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Abstract
The present work highlights the effect of wall heat transfer models on numerical predictions of combustion phenomenon 
in compression ignition diesel engine. A comparison of engine’s performance is made using O’Rourke and Amsden, Han 
and Reitz and Angelberger heat transfer models. A detailed chemistry model employed comprises of 61 species and 235 
reactions for n-heptane/diesel combustion. RANS RNG k-ε turbulence model (Reynolds-averaged Navier–Stokes: RANS; 
re-normalisation group: RNG; turbulent kinetic energy—rate of dissipation of turbulence energy: k-ε turbulence model) is 
used here to model mass, momentum and energy transport equations for engine computational fluid dynamics simula-
tions. The study performed is on turbocharged 130PS 5.675L diesel engine and presented against experimental findings. 
Effect of different wall treatment models on accuracy and inherent computational time requirement for predicting engine 
P–θ (cylinder pressure vs. crank angle) curve, indicated mean effective pressure and AHRR (apparent heat release rate) 
is discussed in this paper. This comparative study facilitates in choosing optimum heat transfer model for in-cylinder 
combustion study vis-à-vis the trade-offs between solution accuracy (which drives product quality) versus computational 
time (which drives time to market).
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1 Introduction

S. Šarić, B. Basara et al. proposed in their work “Advanced 
near-wall heat transfer modelling for in-cylinder flows” in 
International Multidimensional Engine Modelling User’s 
Group about the effect of the wall heat transfer model on 
the heat flux and validated in the spark ignition engine [1], 
whereas Chris Angelberger et al. proposed their advanced 
model in their article on “Improving Near-Wall Combustion 
and Wall Heat Transfer Modeling in SI Engine Computa-
tions” which proposes an approach towards improving 
near-wall heat transfer model in SI engine combustion 
[2]. Although there are much studies which suggest the 
advancement in the model as “A Spray/Wall Interaction 

Submodel for the KIVA-3 Wall Film Model” by P. J. O’Rourke 
et al. [3, 4], we have very limited literature which gives us 
a comparative analysis of each wall heat transfer model. 
Sanjin Šarić et al. further in their work “A Hybrid Wall Heat 
Transfer Model for IC Engine Simulations” explained the 
limitations of Han and Reitz heat transfer model and sug-
gested modifications [5]. A Sircar et al. in their work “An 
assessment of CFD-based wall heat transfer models in piston 
engines” illustrated the effect on prediction behaviour with 
Angelberger wall heat transfer model and stated further 
comparison is required for turbulence quantities [6]. Wall 
heat transfer model’s references are widely illustrated 
for spark ignition engines [7], but at the same time for 
compression ignition engines, for reference the literature 
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resources are limited. The work highlights the impor-
tance of choosing wall heat transfer model and the effect 
in predicting performance characteristics of the model. 
Each wall heat transfer model is applied on the geometry 
with the same mesh upon performing a grid independ-
ency test [8]. The work can act as a reference for simula-
tion performed across the globe for compression ignition 
diesel engine. The simulation results are compared with 
the experimental data. The experimental data are taken 
from reference of a standard turbocharged 130PS 5.675L 
diesel engine (Table 1).

1.1  Engine specifications

The analysis is done at operating point, i.e. 2200 rpm, 
547Nm torque, and at full load condition. The parameters 
are kept constant throughout the study both physical and 
chemical, and a comparative study is presented between 
three wall heat transfer models. As observed in the study 
with different wall heat transfers model used for compres-
sion ignition engine simulation, all fall in permissible error 
range, but at the same time we need to check the level of 
accuracy of each of them for a precise and accurate study; 
having an idea of the model to be used also saves the com-
putational time. Each wall heat transfer model as is having 
a specific mathematical model implies different computa-
tion time. For example, Han and Reitz heat transfer model 
takes into account the dynamic density variation, and 
hence, the computation time increases as the validation 
for boundary condition increases in parallel. Our purpose 
is to validate wall heat transfer model for a compression 
ignition engine having performance characteristics as the 
benchmark.

