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Abstract: Ignition by dripping flame is widely observed in wire fires and façade fires, but little research 

has quantified its fire hazard. This work studies the ignition of thin papers (0.07 – 0.32 mm) by burning 

polyethylene drips with four sizes (2.6 - 6.2 mg) and dripping frequencies (0.8 – 1.8 Hz). The probability 

of dripping ignition as a function of key dripping parameters is quantified to determine the ignition limits. 

As the paper thickness increases, more drips and longer time are required for ignition, similar to the classical 

pilot ignition of thin fuels. The attached flame acts as the piloted source; heating effects from hot drips and 

dripping flame are comparable; and ignition occurs to the paper rather than landed drips. Moreover, the 

dripping-ignition capability is controlled by the dripping mass rate, which is the product of the drip mass 

and the dripping frequency. For the dripping mass rate of about 4.5 mg/s, the equivalent heat flux is 15 ± 3 

kW/m2. The dripping-ignition time is inversely proportional to the mass of drip and the square of the 

dripping frequency, different from the piloted ignition under irradiation. This work provides important 

information to quantify the fire hazard of dripping and explores the ignition mechanism in dripping fire. 
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Nomenclature 

Symbols Greeks 

A area (mm2) α radiation absorptance (-)  

c specific heat (kJ/kg-K) γ surface tension (N/m) 

d diameter (mm) ε emissivity 

D drip diameter (mm) 𝜎 Stefan–Boltzmann constant (W·m-2·K-4) 

f frequency (Hz) δ thickness (mm) 

g gravity acceleration (m/s2) ρ density (kg/m3) 

h convection coefficient (W/m2-K) 𝜂 heating efficiency (%) 

H enthalpy (MJ/kg)   

ΔHc  heat of reaction (MJ/kg) Subscripts 

k thermal conductivity (W/m-K) a ambient 

l length (m) c charring 

m mass (g) dr dripping 

ṁ mass rate (mg/s) f flame 

𝑀𝑑𝑟  mass of one drip (mg) F gaseous fuel 

n experiment number (-) g gas 

N number of drips (-) ig ignition 

q̇" heat flux (kW/m2) L landing 

�̇�𝑙𝑜𝑠𝑠
′′  heat loss (kW/m2) m melting 

S dripping parameter (kg/ s2) max maximum 

t time (s) min minimum 

T temperature (℃) p paper 

V volume (cm3) PE polyethylene 

Y mass fraction (-) tot total 
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1. Introduction 

The dripping phenomenon in fire occurs when the weight of melting fuel overcomes its surface tension 

to produce drips or dripping flows [1]. As dripping is often produced from a burning material and is hot 

enough to catch fire easily [2], the flame often attaches to drip, i.e., the dripping fire. Dripping is widely 

observed in the electrical wire fire [3–5] and building façade fire [6], as shown in Fig. 1. It is because the 

wire insulation [4,5], thermal insulation layer of the building façade [2], and billboard are often made by 

thermoplastics that are easy to melt, such as the polyethylene (PE), polyethylene chloride (PVC), 

polypropylene (PP) and expanded polystyrene (EPS) [7,8]. Once a fire occurs, drips from burning plastic 

fuel could ignite other materials to promote the fire spread, therefore, increasing the fire hazards [2]. For 

example, numerous dripping fires detached from the burning molten PE of aluminum composite material 

(ACM) panel were observed in the 2017 London Grenfell Tower fire, which could also contribute to the 

rapid fire-spread process [6]. 

 
Figure 1. The dripping phenomenon and the resulted ignition process in (a) the electrical wire fire, and 

(b) a façade fire in China, and (c) Grenfell Tower fire in London [9]. 

In the literature, most studies on flaming ignition focus on the piloted-ignition and auto-ignition 

behaviors of solid materials, which are well-reviewed in [10–12]. However, very little research has studied 

the fire phenomenon of dripping and its capability of igniting other fuels, mainly because of the complex 

fire process. One major complexity is the interaction between two fuels, (1) the non-ignited target fuel, and 

(2) the ignited drips. In other words, the observed dripping ignition could either be the ignition of target 

fuel or the sustained flame on landed drips. In addition, phase-change processes between gas, liquid and 

solid fuels, such as the melting and pyrolysis, and the flame attachment to fast falling drip are also complex 

[1].   

Most dripping-related literature focuses on the generation of drips from fire. For example, Wang et al. 

[8] studied the dripping behavior in the UL94 standard test{Formatting Citation} and quantified the size of 

drip from different thermoplastics. Xie et al. [2] found at least 400 ℃ was required for molten PP, PE, and 

PS to flow easily, which is higher than their pyrolysis temperature, and autoignition was observed when the 

high-temperature drip was in contact with air. He et al. [3] found that overload currents played an important 

role in promoting the fire spread over the wire, and the dripping frequency increased with the current. 

