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Abstract: Accidental crankcase explosions in marine diesel engines are presumably caused by
the inflammation of lubricating oil in air followed by flame propagation and pressure buildup.
This manuscript deals with the numerical simulation of internal unvented and vented crankcase
explosions of lubricating oil mist using the 3D CFD approach for two-phase turbulent reactive flow
with finite-rate turbulent/molecular mixing and chemistry. The lubricating oil mist was treated as
either monodispersed with a droplet size of 60 µm or polydispersed with a trimodal droplet size
distribution (10 µm (10 wt%), 250 µm (10 wt%), and 500 µm (80 wt%)). The mist was partly pre-
evaporated with pre-evaporation degrees of 60%, 70%, and 80%. As an example, a typical low-speed
two-stroke six-cylinder marine diesel engine was considered. Four possible accidental ignition sites
were considered in different linked segments of the crankcase, namely the leakage of hot blow-by
gases through the faulty stuffing box, a hot spot on the crankpin bearing, electrostatic discharge in
the open space at the A-frame, and a hot spot on the main bearing. Calculations show that the most
important parameter affecting the dynamics of crankcase explosion is the pre-evaporation degree of
the oil mist, whereas the oil droplet size distribution plays a minor role. The most severe unvented
explosion was caused by the hot spot ignition of the oil mist on the main bearing and flame breaking
through the windows connecting the crankcase segments. The predicted maximum rate of pressure
rise in the crankcase attained 0.6–0.7 bar/s, whereas the apparent turbulent burning velocity attained
7–8 m/s. The rate of heat release attained a value of 13 MW. Explosion venting caused the rate of
pressure rise to decrease and become negative. However, vent opening does not lead to an immediate
pressure drop in the crankcase: the pressure keeps growing for a certain time and attains a maximum
value that can be a factor of 2 higher than the vent opening pressure.

Keywords: marine diesel; crankcase explosion; oil mist; ignition; flame propagation; pressure buildup;
explosion venting

1. Introduction

For a long time, crankcase explosions of the lubricating oil mist in marine diesel
engines are considered the most serious accidents [1–7]. The crankcase of a marine diesel
engine is known to be filled with liquid lubricating oil, oil mist, blow-by gases, and air. Oil
droplets of different size can be produced in several ways: due to the rotation of crankshaft
and other engine components [8–10]; due to high flow rates of gas over the lubricant film
around the piston ring gaps [11–13]; due to air flow through the piston rings and liner
interface [14]; due to oil accumulation and blow-off from oil drain holes and the piston
skirt [15]; due to the condensation of oil vapor in cool regions of the crankcase [16–19];
etc. The blow-by gases are the gases leaking to the crankcase mainly from the combustion

J. Mar. Sci. Eng. 2024, 12, 82. https://doi.org/10.3390/jmse12010082 https://www.mdpi.com/journal/jmse

https://doi.org/10.3390/jmse12010082
https://doi.org/10.3390/jmse12010082
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0002-5555-1876
https://orcid.org/0000-0002-7757-1405
https://doi.org/10.3390/jmse12010082
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12010082?type=check_update&version=1


J. Mar. Sci. Eng. 2024, 12, 82 2 of 33

chamber through piston rings and defects in the stuffing box mostly during the high-
pressure combustion phase [20]. Other sources of blow-by gases are leaky valve stems,
turbocharger, etc. The blow-by gases generally composed of air, carbon dioxide, steam,
unburned hydrocarbons, and various pollutants present in the combustion chamber can
degrade oil properties and condense/freeze in cold ambient conditions. Air is mainly
present in the crankcase due to displacing the blow-by gases by a ventilation system. One
of the most important duties of the ventilation system is to keep the pressure level in the
crankcase as constant as possible and to prevent the buildup of the crankcase pressure.
The latter is possible when the mixture of oil mist, blow-by gases, and air is accidentally
ignited inside the crankcase, giving rise to internal explosion. Ignition can be promoted
by any part of construction heated above 300–400 ◦C due to poor lubrication or by jets of
hot combustion products escaping through piston rings or by electrostatic discharges. For
minimizing the effect of explosion, marine engines must be equipped with crankcase relief
valves [21–23] and flame arrestors [23,24].

Lubricating oil mist is characterized by a wide spectrum of droplet sizes (from 10−4

to 10−7 m [25–28]). Recently, Wang et al. [29] injected lubricant droplets of 1 mm size into
the combustion chamber of a marine engine and found that these droplets disintegrated
into smaller droplets with a size exceeding 40 µm. Dyson et al. [30] measured the size
distribution of droplets in the crankcase of a fired engine using a laser diffraction particle
sizer and reported three characteristic ranges of droplet size: spray-sized (250–1000 µm);
major mist (30–250 µm); and minor mist (0.1–30 µm).

The ignition and combustion of fuel mist is a complex physicochemical
phenomenon [31–33]. Contrary to the ignition and combustion of an isolated fuel droplet
in an unconfined oxidizing atmosphere [34–36], the processes of ignition and combustion
of fuel mist depend on the local instantaneous droplet size, liquid vapor concentration,
and distance between droplets [37]. Both experimental and computational studies indicate
that evaporating fuel droplets affect differently fuel-lean and fuel-rich laminar flames: they
enhance the flames under fuel-lean conditions and suppress the flames under fuel-rich
conditions [38]. The presence of evaporating fuel droplets in the overall fuel-lean mist
enhances the growth of the flame surface area and the heat is released mostly due to
the premixed mode of combustion [39]. As the overall equivalence ratio increases, the
contribution of nonpremixed combustion to the overall heat release rate increases. Due
to droplet inertia, the flame velocity in fuel mist can oscillate by alternating slow and fast
modes of flame propagation [40]. There exist three main modes of quasi-steady mist/spray
combustion, namely external combustion, when the flame stands at the periphery of the
mist/spray cloud; group combustion, when small pockets of droplets burn inside the
mist/spray cloud; and hybrid combustion, combining the two previous modes [41]. There
are also transient modes of fuel mist combustion with spontaneous local extinction and
re-ignition of flames around individual fuel droplets and droplet groups [42–44]. The flame
propagation mechanisms are mainly determined by the heat conductivity and convection in
the gas phase, but thermal radiation can also play a significant role [45–47]. Similarly to in
gaseous flames, turbulence can exert a significant effect on flame ignition and propagation
in fuel mist [48–54].

