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Abstract: The present work deals with an analysis of the cooling system for a two-stroke aircraft
engine with compression ignition. This analysis is carried out by means of a 3D finite-volume RANS
equations solver with k-ε closure. Three different cooling system geometries are critically compared
with a discussion on the capabilities and limitations of each technical solution. A first configuration of
such a system is considered and analyzed by evaluating the pressure loss across the system as a function
of the inlet mass-flow rate. Moreover, the velocity and vorticity patterns are analyzed to highlight the
features of the flow structure. Thermal effects on the engine structure are also taken into account and the
cooling system performance is assessed as a function of both the inlet mass-flow rate and the cylinder
jackets temperatures. Then, by considering the main thermo-fluid dynamics features obtained in the case
of the first configuration, two geometrical modifications are proposed to improve the efficiency of the
system. As regards the first modification, the fluid intake is split in two manifolds by keeping the same
total mass-flow rate. As regards the second configuration, a new single-inlet geometry is designed by
inserting restrictions and enlargements within the cooling system to constrain the coolant flow through
the cylinder jackets and by moving downstream the outflow section. It is shown that the second geometry
modification achieves the best performances by improving the overall transferred heat of about 20% with
respect to the first one, while keeping the three cylinders only slightly unevenly cooled. However, an
increase of the flow characteristic loads occurs due to the geometrical restrictions and enlargements of
the cooling system.

Keywords: internal combustion engines; liquid-cooling system; heat transfer; computational fluid dynamics

1. Introduction

It is well known that internal combustion engines for aeronautical applications operate within a
specific temperature range to avoid structural damages, detonations and loss of efficiency of the combustion
process. The heat released by combustion is only partially converted to work: a certain amount is within
exhaust gases, while the remaining part warms-up the engine structure. This heat needs to be some
how dissipated by keeping the engine within its optimal temperature range as to ensure reliability and
long service life [1]. This temperature range (roughly from 350 to 380 K) ensures that the engine is
efficiently working from the thermodynamic point of view. Indeed, a high cooling would reduce the
engine thermal efficiency whereas if the engine temperature exceeds this range, the engine may over-heat
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and this over-heating is likely to damage the engine. The engine over-heating can be prevented by using
efficient cooling systems to assist the engine running at its optimal performance. Hence, there is a need
to look at the total heat balance and control system for the aircraft in order to search for performance
optimization [2–4].

Generally, for piston aircraft engines, either air or liquid cooling systems are employed; only a few
modern engines implement a combination of both, all with their own advantages and disadvantages [5].
Inline four, six or eight cylinders engines are almost exclusively air-cooled, except for the Rotax, Viking
and Subaru engines and some aero diesels [6]. Such a cooling technique represents a good compromise
between the structure design and the low weight achieved when compared to liquid cooling circuits.
Nevertheless, air-cooled cylinders present a large number of fins cast around the heads increasing the
total exposed surface. Indeed, the engine may be shock-cooled at high altitudes [7]. On the other hand,
liquid-cooling systems have a weight penalty with respect to air-based systems while they are able to
keep the temperature of all of the cylinders quite even and the engine cannot be shock-cooled during high
speed or low power descends. Moreover, the coolant liquid is usually thermostatically controlled so that
the engine is quickly warmed up at the start-up and works all the time around the optimal operating
temperature [8].

In this context, a detailed analysis of such cooling systems is required by the designer to optimize
the heat distribution of the engine structure. Computational Fluid Dynamics (CFD) simulations provide
a means to optimize cooling circuit configurations by employing sensitivity analysis to the components
of such circuits. Indeed, simulation models are very useful for engineers not only to support but also to
reduce the amount of testing required during the design of the engine. Numerical models and simulations
can greatly enhance development efforts by predicting performance trends and trade-offs and will,
therefore, result in more efficient and better-optimized heating and cooling systems for high-performing
engines [9–14]. Specifically, due to the wide spatial and temporal scales involved in internal combustion
engine simulations, steady and unsteady Reynolds-averaged Navier–Stokes (RANS) solvers are largely
employed supporting the rational design of such engines. Moreover, recently, hybrid approaches involving
both unsteady RANS and Large Eddy Simulations (LES) techniques have also been proposed thus
achieving the required resolutions needed for a comprehensive analysis of such engines [15–17].

