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separated 5 diameters away at the Weber number of 6900. The 
same breakup behavior as single columns is observed for the 
front column while the rear one deforms at a much lower rate. 
Others adopt numerical methods for the relevant research. 
Quan et al. (2011) employ a finite-volume scheme to 
investigate the deformation of tandem droplets spaced within 6 
diameters at Weber numbers of 40, 4 and 0.4. They present a 
mushroom shape formed by the droplet pair at the two largest 
Weber numbers with S = 1.6. Simulations of similar tandem 
arrangements are carried out by Kékesi et al. (2019), with the 
Weber number of 20 and the separation distance from 1.5 to 5 
droplet diameters. They conclude that the trailing droplet either 
shoots through or merges with the lead droplet and its breakup 
time is increased significantly. Stefanitsis et al. (2019) apply 
the Volume of Fluid method to study the breakup of four diesel 
droplets in tandem formation at Weber numbers varied between 
15 and 64. They analyze the deformation of the third droplet 
and present a new breakup mode termed as shuttlecock. Their 
results show that the interaction between tandem droplets 
becomes important for separation distances below 9 droplet 
diameters.  

To shed more light on the breakup features of tandem 
droplets, the current experimental work intends to assess the 
significance of the tandem formation over a wide range of 
Weber numbers and separation distances. In contrast to most of 
the previous works that focus on the evaluation of drag 
reduction, we place emphasis on detailed description of 
deformation patterns and breakup structures. The present 
results can serve as bases for potential numerical validations 
and for more accurate modelling of fragment sizes and 
dispersion. 

 
2 Experimental Setup 
 

The layout of the shock tube and the measurement system 
employed in the present work is provided in Fig. 1. The setup 
is the same as described in our previous work (Wang et al. 
2020), except for the position of the cookie-cutter. The square 
cookie-cutter, which conventionally locates upstream of the 
test section to remove boundary layers, is shifted downstream 
to achieve a longer period of steady flow conditions. Fig. 2 
sketches the propagation of the incident shock inside the tube, 
and Fig. 3 plots the corresponding post-shock pressure at the 
test point measured by PCB Piezotronics ICP® fast-response 
pressure sensors. When reaching the front of the test section, 
the incident shock partially reflects since the cross section 
contracts to a 190 × 190 mm2 square (t = -0.5 ms in Fig. 2). The 
reflected shock leads to a short transition period (~0.2 ms), 
after the pressure at the test location experiences a stepwise 
increase at the arrival of the incident shock (t = 0 ms in Fig. 3). 
As the incident shock exits from the test section, the increase 

of the cross section area induces generation of additional 
expansion waves (t = 2.2 ms in Fig. 2). These expansion waves 
propagate upstream and give rise to pressure drop and velocity 
increase at the test location (t = 4.5 ms in Fig. 3). By shifting 
the cookie-cutter to the downstream of the test section, the 
upstream propagation of the expansion waves is postponed and 
thus the steady-flow time window is prolonged from ~2 ms in 
the previous setup (Wang et al. 2020) to ~4.5 ms, at the expense 
of causing a short transition period and slightly higher flow 
fluctuations. 

In the current work, the steady-flow period covers the entire 
breakup process of cases at high Weber numbers. For cases at 
the two lowest Weber numbers (We = 13 and 24), the 
early-stage deformation and the initiation of bag development 
are within the steady-flow period but the onset of bag rupture 
is beyond. Nevertheless, although the timing for the bag rupture 
is altered by the changing flow conditions, the main 
deformation patterns are preserved for these cases. Particularly, 
the early-stage parameters quantified in Section 3.5 are not 
affected. 

 

 
 

Fig. 2. Wave dynamics inside the test section. The test section 
is marked with gray shades. The incident shock propagates 
from left to right. (IS: incident shock, RS: reflected shock, EW: 
expansion wave). 

 

 
 

Fig. 3. Post-shock flow pressure and velocity at the test point 
(We = 13). 
  

In the current experiments, the velocity of the incident shock 
is calculated by measuring the time difference between 
moments when the incident shock passes two 0.75 m-separated 

 
 

Fig. 1. Layout of the shock tube and the measurement system. 
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is maintained, while the deformation of the trailing droplet 
starts with streamwise stretching. The disk-shape lead droplet 
and the teardrop-shape trailing droplet (T = 1.0) coalesce into a 
funnel shape at T = 1.35. The coalescence is completed around 
T = 1.7 when the tail of the trailing droplet is swallowed 
entirely. In the later stage, the deformation of the merged body 
becomes highly disordered. Apart from the formation and 
fragmentation of ligament structures (T* = 2.8), the main body 
tends to split into large children droplets. This coalescence 
mode and the afore-mentioned puncture mode have also been 
observed by Zhao et al. (2019) for separation distances below 
and above 1.3 respectively, with which our present results are 
in good consistency.  

To better explain how the shielding effect changes the 
early-stage deformation of the trailing droplet from 
cross-stream flattening to streamwise stretching, Fig. 9 
presents a simplified 2D sketch of streamlines around two 
closely packed droplets. The red circles represent stagnation 
points with the highest static pressure along the droplet surface, 
and the blue circles correspond to those with relatively lower 
pressure. With the presence of the lead droplet, the highest 
pressure at the trailing droplet surface appears at locations near 
the equator. The resulting pressure imbalance extrudes a sharp 
nose at the droplet front (T = 0.35 in Fig. 8) and results in the 
following streamwise stretching (T = 0.7 in Fig. 8). 