Kobayashi et al. [4] revealed that the dripping flow of molten polymer would increase the downward fire 

spread. Fang et al. [14] found that the propensity of dripping from the wire fire varied with the ambient 

pressure and oxygen concentration. Several numerical models have been proposed to simulate the 

generation of dripping in wire [15,16] and the burning thermoplastics in the UL94 test [17]. Recently, Jiang 

et al. [18] studied the melting and dripping effect on ignition of thermally thick PE and PP slabs, and 
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established a heat transfer model to explain the ignition process. In our previous work [1], the ignitability 

of PE drip was found to depend on whether the drip can carry a flame or not. If a PE drip was larger than 

2.3 mm, it can carry a flame during the free fall for at least 2.6 m (i.e., one floor) and ignite an ultra-thin 

tissue paper of 0.02-mm thickness. However, the ignition capability of dripping is still unknown for many 

common thin and thick fuels. Moreover, it is not clear whether the process of dripping ignition follows the 

classical ignition theories, so there is a big knowledge gap.  

In this work, we focus on the dripping ignition of thin papers with different thicknesses. Well-controlled 

experiments are designed and conducted to explore the ignition capability of continual PE drips with flame. 

The size and number of drips are controlled to find the limiting ignition conditions, and then, the mechanism 

of dripping ignition is explored.    

 

2. Experiment methods    

2.1. Apparatus and dripping generation 

The experimental setup was upgraded from the previous work [1], and the schematic diagram is shown 

in Fig. 2(a). Drips were produced by burning a horizontal PE tube. A metal tube was inserted into the PE 

tube, and then fixed to the sample holder. Once the flame spread over the PE tube became steady-state, the 

continual generation of drips also became steady-state with a relatively stable frequency. 

 

 
Figure 2. Schematic diagrams of (a) the experiment apparatus, (b) the formation of molten PE ball before 

dripping, (c) the accumulation of dripping layers on the paper surface, and (d) the top view for critical 

ignition area and charring area on the paper sample. 
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In order to control the size and frequency of drips, PE tubes, and metal tubes with different wall 

thicknesses were used. As illustrated in Fig. 2(b), the burning PE was heated by the flame while cooled by 

the metal tube, and the molten PE would form a ball with a diameter of (D) hang on the tube before dripping. 

The gravity of molten PE (𝑀𝑑𝑟𝑔) is the driven force of dripping, which increases with the size of the PE 

ball [4]. While the surface tension (𝛾𝑑𝑟) is the resistance of dripping, which increases significantly with the 

decreasing temperature [19]. The drip will be detached if its gravity force overcomes its surface tension as  

𝑀𝑑𝑟𝑔 = 𝜌𝑑𝑟 (
𝜋

6
𝐷3) 𝑔 ≥ 𝛾𝑑𝑟(𝜋𝐷)                                           (1) 

If the surface tension of molten PE becomes larger, only larger drips can overcome gravity and get detached. 

Therefore, larger drips could be produced from the metal tube with a larger wall thickness (i.e., a larger 

cooling effect). In addition, the burning speed of the thicker wire is slower because of the larger fuel load 

and stronger cooling effect, which results in the lower dripping frequency (fdr). In other words, the dripping 

mass is inversely correlated with the dripping frequency.  

2.2. Materials  

In this experiment, drips of four different sizes (Types A-D, 2.6–6.2 mg) were produced, as listed in 

Table 1. The mass of drip (Mdr) was measured by a precision balance (±0.1 mg), and its random uncertainty 

was less than 10% for multiple repeating tests. The dripping frequency (fdr = 0.8–1.8 Hz) was measured 

from the video, where smaller drips had a higher frequency. The smallest drip (2.6 mg) sometimes showed 

an irregular dripping frequency and formed a continuous dripping flow, and such a special condition was 

not considered. Video imaging process also revealed that during the fall, the shape was not a perfect sphere 

but an ellipsoid. Also, the drip was porous, because there was a strong bubbling process as well as many 

small bubbles inside the drip, as illustrated in Fig. 2(c). For simplicity, the equivalent diameter of the 

spherical drip (Ddr) can be estimated with the bulk density of the porous PE drip (ρdr = 640 kg/m3), as listed 

in Table 1. 

Table 1. Characteristics of drips tested in experiments, where the uncertainty is less than 10%. 

Drip Type A B C D 

Mass of drip, Mdr (mg) 2.6 3.3 4.6 6.2 

Dripping frequency, fdr (Hz) 1.8 1.4 1.0 0.8 

Drip diameter, Ddr (mm) 2.0 2.1 2.4 2.6 

Landing diameter, dL (mm) 6.7 7.7 9.6 11.3 

Landing thickness, δL (mm) 0.12 0.11 0.10 0.10 

 

Once the drip lands on the surface of tested fuel, the PE drip would self-compress into a thin cylindrical 

layer of PE with the landing diameter (dL) and thickness (δL), as listed in Table 1. Despite a small amount 

of molten PE was splashed into tiny drips that flied away, the majority mass would stay on the paper. As 

drips continued to land on the paper, a semi-circular molten PE layer was formed, and the paper started to 

char. The molten PE layer area (Am) and the charring area (Ac) on paper were measured through photos 

from the top view, as illustrated in Fig. 2(d). Both areas increased with the number of drips until ignition. 

