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Abstract: The smoke layer height in the ship engine room under forced ventilation has been experi-
mental and theoretical investigated in this work. A series of test were carried out in a scaled engine
cabin experimental platform to obtain the influence of air supply volume and air inlet height on the
burning parameters, including the mass loss rate, smoke temperature, etc. The research results show
that under the experimental conditions, the fire source mass loss rate increases exponentially, and
smoke layer height also increases gradually with the increase in the air supply volume. The empirical
formula of smoke layer height under different air supply conditions was given. Then, a prediction
model of smoke layer height under different forced ventilation conditions was constructed through
theoretical analysis based on conservation equations. Within the range of experimental air volume
and air inlet height, the relative error between theoretical prediction results and experimental results
was less than 11%, which could effectively predict the smoke layer height in the ship cabin fire.

Keywords: engine room; fire; forced air supply; smoke layer height

1. Introduction

Ship fire accidents often cause serious damage to personnel and other important
equipment on board, making ship fires a major threat to ship safety. Among all kinds of
ship fire accidents, engine room fire is the main research object at present because of the
characteristics of high fire frequency, large fire load, and high difficulty in fire detection
and rescue.

In recent years, the problem of smoke control in ship fires has attracted much atten-
tion [1-4]. The smoke control of the engine room mainly relies on the mechanical smoke
exhaust system and the mechanical air supply system. When fire occurs, the smoke control
system is activated, and the original smoke flow of the engine room will change. Therefore,
the law of cabin smoke filling under forced ventilation conditions is of great significance
for the study of the fire hazard of the engine room.

Previous studies have attracted more attention to the effects of forced ventilation
on the development of cabin fires and the law of smoke filling in closed cabins. Many
scholars have carried out closed space fires under different forced ventilation conditions,
and have studied the effect of forced ventilation on fire parameters such as fire source
burning rate [5-8], temperature distribution [9-12], and cabin pressure [13-15]. Alvares [5]
found similar fire parameters for two different tested liquid fuels under the same fire
intensity and ventilation. Chow and Chan [6] provided more information on the effect of
fuel type and found that fire parameters for wood were sensitive to changes in ventilation
volume, whereas fire parameters for liquid fuels and polymer materials were less sensitive
to changes in ventilation volume. Peatross and Beyler [7] believed that the burning rate
was determined by the fuel type and ventilation rate, and the forced ventilation test results
showed that the burning rate increased with the increase in ventilation rate. Le [8] analyzed
that, in a mechanically ventilated compartment, the mass loss rate of ignition source
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depends on two factors: the oxygen concentration and the blowing effect on the oil pool.
In addition, different ventilation configurations, such as ventilation volume, and vent
height, can have an impact on combustion characteristics in the cabin. Backovsky [16]
studied the effect of ventilation volume and ventilation configuration on the chamber
temperature, and the results showed that under the condition of low air inlet position, the
ventilation rate was 2-3 times greater than the stoichiometric air volume required for fires
(here called well-ventilated fires) produce a two-layer temperature distribution, whereas
under-ventilated fires produce a single-layer distribution with a temperature gradient, with
poorly ventilated fires having higher temperatures than well-ventilated fires. The high-inlet
location perturbs the two-layer temperature distribution of a well-ventilated fire. Zhang [4]
found that increasing the height of the air inlet or reducing the height of the air inlet can
destroy the formation of the smoke layer. Based on the conservation equation of oxygen
concentration, Hayashi [17] considered the oxygen volume exchange between the upper
and lower layers due to convection and turbulent diffusion, revealed the conditions for
the formation of the smoke layer under forced ventilation, and studied the formation and
destruction of smoke layer by CFD. In previous studies on the effect of forced ventilation
on cabin fires, there are relatively few studies on the height of the smoke layer under forced
ventilation conditions.

