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A B S T R A C T   

Calcium hydroxide (Ca(OH)2) and magnesium hydroxide (Mg(OH)2) are promising fire suppressors because of 
their characteristics of nontoxic, cost-effective, and high fire suppression ability. In this work, a comprehensive 
study of fire inhibition of slaked lime and dolime slurries, containing different ratios of Ca(OH)2 and Mg(OH)2, 
was implemented for the first time. A synchronised imaging system was developed for the visualisation of the 
droplet evolution temporally. The chemical components were analysed by X-ray diffraction and thermogravi-
metric analysis. A single droplet test and a variable volume test were performed to measure the charcoal surface 
temperature under different conditions. The results demonstrated that the Ca(OH)2 slurry better inhibits com-
bustion in comparison to water, which could significantly decrease the risk of fuel re-ignition. The main 
mechanism was found as the effective inhibition of the exchange of the oxygen and fuel by the thermally stable 
residues. Additionally, either adding the mixture of Mg(OH)2 or increasing the solid content of the Ca(OH)2 could 
further improve their effectiveness. Three stages of the fire suppression were identified in this work and a 
conceptual model was built accordingly to demonstrate the fire inhibition mechanisms. The results from this 
work could provide important guidance for the research into alternative methods of fire extinguishment.   

1. Introduction 

Natural fuel resources, such as wood, charcoal and coal, have an 
important role in the development of industry because they serve as the 
main source of energy for the generation of heat and power [1]. How-
ever, the natural fuel resources pose a significant fire risk in storage [2] 
because their flammability could cause spontaneous combustion [3], 
which can lead dust explosion caused by the generated combustible 
gases if the fire cannot be controlled in time [4]. Therefore, the devel-
opment of a high-efficiency combustion inhibition agent for the natural 
fuel is desired and critical for safety and effective utilisation of natural 
fuels [5]. 

There are two effective methods for inhibiting the combustion of 
natural fuels: 1) lowering the fuel temperature to keep it below the 
ignition point, and 2) preventing the interaction between fuels and ox-
ygen to halt combustion reactions directly [6]. Water has been used as 

the primary fire suppression agent throughout human history because it 
is non-toxic, abundant, and has a high cooling effect [5,7]. 

Nonetheless, water is inadequate for fire suppression in high tem-
perature applications because its rapid evaporation fails to prevent fuel 
re-ignition [8]. Aqueous film-forming foams (AFFF) have been consid-
ered as an alternative fire suppressant that could prevent fuel re-ignition 
effectively [9,10]. However, most AFFFs cause environmental contam-
ination during use. Likewise, film-forming fluoroprotein foam (FFFP) 
exhibits good performance for fire suppression [11]. However, they pose 
a great threat to the environment and public health [12]. Liquid nitro-
gen (LN2) is another promising fire suppression agent due to its nontoxic 
nature, high volatility, and low temperature. It has been widely used in 
biological, electronic, and aerospace-based applications [8]. However, 
LN2 cannot extinguish fires and prevent further combustion reactions 
from a distance, due to its high volatility. 

Additionally, researchers have explored of the use of dry powders as 
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alternative fire suppression agents [13]. Metallic-based additives [14], 
such as zinc borate [15], expandable graphite [16], magnesium hy-
droxide [17] and zinc hydroxy stannate [18] have been proven to be 
effective agents because they form a thermally stable layer which hin-
ders the combustion process and heat transfer. However, the suppres-
sion effectiveness of these metallic-based agents is poor at 
high-temperature [19]. This is because the lack of cooling effects of 
those dry powders. Furthermore, the cost and the difficulty in prepa-
ration make these additives challenging for use in practice. 

Calcium-based materials are promising as an alternative fire sup-
pression agent because of their high suppression ability and they are 
renewable, nontoxic, and available at low-cost. Researchers reported the 
high suppression capability of calcium carbonate (CaCO3) [20,21]. 
Koshiba et al. investigated the flame inhibition ability using various 
calcium compound suppressants [22]. Hamdani-Devarennes et al. 
investigated the fire reaction using calcium and aluminium-based ad-
ditives. They found that the calcium-based fillers show good fire sup-
pression which is attributed to their thermal stability [23]. Apart from 
the thermal stability of the calcium residuals, the endothermic dehy-
dration of calcium hydroxide (Ca(OH)2) could increase the fire sup-
pression ability and prevent the occurrence of re-ignition [24]. Laoutid 
et al. investigated the fire-retardant behaviour of calcium-based hy-
drated minerals and used lime (calcium-based hydrated minerals) and 
dolime (both magnesium and calcium hydroxide) as fire resistant ad-
ditives to broaden the effective temperature range of fire suppressor [19, 
25]. Huang et al. combined Ca(OH)2 with polymer-based composite to 
improve the inhibition performance on coal combustion [26]. 

In addition to the fire suppression ability, calcium-based materials 
were developed as adsorbents for capturing CO2 generated from char-
coal or other biomass fuel [27,28]. This property makes calcium-based 
materials ideal to serve as the fire inhibitor of the natural fuels since 
the generated CO2 would accelerate the form of thermal-stable CaCO3 
layer [29]. 

Calcium-based hydrated minerals have been investigated for fire 
suppression in the literature, though only as fillers or additives in the 
solid-phase. The liquid-phase agent plays a crucial role in extinguishing 
a large-scale fire, not provided for by solid powder due to the nature of 
diffusivity and volatility. In addition, the liquid-based agent can provide 
effective cooling effect on the burning fuels because the endothermic 
evaporation of water. It is of great significance to investigate the fire 
suppression ability of calcium-based hydrated minerals as a slurry. 
Small-scale experiments are necessary for revealing the fundamental 
characteristics of liquid since they are practical to analyse quantitatively 
[30]. Single droplet tests are widely used for investigating the mecha-
nisms of a specific liquid because they can represent behaviours in 
large-scale scenarios [31]. 