As mentioned above, marine engines are equipped with explosion relief systems
composed of crankcase relief valves, flame arrestors, and sometimes venting ducts to avoid
severe internal and external explosions of oil mist. To design explosion relief systems,
there is a need in experimental and computational studies of mist flame ignition and
propagation in the vented enclosures of complex geometry including linked vessels. In
the literature, there are many references dealing with vented gaseous explosions and
explosions in linked vessels (see, e.g., [55–59] and references therein). Despite explosion
venting proving generally to be a good safety solution [60,61], vented explosions may
exhibit a destructive power much higher than unvented explosions or explosions in a
single vessel in terms of both peak pressures and rates of pressure rise [62–64]. Maremonti
et al. [65] numerically simulated explosions of a methane–air mixture in two linked vessels
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and found that the major factor affecting the explosion intensity was the diameter of the
connecting duct, which influenced the turbulence induced in the second vessel. Ferrara
et al. [66] experimentally studied the interaction between internal and external explosions
of propane–air and methane–air mixtures in a vessel vented through a relief duct and
found that the pressure rise inside the vessel closely resembled the pressure rise in the
duct (“coherent deflagration” [67]). Di Sarli et al. [68] reported the results of numerical
simulations of unsteady premixed methane–air flames in a vented vessel with a centered
single obstacle of various shape and blockage ratio and attributed the arising overpressure
peaks to the competition between the rates of combustion and venting. Recently, Wang
et al. [69] reported the results of numerical calculations of internal explosions of methane–air
mixture in a single vessel, in a single vessel with a connected duct, and in one of two vessels
connected with a duct and found that the explosion intensity was highly affected by the
ignition position in the linked system. In the literature, there are several studies comparing
the results of CFD calculations with experimental data on medium- and large-scale vented
gaseous explosions [70–73] and dust explosions [74–76]. In most cases, explosion vessels of
simple geometries were considered. In some cases, the explosion vessels were equipped
with regular [70] internal obstacles. To the best of the present authors’ knowledge, there
has been no attempt so far to use CFD for simulating internal explosions in the crankcase
of a real-size marine diesel.

The objective of this work was to numerically simulate various possible scenarios of
unvented and vented internal explosions of oil mist in a crankcase of a real-size marine
diesel engine in order to reveal the potentially most severe scenario and estimate the
characteristic values of the most important parameters like the maximum rate of pressure
rise, rate of heat release, turbulent burning velocity, etc. To follow this objective, the flame
tracking (FT) model [77], which traces explicitly the flame in the oil mist–air mixture at the
subgrid level, was used for the first time. This objective, approach, and the obtained results
are the novel and distinctive features of the present study.

2. Materials and Methods
2.1. Marine Diesel Crankcase

As an example, a typical low-speed two-stroke six-cylinder marine diesel engine was
considered (see, e.g., [78,79]). Figure 1 shows the schematic of the crankcase segment of a
typical low-speed two-stroke marine diesel engine (Figure 1a) and the simulated crankcase
of a 6-cylinder engine (Figure 1b). The adopted overall dimensions of the engine crankcase
are a height of 5 m, width of 3 m, and length of 3 m. Three important specific features of
crankcase construction are worth mentioning. Firstly, each crankcase segment contains
many protruding and moving internal structural elements with blunt body shapes like
ladders, cylinder liners, crossheads, crankshafts, etc., which can play the role of turbulence
generators in a flow. Secondly, the A-frames separating the segments of individual cylinders
possess crankshaft holes with windows connecting the neighboring crankshaft segments.
Thirdly, each crankcase segment contains a pressure relief valve for explosion venting. All
these features taken together mean that the engine crankcase as a whole must be considered
as a system of linked vented vessels of large volume with multiple turbulence-generating
internal obstacles. In view of the complexity of the internal geometry of the crankcase,
it is worthwhile to simplify it by considering only the largest structural elements of the
simplified shape. Moreover, in view of the fast development of internal explosion, it is
reasonable to treat all moving elements as unmovable, at least at the first stages of the study.

The crankcase volume was assumed to be filled with air, oil vapor, and the mist of oil
droplets of different sizes. Several possible accidental ignition sites are shown in Figure 1a
as the numbered red dots. It was assumed that ignition sites #1 to #4 may appear due to the
leakage of hot blow-by gases through the faulty stuffing box (#1), due to a hot spot on the
crankpin bearing (#2), due to electrostatic discharge in the open space at the A-frame (#3),
and due to a hot spot at the main bearing (#4). It is assumed that these ignition sites can
occur in any of the 6 crankcase segments numbered by roman numerals I to VI in Figure 1b.



J. Mar. Sci. Eng. 2024, 12, 82 4 of 33
J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  4  of  33 
 

 

   

(a)  (b) 

Figure 1. (a) Schematic of the crankcase segment of a marine diesel engine; red points show possible 

accidental ignition sites. (b) Simulated crankcase of a 6-cylinder engine with internal windows con-

necting crankcase segments; Roman numerals show the crankcase segment number (engine cylin-

der). 

The crankcase volume was assumed to be filled with air, oil vapor, and the mist of oil 

droplets of different sizes. Several possible accidental ignition sites are shown in Figure 

1a as the numbered red dots. It was assumed that ignition sites #1 to #4 may appear due 

to the leakage of hot blow-by gases through the faulty stuffing box (#1), due to a hot spot 

on  the crankpin bearing  (#2), due  to electrostatic discharge  in  the open space at  the A-

frame (#3), and due to a hot spot at the main bearing (#4). It is assumed that these ignition 

sites can occur in any of the 6 crankcase segments numbered by roman numerals I to VI 

in Figure 1b. 

Following Distaso et al. [80–82], who showed that the chemical and physical charac-

teristics of engine lubricating oils are well reproduced by a single primary hydrocarbon–

n-hexadecane (n-C16H34), this hydrocarbon was used as the physical and chemical surro-

gate of the lubricating oil. 

2.2. Mathematical Statement of the Problem 

The evolution of crankcase explosion was simulated based on the three-dimensional 

(3D) unsteady Reynolds-averaged Navier–Stokes (URANS) equations for the two-phase 

turbulent reacting flow. The URANS equations were supplemented by the ideal gas equa-

tions of state, the k-ε turbulence model, and the FT combustion model [77], as well as by 

the initial and boundary conditions. The thermophysical parameters of gas and oil were 

considered variable. Since the characteristic time of explosion was small (less than a frac-

tion of a second), the effects of gravity were neglected. 

2.2.1. Gas Flow Equations 

The governing equations for the gas phase are [83]: 

𝜌
𝐷𝑈
𝐷𝑡

𝜌
𝜕𝑈
𝜕𝑡

𝜌𝑈
𝜕𝑈
𝜕𝑥

𝜕𝑃
𝜕𝑥

𝜕
𝜕𝑥

𝜏 𝜌𝑈 𝑈 𝑆   (1)

𝜌
𝐷𝐼
𝐷𝑡

 𝜌
𝜕𝐼
𝜕𝑡

𝜌𝑈
𝜕𝐼
𝜕𝑥

𝑄
𝜕𝑃
𝜕𝑡

𝜕
𝜕𝑥

𝜏 𝑈
𝜕
𝜕𝑥

𝜆
𝜕𝑇
𝜕𝑥

 𝑆 𝑆   (2)

𝜌
𝐷𝑌
𝐷𝑡

 𝜌
𝜕𝑌
𝜕𝑡

𝜌𝑈
𝜕𝑌
𝜕𝑥

𝑟
𝜕
𝜕𝑥

𝜌𝐷
𝜕𝑌
𝜕𝑥

𝜌𝑌′ 𝑈′ 𝑆   (3)

Figure 1. (a) Schematic of the crankcase segment of a marine diesel engine; red points show possible
accidental ignition sites. (b) Simulated crankcase of a 6-cylinder engine with internal windows con-
necting crankcase segments; Roman numerals show the crankcase segment number (engine cylinder).

Following Distaso et al. [80–82], who showed that the chemical and physical charac-
teristics of engine lubricating oils are well reproduced by a single primary hydrocarbon–n-
hexadecane (n-C16H34), this hydrocarbon was used as the physical and chemical surrogate
of the lubricating oil.