In this work, a liquid cooling system for a specific aircraft engine is analyzed by means of a
3D finite-volume RANS equations solver with k-ε closure. Specifically, the RANS equations for an
incompressible thermal fluid is used to analyze the cooling system performance as a function of the
inlet mass-flow rate GIn. Such analysis is carried out by varying the cylinder jackets temperature and by
comparing the outflow temperature and the transferred thermal power as a function of coolant mass-flow
rate. The CFD results enable us to notice the drawbacks of the cooling system geometry and suggest some
improvements that can be used to enhance the heat transfer. Two geometrical modifications to the cooling
system are proposed. The first modification consists of two coolant inlets while keeping the same total
mass-flow rate; the second configuration consists of a new single-inlet geometry with new restrictions
and enlargements within the cooling system to constrain the coolant flow through the cylinder jackets
and also by positioning downstream the outflow manifold. Capabilities and limitations of these three
cooling system geometries are critically discussed and compared providing useful insights for the internal
combustion engine community.
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2. The Model

2.1. Mathematical Model

The steady three-dimensional Reynolds-Averaged Navier-Stokes (RANS) system of equations with
the k–ε closure reads:

∂(E− Ev)

∂x
+

∂(F− Fv)

∂y
+

∂(G− Gv)

∂z
= S , (1)

where E, F and G are the inviscid flux vectors:

E =



u
ρu2 + pt

ρuv
ρuw

ρcpTu
ρuk
ρuε


, F =



v
ρuv

ρv2 + pt

ρvw
ρcpTv

ρvk
ρvε


, G =



w
ρuw
ρvw

ρw2 + pt

ρcpTw
ρwk
ρwε


; (2)

where overbar indicates Reynolds-averaging of the physical variable; ρ is the density; (u, v, w) and T
are the Reynolds-averaged velocity components and temperature, respectively; pt = p + 2

3 k being p the
Reynolds-averaged pressure; k and ε are the turbulent kinetic energy and its dissipation rate.
Ev, Fv and Gv represent the viscous flux vectors, reading:

Eν =



0
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; (3)

being µ, µt and λ the molecular viscosity, turbulent viscosity and thermal diffusivity, respectively. Finally,
S corresponds to the source term vector,
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S =



0
0
0
0
0
Sk
Sε


, (4)

where Sk and Sε are the source terms related to k and ε, respectively.
The steady-state RANS equations with k–ε turbulence closure are solved by means of a cell-centered

finite volume numerical scheme. The computational domain is discretized by a multi-block unstructured
mesh. A pressure-based solver is employed where the equations are solved segregated one to each other,
i.e., each equation is decoupled from all the others. Indeed, this segregated algorithm is memory-efficient,
since the discretized equations need only to be located in the memory one at a time [18]. Specifically,
the SIMPLE solver by Patankar and Spalding [19] is employed. Viscous terms are discretized by a
second-order-accurate least-squares cell-centered scheme [20], while convective terms are treated with a
second-order upwind scheme [21]. The pressure and velocity fields are solved by using a SIMPLE-type
pressure-velocity coupling in which the momentum equation is solved using an estimated initial pressure
field. Then, the SIMPLE correction for the pressure field is employed to satisfy the continuity equation.
The pressure-correction equation is solved by using the algebraic multigrid (AMG) method by Hutchinson
and Raithby [22]. In the present work, only steady flows are considered; therefore, the algorithm is iterated
in a pseudo-time until a residual drop of at least four orders of magnitude for all of the conservation-law
equations is achieved. No-slip conditions are imposed along the engine walls while the near-wall region of
the flow field is treated with the standard wall-functions approach proposed by Launder and Spalding [23].