Smoke layer height is one of the important parameters in compartment fire research.
Existing calculation methods for fire smoke layer height include the classical N-percentage,
integral ratio, intra-variance methods and so on. These methods are mostly suitable for
the processing of temperature data. Predecessors have carried out a lot of research on
the change in smoke layer height in compartment fire [18-20]. Most of these studies are
experimental and simulation studies based on the corresponding structures of buildings.
For the study of the height of the smoke layer, some common models have been formed,
such as the NFPA 92B model [21], the Milke Mowrer model and the Tanaka [22] model. It
has been more than 20 years since Zukoski [23] first proposed a simple analytical model of
enclosed smoke filling based on energy and mass balance. The Zukoski formula remains
the theoretical basis for other enclosed space smoke filling models, including the ASET
model developed by Cooper. Li [24] obtained a formula for predicting the smoke layer
based on the regional model (there is an obvious layering between the upper hot smoke
and the lower cold air) and according to the conservation of energy. Li [25] carried out the
natural gas filling experiment and the smoke control experiment in the experimental cabin,
and based on the plume theory and the conservation equation, he developed the smoke
settlement formula for the filled cabin, and considered the plume rising time. Wang [26]
established an explicit smoke-filling model of an enclosed ship engine room through the
back analysis of the experimental data in the literature.

It can be seen that there is a lack of theoretical and experimental research on the height
of the smoke layer of closed cabin fires under forced ventilation in the current research on
engine room fires. Therefore, this paper studies the development of the cabin room fire and
the process of smoke settlement under the conditions of different air supply volume and air
supply inlet heights through the small-scale engine room fire experiment. the theoretical
analysis was carried out to predict the height of the cabin fire smoke layer un-der different
air supply conditions based on the zone model, and the prediction results of the model are
compared with the experimental results to verify the validity of the theoretical model. The
model proposed in this paper can provide a theoretical analysis and prediction method for
ship fire risk research.

2. Experimental Setup

These experiments were carried out in the scaled engine cabin test platform (Figure 1).
The top and bottom plates of cabin were 8.5 m (L) X 7.5 m (W) and 8.5 m (L) x 6 m (W).
The height of cabin was 1.9 m. Inside the cabin there were two gas turbine models with a
height of 1.25 m. The experimental bench smoke exhaust system was based on the original
ventilation system, based on the principle of smoke control, and improved by adding
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pipelines and valves. There were four air supply inlets and two smoke exhaust outlets in
the engine room. The schematic diagram of the air supply inlet was shown in Figure 1,
its size could be adjusted, and the opening of the air inlet was controlled by the valve
(02m x 0.2m,0.15m x 0.15m, 0.1 m x 0.1 m). The air inlet could be set to three different
heights—0.1 m, 0.4 m, 0.7 m—from the bottom plate. The smoke exhaust outlet was located
at the top of the cabin, and its size was 0.4 m x 0.4 m.

side view of ventilating duct 1#
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Figure 1. Front view (left) and top view (right) of the experimental cabin.

To compare the effect of smoke control in the cabin under different forced air condi-
tions, the experiment considered four different air supply configurations of 2.646 m3/s,
2.352m3/s,2.058 m?/s and 1.764 m? /s, and three different air inlet heights of 0.1 m, 0.4 m
and 0.7 m. The smoke exhaust volume was based on the existing ventilation system design
and is fixed at 0.9 times the air supply volume.

When comparing the cabin smoke control effects under different forced air volumes,
the first principle should be to ensure the consistency of the fire source in each test. There-
fore, the heptane oil pool fire with good repeatability was used as the experimental fire
source. The diameter of the oil pan is D = 40 cm, and the amount of heptane in a single
experiment is 3.5 L. The thermophysical properties of heptane are shown in Table 1.

Table 1. Fuel properties.

Name Heptane
Molecular formula C7Hy¢
Density 684 kg/m>
Flash point —4°C
Boiling point 98.5°C
Heat of combustion 44.6 MJ /kg
Progressive Mass Burn Rate 7iy, 0.101 (£0.009)
Effective absorption coefficient kS 1.1 (£0.3)

During the experiment, the Deant ES60K electronic balance was used to measure the
mass loss of the pool fire fuel with a range of 60 kg and an accuracy of 0.5 g. Thermocouples
were used as temperature sensors in the experiment, and K-type armored thermocouples
with a diameter of one millimeter were used for the thermocouples. A total of five ther-
mocouple trees are arranged. The thermocouples are arranged vertically, one at a distance
of 0.2 m downward from the height of 1.8 m at the top of the cabin. The specific layout
is shown in Figure 2. Thermocouple tree 1, 2 and 3 are placed at the quarter positions on
the longitudinal axis of the cabin to monitor the temperature at the fire source in the cabin
and on both sides of the fire source. Thermocouple tree 4 is placed at the position of the
manhole to monitor the temperature distribution at the manhole as the only escape route
after a fire occurs in the cabin. Thermocouple tree 5 is used to monitor the temperature
distribution at the left and right ladder openings after a fire occurs in the cabin. Since the
left and right are basically symmetrically distributed, only one bunch of thermocouple trees
is provided.



