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Detonation of explosives resulting in shock wave propagation can lead to a unique pattern of blast 

related trauma. Micro shock waves can have beneficial effects on cellular function but shock wave with 

higher level of pressure range can elicit biomechanical changes in the body. Mild blast exposure during 

a domestic or industrial accident, and military conflict leads to risk of people’s lives. Blast wave and 

body interaction can induce a sequalae of alterations in the physiological system.  
 The stress and strain 

induced by a shock wave in  the body can lead to increased relative motion of  tissue components in the 

interface of parenchyma  and blood vessels. Brain cushioned by cerebrospinal fluid is one of the 

susceptible organs to blast induced trauma. Shock wave can induce structural derangement in the gray 

and white matter of the brain with the disruption of the gray- white matter interface. These structural 

alterations in the brain are precedent with metabolic, cellular and biochemical changes. Blast induced 

neurotrauma also impairs the cerebral blood flow with associated changes in the metabolite levels and 

dysfunctional metabolic pathways. Metabolic disruption along with microstructural changes after blast 

injury can perpetuate into a series of secondary injury cascades leading to impaired physiological and 

psychological well-being. Therefore, blast injuries are serious risk to mankind and understanding its 

pathophysiology along with identification of methods to diagnose blast associated physiological damage 

is an important area for research.  
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 Blast induced traumatic brain injury (bTBI) has been identified as a signature wound of recent 

asymmetric conflicts. How the blast wave interacts with the human head and causes bTBI is poorly 

understood. Towards this end, this talk will present the work carried out by us in the last 10 years. In 

the first part of the talk, I will present caveats in using shock tubes for recreating blast waves seen in 

the battlefield. Next, the interaction of the blast wave with  the head and the resulting biomechanical 

loading of the brain will be discussed. Finally, the role of military helmets in the mitigation of blast 

will be presented. Through these investigations, I will demonstrate why understanding the mechanics 

of bTBI is far from complete and needs the attention of the shock wave community.   
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Introduction: Traumatic brain injury (TBI) is 

defined as temporary or permanent damage to the 

brain, mainly caused by an external force due to 

road accidents, violence, sports injuries, and 

military blast exposures. Blast TBI is the most 

prevalent form of injury due to growing use of 

improvised explosive devices (IEDs) and hand-

held grenades among military and civilian 

populations [1]. This mechanical trauma disrupts 

the integrity of the biological membrane and any 

perturbation to the membrane will result in an 

alteration of lipidome, as lipids are the most 

abundant constituent of the membrane. Therefore, 

blood lipid levels are expected to reflect brain 

pathophysiology very well and are likely to 

translate Successful TBI biomarkers than proteins, 

as the lipophilic nature of BBB lining cells allow 

lipids to cross more easily than proteins [2]. The 

lipidomic analysis could provide important insight 

for the screening and monitoring of blast TBI in 

future civilian and military investigations. 

 

 

Method:  In the present study, mild TBI (mTBI) 

model was developed at blast simulation facility at 

INMAS in the 9-inch square cross-section shock 

tube. C57BL/6J male mice (10-12 weeks) were 

randomly divided into (1) Sham-control, and (2) 

Blast injury groups. Animals were exposed to Blast 

over-pressure of 100 ±10 kPa. Serum samples were 

collected on Day 1 and Day 7, followed by 

biphasic extraction using MTBE/Methanol/Water. 

Prepared samples were chromatographically 

separated on Charged Surface Hybrid (CSH) C18 

column and acquired on UHPLC-MS with in-

house optimized parameters using Electrospray 

ionization. MS peak list was generated using 

MarkerviewTM Software followed by statistical 

data analysis through Metaboanalyst and SPSS. 

 

 

Result and Discussion: Untargeted lipid profiling 

generates extensive data features, which were 

annotated based on m/z and unique fragmentation 

pattern of the molecule using LIPID MAPS® and 

LipidBlast respectively. In total 446 features were 

annotated in both modes of ionization. The 

multivariate analysis clearly segregated the injury 

groups from sham-controls. Amongst various 

significantly altered lipid molecules, 

Glycerophospholipids was the major lipid category 

that was significantly altered at both Day 1 and 

Day 7 post-injury. In addition, some lipid 

molecules namely cardiolipin and sphingomyelin 

were also found to be uniquely significantly 

altered. Sphingolipids are an important constituent 

of the myelin sheath and alteration in sphingolipids 

could be an indirect indication of white matter 

damage. Pathway analysis by BioPAN has also 

shown hampered synthesis of Glycerolipids and 

Glycerophospholipids, which coincides with 

earlier reports. In support of this data, a set of a 

continuous sequence of behavioral paradigms, 

Neurological Severity Score (NSS-R) for rodents 

were also performed for evaluation of balance, 

motor coordination as well as righting reflex in 

mice. It showed significantly altered behavior of 

injury groups in respect of controls at Day 1 

continued to reduce till Day 7 in blast group 

indicating persistent changes post-blast exposure.  