2.2. Computational Domain and Boundary Conditions

In this work, a six-cylinder aircraft compression ignition engine with two opposite banks is considered.
Specifically, due to the specular geometries of the banks, only one of the two cooling system banks is
considered (Figure 1a). The bank is characterized by an inlet section and an outlet section and presents
three slots corresponding to the three cylinders jackets. Moreover, two modifications of this geometry are
proposed and discussed to provide improvements in terms of mass-averaged outflow temperature and
cylinder specific and total transferred thermal power (see Figure 1b,c). These geometries are discretized
by means of about 8,000,000 tetrahedral elements with an average cell size of about 1.5 mm and a global
minimum size of about 0.05 mm. The spatial discretization used in the computations for the single-inlet
geometry (depicted in Figure 1a) is shown in Figure 2. Three sections are considered along with close-ups
to show the quality of the discretization in the near-wall regions. Specifically, two transversal sections
are located at y = −0.250 m and y = −0.325 m and the longitudinal section corresponds to the valve
plane at z = −0.01 m. The minimum and maximum y+ for this numerical discretization are 20 and 97,
respectively. These values are well confined in the range of 10 ≤ y+ ≤ 300, which represents a constraint
for the employed k–ε closure joined with the use of standard wall functions.

The comparison between the three geometries is provided in terms of both the thermodynamic
and kinematic flow fields, i.e., velocity, vorticity and temperature distributions, and of the evaluation of
the pressure loss through the bank, the outflow temperature, as well as the cylinder specific and total
transferred thermal power. To this end, two sets of simulations with five inlet mass-flow rates, namely
Gin = 0.5, 1.0, 1.5, 2.0, and 2.5 kg/s are considered. At first instance, thermal effects are neglected, i.e.,
fluid temperature is constant through the bank. This analysis is mainly carried out to provide a picture
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of the overall flow structure and to identify flow features under such an assumption. The working fluid
is assumed to be water at 353 K with density and viscosity equal to 972 kg/s and 3.54 × 10−4 Pa·s,
respectively. The second set of computations includes heat transfer between fluid and walls with the
inlet coolant water temperature equal to 343 K and the crankcase external temperature equal to 380 K,
whereas the cylinder jacket temperature ranges from 400 K to 460 K. For such thermal analysis, the water
density and viscosity are computed as functions of the water temperature by employing a second-order
polynomial fitting [24]. For both sets of computations, the mass-flow rate is set at the inlet section with
an outlet pressure pout = 1 bar. As regards turbulence, the inlet turbulence intensity is u′in = 0.25 uin and
the turbulence characteristic length is equal to 0.3 din, being din and uin the inlet diameter and the inlet
mass-averaged fluid velocity, respectively.

Figure 1. Geometry of the cooling system for the three configurations. (a) Sketch of the right bank of the
cooling system. (b) Sketch of the right bank of the cooling system with a second intake duct (In2) on the
opposite side with respect to the old one (In1). (c) Sketch of a new single inlet geometry (left bank) obtained
by inserting enlargements and restrictions to the old one and by moving downstream the outlet duct. All of
the graphics are represented from an internal (left column) and external (right column) point of view.
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Figure 2. Spatial discretization of the cooling system for the single-inlet configuration. (a) Computational
mesh of the right bank of the cooling system. (b,c) Transversal sections of the computational mesh at (b)
y = −0.250 m and (c) y = −0.325 m. (d) Longitudinal section of the computational mesh at the valve plane
z = −0.01 m.

3. Results and Discussion

3.1. Analysis of the Single-Inlet Geometry

At first instance, the flow field of the single-inlet geometry (see Figure 1a) is analyzed by neglecting
thermal effects. The pressure drop across the cooling system is computed as a function of the inlet
mass-flow rate and shown in Figure 3. The head losses are computed as the difference between the
inlet (< pin >) and the outlet (< pout >) surface-averaged pressure, ∆p =< pin >Ain − < pout >Aout ,
where < pin/out >Ain/out correspond to the surface-averaged pressure related to the inlet (outlet) sections.
The diagram shows that ∆p vs. Gin follows a quadratic trend due to the fully developed turbulent
regime of the flow field. The figure shows that ∆p is of the order of 10−2 bar for all the investigated inlet
mass-flow rates.
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The velocity and vorticity magnitude contour plots, given in Figure 4, show that a large fraction of
the flow pattern sweeps over the cylinder that is closer to the inlet section, i.e., cylinder 5. Then, the flow is
almost totally short-circuited from the inlet directly to the outlet for all values of Gin. Indeed, the cylinder
in between, i.e., cylinder 3, is directly affected by the fluid flow, whereas cylinder 1 results poorly cooled
down even for large values of Gin, as shown in Figure 4c. On the other hand, the small values of ∆p
(O(10−2) bar) reflect that the flow is somehow short-circuited so that the path actually performed by
the fluid is relatively short and without much cross-sectional area variations. An interesting view of the
flow structure is given in Figure 5 for GIn = 0.5, 1.5, and 2.5 kg/s, where the velocity magnitude colored
streamlines are drawn to provide a qualitative picture of the coolant internal flow structure.

