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A B S T R A C T   

Flashing is a classical phenomenon in the discharging process of liquid to the high vacuum environment in space, 
as well as in nuclear power engineering, chemical engineering, and other engineering fields. To predict the 
discharge process and ensure the safety of space activities, a better understanding of its laws is needed. In this 
paper, flashing front propagation in vertical small tubes is experimentally studied under the condition of rapid 
depressurization. Experiments are carried out with degassed distilled water under different tube diameters and 
initial temperatures (superheats). The sustainability of flashing front propagation is confirmed to be influenced 
by superheat, tube diameter and gravity. A correlation is proposed with the Jacob number and Bond number to 
summarize the sustainability condition. The superficial velocity of flashing front propagation shows to be related 
to multiple factors such as superheat, tube diameter and downstream pressure. An empirical correlation is 
proposed to predict the superficial velocity and it agrees well with existing data.   

1. Introduction 

Generally, “flashing” or “flash evaporation” refers to the intensive 
liquid–gas phase change phenomenon after liquid undergoes rapid 
depressurization and then becomes superheated. Flashing has been 
extensively studied because it is fundamental and decisive in many 
natural and industry scenarios, such as leakage accidents of pressurized 
vessels [1,2], seawater desalination [3], fuel atomization [4], spray 
cooling [5], and even volcanic eruptions [6]. In the liquid discharge 
process during space flights, flashing strongly influences the flow 
properties such as pressure and temperature distributions, as well as the 
discharging time [7]. Furthermore, flashing might even lead to freezing 
[8,9], which could block the tube and hamper the discharge process. 

In a system with a free surface between the liquid and vapor phases, 
flashing usually occurs in a thin zone near the free surface initially, and 
then propagates into the superheated liquid as flashing lasts. This thin 
zone is generally defined as the flashing front, and its propagation 
process is then called flashing front propagation (FFP) [10]. In some 
earlier studies, this phenomenon was also called free surface boiling 
[11], flashing boundary propagation [12], or evaporation wave [13]. 
Both the secondary nucleation mechanism [14–16] and interfacial 
instability mechanism [17,18] are thought to account for the self- 

sustained flashing process on the interface. The secondary nucleation 
mechanism holds that the rupture of a large bubble entrains gas into the 
superheated liquid, thus generating many tiny new bubbles. Then these 
bubbles would grow and rupture again so that the flashing could be 
sustained. The interfacial instability mechanism holds that Landau 
instability, Kelvin-Helmholtz instability and Rayleigh-Taylor instability 
are also responsible for FFP. These two mechanisms may work at the 
same time. For example, droplets generated by the interfacial instability 
mechanism would fall back to the liquid surface, causing liquid aeration 
and stimulating secondary nucleation. 

Fritz [19] was one of the earliest researchers who reported the FFP 
phenomenon. As the pressurized liquid column was suddenly exposed to 
ambient pressure (101 kPa), an “acceleration front” with a thickness of 
several centimeters was found to propagate into the bubbly upstream 
liquid at a nearly constant velocity. Grolmes and Fauske [20] investi
gated the FFP phenomenon with degassed liquid, while the tube diam
eter ranges from 2 to 50 mm. The FFP phenomenon without obvious 
upstream bubbles was observed. The threshold superheat for sustainable 
propagation was shown as the tube diameter dependent. As the tube 
diameter increases, the threshold superheat decreases rapidly and then 
slowly. Das et al. [11] conducted experiments with tube diameter ranges 
from 30 to 50 mm. They found that both superheat and tube diameter 
affected the velocity of flashing front. Hill [21] conducted experiments 
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in a tube with a diameter of 25.4 mm (1 in), the bursts on flashing front 
was found to be intermittent rather than continuous. Hill suggested that 
the “boiling front” seen by Das et al. [11] was not associated with liquid 
fragmentation, and was rather different from that of Grolmes and Fauske 
[20] and Hill [21]. 