Three different printer papers (Type I-III) as the characteristic thin fuel were tested. Their surface 

densities were 75 g/m2, 140 g/m2 and 300 g/m2, and their equivalent thicknesses (δp = 0.07 ~ 0.32 mm) 

were proportional to their surface densities, as listed in Table 2. Note that these paper samples were much 

thicker and less porous than previously tested ultra-thin tissue paper (δp = 0.02 mm) [1], thus, they could 

not be ignited by a single small drip. The size of all paper samples was fixed to 10 cm  7 cm (i.e., 1/8 of 
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the A4 paper). The tested paper was placed horizontally on the top of a tubular mesh, so that the bottom of 

the paper was exposed to air.  

Table 2. Characteristics of paper tested in experiments where the density of paper is 930 kg/m3. 

Paper Type I II III 

Surface density (g/m2) 75 140 300 

Thickness, δp (mm) 0.07 0.15 0.32 

Radiation absorptance, αp (%)  58 ± 2 69 ± 5 72 ± 5 

 

To quantify the flammability of these papers, their piloted ignition delay time was also measured using 

the cone calorimeter (FTT iCone Plus) under different irradiations. During the test, metal frames were used 

to fix the paper sample and prevent the curling in the edge. Considering the thin paper could not absorb all 

radiation energy, part of the radiation would transmit through the paper. The radiation reached the top 

surface of the paper and transmitted through the paper was measured by the radiometer. Then, the 

absorptance of cone radiation (αp) for each paper was calculated, as listed in Table 2, and as expected, it 

increased with the thickness of the paper.  

2.3. Procedures and measurements 

In prior to the dripping ignition test, the PE tube was first ignited by a lighter. The flame was allowed 

to develop and spread along the PE tube where drips were generated in a stable and periodical manner. only 

drips within a stable dripping frequency were selected and tested. The distance between burning PE tube 

(source fuel) and the paper sample (target fuel) was fixed to be 0.35 m. Such a small fall height ensured 

that the flame would always attach to the drip during the fall [1]. The ignition intensity was controlled by 

the number of drips (N). To better control the number of drips landing on the paper, a control system 

including the alumina (Al) plate, robot arm, and a PC was assembled. The robot arm was controlled by the 

PC to rotate the Al plate to either prevent or allow drips to land on the paper, as illustrated in Fig. 2(a).  

To access the heat transfer process during the dripping ignition, temperatures on both the top and the 

bottom surfaces of paper were measured by two pairs of thermal couples, as seen in Fig. 2(c). The 

thermocouples (TCs) were made by welding the 0.03-mm thick chromel and alumel wires, so their bead 

diameter was less than 0.1 mm. The temperature data were collected by a data logger every 0.1 s, which 

was much shorter than the interval of two drips (about 1 s).  

The testing process was recorded by a camera (Sony RX10) with a shooting speed of up to 960 fps. 

Because the size and frequency of drips could not be perfectly controlled, and the ignition process was 

complex, a large experimental uncertainty was expected. Thus, to estimate the ignition probability, more 

than 100 tests were repeated for each combination of drip and paper types. In total, more than 2,000 

dripping-ignition tests were conducted in this study. 

3. Results and discussions 

3.1. Dripping ignition phenomena 

Figure 3 shows a typical dripping ignition process of the Type I paper (δp = 0.07 mm) after landing 

different numbers of drips (Type B: Mdr = 3.3 mg, fdr = 1.4 Hz). For all drips, they carry a flame before 

landing. After five drips (Fig. 3a and Video 1), the region of paper, covered by the hot molten PE layer, 

was gradually charred, but the flaming ignition did not occur. In another test, the ignition was successful 

after six drips (Fig. 3b and Video 2), and the flame could burn out the paper. Throughout the experiment, 

only flaming ignition occurred, smoldering ignition of paper was never observed.  
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To understand the role of dripping flame, the high-speed camera was used to capture the detailed 

landing process of the drip and the dripping flame above the paper top surface. As shown in Fig. 4, the 

residence time of flame on the paper surface was less than 0.1 s, which was shorter than the interval of 

about 1 s between drips. For the first a few drips (Fig. 4a), the dripping flame tended to form a small pool 

flame above the landed molten PE layer, but it was quickly quenched by the cool paper. During the impact, 

multiple tiny flamelets flied away with splashing tiny PE droplets. For the last a few drips before ignition 

(Fig. 4b), the dripping flame also ignited the flammable mixture above the landed drips. Such a flaming 

process is like a small explosion, and the following propagation of blue flame above the paper could also 

be observed. This strong flash is also expected to help drips heat and ignite the paper until a stable flame is 

sustained on paper. Therefore, the dripping flame not only acts as the piloted source, but its heating effect 

on paper is also quite important (discussed more in Section 3.3).  