Figure 3. Single-inlet cooling system characteristic loads. Pressure loss as a function of the inlet mass-flow rate.

Figure 4. Velocity and vorticity contour plots for the single-inlet geometry. Distribution of velocity (left)
and vorticity (right) magnitude for GIn = 0.5 (a), 1.5 (b), and 2.5 (c) kg/s.
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Figure 5. Velocity magnitude colored streamlines for the single-inlet geometry. Velocity magnitude colored
streamlines, starting from the inlet section, for GIn = 0.5 (a), 1.5 (b), and 2.5 (c) kg/s. Internal (left) and
external (right) point of view.

In order to consider thermal effects, the temperatures of the inlet water and of the crankcase are
kept constant and equal to 343 K and 380 K, respectively. Several simulations have been performed by
changing the cylinder jackets temperatures (TCyls) from 400 to 460 K with a 20 K step. For the sake of
conciseness, only the temperature contour plots for the case TCyls = 440 K are reported in Figure 6. Like the
velocity and the vorticity patterns, the fluid temperature field clearly shows that the highest temperature
is located around cylinder 1, regardless of Gin. The water, flowing through cylinder 5 jacket, results colder
than that through cylinder 3 jacket which is colder than that through cylinder 1 jacket. As regards the
mass-averaged outflow temperature, Table 1 shows that TOut decreases, by increasing GIn, with a smaller
rate with respect to the mass flow rates (see Figure 7a). Besides, Table 1 shows the cylinder-specific and the
total heat transferred. The cylinder-specific heat is computed by considering only the numerical cells that
surround each cylinder, whereas the total heat is the sum over all the cells of the computational domain.
The values of Table 1 clearly show that the cooling of the cylinder reduces as the distance between the
cylinders and the inlet section increases. Specifically, the cylinder closest to the inlet transfers to the fluid a
thermal power that is 2 to 3 times that of the furthest cylinder. Q̇Tot increases linearly with GIn as depicted
in Figure 7b. The distributions of TOut for TCyls = 400, 420, 440, and 460 K are summarized in Figure 7c.
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Indeed, the functional form of these distributions is roughly constant with respect to the parameter TCyls,
while the distributions themselves are displaced with an offset which varies between 1.3 and 1.7 K. Two
convenient thresholds for both the mass-averaged outflow temperature and the total transferred heat flux
have been selected, which are superimposed to Figure 7c,d. TOut has been supposed to be lower than
363 K since too high values would represent an inefficient cooling for the engine itself. Besides, since the
output mechanical power of the six-cylinder engine ranges from 200 to 250 kW, the total transferred heat
flux for each bank should range from 100 to 120 kW. The second condition is more stringent than the first
and returns only some of the couples (TCyl , GIn) which are acceptable in the parameter space spanned
with the simulations. The physically acceptable parameters are enlighten in Table 2.

Figure 6. Temperature patterns for TCyls = 440 K for the single-inlet geometry. Temperature contour plots
for TCyls = 440 K and GIn = 0.5 (a), 1.5 (b), and 2.5 (c) kg/s.
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Figure 7. Outflow temperature and transferred heat flux for the single-inlet geometry. (a) Mass-averaged
outflow temperature as a function of GIn for TCyls = 440 K. (b) Cylinder specific and total transferred heat
flux as a function of GIn for TCyls = 440 K. (c) Mass-averaged outflow temperature as a function of GIn for
TCyls = 400, 420, 440, and 460 K. (d) Total transferred heat flux as a function of GIn for TCyls = 400, 420, 440,
and 460 K.