According to the literature, several topics have yet to be studied: 1). 
Calcium-based hydrated minerals (lime slurry) or calcium & 
magnesium-based hydrated minerals (dolime slurry) could provide 
promising performance in fire suppression based on the properties that 
have been discussed already. However, at the time of writing there are 
no publications systematically investigating the fire inhibition capabil-
ities of those slurries, particularly for natural fuel resources. 2). A single 
droplet can represent the fundamental mechanisms of large-scale liquid, 
and so it is of great importance that the different calcium/magnesium- 
based droplets impacting on a burning surface are visualised. 3). In 
order to apply the new fire inhibitor, comprehensive research which 
includes the ability of spreading and fire inhibition is necessary. A 
conceptual model indicating the fire inhibition mechanisms at different 
stages is required as the framework for the subsequent design and ap-
plications in practice. 

Imaging-based analytical metrology has advantages over traditional 
invasive sensors, such as thermocouples, for our studies of fire sup-
pression. This is due to the rapid evolution of the characteristics of the 
liquid. We utilise high-speed Schlieren imaging for efficient visual-
isation of heat flow fields and potential phase transfers [32,33]. 

Non-contact thermal imaging is used for instantaneous temperature 
profiling without disturbing the experimental system [34,35]. 

This work aims to reveal the effectiveness of combustion inhibition 
of calcium & magnesium based hydrated slurries. A charcoal cube was 
used as the solid-phase fuel base, due to it is representative of biomass 
fuels and it has the similar combustion reactions to coals. A compre-
hensive study was achieved using synchronised imaging and analytical 
metrology. The high-speed colour imaging system could visualise the 
process of a droplet impacting with the unburnt/burning surface of the 
fuel. The spread factor was obtained during post-processing. The high- 
speed Schlieren imaging system was able to track diminutive density 
changes, which represent the phase change of water that cannot be 
captured in the visible spectrum. Two thermal cameras were used for 
monitoring the charcoal surface temperature temporally. The cooled 
area and the inhibition of re-ignition could be quantitatively studied 
with post-processing. 

The characteristics of the interactions of slaked lime and dolime 
slurries with fire are presented here in literature for the first time. The 
insights gained in this work may provide an important framework for 
future studies of alternative fire suppression agents for natural fuels. The 
study from present work could be used in the fields relate to fire inhi-
bition of natural fuels, such as the coal industry, energy storage and 
generation sectors, and fire inhibition of wooden structures. 

2. Methodology 

2.1. Experimental arrangement 

The imaging system used in the work is illustrated in Fig. 1 (a). Four 
cameras were synchronised by a trigger system. They are: 1. A high- 
speed colour camera mounted with a micro-focus lens targeted the top 
surface of the sample and was able to capture the detailed process of the 
wetting, spreading and evaporation. 2. A monochromatic high-speed 
camera was used to provide a Z-type Schlieren imaging system. This 
was sensitive enough to visualise the hot flow around the burning 
samples and any phase change during and after the impact of the liquid 
droplets. 3. A long-wavelength infrared camera (LWIR) which has the 
capability to detect the object’s temperature at room temperature was 
used for measuring the surface temperature of the samples during the 
impact. 4. A short-wavelength infrared InGaAs camera (SWIR) was used 
for monitoring the temperature change of the cooled area due to its high- 
resolution and relative fast framerate. A narrow band-pass filter was 
used to restrict its spectral sensitivity to 1490–1500 nm. 

The test zone is shown in Fig. 1 (b). Charcoal cubes were selected as 
the test samples in the work because of their homogeneousness. The 
charcoal we selected was made from coconut shells which is common in 
domestic and industrial applications. In addition, charcoal is a fuel that 
includes solid-phase combustion (pure carbon) and gas-phase flaming 
(14% volatiles [36]), which is ideal to represent the properties of 
biomass fuels. Charcoal is also a common material which would exist in 
many types of fire [37]. The dimensions of the cube were 25 mm × 25 
mm x 25 mm, and the emissivity was assumed as 0.78 [38,39]. 

A premixed methane-air jet flame with flowrates of 0.7 L/min and 
1.8 L/min respectively was used to ignite the samples in order to keep a 
stable impinging flame and limit soot influence, ensuring the experi-
mental results were consistent. A sample holder was designed for the 
purpose of minimising the interference of flow field around the sample. 
The burner nozzle was 5 mm in diameter and the distance between the 
nozzle and the bottom surface of the sample was kept as 78.54 mm. Each 
sample was pilot ignited for 30 s then self-sustained ignition for another 
30 s before the liquids impacted for the uniformity of the inner heat 
distributions. 

2.2. Preparation of liquids 

Four different types of liquids were used in this study: distilled water, 
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SLS20, SDS20, and SLS45. The detailed descriptions of each slurry are 
presented in Table .1. 

The liquid generator designed for the work was fixed above the 

sample surface at a distance of 47.37 mm. This liquid generator con-
tained a flow controller which controlled the volume of output fluids, a 
tube for conveying the liquids and a nozzle with 3.2 mm inner diameter 
to control the droplet size. All the slurries were kept mixing in an ul-
trasonic mixer to ensure the uniformity. The droplet was formed as the 
liquid was ejected at the tip of the nozzle. The droplet diameters were 
measured by the high-speed camera imaging by comparison with a pre- 
calibrated pixel field-of-view (FOV), as shown in Table 1. Due to the 
difference in surface tension and mass of the different liquid droplets, 
the diameter was slightly different between the samples. A series of 
dimensionless analytical approaches were utilised in the work to cancel 
the influence of the droplet diameter difference, which will be discussed 
in the image processing section. 

Various volumes of liquids were used to investigate the effectiveness 
of temperature suppression. One single droplet was used to visualise the 
phenomena of spreading and evaporation for each type of liquid and to 
measure the temperature change after impacting as a fundamental 
element. Then, 0.5 ml, 1 ml, 2 ml, 3 ml, and 5 ml of each liquid was 
applied to reveal the suppression utility and validate the findings 

Fig. 1. Demonstration of the experimental setup: (a) imaging systems and the gas supply and (b) the test rig.  

