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Abstract 52 

The present study investigated the effect of wall roughness on the velocity, cellular structure, 53 

and limits of detonation propagation in tubes. Wall roughness was effected by placing a wire 54 

spring into the tube. Since the wire diameter is small compared to the tube diameter, the wire 55 

spiral is more representative of wall roughness than the repeated orifice plates used in the 56 

majority of previous studies. Detonation velocity was determined from the time-of-arrival of 57 

ionization probes spaced along the tube. Smoked foils were also inserted into the smooth 58 

section of the tube as well as immediately downstream of the rough section to record the 59 

cellular structure of the detonation wave. Premixed mixtures of C2H2 + 2.5O2 + 70%Ar and 60 

C2H2 + 5N2O were used, which represent weakly unstable and unstable detonations, 61 

respectively. The initial pressure ranges of the experiments varied from 16 kPa (well within 62 

the detonation limits) to a few kPa at the limits. The present study indicates that wall roughness 63 

increases the velocity deficit, increases the cell size, as well as rendering the cellular structure 64 

more irregular. Wall roughness is also found to narrow the detonation limits in contrast to the 65 

conclusion of the previous studies. 66 

Keywords: detonation, limits, rough-walled tube, cellular structure, velocity deficit 67 
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1 Introduction 68 

Detonation limits refer to conditions outside of which a propagating detonation cannot be 69 

sustained [1]. These are a function of explosive mixture composition, initial pressure and 70 

temperature, as well as boundary conditions such as tube diameter and wall roughness as 71 

investigated in this study. Numerous investigations have been carried out in the past few 72 

decades on detonation limits in smooth tubes [2-9]. In general, when limits are approached, the 73 

detonation velocity deficit increases and the unstable cellular structure is driven to lower 74 

unstable modes, i.e., from a multi-headed structure to a single-headed spin. At the limits, a 75 

spectrum of unstable phenomena can generally be observed where the combustion wave 76 

propagation becomes increasingly unsteady accompanying by large velocity fluctuations [10-77 

13]. The limit phenomenon is complex, involving losses and the effects of instability. To this 78 

end, this paper investigates how the wall roughness influences the behavior of the detonation 79 

velocity and the cellular detonation structure near the limits. 80 

The majority of the previous studies on so-called “rough tubes” are based on the use of 81 

repeated orifice plate obstacles [14-22] where the dimensions of the orifice diameter and 82 

spacing are of the order of the tube diameter itself. Thus the roughness (as defined by the 83 

difference between the tube and the orifice diameter) is quite significant as compared to the 84 

tube diameter, i.e., d/D ~ O(1). For propagation past an orifice plate, diffraction and re-85 

initiation via reflection off the obstacle and tube wall by the diffracted shock play the 86 

controlling role on the detonation propagation. 87 

The present study uses wire spirals to produce the wall roughness. The wire diameter of the 88 

spiral is small compared to the tube diameter, i.e., δ/D << 1. Hence, this arrangement can be 89 

considered more like wall roughness than the use of orifice plates. On another note, most 90 

previous studies [23-28] in rough tubes are concerned with promoting flame acceleration and 91 

transition from deflagration to detonation. There are relatively few studies of detonation 92 
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propagation in tubes with wire spirals. Guénoche [29] measured detonation velocity in C2H2 + 93 

O2 in a tube with different wire spirals. Manson et al. [30] used streak schlieren to observed 94 

the influence of the wire spiral on the detonation structure in propane-oxygen mixture with 95 

different degrees of nitrogen dilution. They observed that wall roughness tends to change a 96 

multi-headed detonation to a lower unstable mode (e.g., spinning detonation). Recently, Zhang 97 

[31] investigated the detonation propagation velocity behavior and cellular structure of 98 

stoichiometric hydrogen-oxygen mixture in spiral obstacles with different degrees of 99 

roughness. Other recent studies such as those by Starr et al. [32], Zhang et al. [33] and Li et al. 100 

[34] observed that wall roughness tends to widen the detonation limits. This conclusion that 101 

terms limits is based on complete failure of the detonation wave as the limit. A proper definition 102 

of limits is introduced here by the absence of any cellular detonation structure. 103 