Simões-Moreira [22] studied FFP in a 15 mm diameter tube with 
dodecane. Assuming that the downstream was in an equilibrium ho
mogeneous state, Rayleigh equation and Rankine-Hugoniot equation 
were applied to predict the velocity of the FFP. The prediction agreed 
well with their experimental results. By allowing velocity slip between 
the vapor and the liquid film, a more realistic model was proposed by the 
author [22], and it could theoretically explain the error of the prediction 
above. 

Reinke [2] experimentally investigated FFP with various tube geo
metrys under a constant outlet pressure of 101 kPa. For tube sizes from 
14 to 80 mm, no significant influence of the cross-sectional area on the 
propagation velocity was noted. A semiempirical correlation was pro
posed to match the experimental data, in which only superheat and fluid 
properties are needed. Later, Hahne and Barthau [23] conducted ex
periments in glass tubes with large diameters ranging from 32 to 252 
mm. They indicated that the wall material and discharge area may affect 
the FFP velocity, but no obvious effect of the tube diameter on sus
tainable threshold superheat was observed. In the experiments of Graña- 
Otero and Parra [24], the fluctuation of flashing intensity was observed 
in cases with low superheat, which is essentially the intermittent 
flashing phenomenon reported by Hill [21]. Kuznetsov et al. [25] re
ported a similar phenomenon of flashing intensity pulsations, and they 
found that the downstream fluid always kept to be nearly saturated 
during pressure pulsations. More recently, Dewangan and Das [10] 
conducted FFP experiments under different tube inclinations with a 
constant tube diameter of 22 mm. The propagation velocity of the 
flashing front decreased as the tube tends to be horizontal, indicating 
that gravity also affected the FFP process. In addition, intermittent 
propagation was also observed in the experiment. 

Simulation research on the FFP phenomenon has also been carried 
out. Harris [26] simulated the flashing front evolution process by a 
geometrical method. The result produced by secondary nucleation 
mechanism agreed better with the observation of Hill [21]. Dewangan 
and Das [27] computationally simulated the propagation of flashing 
front in the presence of upstream bubble, adopting a one-dimensional, 
compressible two-phase flow model with diffuse interface. The up
stream bubble is noted to slow the propagation of flashing front. Yue et 
al [28] proposed a modified gas-phase Weber number model for flashing 
front interfacial area concentration and then introduced it to a two- 
dimensional mixture model. The simulation superficial velocity of FFP 
agreed well with their experimental results at a constant tube diameter. 

Previous studies indicate that there may be a significant tube 
diameter effect in the FFP phenomenon while tube diameter is below 15 
mm and that FFP may show significant intermittency or gravity 
dependence under the condition of low or moderate superheat. How
ever, there are few experimental data under condition of small tube 
diameters and low superheats, which makes it difficult to conduct 
indepth analysis of the tube diameter effect and the intermittent prop
agation process. Therefore, further experimental studies under such 
conditions are needed for a better understanding of FFP phenomenon. 

In this paper, FFP experiments are conducted with well-degassed 
water in an initial temperature range of 20–90 ◦C and a tube diameter 
range of 3–14 mm. The main objective of this work is to study the effects 
of superheat, tube diameter, and tube orientation on the FFP phenom
enon, and to reveal the condition of sustainable propagation. 

2. Experimental setup 

2.1. Experimental platform 

An experimental platform (Fig. 1) was built to observe flashing 
phenomenon. The vacuum system, developed initially by Du et al. [9], 
was designed to provide a low pressure environment. It is composed of a 
vacuum tank, a vacuum pump, a vacuum gauge, pipes and valves. The 
volume of the vacuum tank is approximately 1 m3, and the pressure 
inside it will be pumped to less than 0.2 kPa before each test run. Ex
periments are started by opening the solenoid valve with electrical 
signal, rather than the traditional way of breaking the diaphragm. The 
solenoid valve opens fast and steadily, and the opening time is on the 
order of milliseconds. 

