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Fire in a sealed ship engine room is diﬀerent from open ﬁres, while its suppression is critically important to the
emergency rescue and structure safety for a ship. This study focused on the vertical distribution of temperature
rise during a sealed engine room ﬁre. A series of experiments were carried out to investigate ﬁre behaviors in a
reduced-scale sealed ship engine room with a dimension of 3 m (length) × 3 m (width) × 3.5 m (height). The
results suggested that there are vertical temperature gradients of smoke layer, showing a little lower than those
of open ﬁres. The experimental results demonstrated that the time to reach the maximum temperature is different for smoke layers at various heights, while a lower height showed a relatively long delay time. The vertical
gradient of temperature rise was found increasing with pool diameter where the gradient of temperature rise of a
30 cm pool ﬁre is about 9 times of that of a 10 cm pool ﬁre. Furthermore, an empirical model was developed to
predict the vertical temperature rise distribution along the height at the time of the maximum temperature for
sealed engine room ﬁres.

1. Introduction
One of the most disastrous situations threatening passengers/occupants in ships and related constructions is ﬁre, which comes with high
risk and uncertainty (Kang et al., 2017; Salem, 2016; Su and Wang,
2013). In ﬁre emergency circumstances of a ship, to close the burning
engine room is a ﬁnal-taken and eﬃcient means to extinguish the ﬁre,
especially when the ship is at sea without any help or support. For this
case, ship engine room is completely closed, and the ﬁre will be
eventually extinguished due to the lack of oxygen. Sealed engine room
ﬁre is a special type as it is isolated from the ambient environment.
Smoke and combustion products released from ﬁre sources cannot be
exhausted outside, and no fresh air is entrained into ship engine room
as well. As a result, ﬁre behaviors in a sealed engine room then is
distinctly diﬀerent from those of open ﬁres (Zhang et al., 2013a, 2013b,
2015; Yuan et al., 2014; Tatem et al., 1986; Li et al., 2011; Yang et al.,
2013).
Temperature or temperature rise is one of the critical parameters
regarding the ﬁre characteristics, which is essential to address the
smoke movement and related suppression measures. Based on
∗

temperature, the initiation, development and extinguishment stages of
sealed ﬁres can be identiﬁed accordingly (Wang et al., 2017; Yao et al.,
2017; Yoon et al., 2010). If a sealed engine room ﬁre cannot be suppressed directly by ﬁre extinguishing system, one of the alternative
measures is to seal the engine room and wait for its self-extinguishment
(Pu, 2009). After sealing the engine room, ﬁre can be suppressed when
the oxygen concentration drops to a certain value. After the ﬁre is extinguished, the right time to reopen the ship engine room is very important. This is because the engine room is rich of fuel and also under
high-temperature conditions, so re-ignition even backdraft may occur
after sudden fresh-air entrance (Trouve and Wang, 2010). More importantly, the inﬂuences of hot smoke on the engine room structure are
worthy of being studied, especially on accurately identifying or predicting the failure location of the engine room structure, which is signiﬁcant to the structural risk assessment or ﬁre emergency rescue (Kim
et al., 2017; Jin et al., 2016; Jin and Jang, 2015). Therefore, the temperature distribution of sealed engine room ﬁres is a practically important research topic.
Previous studies regarding the temperature rise in compartment
ﬁres, especially for a building ﬁre, has been studied for several years,
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proportional relationship
combustion eﬃciency
average mass loss rate, g/s
heat of combustion, kJ/g
scale ratio
heat release rate, kW
average heat release rate, kW
ambient temperature, K
density of ambient air, kg/m3
speciﬁc heat capacity of ambient air, kJ/kg·K

k
b

gravitational acceleration, m/s2
height of thermocouples, m
diameter of pool ﬁre, m
height of ship engine room, m
ﬂoor area of ship engine room, m2
temperature rise at height of h, °C
non-dimensional heat release rate
non-dimensional average heat release rate
non-dimensional temperature rise at the time of maximum
temperature
slope obtained from regression
intercept obtained from regression

sections. The ﬁrst section presents an introduction of a reduced-scale
experimental rig. The second section focuses on experimental results
and analysis including average mass loss rate, average heat release rate
and vertical temperature rise. The third section conducts a dimensionless analysis of vertical temperature distribution at the time of
maximum temperature and proposes a mathematical model.