Table 1. Mass-averaged temperature, cylinder-specific and total transferred heat flux for TCyls = 440 K and
GIn = 0.5, 1.0, 1.5, 2.0, and 2.5 kg/s obtained considering the single-inlet geometry.

GIn [kg/s] TOut [K] Q5 [kW] Q3 [kW] Q1 [kW] QTot [kW]

0.5 362.6 9.6 6.9 4.4 40.8

1.0 360.2 17.5 11.4 6.7 71.4

1.5 359.2 25.4 16.3 9.0 100.7

2.0 358.7 32.9 21.3 11.4 130.3

2.5 358.5 40.8 25.9 13.9 160.5

Table 2. Mass-averaged outflow temperature and total transferred heat flux tabulated as a function of GIn

and TCyls for the single-inlet geometry.

TCyls = 400 K TCyls = 420 K TCyls = 440 K TCyls = 460 K

GIn [kg/s] TOut [K] QTot [kW] TOut [K] QTot [kW] TOut [K] QTot [kW] TOut [K] QTot [kW]

0.5 359.3 33.7 360.9 37.1 362.6 40.8 364.3 44.3

1.0 357.1 58.7 358.7 65.1 360.2 71.4 361.7 77.8

1.5 356.3 82.4 357.9 92.7 359.2 100.7 360.7 109.9

2.0 355.8 107.1 357.4 119.3 358.7 130.3 360.2 142.3

2.5 355.5 129.0 357.0 145.6 358.5 160.5 359.9 175.3
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3.2. A First Cooling Improvement: The Double-Inlet Geometry

To overcome the uneven distribution of the cylinder-specific heat transfer with the single inlet
geometry, a first simple geometrical modification is to double the intake manifold but with the same total
inlet mass-flow rate GIn, as reported in Figure 1b. Specifically, the second inlet section is placed close to
cylinder 1 to promote heat transfer for this cylinder. The non-thermal analysis is firstly considered and
shown in Figure 8. The internal flow streamlines depict an even distribution of the fluid between the
three cylinders. Nonetheless, it must be stressed that the up-left region close to cylinder 1 results in the
less-cooled region regardless of GIn. This is qualitatively given in Figure 8a for GIn = 0.5, 1.5, and 2.5 kg/s.
The head losses computed separately for both inlets as a function of GIn are comparable to the single inlet
geometry case as shown in Figure 8c, where GIn is the total mass flow rate through the two inlets.

Figure 8. Velocity streamlines and characteristic loads for the double-inlet geometry. (a) Velocity magnitude
colored streamlines obtained for the double-inlet geometry for GIn = 0.5, 1.5 and 2.5 kg/s. (b) Distribution
of the pressure loss as a function of the inlet mass-flow rate.
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In order to account for the thermal effects, with the same fashion as per the single inlet geometry, the
mass-averaged outflow temperature, as well as the cylinder-specific and the total transferred heat, are
computed as a function of both GIn and TCyls. These data are given in Table 3 for TCyls = 440 K. Regardless
of GIn, the double inlet geometry returns outflow temperatures somewhat smaller than those of the single
inlet geometry. Moreover, although an almost perfectly even distribution of transferred heat among the
three cylinders, the total transferred thermal power is about 12-20% less than the previous geometry (see
Table 1). This is because, even with a second inlet section, this geometry provides less cooling than the
previous geometry. Indeed, it must be pointed out that the total intake mass-flow rate is the same as before
but supplied by the two inlets. This reduces the amount of coolant fluid flowing into the system from each
inlet, so that cylinder 5 jacket exchanges less heat with the less supplied water. As regards cylinder 3 and
cylinder 1, the amount of water is about the same of cylinder 5 but not enough to efficiently cool down
the overall system. For all of the investigated values of TCyls, the total transferred heat and the outflow
temperatures are given in Table 4 which reflects the same picture drawn for the single inlet geometry.

Table 3. Mass-averaged temperature, cylinder-specific and total transferred heat flux for TCyls = 440 K and
GIn = 0.5, 1.0, 1.5, 2.0, and 2.5 kg/s when considering the double-inlet geometry.