2.2. Mathematical Statement of the Problem

The evolution of crankcase explosion was simulated based on the three-dimensional
(3D) unsteady Reynolds-averaged Navier–Stokes (URANS) equations for the two-phase
turbulent reacting flow. The URANS equations were supplemented by the ideal gas
equations of state, the k-ε turbulence model, and the FT combustion model [77], as well
as by the initial and boundary conditions. The thermophysical parameters of gas and oil
were considered variable. Since the characteristic time of explosion was small (less than a
fraction of a second), the effects of gravity were neglected.

2.2.1. Gas Flow Equations

The governing equations for the gas phase are [83]:

ρ
DUi
Dt

= ρ
∂Ui
∂t

+ ρUj
∂Ui
∂xj

= − ∂P
∂xi

+
∂

∂xj
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iU′
j

]
+ Sm (1)

ρ
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=
.
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∂P
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∂
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τijUj
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where t is time, xj (j = 1, 2, 3) is the coordinate, Ui is the ith component of the mean velocity
vector; ρ is the mean density; P is the mean pressure; τij is the tensor of viscous stresses;
U′

i is the ith component of the pulsating velocity vector; I = H + 0.5∑i U2
i is the mean

total enthalpy (H is the mean static enthalpy); λ is the thermal conductivity; T is the mean
static temperature; Yf is the mean mass fraction of fuel; Y′

f is the pulsation of the fuel

mass fraction; D f is the molecular diffusion coefficient of fuel in the mixture;
.
r and

.
Q

are the mean sources of fuel mass and energy due to frontal combustion; k = U′
iU′

i/2
is the kinetic energy of turbulence; ε is the dissipation rate of k; Pk = −U′

iU′
j

∂Ui
∂xj

is the

mean-strain production term; µ is the dynamic molecular viscosity; µt = Cµρk2/ε is the
dynamic turbulent viscosity; σk, σε, Cµ, Cε1, Cε2, and Cε4 are the coefficients in the standard
k-ε model; T0 is the standard temperature (298 K); Hl and H0

l .are the mean static enthalpy
and standard enthalpy of formation of the lth species in the mixture (l = 1, . . ., N, N is the
total number of species), respectively; R is the universal gas constant; Wl is the molecular
mass of the lth species in the mixture; and Yl is the mean mass fraction of the lth species in
the mixture. Equation (3) implies that the mass fractions of species other than fuel were
calculated based on the balances of C, H, and O elements. The source terms Sm, Se and
SY describe the interphase interaction of gas and mist droplets, whereas Sr represents gas
radiation [84]:

Sr = 4σ(T − T∞)4∑i Piai (8)

Here, σ is the Stefan Boltzmann constant, T∞ is the ambient temperature, Pi is the
partial pressure of the ith radiating species (H2O and CO2), and ai is the corresponding
Plank absorption coefficient given by the polynomial:

ai = c0 + c1η+ c2η
2 + c3η

3 + c4η
4 + c5η

5 (9)

where η = 1000/T. The coefficients of the polynomial are presented in Table 1.

Table 1. Coefficients in the Plank absorption polynomial (9).

Species c0 c1 c2 c3 c4 c5

H2O −0.23093 −1.1239 9.4153 −2.9988 0.51382 −1.8684 × 10−5

CO2 18.741 −121.31 273.5 −194.05 56.31 −5.8169

2.2.2. Source Terms for Interphase Exchange Processes

The mist droplets are represented by parcels each containing M identical droplets of
diameter d. Each parcel moves as a single droplet according to equations:

dxkd
dt

= ukd (10)

md
dukd

dt
= Fk (11)

where index d denotes droplet properties, xkd (k = 1, 2, 3) is the droplet Cartesian coordi-
nate, ukd is the kth component of the parcel velocity, md is the single droplet mass, and
Fk = Fk f + Fkp is the kth components of the force acting on a single droplet, which is
composed of the aerodynamic drag Fk f and pressure Fkp forces. The forces are calculated
using the following relationships:

Fk f =
1
2

ρAdCdUk|U| (12)

Fkp = Vd∇Pk (13)
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where Cd is the aerodynamic drag coefficient; Ad is the droplet midsection area, Vd is the
droplet volume, ∇Pk is the kth component of the pressure gradient vector, and Uk is the
relative velocity of phases defined as

Uk = uk + u′
k − ukd (14)

The drag coefficient Cd is determined based on the value of the relative Reynolds
number Re = ρ|U|d

µ based on the length of the relative velocity vector, |U|:

Cd =

{
24

Red

(
1 + 0.15Re0.687

)
, Re < 103

0.44, Re ≥ 103
(15)

It is assumed that during motion the droplets undergo aerodynamic breakup once
their Weber number We = dρU2/σd exceeds the critical value: We > Wec ≈ 12. Here
σd is the liquid surface tension. The breakup phenomenon is described by the WAVE
model [85], claiming that during the characteristic breakup time τb the droplet radius
r = d/2 continuously decreases to a certain stable value rs:

dr
dt

= − r − rs

τb
(16)

The stable radius of the droplet is determined as

rs =

b0Λ at b0Λ < r

min
[(

3πr2|U|
2Ω

)1/3
,
(

3r2Λ
4

)1/3
]

at b0Λ > r
(17)

where Λ is the perturbation wavelength, Ω is the rate of perturbation growth, and b0 = 0.61
is the model constant. The characteristic time τb is given by the relationship:

τb = b1
r
|U|

√
ρd
ρ

(18)

where b1 is the model parameter varying from 10 to 30.
For determining the source terms in the mass and energy conservation equations for

the gas phase, the Dukowicz model [86] of droplet heating and evaporation was used. The
mass and energy conservation equations for a single droplet in parcel read:

dmd
dt

=
.

Q

.
f vs
.
qs

(19)

mdcd
dTd
dt

=
.

Q + L
dmd
dt

(20)

where
.

Q is the heat flux to the droplet, cd is the liquid specific heat, L is the latent heat
of vaporization,

.
f vs and

.
qs are the specific (per unit surface of the droplet) heat and mass

fluxes, and indices s and v denote surface and vapor, respectively.
The unknown fluxes were determined using the following relationships:

.
Q = πλdu(T − Td) + qr (21)

.
f vs
.
qs

= − BY
h − hs − (hvs − hs)(Yv − Yvs)

(22)

BY =
Yvs − Yv

1 − Yvs
(23)
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Nu = 2 + Re1/2Pr1/3 (24)

qr = q(rF)
d2

16r2
F

(25)

where Nu and Pr are the Nusselt and Prandtl numbers, qr is the rate of radiation absorption
by the droplet, and rF is the distance from the droplet to the flame front. All thermo-
physical parameters of gaseous species on the droplet surface were determined based on
the assumption of phase equilibrium. Model [86] shows satisfactory agreement with the
results of detailed calculations of droplet heating and evaporation [87], as well as with
experiments [88].

To couple mass, momentum, and energy variations in the liquid phase with those in

the gas phase, the force Fi, as well as mass
.

Q
.
f vs.
qs

and heat
.

Q fluxes calculated for a single

droplet in the parcel, were then taken with the opposite sign, multiplied by M, and entered
as source terms Sm, Se, and SY in the momentum and energy conservation equations and
species continuity equations for the gas phase. The same procedure was used for other
parcels available in the given location at a given time.