2  Modelling approach

The modelling is done on a standard CFD in-cylinder 
combustion software having all the three wall heat 
transfer schemes with a rich library for turbulence model 
in which RNG k-ε is chosen for study. The solution is 
obtained from the set of governing equations, law of 
conservation of mass, momentum, energy and species in 

a three-dimensional in-cylinder in a CRDI diesel engine 
[9–11]

The turbulence modelling approach picked here 
is RNG k-ε. The RNG model was developed using re-
normalisation group (RNG) methods by Yakhot et al. to 
renormalise the Navier–Stokes equations, to account for 
the effects of smaller scales of motion. In the standard 
k-epsilon model, the eddy viscosity is determined from 
a single turbulence length scale, so the calculated turbu-
lent diffusion is that which occurs only at the specified 
scale, whereas in reality all scales of motion will contrib-
ute to the turbulent diffusion. The RNG approach, which 
is a mathematical technique that can be used to derive 
a turbulence model similar to the k-epsilon, results in a 
modified form of the epsilon equation which attempts 
to account for the different scales of motion through 
changes to the production term [12–15].

The combustion modelling is done on a standard 
reduced Engineering Research Center-Mechanism. The 
Engine Research Center had developed reaction mecha-
nism of n-heptane to simulate diesel fuel chemistry. The 
method used for mechanism development is a combina-
tion of SENKIN, XSENKPLOT and genetic algorithm. The 
mechanism can be used efficiently for multi-dimensional 
engine CFD modelling of diesel engines.

The meshing used is adaptive mesh refinement. The 
meshing technique basically works on the immerse 
boundary condition and eliminates the general prob-
lem of predefined-mesh quantification which cannot 
be dynamic as per real-time solution generated. The 
maximum cell counts are restricted here to 15 millions 
cells after a grid enhancement testing validation (Fig. 1).

Fuel species used for study is diesel (in liquid phase) 
and n-heptane—C7H16 (in gas phase after evaporation) 
as full kinetic dual fuel model is too complex and data 
information availability is also limited, so n-heptane is 
used as fuel surrogate for primary fuel in gas phase. Flow, 
thermal and turbulence model is Reynolds-averaged 
Navier–Stokes model (RNG k-ἐ) for continuity, momen-
tum and energy equations. Spray break model is based 
on Lagrangian transport equations, with KHRT droplet 
breakup and NTC-collision approach. Boiling–evapora-
tion model adapted is Forssling evaporation model hav-
ing spray wall interaction model as rebound and slide 
[16, 17]. Equation of state is Redwich Kwong which is an 
empirical, algebraic equation that relates temperature, 
pressure and volume of gases. Solver parameter used 
for pressure velocity coupling is Rhie–Chow scheme, 
which is mostly applied with the aim of improving com-
putational efficiency and speeding the coupling process 
especially where non-Cartesian meshing is done.

Table 1  Engine specification

Engine displacement 5675 cc
Rated power 134.1bhp@2400 rpm
Number of cylinders 6
Type Turbocharged
Operating fuel Diesel
Rated torque 490 Nm 1400–1800 rpm
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3  Experimental setup

The experiment for plotting performance characteristics 
is performed in a standard industrial test bench under 
industry standard condition whose schematic diagram is 
presented here. The experimental setup consists of angle 
encoders and pressure sensor mounted on crank pul-
ley and cylinder top, respectively, which senses current 
position as angle and pressure as signals. These signals 
are transmitted to the processing unit/amplifiers which 
process it, and the pressure versus crank angle plot is dis-
played on the display screen. The pressure vs crank angle 
is recorded from the experiment which is further a refer-
ence for validation purpose of the simulation activity [18] 
(Fig. 2).

4  Mathematical model

The constants used here are: k is the molecular conductivity, 
κ is the von Karman constant (0.4187), B is the function given 
by the value of u+ when y+ is equal to 1,  Prm is the molecular 
Prandtl number,  Prt is the turbulent Prandtl number, Tf is the 
fluid temperature, Tw is the wall temperature, and uτ is the 

shear speed (taken from the momentum law of the wall) 
(Fig. 3).

The shear speed is given as

4.1  Han and Reitz wall heat transfer model

The Han and Reitz wall heat transfer model is given by:

The Han and Reitz model accounts for compressible 
effects. The Han and Reitz model also resolves the dynamic 
density variation effects which furthermore increases the 
computation time, and this kind of dynamic resolution is 
required where sudden density variation is taking place and 
has to be accounted in detail [19].