GIn [kg/s] TOut [K] Q5 [kW] Q3 [kW] Q1 [kW] QTot [kW]

0.5 361.2 6.0 6.1 5.8 35.8

1.0 358.1 9.7 9.9 9.4 58.9

1.5 357.2 13.9 13.5 13.3 82.6

2.0 356.5 17.6 17.2 17.3 104.5

2.5 356.3 21.5 20.9 21.2 128.5

Table 4. Mass-averaged outflow temperature and total transferred heat flux tabulated as a function of GIn

and TCyls for the double inlet geometry.

TCyls = 400 K TCyls = 420 K TCyls = 440 K TCyls = 460 K

GIn [kg/s] TOut [K] QTot [kW] TOut [K] QTot [kW] TOut [K] QTot [kW] TOut [K] QTot [kW]

0.5 357.6 27.7 359.7 32.6 361.6 35.8 362.7 38.9
1.0 355.6 48.3 356.9 53.6 358.1 58.9 359.5 65.0
1.5 354.8 67.6 356.0 75.1 357.2 82.6 358.4 90.3

2.0 354.3 86.2 355.5 96.0 356.5 104.5 357.8 115.7

2.5 353.9 104.5 355.1 116.5 356.3 128.5 357.4 140.5

3.3. A New Single Inlet Geometry

An interesting geometrical improvement for the cooling system is proposed in Figure 1c. This new
geometry is shown for the left bank of the cooling system. Indeed, right and left banks slightly differ
due to the quasi-symmetric position of the cylinder seats. However, these differences are negligible for
the purposes of the present work. Specifically, the geometrical improvement is twofold. On one hand,
the geometry considers some enlargements and restrictions within the bank (see the intra-cylinder jackets
regions), and, on the other hand, the outlet manifold is moved from the inlet section. In this context,
enlargements and restrictions are designed to guide the flow from the inlet through all of the three-cylinder
jackets and then to the outflow section, while the outlet is placed between cylinder 4 and cylinder 2 to
avoid any possible short-circuiting of the flow itself. The velocity magnitude colored streamlines of the
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simulations without thermal effects for the new geometry are depicted in Figure 9a for GIn = 0.5, 1.5
and 2.5 kg/s. The figure shows that the fluid flow supplies, almost uniformly, the three-cylinder jackets
and reaches the outlet section without being short-circuited. Indeed, the water flowing over the three
cylinders results enhanced for large values of the intake mass-flow rate as shown by the increased number
of streamlines sweeping over the jackets and the cylinder heads. Moreover, the increasing complexity of
the flow path with respect to the previous single-inlet geometry, due to the provided enlargements and
restrictions, reflects into an increase of ∆p, as shown in Figure 9b.

Figure 9. Velocity streamlines and characteristic loads for the new single-inlet geometry. (a) Velocity
magnitude colored streamlines obtained for the new single-inlet geometry for GIn = 0.5, 1.5 and 2.5 kg/s
(b) Pressure loss as a function of the inlet mass-flow rate.

Thermal effects are also considered in order to analyze the cooling efficiency of this new geometry
in terms of computed temperature field, mass-averaged outflow temperature and total transferred heat.
As shown in Figure 10, the temperature field results quite homogeneous with respect to the old single-inlet
geometry. Specifically, for GIn = 0.5 kg/s, around the farthest cylinder jacket from the inlet, i.e., cylinder 1,
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a temperature between 370 and 380 K is computed for the old geometry (see Figure 6a) whereas, for the
new geometry the farthest cylinder jacket from the inlet, i.e., cylinder 2, provides a temperature between
360 and 370 K. This improvement is also quantitatively assessed by the outflow mass-average temperature
in Table 5. Indeed, for the TCyls = 440 K case, TOut is higher for the new geometry with respect to the
old configuration. Moreover, an improvement of about 20% for the total transferred thermal power is
observed for all the investigated GIn. All of those data are summarized in Figure 11a,b for TOut and Q̇,
respectively. A direct comparison between the two single inlet geometries is obtained by considering TOut
and Q̇ as a function of GIn and TCyls and depicted in Figure 11c,d. Regardless of the cylinder jacket wall
temperatures, the outflow water temperature was higher with the new configurations due to the larger
amount of thermal power (≈20%) transferred to the water. As per the old geometry, two thresholds are
considered. The outflow temperature threshold is set to 363 K while the bandwidth for Q̇ corresponds to
110 kW ± 10 kW. The practical values in the spanned parameter space are enlightened in Table 6.