The observation system includes the test section, imaging system, 
and various sensors. The working fluid, i.e., degassed distilled water, is 
filled in a vertical acrylic tube, which is surrounded by the water bath at 
a constant temperature. The water column in the vertical tube is 
approximately 200 mm in length. The vertical tube is connected to the 
cross tube by a short length of hose. The size of the water bath glass box 
is 300*300*100 mm. The high-speed camera is installed directly in front 
of the water bath and is set to be synchronously triggered by the opening 
signal of the solenoid valve. The focal length of the lens is 12 mm, the 
frame rate is set to 500 fps, and the pixel size of the image is set to 
160*1024 pixels. The spatial resolution of the image is approximately 
0.29 mm/pixel. The light source is located behind the water bath and 
supplies transmitted light for the camera. It consists of a LED array and a 
light diffusion plate. 

To measure the downstream temperature T2 and pressure P2, a T- 
type thermocouple and a pressure transducer are mounted in the cross 
tube, which is approximately 250 mm above the initial free surface of 

Nomenclature 

Bo Bond number 
Ca capillary number 
Cpl specific heat capacity of liquid at constant pressure (kJ/(kg 

⋅ K)) 
D tube diameter (mm) 
g acceleration of gravity (m/s2) 
H specific enthalpy (kJ/kg) 
Ja Jacob number 
Jath threshold Jacob number for sustainable propagation 
P pressure (kPa) 
Ptank pressure in vacuum tank (kPa) 
t time (s) 
T temperature (◦C) 
ΔT nominal superheat (K) 

Us superficial velocity (m/s) 

Greek symbols 
μ dynamic viscosity (Pa • s) 
ξ liquid–gas density ratio 
ρ density (kg/m3) 
σ surface tension coefficient (N/m) 

Subscripts 
0 initial state 
1 upstream state 
2 downstream state 
sat saturated state 
l liquid phase 
v vapor phase  
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the water column. Another T-type thermocouple is mounted in the water 
bath and closed to the vertical tube to measure the ambient temperature 
T0. The tips of both thermocouples are 20 μm in diameter, and the un
certainty is calibrated as ± 0.5 ◦C. The pressure transducer has a range 
of 0–25 kPa with an uncertainty of ± 0.1% full scale at a sampling rate of 
1 kHz. The data acquisition unit records the pressure signal at 1 kHz and 
the temperature signal at 100 Hz. 

2.2. Degassing method 

Eliminating the influence of upstream noncondensable gas is vital for 
clear observation of the FFP phenomenon, while it is particularly diffi
cult to ensure the degassing effect [11,13,25,29], especially for experi
ments with water [10,20]. Generally, upstream noncondensable gas 
mainly exists in three ways, trapped in wall defects, trapped in tiny 
bubbles, or dissolved in liquid. 

The distilled water was degassed by depressurization after it had 
been filled into the vertical tube. In this way, the noncondensable gas 
trapped in wall defects or dissolved in the bulk liquid could be removed 
at the same time, and the tiny gas bubble entrainment during the liquid 
filling process could be avoided. However, it is challenging to suppress 
flashing and to retain the liquid during degassing since the liquid would 
be blown out of the vertical tube when the superheat becomes high. By 
trial and error, we found an effective way to degas by gradual depres
surization within limited superheat. It was also found that the efficiency 
could be significantly promoted by continuously tapping the tube during 
depressurization. Generally, the liquid is fully degassed for several 
rounds, and each degassing round contains three stages, as shown in 
Fig. 2. 

Preparation stage (from A to B): Adjust the pressure in the vacuum 
tank (Ptank) to slightly above the saturation pressure (Psat) of water 
corresponding to a temperature of 60 ◦C. Keep the temperature of the 
water bath constant at 60 ◦C. 

Rapid depressurization stage (from B to C): Open the solenoid valve, 
then the pressure of liquid falls suddenly from atmospheric pressure to 
slightly above Psat . 

Slow depressurization stage (from C to D): Keep the vacuum pump 
working to ensure that the pressure drops slowly and gradually. As the 
pressure of the liquid falls below Psat, many bubbles appear in the su
perheated liquid. Tapping the tube continuously can help the bubbles 
depart from the wall and move up to the surface. To avoid liquid blown 

out of the test tube, close the solenoid valve to stop the depressurization 
stage when the pressure is lower than a safe pressure of 15.5 kPa. 