 

Conclusion: 

This work demonstrates some potential lipid 

changes in blast-induced mild TBI at the 

preclinical level. Glycerophospholipids are 

majorly altered lipid category at both time points 

followed by Glycerolipids, Fatty acyls, 

sphingolipids, and sterol lipids. NSS-R data and 

altered levels of lipid classes support the 

significant change at Day 1 in blast group. 

However, futuristic comparative studies for 

different doses and blunt TBI are required to 

validate these changes. 
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Introduction:  Blast induced traumatic brain 

injury (blTBI) is a major cause of disability and 

neuropsychiatric disorders in military personals 

[1]. Animal model of blTBI gives us a large scope 

to understand the brain pathology. Compression 

driven shockwave tube is widely used to create a 

reproducible animal model for blTBI. Single 

exposure of blast can alter biochemical 

homeostasis in brain and increase brain sensitivity 

for further injuries. Studies reported change in 

cerebellar white matter after repetitive blast injury 

[2]. Study on veteran reported compromised 

white matter following primary blast [3,4] 

Repetitive TBI can create severe effect on brain 

and lead to chronic traumatic encephalopathy [2]. 

Therefore, the present study was planned to 

observe structural changes in the brain after a 

single and repetitive blast exposure. 

 

 

Material and method: 24 male Sprague 

Dawley (SD) rats aging 8-10 weeks were 

randomly divided into 3 groups. 1) Sham (n=4), 

2) mild TBI (n=10), 3) rmTBI (n=10). Rats were 

exposed to blast overpressure following 

anesthesia (isoflurane 2.0%). Mild TBI group was 

exposed to single dose of 100Kpa shock wave 

while rmTBI rats were exposed to 3blasts of 

100KPa at 0min, 10min and 24hrs. 

 In vivo imaging was performed on a 7T small 

animal MRI system (Biospec USR70/30, Bruker 

Biospin, Germany) at 7day and 30day post injury. 

T2 weighted images were analyzed for 

assessment of structural integrity. To assess 

microstructural changes DTI imaging was 

performed. The ROI were placed on white matter 

region, corpus callosum(cc) to quantify the 

changes in the white matter integrity after mild 

and repeated mild injury.  

Rats were euthanized at 7day and 30day after 

injury for histological studies. 

 

Results:  DTI scalars including FA, ADC, AD 

and RD of    corpus callosum were altered in 

injured rats compared to control.  

 Along with this, histological studies also 

showed structural changes in the cc of injured 

rats. 

Conclusion: blTBI leads to microstructural 

alterations in the white matter region at sub-acute 

and chronic timepoint. 
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Introduction:  A significant number of 

military personnel are exposed to repetitive 

subclinical head perturbations as a result of blast 

exposure associated with training. Globally there 

is limited research on  the effects of repetitive 

blast exposure especially  low level blast (LLB) 

exposure, experienced by military members 

during their training and operational careers. 

Exposure to additional blasts within the window 

of increased cerebral vulnerability, i.e., when the 

brain is still recovering from the initial impact, 

can have a cumulative effect that results in more 

severe acute symptoms and long-term 

pathological implications [1]. Earlier proteomics 

and diffusion tensor imaging (DTI) based studies 

have shown repeated exposure to mild blast 

overpressure has a cumulative effect on the brain 

[2]. In this study we have tried to explore changes 

at molecular level on exposure to multiple 

repeated blast exposure. 

 

Materials and methods:   Experiments were 

conducted on Sprague Dawley (SD) rats which 

were exposed to multiple blast or single blast 

exposure in mild range (11010 KPa) on a 9-inch 

square cross section shock wave tube at INMAS. 

Blood samples were collected post exposure, 

plasma was separated and analysed using LC-MS. 

 

Result:  The data generated exhibited clear 

segregation of single and repeated blast exposure 

group from controls based on multivariate 

analysis. The significant metabolic alterations 

observed in repetitive mild injury were 

remarkably higher (26 metabolites) than those 

observed in mild injury (11 metabolites). 

Glycocholic acid, Pantothenic acid, Creatinine, 

Serine, Asparagine, Guanidinosuccinic acid were 

significantly altered metabolites in both mild and 

repetitive mild at all time points whereas at Day7, 

Tryptophan, Lysine, Tyrosine, Cytosine, 

Glutamine and Ornithine were found out to be 

significantly altered in both the injuries. 

 

 

More significant metabolic alterations were 

observed in repetitive mild blast injury.Changes 

observed were mainly amino acids and organic 

acids. Pathway analysis also showed some 

significant changes associated with different 

metabolic pathways, findings would be discussed 

in details during presentation. 

 

Discussion: The study provides some useful 

blood based changes information which may play 

a vital role in the diagnosis of severity, the 

predication of outcome, defining specific 

treatment, monitoring treatment response 

assessment of or prognosis of recovery of blast 

induced TBI. 
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Introduction:  Blast induced injury is one of the 

frequent combat casualties in military personnel 

and also experienced by civilian population [1]. 

Detention of an explosive device leads to shock 

wave propagation which can impact the body 

especially lung, tympanic membrane and brain [2]. 