Figure 10. Temperature patterns for the new single-inlet geometry. Temperature contour plots obtained for
TCyls = 440 K and GIn = 0.5 (a), 1.5 (b), and 2.5 (c) kg/s.
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Figure 11. Outflow temperature and transferred heat flux for the new geometry. (a) Mass-averaged outflow
temperature as a function of GIn for TCyls = 440 K. (b) Cylinder specific and total transferred heat flux
as a function of inlet mass-flow rate for TCyls = 440 K. (c) Comparison of the mass-averaged outflow
temperature as a function of GIn and TCyls between the old and the new single-inlet geometry. (d) Total
transferred heat flux as a function of the inlet mass-flow rate obtained with the old and the new geometry.

Table 5. Mass-averaged temperature, cylinder-specific and total transferred heat flux for TCyls = 440 K and
GIn = 0.5, 1.0, 1.5, 2.0, and 2.5 kg/s when considering the new geometry.

GIn [kg/s] TOut [K] Q6 [kW] Q4 [kW] Q2 [kW] QTot [kW]

0.5 366.0 10.1 9.0 6.8 47.9

1.0 363.1 18.3 15.5 11.4 83.7

1.5 362.2 25.1 22.5 16.3 119.9

2.0 361.5 33.2 28.9 20.8 155.3

2.5 361.2 39.9 36.4 25.0 189.4

Table 6. Mass-averaged outflow temperature and total transferred heat flux tabulated as a function of GIn

and TCyls for the new geometry.

TCyls = 400 K TCyls = 420 K TCyls = 440 K TCyls = 460 K

GIn [kg/s] TOut [K] QTot [kW] TOut [K] QTot [kW] TOut [K] QTot [kW] TOut [K] QTot [kW]

0.5 361.7 38.9 363.9 43.5 366.0 47.9 368.1 52.1

1.0 359.3 67.7 361.2 75.7 363.1 83.7 365.2 92.5

1.5 358.5 96.6 360.3 108.1 362.2 119.9 364.0 131.1

2.0 358.1 125.5 359.8 139.4 361.5 155.3 363.5 170.9

2.5 357.7 152.4 359.6 172.0 361.2 189.4 363.0 207.9
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4. Conclusions

In this work multi-dimensional CFD is employed to enhance the performance of the cooling system
of an aircraft engine. Capabilities and limitations of different geometries are highlighted, in order to
give guidelines as regards an efficient design of the engine. The analysis is carried out by means of a
finite-volume RANS equations solver with k-ε closure.

An initial configuration of the cooling system without any thermal effects is firstly considered, with
constant temperature, density and viscosity for the water. The pressure loss of the cooling system as a
function of the inlet mass-flow rate is computed. Velocity and vorticity patterns are also given to point out
features of the flow field. Then, thermal effects are taken into account and the cooling performance of such a
configuration is assessed as a function of both the inlet mass-flow rate and the cylinder jackets temperatures.
Specifically, the outflow temperature and both the total and the cylinder-specific transferred thermal power
are computed. This geometry is demonstrated to be not very efficient because the cylinder-specific
transferred heat decreases as the distance between the cylinders and the intake section increases.

Two geometrical improvements are then proposed: first, the inlet sections are doubled while keeping
the same total mass-flow rate; second, a new single-inlet geometry is designed by inserting restrictions
and enlargements within the cooling system to constrain the coolant flow and by moving downstream
the outflow duct. The double-inlet geometry exchanges less thermal power than the initial single inlet
geometry (≈12-20%) with an almost perfectly even cylinder-specific transferred heat distribution. The
new single inlet geometry improves the overall abilities of the cooling system of about 20% (referring
to the total transferred thermal power) while keeping the three cylinders only slightly unevenly cooled.
Moreover, the new single-inlet geometry presents, as expected, an increase of the characteristic loads due
to the restrictions and enlargements within the flow field. However, since this head loss represents only
about 10% of the total head loss of the whole cooling circuit, the new single-inlet geometry may be a
reasonable choice to optimize the efficiency of the cooling system.
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