Calm stage (from D to A ′): Recover the pressure of liquid to atmo
spheric pressure, preparing for the next turn of degassing or for the 
experimental run. Bubble formation would stop during this stage. 

Before each experimental run, the liquid was degassed carefully for 
3–5 rounds until no visible bubble occurred during the slow depres
surization stage. 

2.3. Experimental procedure 

Homogeneous nucleation of pure water is impossible at low tem
perature without negative pressure [30,31]. Most conditions of the 
present study fell within this range. For example, Fig. 3 shows the 
depressurization test, which was carried out just after the degassing 
process shown in Fig. 2. The highest superheat of water reached in the 
test is above 55 ◦C, which is much higher than those in the degassing 
process. No obvious flashing, however, could be observed in the test. 

Fig. 1. Schematic diagrams of the experimental platform.  

Fig. 2. Demonstration of a typical round of degassing process. T0 =

60.5 ◦C,D = 7mm.
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The liquid remained stable, the surface remained smooth, and the liquid 
level only dropped very slowly, indicating that evaporation occurred. 
This result verifies that the degassing method is effective and sufficient 
to eliminate the effect of upstream noncondensable gas. 

Different methods, including knocking the tube wall and presetting a 
tiny bubble underneath the free surface, were tested to start the flashing 
process. The latter can provide good repeatability. Therefore, a tiny 
bubble with a diameter smaller than 1 mm was artificially preset just 
beneath the initial free surface before each experimental run to provide 
an initial nucleation site for flashing inception. The experimental pro
cess can be summarized as follows: 

Fill distilled water into the test tube with an initial level slightly 
above the required height. The diameter (D) of the test tube used in the 
present study ranges from 3 mm to 14 mm.  

(1) Adjust the temperature of the water bath to 60 ◦C. Degas water at 
this temperature.  

(2) The water bath was adjusted to the designed initial temperature 
(T0) ranging from 20 to 90 ◦C.  

(3) Place a tiny bubble beneath the free surface, and then connect the 
test tube to the vacuum tank through the cross tube.  

(4) Set the high-speed camera ready. The data acquisition unit is 
started to collect the pressure, temperature, and the triggered 
signal of both the solenoid valve and the high-speed camera. The 
triggered signal provides a time synchronization between scien
tific data and the corresponding images inside the test tube.  

(5) Open the solenoid valve to initiate the experimental run. Images 
inside the test tube are recorded synchronously. 

2.4. Image processing process 

The gas–liquid interface, as well as the gas–solid interface, may 
significantly affect the propagation of transmitted light, so the experi
mental images of the FFP phenomenon are darker in the region of 
flashing front and downstream. Therefore, the position of the flashing 
front can be identified by the distribution characteristics of the grayscale 
of the experimental image. 

A program is developed to automatically recognize the position of 
the flashing front. Since the absolute value of image grayscale is affected 
by light intensity, here, a relative grayscale is taken to characterize the 
light transmittance, which is defined as the ratio of grayscale between 
the tube area and the adjacent background. As shown in Fig. 4, the 
image processing process is as follows: 

Step 1: Select the pixel coordinate range for analysis area A and 
reference area B according to the position of the vertical tube in the 
image. The two areas have the same pixel height range. 

Step 2: The program calculates the average grayscale at each pixel 
height for areas A and B. Then calculate the relative grayscale value at 
each pixel height. 

Step 3: The program identifies the position of the flashing front based 
on the relative grayscale value vs. pixel height curve. 

The flashing front position recognized by this method always cor
responds to the lowest point of the gas–liquid interface. When a new 
bubble is generated and grows below the flashing front due to secondary 

Fig. 3. The pretest on degassing effect. T0 = 60.5 ◦C,D = 7mm.

Fig. 4. Flashing front recognition method.  
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nucleation, the flashing front will be positioned at the lowest point of the 
bubble edge, and then the recognized position of flashing front will have 
a jump. 

2.5. Data reduction and uncertainty estimation 

The superheat at the flashing front is evaluated by the nominal su
perheat defined as 

ΔT = T0 − Tsat(P2) (1)  

where Tsat(P2) is the saturated temperature corresponding to down
stream pressure P2. 