Fire 2023, 6, 16

40f 14

TCtree 2 TC tree 4

( Manhole )

TC tree 1
TCtree 5

Figure 2. Schematic diagram of fire source and thermocouple layout.

3. Results and Discussion
3.1. Mass Loss Rate

The mass loss rate is a parameter describing the mass loss of fuel during combustion.
it can be obtained by differentiating the mass change curve measured by the electronic
balance. Through the change in mass loss rate, we can intuitively see the development
process of the fire and the influence of boundary conditions on the compartment fire.
Figure 3 shows the development law of the mass loss rate of pool fire under the condition
of forced air supply and the effect of different air supply air volumes on the mass loss rate.
Under the condition of forced ventilation, as the combustion progresses, the temperature of
the gas in the cabin rose, and the heat radiation received by the oil pool gradually increased,
which accelerated the evaporation process of the fuel and increased the mass loss rate. After
burning for a certain time, the pool fire entered the boiling burning stage, and the mass
loss rate increased suddenly, and then gradually decreased with the consumption of fuel.
With the increase in the air supply volume, the development of pool fire was obviously
accelerated, and the burning time was shortened. Figure 4 shows the change in the mass
loss rate under the condition of different air supply port heights. With the change in air
supply inlet height, mass loss rate change process was basically the same.

12

(== V=2.646m"/s
[=@— V=2.058m"/s
(= V=1.764m"/s

MLR (g/s)

0 100 200 300 400
Time (s)

Figure 3. Variation in mass loss rate with time under different air volume conditions.
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Figure 4. Variation in mass loss rate with time under different air supply inlet heights.

The mass loss rate is time-averaged, and the forced air volume and mass loss rate are
dimensionless based on the experimental results in Figure 3 and the experimental results
of predecessors [7]. The dimensionless mass loss rate " can be defined as 1" = 1/ My,
where m is experimental mass loss rate, my, is the mass loss rate of the oil pool of
diameter D in the free atmosphere, 11y, = 1, (1 — e~kBD ) Ay. The number of air changes
N can be defined as N = 3600V;/V;, where V; is the supply air volume, V. is the cabin
volume. By introducing a dimensionless length f(D,V.) = D-V.~!/3, the relationship
between the dimensionless mass loss rate and the number of air changes in this experiment
and previous research results can be drawn on a graph, as shown in Figure 5. It can
be seen from the figure, under the conditions of the experimental cabin and ventilation
configuration, that the fire source mass loss rate and the supplementary air volume have
the following relationship:

. % N
m f(D,V,) =—-02lexp| —————= | +0.24 1
f(D, Ve) ”( 36x3.25) @
0.20
B Peatross|[7], D=62cm
® Peatross[7], D=84cm
0.16 - | A This Experiment
— Fitting Line
A
012
-
(=]
=
%
£ 0.08 |-
0.04 -
0_00 1 " 1 " 1 " 1 " 1
0.8 1.2 1.6 2.0 2.4

N/36

Figure 5. Relationship between dimensionless mass loss rate and dimensionless air volume.
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3.2. Temperature Distribution

The heat transfer of the flame to the space gas in the cabin has three ways: conduction,
convection and radiation. Among them, the convective heat transfer is the most important,
and the convection heat transfer depends on the movement of the smoke and the entrain-
ment formed by the combustion of flame. In the region, the temperature increase is mainly
because of smoke. Therefore, analyzing the distribution law of space gas temperature in
the combustion process can reflect the distribution characteristics of smoke to a certain
extent. Taking the air supply volume of 2.058 m3/s as an example, Figure 6 shows the
temperature changes at different heights in position 1 in the cabin. It can be seen from the
figure that the temperature changes at different heights were basically the same. The tem-
perature difference between the measurement points below the height of about 1.2 m in the
cabin was not large. Above approximately 1.2 m, the temperature difference between the
measurement points increased rapidly. This is because the smoke layer accumulates near
the fire source, resulting in a higher temperature in the upper part of the cabin, whereas
the temperature of the lower cold air layer does not change much. The cold air layer has a
relatively obvious interface.

