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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 this paper, different value of fire-deck thickness on temperature, thermal stress and low cycle fatigue (LCF) life 

of cylinder head has been discussed and investigated. A 6-cylinder engine has been selected for CFD and thermal 

analysis. And a half model (3-cylinder) has been used for the stress and corresponding LCF calculation because of 

the identical structure among cylinders. The thermal condition of cylinder head is calculated with the conjugate heat 

transfer (CHT) simulation between cylinder head and coolant. The results shows that temperature variation among 

different cylinders is tiny. With the fire-deck thickness (FDT) increased, the temperature and thermal stress on 

cylinder head fire-face raised apparently, while the LCF life is reduced. When the FDT increases from 9 to 13, the 

thermal stress, peak and average temperature on cylinder head fire face is increased by 10.85%, 5.89% and 4.76%, 

respectively. The corresponding LCF life is reduced from 9875 to 5730 times.  
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1. Introduction 

With growing concerns on the environmental problems caused by the emissions and increasing demand of energy 
saving, Internal Combustion Engine (ICE) are required to operate for higher specific power and in-cylinder pressure 
[1], giving rise to the increase of mechanical and thermal loads. The cylinder component especially the cylinder head 
therefore needs to be designed and used under higher in-cylinder pressure and temperature conditions. When the 
specific power of ICE is increased, the cracking failure of cylinder head [2, 3] occurs more frequently due to the 
higher thermal and mechanical loads. Increasingly research attentions have been raised on the consideration of the 
cylinder head temperature and thermal stress field. For example, numerical [4] and experimental study [5, 6] on 
cylinder head temperature distribution were conducted, which shows a good agreement with each other [5]. As, the 
Conjugated Heat Transfer (CHT) model is widely used in recent years [7] for cylinder head thermal simulation 
which is convenient for the calculation on the interface between solid and fluid. Gocmez et al. [8] adopted the 
restraint ratio as the criterion for judging thermal mechanical fatigue of cylinder head, and analysed the effect of 
material properties and structure parameters on the restraint ratio. Megel et al. [9] and Bharani Dharan et al. [10] 
optimised cylinder head structure design with high combustion pressure operation. Moreover, water jacket shape 
optimisation is taken for fatigue improvement as reported by Osterwisch et al. [11]. However, the fire-deck thickness 
has not been considered as an independent variable in the previous conducted researches, while studying the thermal 
status and Low Cycle Fatigue (LCF) life variation of cylinder head. In this study, the CHT simulation method has 
been adopted in order to analyse the cylinder head temperature and the results are validated by the experimental data. 
A 3-cylinder head and simplified block model are used to study the thermal stress and conduct the corresponding 
LCF life simulation. Moreover, the effects of fire-deck thickness on the cylinder head temperature, thermal stress 
and LFC life are discussed and investigated.  

2. Methodologies 

2.1. Conjugated heat transfer equations 

The solid region of the model adopts the steady heat 
conduction equation, with the coolant recognised as 
incompressible fluid. The Reynolds-averaged Navier-
Stokes equations and k-epsilon equation are adopted in 
this study for the numerical calculation. And the 
turbulence kinetic energy equation turbulent 
dissipation rate equation and wall function method 
used to describe the boundary layer can be found in 
Ref [12].  

In conjugated heat transfer model, the fluid-solid 
interconnection to describe the interface between the 
fluid and solid region is defined based on the Fourier heat equation and the convective heat transfer control equation 
as illustrated in Eq. (1).  

2.2.  Thermal-elasticity model 

Temperature distribution is an important cause of stress, so the thermal-elasticity theory has been taken into 
account in this study.  
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In the three direction, the equilibrium equations, stress-strain equations and deformation geometry equations are 
adopted. The stress-strain equations are consist of normal strain and stressing strain, as illustrated in Equation (2) 
and (3) 

2.3. Low Cycle Fatigue (LCF) calculation model 

For the LCF analysis, the total strain-life equation is adopted, where the Manson-Coffin equation is accepted for 
the plastic strain part, as illustrated in Eq. (4). 

2.4. Research objective and scheme 

A six cylinder diesel fuelled engine 
has been selected in this study. The 
structure of cylinder head is shown in 
Figure 1, and the Fire-Deck Thickness 
(FDT) is the objective of research.  

The whole 6-cylinder engine model 
is used for CFD and thermal analysis, 
including cylinder head, seat, block, 
liner and water jacket. Due to the 
identical structure among cylinders, a 
simplified 3-cylinder head and block 
model is accepted for the stress and 
corresponding LCF calculation, in order to reduce the software solving time.  

In order to research the effect of FDT on the thermal statues and LCF of cylinder head, the value of thickness is 
designed as 9mm, 10mm, 11mm, 12mm, 13mm and 14mm, respectively.  