After all, there is a need to obtain more information on the propagation of detonation in 104 

rough walled tubes, in particular, the influence of wall roughness on the propagation velocity, 105 

structure, and the limits. Intuitively, the wall roughness can have a competing effect on the 106 

detonation propagation. On one hand, the wall roughness can either generate turbulent 107 

fluctuation which could be beneficial for unstable detonation propagation. On the other hand, 108 

losses due to wall roughness in tubes can promote detonation failure. Therefore, in the present 109 

study we carried out experiments using both weakly unstable (with regular cell pattern) and 110 

highly unstable (with irregular cellular pattern) mixtures. In addition to velocity measurements, 111 

we also measured the detonation structure using smoked foils and determine the detonation 112 

limits based on the absence of cellular structure in the wave. 113 

 114 

2 Experimental Details 115 

The experiments were carried out in a plastic tube 50.8 mm in inner diameter and 4.5 m in 116 

length. Premixed mixture of C2H2 + 2.5O2 + 70%Ar as well as a more unstable mixture of C2H2 117 
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+ 5N2O were used in the present study. Ignition was via a high-energy spark from a low 118 

inductance capacitor discharge. To ensure rapid formation of the detonation wave, a short 119 

length of Shchelkin spiral was also placed at the ignition end. For the very low pressure 120 

experiments when it was difficult to initiate the detonation with just the spark alone, a small 121 

amount of a more sensitive C2H2 + O2 mixture was introduced into the tube at the ignition end 122 

near the igniter as a driver. The volume of the driver mixture (C2H2 + O2) used was very small: 123 

just enough to ensure detonation initiation. There was a small degree of mixing as the driver 124 

mixture was introduced into the tube. Therefore, there was a gradient of mixture composition 125 

near the ignition end of the tube. Nevertheless, the mixture in the remainder of the tube was 126 

the test mixture. A Chapman-Jouguet (CJ) detonation was obtained downstream of the 127 

Shchelkin spiral at the ignition end. This was confirmed by velocity measurements as well as 128 

from a smoked foil placed in the smooth section before the rough spiral section. The detonation 129 

cell size observed was found to correspond to that of the CJ detonation of the mixtures used. A 130 

schematic of the experimental arrangement is shown in Fig. 1. 131 

The wall roughness was obtained by inserting a long length of wire spiral (Music Wire 132 

ASTM A228) into the tube. The outer diameter of the wire spiral was slightly smaller than the 133 

inner diameter of the detonation tube just to permit easy insertion of the spiral into the tube. 134 

Drops of epoxy were also used to ensure that the spiral was kept stationary as the detonation 135 

propagated in the spiral section. The dimension of the various spirals used in the present study 136 

and the corresponding characteristic parameters are also shown in Table 1. 137 

The ionization probes used to register the combustion wave time-of-arrival were constructed 138 

by inserting two steel needles into a ceramic thermocouple tube of 3.2 mm outer diameter. The 139 

probe spacing was 150 mm apart along the tube. From the ionization probes, the combustion 140 

wave trajectory was obtained and the local velocity can be determined. At least three 141 
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experiment runs were carried out at the same condition to obtain the shot-to-shot 142 

reproducibility and also to observe any unsteady variation. 143 

Smoked foils were coiled up and then inserted in the smooth section just prior to the rough 144 

section. Another foil was also placed immediately downstream of the rough section to register 145 

the structure in the rough section. The smoked foil arrangement is illustrated in Fig. 2. Smoked 146 

foil “A” recorded the initial cellular structure prior to the detonation entering the rough section 147 

and smoked foil “B” recorded the structure when the detonation exits the rough section. Note 148 

that when a smoked foil is inserted into the spiral section, the wall roughness will be covered 149 

by the foil and hence, one essentially has a smooth tube. Note that inserting the foil into the 150 

rough section or placing the foil immediately downstream of the spiral section amount to the 151 

same thing. We have carried out experiments for both arrangements and obtained the same 152 

result. Thus, we just positioned the foil downstream of the spiral in the present experiment. We 153 

also carried out a few experiments with a foil that cover only half the tube circumference. The 154 

foil in this case indicated the same cellular characteristics. Thus, we abandoned this more 155 

tedious experiment and just placed the foil downstream of the spiral.  156 

 157 

3 Results and Discussion 158 

The variation of the detonation velocity with distance was obtained for different roughness 159 

parameters (i.e., σ and φ) and different initial pressures P0. For characterizing surface 160 

roughness, there exist many different parameters in use. Given the way how the wall roughness 161 

is generated in this work using the wire spiral and also for simplicity, σ and φ are defined as 162 

δ/Dt and l/Dt, respectively, where δ is the wire diameter and l is the pitch of the spiral. Using 163 

these parameters, the wall roughness is thus quantified separately in both the amplitude and 164 

spacing. It is worth noting that another way to define roughness is provided in [31, 33] where 165 

these two ratios were essentially combined into a single parameter δ/l. Also, most of recent 166 
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works vary mainly δ/Dt of the spiral for different roughness degree while keeping the pitch the 167 

same [32, 34]. Typical results for the C2H2 + 2.5O2 + 70%Ar mixture with roughness 168 

parameters σ = 0.06 and φ = 0.13 are shown in Figs. 3. The velocity was normalized by the 169 

theoretical CJ velocity. CJ velocities were calculated using the NASA CEA program [35].  170 