Table 1 
The solid content of each slurry.  

Label Control SLS20 SDS20 SLS45 
Product 

description 
Distilled 
water 

Slaked 
lime slurry 

Slaked 
dolime 
slurry 

High solids 
content slaked 
lime slurry 

Dominate 
chemical 
component 

H2O Ca(OH)2 
H2O 

Ca(OH)2 Mg 
(OH)2 H2O 

Ca(OH)2 H2O 

Solid content (wt 
%) 

– 19.93% 20.93% 44.38% 

Ca: Mg mass 
ratio 

– 99:1 59:41 99:1 

Particle size 
range (μm) 

– 2–21 1–36 1–10 

Droplet diameter 
(mm) 

5.72 ±
0.29 

5.61 ±
0.24 

5.57 ± 0.33 5.24 ± 0.12  
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obtained from the single droplet experiments. Each experiment was 
repeated between three and five times, to ensure repeatability. 

2.3. Image processing 

Image processing was used to investigate the performance of liquids 
with various chemical components. The wetting, or spreading rate is an 
essential characteristic for fire suppression [40]. The spreading rate is 
strongly related to the surface tension of the liquids [41], therefore, it is 
of great interest to characterise the different spreading capabilities 
temporally for each liquid sample. 

Monitoring the wetted area precisely is a challenge because of the 
transparency of water droplets and the irregular pattern and the lack of 
contrast between the wet and dry areas. A series of image processing 
methodologies were applied for obtaining the instantaneous wetted area 
profile, including noise cancelling, selective enhancement, image seg-
mentation, binarisation, edge detection and tomographic reconstruc-
tion. Fig. 2 shows the raw colour images and the detected wetted area at 
typical frames, it can be seen that the output results show a good 
agreement with the original images. 

The wetted area was nondimensionalised to remove the difference of 
the droplet dimension and provides more comparable insights into the 
ability each liquid to wet the surface. The pixel field-of-view (FOV) of 
the camera was calibrated with a reference object; the spread factor 
could then be calculated according to Equation (1): 

D/D0
=

2 ∗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

A ∗ Lpx
2/

π

√

D0

, (1)  

Where D/D0 
represents the spread factor of each droplet, D0 is the initial 

droplet diameter (which was measured by the high-speed imaging), A is 
the number of pixels of the wetted area which was detected by the al-
gorithm and Lpx is the length the occupied the FOV of each pixel that was 
calibrated before the experiment. 

LWIR thermal images were utilised for monitoring the top surface 
temperature of the charcoal samples temporally and were used to 
investigate the temperature suppression ability of different liquid 
droplets. Example thermal images are shown in Fig. 3. The region of 
interest (ROI) was determined according to the maximum wetted area 
Dmax which was calculated by equation (2). The temperature was aver-
aged across the ROI in order to eliminate the influence of the different 
wetting abilities and provide a more accurate dimensionless result (see 
Fig. 4). 

Dmax = 2 ∗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Amax ∗ Lpx
2/

π

√

, (2)  

where Dmax represents the maximum wetted area which occurred at the 
initial stage of the process, Amax stands for the detected number of pixels 
when the wetted area was maximum. 

The InGaAs SWIR camera was used for monitoring the cooled area 
evolution on the top surface of the samples. Comparing with the average 
temperature, the size of the cooled area provided another metric for the 
ability of the liquid-under-test to supress combustion. This was calcu-
lated by counting the area under a fixed threshold. The threshold was set 
as 300 ◦C according to its predicted internal temperature distributions 
[42] and the pyrolysis temperature of biomass [43,44]. The results were 
normalised for intuitive comparison between the different droplets, 
shown in Eq. (3). 

D/Dmax
=

2 ∗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

A ∗ Lpx
2/

π

√

2 ∗
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Amax ∗ Lpx
2/

π

√ =

̅̅̅̅̅̅̅̅̅

A

Amax

√

. (3)  

2.4. Temperature measurement 

Two thermal cameras, LWIR (PyrOptik, model LW640) and InGaAs 
SWIR (PyrOptik, model NIRIN640), were used in the work for measuring 
the charcoal top surface temperature. The LWIR camera was sensitive to 
the wavelength range from 7.5 μm – 13.5 μm which enabled it to detect 
the surface temperature when the droplet impacted. The camera has 
640 × 512 pixels with a fixed framerate of 9 Hz. This was calibrated 
from 50 ◦C to 650 ◦C using an approximate blackbody furnace (emis-
sivity ~ 0.99) at increments of 50 ◦C. 100 images were captured and 
averaged to obtain the digital value (DL) output from the temperature at 
each temperature. Fig. 5 (a) shows the calibration curve and measured 
uncertainty (red line) of LWIR camera. The fitted curve showed a good 
agreement with the blackbody temperature (R2 = 0.9999). It is found 
that the maximum residual was less than 10 ◦C which provides adequate 
performance for the purposes of this research. 

The InGaAs SWIR camera has a 2048 × 2048 pixel resolution with a 
framerate of 60 Hz. This allowed more detailed imaging, than LWIR 
measurements, and enabled monitoring of the temperature of the cooled 
area temporally. The spectral sensitivity was restricted in the range of 
1490 nm – 1500 nm to obtain an accurate temperature reading from 
250 ◦C to 700 ◦C. The calibration was based on Planck’s Law [45], 100 
images were captured and averaged with a blackbody furnace (emis-
sivity ~ 0.99) between 250 ◦C and 700 ◦C, at increments of 50 ◦C. The 
offset from zero digital-logic-levels, under unilluminated conditions, 

Fig. 2. Illustration of the wetted area: (a) impacted on an unburnt surface (b) on a burning surface.  
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was determined by averaging 100 images with the lens covered. The 
calibrated temperature curve is shown in Fig. 5 (b). It was found that the 
uncertainty of InGaAs camera was less than 5 ◦C across the specified 
temperature range of 300 ◦C–700 ◦C. 

