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Abstract

Results are given for the comparative numerical simulation of heat-and-mass transfer processes in the cooling passages of a cylinder 

head in diesel locomotive engine 16 FN 26/27 running under rated power conditions at different engine boost levels. The advanced 

numerical methods used are shown to ensure a high degree of accuracy and information content when simulating heat-and-mass 

transfer processes, and enable evaluating the local values of flow parameters with account of the complex configuration of the flow 

parts in the cooling passages and the impact of operating parameters. The results show that an increasing boost level of a diesel 

engine and, respectively, a growing thermal load degrade drastically the conditions of heat rejection from the most thermally stressed 

zones of the cylinder head – the central part of the bottom face in the area of the injector bore and of the bridge between the bores of 

exhaust valve seats. The paper assesses the impact of the boost level on the effectiveness of heat rejection from the most thermally 

stressed areas of the cylinder head of a diesel locomotive engine. Conclusions and recommendations for improving the operating 

conditions of the cylinder head are given.
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1 Introduction
Modern engine building is being developed along the 
lines of improving the ecological characteristics of an 
ICE, and increasing the boost level and engine life [1-3]. 
The growing thermal load increases the amount of heat 
removed to the cooling system and withdrawn with the 
exhaust. This requires improving the effectiveness of the 
engine cooling system and calls for computational and 
experimental research.

The cooling of the coolant intensifies heat transfer from 
the exposed surfaces and the presence of stagnant zones in 
the cooling cavity facilitates the formation of a vapour film 
that degrades heat transfer [4]. The presence of variable 
areas increases the temperature gradients and facilitates an 
increasing level of thermal stress in the cylinder head.

Diesel locomotives operate with a locomotive char-
acteristic demonstrating crankshaft revolutions up to 

1,000 min-1. This means that the big time of the working 
cycle along with high values of thermodynamic param-
eters of the working medium due to a high level of gas 
turbine supercharging results in a substantial temperature 
growth in the combustion chamber parts. Reducing the 
level of the temperatures of parts to increase their reliabil-
ity is possible only by improving the cooling system.

The development of modern computational methods 
and software packages using CFD (computational fluid 
dynamics) technologies enables simulating liquid and gas 
flow in complex-shape passages and ducts, carburation 
and combustion processes, formation of toxic components 
and phase transition processes [3-5]. Advanced numerical 
methods help predict the effect of different factors on heat-
and-mass transfer processes in ICE cooling systems with 
minimal use of resources.
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2 Review of the literature
Many researchers have been investigating heat-and-

mass transfer processes in ICE and in the cylinder head 
cooling passages [6-12]. Studies [6-8] present the meth-
odology and results of numerical simulation of heat-and-
mass transfer in the cooling jackets of single and individ-
ual ICE cylinder heads.

Thus, by example of an individual cylinder head, it was 
shown that a 25% to 100% engine load build-up would inten-
sify the thermal load on the cooling system and degrade the 
operating conditions of the cylinder bottom face – one of 
the most thermal-stressed parts of the combustion chamber 
[8]. The temperature of the bridge between the bores of the 
exhaust valves seats at a 25% load is within 105 °С, and at а 
100% load, it reaches 350 °С. In the peripheral zones of the 
bottom face, the maximum temperature is 200 °С [8].

Such a temperature gradient induces considerable ther-
mal strain and thermoelastic stresses of the bottom face and 
degrades the operating conditions of the cylinder head [8].

Using CFD software packages enables 3D simulation of 
viscous and turbulent flows of the coolant in the ICE cool-
ing system. To model turbulent coolant flow, studies [6-8] 
recommend using the k-ε turbulence model. It enables 
simulating turbulent flows with high accuracy in the case 
of liquid flow in complex-shape passages.

The Woschni formula is used [6-8] to investigate the 
in-cylinder heat balance, calculate the values of the gas-to-
wall heat transfer coefficients and evaluate the changes in 
the thermal load on the cylinder head with changing diesel 
engine running conditions.