representative models such as M-Q-H method, F-P-A method, Beyler
method, etc. (Walton et al., 2016). These models were developed based
on the conservation of energy and mass for the gas phase inside the
enclosure with openings or under well-ventilation. These models are
typical zone models, including one-zone and two-zone models. The
basic assumption of zone models is considered uniform for a one-zone
model or the upper layer of the two-zone model. These models can
predict the average temperatures which reﬂect the heat accumulation
in the enclosure. Nevertheless, detailed temperature proﬁles are still a
challenge of prediction. As we conduct the thermo-mechanical coupling
analysis to assess the structural safety of ship engine room, the
knowledge of the detailed temperature proﬁles is compulsory.
In the aspect of experimental study, Hu et al. conducted a series of
ﬁre experiments in a closed ship engine room and found that the
temperature proﬁle at the moment of self-extinction follows the
Boltzmann distribution (Hu et al., 2010). Zhang et al. have investigated
experimentally the vertical temperature distribution induced by an
elevated ﬁre in a ceiling vented ship compartment and found that the
temperature of the upper layer was much higher than that of the lower
layer (Zhang, 2014; Li et al., 2018). The stratiﬁcation of the temperature was distinct including two regions of the hot upper layer and the
cold lower layer according to the measured temperature. Additionally,
Li and Chen have conducted experiments in a horizontally vented ship
enclosure, smoke ﬁlled up the enclosure quickly after ignition and
temperature seemed to increase gradually with height in most cases,
which was quite similar to some forced-ventilation compartment ﬁres
(Li, 2010; Chen, 2011).
In numerical simulation studies, some studies focused on sealed
engine room ﬁres were based on numerical modeling (Su et al., 2012;
Wang et al., 2013; Salem, 2013; Bonte et al., 2013; Jia et al., 1997;
Sekret et al., 2013). The temperature distribution, volume fractions of
gas species and thickness of smoke layer were investigated numerically.
Another challenge is that the zone modeling, which divides the whole
space into several vertical layers, may be no longer applicable to sealed
engine room ﬁres (Yuan et al., 2014).
In addition, some theoretical models have been developed regarding
the prediction of temperatures in sealed engine rooms. A ﬁve-zone
theoretical model (Tatem et al., 1986) was developed to predict the
temperature in a gas-tight enclosure, which was based on the assumption that the combustion products and evaporated fuel are fully mixed.
Another way of simpliﬁcation is to consider a uniﬁed temperature for
smoke layers (Li et al., 2011; Yang et al., 2013). Computational ﬂuid
dynamics models (Zhang et al., 2015) were also utilized to address the
situation. However, there is still a gap between the prediction and experiments. Research eﬀorts are especially needed from the experimental aspects.
Based upon the above analysis, previous studies have largely focused on the ship ﬁres in ventilated or unsealed engine rooms, leaving
very few studies on fully sealed engine room ﬁre. The purpose of this
study mainly focuses on the vertical distribution of temperature rise
induced by ﬁre in a sealed ship engine room. There are three main

2. Experimental methodology
A bench-scale ship engine room model was built to conduct a series
of experiments, as shown in Fig. 1. In this ﬁgure, a transparent frontwall was used only to show the inside items, which does not mean that
the wall of the testing engine room is transparent. To facilitate the
observation of ﬁre burning behaviors in a sealed ship engine room
during experimental tests, several circular holes are set as experimental
observation windows in the front and back walls, which are made of
quartz glass and can stand for a high temperature of 600 °C. This ship
engine room model consists of four parts, namely testing engine room,
temperature measurement system, data collection system, and
weighing device. The details of each part are introduced as follows:
(1) Testing engine room. Previous experimental studies were much
focused on a relatively smaller engine room model than the one
used in this study. For example, Zhang et al., 2013a, 2013b studied
the characteristics of pool ﬁre in two closed compartments, while
one is 3 m (Length) × 3 m (Width) × 1.95 m (Height) and the other
is 1 m (Length) × 1 m (Width) × 0.75 m (Height). The dimension of
the current testing engine room is 3 m (Length) × 3 m
(Width) × 3.5 m (Height), as shown in Fig. 1.

Fig. 1. Schematic diagram of the ship engine room test model.
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The design of this engine room was following the Chinese code CB/
T3368-2013 (CB/T3368-2013, 2013). The wall was made of Rockwool
steel sandwich panel with a middle layer of 20 mm Rockwool, while the
external and internal layers were 4 mm and 1.5 mm carbon steel panels,
respectively. The internal lining was made by 25 mm alumina-silica
insulation board. The ﬂoor was also made by the sandwich panel, while
its bottom, middle and top layers were made of 1.5 mm carbon steel,
20 mm Rockwool, and 4 mm carbon steel, respectively. A 1.5 mm antislip panel was used at the top of the ﬂoor.
A quick-open watertight door was used with good airtightness. A
rotating handle and water seal strips were used to ensure the door can
be fully sealed to avoid leakage. The designs of related insulation for
the door were following CB/T3368-2013 (CB/T3368-2013, 2013), with
a dimension of 1.6 m (Length) × 0.8 m (Width) × 0.04 m (Depth).