2.2.3. Combustion Model

The stages of flame ignition, propagation, and acceleration in the oil mist were simu-
lated using the FT model based on the Huygens principle stating that each point on the
flame front is itself the source of spherical wavelets, whereas the secondary wavelets ema-
nating from different points mutually interfere [89]. Within the FT model, the flame is an
infinitely thin surface separating the fresh mixture from combustion products and is traced
explicitly at the subgrid level. The flame surface is represented by a set of flame elements.
Each element moves in the flow at a velocity equal to the sum of the local turbulent flame
velocity, uT , and the local flow velocity, U, determined from Equations (1)–(7). The local
turbulent flame velocity is related to the local laminar flame velocity, un, through the mass
balance equation Fnun = Fut (here, Fn and F are the local instantaneous specific (per unit
volume) surface areas of a true wrinkled and averaged planar flame, respectively) and
depends on un and local turbulence parameters like, e.g., in the Shchelkin model [90]:

uT = Aun

√
1 + (U′/un)

2 (26)

where U′ =
√

2
3 k is the pulsating flow velocity and A ≈ 1 is the model parameter. In the

FT model, the average planar flame surface is explicitly traced and the specific surface area
F is determined in the course of solution. Therefore,

.
r = ρ+Yf+Fnun = ρ+Yf+Fut (27)

.
Q = Q

.
rS (28)

where ρ+ and Yf+ are the local instantaneous density of the fresh mixture and fuel mass
fraction immediately ahead of the flame surface, respectively; and Q is the heat effect of
combustion. For un, the precalculated look-up tables were used that include the depen-
dences un(T, P, Φ), where Φ is the fuel-to-air equivalence ratio in the gas phase. Such
look-up tables are developed for mixtures of different alkane, alkene, and alkyne hydro-
carbons with air and oxygen based on either detailed or overall reaction mechanisms [91].
Figure 2 demonstrates the accuracy of the look-up tables in predicting the laminar flame
velocity in the homogeneous air mixtures of n-hexadecane, which was chosen as a physical
and chemical surrogate of lubrication oil, against experimental data [92] at 443 K and 1 bar.
It is worth noting that the FT model was previously successfully used in solving problems
of flame acceleration and deflagration-to-detonation transition in gaseous and two-phase
explosive mixtures [93].
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2.2.4. Initial and Boundary Conditions

To study the dynamics of internal explosions in the crankcase, it is worthwhile to
consider the conditions most favorable for explosions. In view of this, it was assumed
that initially, the crankcase is uniformly (in average) filled with the quiescent two-phase
mixture of air, oil vapor, and oil droplets of the overall fuel-to-air equivalence ratio Φ = 1 at
atmospheric pressure (P = 1 bar) and elevated temperature of T0 = 380 K [94]. The degree
of oil pre-evaporation was taken to be equal to 60%, 70% (baseline case), and 80%. As for
the initial droplet size distribution, two cases were considered: one with the monodisperse
droplets with the initial diameter d0 = 60 µm (baseline cases) [29] and another with the
polydisperse trimodal droplet size distribution with d0 = 10 µm (10 wt%), 250 µm (10 wt%),
and 500 µm (80 wt%) [30].

The boundary conditions for the mean flow velocity, pressure, temperature, mean species
mass fractions, and turbulent kinetic energy and its dissipation (see Equations (1)–(5)) on the
crankcase rigid walls were set using the formalism of wall functions under the assumption
that the walls are nonslip, noncatalytic, impermeable, and isothermal (380 K). Each pressure
relief valve was assumed to be closed if the internal overpressure at the inner valve surface,
∆Pv, was less than the critical overpressure of valve opening (∆Pc = 0.005 or 0.05 bar). It
was assumed that the pressure relief valves open instantaneously when ∆Pv > ∆Pc. Since
the values of ∆Pv at different pressure relief valves can be different at a given time, the
opening time of each valve can be also different. When considering only internal crankcase
explosions, a simple constant-pressure (P = 1 bar) boundary condition was set at the
open pressure relief valve. Table 2 shows the data for all calculation variants presented in
this paper.

2.3. Numerical Procedure

The governing equations for the mean flow variables coupled with the turbulence
and combustion models are presented in the integral form of the general conservation
law and are solved in Cartesian coordinates using collocated variable arrangements using
the cell-face based connectivity and interpolation practices for gradients. The rate of
variable change is discretized by the first-order Euler scheme. The convective fluxes were
treated using a deferred correction approach with the blending factor between UPWIND
and MINMOD schemes. The diffusion terms were discretized using the approach of [95]
avoiding unphysical oscillations. The arising set of linear algebraic equations was solved
using the iterative procedure based on the SIMPLE algorithm [96]. The numerical algorithm
was realized in the in-house gas dynamic code coupled with the open-access solvers of
linear algebraic equations.
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Table 2. Calculation variants.

Variant Drop
Size, µm Φ

Vap,
%

T0,
K

P,
Bar

∆Pc,
Bar

Ignition
Site

Crankcase
Segment

1 60 1 60 380 1 – 4 IV
2 60 1 60 380 1 – 1 I
3 60 1 60 380 1 – 2 I
4 60 1 60 380 1 – 3 I
5 60 1 60 380 1 – 4 I
6 60 1 60 380 1 – 1 IV
7 10–250–500 1 60 380 1 – 4 IV
8 60 1 70 380 1 – 4 IV
9 60 1 80 380 1 – 4 IV

10 60 1 60 380 1 0.05 4 IV
11 60 1 60 380 1 0.005 4 IV

The baseline computational mesh consists of 1,000,000 cells with the characteristic
computational cell size of 4–5 mm. The integration time step was varied between 10−5 and
10−4 s to ensure the CFL number ≤ 3. The effect of the dimensions of the computational
cells on the flow structure in the crankcase was checked using additional calculations on
the finer mesh containing 6,500,000 cells with a characteristic size of 2–3 mm. It must be
noted that regardless of the spatial resolution of the computational mesh, the flame in the
adopted combustion model is traced explicitly at the subgrid level.

The calculation begins from mixture ignition at a certain ignition site, which is a circle
1 mm in radius (see Figure 1a). The ignition procedure implies that the flame from the
initial ignition site expands spherically with an apparent velocity Uign = αut, where α is the
expansion coefficient of combustion products. When the size of the ignition source reaches
5 mm, the main combustion calculation module based on the FT model is switched on.

2.4. Validation Test Cases
2.4.1. Validation Test Case I

The first validation test case is based on experimental work [97]. In [97], experimental
results on the combustion of homogeneous propane–air mixtures of different composition
in a vertical cylindrical vessel at normal pressure and temperature (NPT) and normal
gravity conditions were reported. The vessel was 172 mm in inner diameter and 360 mm
high. It was equipped with an igniter at the bottom or in the center.

In calculations, a uniform structured mesh with a cell size of 2 mm was used. This
cell size is close to that used in the calculations of internal explosions in the crankcase
enclosure of a considerably larger size. The initial flame kernel is a circle 1 mm in radius
with a center located in the middle of the cylinder bottom. Figure 3a shows the snapshot of
the calculated flame shape and position at the combustion of fuel-rich propane–air mixture
with an equivalence ratio of Φ = 1.13. The flame front is elongated in vertical direction and
touches the wall. Figure 3b compares the predicted and measured pressure histories in the
vessel for two fuel-rich propane–air mixtures. Despite combustion in calculations being
seen to be somewhat more intense than in the experiments, the agreement between the
predicted and measured results can be treated as satisfactory in terms of the characteristic
explosion time and pressure [77].
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parison of predicted (curves) and measured (symbols [97]) pressure histories in the cylindrical vessel
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2.4.2. Validation Test Case II

The second validation test case is based on experimental work [98]. In [98], flame
ignition and propagation in the initially quiescent stoichiometric propane–air mixture was
studied in a straight tube of circular cross-section with one closed and another open end
under NPT conditions. The tube diameter and length were 152 mm and 3.1 m, respectively.
The tube was equipped with regular identical orifice plates with blockage ratios of 0.43, 0.6,
and 0.75 installed with a pitch equal to the tube diameter. The blockage ratio was defined
as the ratio of orifice plate-to-tube cross-section area. A weak spark discharge was used to
ignite the mixture.