Great importance in researching heat transfer processes 
in combustion chambers of locomotive diesels is attached 
to the work of Prof. G.B. Rosenblit [13]. Paper [13] investi-
gates the comparative results of calculating the coefficient 
of heat transfer from gas to the combustion chamber walls, 
which are calculated using formulas by Nusselt, Bierling-
Nusselt, Stambulianu, Eichelberg, Annand, Woschni and 
other authors. 

The comprehensive approach to investigating heat-and-
mass transfer processes in the cooling passages of ICE 
housing parts and investigating the thermal stress-strain 
state of combustion chamber parts allows predicting with 
high accuracy and validity the variations in the operating 
conditions of thermal-stressed parts when running condi-
tions change or the boost level is increased. Studies in this 
area are topical and help save considerably on time and 
material expenditures for developing new modifications of 
ICE or refining the design of existing ones.

3 Research objective and tasks
The purpose of research is a comparative computational 
estimation of the impact of the engine 16FN 26/27 boost 
level on the heat-and-mass transfer processes in the cool-
ing passages of the cylinder head.

The study included the following tasks:
•	 Review the literature on methods for simulating 

heat-and-mass transfer processes in the cooling sys-
tems of engines;

•	 Use computational methods to evaluate the changes 
in the parameters of the engine operating cycle when 
the boost level is increased;

•	 Use manufacturer’s drawings to generate a compu-
tational domain and grid describing the configura-
tion of the cooling passages in an individual cylinder 
head of the engine;

•	 Use the results of computation of the engine operat-
ing cycle processes, Annand’s formulas and the gen-
eralisation of the results of other authors to generate 
a set of boundary conditions to describe heat-and-
mass transfer processes in the cooling passages of 
the cylinder head;

•	 Use numerical methods to perform comparative sim-
ulation of heat-and-mass transfer processes in the 
cooling passages of the cylinder head with different 
engine boost levels;

•	 Draw conclusions and make recommendations on 
improving the operating conditions of an individual 
cylinder head of diesel engine 16 FN 26/27 with an 
increasing boost level.

4 Basic stages and research results 
The investigation is concerned with heat-and-mass transfer 
processes in the cooling passages of the individual cylinder 
head of diesel engine 16 FN 26/27 running at rated power. 
The brief specifications of the engine are shown in Table 1.

The individual cylinder head is a one-piece block spe-
cial iron casting weighing 92 kg. A horizontal partition 
divides the cylinder head cooling space into two, the bot-
tom and upper ones. The head has six holes for hold-down 
studs to fasten the cylinder block. Treated water is used as 
engine coolant.

4.1 Computational investigation of the operating cycles 
of diesel engine 16 FN 26/27
Methods for diesel engine motoring cycle design and 
numerical methods [3] were used for designing the oper-
ating cycles of the engine running at power Ne = 2,940; 
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3,100; 3,200 and 3,400 kW. The basic results of compara-
tive computational research are shown in Table 2.

With an increasing engine boost level, the maximum 
combustion pressure and the temperature of the exhaust 
gases also increase (Table 2). This intensifies the thermal 
and mechanical load on combustion chamber parts and 
degrades their operating conditions.

4.2 Computational domain and grid
A computational domain and grid (Fig. 1) were created for 
numerical simulation of the heat-and-mass transfer pro-
cesses in the cooling passages of the engine cylinder head. 
The computational grid was adapted – locally condensed 
to account for sites with abrupt changes in geometry and 
for regions with high coolant flow velocities.

4.3 Description of boundary conditions
The results of calculating engine running conditions 

and Annand’s formula allowing to account for the change 
of thermophysical properties of gas and obtain a better fit-
ting of results for the intake and exhaust sections, and the 
generalisation of other authors’ findings were used to cre-
ate a set of boundary conditions to describe heat-and-mass 
transfer processes in the cooling passages of the cylinder 
head, and the type of wall boundary conditions – fixed 
temperature [6].

Fig. 2 shows the scheme for specifying the boundary 
conditions at the inlet and outlet of cooling passages in the 
cylinder head.

According to the data in [14], engines of the D70-D80 
line have two pumps in the cooling system (one for each 
line of cylinders). The point of intersection of the pump 
delivery curve at the pump impeller rotational frequency 
of n = 2,345 min-1 corresponds to the rated diesel engine 
operating mode with a consumption of 115 m3/hr and a 
pressure of 0.164 MPa [14]. 