In general, the characteristic pressure for the FFP process is the local 
pressure at the flashing front. It is, however, very difficult to measure it 
without disturbing the flash phenomenon. In some previous research, 
such as Dewangan & Das [10] and Simões-Moreira [22], Ptank was used 
to characterize the FFP process. It may, however, cause incompatibility 
between different experimental data due to the significant pressure 
difference between the test tube and the vacuum tank, which is 
dependent on the connecting pipeline between them and is usually 
difficult to measure accurately and/or describe clearly. The measure
ment point of P2 is closer to the initial free surface. Thus, we use P2, 
instead of Ptank, and the nominal superheat defined above to characterize 
the FFP process in the present study. 

The position of the flashing front is defined as the distance between 
the initial free surface and the lowest point of flashing front. It is con
verted from the pixel length by image analysis: 

L = α|Lpix,0 − Lpix,f | (2)  

where Lpix,0 and Lpix,f are the pixel heights of the initial free surface and 
the lowest point of the flashing front, respectively, while α is the ratio of 
physical length to pixel length. Based on the relationship between 
flashing front position and time, the superficial velocity (US) of the FFP 
can be obtained by linear fitting. 

Three dimensionless parameters, namely, the Jacob number, the 
Bond number, and the capillary number, are used to characterize the 
FFP process in the present study. The Jacob number based on nominal 
superheat can be computed from 

Ja =
CplΔT

Hv,2 − Hl,2
(3)  

where the specific heat capacity of liquid at constant pressure Cpl is 
evaluated at the initial liquid temperature. The specific enthalpies Hv,2 

and Hl,2 are evaluated at the saturated temperature corresponding to P2. 
Analyses on the effect of interface fluctuation and backflow are based 

on the Bond number, which can be computed from 

Bo =
ρlgD2

σ (4)  

where the liquid density ρl and surface tension coefficient σ are evalu
ated at the initial liquid temperature. 

To scale the propagation velocity, the capillary number is introduced 
as 

Ca =
μlUS

σ (5)  

where μl is the dynamic viscosity of liquid and it is evaluated at the 
initial liquid temperature. 

The measurement accuracy of the primary parameters is summarized 
in Table 1. According to uncertainty propagation theory, the uncertainty 
of the indirectly measured parameter Y can be estimated by that of the 
directly measured parameters X1,X2,X3,⋯,Xn: 

δY =
∑n

i=1

⃒
⃒
⃒
⃒

∂f
∂Xi

⃒
⃒
⃒
⃒δXi (6) 

The uncertainty of flashing front position is estimated to be within ±
0.6 mm. The uncertainty of nominal superheat is estimated to be within 
± 1 K. The uncertainty of Bond number is estimated to be within ±
6.7%. For Jacob number, the uncertainty is within ± 15% during FFP in 
all cases. 

3. Results and discussion 

3.1. The inception of the flashing phenomenon 

Flashing inception was observed in all experiments with a preplaced 
tiny bubble, which grew larger and ruptured during depressurization, 
acting as an active nucleation site and leading to flashing inception. 
Fig. 5 shows that flashing always occurs near the bubble initially and 
then spreads across the whole surface and forms the flashing front 
propagating downward. 

Comparing these results with the verifying tests demonstrated in 
Fig. 3, it is concluded that the threshold superheat for flashing inception 
strongly depends on the upstream nucleation sites. Therefore, it is very 
likely that the tube diameter dependence of the self-initiation threshold 
reported by Grolmes and Fauske [20] might be caused by the diameter 
dependence of the nucleation site distribution. A similar suggestion was 
given by Hill [21], who reported a sensitiveness of the threshold su
perheat on the wall cleanliness. 

3.2. The sustainability of FFP 

Various states appeared after flashing inception. In some cases, the 
flashing front could sustain itself and propagate to the end of the test 
tube, as shown in Fig. 6. However, in other cases, the flashing front 
would fail to sustain itself, and stop propagating halfway, as shown in 
Fig. 7. 