(2) Temperature measurement system. K-type thermocouples were
employed to record the temperature history at diﬀerent heights,
which also represent the time-varying temperature of the smoke
layer.
The thermocouple tree on Side A, where each thermocouple is
mounted with 30 cm depth into the ship engine room, is located vertically along the centerline of A-side wall. Here, each thermocouple
being inserted into the engine room with 30 cm depth is to avoid the
eﬀects of the anti-buoyant jet behavior on the temperature measurement. Thirty measured spots are arranged vertically from 3.4 m to 0.5 m
heights with an interval of 0.1 m, which are labeled by T1 to T30, respectively. The measuring temperature range of these thermocouples is
about 600 °C, which is enough for the measurement of smoke

Fig. 2. Mass loss of liquid pool ﬁre with a diameter of: (a) 10 cm; (b) 15 cm; (c) 20 cm; (d) 30 cm; and (e) 35 cm.
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spaces. It is also known from the previous study (Tatem et al., 1986)
that the rising temperature can increase the evaporation rate of the
liquid fuel. Eventually, the dropping oxygen concentration will reduce
the evaporation rate through its inﬂuence on the ﬂame height and air
entrainment rate.
The mass of liquid fuel was measured during the whole experimental period. The fuel mass loss history in the time period from ignition to extinguishment is shown in Fig. 2 by plotting fuel mass versus
the time. For each test, it is observed the mass shows a good linear
relationship with the time. The ﬁtting lines were linearly obtained for
each scenario with a goodness of ﬁt of more than 0.9 as illustrated in
Fig. 2. Through linear regression analysis, the absolute value of the
slope from the ﬁtting line is the average mass loss rate during the whole
burning process. It is easily seen that the average mass loss rate increases with a bigger diameter of a pool ﬁre. The average mass loss rate
increases from 0.078 to 1.06 g/s when pool diameter increases from 10
to 30 cm.
It needs to be noticed that the average mass loss rates are nearly the
same for 30 and 35 cm pool ﬁre. The possible reason for this is as follows. It can be seen from Fig. 2(d) and (e) that the mass loss rate of
30 cm pool ﬁre at the later stage in the red circle increases than that in
the previous stage. Seen from the recorded experimental video, it can
be hypothesized that the temperature of the pool wall increases, resulting in a relatively rapid heat transfer that the liquid fuel inside the
pool then goes to boiling. Under this circumstance, a part of the liquid
fuel then splashes out of the pool, resulting in ghost ﬁre when they go
through the evaporation process. For the 35 cm pool ﬁre, the mass loss
rate at the early stage is relatively larger than that of the 30 cm pool
ﬁre. But in the later stage, the splashed liquid fuel is relatively less as
comparing to that of the 30 cm pool ﬁre. Therefore, with the combined
eﬀects, the 30 cm and 35 cm pool ﬁres show a similar average mass loss
rate during the whole combustion stage. As the average mass loss rate is
dependent on combustion during early and late stages, the similar
average mass loss rate does not mean that the 30 and 35 cm pool ﬁres
show a similar transient burning rate. Further research should be carried out in the future.
It should be noticed that for the pool ﬁres with over 15 cm diameter
ghost ﬁre can be observed at the later stage of combustion or when the
burning approaches to extinguishment. Ghost ﬁre is a special kind of
ﬁre phenomenon. Sugawa et al. (1991) ﬁrstly found the ghost ﬁre behavior in a poorly-ventilated compartment ﬁre test, in which he concluded that ghost ﬁre can occur in a poorly ventilated or sealed space
that the oxygen concentration is much lower than the ambient level. So
at the later stage of ﬁre burning, due to the lack of oxygen, the ﬂame
can detach completely from the fuel source. The mechanism of ghosting
is not yet fully understood. Fig. 3 shows the ghost ﬁre under 30 cm pool
ﬁre pan. It is important to know that the ghost ﬁre obviously has a
signiﬁcant impact on mass loss rate and spatial temperature distribution. For example, the mass loss rate with both 20 and 30 cm pool ﬁre
pans ﬂuctuate obviously when approaching to the end. Some previous
studies have also reported the same phenomenon for sealed engine
room ﬁres (Li et al., 2010). Furtherly, the ghost ﬁre also aﬀects the mass
loss rate and temperature distributions in the sealed engine room.
It can be known from Fig. 2 that the average mass loss rate for 10,
15, 20, 30 and 35 cm diameter pools are about 0.01, 0.008, 0.018,