2.5. Component analysis 

2.5.1. Thermogravimetric analysis (TGA) 
TGA experiments were conducted to investigate the decomposition 

reactions of the slaked lime and dolime samples under the non- 
combustion condition and provide insights on the temperatures of 
chemical reactions occurring. Samples were dried at 150 ◦C for 10 min 
and a 3 g dried powder sample of each was subjected to loss-on-ignition 
(LoI) thermogravimetric measurement using a Las Navas Instruments 

Automatic Multiple Sample Thermogravimetric Analyzer TGA-2000. 
The heating rate was set to 5 ◦C/min. 

2.5.2. X-ray diffraction (XRD) 
Calcium-based and magnesium-based hydrated minerals can 

decompose into different components under high temperature [46]. 
Therefore, component analysis was necessary in order to investigate the 
possible chemical changes during the process. Three different groups of 
samples were prepared: 1. The original slurry. 2. The remaining layer 
after 30 s of the droplet impact. 3. The remaining layer after 5 min of the 
droplet impact. The test groups are shown in Table 2. Sample 2 was 
determined to represent the chemical change during the temperature 
increase (obtained from our temperature measurements), after the 
initial cooling. For sample 3, it was determined that most of the hydrated 
minerals had decomposed completely. 

The component analysis was carried out using X-ray diffraction 
analysis (XRD). The diffraction patterns were collected on the PAN-
alytical Aeris with Bragg-Brentano reflection geometry. A 0.02 mm Ni 
Kβ filter was applied, incident and diffracted slits were 0.04 Rad Soller 
with ¼ ◦ divergence. An air scattering beam knife was employed, and the 
sample sinner was 0.5 Hz. The 2-theta range was from 10 to 100◦ with a 
0.02◦ step size. The sample holder used was 27 mm in diameter and 3 
mm in depth. The original slurries (test group 1) were carefully dried at a 
lower temperature than their decomposing temperature and ground into 
a fine powder. CO2 was isolated in this process preventing any possible 
carbonation. Regarding test groups 2 and 3, the remaining layers were 
scratched from the charcoal sample carefully and stored in a vacuum to 

Fig. 3. Example LWIR thermal images indicating the region of interest and the different stages of droplet impact: (a) The moment before the droplet impacted, (b) 
the droplet impact onset, (c) maximum wetting and (d) temperature increase after evaporation. Red circle indicates the region of interest using for the quantitative 
measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Illustration of the InGaAs SWIR thermal images and the processed 
cooled area (T ≤ 300◦C) at different stages. 

Fig. 5. Radiance calibration curve and uncertainty of measured temperature. (a) LWIR camera and (b) InGaAs SWIR camera.  

Table 2 
XRD groups of samples.  

Test groups 1 2 3 
Heating duration None 30 s 5 min  
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avoid contamination from moisture and carbon dioxide. 

3. Results 

The ability of combustion inhibition of different types of liquids was 
investigated from four aspects: spreading (or fluidity) properties were 
presented in Section 3.1; The visualisation of gas-phase change was 
shown in Section 3.2; The evolutions of surface temperature and the 
cooled area size were presented in Section 3.3; and the chemical 
component analysis was shown in Section 3.4. With the comprehensive 
investigation, the combustion inhibition mechanisms can be revealed 
and a conception model was built in the Discussion section. 

3.1. Spreading capability 

3.1.1. Impacted on an unburnt surface 
The capability of each liquid to spread, covering the surface of the 

fuel is one of the most important characteristics of the liquid droplet and 
determines its wetting ability. It is also a crucial factor of a liquid-based 
fire suppressor in order to utilise it for suitable conditions. The spreading 
factor (D/D0) can provide a comparison of the ability of spreading be-
tween liquids. 

Fig. 6 shows the single droplet spreading and wetting process on 
unburnt charcoal. It was observed that the droplets started to spread 
within the first 2 ms and completed this process approximately 30 ms 
after impact. The water droplet had the largest wetted region (shown as 
the red circles) which indicated it has the widest spreading ability on an 
unburnt surface. The wetting process was observed at the same time as 
the spreading and it was noted that this lasted longer. It took 150 ms for 
the water droplet and increased proportionally to the solid content of the 
liquid. There were layers of residue on the surface of the SLS20/SDS20/ 
SLS45 droplets after the wetting process had completed. The polyporous 
layers (SLS20 and SDS20) became denser and thicker with increasing 
solid content within the droplet. 

The spreading factor droplets varied with different experimental 

arrangements. The spreading factor of water has previously been 
observed in the typical range of 1.25–4.5 when the droplet impacts on a 
dry solid surface [47]. In this work, the spreading factor of water was 
approximately 3.25 (shown in Fig. 7), which was 41% greater than the 
SLS20 droplet, 23% greater than the SDS20 droplet, and 86% greater 
than the SLS45 droplet. The decreased spreading factor was attributed to 
the increased surface tension of the Ca(OH)2/Mg(OH)2 slurry. These 
results provide a general indication of the wetting and absorption per-
formance of the different fluids, although the spreading factor could 
differ under various scenarios or when impacting on a hot surface. In 
detail, a greater spread factor suggests that the liquids can evaporate 

Fig. 6. The time evolution of a droplet impact on the unburnt charcoal surface.  

Fig. 7. The spreading factor of different component droplet impacts on an 
unburnt surface. 
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effectively, while the smaller spread factor indicates that the liquids 
have a better adhesion providing a better local performance. 