4.2  O’Rourke and Amsden wall heat transfer model

For the O’Rourke and Amsden model, the wall heat transfer 
is given by:
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Fig. 1  AMR at a certain instance

Fig. 2  Experimental setup layout
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where

The O’Rourke and Amsden wall film model predicts film 
transport on complex surfaces, heating and vaporisation of 
the film, and separation and re-entrainment of the liquid film 
at sharp corners it also incorporates the effects associated 
with spray/wall interactions—including droplet splash, film 
spreading due to impingement forces, and motion due to 
film inertia. The model is specially design in a way to perform 
study for IC engine, and the computational time is also rela-
tively lesser than the other two models and hence is opti-
mised for operation [4].

4.3  Angelberger wall heat transfer model
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where

The Angelberger model accounts for quasi-isothermal 
flow (e.g. in intake pipes or compression during engine 
simulations) and for non-isothermal wall flow (e.g. in the 
combustion chamber during combustion or in exhaust 
pipes). The Angelberger model consistently predicts lower 
wall heat fluxes than the Han and Reitz model [2].

5  Results

The result is plotted and pressure versus crank angle curve 
is compared, and further, the values of IMEP are compared 
and the wall heat transfer model with least error is taken 
for further study and analysis.

The Han and Reitz model underpredicts the indicated 
mean effective pressure value which is above the per-
missible limits as of more than 10% error. The O’Rourke 
Wall heat transfer model underpredicts the result by 2% 
which is nearly close to the actual value while the Angel-
berger wall heat transfer model overpredicts the value by 
4% which is not acceptable for further study. Also as we 

(7)𝜃+ =

{
Pr y+ y+ ≤ 13.2

2.075 ln
(
y+

)
+ 3.9 y+ > 13.2

Fig. 3  Comparison of each wall heat transfer model curves pressure versus crank angle
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observe the apparent integrated heat release rate plotted 
from start of injection to exhaust valve opening, the mean 
curve follows the path of simulation curve obtained from 
O’Rourke model. So O’Rourke heat transfer model gives 
a close prediction for performance parameter (Fig. 4 and 
Table 2).

6  Discussion

The boundary conditions and the precise modelling ena-
ble the O’Rourke model for predicting the performance 
characteristics curve very close to that of the experimental 
result. On the other hand, Han and Reitz account for the 
compressible effects; in this particular model, there is a 
gap in predicting the result as compared to the O’Rourke 
model, whereas Angelberger is suitable for modelling the 
quasi-isothermal case where the gap between the film 
temperature and wall temperature is relatively lower as 
suggested by its physics and boundary conditions.

O’Rourke and Amsden wall heat transfer model predicts 
film transport on complex surfaces, heating and vapori-
sation of the film, and separation and re-entrainment of 
the liquid film at sharp corners. Vaporisation of the films is 
due to differences between the fuel vapour mass fraction 

in the bulk gas above the films and the vapour mass frac-
tion at the surface of the film determined by its surface 
temperature. The film surface temperature is determined 
implicitly by a wall film temperature equation. The param-
eters such as mass, momentum and energy are also well 
predicted by the wall functions for turbulent boundary 
layers near the films which are in vaporising state.

7  Conclusion

Since the O’Rourke wall heat transfer is giving the most 
optimised result both from the point of ‘accuracy’ as 
illustrated and computational feasibility as the compu-
tation time for O’Rourke being X is 1.25X and 1.75X for 

Fig. 4  Comparison of each wall heat transfer model for apparent integrated heat release rate

Table 2  Comparison between performance parameter with each 
wall heat transfer model

Wall heat transfer model Han and Reitz O’Rourke Angelberger

Rotation per minute 2200 2200 2200
Indicated mean effective 

pressure (bar)
13.05 14.28 15.20

%Error 10.54 2.10 − 4.20
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Angelberger and Han and Reitz, respectively. O’Rourke 
and Amsden wall heat transfer model is observed to be 
suitable for study for in-cylinder CFD combustion study 
for mapping performance parameter of a standard diesel 
engine.
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