temperature in this study. Their response time is 1 s, namely with a
measurement frequency of 1 Hz.
(3) Data collection system. The computer with a special conﬁguration
software system installed can automatically record the data taken
during the experiments, including temperature history and mass
loss. The sampling frequency of the data collection system is also
1 Hz. The data collection includes the temperature measurement
data of those 30 thermocouples mentioned above and the mass loss
of fuel taken by the electronic balance.
(4) Weighing device. An electronic weighing device called ES-5000 was
utilized to record the total mass of liquid fuel and the container
(fuel pan) in real-time. The maximum reading is 5 kg with an accuracy of 0.01 g. The sampling frequency of this weighing device is
1 Hz.
Liquid pool ﬁre is one of the most common types of ship ﬁre as ships
usually contain large amount liquid, such as lubrication oil, machine oil
and fuel oil. Generally, the liquid pool could happen due to the leakage
accident from the vessel or pipe during transportation or storage. The
liquid pool can spread under the gravity or ﬂoor with slope, and liquid
pool with diﬀerent depths can be formed under diﬀerent scenarios. It
can be then ignited by high-temperature contact or direct ﬂame, which
can be classiﬁed as Class B ﬁre.
The commonly used oil for a ship would be fuel oil or hydraulic oil,
which is basically hydrocarbon. N-heptane as a commonly used hydrocarbon fuel is a stable burning source which has been largely used in
previous ﬁre experiments (Hu et al., 2005; Utiskul et al., 2005). In this
study, to be consistent with previous studies, n-heptane was then used
as well. For the sake of simplicity, the oil pool ﬁres used in experiments
were placed in the center of the engine room ﬂoor.
The depths of the oil pools with diﬀerent diameters were all 10 cm.
The diameters of liquid fuel pan were 10, 15, 20, 30, and 35 cm, respectively. Except for 10 cm pool ﬁre, the initial amount of fuel in each
test was suﬃcient to maintain combustion under fully sealed conditions. The use of 10 cm pool ﬁre was taken preliminarily to identify the
type of extinguishment, namely oxygen-based or fuel-based. As stated
above, the main purpose of this study is to conduct related experiments
to simulate the case of ﬁre self-extinguishing by sealing the ship engine
room. In experiments, we can open or close the air inlet and outlet by
adjusting the solenoid valve control. The air inlet and outlet of the
testing engine room are both closed simultaneously after ignition. Then,
both the outlet and inlet air fans were turned oﬀ as well during the
whole experimental period. Meanwhile, after the experiments completed, the smoke exhaust is done by opening the outlet and launching
the fan. Then, we open the air inlet and the air inlet fan as the smoke
temperature drops to about 100 °C.
3. Results and discussion
3.1. Average mass loss rate
Burning process is accompanied by chemical reactions which consume both fuel and oxygen. For open ﬁres, it is usually considered that
only the evaporated fuel is involved in the chemical reactions. Under
the situation, the burning rate of the liquid fuel is equal to its evaporation rate. A higher burning rate represents more released heat from
the ﬁre source, and the released heat during a unit time period is then
deﬁned as heat release rate.
In sealed compartment ﬁres, environmental conditions of combustion, such as pressure, air density, and oxygen concentration, change
frequently along the burning process, while the burning rate changes
very complexly. Under low-oxygen conditions, not all evaporated fuel
can be involved in the chemical reactions during the burning process, so
the burning rate of the fuel is less than mass loss rate. This explains why
the burning rate of fuel in sealed spaces is smaller than those in open

Fig. 3. Ghost ﬁre for 30 cm pool ﬁre.
25

Ocean Engineering 165 (2018) 22–33

J. Wang et al.

0.015 and 0.011 kg/m2·s, respectively. The average mass loss rate
shows an increasing trend but the increase is not signiﬁcant when the
diameter rises from 10 to 35 cm. The free burning pool ﬁre is then
showing diﬀerent behaviors. Chen et al. (2011) conducted an n-heptane
pool ﬁre test in a large test hall (12 m cube hall). The burning rates
showed an increasing trend with pool diameter, and for pool diameters
of 10, 14.1 and 20 cm the values are 0.012, 0.015, and 0.017 kg/m2·s,
respectively. The burning rates of sealed ﬁre show relatively smaller
values (averagely about 24% less) when compared to those under the
condition of free burning. This is probably because of the burning in a
sealed room is mainly dominated by oxygen supply, but for free burning
pool ﬁre, it is controlled by fuel supply.