3.1.2. Impacted on a burning surface 
The droplets impacting with a burning surface present significantly 

different behaviours than those with a cold surface. Albadi and Zhang 
reported that when a water droplet impacted with burning/cold wooden 
samples, the spreading factor was significantly larger when the droplet 
impacted with the burning surface compared to the cold sample [31]. 
Fig. 8 shows the time evolution of droplets impacting with a burning 
charcoal surface. The larger spreading factors of the droplets were found 
for the burning surface, and the droplets spread to their maximum area 
faster on the burning surface than the cold sample. This is because of the 
shortened kinematic phase when impacting with a hot surface because 
additional energy is available [47]. 

The kinematic phase of droplet impact is the initial stage when the 
droplet first contacts the surface, with behaviour driven by properties 
like velocity, size, and impact angle. Following this, the droplet enters 
the spread phase, where its momentum causes it to spread radially 
across the surface, influenced by factors like droplet and surface prop-
erties, and surrounding air conditions. The temperature of the surface 
can alter these phases, with hot surfaces potentially causing rapid 
evaporation, leading to effects like the Leidenfrost phenomenon, which 
can shorten the kinematic phase and affect the spread phase. 

The droplets boiled intensely when the spread phase of the droplet 
ended (shown as 20 ms in Fig. 8). Fig. 9 shows the maximum spread 
factors averaged from the multiple tests and their standard deviation. It 
was found the spread factors decreased proportionally to the solid 
content of the liquid. Additionally, the SLS45 had the lowest standard 
deviation indicating the smallest fluidity among the liquids. 

The water droplet receded after it reached the maximum spreading 
area, this was also previously observed when the water droplet impacted 
with burning wood [31]. Contrarily, the SLS20 and SDS20 droplets 
tended to evaporate locally as sub-droplets, which was observed in this 
work for the first time. The images suggested that the polyporous 

structure of the solid layer of SLS20 and SDS20 droplets prevented the 
clustering phenomenon. In addition, the change in surface tension also 
contributed to this phenomenon. The content of inorganic compounds in 
the SLS20 and SDS20 liquids increased the surface tension which helped 
the sub-droplets evaporate locally. The clustered liquid layer (which 
presented as bubbling) behaved as a sealant that prevented the subse-
quent contact between the charcoal surface and the surrounding air, 
which inhibited the combustion reactions. The main combustion process 
in charcoal combustion is when solid carbon reacts with the oxygen 
supply in the air through the polyporous structure [48] this process is 
similar to the primary combustion reaction of coal, shown as Eq. (4). 
Additionally, it is also reported in the literature that commercial char-
coal has about 14% volatiles generated from the pyrolysis which act as a 

Fig. 8. The process of different types of droplets impacting with the burning surface.  

Fig. 9. The comparison between the maximum spread factor on unburnt and 
burning surfaces with the standard deviation of multiple tests. 
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gas-phase fuel similar to other biomass fuels [36,49]. Equation (5) 
demonstrates the gas-phase combustion of general biomass fuels [50]. 
C+ xO2 → aCO + bCO2 (4)  

CaHbOc + xO2 → yCO2 + zH2O (5) 
The liquid sealant not only prevented air entrainment for the solid- 

phase combustion but also blocked the combustible gases escaping 
from the solid fuel [51], which acted as an additional mechanism for fire 
suppression. Local evaporation in SLS20 and SDS20 droplets increased 
the effective surface area. High concentrations of calcium hydroxide 
(44.38%) and thus lower water content in SLS45 droplets led to more 
significant local evaporation. It was found that the SLS45 droplet did not 
break into sub-droplets in 20 ms, and the receding was limited. A 
considerable number of combustible volatiles were trapped by the 
mixed layer, shown as SLS45 60 ms in Fig. 8. The blocking of the ex-
change of fuel and oxidiser is considered as the most effective approach 
to prevent combustion reaction [34]. 

Similarly, the droplets of SLS20/SDS20/SLS45 also left a thick layer 
after all the moisture had been removed, in addition to the remaining 
solid residue on the cold surface. The thick layer left by the SLS45 
droplet presented as a polyporous structure which differed from when it 
impacted with a cold surface. This provided further evidence that the 
volatiles within the sample surface had been trapped by the layer of 
SLS45. 

The remaining calcium-based or magnesium-based layer worked as 
an effective coating, inhibiting the reaction process by blocking the 
exchange of solid and gas fuel with an oxidiser [52]. Moreover, the 
residues are non-combustible materials with low thermal conductivity, 
and so supplied additional physical protection. 

The change in the wetted area was detected by the image processing, 
shown in Fig. 10. It can be seen that the water droplet had a larger 
wetting area than the other droplets in this study. It was also found that 
after the maximum spreading, there was rapid reduction of the water 
droplet’s wetted area. The water droplet clustered into the centre and so 
the actual wetted area decreased dramatically, the typical image was 
shown in Fig. 10. The liquid layer, that formed, helped to prevent sub-
sequent reactions, which acted as an additional mechanism of fire sup-
pression. In contrast, the wetted area of the SLS20 and SDS20 droplets 
decreased more consistently with time which was due to the local 
boiling of the sub-droplets. The bubbling phenomenon along with the 
solid layer of SLS20/SDS20 droplets helped prevent the subsequent 

combustion reactions effectively. The large layer continuously formed 
by the SLS45 droplet, with higher effectiveness at preventing the ex-
change of oxygen, due to the shell with high concentrations of solid 
content. The results of distilled water suggest that the evaporation had 
completed within 500 ms. 

3.2. Schlieren imaging 

Schlieren imaging was used to visualise the evolution of the single 
droplet impacting with a burning surface because it can be used to 
determine the change in density of the gas-phase product. In this work, a 
side view, high-speed Schlieren imaging system was arranged to obtain 
details which could not be visualised by direct imaging, such as the 
evaporation, vapor escape and phase change. 