Figure 3a first shows the variation of the detonation velocity along the tube for C2H2 + 2.5O2 171 

+ 70%Ar at an initial pressure P0 = 8 kPa. Since, a number of repeated experiments at the same 172 

condition were carried out, the average value for the repeated experiments with error bars 173 

(representing the min and max values) is displayed to indicate typical “shot-to-shot” variation. 174 

In the smooth section, the detonation velocity is found to be quite constant at about 1610 m/s 175 

(~ 92%VCJ) prior to entering the rough section. Upon entering the rough section, the detonation 176 

velocity decreases to about 1155 m/s (~ 66%VCJ) within a distance of about four tube diameters. 177 

Subsequently, the velocity fluctuates about a mean value for the remaining 1.5 m (or about 30 178 

tube diameters length) of the rough section. 179 

When the initial pressure is reduced to P0 = 6 kPa, the local velocity variation is shown in 180 

Fig. 3b. In the smooth section prior to entering the rough section, the mean detonation velocity 181 

was about 1560 m/s corresponding to about 90%VCJ. The velocity decreased continuously for 182 

almost the entire length of the rough section of 1.9 m. Near the end of the rough section, large 183 

fluctuations of the velocity could be observed, which means the detonation velocity did not 184 

attain a steady state value after propagating in the rough section for 34 tube diameters. A longer 185 

rough section is required in the future work to observe the evolution of this unsteady 186 

propagation mode. 187 

For a lower initial pressure P0 = 5 kPa, the initial detonation velocity is about 0.9VCJ in the 188 

smooth section. Upon entering the rough section, the detonation decayed to a velocity of about 189 

40%VCJ near the end of the tube (Fig. 3c). For an even lower initial pressure of P0 = 3kPa (Fig. 190 

3d), the initial detonation velocity is 0.88VCJ in the smooth section and decays in the rough 191 
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section to a steady value of 40%VCJ in a shorter distance of about 70 cm (about 14 tube 192 

diameters). 193 

The results shown in Figs. 3 indicate that detonation velocity in general decreased to a lower 194 

velocity with decreasing initial pressure. Also, the propagation distance before reaching a 195 

steady value decreased for decreasing initial pressures. For low initial pressures, the detonation 196 

decreased to a value of about 40%VCJ. Smoked foil records indicate that at the low velocity of 197 

about 40%VCJ, the detonation had no cellular structure. We define deflagration as a combustion 198 

wave devoid of cellular structure irrespective of its velocity. Thus, we conclude that the 199 

detonation has failed and becomes a deflagration. Even though the deflagration has a relatively 200 

high velocity of about 40%VCJ, no cellular structure is observed. The high velocity of the 201 

deflagration is due to the turbulence and pressure waves generated by the rough wall, which 202 

maintains a high reaction rate to permit the deflagration wave to propagate at supersonic 203 

speeds. This point of view could be verified by previous study of Teodorczyk et al. [36]. 204 

Previous studies of detonations propagation in rough (or obstacle filled) tubes refer to the high-205 

speed combustion waves as quasi-detonation, choked flames, etc. In the present study we 206 

define a combustion wave to be a deflagration when it failed to generate instability and does 207 

not have a cellular structure. 208 

Results of the local velocity variation along the rough section with roughness parameter and 209 

initial pressure for the C2H2 + 2.5O2 + 70%Ar is shown in Fig. 4. In general, the velocity 210 

decreased with decreasing initial pressure and at some critical pressure the velocity showed an 211 

abrupt decrease to a low velocity of the order of 40%VCJ. The velocity prior to the abrupt jump 212 

depends on the roughness parameter, σ. For larger degree of roughness, the detonation velocity 213 

prior to the jump is lower and hence the magnitude of the velocity jump itself is smaller. For 214 

example, for a small roughness parameter σ = 0.03, the velocity prior to the jump is about 215 

65%VCJ. Whereas for a larger roughness σ = 0.13, the velocity prior to the jump is only about 216 
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50%VCJ. After the jump, the detonation velocity for all cases is about the same at about 40%VCJ. 217 

We define the critical pressure when the abrupt decrease in the detonation velocity occurs as 218 

the onset of the detonation limit. The rationale for defining the detonation limits by this critical 219 

pressure is that subsequent to the abrupt jump, smoked foil records indicate that the wave has 220 

no cellular structures and thus, corresponds to a deflagration wave. In Fig. 4, we also note that 221 

the critical pressure increases with increasing roughness. Therefore, we conclude that wall 222 

roughness tends to narrow the detonation limit in contrast to the previous study of Starr et al. 223 