Fig. 8 summarizes the experimental results on sustainable and un
sustainable FFP. Apparently, there is a superheat threshold that de
termines whether the FFP is self-sustainable or not. The threshold 
superheat is dependent on the tube diameter. It should be noted that the 
nominal superheat here is defined as ΔTm = T0 − Tsat(P2), in which P2 is 
the mean value of the downstream pressure during propagation. 

The interface behaviors and flow characteristics of the FFP under 
different tube diameters are demonstrated in Fig. 9. Obvious differences 
existed for different tube diameters. For the largest tube diameter (D =
14 mm), the interface exhibited an intensive fluctuation. Waves with 
large amplitudes existed along the interface. The downstream region 
usually appeared very dark compared to the upstream region, indicating 
strong liquid fragmentation, large amounts of small droplets and 
intensive flashing. The flashing, however, would sometimes be weak
ened, showing some weak intermittency. In the case of medium tube 
diameters (D = 7 mm and 6.5 mm), the interface fluctuation became less 
significant, but the flashing intermittency was enhanced, and backflow 
(including downward liquid film flow and even falling liquid fragments) 
could be observed from time to time. For small tube diameters (D = 5 
mm and 3 mm), the interface fluctuation became rather weaker, and a 
quite smooth surface can be observed. However, the flashing 

Table 1 
Uncertainties of primary parameters.  

Parameters Values Maximum uncertainties 

Tube diameter 3–14 mm ±0.1 mm 
Pixel height 0–1024 pixel ±1 pixel 
Temperature 0–100 ◦C ±0.5 ◦C 
Pressure in downstream 0.7–20 kPa during FFP ±0.025 kPa 
Pressure in tank 0–101 kPa ±25% of measured value  
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intermission became more obvious, even resulting in alternate rise and 
fall of the liquid column height in the test tube. It was often observed 
that the downstream tube section was partially or even completely 
blocked by the falling liquid fragment when flashing paused. 

It has also been observed that backflow, especially falling droplets, 
could lead to secondary nucleation and the restart of flashing, as shown 
in Fig. 10. The liquid column remained metastable during depressur
ization at first. A droplet was formed along the tube wall and fell 
downward. No flashing could be observed before the droplet hit the 
liquid surface. Approximately 28 ms after the droplet hit the liquid 
surface, a tiny bubble could be seen just beneath the free surface, which 
ought to be entrained by the droplet. The tiny bubble then grew and 
ruptured to start the flashing. 

Based on the observations mentioned above, an inference can be 

obtained that the sustainability of FFP should depend on the secondary 
nucleation process that induced by the impact of droplets on the surface. 
The formation of droplets came from the breaking of surface waves and/ 
or the backflow [32–34], and thus was gravity dependent. To verify this 
inference, experiments with inverted tubes were conducted. As 
demonstrated in Fig. 11(a), the preexisting bubble exploded and broke 
the liquid–gas interface after depressurization, thus starting the flashing. 
The interface, however, returned to become smooth again in the 
following seconds, and moved upward steadily and slowly. To deter
mine the reason for the interface movement, control experiments with 
no flashing were also conducted without depressurization, namely at 
downstream pressure of 101 kPa. Fig. 11(b) shows that the interfaces 
moved upward at almost the same velocity except for the initial short 
time. The observations indicate that the flashing front in the inverted 

Fig. 5. Flashing inception with preplaced tiny bubble for D = 14 mm, shown at a time interval of 4 ms. (a) T0 = 39.9◦C. (b) T0 = 70.1◦C.  

Fig. 6. An example of sustainable FFP. T0 = 39.8 ◦C, D = 7mm. From 0 to 10.4 s, time interval 0.4 s.  

Fig. 7. Example of unsustainable FFP. T0 = 20.6◦C, D = 7mm. From 0 to 29.5 s, time interval 0.5 s.  
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tube failed to sustain itself because no droplet impacted the interface 
and then no secondary nucleation occurred. 