From Fig. 11, it can be seen that the intensive evaporation began 15 
ms after the droplet impacted. Sub-droplets were observed to be ejected 
from the surface during the water droplet test. The vaporisation of 
droplets tended to be more stable with solid content concentration. The 
violent break-up of the droplet contributed to the escape of the vapor 
film which was between the parent droplet and the hot surface [53]. The 
Ca(OH)2 and Mg(OH)2 slurry acted as a shell to stabilise the violent 
vapor ejected from the parent droplet. The intense vaporisation can be 
observed in Fig. 11 (100 ms). The receding phenomenon caused the 
vaporisation of water droplet to occur at the centre of the burning sur-
face, while SLS20 and SDS20 droplets tended to evaporate more 
consistently across the whole surface, similar to the observations in the 
direct imaging, in Fig. 8. 

The SLS45 droplet performed differently from the others; it was 
observed that the droplet did not vaporise. Instead, the vapor occa-
sionally escaped from the parent droplet, shown in Fig. 11 (red circle). 
High concentrations of Ca(OH)2 solute formed a thick layer which 
suppressed the violent vapor because the inner pressure was not high 
enough to break free from the shell. The thick shell also acted as a 
sealant, blocking the oxidiser from the fuels which stopped the subse-
quent combustion reaction. 

It is worth noting that weak evaporation of SLS20 and SDS20 drop-
lets was observed after 600 ms which was not observed in the direct 
images. In comparison the water droplet completely evaporated before 
600 ms elapsed. The weak evaporation occurring after 600 ms was likely 
attributed to the water generated by the carbonation process during 
combustion, taking into consideration the difference between the water 
contents of the droplets of distilled water and SLS20/SDS20 slurry [54]. 
A high concentration of carbon dioxide was generated from the com-
bustion process and accelerated the carbonation reaction, generating 
water continuously. This delayed the surface temperature increasing 
after the initial extinguishing. The detailed results of surface tempera-
ture and the chemical components is presented in the next section. 

3.3. Surface temperature 

3.3.1. Single droplet 
Thermal images supplied further information about the effectiveness 

of temperature inhibition by different liquid droplets, shown in Fig. 12. 
The temperature was averaged according to its maximum spreading area 
(shown in Fig. 3) to obtain comparative results. The surface temperature 
before the impacting was stable at approximately 525 ◦C for all cases. 
When the droplet impacted, the surface temperature dropped signifi-
cantly which was attributed to cooling from the cold liquids. The 
evaporation occurred after a short delay (15 ms as shown in Fig. 11). 
Water evaporation is an effectively endothermic process [55], thus the 
surface temperature was reduced and remained stable at a low value. 
The surface temperature increased again after the water content had 
evaporated completely. 

It can be seen from Fig. 12 that the rates of increase in temperature 
were different for each of the droplets when the intense evaporation 
ended. The surface temperature increase after the water droplet impact 

Fig. 10. The spread factor evolution of different droplets impacting with a 
burning surface. 
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was the earliest and most rapid. The increase in surface temperature 
after the initial cooling was similar for the SLS20 droplet but had a 
noticeable delay compared to the water droplet. For SDS20 and SLS45, 
the increase was slower, and the temperature remained low for a rela-
tively long period before it increased rapidly. Laoutid et al. reported that 
the heat release rate (HRR) was significantly reduced when the Ca(OH)2 
or Mg(OH)2 fillers applied [25]. The formation of CaCO3 as a combus-
tion residue was the main reaction that inhibited the fire. The cohesive 
mineral residue hindered the combustion reaction by blocking the heat 
transfer and exchange of both gas-phase and solid-phase fuels and oxi-
disers. This was most apparent for the SLS45 droplet due to the high 

solid content in the slurry. This work also found that the newly gener-
ated water (shown in Fig. 11) from the carbonation process delayed the 
temperature re-increase. 

The InGaAs camera was used to monitor the evolution of the cooled 
area with a fixed threshold (T < 300◦C). Fig. 13(a) shows the normal-
ised cooled area size of the surface impacted by different droplets; the 
calculation was based on Eq. (3), Section 2.3. It is found that the cooled 
area (T < 300◦C) of various droplets shrank at different rates. The 
cooled area of the water droplet decreased the fastest because the main 
temperature inhibition mechanism of pure water is evaporation which 
was insufficaint to prevent reignition. This is the reason that water ex-
tinguishers cannot effectively prevent the re-ignition of the biomass fuel 
[8]. Although SLS20 and SDS20 droplets have similar solid content 
quantities, the shrinking rate of the cooled area was different. Fig. 3 (b) 
shows the time when the cooled area shrank to 50% of the maximum 
area of the wetted region. The results were averaged from multiple tests 
and the standard deviations were shown as error bars. It can be seen 
from Fig. 13(b) that the surface impacted by the SDS20 droplet was at a 
low temperature for longer. This can also be seen in Fig. 12, where the 
surface temperature increased slower after the SDS20 droplet impact. 
This can be explained by the endothermic decomposition of magnesium 
hydroxide which occurs rapidly at a lower temperature (T > 325◦C) 
[56] than calcium hydroxide (T > 500◦C) [15,57]. Therefore, the 
endothermic reaction occurred sooner and at a lower temperature which 
makes SDS20 superior as a temperature suppressor. It is found in Fig. 13 
(b) that the cooled area produced by the impacted of SLS45 droplets 
decreased the slowest. This can be explained by the cohesive mineral 
residue forming as a protective coating, which prevented the exchange 
of both heat and oxygen. 

3.3.2. Different volumes 
The surface temperature after impact with different volumes (Fig. 14 

(a): single droplet, (b): 0.5 ml, (c): 1 ml, (d): 2 ml, (e): 3 ml, (f): 5 ml) of 
liquids was investigated in order to further compare the temperature 
inhibition performance of the different liquids. Generally, the ability of 

Fig. 11. Side view Schlieren images showing the process of the droplets impacting on a burning surface.  