In calculations, a uniform structured mesh with a cell size of 2 mm was used. Figure 4
compares the calculated and measured dependences of the apparent velocity of the flame
leading edge on the travelled distance for the three values of the blockage ratio. The
calculated flame velocity is seen to follow the experimental points very well until the
flame velocity reaches the value of 300–400 m/s. At larger flame velocities, the calculated
values overpredict the measured ones: the maximum calculated values reach 750–900 m/s,
whereas the maximum measured values reach 650–700 m/s. At the initial stage, flame
accelerates faster in a tube with orifice plates of a larger blockage ratio. This is due to a
higher level of turbulent pulsations occurring near obstacles. However, as the flame speed
increases, the loss of momentum on the obstacles increases, and the acceleration of the
flame at the obstacles with higher blockage ratio slows down. These trends are the same in
both calculations and measurements. Oscillations in the flame velocity are associated with
flow acceleration in the cross-section contraction in orifice plates (flame velocity increases)
and flow deceleration in cross-section expansion between orifice plates (flame velocity
decreases). Contrary to the calculations, the measured points show the gradual increase
in the flame velocity, which is caused by averaging the flame velocity over the measuring
segments of finite length.
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apparent flame velocity on the traveled distance.

2.4.3. Validation Test Case III

The third validation test case refers to experimental studies [99] on the propagation
of laminar flame in the droplet suspension of partly pre-evaporated diesel oil and heavy
fuel oil in air. Experiments were conducted in a setup with a free-falling combustion
chamber of a square cross-section 70 × 70 mm. A suspension of partly pre-evaporated
droplets was first supplied to the chamber. The chamber was separated into two parts
by the flame-extinguishing permeable partition. The mixture was ignited in the central
part of the chamber below the valve, so that the flame could move downwards, whereas
the combustion products could expand upwards. The propagation of the flame front was
recorded by the high-speed video camera at a length of 150 mm. The measured flame
velocities in droplet suspensions of diesel oil and heavy fuel oil were very close to each
other at similar experimental conditions.

In calculations, the full geometry of the combustion chamber with dimensions
200 × 70 × 70 mm was used with the uniform structured computational mesh and a cell
size of 2 mm. The oils applied in the experiments are represented by n-hexadecane. Figure 5
shows a schematic of the computational domain. At the left end of the chamber, the bound-
ary conditions of a constant static pressure of 1 bar were set. All other chamber walls were
adiabatic. To simulate the permeable flame-extinguishing partition, chemical reactions are
deactivated in a chamber section 50 mm long from the left border (marked in orange in
Figure 5). In this case, combustion products can flow freely through this region.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW  12  of  33 
 

 

 

Figure 5. Schematic of the computational domain in the validation test case III. Red ball is the 

flame kernel. Chemical reactions are deactivated in a chamber section 50 mm long from the left 

border (marked in orange). 

Initially, the entire region was uniformly filled with a quiescent mixture with a uni-

form random distribution of droplets in the computational domain. Fuel droplets, regard-

less of their initial size, were modeled using 100,000 parcels. 

To check the sensitivity of the calculation results to changes in channel geometry and 

the resolution of the computational mesh, two additional calculations were made: one for 

a channel 400 mm long with a cell size of 2 mm and another for a channel 200 mm long 

with a cell size of 1 mm. The results of additional calculations virtually repeated the data 

obtained  in  the calculations  for  the basic geometry. When modeling  radiation,  it  is as-

sumed that only half of the thermal radiation energy can be absorbed by droplets, while 

the other half of the thermal radiation energy escapes through the left boundary. 

Figure 6 shows the calculated distributions of gas and droplet temperatures during 

combustion of  the stoichiometric suspension of partly pre-evaporated  (50%) n-hexade-

cane droplets (initial diameter 30 µm) in air at time instants from 0.1 to 0.4 s. It is seen that 

the flame is curved, the droplet number density is nonuniform across the flame, and drop-

lets rapidly disappear in the flame front. The thermal radiation of H2O and CO2 is seen to 

contribute to droplet heating and evaporation ahead of the flame with the evident decay 

of the radiation heat flux with the distance from the flame. As a result, the flame propa-

gates in the nonhomogeneous droplet suspension in terms of the droplet number density, 

size, and temperature. The flame propagation velocity was determined as the mass aver-

aged value. 

 

 

Figure 6. Calculated temperature distributions of gas (ground color) and droplets (the color of dots) 

during combustion of the stoichiometric suspension of partly pre-evaporated (50%) n-hexadecane 

droplets in air; initial droplet diameter is 30 µm. 
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Initially, the entire region was uniformly filled with a quiescent mixture with a uniform
random distribution of droplets in the computational domain. Fuel droplets, regardless of
their initial size, were modeled using 100,000 parcels.

To check the sensitivity of the calculation results to changes in channel geometry and
the resolution of the computational mesh, two additional calculations were made: one for
a channel 400 mm long with a cell size of 2 mm and another for a channel 200 mm long
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with a cell size of 1 mm. The results of additional calculations virtually repeated the data
obtained in the calculations for the basic geometry. When modeling radiation, it is assumed
that only half of the thermal radiation energy can be absorbed by droplets, while the other
half of the thermal radiation energy escapes through the left boundary.

Figure 6 shows the calculated distributions of gas and droplet temperatures during
combustion of the stoichiometric suspension of partly pre-evaporated (50%) n-hexadecane
droplets (initial diameter 30 µm) in air at time instants from 0.1 to 0.4 s. It is seen that the
flame is curved, the droplet number density is nonuniform across the flame, and droplets
rapidly disappear in the flame front. The thermal radiation of H2O and CO2 is seen to
contribute to droplet heating and evaporation ahead of the flame with the evident decay of
the radiation heat flux with the distance from the flame. As a result, the flame propagates in
the nonhomogeneous droplet suspension in terms of the droplet number density, size, and
temperature. The flame propagation velocity was determined as the mass averaged value.
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Figure 7 compares the calculated (lines) and measured (symbols [99]) dependences of
the mass averaged flame propagation velocity, uf, on the initial droplet size and the degree
of fuel pre-evaporation. Satisfactory qualitative and quantitative agreement between the
predicted and measured data was obtained.
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2.4.4. Conclusions on Validation Test Cases

The three validation cases aimed at checking the capability of the model to predict a
constant-volume gaseous explosion (validation test case I), premixed flame acceleration
in the volume with regular internal obstacles (validation test case II), and laminar flame
propagation in a mixture of partly pre-evaporated lubricating oil mist with air (Validation
test case III). Test case 1 aimed at checking the characteristic explosion time and pressure.
Test case 2 aimed at checking flame acceleration at internal obstacles of different blockage
ratio. Finally, test case 3 aimed at checking flame propagation in oil mist with droplets of
different initial size and pre-evaporation degree. The important point is that all validation
cases used computational meshes of the same quality as that applied below in the simulation
of a large-scale crankcase explosion of oil mist. Since all validation cases passed the tests
successfully, there are solid grounds to treat the obtained results as reliable.