140
(—#—h=0.4m
t—&—h=0.6m
(—d— h=0.8m
120 - —¥—h=1.0m
h=1.2m
h=1.4m
100 =p—h=1.6m
8 —@—h=1.8m
E [—#— Average Value
=
= 80
S
v
3
v 60
&
40
20 L L L L L
0 100 200 300 400 500
Time(s)

Figure 6. Temperature changes at different heights of the 1# thermocouple tree in the cabin
(Vs = 2.058 m3/s).

Figure 7 shows the variation in vertical temperature with time. At the initial moment,
the vertical temperature in the cabin was basically the same. After ignition, with the filling
of smoke, the temperature of the upper layer gradually increased, whereas the temperature
of the lower layer did not change much. The temperature distribution from top to bottom
in the cabin could be regarded as a “double-zone distribution”. The temperature inflection
points of the upper and lower layers decreased gradually with the settlement of the smoke
layer. Because of forced air supply and exhaust, the smoke did not settle to the bottom of
the cabin, and the vertical temperature maintained a consistent “double-zone distribution”.
Afterwards, with the consumption of fuel, the power of the ignition source decreased, the
height of the smoke layer gradually increased, and the height of the temperature inflection
point of the upper and lower layers gradually increased.
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Figure 7. Vertical temperature change in 1# thermocouple tree (V; = 2.058 m3/s).

Figure 8 shows the variation in the vertical average temperature at different positions
in the cabin. The average temperature here is the average temperature of all thermocouples
vertically at this position. It can be seen from the figure that the temperature in the
middle part of the cabin was obviously higher than the temperature at the position of the
manhole and the entrance of the ladder. Figure 9 shows the variation law of the vertical
average temperature at position 1 under different supply air volume conditions. With the
increase in air supply air volume, the average temperature in the cabin shown a gradually
decreasing trend.
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Figure 8. Temperature changes at different positions in the cabin (Vs = 2.058 m3/s ).
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Figure 9. Temperature change at position 1 under different air supply volumes.

3.3. Smoke Height

In fire research, the common methods for solving smoke layer height mainly include:
the extinction method, N percentage method, minimum integral ratio method and piece-
wise linear method. Among them, the minimum integral ratio method and the piecewise
linear method are used to process the temperature data. In this study, the minimum integral
ratio method is used to solve the height of the smoke layer. The method has a relatively
clear definition of the neutral plane and a more rigorous calculation and derivation process,
and the calculation results are more convincing. It defines the height of the smoke layer as
the position where the sum of the minimum integral ratios of the upper and lower layers
takes the minimum value. In the calculation, the integral ratios of the upper hot smoke
layer and the lower air layer at time ¢ are, respectively:

1 H Ho1
Ty = (I_I_Z)Z/Z T(Z)dZ g mdz (2)
1 - 1
= Z—z 0 T(Z)dZ/O mdz (3)

Then, the height z of the smoke layer at time t should satisfy:
re = min(ry +1;) 4)

Based on the above method and the temperature data of the 1# thermocouple tree,
MATLAB is used to solve the height of the smoke layer, and finally the height of the smoke
layer under different air supply configurations is given as shown in Figure 10. It can be
seen from the figure that within the range of air volume and air supply port height in this
experiment, with the gradual increase in the forced air supply volume, the height of the
smoke layer also gradually increases; with the increase in the air supply inlet height, the
height of the smoke layer gradually decreases.
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Figure 10. Comparison of cabin smoke layer heights under different supply air volume conditions.

Based on the above data, let the dimensionless smoke layer height H* = H/Hy,
the dimensionless air inlet height h* = h/Hy, and introduce the dimensionless param-
eters P and Q to make the data dimensionless. The curves of P and Q after processing
are shown in Figure 11. It can be seen that P and Q are approximately linearly related:
P =172 x Q+50.79.

P = F(H*,N,It*) = H* /I* x N x (191" +0.7) ®)
Q = G(N,h*) =3.7/h* x exp(0.028N)) (6)
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Figure 11. The relationship between the dimensionless smoke layer height and the dimensionless air
supply volume.