Fig. 12. The time evolution of averaged surface temperature for different 
component droplet impacts. 
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fire suppression was significantly different between the various liquids. 
Similar to the single droplet (Fig. 14 (a)), the delay before the temper-
ature started to increase and the rates of the temperature re-increasing 
were different. They followed the same trend that SLS45 was the slow-
est, followed by the SDS20 and SLS20, while the post-evaporation 
temperature increase occurred earliest in the water tests. 0.5 ml SLS45 
(Fig. 14 (b)) prevented a temperature re-increase within the test 

duration (130 s). Comparatively, 2 ml of SLS20 and SDS20 was needed 
(Fig. 14 (d)) to achieve the same effect and distilled water required 5 ml 
(Fig. 14 (f)). Distilled water was used as the control group, and provided 
a representative time taken for the moisture to be completely removed. 
This was based on the assumpion that the temperature would only re- 
increase after the endothermic evaporation of the water content had 
ended. The temperature suppression effect after this point was the 

Fig. 13. (a) Normalised cooled area size (T < 300◦C) of different component droplets and (b) the time when the cooled area shrank to 50% maximum wetted region 
and the standard deviation of multiple tests. 

Fig. 14. The time evolution of the charcoal surface temperature impacted by various volumes of different liquids: single droplet (a), 0.5 ml (b), 1 ml (c), 2 ml (d), 3 
ml (e), and 5 ml (f). 
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contribution of additional mechanisms which have been demonstrated 
in the previous sections, such as the stable solid layers that impeded the 
combustion reactions, newly generated water, and the potential endo-
thermic reactions. 

Both calcium and magnesium hydroxide slurries performed better 
than the distilled water in terms of temperature inhibition. In addition, 
the high concentration of solid content was shown to be more effective 
due to it cutting off the reaction directly. The results also suggested that 
the adding of magnesium hydroxide could increase the effectiveness of 
fire suppression which was enabled by the decomposition at lower 
temperature. 

4. Discussions 

4.1. TGA analysis 

Ca(OH)2 and Mg(OH)2 are unstable at high temperature [57]. It has 
been reported in the literature that the reaction of the calcium/mag-
nesium hydroxide dehydration [58] could help with fire suppression 
[19,25]. Fig. 15 shows the results of the TGA experiments. This indicates 
the decomposition reactions of slaked samples under non-combustion 
circumstances. Considering the chemical components of SLS20 and 
SLS 45 were same, the TGA curves of these two samples were identical. 
The results show that there were three weight loss steps in SDS20 sample 
and two steps for SLS20 & SLS45. The first weight loss in SDS20 related 
to the dehydration of Mg(OH)2 occurred 350 ◦C after the initial water 
loss [59]. The second weight loss was related to the dehydration of Ca 
(OH)2 occurred from the temperature of 430 ◦C above which was same 
in the SLS20 & SLS45 curve. The dehydration reactions are shown in 
Eqs. (6) and (7). These were slightly different to the tests from Koshiba 
Y. et al. [60] and Liang W. et al. [61] which resulted from the different 
particle size. The significant chemical reaction of dehydration occurred 
from the temperature above 512 ◦C according to the CaO/Ca(OH)2 
equilibrium [62]. 

Dehydration reactions: 
Ca(OH)2 → CaO + H2O (6)  

Mg(OH)2 → MgO + H2O (7) 
The lime and dolime samples were produced from the calcination 

process, a small amount of carbonate was remained deliberately from an 
operational point of view [63]. The second weight loss step in SLS20 & 
SLS45 (third in SDS20) was identified as the decarbonation process of 
CaCO3, shown in Eq. (8). This was found to occurred when the tem-
perature was higher than 600 ◦C which is good agreement with the 
measurements conducted by Koshiba Y. et al. [60]. The decarbonation 
reaction of MgCO3 (shown in Eq. (9)) starts at 450 ◦C [61]. Generating 
oxides (dehydration and decarbonation) is a typical endothermic 

reaction, thus the lower reaction temperatures of Mg(OH)2 could help 
improve the effectiveness of fire inhibition at lower temperatures. 

Decarbonation reactions: 
CaCO3 → CaO + CO2 (8)  

MgCO3 → MgO + CO2 (9)  

4.2. XRD analysis 

The fire inhibition performance of the calcium/magnesium hydrox-
ide slurries was enhanced by the chemical changes. Therefore, it is of 
great interest to investigate the chemical components change at 
different times during the fire suppression process. The different test 
groups are indicated in Table .2. Although a single droplet cannot sup-
press the fire, investigation into the chemical change can help under-
stand the anticipated mechanisms of fire inhibition in future studies. 

Fig. 16 shows the X-ray diffraction (XRD) results of SLS20 (a), SDS20 
(b) and SLS45 (c) samples heated at different times on the charcoal 
surface. The results demonstrated that the samples primarily contained 
calcium hydroxide and magnesium hydroxide (black line). The 
carbonation process occurred during the temperature re-increasing 
process which can be seen in Fig. 16 by the decrease in hydroxide 
along with increase in carbonate (red line). The carbonation reactions 
are shown in Eq. (10). and Eq. (11). CO2 reacts readily with Ca(OH)2, 
particularly in the presence of moisture, while the Mg(OH)2 only has 
limited reaction with CO2. 

Carbonation reactions: 
Ca(OH)2 +CO2 → CaCO3 + H2O (Predominant reaction) (10)  

Mg(OH)2 +CO2 → MgCO3 + H2O (Limited reaction) (11) 
The XRD results of 5 min heating duration show that the primary 

reaction of Ca(OH)2 under the combustion circumstance was the 
carbonation reaction, the high concentration of CO2 and the presence of 
moisture accelerated this process. It can be seen in Fig. 16 (blue lines) 
that most of the hydroxides decomposed completely before 5 min and 
the predominant product was CaCO3 of the three testing samples. this 
supports the assumptions made in previous sections that the product of 
calcium carbonate helped prevent the subsequent combustion process. 
The observed water evaporation after 600 ms (Fig. 11) was the water 
generated from the carbonation. Although the carbonation process is an 
exothermic reaction, the heat can be effectively realised into the air by 
natural convection. In addition, the solid layer of CaCO3 acted to insu-
late the surface from the air, inhibiting the combustion directly. 