 
Figure 3. Snapshots of typical dripping ignition process of a Type I paper (0.07 mm) with Drip B (3.3 

mg, 1.4 Hz), (a) failed ignition after 5 drips, and (b) successful ignition after 6 drips. More details can be 

viewed from Videos 1 and 2 in the Supplemental Material.    

 
Figure 4. Snapshots of the landing process of the drip and the dripping flame, (a) early stage with weak 

flame, and (b) a strong flash near the ignition of paper. More details can be viewed from Videos 3 and 4. 
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3.2. Probability and limiting conditions of dripping ignition 

In this work, a successful dripping ignition of thin paper is defined if a stable flame can be sustained to 

burnout the paper. The ignition probability, correlating the critical number and mass of drips and the density 

of the paper, is measured through the statistical analysis of many repeating experiments. Referring to past 

studies on the hot-particle ignition [20,21], the ignition probability (𝑃𝑖𝑔) is defined as the ratio of the number 

of successful ignitions (𝑛) to the number of repetition (𝑛𝑡𝑜𝑡), as                                                      

𝑃𝑖𝑔 =
𝑛𝑖𝑔

𝑛𝑡𝑜𝑡
× 100%                                                                               (2) 

The ignition probability for three thicknesses of paper (I-III) and four sizes of drips (A-D) is quantified 

as a function of the number of drips (N) in Fig. 5 and the total mass of drips (Mig) in Fig. 6. Because of the 

complex dripping process, the varying range of ignition probability increases, as the number of drips and 

the thickness of paper increases. Here, we define 𝑃𝑖𝑔 = 50% as the dripping ignition limit that is a function 

of the mass of drip (Mdr), number of drips (N), the total mass of drips (Mig), and the paper thickness (δp), as 

shown in dashed lines and summarized in Figs. 5(d) and 6(d). 

 
Figure 5. Dripping ignition limit as a function of number drips (N) and the mass of a drip (Mdr) for (a) Paper 

Type I (0.07 mm), (b) Paper Type II (0.15 mm), and (c) Paper Type III (0.32 mm), where the ignition 

probability (Pig) is scaled by the color bar, and Pig = 50% is the critical ignition condition. 

Figures 5 and 6 show that as the paper thickness increases, both the required number of drips and total 

mass of drips for ignition are increased. Specifically, the thinnest Type I Paper needs about 4 drips to ignite; 

Type II Paper needs about 7 drips; and the thickest Type III Paper needs 11 drips, where the number of 

drips is almost proportional to the thickness of the paper. For a thicker paper, its thermal inertia is greater 

[12], so that greater thermal energy is required to heat the paper up to its critical ignition condition. This 
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trend demonstrates that the observed ignition phenomenon is the ignition of paper, rather than the self-

sustaining process of the dripping flame on the landed drips. Moreover, such a dripping-ignition process of 

paper also satisfies the classical piloted ignition theory for the thermally-thin fuel, that is, the required 

ignition energy or the difficulty of ignition increases with the fuel thickness. The dripping flame is the pilot 

source, without which flame ignition will not occur. Moreover, both the dripping flame and the hot drip are 

heat sources.  

 
Figure 6. Dripping ignition limit as a function of total mass of drips (Mig = N·Mdr) and the mass of a drip 

(Mdr) for (a) Paper Type I (0.07 mm), (b) Paper Type II (0.15 mm), and (c) Paper Type III (0.32 mm), where 

the ignition probability (Pig) is scaled by the color bar, and Pig = 50% is the critical ignition condition. 

More interestingly, Fig. 5 shows that the required minimum number of drips (N) for ignition is 

essentially insensitive to (or only slightly decreases with) the mass of the drip (𝑀𝑑𝑟) within the current test 

range of 2.6-6.2 mg. As a result, the required total mass of drips (𝑁𝑀𝑑𝑟) will increase almost linearly with 

the mass of a single drip in Fig. 6. This result is unexpected, because a larger mass of drip means a greater 

amount of thermal energy to heat and ignite the paper. Therefore, the dripping ignition cannot be simply 

explained by the conventional approach of ignition energy [22], because the heating from drips to paper is 

discrete, different from the conventionally continuous radiant and convective heating [23].  