3. Results and Discussion

Let us now consider the various possible scenarios of accidental internal explosions of
oil mist in the crankcase of a marine diesel engine of Figure 1b and reveal the potentially
most severe scenarios by placing the ignition site (positions #1 to #4 in Figure 1a) in different
crankcase segments (segments I to VI in Figure 1b). We started simulations from checking
the mesh sensitivity of the calculation results for unvented explosions (i.e., explosions
with closed pressure relief valves). Then we show the results of calculations for unvented
explosions and checked the effects of droplet size distribution in the oil mist and the pre-
evaporation degree of the oil mist on the dynamics of pressure rise in the crankcase in the
course of unvented explosion. Thereafter, we discuss the results of calculations for vented
explosions with two different values of the critical overpressure of valve opening, namely,
0.05 and 0.005 bar. In view of explosion venting, all calculations presented below in this
paper are limited by a relatively low explosion overpressure of ∆P = 0.1 bar.

3.1. Unvented Explosion with Ignition in Site #4 in Crankcase Segment IV (Variant 1): Mesh
Sensitivity Study

The mesh sensitivity of the calculation results was studied using one of the most
severe scenarios (see below), when oil mist was presumably ignited by the hot spot on
the main bearing in crankcase segment I. Figure 8 shows snapshots of gas temperature,
oil mist droplet diameter, and flame surface in the crankcase at different time instants
calculated at the baseline (left column) and fine (right column) meshes. From now on, the
gas temperature in the figures is shown by colored fields in the longitudinal cross-section of
the crankcase; the droplet size is shown by colored dots in the crankcase volume and super-
imposed on the temperature field; and the flame is shown by the brown-color surface. The
corresponding scales are shown on the top of the figures. After ignition in crankcase seg-
ment IV, the flame is seen to spread mostly horizontally toward the neighboring crankcase
segments, and in 0.4 s after ignition, it breaks into the outer segments I and VI. Such fast
flame propagation is caused by turbulence generated by the windows in the A-frame. As
seen, the flame surface becomes highly wrinkled and oil droplets are accumulated near
the rigid walls. In calculations with both meshes, the explosion dynamics are evidently
very similar.

Figure 9 shows the local flow structure in the vicinity to the flame surface at a time
instant of 0.4 s after ignition. The oil droplets are seen to disappear (evaporate) immediately
behind the flame surface.
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Figure 8. Snapshots of gas temperature (fields), droplet diameter (dots), and flame surface evolution
in the course of unvented crankcase explosion calculated at the baseline (left column) and fine (right
column) meshes. Initial oil droplet diameter d0 = 60 µm; the degree of oil pre-evaporation is 70%;
time is counted from the start of ignition.
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the flame surface at a time instant of 0.4 s after ignition. Initial oil droplet diameter d0 = 60 µm; the
degree of oil pre-evaporation is 70%.

Figure 10 compares the pressure histories in the crankcase calculated using the baseline
and fine meshes. The limiting value of overpressure (∆P = 0.1 bar) was attained in
approximately 0.39 s (fine mesh) and 0.4 s (baseline mesh) after ignition, i.e., the difference
is 2.5%. This means that the baseline mesh can be readily used for further calculations.
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Figure 10. Comparison of pressure histories in the course of unvented crankcase explosion calculated
using the baseline and fine meshes.

3.2. Unvented Crankcase Explosion

This section presents the results of some selected calculations for unvented crankcase
explosions. Firstly, we show the differences in the explosion dynamics when ignition
occurs in the same crankcase segment (segment I) but in different sites (##1, 2, 3, and 4 in
Figure 1a). Secondly, we compare the explosion dynamics when the same ignition site (site
#1) appears in different crankcase segments, e.g., in segment I and in segment IV.

3.2.1. Unvented Explosion in Crankcase Segment I: Ignition Site #1 (Variant 2)

Figure 11 shows snapshots of gas temperature, oil mist droplet diameter, and flame
surface evolution in the course of unvented crankcase explosion presumably due to the
leakage of hot blow-by gases through the faulty stuffing box (ignition site #1 in Figure 1a)
in crankcase segment I. After ignition, the flame propagates predominantly downward
toward the window in the A-frame. After reaching the window, it breaks through four
adjacent crankcase segments in a very short time (~0.05 s) forming a highly turbulent flame
core expanding mainly upward and in lateral directions.
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Figure 11. Cont.
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Figure 11. Calculated snapshots of gas temperature (fields), droplet diameter (dots), and flame
surface evolution in the course of unvented crankcase explosion, ignition site #1 in crankcase segment
I. Initial oil droplet diameter d0 = 60 µm; the degree of oil pre-evaporation is 70%; time is counted
from the start of ignition.

3.2.2. Unvented Explosion in Crankcase Segment I: Ignition Site #2 (Variant 3)

Figure 12 shows snapshots of gas temperature, oil mist droplet diameter, and flame
surface evolution in the course of unvented crankcase explosion presumably triggered by
a hot spot on the crankpin bearing (ignition site #2 in Figure 1a) in crankcase segment I.
After ignition, the flame propagates in all directions increasingly stretching toward the
window between crankcase segments. After reaching the window, it breaks through all
five adjacent crankcase segments, forming a highly turbulent flame core expanding in all
directions inside individual segments.
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Figure 12. Calculated snapshots of gas temperature (fields), droplet diameter (dots), and flame
surface evolution in the course of unvented crankcase explosion, ignition site #2 in crankcase segment
I. Initial oil droplet diameter d0 = 60 µm; the degree of oil pre-evaporation is 70%; time is counted
from the start of ignition.

3.2.3. Unvented Explosion in Crankcase Segment I: Ignition Site #3 (Variant 4)

Figure 13 shows snapshots of gas temperature, oil mist droplet diameter, and flame
surface evolution in the course of an unvented crankcase explosion presumably triggered
by an electrostatic discharge in the open space at the A-frame (ignition site #3 in Figure 1a)
in crankcase segment I. This test case is similar to that considered in the previous section,
but ignition occurs in the open space rather than in the space blocked by the crankshaft.
After ignition, the flame stretches toward the window. After reaching the window, it also
breaks through all five adjacent crankcase segments and forms a highly turbulent flame
core expanding in all directions inside individual segments. However, as compared to the
previous test case, the burned volume is significantly larger 0.7 s after ignition.
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Figure 13. Calculated snapshots of gas temperature (fields), droplet diameter (dots), and flame
surface evolution in the course of unvented crankcase explosion, ignition site #3 in crankcase segment
I. Initial oil droplet diameter d0 = 60 µm; the degree of oil pre-evaporation is 70%; time is counted
from the start of ignition.