3.  Model Verification  

 
 

Fig.2. Grid independent verification Fig.3. Verification of the results 

The thermal boundary in cylinder is obtained from software AVL-Boost, and the coolant boundary is acquired 
from the experiment results. The grid independence analysis was conducted to reduce the software solving time 
while maintain the simulation accuracy. The result is shown in Fig. 2, 7 sets of cells quantities including 4753042, 
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Fig.1. Cylinder head structure and FDT position 

 Xiaoqiang Chen et al. / Energy Procedia 00 (2017) 000–000   4 

 

6159020, 6999849, 10628805, 11555357, 12589768, 13800713 are adopted, and the coolant thermal dissipation of 
the engine was compared. The results indicated that the optimal set is 10628805 cells with the grid size 2mm, which 
is used in this study for simulation accuracy and saving the software solving time. 

The temperature on the cylinder head fire face obtained from the 3D simulation model are compared with the 
experimental results, which shows good agreement between the simulation and experimental data, as illustrated in 
Fig. 3.  

 
Fig.4. Temperature distribution on cylinder head fire face 

4. Results and Discussion 

4.1 Thermal status analysis  

 
(a) step1 

  
(b) step2  (c) step3  

Fig.5. cylinder head Mises stress of different loading 
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Fig.5. cylinder head Mises stress of different loading 
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With CFD simulation and fluid-solid 

coupled simulation, the temperature 
distribution of cylinder head fire face is 
shown in Figure 4. The temperature variation 
among different cylinders is tiny, because of 
the cross-flow coolant entrance and identical 
structure among cylinders. The largest 
temperature deviation between cylinders is 
0.52%. And within a cylinder, the 
temperature on the exhaust valve is much 
higher than others, due to the scouring of 
high temperature exhaust gas.  

Because the temperature variation among 
cylinders is tiny, the 5th cylinder is chosen for the following stress analysis, LCF calculation and corresponding 
research on the effect of FDT. 

The stress on cylinder head is calculated with software Abaqus, and the mechanical and thermal loads are 
successively imported in 3 steps, as table 1 shows.  

 The results of stress analysis are shown in Figure 5. The Mises stress on cylinder head is small when bolt pre-
tightening force and room temperature loaded (step 1), which increases with loading working temperature (step 2) 
and explosion pressure (step 3). On the fire-face of cylinder head, the Mises stresses near the oil jet and intake valve 
bridge are much greater than other locations.   

With the stress and strain of cylinder head, 
LCF life is calculated with software FEMFAT, 
as shown in Figure 6. The LCF life has 
adverse distribution with Mises stress on 
cylinder head fire-face, which near oil jet and 
intake valve bridge is lower than other 
locations.  

4.2 Thermal status under different fire-deck thickness 

 

 
(a) (b) The  

Fig.7. Thermal status of cylinder head variation with increasing FDT: (a) maximum and average temperature on 
cylinder head fire-face variation; (b) thermal stress variation near the oil jet 

 
Fig.6. LCF life of cylinder head 

Table 1 
Mechanical and thermal loading steps 

 Bolt force Temperature  
Explosion 
pressure  

Step 1 √ Room temperature (25℃)  
Step 2 Fixed Working temperature  
Step 3 Fixed Working temperature √ 
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Thermal status varies with the increase of FDT 

increase, as illustrated in Figure 7-8. The thermal 
resistant increased with the increase of FDT, so the 
temperature field on cylinder head fire-face is 
improved. As Figure 6 shows, while the FDT 
increased from 9 to 13, the peak and average 
temperature on cylinder head fire face increased by 
5.89% and 4.76%, respectively. Furthermore, the 
thermal stress near the oil jet increased by 10.85%, due 
to the increasing temperature and temperature 
difference. While the Min principle stress is almost 
equal to the Mise stress, which means the material is in 
tension strain. 

Because of the increased temperature and thermal stress, the minimum LCF life of cylinder head is decreased 
with the increasing FDT. As Figure 7 shows, the minimum LCF life is reduced from 9875 to 5730 times while the 
FDT changes from 9 to 11. 

5. Conclusions 

In this study, the effects of different value of fire-deck thickness for cylinder head thermal status were studied 
and reported. A 3D engine simulation model was built in order to predict the thermal status of the cylinder head. The 
conclusions drawn from this study can be summarised as 
1. The cross-flow entrance for coolant is benefit for the homogeneity of temperature distribution among cylinders, 

while the largest temperature deviation between cylinders is 0.52%. And within a cylinder, the temperature on 
the exhaust valve is much higher than others. 

2. On the fire-face of cylinder head, the Mises stresses near the oil jet and intake valve bridge are much greater 
than other locations. And the LCF life has adverse distribution with Mises stress on cylinder head fire-face. 

3. With the FDT increased, the temperature and thermal stress field on cylinder head fire-face are improved, so the 
LCF life of cylinder head is decreased. While the FDT increased from 9 to 13, the peak and average 
temperature on cylinder head fire face increased by 5.89% and 4.76%, respectively, and the thermal stress 
increased by 10.85%. The corresponding minimum LCF life is reduced from 9875 to 5730 times.  
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