Fig. 1 Computational grid describing the configuration of cooling 
passages in the cylinder head (3,124,065 computational cells)

Table 1 Brief specifications of diesel engine 16 FN 26/27

Item No. Parameter Value

1 Rated power, kW 2,940

2 Rotational frequency for rated power 
conditions, min-1 1,000

3 Cylinder diameter, mm 260

4 Piston stroke, mm 270

5 Compression ratio 12.8

6 Number of orifices in injector nozzle 8

7 Diameter of injector nozzle orifices, mm 0.42

Table 2 Basic results of comparative computational research in the 
operating cycles of the engine

Item No.
Ne Pe Pz  Tg ge

kW MPa MPa  °C g/kWhr

1 2,940 1.54 12 590 203

2 3,100 1.62  12.6 621 202

3 3,200 1.68 13 645 201

4 3,400 1.78 14 700 199

a) Inlet flow (11 hole), V = 1.5 m/s

b) Outlet flow (1 hole), P = 0.14 MPa

Fig. 2 Scheme for specifying boundary conditions

(b)

(a)
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The coolant flows from the jacket in the cylinder block 
via 11 orifices in the cylinder head bottom face to the bot-
tom cooling space (Fig. 2). Next, the coolant flows via 
drilled passages in the cylinder head bottom face to the 
injector cooling space. The coolant also flows upwards via 
vertical ducts connecting the bottom and upper head cool-
ing spaces. The coolant flows from the upper space via an 
orifice located above the discharge port (Fig. 2). The cool-
ant pressure in the engine cooling system is 0.16 MPa at 
rated power conditions.

4.4 Numerical simulation technique
The paper considers the real liquid (treated water) flow 
process in the 3-dimensional nonstationary statement with 
account of gravity. The k-ε turbulence model was used 
to describe turbulent flow with account of recommenda-
tions in studies [6-8]. The Total Energy model was used to 
describe heat transfer between the working medium and 
the walls. Analysis also accounted for the roughness of 
solid walls (roughness of 1 mm [6]). The study also used 
the Wall Boiling model and Mixture model [8] to describe 
possible phase transitions (coolant boiling depending on 
local conditions – pressure and temperature).

4.5 Research results
Fig. 3 shows the velocity distribution of coolant flow in the 
cylinder head cooling passages (Pe = 1.54 MPa). The hor-
izontal section of the drilled passages in the bottom face 
shows the coolant flow velocity distribution (Fig. 3(а)). The 
flow velocity reaches 3.5 m/s in the region of the drilled pas-
sages for cooling the injector and of the ducts for feeding 
coolant to the bottom space from the cylinder head jacket. 
In the peripheral regions, the flow velocity changes from 
0.5 to 1 m/s (Fig. 3(а)). The distribution of the coolant flow 
velocity in the horizontal section of the upper cylinder head 
space is shown in Fig. 3(b). The maximum flow velocities 
were found in the connecting ducts between the areas of the 
upper cooling space. The distribution of the coolant flow 
velocity in the vertical section on the injector bore axis is 
shown in Fig. 3(с). The velocity of the flow around the fuel 
injector sleeve changes with height from 3.5 to 0.4 m/s.

The distribution of coolant flow velocity (as a 3D stream-
line path) is shown in Fig. 3(d). The results presented show 
that the cooling spaces have no stagnant zones with circu-
lation velocity close to zero.

The distribution of coolant temperature in the cylinder 
head cooling spaces for different engine boost levels is 
shown in Fig. 4. The results show that, for a standard boost 

level of Ре  =  1.54 MPa, the coolant temperature varies 
within 80-100 °С, with the maximum value being 115 °С. 
The temperature grows with an increasing engine boost 
level. For the computational variant with Ре = 1.78 MPa, 
the coolant temperature varies within 115-140 °С. 

Fig. 3 Distribution of coolant flow velocity in the cylinder head cooling 
spaces (Pe = 1.54 MPa)

(a)

(b)

(c)

(d)
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On the surfaces adjacent to the exhaust valve seat bores, it 
changes within 125-140 °С (Fig. 4).