3.2.4. Unvented Explosion in Crankcase Segment I: Ignition Site #4 (Variant 5)

Figure 14 shows snapshots of gas temperature, oil mist droplet diameter, and flame
surface evolution in the course of an unvented crankcase explosion presumably triggered
by a hot spot on the main bearing (ignition site #4 in Figure 1a) in crankcase segment
I. This test case can be compared with the test case considered in Section 3.1 where the
same ignition site was applied to crankcase segment IV. Contrary to ignition in segment
IV, where the flame propagated horizontally into the two neighboring crankcase segments,
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in the current test case, the flame spread into the single neighboring segment II and then
successively into the segments III to VI. This sequential nature of flame propagation from
segment to segment slows down the overall process of explosion evolution compared to
that discussed in Section 3.1.
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surface evolution in the course of unvented crankcase explosion; ignition site #4 in crankcase segment
I. Initial oil droplet diameter d0 = 60 µm; the degree of oil pre-evaporation is 70%; time is counted
from the start of ignition.

3.2.5. Unvented Explosion in Crankcase Segment IV: Ignition Site #1 (Variant 6)

The results discussed in Section 3.2.4 mean that ignition in the middle crankcase
segments looks more dangerous than in the outer segments I or VI. To see whether this is
true for ignition sites other than #4, let us compare the explosion dynamics in cases when
the same ignition site (site #1) appears in different crankcase segments, e.g., in segment I
and in segment IV. Figure 15 shows snapshots of gas temperature, oil mist droplet diameter,
and flame surface evolution in the course of an unvented crankcase explosion presumably
triggered by the leakage of hot blow-by gases through the faulty stuffing box (ignition



J. Mar. Sci. Eng. 2024, 12, 82 22 of 33

site #1 in Figure 1a) in crankcase segment IV. This test case can be compared with the
test case considered in Section 3.2.1 where the same ignition site was applied to crankcase
segment I. This comparison shows that the volume occupied by burned gas in the test under
consideration is smaller than in the test considered in Section 3.2.1, i.e., flame accelerates
faster when ignition occurs in crankcase segment I. This is probably caused by a faster
pressure relief in segment IV through two windows in the A-frame than in segment I
through a single window in the A-frame. Anyway, this result indicates that explosion
evolution is highly dependent on the ignition site.
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3.2.6. Unvented Explosions in the Crankcase: Pressure Histories (Variants 1 to 6)

To summarize the results of calculations for unvented explosions, let us consider
Figure 16 comparing the calculated pressure histories in the course of unvented crankcase
explosions with different ignition scenarios. The pressure curves in the figure are marked
as X(Y)u, where X is the ignition site from Figure 1a, Y is the crankcase segment from
Figure 1b, and u relates to “unvented” explosion. The most dangerous explosions occur
when ignition is presumably triggered by the hot spot on the main bearing, i.e., near
the windows between the crankcase segments (curves 4(IV) and 4(I)). In these cases, the
arising flame quickly breaks through the windows between the crankcase segments like
it happens when the premixed flame propagates in a tube with orifice plates with sharp
edges (see, e.g., Section 2.4.2) and in a vented vessel with internal obstacles [70]. The rapid
breakthrough of the flame forms an extended cylindrical core of highly perturbed turbulent
flame, which leads to the subsequent spread of the flame throughout the entire volume of
the crankcase. It is worth noting that the scenario with accidental flame ignition at site #3 in
the open space at the A-frame in crankcase segment I (see curve 3(I)) is also potentially very
dangerous: initially, the rate of pressure rise in this case is the largest among all considered
test cases. Accidental ignition by hot blow-by gases near the stuffing box (curves 1(I) and
1(IV)) initially leads to a fairly slow spread of the flame downward, but when the flame
enters the window between the crankcase segments it accelerates so quickly that the rate of
pressure rise in the crankcase reaches the highest value of 0.6–0.7 bar/s (see the arrows in
Figure 16).
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Figure 16. Comparison of calculated pressure histories in the course of unvented crankcase explosions.
The pressure curves are marked as X(Y)u, where X is the ignition site from Figure 1a, Y is the crankcase
segment from Figure 1b, and u denotes “unvented” explosion. Initial oil droplet diameter d0 = 60 µm;
the degree of oil pre-evaporation is 70%.

Figure 17 shows the calculated time histories of the overall rate of heat release and
mass-averaged burning rate in the crankcase for the same scenarios of unvented explosions
as in Figure 16. The maximum turbulent burning velocity is achieved at the stage when
the flame makes its way into the window between the crankcase segments. For example,
for the case 1(I)u, the apparent turbulent burning velocity at this stage attains 30–40 m/s,
while the normal turbulent burning velocity is about 2–3 m/s in the open space and up to
7–8 m/s near obstructions. At a time of 0.4 s after ignition, the rate of heat release attains a
huge value of 13 MW.
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Figure 17. The calculated time histories of the overall rate of heat release and the overall mass-
averaged burning rate in the course of unvented crankcase explosions. The curves are marked
as X(Y)u, where X is the ignition site from Figure 1a, Y is the crankcase segment from Figure 1b,
and u denotes “unvented” explosion. Initial oil droplet diameter d0 = 60 µm; the degree of oil
pre-evaporation is 70%.

3.2.7. Unvented Explosions in the Crankcase: Effect of Particle Size Distribution (Variants 1
and 7)

Let us check the effect of the droplet size distribution in the oil mist on the dynamics
of pressure rise in the crankcase in the course of the seemingly most severe unvented
explosion 4(IV)u. Two calculations were performed: one with the monodisperse mist with
the initial droplet diameter d0 = 60 µm (baseline cases), and another with the polydisperse
mist with the trimodal droplet size distribution: d0 = 10 µm (10 wt%), 250 µm (10 wt%), and
500 µm (80 wt%). Figure 18 compares the corresponding calculated pressure histories in the
course of unvented crankcase explosions of oil mist with different droplet size distributions.
As seen, the droplet size distribution plays a minor role in the development of crankcase
explosion.
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Figure 18. Comparison of calculated pressure histories in the course of unvented crankcase explosions
of oil mist with different droplet size distributions (monodispersed mist with d0 = 60 µm and
polydisperse mist with d0 = 10 µm (10 wt%), 250 µm (10 wt%), and 500 µm (80 wt%); the degree of
oil pre-evaporation is 70%.

3.2.8. Unvented Explosions in the Crankcase: Effect of Mist Pre-Evaporation Degree
(Variants 1, 8, and 9)

Finally, let us check the effect of the pre-evaporation degree of the oil mist on the
dynamics of pressure rise in the crankcase in the course of the seemingly most severe
unvented explosion 4(IV)u. Figure 19 compares three calculations for the oil mist with the
same overall fuel-to-air equivalence ratio Φ =1 but with different pre-evaporation degrees:
60%, 70% (baseline case), and 80%. The decrease in the pre-evaporation degree from 70%
to 60% is seen to significantly slow down the pressure rise in the crankcase. At a time of
0.4 s after ignition, the overpressure becomes a factor of 5 lower: 0.02 bar vs. 0.1 bar. An
increase in the pre-evaporation degree from 70% to 80% leads to a significant acceleration
in the rate of pressure rise. At a time of 0.3 s after ignition, the overpressure becomes a
factor of over 3 higher: 0.1 bar vs. 0.03 bar. Thus, the pre-evaporation degree appears to be
the strongest parameter affecting the rate of pressure rise. This finding corresponds well
with the findings reported in [39] indicating that the heat in a fuel-lean droplet suspension
is released mostly due to the premixed mode of combustion.
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Figure 19. Comparison of calculated pressure histories in the course of unvented crankcase explosions
of oil mist with different pre-evaporation degree. All curves correspond to ignition at site #4 in
crankcase segment IV. Initial oil droplet diameter d0 = 60 µm.