To understand such a trend, the dripping frequency (𝑓𝑑𝑟) has to be considered, which increases with the 

mass of drip in this experiment (see Table 1 and Fig. 7). Then, we can define the dripping mass rate (�̇�𝑑𝑟) 

as the average mass of drips per unit time 

   �̇�𝑑𝑟 = 𝑀𝑑𝑟𝑓𝑑𝑟                                                                             (3) 

which is the key parameter to quantify the ignition limit and fire hazard of dripping. Figure 7 shows that 

�̇�𝑑𝑟 is almost a constant (4.5 ± 0.5 mg/s) for different drip sizes, because the smaller drip has a higher 
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dripping frequency. Such a constant dripping mass rate for different drip sizes leads to the constant 

minimum number of drips in Fig. 5, which also contributes to a near-uniform dripping heat flux for different 

drips (discussed in Section 3.3). Based on the definition in Eq. (3), increasing either the mass of drip or the 

dripping frequency can equally increase the dripping mass rate, as well as the dripping fire hazard.  

 
Figure 7. Dripping frequency (𝑓𝑑𝑟) and dripping mass rate (�̇�𝑑𝑟) versus the single drip mass (𝑀𝑑𝑟). 

3.3. Ignition areas and heat flux of dripping 

As illustrated in Fig. 2(c-d), after the landing of drips, a molten PE layer will form above the paper. 

The area of the molten layer (Am) slowly increases with the number of drips until a maximum of about 3 

cm2, where the molten PE in the edge cools down and solidifies. Note that this molten layer does not have 

a perfectly cylindrical shape but a bowl shape. The central thickness is smaller than the edge thickness 

because of the impact of drips. Therefore, the central region of paper is the most heated area, where a 

charring area (Ac) will form gradually during dripping, and the PE layer becomes more transparent as the 

temperature increases.  

 
Figure 8. The measured molten PE layer area (Am) and charring area (Ac) on paper right before ignition, (a) 

Type II paper (δp = 0.15 mm) and (b) Type III paper (δp = 0.32 mm).  
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Figure 8 shows the measured molten PE layer area (Am) and charring area (Ac) on paper for two paper 

types right before ignition. In general, the critical area of molten PE layer approaches its maximum, so it 

does not vary significantly for different drip sizes, especially when the number of drips gets larger for 

thicker papers. Moreover, the charring area is essentially a constant (Ac ≈ 1 cm2) before ignition, which is 

insensitive to any parameters. These similarities suggested that the dripping heating area on the paper are 

similar for different drip size, probably because they have a similar dripping mass rate, as shown in Fig. 7.  

Figure 9 shows the thermocouple temperature measurement of the paper top and back surfaces during 

the dripping-ignition process. It can be seen that there is a sharp temperature increase on the paper top 

surface right after the landing of drip and flame for about 0.1 s (see Fig. 4). Afterward, the flame 

extinguishes so that the top-surface temperature decreases before the arrival of the next drip. Due to the 

relatively high dripping frequency, the top surface temperature increases gradually drip by drip. More 

importantly, in all experiments, the ignition occurs when the top-surface temperature of the paper exceeds 

about 400 oC, which can be defined as the ignition temperature.  

 
Figure 9. the evolution of paper surface temperatures and the calculated equivalent heat flux during the 

dripping ignition process, (a) Type II paper (δp = 0.15 mm) with Drip A, (b) Type II paper (δp = 0.15 mm) 

with Drip D, and (c) Type III paper (δp = 0.32 mm) with Drip D.  

On the other hand, the back surface temperature of the paper is weakly affected by the discrete landing 

process of drips while showing a monotonic increase. Moreover, the temperature measurements suggest 

that there should be a minimum dripping frequency (fdr,min), below which the top surface of paper cannot be 

heated above the ignition temperature of 400 oC. With the same paper type (δp = 0.15 mm) and dripping 

mass rate (�̇�𝑑𝑟 = 4.5 mg/s), comparison between Fig. 9(a) and (b) shows that as the dripping frequency 

increases, the ignition delay time (𝑡𝑖𝑔) decreases. With the same drip mass (Mdr = 6.2 mg) and dripping 

frequency (fdr = 0.8 Hz), comparison between Fig. 9(b) and (c) shows that as the thickness of paper 

increases, the overall heating rate of paper decreases, and the ignition time increases. 
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Based on the temperature evolution, the equivalent dripping heat flux (�̇�𝑑𝑟
′′ ) on the thermally thin fuel 

can be estimated by using a lumped heat transfer model [10] as 

�̇�𝑑𝑟
′′ = 𝜌𝑝𝑐𝑝𝛿𝑝

𝑑𝑇𝑝

𝑑𝑡
+ �̇�𝑙𝑜𝑠𝑠

′′                                                             (4𝑎) 

where 𝜌𝑝 = 930 kg/m3, 𝑐𝑝 = 1.34 kJ/kg-K [24], 𝛿𝑝, and 𝑇𝑝 are the density, specific heat, thickness, 

and the average temperature of paper below the molten PE layer, respectively. The heating rate of paper 