that the ratio of the heat released in a combustion reaction to the
theoretically complete combustion heat. For an open ﬁre, the concentrations of oxygen are assumed to keep the same all the time. The
combustion eﬃciency is herein considered as a constant under this
circumstance. However, for a sealed engine room ﬁre, the burning
process is much complicated as the oxygen concentration keeps decreasing along the time, which results in heat accumulation, burning
products and repeated air entrainment. The combustion eﬃciency is
therefore diﬀerent from that of open ﬁres. With the change of combustion eﬃciency, the heat released and temperature distribution in the
ship engine room are also changed accordingly.
In Zhang's studies (Zhang et al., 2013a), the combustion eﬃciency
of fuel combustion in a closed compartment with elevated ﬁres was
systematically investigated using two diﬀerent methods including
oxygen depletion method (ISO 19703) and the equation deduced from
HRR by oxygen consumption method. The experimental results showed
that the combustion eﬃciency in a sealed compartment dropped gradually as the oxygen concentration decreases. It also says that in the
whole burning process the combustion eﬃciency is not a constant and
changes along the time. Furthermore, the average combustion eﬃciency in the whole process of combustion was also investigated. It was
obtained as approximately 0.742 for ﬁre centrally located with 22 cm
high in the engine room, which is approximately the same as the situation of this study. Additionally, in Jin's work (Jin, 2012), based on
both numerical and experimental study on sealed compartment ﬁres, it
was suggested an average combustion eﬃciency of 0.75 in sealed
compartment ﬁres in which the numerical results obey reasonably well
with the experiments. Based upon the above analysis, the average
combustion eﬃciency was approximately 0.75 for a sealed ship engine
room ﬁre in this study.
The average HRR can be calculated based on the average mass loss
rate measured in the above section, which is listed in Table 1. It is
known that the average HRR increases with the pool diameter. This is
because for a bigger pool diameter the heat release increases with a
bigger burning area. For a ﬁxed eﬀective heat of combustion, there is a
linear relationship between the heat release rate and mass loss rate (Shi
and Chew, 2013). The trend of HRR of the sealed pool ﬁre is then similar to that of mass loss rate for a speciﬁc fuel. Roh et al. (2008) also
obtained a similar trend but relatively smaller values through a reduced-scale test, namely a sealed tunnel with a dimension of 0.4 m
(Height) × 0.4 m (Width) × 10 m (Length). The HRR increases from
2.23 to 10.95 kW when the pool size rises from 4.5 to 8.5 cm. The
diﬀerence is probably because of the volume of the space.
Generally, the reduced-scale experiments are usually conducted
based on the similarity principle. In this study, a 1/4–1/8 reduced-scale
model comparing to full-scale model is used. In accordance with dynamic similarity, the Froude number remains the same for variousscaled models (Liu et al., 2004). The heat release rate is proportional to
the scale ratio to a power of 5/2,

3.2. Average heat release rate
Generally, for a compartment ﬁre, heat release rate (HRR) in previous studies is usually used as a signiﬁcant indicator to represent ﬁre
size. It cannot be measured directly, which is calculated based on
oxygen consumption (Jin, 2012). For open ﬁres or compartment ﬁres
with an opening, the oxygen level of released smoke from ﬁre source
can be directly measured to determine the HRR of a ﬁre, such as using
ISO 9705 full-scale test platform or cone calorimeter (Shi and Chew,
2012). But for a sealed engine room, it is very diﬃcult to measure the
oxygen level of released smoke from the ﬁre source in a sealed compartment directly. As a result, there is no an instrument that can be used
for direct measurement at present.
As for a sealed engine room ﬁre, the oxygen level in the engine room
at the early stage of a ﬁre is suﬃcient, and the combustion is a fuelcontrolled burning. With the development of combustion process, the
oxygen concentration in the engine room keeps decreasing as there is
no fresh air supply. Subsequently, it evolved into a limited combustion
state and eventually leads to the occurrence of ﬁre self-extinguishment
due to oxygen deﬁciency. It is known that HRR is closely related to the
real-time oxygen concentration around the ﬁre source. So during the
whole combustion process, HRR for a sealed engine room ﬁre is not
constant but transient even does not has a relative steady-combustion
stage.
In this study, in order to characterize the ﬁre size of an engine room
ﬁre, an average HRR in whole combustion period is employed to represent the ﬁre size. The average HRR is calculated by averaging the
total released heat over the whole burning period. As the total released
heat is an integral of HRR over the whole burning process, the average
HRR is therefore proportional to the average mass loss rate of fuel,
−.
.
Q = χmΔH
(1)
where χ is the average combustion eﬃciency; ṁ is the average mass
loss rate during the whole combustion stage, g/s; and ΔH is the heat of
combustion of fuel, kJ/g, which is 44.6 kJ/g for n-heptane in this study
(Ma, 2015).
Generally, combustion eﬃciency is deﬁned as the ratio of the actual
heat release from fuel combustion to the complete heat of combustion,
which is used to determine the completeness of burning. It also means

Q˙ ∝ L5/2

(2)

In Eq. (2), L is the scale ratio, which is 1/4–1/8 for this study. From

Table 1
Experimental conditions and average heat release rate for pool ﬁre with diﬀerent diameters.
Pool diameter D
(cm)

Average mass loss
rate, ṁ (g/s)

Average heat
release rate,

Ambient
temperature

Relative
humidity

Net weight of
pool (g)

Gross weight
before ignition
(g)

Gross weight after the
experiment (g)

Self-extinguisheda

16 °C
21 °C
16 °C
14 °C
19 °C

55%
50%
46%
60%
67%

1155.33
1134.36
3779.33
3637.80
1079.38

1628.6
1984.6
4716.04
4657.34
2600.76

1155.33
1298.15
3942.88
3846.24
1904.85

No
Yes
Yes
Yes
Yes

Q̇ (kW)
10
15
20
30
35

0.0788
0.1567
0.5652
1.0601
1.0208

2.636
5.242
18.906
35.460
34.146

a
Note: Self-extinguished means that ﬁre extinguished due to lack of oxygen. It can be found that there is some liquid fuel remaining in the pool pan at the end of
the experiment.
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Fig. 4. Temperatures at diﬀerent heights for pool ﬁres with various diameters.
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2
= 6155 kW with a sealed engine room of 24 m (length) × 24 m
(width) × 28 m (height) of a large cargo ship, such as container ships.

