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In the laboratory, shock tubes are most often used to generate large relative velocities between
the liquid droplet and surrounding gas flow. Normal shock waves have little effect on the
droplet. Instead, they serve as a reliable and repeatable way to create a high-speed flow around
the droplet, which is responsible for the droplet's subsequent deformation and disintegration.
The validations in the previous section of droplet deformation at different Weber numbers are
more qualitative than quantitative due to the fact that experiments are mainly shadow graphs,
derived drag, and lateral expansion estimates. Due to the mist of small drops around the original
drop, the shadowgraph failed to reveal the detailed quantitative size of drop distortion. The
work of Theofanous [1,2], however, utilized an innovative laser fluorescence technique and
was able to capture qualitative details of the temporal droplet shape.

In this study, the experimental work of Theofanous utilizing an innovative laser fluorescence
technique to capture qualitative details of the temporal droplet shape at several Weber numbers
was used to validate our VOF tool. The key dimensional features of the droplet, such as the
frontal radius of curvature, the overall depth, and the width of the droplet as a function of time,
will be compared to simulation results as done by Moylan et al. [3]. The capability of
reproducing the observed drop distortion features will be assessed.

Theofanous et al. [1] employed a pulse, supersonic wind tunnel, which was capable of
generating well-defined, uniform, steady flows of duration up to 100 ms. The dynamic pressure
range is up to 10° Pa, which (with millimeter-scale drops) yields Weber numbers of up to 3x10%.
The facility can operate at pressure levels down to 10 Pa and can deliver a Mach 3 flow as long
as the pressure ratio is greater than ~ 40.

3D Results at We=5.4x10° with 2M Cells
To investigate the 3D effect, a 3D model is built with 2 million grid cells. The gas-liquid
surfaces from the simulation and those from the Theofanous experiment are shown in Figure 1
in the same instances. It is clear that very good agreements are observed all the time. The
guantitative comparison is given in Table 1.

With the 3D model, very good agreement with the experiment has been obtained; The average
error dropped from 15% ~ 30% in 2D to 5% to 12 %. The average run time is reasonable,
around 72 hours/processor. The overnight run can be done with the use of 10-16 processors.
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Experiment of Theofanous: We=5.4x10% M=3.0; Fluid: Tributylphosphate (TBP)
2 Million Cells

Figure 1. Comparison of Experimental LIF and 3D CFD gas-liquid interface. The flow is
from the right to the left. We=5400, M=3. The model has 2 million cells.

Table 1. Comparison of Droplet Features between Experiment and 3D Simulation, 2 Million

Cells.
e v 3

063 077 2222 -

128 151 1836 121 127 495
264 308 1659 243 277 1419
314 354 1273 300 288  4.00
39 404 359 423 422 023
221 226 226 247 246 040
229 213 698 272 261 333

| Avg. 1182 Avg. 452 |
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3D Results at We=5.4x10% with 10M Cells

Our grid is further refined to 10 Million cells. The comparisons of CFD solutions for this high
resolution to the experimental images are given in Figure 2. Now, the detailed, stripped, smaller
drops are clearly visible from CFD.

The quantitative comparison is listed in Table 2. Now, one can see that the agreement is
excellent. The error is from 4% to 6%, significantly lower than 2D and 3D with 2 million cells.
The run time on ten processors took about one week. However, it can be shortened using more
processors on High-Performance computers.

Figure 3 left shows the development of the pressure field in and around the drop when the
shock wave passes. It is seen that due to the high speed of sound of the liquid, the pressure
prorogates faster inside the drop when the shock wave arrives at the drop. Figure 5 right shows
the velocity vector around the drop when the shock wave passes. Figure 6 illustrates the
development of the R-T wave at the later time instances and the evidence from the experiment.
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Experiment of Theofanous: We=5.4x10%;, M=3.0; Fluid: Tributylphosphate (TBP)
10 Million Cells

Figure 2. Comparison of Experimental LIF and 3D CFD gas-liquid interface. The flow is
from the right to the left. We=5400, M=3. The model has 10 million cells.

Table 3. Comparison of Droplet Features between Experiment and 3D Simulation, 10 Million

Cells.
e e

063 066 476

128 126 156 121 132  9.09
264 284 833 243 270 1.1
314 310 127 300 320  6.67
39 414 615 423 440 401
221 220 045 247 240 283
229 215 611 272 256 487

| Avg. 409 Avg. 643 |
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Figure 3. Development of pressure and velocity vector fields in and around the drop when the
shock wave passes.
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Figure 4. Main and stripped drops from CFD simulation and comparison to experiment.

Experiment of Theofanous: We=5.4x103; M=3.0; Fluid: Tributylphosphate (TBP)

078 SRR 10 Million Cells

Excellent Agreements in all the Features

Figure 5. Development of R-T wave at the later time instances and evidence from the
experiment.
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