Based on the above results, the empirical formula for the calculation of the dimension-
less smoke layer height under the experimental conditions can be given:

_6.37 x exp(0.028N) + 50.791*

H*
(1.97* +0.7) x N

@)
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3.4. Prediction of Smoke Layer Height in the Engine Room

In the study of enclosed compartment smoke filling, predecessors usually regarded the
ignition source as a point source heat source. Since the object we study is the development
of the smoke plume outside the combustion area, we do not consider the combustion
process during the fire and the changes in the smoke composition caused by chemical
reactions. In actual engine room fire, there is no clear boundary between the smoke layer
and the air layer. In the theoretical analysis, the transition layer in the smoke filling process
is usually ignored, and only the upper smoke layer and the lower air layer are considered.
In addition, this paper assumes that the effect of mechanical air supply on smoke deposition
is mainly reflected in the following two aspects: the promotion of mechanical air supply to
the fire source; the mechanical air supply promotes the mass mixing of the smoke layer
and the lower air layer.

Based on the above assumptions, we choose a physical model with the same size and
structure as the experimental cabin. It is assumed that the communication between the
interior of the cabin model and the outside world is only through the air supply vents
and exhaust vents, and there are no other openings. If the smoke is used as the control
body, as shown in Figure 12, the control body always obeys the mass conservation equation
during the smoke settling process. There are three main aspects in the process of quality
change in the control body: (1) The smoke generated at the fire source enters the control
body to increase the quality of the smoke in the control body; (2) the fresh gas provided by
the mechanical air supply enters the smoke layer; (3) the upper mechanical exhaust port
removes part of the smoke. The main energy transfer process in the cabin can be assumed
to be that the heat generated by the fire source in the cabin is divided into three parts: a
part of the heat is used to heat the gas in the cabin; a part of the heat is dissipated outward
through the wall; a part of the heat is dissipated outward through the smoke outlet.

Smoke Outlet

Air inlet

= lts 3 P
[TT7T7TT7T777777TT77 777777777777 T77T7]7

Figure 12. Schematic diagram of the smoke stratification in the engine cabin.

Therefore, its conservation equation can be expressed as:

. . . dosV,
Mp +mp — Me = P;t”

®)

where:

mp: the mass flow rate of the smoke entering the upper control body from the fire source area;
my: the mass flow rate of the air entering the smoke layer from other areas;

m,: the mass flow rate of the smoke discharged by the mechanical exhaust;

0s: the smoke density, which is assumed to be constant and has the same value with air;
Vu: the volume of the smoke layer.

The volume change rate 4V, of the control body is the volume of the micro-element
above the control body. Since the thickness dz of the micro-element is infinitely small, the
volume of the entire micro-element can be calculated according to the volume of the cube,
thatis, dV, = A,dZ,, where Z, is the smoke layer thickness, A; is the cross-sectional area
of the cabin at the lower boundary of the smoke layer.
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The Formula (9) can be rewritten as:

ar A,ps

)

During the combustion process, the hot smoke entrains the surrounding air during
the upward movement to form a plume. In the plume theory, there is a law of conservation
of mass between the amount of smoke and the entrained air, so the amount of smoke
generated depends on the amount of entrained air. In this model, Zukoski’s axisymmetric
plume model is mainly used, as shown in the following formula.

/3 173 .1/3
tit, = 0.21 (Cp;’%)) Q753 =cQl 7 (10)

where:

po: air density;

g: gravitational acceleration;

Cp: specific heat capacity at constant pressure;
Tp: the environment temperature;

Q,: the convective part of ignition power;
Z: The height of the plume away from the fire surface.

Based on previous studies, mechanical ventilation has a promoting effect on the power
of the fire source. Therefore, combined with Equation (1), we can assume that the mass loss
rate m of the fire source can be written as:

m = f(Vs) (11)
Therefore, the convection part Q. of the fire power can be written as:
Q. ~ 0.7Q = 0.7x-f(Vs)-AH, (12)

where:

Q: total heat release rate of the fire source;
x: combustion efficiency;
AH¢: heat of combustion.