The surface temperature (Figs. 12 and 14) was not high enough to the 
CaCO3 decomposition process, the identified CaO was produced from 
the dehydration reaction which is shown in Eq. (6). Combining with the 
conclusion of TGA in Fig. 15, it can be concluded two competing re-
actions, dehydration and carbonation, occurred simultaneously during 
this period with CaCO3 and CaO (MgCO3 and MgO) as residual pre-
cipitates on the surface. The surface temperature after 5 min of 
impacting was higher than the decomposition temperature of MgCO3, 
therefore, the presence of MgO was also contributed to the decarbon-
ation reaction. The limited MgCO3 identified after 5 min indicates the 
primary product of magnesium compounds was MgO. The addition of 
Mg(OH)2 could provide positive effects on the fire inhibition because of 
the endothermic reaction of oxides generation. The low decomposition 
temperature of Mg(OH)2 could increase the effectiveness of the slurry at 
a lower temperature. 

4.3. Conceptual model 

Fig. 17 shows a summary of the temperature inhibition mechanisms 
of a droplet after impacting with a biomass fuel surface. Stage I shows 
the main evolution of a water droplet which has been reported in the Fig. 15. TGA test of the pre-dried samples of SLS20 & SLS45 and SDS20.  
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literature [31]. In detail, the distilled water suppressed the fire by 
cooling the fuel directly and the endothermic process of evaporation. 
Moreover, the observations in this work suggest that the receding 
droplet acted as a sealant that blocked the exchange of fuel and oxygen. 

In addition to the distilled water droplet, Ca(OH)2 and Mg(OH)2 
slurries have additional mechanisms that prevent the temperature re- 
increase of the biomass fuels, and significantly decrease the risk of the 
re-ignition, shown in Stage II and III in Fig. 17. According to the quan-
titative results and the visualisations in this work, it is found that the 
generated carbonate layer is the main mechanism that inhibits the solid 
fuel temperature increase. The carbonation occurred when the water 
evaporation had completed (>5s), shown in Fig. 16 (Stage II). The newly 
generated carbonates acted as a solid layer that protected the solid fuel 
surface from contact with external oxygen, preventing the subsequent 
combustion reactions. Additionally, the gas-phase fuel generated from 
the biomass pyrolysis could not escape from the layer of carbonates, 
hindering the combustion reaction. The continuous water generated 
from the carbonation and the subsequent evaporation (shown in Fig. 11) 
flattened the rate of temperature re-increasing. Although the generation 
of CaCO3 is an exothermic reaction, it is insignificant compared with the 
combustion inhibition. Besides, the heat can easily release into the air, 
through the process of natural convection. Fig. 12 provides evidence in 
support of this proposition. Hamdani-Devarennes et al. [23] and Laoutid 
[25] also demonstrated that the thermal stable CaCO3 layer helped the 

fire-retardant performance with the exterior heat source or combustion. 
In our work, we have demonstrated that it has significant temperature 
suppression ability on the interior of a burning biomass fuel. 

The TGA results show that dehydration occurred when the surface 
temperature has re-increased above 450 ◦C (Ca(OH)2) and 350 ◦C (Mg 
(OH)2). Although the oxides were not the predominant products, the 
presence of CaO and MgO suggested that the endothermic reactions help 
improve the fire inhibition ability. The carbonation and dehydration 
(Stage II) were competing reactions after the surface temperature re- 
increased (~60 s). The stable residues were produced by these re-
actions synchronously. The main product of magnesium compounds in 
the Stage II was MgO (shown in Fig. 16 (b)). The addition of Mg(OH)2 
could provide positive effects on the fire inhibition because its lower 
decomposition temperatures. 

The thick carbonate layers also provide addition fire inhibition in the 
case of re-ignition under sufficient heat (stage III). CaCO3 tends to 
decompose into CaO and CO2 [64] and absorb a considerable amount of 
heat when the temperature is higher than 600 ◦C, shown in Eqs. (8) and 
(9). The exothermic reaction combined with the inhibition of combus-
tion provides an effective protection in the case of fire. 

5. Conclusions 

The effectiveness of fire inhibition on a charcoal sample using 

Fig. 16. XRD results of the remaining layers of various component single droplet impacted on the charcoal surface under different burning time: (a), SLS20 (b) SDS20 
and (c) SLS45. 
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different types of slurries and distilled water was investigated rigor-
ously. Charcoal was chosen as the fuel sample to best represent the 
characteristics of biomass fuel and the combustion reactions of coal. 
Three Stages: cooling, carbonation & dehydration and decarbonation 
were identified in the work. LWIR and SWIR thermal cameras were used 
to quantitatively measure the surface temperature and the cooled area 
size after post processing. The high-speed macro and Schlieren imaging 
were used for visualising the spreading and possible phase change. The 
results showed that SLS20, SDS20 and SLS45 slurries have better fire 
inhibition effectiveness when compared to the distilled water. In addi-
tion, either the mixture of Mg(OH)2 (SDS20) and the increased content 
of Ca(OH)2 (SLS45) could further improve the fire inhibition effective-
ness. A conceptual model was built to demonstrate the mechanisms at 
different stages. 

The specific conclusions gained from this research are: 

1. Three stages were identified: water cooling, carbonation & dehy-
dration and decarbonation.  

2. The ability of spreading has been tested on both cold and burning 
surfaces, the results of which suggested that the water droplet had 
the highest spread factor, but intense receding phenomenon was 
found on the burning surface. On the other hand, the high solid 
content slurries had better adhesion capacity which intended to 
evaporate locally.  

3. The stable solid layer of carbonates was considered as the main 
mechanism of temperature inhibition because the exchange of the 
oxygen and fuel was impeded effectively. The dehydration process as 
a competing reaction with carbonation, also contributed to improve 
the fire inhibition because the endothermic reaction. 
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