Table 1, it is seen that the maximum HRR for all the tests is about
34.1 kW and the minimum HRR is 2.6 kW. According to Eq. (2), the
minimum HRR of 2.6 kW is corresponding to a ﬁre of 470.7 kW in a
maximum full-scale test, and the maximum HRR in our experiments
also corresponds to a maximum full-scale HRR of 34.1 kW/(1/8)5/

Fig. 5. Vertical temperature distributions versus time for pool ﬁres with various diameters.
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change smoothly. The situation for a large pool ﬁre is much diﬀerent
and that the temperature rise increases greatly along the height. For a
30 cm pool ﬁre, its gradient of temperature rises is about 9 times of that
of 10 cm pool ﬁre.
The temperature gradient in the sealed room ﬁre increases with a
bigger pool ﬁre, namely ﬁre size. It can be seen from Fig. 6 that the
temperature gradient increases when the pool size rises from 10 to
30 cm, showing a maximum temperature gradient of about 30 °C/m.
Poulsen and Jomaas (2012) obtained a maximal temperature gradient
of over 100 °C/m for the upper smoke layers under free burning pool
ﬁre in ISO 9705 test room, while Wang et al. (Wang et al., 2011; Ren
et al., 2018) observed a maximal temperature gradient of about 55 °C/
m for free burning polypropylene sheets in ISO 9705 test room. It can
be known that the smoke layer of a fully sealed ﬁre shows a similar or
even a little lower temperature gradient than those of open ﬁres.

3.3. Vertical temperature rise
For various diameter pool ﬁres, the temperature histories at different heights were recorded by thermocouples, as shown in Fig. 4. It is
easily seen that the temperature rise increases with a bigger pool. This
is because, under a bigger pool, the HRR of pool ﬁre increases due to
more released heat, resulting in a higher temperature of smoke at different heights. Additionally, the times reaching the maximum temperature are diﬀerent under various pool ﬁres. The details are illustrated in the subgraphs of Fig. 4. It can be seen that the time to reach
the maximum temperature is diﬀerent for smoke layers at various
heights, and a lower height shows a relatively long delay time, especially for those small pool ﬁres. As for a bigger pool ﬁre, this phenomenon becomes less obvious. This is mainly because of the repeated
air entrainment happens in the sealed engine room. During the early
stage of the experiment, the engine room can be ﬁlled with hot smoke
very quickly after the ignition. Along the burning process, repeated air
entrainment becomes much serious when more smoke is entrained. The
phenomenon is much serious for a bigger pool, namely the ﬁre with
bigger size lessens the diﬀerence of the time to approach the maximum
temperature at various heights. However, with a bigger pool, the
temperature gradient becomes greater under a bigger ﬁre size.
Fig. 4 shows that the time to reach the maximum temperature decreases with a bigger pool. It is known that the time of maximum
temperatures occurred is close to the extinction time. In addition, it is
observed from Fig. 4 that for the thermocouples positioned at diﬀerent
heights the times that they reach their maximum temperature are
various to some extent.
Increasing trend of smoke temperature for large pool ﬁre is much
straightforward. This is much because of the smoke produced from the
liquid ﬁre source. For the pool ﬁre with a relatively bigger diameter,
more smoke can be produced which can spread over the whole sealed
engine room during the test. The temperature in the sealed engine room
can increase rapidly because of the hot smoke. This is also evidenced by
Fig. 4 that the time to approach the maximum temperature drops from
about 3813 s–670 s when the pool diameter rises from 10 to 35 cm.
There is little diﬀerence for the measured temperatures at ignition,
which is because of the measurement accuracy caused by the thermocouple itself. The diﬀerences of initially measured temperatures at ignition for diﬀerent thermocouples at various heights are within ± 1 °C.
This kind of measurement accuracy is acceptable compared with the
similar research activities (Dang et al., 2015). To minimize its inﬂuence, during data processing, temperature rises were calculated by
deducting the initially measured temperature (ambient temperature at
ignition) from the measured temperature at a later stage. The reason
that a ﬁxed ambient temperature was not used is that there is a variation of ± 1 °C for the initially measured temperature.
The variations in the obtained temperature rises along the height at
diﬀerent time are shown in Fig. 5. The change of temperature rises at
diﬀerent heights is deﬁned as the gradient of temperature rise. It is seen
that as the burning continues the gradient of temperature rise increases
gradually. For each scenario shown in Fig. 5, the curve ends at the
maximum temperature, showing the biggest temperature gradient. It is
also obtained that the gradient of vertical temperature rise increases
with a bigger pool. When the diameter of the pool pan increases from
10 to 30 cm, the gradient of vertical temperature rise approaches the
maximum. However, the situation for 35 cm pool ﬁre is exceptional,
which is because of the decreased temperature gradient under a smaller
average heat release rate. The details can be seen in Fig. 6.
The temperature rises at diﬀerent heights at the time of maximum
temperature for diﬀerent diameter pool ﬁres can also be obtained, as
shown in Fig. 6. It is observed that the temperature rise increases under
a higher height for all the tests. The temperature rises also show a very
good linear relationship with the height. The slope of the linear relationship refers to the gradient of the temperature rises along the
height. For a small pool ﬁre, the temperature rises along the height