In summary, liquid superheat, tube diameter, and tube orientation 

relevant to gravity are three key factors that influence the sustainability 
of FFP. With decreasing tube diameter, the surface tension becomes 
more dominant, and it suppresses the wave on the interface. This sup
presses the inception of flashing both directly owing to the interfacial 
instability mechanism [17,18] and indirectly owing to the secondary 
nucleation mechanism [14–16] by reducing the formation of droplets 
and thus entrained tiny bubbles after their impact on the liquid surface. 
In addition, a liquid fragment attached to the wall of small tube blocks 
the entire cross-section easily, rather than falling back and impacting the 
liquid surface, which further suppresses the inception of flashing. Thus, 
it is straightforward that the Bond number can be introduced, in addi
tion to the Jacob number, to describe the present observations. Fig. 12 
shows an obvious boundary for sustainable FFP, which can be expressed 
as 

Ja = 0.1128Bo0.82/(Bo0.82 − 2.48)(Bo > 3.5) (7) 

Here, the Jacob number Ja = CplΔTm/(Hv,2 − Hl,2). The results from 
Reinke and Yadigaroglu [35] with a tube diameter of 32 mm are also 
plotted in Fig. 12, and the asymptotic value of 0.1128 in Eq. (7) comes 
from their observation. It is evident that the sustainable threshold su
perheat decreases monotonically to a constant as the tube diameter 
becomes sufficiently large. This trend also agrees well with the experi
mental results of Grolmes and Fauske [20] and Hahne and Barthau [23]. 

Fig. 8. FFP sustainability under various superheat and tube diameters.  

Fig. 9. Interface behaviors and downstream backflow during propagation. The visual field follows the flashing front.  

S.-W. Yue et al.                                                                                                                                                                                                                                 



Experimental Thermal and Fluid Science 149 (2023) 110999

8

3.3. The velocity of the FFP 

The bursts on the flashing front are intermittent rather than contin
uous during the FFP phenomenon; therefore, the FFP process is locally 
unsteady [21,24]. As mentioned above, the intermittency of FFP was 
also observed in the present study. It is obvious in Fig. 13(a) that the 
downstream region alternates between dark and bright states, indicating 
that the flashing on the interface alternates between strong and weak 
states. The corresponding intermittent movement of flashing front is 
presented in Fig. 13(b). Obviously, the intermittency shows a depen
dence on the initial temperature, or equivalently the superheat. In the 
case of a low initial temperature (T0 = 30–50 ◦C), the propagation was 
driven by intermittent bubble explosion beneath the free surface in the 
form of a strong and short burst. Between two successive bursts, sig
nificant backflow often occurred, leading to a rise in the liquid level. 
Overall, the propagation exhibited an alternation of sudden advance, 
pause, or even slow retreat. In the case of a moderate initial temperature 
(T0 = 60–70 ◦C), the flashing front could propagate continuously for 
hundreds of milliseconds, indicating that continuous flashing occurred 
and that the flashing might be caused by secondary nucleation under the 
action of bubble burst. The intermittency also became weaker, and only 
weak backflow occurred. The liquid fragment attached to the tube wall 

Fig. 10. Flashing started by a falling droplet. T0 = 30.1◦C. (a) Phenomenon before and after the falling of liquid. (b) The downstream pressure curve.  

Fig. 11. Unsustainable flashing in an inverted tube.D = 6.5mm, T0 = 60.4◦C. (a) The phenomenon after depressurization. (b) the position of the interface.  

Fig. 12. The sustainable threshold of FFP.  
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exploded and flowed upward before falling into the free surface. In the 
case of high initial temperature (T0 = 80–90 ◦C), there was no obvious 
pause and the propagation exhibited nearly a continuous advance mode 
with an alternation of acceleration and deceleration. 

Fig. 14 shows typical flashing front position vs. time curves under 
different tube diameters. As the tube diameter decreases, the fluctuation 
of curves weakens, the time between two successive bursts increases, 
and the intermittency becomes more significant. Especially when the 
tube diameter decreases to 5 mm, the time during two successive bursts 
reaches the order of 1 s, leading to a significant slowdown in 
propagation. 