(𝑑𝑇𝑝/𝑑𝑡) can be acquired from the thermocouple measurement. Because the top surface of the paper is 

covered by the hotter molten PE and the short-term dripping flame, only the transient heat loss on the 

bottom surface of the paper (�̇�𝑙𝑜𝑠𝑠
′′ ) should be considered as  

�̇�𝑙𝑜𝑠𝑠
′′ = ℎ(𝑇𝑝 − 𝑇𝑎) + 휀𝑝𝜎(𝑇𝑝

4 − 𝑇𝑎
4)                                          (5) 

where ℎ ≈ 10 W/m2-K is the convective coefficient [25];  𝑇𝑎 = 295 K is the room temperature; 휀𝑝 =

0.95 is the emissivity of paper; and 𝜎 = 5.67 × 10−8 W·m-2·K-4 is the Stefan–Boltzmann constant.  

Figure 9 also shows the calculated equivalent dripping heat flux ( �̇�𝑑𝑟
′′ ) based on the temperature 

evolution. Like the temperature measurement, the dripping heat flux also shows a large and frequent 

fluctuation concerning the arrival of each drip. As expected, the heat flux of the first drip is the largest, 

because the paper is the only fuel to heat up. While for later drips, they also need to heat the thin layer of 

molten PE above the paper, leading to a smaller fluctuation. Eventually, the equivalent dripping heat flux 

approaches to a constant, �̇�𝑑𝑟
′′ = 15 ± 3 kW/m2, for the majority date with different dripping and paper 

conditions, as summarized in Fig. 10(a).  

 
Figure 10. (a) Measured equivalent dripping heat flux (�̇�𝑑𝑟

′′ ), and (b) the ignition energy of the hot drip 

(𝑞𝑃𝐸) and the dripping flame (𝑞𝑓). 

Both the hot drip and dripping flame are heat sources; thus, it is important to compare their relative 

importance and estimate the total ignition energy of the drip plus flame (𝑞𝑖𝑔). For each PE drip, its effective 

ignition energy increases with drip mass (𝑀𝑑𝑟) while decreasing with the paper temperature (𝑇𝑝) 

𝑞𝑃𝐸 = 𝑀𝑑𝑟𝐻𝑃𝐸 = 𝑀𝑑𝑟𝑐𝑃𝐸(𝑇𝑃𝐸 − 𝑇𝑝) ≈ 0.4 - 2.7 J                               (6) 

where 𝑐𝑃𝐸 = 1.55 kJ/kg-K is the specific heat of PE [26]; 𝑇𝑃𝐸 ≈ 400℃ is the pyrolysis temperature of 

PE [2,27]; and the paper temperature 𝑇𝑝 is lower than its pyrolysis temperature of 350 ℃ [24]. For the 
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Type C drip of Mdr = 4.6 mg, the ignition energy of a hot drip decreases with time from 2.7 J to 0.4 J, as the 

paper temperature increases from 22 ℃ to 350 ℃.  

On the other hand, the dripping flame includes both the flame attached to the drip and the flame ignited 

above the paper (Fig. 4). The ignition energy of dripping flame (𝑞𝑓) can be estimated as  

𝑞𝑓 = 𝑌𝐹𝜌𝑔𝑉𝑔∆𝐻𝐹 ≈ 1.3 - 3.8 J                                                            (7) 

where 𝑌𝐹 ≈ 6.3% uses the stoichiometric mass fraction of ethylene to represent that of PE pyrolysis gases; 

𝜌𝑔 ≈ 0.5 kg/m3 is the density of gas mixture; ∆𝐻𝐹 ≈ 40 MJ/kg is the heat of combustion of PE [10]; and 

𝑉𝑔 is the volume of the flammable mixture, which can be estimated by the flame size from the high-speed 

imaging. As the number of landed drips increases, the volume of the flammable mixture becomes larger, 

so that the flame becomes stronger, as shown in Fig. 4. As 𝑉𝑔 increases from 1 cm3 to 3 cm3, the ignition 

energy of dripping flame increases with time from 1.3 J to 3.8 J.  

Therefore, the ignition energies of the hot drip and dripping flame are comparable. Moreover, as the 

number of drips or time increases, the heating effect of hot drip decreases while that of dripping flame 

increases, as summarized in Fig. 10(b). As a result, the overall ignition energy of a 5-mg drip with flame is 

about 𝑞𝑖𝑔 = 𝑞𝑃𝐸 + 𝑞𝑓 ≈ 4  J throughout the dripping process. Then, the total ignition energy flux of 

dripping can be estimated as 

�̇�𝑡𝑜𝑡
′′ =

(𝑞𝑃𝐸 + 𝑞𝑓)𝑓𝑑𝑟

�̅�
=

�̇�𝑑𝑟𝐻𝑃𝐸 + 𝑞𝑓𝑓𝑑𝑟

�̅�
≈ 20 kW/m2                   (8) 