4. Non-dimensional analysis of vertical temperature distribution
at the time of maximum temperature
As mentioned in the introduction, the inﬂuence of the hot smoke
released from the ﬁre source on the engine room structure is worth
being investigated, especially for the potential failure location under
the high-temperature conditions. This is signiﬁcant to the structural risk
assessment and ﬁre rescue. For the sealed engine room, the worst scenario is that the internal temperature approaches the maximum, which
has the biggest impact on the related structure and components. In the
following parts, a mathematical model is developed concerning this
issue to beneﬁt the engineering application.
4.1. Mathematical model
Following the similarity principle, ﬁre characteristics in the reduced-scale model are consistent to those in the full-scale model. The
non-dimensional analysis is a good method to eliminate the inﬂuences
of scales, which is applicable to diﬀerent scale tests. Therefore, a nondimensional model will be developed to predict the vertical temperature rise distribution at the time of maximum temperature for sealed
engine room ﬁres.
Theoretically, the vertical temperature rise distribution ΔT(h) at
time of the maximum temperature is determined by several factors,
such as the average heat release rate (Q̇ ), ambient temperature (T∞),
ambient air density (ρ∞), speciﬁc heat capacity of ambient air (cp),
gravitational acceleration (g), vertical height (h), pool diameter (D),
height of the sealed engine room (H), and the area of the sealed engine
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Y=3.17X+63.39
Y=19.65X+107.53
Y=21.63X+110.69
Y=19.21X+128.47

T(ć)

160
140
120
100
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60
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Fig. 6. The temperature rises at diﬀerent heights at the time of maximum
temperature for pool ﬁres with various diameters.
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room (S). The temperature rise along the height can then be given by,
.
−
ΔT (h) = F (Q , T∞, ρ∞ , cp, g , h , D , H , S )
(3)

∗
Q˙ =

Q˙
ρ∞ cp T∞ g D5/2

(5)

To simplify Eq. (3), the dimensionless analysis is conducted. The
variables including ρ∞, T∞, Cp, g, and D, are selected as fundamental
variables of Eq. (3) before performing the dimensionless analysis. It
should be noticed that in this study all experiments have been carried
out only under the condition of constant geometric parameters of the
ship engine room with an internal size of 3 m (Length) × 3 m
(Width) × 3.5 m (Height). Thus, in this study, it means that H is not

Based on previous experimental and theoretical studies (Heskestad,
1975), non-dimensional HRR can be expressed by,
∗
Q˙ =

Q˙
ρ∞ cp T∞ g D5/2

(4)

As the heat release rate cannot be directly measured for a sealed
engine room ﬁre, its average HRR is deﬁned as,

Fig. 7. Relationship between non-dimensional temperature rise and height.
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independent on S, as shown in Eq. (3). So during the following dimensionless analysis, we have to choose one. Under the objective of
investigating the vertical temperature rise, we choose to keep H in the
following analysis rather than S. Certainly, the related experiments will
be taken in our future work when the related test rig with various internal areas is available.
Kurioka et al. (2003) obtained a correlation between the maximum
smoke temperature rise and transient heat release rate based on ﬁre
tests in various-scaled tunnel models. In this study, a relationship between the vertical temperature rise at the time of maximum temperature and average heat release rate is proposed with two considerations:
(a) The transient HRR is very diﬃcult to be measured directly because
of the sealed test engine room; and (b) As shown in Fig. 2, the transient
mass loss rate (be linear to heat release rate (Shi and Chew, 2013)) is
very close to the average mass loss rate as there is no much variation
during almost the whole burning period. Under these conditions, Eq.
(3) can be normalized,