It is noted that there existed notable differences compared to previ
ous studies reported in the literature. Hill [21] observed a waiting time 
on the order of 1 ms between two successive bursts with a large Bond 
number above 800 and a Jacob number (defined with pressure in 
reservoir) above 0.2. In the present study, the waiting time between two 
successive bursts could be up to hundreds of milliseconds, showing a 
much stronger intermittency. And during the long waiting period, the 
influence of backflow is more significant. As observed and analyzed 
earlier, the great difference in the effect of tube diameter should account 
for the differences of phenomena. The narrow space of the cross-section 
of small tubes used in the present study suppresses the wave on the 
interface and then the formation of droplets. This would result in a lower 
frequency of the occurrence of secondary nucleation at an equivalent or 
lower superheat. 

Although locally irregular, the propagation of the flashing front can 

be well characterized with a superficial velocity (Us). Fig. 15 shows the 
superficial velocities for different initial liquid temperatures (T0) and 

Fig. 13. The FFP intermittency for D = 7 mm. (a) The alternation of strong and weak flashing. The visual field follows the flashing front. The frame number is marked 
in each picture. (b) The position of the flashing front. 

Fig. 14. Typical flashing front position vs. time curve under various tube diameters.  

Fig. 15. Superficial velocity under different initial temperatures and 
tube diameters. 
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tube diameters (D). It also indicates the data of D = 22 mm from Dew
angan and Das [10]. In general, the superficial velocity increased with 
increasing initial liquid temperature and tube diameter. 

The following semiempirical correlation was proposed by Reinke and 
Yadigaroglu [35] to predict the superficial velocity of the FFP 

Ca = 0.0813(Ja − Jath) (8)  

where the threshold Jacob number Jath corresponds to the sustainable 
threshold superheat suggested as approximately 5.8 ◦C [35]. As shown 
in Fig. 16, this correlation fits well with their own data with a diameter 
of 40 mm and an outlet pressure of 101 kPa. However, it overestimates 
the FFP velocity for the present study and those of Dewangan and Das 
[10]. It is noted that the data from Dewangan and Das [10] are actually 
shown with a different definition of the superheat, which is based on the 
pressure of the vacuum tank rather than the downstream pressure 
because no data of the downstream pressure were provided except for 
one case. The modified data point for this case was also shown in Fig. 16 
based on the same definition in the present study. Overestimation of the 
correlation of Reinke and Yadigaroglu [35] has not changed in essence. 

To better fit the experimental data, the influences of the downstream 
gas–liquid density ratio ξ = ρv,2/ρl,2 and the dependence of the threshold 
Jacob number Jath on the Bond number were taken into consideration, 
and then a new correlation could be proposed as 

Ca = 0.85(Ja − Jath)
0.24ξ0.69 (9)  

where the threshold Jacob number Jath was calculated by Eq. (7). 
All sets of data were divided into two groups to evaluate the pre

diction accuracy. In the first group, data satisfies the condition of 
Ja − Jath > λ and they are more reliable, where λ is the Jacob number 
corresponding to ΔTm of 1 K. In the other group named the near-critical 
cases herein, data points are too close to the boundary of the sustainable 
FFP, which may cause greater deviation. A better performance of the 
new correlation, namely Eq. (9), is shown in Fig. 17. In general, more 
than 70% of the sets of data, which covered a wide range of tube di
ameters, initial temperatures, and downstream pressures, were located 
inside the ± 50% error line. 

4. Conclusion 

Experiments were performed to improve the understanding of 
flashing front propagation of water in small tubes. An artificial bubble 
was preplaced beneath the free surface as a nucleation site. Flashing 
occurred near the bubble after depressurization and then spread to the 
entire free surface, thus forming the flashing front. The following are the 
key conclusions of the study. 

(1) Flashing front propagation could be self-sustainable or unsus
tainable. Superheat, tube diameter and gravity are the key factors 
that affect sustainability. For upward tubes, there is a diameter- 
correlated threshold superheat below which the FFP would be 
unsustainable.  

(2) The superficial velocity of the FFP increases with increasing 
initial temperature and tube diameter.  

(3) The parameter ξ representing the downstream gas–liquid density 
ratio was introduced to account for the influence of the down
stream pressure. A new empirical correlation of the dimension
less superficial velocity of the FFP was obtained based on ξ, Ja 
and Jath. It agrees well with the experimental data in a wide 
range. 
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