Fig. 5 shows the distribution of coolant temperature in 
the horizontal section of the cooling space. The results in 

Fig. 5 show that the most critical region is that of the exhaust 
valve seat bores. Depending on the boost level, the coolant 
temperature in this region varies within 130 to 140 °С. Such 
local coolant heating is due to the low circulation velocity 

Fig. 4 Distribution of coolant temperature in cylinder head cooling 
spaces

(d)

(c)

(b)

(a)

Fig. 5 Distribution of coolant temperature in the horizontal section of 
the cooling space

(d)

(c)

(b)

(a)
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(0.4-1 m/s) and intensive heat transfer from exhaust gases to 
discharge valves, seats and the discharge duct. 

A characteristic defect of the cylinder heads of boosted 
diesel engines during operation is the scoring mesh of 
cracks near exhaust valve seat bores, and heat fatigue 
cracks in the bridges between the valve seats bores and 
the fuel injector bore [15].

Fig. 6 shows the distribution of coolant pressure in the 
cylinder head cooling space at Pe = 1.54 MPa. As numer-
ical simulation shows, the maximum coolant pressure 
(0.152 MPa) is in the duct supplying coolant flow to the 
cylinder head bottom space.

In the bottom cooling space region, the pressure reaches 
0.142-0.147 MPa, and in the upper one, it varies within 
0.13 to 0.14 MPa (Fig. 6).

Fig. 7 shows the water boiling temperature vs. exces-
sive pressure graph. For the most heated area of the cooling 
space – the surfaces adjacent to the exhaust valve seat bores, 
further increase of the boost level can cause coolant boiling 
and scale deposit on the walls. As is known, scale has a very 
low heat conductivity coefficient (about 0.2 W/mK). Scale 
deposit causes yet greater local overheating and contributes 
to degrading cylinder head operating conditions.

As is known, increasing the number of computational 
cells increases the accuracy of numerical simulation 
results, especially for the case of a complex configuration 
of the computational domain. However, this also dramat-
ically increases computer runtime. In the following stud-
ies, the authors intend to conduct a comparative design 
investigation of heat-and-mass transfer processes in the 
cavities of the cylinder head with account of a different 
number of computational cells.

To ensure the effective functioning of the cooling sys-
tem of the individual cylinder head in an engine with an 

increasing boost level, it is necessary to improve the effec-
tiveness of the cooling system, increase the area of the 
heat transfer surface on the cooling system side and use 
cast iron with a better heat conductivity coefficient.

5 Conclusions
The comparative study allows for the following conclusions:
•	 Advanced numerical methods enable investigating 

heat-and-mass transfer processes in ICE cooling spaces 
with a high level of accuracy and information content.

•	 With an increasing boost level of diesel engine 
16 FN 26/27 from Ре = 1.54 MPa to Ре = 1.78 MPa, 
the exhaust gases temperature rises from 590 °С 
to 700 °С, and the maximum combustion pressure 
Pz increases from 12  MPa to 14 MPa. This has an 
adverse effect on the operating conditions of ther-
mal-stressed parts of the combustion chamber.

•	 Comparative numerical simulation of heat-and-
mass transfer processes in the cylinder head cooling 
spaces at different engine boost levels shows that an 
increasing boost level degrades the operating condi-
tions of the cylinder head.

•	 With a boost level increase above Ре = 1.78 MPa, the 
coolant can boil with scale depositing on the walls 
and an adverse effect on the operating conditions of 
the cylinder head.

•	 To improve the operating conditions of the cylinder 
head with an increasing engine boost level, it is neces-
sary to intensify the heat transfer process by increas-
ing the area of the heat transfer surface on the coolant 
side, provide additional drilled passages for coolant 
flow to the most thermally loaded areas, refine car-
buration and combustion processes, and also use cast 
iron with a higher heat conductivity coefficient.

Fig. 6 Distribution of coolant pressure in the cylinder head cooling 
space (Pe = 1.54 MPa) Fig. 7 Water boiling temperature vs. excessive pressure
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