.*
−
ΔT (h)
= F ⎛Q ,
T∞
⎝

h H⎞
,
D D⎠

k = 5.289

ΔTmax (h)
∗
T∞ Q˙

b = 6.822

The vertical distribution proﬁle of the temperature in a sealed ship
engine room was investigated in this study, which is certainly diﬀerent
from those open ﬁres in the literature. From the experimental results
during the early stage, smoke quickly ﬁlls the whole engine room after
the ignition. After that, the repeated air entrainment happens in the
sealed engine room and smoke temperature eventually forms a topdown vertical distribution in the space after the self-extinction of ﬁre.
The temperature gradient in the vertical direction is slightly smaller
than that in a compartment with opening(s). As the air inlet and outlet
are closed, the fresh air outside is prevented from entering the engine
room, which directly aﬀects the ﬁre combustion process in the sealed
engine room.
After a period of combustion after ignition, the ﬁre development is
mainly dominated by the oxygen concentration in the engine room. As
for the ﬁre behaviors, such as temperature, the application of traditional zone ﬁre model is still available. It can be roughly considered
that the smoke layer is divided into the top high-temperature layer and
the bottom low-temperature layer. However, from the view of the
thermal stress safety of ship engine room structure, this temperature
gradient cannot be ignored because diﬀerent temperature rises can
cause local structural stress diﬀerences for ship engine room.
It should be noted that the experimental study in this paper mainly
considers the case of ﬁre source centrally located at the bottom of ship
engine room. The other cases of ﬁre sources located with diﬀerent
heights or diﬀerent horizontal positions, such as the corner ﬁre or wall
ﬁre, were not covered in this study. Obviously, the results of these cases
would be diﬀerent to that in this study.
Due to limited experimental conditions, the geometric shape variation is not considered in this paper, namely a parameter of S/H2 with

(6)

(7)

(8)

(9)

(10)

In this study, a density of 1.2 kg/m3 and speciﬁc heat capacity of
1.004 kJ/(kg·K) were selected for ambient air (Black et al., 2007; Baskut
et al., 2010). The temperatures of ambient air are about 14–21 °C, as
seen in Table 1.
Fig. 7 presents the relationship between non-dimensional temperature rise and height. It is known from this ﬁgure that the non-dimensional temperature rise shows a good linear relationship with non-dimensional height. The gradient of non-dimensional temperature rise
increases with a bigger pool, which is consistent with the results shown
in Fig. 6. However, it needs to be noticed that there are two smoke
regions with high and low temperature, respectively, for each test by a
vertical diving line with a non-dimensional height of about 0.3. As the
diameter of pool increases, the non-dimensionless vertical temperature
rise is more linearly correlated with the dimensionless height. For pool
ﬁres with diﬀerent diameters, those intercepts from the regression are
diﬀerent. To address the inﬂuences of D/H on slope k and intercepts b,
the following linear relationship is assumed,

ΔT (h)∗max = k

h
H

+b

(14)

5. Discussion

Combining with Eqs. (6) and (9), the non-dimensional temperature
rise at diﬀerent heights is given by,

h
D⎞
ΔT (h)∗max = F2 ⎛
,
H⎠
⎝H

(13)

D
h
D
ΔT (h)∗max = ⎛5.289 − 0.116⎞ + 6.822 − 0.01
H
H
⎝
⎠H

Because D is selected as the characteristic length in this work, as
also seen in Eq. (4), variables of h/D and H/D are independent. To
obtain the non-dimensional temperature rise at diﬀerent heights and
ensure variables h/D and H/D are independent, the following equivalent operation is performed on Eq. (8),

h
H⎞
h
D⎞
F1 ⎛
∼ F2 ⎛
,
,
D⎠
H⎠
⎝D
⎝H

D
− 0.01
H

Combining Eqs. 11–13, the non-dimensional temperature rise can be
predicted by,

Substituting Eq. (7) into Eq. (6), it can be obtained that,

h
H⎞
ΔT (h)∗max = F1 ⎛
,
D⎠
⎝D

(12)

Similarly, the intercept b gives a good linear relationship with D/H
with the goodness of ﬁt of 0.9735, as shown in Fig. 9, which can be
expressed by,

Non-dimensional temperature rise can be deﬁned as,

ΔT (h)∗max =

D
− 0.116
H

data
fitting line
Y=5.289X-0.116
2
R =0.9

0.4

k

0.3

0.2

0.1

0.0

(11)

Based on the regression between D/H and k, as shown in Fig. 8, it
can be seen that k shows a good linear relationship with D/H with a
coeﬃcient of determination of 0.9042, which is given by,

0.02

0.04

0.06

0.08

D/H
Fig. 8. The relationship between slope k and D/H.
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D
h
D
ΔT (h)∗max = ⎛5.289 − 0.116⎞ + 6.822 − 0.01
H
H
⎝
⎠H

0.60

data
fitting line
Y=6.822X-0.01
2
R =0.97

b

0.45

It needs to be noted that due to the limited experimental conditions
the geometric shape parameter, S/H2, is not included in the mathematical model of vertical temperature distribution developed in this
paper. The future work should be made to build more experimental
platforms with diﬀerent geometric shapes and conduct relevant experimental studies.
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