, 
coarse grid; (b) mean axial velocity, fine grid; (c) RMS axial velocity fluctuation, coarse grid; (d) RMS axial velocity fluctuation, fine grid. The 
coarse grid is made by 7·105 cells, the fine grid is made by 5.3·106 cells. Figure courtesy of Prof. F. Piscaglia [27]. 

2.2. Interface treatment in zonal approaches 

According to S. Deck [15], in ZDES there is no need of a special treatment at the URANS/LES interface, 
provided that the upcoming flow in URANS mode has a sufficient amount of momentum to rapidly overwhelm the 
modeled turbulent content and trigger flow instabilities in the LES-treated region. However, this is no longer the 
case when the upcoming flow is characterized by a relatively low Reynolds number (see Fig. 3) and/or when 
complex two-way passages may occur across the interface. Different methods where developed in order to ensure 
resolved turbulence generation on the LES side and consistent interface coupling on the URANS side [5,7,8,29,30]. 
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All such methods represent, however, a significant departure from the original ZDES elegance and simplicity and 
thus stimulating the debate on whether it should be better to focus on the refinement of seamless approaches rather 
than developing increasingly complex zonal methodologies. In that sense, the authors have no clear opinion, as our 
general belief is that both modeling families will maintain their own strengths and weaknesses, depending on the 
specific application and simulation targets. 

 

      
  (a)                                                                                                          (b) 

Fig. 3. RMS axial velocity fluctuation profiles obtained with two-equation ZDES models, for two different engine-like reference flow 
configurations: (a) low-speed piston/cylinder assembly [31], z = 10 mm from the cylinder head during the intake stroke at the maximum piston 
speed conditions (CA=90°), intake jet Reynolds number of ~ 5·103; (b) fixed intake valve geometry [28], z = 20 mm from the cylinder head, 
intake jet Reynolds number of ~ 4·104. Figure adapted from [6]. 

2.3. Wall treatment 

Near-wall resolution is and will most likely remain a major obstacle towards the usage of well-resolved LES in 
the ICE context. In fact, all the currently available ICE-relevant engineering-grade LES studies (see [32] for an 
effective definition of engineering LES) adopt wall functions or other types of wall modeling options in order to 
obtain a reasonable estimate of near-wall quantities keeping the computational requirements down to an acceptable 
level. It is important to note that, if the near-wall behavior of the flow solution is not fully clarified, the wall 
treatment issue is still there even in the hybrid URANS/LES framework. Indeed, almost all of the works reviewed in 
Section 1 (including the ones from the authors) do not present any rigorous analysis of the specific wall treatment 
adopted, focusing instead on the scale-resolving features in the bulk of the flow. More specifically, it seems to be a 
common practice to use the same wall-treatment options that would have been applied in conjunction with the 
underlying URANS model alone, which however is a consistent choice only if the boundary layers are completely 
managed by the URANS branch of the hybrid formulation. In a recent work about this topic [5], it is shown that 
coupling advanced RANS-based wall modeling with a zonal hybrid methodology, in which boundary layers are 
always covered by the URANS branch, might lead to very good near-wall flow predictions in the presence of 
engineering-grade mesh resolutions and without affecting the scale-resolved content in the core of the domain. 
Determining the best wall modeling candidate for seamless approaches is far less obvious and, in our opinion, 
should represent a major concern for the near-future development of seamless methodologies for ICE applications. 

2.4. Sub-models integration 

In spite of the large literature records on the integration between LES turbulence modeling and other 
physical/chemical sub-models [32], such as combustion and fuel spray models, the equivalent literature for 
URANS/LES hybrids is practically  absent, especially among the ICE modeling community. In cases where the bulk 
of the flow is always (or mostly) treated in LES mode, such as with zonal or seamless DES, this means that 
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integration tests should be made between the already available LES-adapted sub-models and the non-standard sub-
grid scale closure form that emanates from the underlying URANS framework (e. g. a two-equation SST or k- SGS 
closure). In the SAS and DLRM cases, where the URANS/LES scales separation changes continuously across the 
spatial and temporal domains, sub-models integration might become a much more subtle task, due to the likelihood 
of simultaneous coexistence of URANS and LES fields at a one-cell (or one-time-step) distance one from another.  

3. Conclusions 

Far from being an exhaustive review of all the conceptual and practical aspects of efficient hybrid URANS/LES 
turbulence modeling implementation, the present work aims at returning a brief snapshot of the current status of 
such kind of modeling practice in the ICE multidimensional simulation community. 

Our analysis has been divided into four specific modeling areas, namely: the switching mechanism in seamless 
approaches; the interface treatment in zonal approaches; the wall treatment; the sub-models integration. Based on 
the literature survey and on our previous experiences, the first three areas can be further classified as methodological 
aspects. Methods and approaches are already available, but none of them is undoubtedly the best one in every 
possible situation. It is, therefore, reasonable to assume that these areas are likely to steadily improve in the next 
years, thanks to an increasingly larger application database that will allow refining the existing options. Conversely, 
the integration between turbulence modeling and other physical sub-models (fuel sprays, combustion, etc.) is a more 
subtle task, which has to be considered as belonging to the conceptual aspects family. More specifically, we believe 
that the achievement of a consistent and simultaneous sub-models coupling with the URANS (i. e. statistically 
modeled) and LES (i. e. instantaneously and locally filtered) portions of the computational domain will require 
significant theoretical development efforts in the near to mid-term future. 

Broadly speaking, it is authors’ opinion that such class of methods has not fully undisclosed its full potential yet 
and we hope, therefore, that the points and issues covered here might represent a useful basis for other researchers 
interested in the discussion and development of this topic.   
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