 

 
 

Fig. 8. Coalescence of lead and trailing droplets (S = 1.2, 
We = 13). 
 

 
 

Fig. 9. Simplified 2D sketch of streamlines around tandem 
droplets at S = 1.2. Stagnation points of the highest static 
pressure are labelled in red and those of low pressure in blue. 
 

In summary, the presence of the lead droplet tends to 
weaken the bag inflation of the trailing droplet. This reduces 
the production of fine mist through bag rupture and favors the 
generation of large fragments. For a more accurate modelling 
of the fragment size distribution, special attention needs to be 

paid to cases where the trailing droplet fails to follow bag 
breakup and produces fragments with sizes comparable to the 
initial diameter. 
 
3.2 Bag-and-stamen breakup 
3.2.1 Transition region: smaller bag for the trailing droplet 

For the bag-and-stamen breakup, the transition region 
covers experiments with separation distances from S = 3.7 to 
8.0 in the current study. An exemplary case is shown in Fig. 10 
with S = 8.0 and We = 25. During the initial flattening, a bulge 
forms at the frontal surface of the lead droplet, marking the 
development of a stamen (T = 1.0). After the bag inflates 
around the stamen to the maximum size, the bag rupture, the 
ring fragmentation and the stamen disintegration take place in 
succession. The trailing droplet shares similar breakup features 
except that it deforms at a slower rate and develops a smaller 
bag. 

 

 
 

Fig. 10. Weaker flattening and smaller bag size for the trailing 
droplet under the shielding effect of the lead droplet (S = 8.0, 
We = 25). 
 

Fig. 11 compares the variation of the bag size (top row) and 
the ring/stamen thickness (bottom row) of the trailing droplet 
among cases in the transition region. Although detailed 
breakup structures are considerably distorted by the shielding 
effect of the lead droplet, main bag-and-stamen breakup 
features are still maintained. Nevertheless, the bag of the 
trailing droplet shrinks and the ring/stamen structures are 
thickened as the separation distance decreases, which is similar 
to the observations for bag breakup in Fig. 6. 
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Fig. 11. Variation of the bag size and the ring/stamen thickness 
at different separation distances for the trailing droplet in the 
bag-and-stamen breakup regime. The top and bottom rows 
correspond to time instants prior and subsequent to the bag 
rupture, respectively. (We = 25, 22, 25 and 24 from left to 
right). 
 

 
 

Fig. 12. Puncture of the bag structure of the lead droplet and 
coalescence of the trailing droplet with the stamen (S = 1.2, 
We = 24). 
 
3.2.2 Suppressed breakup region: puncture of the lead droplet 
by the trailing droplet 

The two cases with the closest separation distances S = 1.2 
and 2.0 lie in the suppressed breakup region, where the lead 
droplet collides with the trailing droplet during the early 
development of bag structures as shown in Fig. 12. The 
shielding effect on the trailing droplet is clearly observed at the 
very beginning of the deformation. In contrast to the 
conventional cross-stream flattening, the trailing droplet 
deforms into an arrowhead shape at T = 0.8 and later together 
with the flattened lead droplet constitutes a mushroom shape 
(T = 1.2). This mushroom layout has also been reported in the 
numerical work by Quan et al. (2011) at We between 4 and 40 
and S = 1.6 which falls between the separation distances of the 

two present cases in the suppressed breakup region. At T = 2.0, 
the trailing droplet punctures the bag structure of the lead 
droplet and coalesces with its stamen. The ligament that 
stretches at the rear of the intact trailing droplet at T* = 2.4 
resembles the conventional stamen. In the subsequent period, 
apart from formation of small bags, the main body of the 
trailing droplet tends to disintegrate into large pieces. 

Overall speaking, the influence of the lead droplet on the 
breakup behavior of the trailing droplet in the bag-and-stamen 
morphology is similar to that in the bag breakup morphology. 
The bag development of the trailing droplet is weakened and 
more mass is preserved in the ring/stamen structure or in an 
intact body. Consequently, a larger portion of the trailing 
droplet is atomized into large fragments instead of fine mist. 
 
3.3 Multibag breakup 
3.3.1 Transition region: dampened bag formation 

For the multibag breakup, the transition region covers the 
current cases with separation distances from S = 1.9 to 6.2. The 
breakup behavior of the tandem droplets is characterized in 
Fig. 13 with the case at S = 6.2 and We = 68. The deformation 
of the lead droplet starts with the typical flattening (T = 1.0), 
followed by a short period of bending of the thin peripheral 
sheet (T = 1.45). Then, consecutive formation and rupture of 
bags take place around the periphery, shedding small mist into 
the flow (T = 1.85). The remaining stamen-like structure at 
T = 2.6 further fragments through rupture of tiny bags and 
fracture of thin ligaments. The trailing droplet follows the 
breakup morphology of the lead droplet, but the formation and 
rupture of bags are noticeably dampened by the shielding 
effect. Compared to the bag-and-stamen breakup, the multibag 
mode leaves a thicker stamen-like structure and generates no 
toroidal ring. 
 

 
 

Fig. 13. Less intense formation of bags for the trailing droplet 
under the shielding effect of the lead droplet (S = 6.2, We = 68). 

 
3.3.2 Suppressed breakup region: coalescence of the trailing 
droplet with the stamen-like structure of the lead droplet 

When the separation distance drops to 1.2, the lead droplet 
still maintains main features of the multibag morphology, but 
the breakup of the trailing droplet is significantly altered as 
shown in Fig. 14. The strong shielding effect shapes the front 
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