where �̅� = (𝐴𝑚 + 𝐴𝑐)/2 ≈ 2  cm2 is the effective heating area; and 𝑓𝑑𝑟 ≈ 1  Hz. Therefore, the 

equivalent dripping heat flux (�̇�𝑑𝑟
′′ ) can be estimated as   

�̇�𝑑𝑟
′′ = 𝜂�̇�𝑡𝑜𝑡

′′ =
𝜂

�̅�
(�̇�𝑑𝑟𝐻𝑃𝐸 + 𝑞𝑓𝑓𝑑𝑟) =

𝜂

�̅�
(𝑀𝑑𝑟𝐻𝑃𝐸 + 𝑞𝑓) 𝑓𝑑𝑟       (4𝑏) 

where the heating efficiency (𝜂) is calculated to be about 70% from Fig. 9 and Eq. (4a), which is reasonable, 

because part of the energy is dissipated to the environment. As expected, the dripping heat flux increases 

with the dripping mass rate (�̇�𝑑𝑟 = 𝑀𝑑𝑟𝑓𝑑𝑟), that is, with both the drip mass and dripping frequency. As 

the ignition energy of dripping flame (𝑞𝑓) also implicitly depends on the drip mass, the influence of dripping 

frequency and the drip mass on equivalent dripping heat flux also be comparable.  

3.4. Dripping-ignition time and theory 

To quantify the dripping ignition behaviors, the dripping-ignition time (𝑡𝑖𝑔,𝑑𝑟) and equivalent dripping 

heat flux (�̇�𝑑𝑟
′′ ) for three paper types are plotted in Fig. 11. For a better comparison, the ignition time 

measured from the cone-calorimeter experiments is plotted as well. The ignition delay time increases with 

the thickness of paper (𝛿𝑝 ) and decreases with the cone radiation (�̇�𝑐
′′), which satisfies the classical 

thermally thin theory as  

𝑡𝑖𝑔,𝑐 ≈
𝜌𝑝𝑐𝑝𝛿𝑝(𝑇𝑖𝑔 − 𝑇∞)

𝛼𝑝�̇�𝑐
′′ − �̇�𝑙𝑜𝑠𝑠

′′                                                            (9) 

where 𝛼𝑝 is the irradiation absorbance of paper which increases with the thickness (see Table 2). Note that 

during the cone ignition, both top and bottom surfaces of the paper are cooled by the environment. In 

contrast, during the dripping ignition, only the bottom surface of the paper is cooled, while the top surface 

is covered and heated by the hot PE layer.  
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The comparison shows that the ignition time of dripping increases with the thickness of paper, because 

the dripping-ignition process is similar to the piloted ignition process, as discussed in Section 3.2. However, 

compared to the piloted ignition time under the cone irradiation, the dripping-ignition time is much shorter, 

and the possible ignition region is well below the ignition curve, as shown in Fig. 11. It is because (1) the 

dripping ignition process reduces environmental heat loss from the top surface of the paper, and (2) the 

equivalent dripping heat flux is transient, which can reach large heat flux value periodically (see Fig. 9).    

 
Figure 11. Ignition time of dripping and cone-calorimeter experiments for three paper thicknesses, where 

the shadow region indicates the uncertainty of dripping-ignition time and heat flux.  

Considering the similarity between the dripping ignition and the piloted ignition under the cone 

calorimeter for fuel, the dripping ignition time (𝑡𝑖𝑔,𝑑𝑟) should be similar to Eq. (9) as    

𝑡𝑖𝑔,𝑑𝑟 ∝
𝛿

�̇�𝑑𝑟
′′ ∝

𝛿

�̇�𝑑𝑟
=

𝛿

𝑀𝑑𝑟𝑓𝑑𝑟
                                                             (10𝑎) 

which increases with the fuel thickness and decreases with the ignition heat flux. Based on Eq. (4), the 

dripping ignition heat flux (�̇�𝑑𝑟
′′ ) increases with the dripping mass rate (�̇�𝑑𝑟 = 𝑀𝑑𝑟𝑓𝑑𝑟). Note that despite 

the dripping mass rate is almost the same (4.5 mg/s) for different drip sizes (Fig. 7), their ignition time is 

different (e.g. Fig. 9a-b), that is, shorter for the larger dripping frequency.  

On the other hand, the dimensionless analysis can correlate the ignition time with the dripping 

frequency as 

𝑡𝑖𝑔,𝑑𝑟 ∝
1

𝑓𝑑𝑟
                                                                                              (10𝑏) 

That is, with an increasing dripping frequency, the dripping-ignition time decreases, as verified by the 

experimental data in Fig. 12(a). Such a trend is unique for dripping ignition, because of the dripping 

frequency is a time-related parameter. 