3.3. Vented Crankcase Explosions

Let us now consider the results for vented explosions with two different values of the
critical overpressure of valve opening, namely, 0.05 and 0.005 bar.
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3.3.1. Vented Explosion in Crankcase Segment IV: Ignition Site #4; Vent Opening
Overpressure 0.05 Bar (Variant 10)

For understanding the effect of explosion venting, we chose the seemingly most severe
explosion corresponding to curve 4(IV) in Figure 16. In the first test case, the vent opening
overpressure was set at the level of 0.05 bar. Figure 20 shows snapshots of gas temperature,
oil mist droplet diameter, and flame surface evolution in the course of a vented crankcase
explosion presumably triggered by the hot spot on the main bearing (ignition site #4 in
Figure 1a) in crankcase segment IV. This test case can be compared with the test case
considered in Section 3.1 (see Figure 8) where the same ignition scenario was applied to
the unvented explosion. At a time of 0.4 s after ignition, the vented explosion exhibits a
flame that is less developed in the longitudinal direction but stretched toward the pressure
relief valve in crankcase segment IV. Note that the pressure relief valves of all crankcase
segments are already open by this time.
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Figure 20. Calculated snapshots of gas temperature (fields), droplet diameter (dots), and flame
surface evolution in the course of vented crankcase explosion; ignition site #4 in crankcase segment
IV; vent opening overpressure is 0.05 bar. Initial oil droplet diameter d0 = 60 µm; the degree of oil
pre-evaporation is 70%; time is counted from the start of ignition.

3.3.2. Vented Explosion in Crankcase Segment IV: Ignition Site #4; Vent Opening
Overpressure 0.005 Bar (Variant 11)

In the second test case, the vent opening overpressure is set at the lower level of
0.005 bar. Figure 21 shows snapshots of gas temperature, oil mist droplet diameter, and
flame surface evolution in the course of a vented crankcase explosion presumably triggered
by the hot spot on the main bearing (ignition site #4 in Figure 1a) in crankcase segment IV.
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This test case can be compared with the test cases considered in Section 3.1 (see Figure 8)
and in Section 3.3.1 (see Figure 20) where the same ignition scenario was applied to the
unvented explosion and to the vented explosion with a higher value of vent opening
overpressure (0.05 bar), respectively. At a time of 0.4 s after ignition, the vented explosion
under consideration exhibits a flame that is less developed in the longitudinal direction but
is still stretched toward the pressure relief valve in crankcase segment IV.
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Figure 21. Calculated snapshots of gas temperature (fields), droplet diameter (dots), and flame
surface evolution in the course of vented crankcase explosion; ignition site #4 in crankcase segment
IV; vent opening overpressure is 0.005 bar. Initial oil droplet diameter d0 = 60 µm; the degree of oil
pre-evaporation is 70%; time is counted from the start of ignition.
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Figure 22 compares the pressure histories in the course of unvented explosion on the
one hand and two vented explosions on the other hand. The curves are marked as X(Y)u
or X(Y)vZ, where X is the ignition site from Figure 1a, Y is the crankcase segment from
Figure 1b, u and v correspond to “unvented” and “vented” explosions, respectively, and
Z corresponds to the vent opening overpressure in bar. The arrows show two levels of
vent opening overpressure, namely, 0.05 and 0.005 bar. As seen, explosion venting results
in the dramatic change in the pressure histories: the rate of pressure rise decreases and
even becomes negative, i.e., the crankcase pressure drops down. In both considered vented
explosions, vent opening does not lead to an immediate pressure drop in the crankcase: the
pressure keeps growing for a certain time and attains a maximum value that can be 40%
higher (0.07 bar vs. 0.05 bar for the curve 4(IV)v0.05) and a factor of 2 higher (0.01 bar vs.
0.005 bar for the curve 4(IV)v0.005) than the vent opening pressure. In addition, Figure 23
shows the calculated time histories of the overall rate of heat release in the crankcase
for the same scenarios of vented explosions as in Figure 22. For both vented explosions,
vent opening results in a drastic increase in the overall rate of heat release. Thus, for
the vent opening overpressure of 0.05 bar, by the time of 0.4 s, it attains a huge value of
23 MW instead of 13 MW for the unvented explosion. For the vent opening overpressure of
0.005 bar, by the time of 0.4 s, it attains a value of 10 MW, which is only 23% less than that
for the unvented explosion. Such an increase in the overall rate of heat release is caused by
the turbulence induced by crankcase depressurization and the corresponding increase in
the turbulent flame surface and turbulent burning velocity.
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Figure 22. Comparison of calculated pressure histories in the course of vented crankcase explosions.
The pressure curves are marked as X(Y)u and X(Y)vZ, where X is the ignition site from Figure 1a, Y is
the crankcase segment from Figure 1b, u and v denote “unvented” and “vented” explosions, and
Z denotes the vent opening overpressure. Initial oil droplet diameter d0 = 60 µm; the degree of oil
pre-evaporation is 70%.
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Figure 23. The calculated time histories of the overall rate of heat release in the course of vented
crankcase explosions. The curves are marked as X(Y)u and X(Y)vZ, where X is the ignition site from
Figure 1a, Y is the crankcase segment from Figure 1b, u and v denote “unvented” and “vented”
explosions, and Z denotes the vent opening overpressure. Initial oil droplet diameter d0 = 60 µm; the
degree of oil pre-evaporation is 70%.
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4. Conclusions

Unvented and vented crankcase explosions of the lubricating oil mist were numerically
simulated using a 3D CFD approach for a two-phase turbulent reactive flow with finite-rate
turbulent/molecular mixing and chemistry. A typical low-speed two-stroke six-cylinder
marine diesel engine was considered as an example. Four possible accidental ignition sites
were considered in different linked segments of the crankcase. The calculations are limited
by a relatively low explosion overpressure of 0.1 bar in view of possible explosion venting.
As a result of our calculations, the following findings are worth emphasizing:

(1) The most important parameter affecting the dynamics of crankcase explosion is the
pre-evaporation degree of the oil mist, whereas the oil droplet size distribution is
shown to play a minor role. This means that the major role in the pressure build-up in
these conditions is played by the combustion of pre-evaporated oil.

(2) Explosion dynamics are highly dependent on the accidental ignition site. Calculations
of unvented crankcase explosions reveal a seemingly most severe explosion scenario
caused by the hot spot ignition of the oil mist on the main bearing and flame breaking
through the windows connecting the crankcase segments.

(3) The predicted maximum rate of pressure rise in the unvented crankcase attains
0.6–0.7 bar/s. This places strict requirements on the response time of pressure relief
valves for explosion venting.

(4) The apparent turbulent burning velocity in the unvented crankcase attains 7–8 m/s
and the rate of heat release attains a huge value of 13 MW.

(5) Explosion venting causes the rate of pressure rise to decrease and become negative.
However, vent opening does not lead to an immediate pressure drop in the crankcase:
the pressure keeps growing for a certain time and attains a maximum value which
can be a factor of 2 higher than the vent opening pressure.

(6) Vent opening results in a drastic increase in the overall rate of heat release caused by
the turbulence induced by crankcase depressurization. Thus, for a vent opening over-
pressure of 0.05 bar, the overall rate of heat release attains the value of 23 MW instead
of 13 MW for the unvented explosion by the same time after accidental ignition.

Future work will be focused on considering both internal and external vented crankcase
explosions while accounting for the turbulence generated by moving engine parts.
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