[32]. In the previous study by Starr et al., they considered the low velocity regime of about 224 

40%VCJ to be still a detonation rather than a deflagration. This is due to the fact they did not 225 

obtain smoked foil records of the combustion wave for the low velocity regime of ~ 40%VCJ to 226 

find the absence of cellular structure. 227 

For unstable detonations in C2H2 + 5N2O where the cellular pattern is irregular, the variation 228 

of detonation velocity with distance along the tube for a value of the roughness parameters of 229 

σ = 0.06 and φ = 0.13 is shown in Fig. 5. In the smooth section prior to the rough section, the 230 

detonation velocity for P0 = 4 kPa is about 95%VCJ (~ 2010 m/s), typical of detonation velocities 231 

in smooth tube of the same diameter and same initial pressure. Upon entering the rough section, 232 

the detonation velocity decreases to a steady state value of about 1500 m/s (72%VCJ). For lower 233 

initial pressures of P0 = 3 or 2 kPa, the velocity decreases to about 0.5VCJ (~ 1060 m/s). For the 234 

unstable C2H2 + 5N2O mixture, Fig. 5 shows that the fluctuations of the local velocity are less 235 

than that for a stable mixture of C2H2 + 2.5O2 + 70%Ar. Smoked foil records also indicate the 236 

absence of cells for the low velocity regime of < 50%VCJ. Thus, the wave corresponds to a 237 

deflagration wave.  238 

Figure 6 shows the variation of steady combustion wave velocity for different wall 239 

roughness for C2H2 + 5N2O. Critical pressures are defined when the combustion wave velocity 240 

shows an abrupt decrease to a lower value. Detonation limits are defined when the abrupt 241 
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decrease to a lower velocity occurs. In contrast to the previous results for the “stable” mixture, 242 

the velocity subsequent to the jump shows a stronger dependence on the initial pressure. 243 

To observe the cellular structure of the detonation, smoked foils are inserted into the tube at 244 

the end of the rough section. Experiments indicate that it takes a distance of at least a few tube 245 

diameters before the structure recovers to that of a detonation in the smooth tube. Thus, 246 

examining the smoked foil at the beginning of the foil will provide an indication of the 247 

detonation structure in the rough section. Figure 7 shows a series of smoked foils upstream and 248 

downstream of the rough section. 249 

The upstream smoked foil A is in the smooth section just prior to the rough section and 250 

smoked foil B is just downstream of the rough section (Fig. 2). The length of the rough section 251 

shown in Fig. 2 is Lr/Dt = 24. The mixture is C2H2 + 2.5O2 + 70%Ar. From the velocity variation 252 

with distance (Fig. 3), we note that the detonation has reached steady state in Lr/Dt = 24 for 8 253 

kPa. Fig. 7a shows that at P0 = 8 kPa, the detonation structure has a lower unstable mode with 254 

a large cell size in the rough section but the detonation then recovers its initial multi headed 255 

structure after a distance of about five tube diameters. In Fig. 7b where the initial pressure is 256 

lower at P0 = 6 kPa, the structure in the rough section still shows a lower unstable mode (double 257 

headed detonation) and recovering to its initial multi-headed structure regime occurs at a 258 

distance greater than eight tube diameters. The structures shown in the smoked foil B indicate 259 

that an initially multiheaded wave would degenerate to lower unstable modes in the rough 260 

section. For a still lower pressure of P0 = 5 kPa, cell structure is not observed in the downstream 261 

foil B, indicating that the detonation in the rough section has failed and becomes a deflagration. 262 

As shown in Fig. 3c, we note that the detonation has decayed to ~ 40%VCJ near the end of the 263 

rough section. Thus at ~ 40%VCJ, the detonation is devoid of cells and based on this, we 264 

conclude that for the low velocity of about 40%VCJ, the wave is a deflagration. 265 
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Similar results are observed for the unstable mixture of C2H2 + 5N2O as shown in Fig. 8. 266 