In addition, the fresh gas provided by the mechanical ventilation is not only entrained
by the fire source, but the gas in other areas will be mixed with the upper layer smoke
due to the gas flow. It is assumed that the proportion of the gas mixed with the upper
layer smoke in the mechanical supply air volume is . For different air supply heights, 1 is
different; thus, it can be assumed that i = g(h), then:

my = Yits = g(h)ms = g(h)ps Vs (13)

During the process of smoke filling, the actual cross-sectional area of the cabin is
constantly changing. To give a suitable engineering calculation model, it is assumed that
the cross-sectional area of the cabin decreases linearly from top to bottom, as shown in the
above figure, so the cross-sectional area of the cabin can be written as:

A, =kz+b (14)

The values of k and b in the formula are determined by the size of the cabin. By
substituting Equations (11), (13)—(15) into Equation (10), and introduce the height Z; of the
smoke layer, we have:
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Az _dZy _ C(07xf(Ve)-AHe) P Z3 + g()psVi — e (15)
at — dt (kZi +b)ps
Therefore, for the prediction of the height of the smoke layer at different air supply air

volumes and air supply port heights, there are:

= Tdt (kZi+b)ps (16)

_dzy _ dZy _ C(0~7X‘f(VS)'AHc)l/3Zt5/3+g(h)PsVs*me
dt -
whent=0,7Z;=H

Based on the results of the experiment and the above theoretical analysis, the results
of the smoke layer height prediction are given below. Based on the results obtained from
the dimensionless mass loss rate, namely, Equations (1) and (2), the fire source power can
be written as:

O, ~ 0.7x-1-AH. = 0.7x- (—204.54.e—Vs/ 037 4 7.11) AH, 17)

The above formula can be applied to the fire source power under different air volume
conditions to determine the height of the smoke layer. Formula (17) can be written as:

v 1/3 5
i c [0-7x~ (—204.54-3*0.*357 +7.11> -AHC] 23 4 Vepa—Vps
azy _

a (kZ-H?)Ps
whent=0,Z; =19

(18)

where:

C: according to Zukoski’s model can be calculated, C = 0.076432;
k: k depends on the compartment structure, k = 6.7;
b: b depends on the compartment structure, b = 51;

: the mixing rate, a function of the air supply port height h, g(h) = —0.25¢~ 0% + 0.76.

Put different air volume and air inlet height into the above formula, and iteratively
solve based on the second-order Runge-Kutta method. The comparison results between
the experimental value and the theoretical value are shown in Figure 13. Compared with
the experimental results, it is found that within the range of the experimental air volume,
the theoretical prediction results of smoke layer height are consistent with the experimental
results, and the relative error is less than 11%. It can be considered that the theoretical
prediction model given in this paper has a good prediction effect.
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Figure 13. Comparison of predicted and experimental values of smoke layer height under different
supply air volume conditions.
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4. Conclusions

In this paper, experimental and theoretical research were carried out on the height of
smoke layers from engine room fires under the condition of forced ventilation. The devel-
opment of the cabin room fire and the process of smoke settlement under the conditions
of different air supply volume and air supply inlet heights were studied by experiment
method. The theoretical analysis was carried out to predict the height of the cabin fire
smoke layer under different air supply conditions and verified the validity of the model.

The main conclusions are as follows:

(1) The fire experiment was carried out in the small-scale engine room. Experimental
results show that the mass loss rate of the fire source increased approximately exponentially
with the increase in the supply air volume. Combined with the experimental data and
previous data, the empirical formulas of mass loss rate and air supply volume are given,
and they are applied to the smoke layer height prediction model proposed in this study.

(2) The smoke layer height variation curve under different air supply conditions was
given based on the minimum integral ratio method. Under the experimental conditions,
the height of the smoke layer gradually increases with the increase in air supply volume
and the height of the smoke layer gradually decreases with the increase in the height of the
air supply inlet.

(3) A prediction model of smoke layer height under different forced ventilation condi-
tions was constructed through theoretical analysis based on the conservation equations.
Within the range of the experimental air supply volume and the height of the air inlet, the
relative error between theoretical prediction results and experimental results was less than
11%, which could effectively predict the smoke layer height in the in-ship cabin fire. The
research is of great significance to the research on the fire risk of the engine room, and
provides a theoretical basis for the prediction of the fire risk of the engine room.
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