Therefore, combining Eq. (10a) and (10b), the dripping-ignition time should satisfy 

𝑡𝑖𝑔,𝑑𝑟 ∝
𝛿

�̇�𝑑𝑟𝑓𝑑𝑟
=

𝛿

𝑀𝑑𝑟𝑓𝑑𝑟
2 =

𝛿

𝑆
=

Resistance of thin fuel

Driven force of dripping
      (10𝑐) 
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where we can introduce a parameter (𝑆) to quantify the driven force of dripping ignition as 

𝑆 = 𝑀𝑑𝑟𝑓𝑑𝑟
2                                                                                  (11) 

The experimental data show an excellent linear trend (R2 = 0.96) in Fig. 12(b), so they verify the proposed 

correlation for the dripping-ignition time in Eq. (10c). Therefore, the ignition delay time is inversely 

proportional to the mass of drip and the square of the dripping frequency, which is very different from the 

classical piloted ignition theory in Eq. (9). In other words, dripping frequency has a greater influence on 

the ignition time than the drip mass. 

 

 
Figure 12. The dripping-ignition time as a function of (a) dripping frequency in Eq. (10a), and (b)  

 

3.5. Extrapolation of dripping ignition limits 

In this experimental study, the tested mass of PE drips ranges from 2.6 mg to 6.2 mg, and the dripping 

frequency ranges from 0.8 Hz to 1.8 Hz. Both the drip size and the dripping frequency are limited not only 

by the experimental apparatus but also by the thermophysical properties of PE. As found in experiments, it 

is not possible to produce a PE drip larger than 7 mg, larger than which the internal PE will not be fully 

molten. For drips smaller than 2.6 mg, the burning mass loss during the free fall becomes important, and 

the dripping flame may be extinguished [1]. On the other hand, for the dripping frequency larger than 2 Hz, 

drips may form a continuous dripping flow surrounded by a long flame. While for dripping frequency 

smaller than 0.3 Hz, the paper won’t be ignited.  

It is expected that there is a minimum dripping mass rate (�̇�𝑚𝑖𝑛) and a minimum dripping frequency 

(𝑓𝑚𝑖𝑛), as hypothesized in Fig. 13. Below such a minimum value, no matter how many drips arrives on the 

target fuel, flaming ignition would not occur. Such critical values are expected to vary with the type of drip 

fuels. Moreover, as the mass of a single drip gradually increases, eventually, only one drip is needed to 

ignite the thin fuel. Then, dripping ignition becomes controlled by the mass of drip, where a critical drip 

mass of supreme fire hazard (𝑀𝑑𝑟
∗ ) may be found to define the upper limit of the dripping mass rate 

(�̇�𝑚𝑎𝑥 = 𝑀𝑑𝑟
∗ /∆𝑡). Moreover, these critical values are expected to increase with the thickness of fuel. 

Note that for thermally thick fuels, the dripping-ignition behaviors could be much more different, 

because (1) the observed flaming ignition may be a self-sustainment of the dripping flame, and (2) the thick 

fuel may not be ignited after the burnout of molten layers. Also, dripping can achieve smoldering ignition 

of certain fuels, even if there is no flame attached to the drip. As many unknowns remain, more experimental 

and numerical studies are needed in the future to verify these hypotheses.   
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Figure 13. The hypothesized trend of the critical number (N) of drips vs. the dripping mass rate (�̇�𝑚𝑖𝑛). 

4. Conclusions 

In this work, dripping-ignition behaviors are studied by using burning polyethylene drips with four 

sizes (2.6 - 6.2 mg) and corresponding dripping frequency ranging from 0.8 to 1.8 Hz. Printer papers with 

three thicknesses (0.07 - 0.32 mm) are chosen as typical thin fuels. The probability of dripping ignition as 

a function of key dripping parameters is quantified to determine the ignition limits.  

Results show that as the paper thickness increases, more drips are required for ignition, indicating the 

ignition occurs to the paper rather than landed drips. The dripping ignition is similar to the classical pilot 

ignition of thermally thin fuels, but the controlling parameters are very different. That is, for dripping 

ignition, the attached flame acts as the piloted source; the heating effects from both hot drips and dripping 

flame are important; and the total ignition energy of a 5-mg PE drip is about 4 J per drip which is transferred 

to the targeted fuel drip by drip continually.  

Moreover, the capability of dripping ignition is controlled by the dripping mass rate, which is the 

product of drip mass and dripping frequency. The temperature measurements show that the equivalent 

dripping heat flux is 15 ± 3 kW/m2 for the dripping mass rate of about 4.5 mg/s. The dripping-ignition time 

is inversely proportional to the square of dripping frequency and the mass of drip, different from the piloted 

ignition under irradiation. Future work will investigate the dripping mass and frequency separately to 

explore how these two parameters determine the ignition progress. This study provides important 

information to quantify the fire hazard of dripping and explores the ignition mechanism in the dripping fire. 

The proposed dripping ignition theory can be further verified and applied to evaluate and classify the 

ignition capability (fire risks) for different thermoplastic materials.   
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