From the velocity shown in Fig. 5, we note that the detonation decayed to steady state after a 267 

distance of about 16 tube diameters. In Fig. 8a, compared to the initial multi-headed structure 268 

in the foil A, the cell size in the foil B becomes much bigger and the structure shows a lower 269 

unstable mode. In Fig. 8b at P0 = 4 kPa, the structure in the rough section is observed to 270 

correspond to a double-headed detonation. In Fig. 8c where P0 = 2 kPa, no cell structure is 271 

observed in the downstream foil B. The velocity of the wave in the rough section at P0 = 2 kPa 272 

as shown in Fig. 5 is about 50%VCJ. Thus, at the low velocity of about 40-50%VCJ, combustion 273 

waves in the rough tube corresponds to a deflagration wave since cellular structure was not 274 

observed. 275 

The results from these smoked foil experiments indicate that an initial multi-headed 276 

detonation in the smooth tube becomes a detonation of a lower unstable mode (e.g., spinning 277 

detonation) in the rough tube. Eventually, the detonation limit is encountered when no cells are 278 

obtained in the rough section (i.e., deflagration). 279 

 280 

4 Conclusions 281 

Detonation in rough walled tubes is studied in the present investigation in contrast to the 282 

majority of previous studies where wall roughness is obtained via periodically spaced orifice 283 

plates. The wire diameter “δ” used in the present study is small compared to the tube diameter 284 

“Dt” (i.e., δ/Dt << 1). The present results indicate an increase in the velocity deficit due to wall 285 

roughness and a change in the detonation structure from a multi headed detonation to lower 286 

unstable modes (e.g., single headed spinning detonation) in the rough section. It is found that 287 

when the detonation velocity has decreased to less than about 50%VCJ (or lower), the detonation 288 

no longer has a cellular structure signifying failure. It is observed that the resulted deflagration 289 

absent of any cellular traces has still a relatively high velocity of about 40%VCJ. Because the 290 
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gasdynamic relaxation time is much shorter than the auto ignition delay time, the shock head 291 

will be cooled by expansion waves during its induction period and hence, autoignition is not 292 

likely to occur to sustain the detonation. The high velocity of the deflagration is due to the 293 

turbulence and pressure waves generated by the rough wall, which maintains a high reaction 294 

rate to permit the deflagration wave to propagate at supersonic speeds. 295 

In short, detonation limit is defined based on the absence of cells in the combustion wave 296 

irrespective of the wave velocity. Based on the structure of the wave to define the limits is more 297 

appropriate. The velocity-based terminology used in the literature such as choked flame, quasi-298 

detonation, high speed deflagration, etc., to describe high speed supersonic combustion waves 299 

can be avoided.  300 

The present study also found that the detonation limit is narrower due to wall roughness in 301 

contrast to the previous conclusion of Starr et al. [32]. In the previous study of Starr et al., the 302 

low velocity waves of V ~ 40%VCJ was still considered as detonation. This is due to the fact 303 

that cell structure was not determined in the previous study by Starr et al. The effect of wall 304 

roughness on the detonation structure reducing it to a lower unstable mode is in accord with 305 

the previous streak schlieren observations of Brochet [37] who also used wire springs to 306 

generate wall roughness. 307 
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Table Caption 413 

Table 1.  Spiral parameters 414 

 415 

Figure Captions 416 

Fig. 1 A schematic of the experiment setup 417 

Fig. 2 A sketch of the wire spiral and locations of the smoked foils in the test section 418 

Fig. 3 Local velocity variation along the test section for C2H2 + 2.5O2 + 70%Ar with 419 

roughness parameters σ = 0.06 and φ = 0.13 at a) P0 = 8 kPa; b) P0 = 6 kPa; c) P0 = 5 420 

kPa; and d) P0 = 3 kPa. The corresponding VCJ are VCJ = 1733.1 m/s, 1722.4 m/s, 421 

1715.7 m/s and 1697.1 m/s, respectively.   422 

Fig. 4 Normalized velocity versus initial pressure with different wall roughness parameters 423 

for C2H2 + 2.5O2 + 70%Ar  424 

Fig. 5 Local velocity variation along the test section for C2H2 + 5N2O with roughness 425 

parameters σ = 0.06, φ = 0.13 at different initial pressures 426 

Fig. 6 Normalized velocity versus initial pressure with different wall roughness parameters 427 

for C2H2 + 5N2O  428 

Fig. 7 Smoked foils for C2H2 + 2.5O2 + 70%Ar at different initial pressures (a. P0 = 8 kPa, b. 429 

P0 = 6 kPa, c. P0 = 5 kPa) 430 

Fig. 8 Smoked foils for C2H2 + N2O at different initial pressures (a. P0 = 4 kPa, b. P0 = 3 kPa, 431 

c. P0 = 2 kPa) 432 

 433 
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 438 

 439 

Wire diameter, δ [mm] Pitch, l [mm] σ, (δ/Dt) φ, (l/Dt) 

1.5 3.4 0.03 0.07 

3 6.5 0.06 0.13 

6.5 14 0.13 0.27 

 440 

 441 

 442 

Table 1. 443 
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