Blast induced neurotrauma can lead to altered 

brain physiology inducing cellular and molecular 

changes. Therefore, the present study involved 

assessment of blast induced metabolic changes in 

the brain regions including frontal cortex and 

hippocampus. 

 

Methods: A compression-driven gas shock 

tube was used to generate the shock wave. Rats 

were divided into three groups including; sham, 

mild and moderate injury group. Rats were 

anesthetized using the 3.5 % Isoflurane and placed 

horizontally on the platform inside the shockwave 

tube. The mild and moderate groups received a 

single dose of shock wave of 100Kpa and 190Kpa 

respectively. While, the sham rats received the 

same treatment except for injury. After 24hrs of 

injury, the rats were perfused with PBS (phosphate 

buffer saline) and brain regions including frontal 

cortex and hippocampus were extracted.  

Metabolite extraction 

To extract the metabolites from the brain regions 

the tissues were homogenized in (1:1, v/v) 

acetonitrile/water mixture and centrifuged at 

12,000 rpm at 4 ºC for 20 min. The supernatant was 

separated and stored at -80ºC until lyophilization. 

The lyophilized sample was subjected to NMR 

spectroscopy using 1H NMR spectra, acquired at 

600.33 MHz NMR spectrometer (Bruker, Biospin, 

Switzerland). For water saturation; NOESYPR1d 

pulse program with pulse sequence (RD-90 -t- 90 -

tm-90 -acq) was used at 298K. 

NMR data processing 

Raw NMR spectra were processed using 

TOPSPIN3.5 (Bruker), the baseline and phase of 

each spectrum were corrected and the peaks were 

integrated manually. The integrated data were 

normalized to the total sum of integrals for each 

spectrum. The relative metabolite intensity was 

then subjected to statistical analysis to observe 

alterations in the metabolites of energy 

metabolism, amino acids and neurotransmitters. 

Results: 

Several metabolites involved in metabolic 

processes like energy metabolism (lactate, 

succinate, creatine, α-ketoglutarate), ketone body 

metabolism (acetate), osmolytes (myo-inositol, 

taurine), neurotransmitter amino acids (glutamine, 

glutamate, aspartate, GABA), branched chain 

amino acids (valine, leucine and isoleucine), other 

amino acids (alanine, glycine, tyrosine), N Acetyl 

aspartate (NAA), and membrane metabolites 

(phosphocholine/ choline, phosphoethanolamine, 

ethanolamine) were identified in the frontal cortex 

and hippocampus 24 hours after injury. 

Conclusion: Blast induced neurotrauma leads 

to metabolic changes in the brain which can alter 

the basic functions of the central nervous system 

and can lead to long term deficits. The presence of 

acute metabolic changes in the blast induced brain 

regions provides an important mechanistic insight 

and highlights the need to explore blast TBI for 

further research. 
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Interaction between a shock wave and boundary layer is often encountered in high-speed flow fields. In response 

to the sharp adverse pressure gradient imposed by the shock, the boundary layer may separate, which in turn is 

associated with unsteadiness and other undesirable effects on the performance of the systems where they occur. Shock-

boundary layer interactions (SBLI), the associated unsteadiness and the control of the SBLI have thus been critical 

research areas in high-speed fluid dynamics for past many decades. In the recent years, with the advancements in flow 

diagnostics and computations, the causes of unsteadiness in SBLI have been resolved, particularly with 2-dimensional 

canonical configurations. Concerning 3-dimensional SBLI, despite their common occurrence and practical 

significance, the studies are relatively few, with no generalized physical picture emerging out of them, which in part 

is due to the myriad configurations. However, even for specific configurations such as protuberance induced SBLI, 

owing to the complexity in the flow field, there is very limited understanding, and there were no general scaling laws 

applicable to various protuberance shapes and sizes until recently. It was with this backdrop that a detailed study on 

protuberance induced SBLI was initiated at the Gas Dynamics Laboratory, IIT Madras, with the broad scope of 

characterizing the time averaged flow field as well as unsteadiness, understand the effect of various parameters 

including protuberance shape and size and come up with universal correlations, and to control the separation and 

unsteadiness. Figure 1a shows the surface streakline pattern and figure 1b shows the shock patterns apparent in an 

instantaneous schlieren image for the case of flow over a square faced protuberance of side 15 mm in Mach 3 stream.  

The talk presents some of the key results from these investigations performed by various research scholars in the 

group, and concludes by pointing to future directions. A scaling law for separation length applicable for wide range 

of Mach numbers, protuberance sizes and shapes, characterization of unsteadiness and the observed space-time 

correlations, and finally the control of the protuberance induced separation and unsteadiness using boundary layer 

bleed, shall be discussed in the talk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Bow shock induced separated flow field due to square faced protuberance of side 15 mm: (a) Surface oil 

flow pattern, (b) Instantaneous schlieren image. 
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           The field of Hypersonics deals with high 

temperature concentrated loads acting on a vehicle, 

is one of the most important challenges to resolve 

which is due to the shock interactions and Mach 

number effects. These interactions have a direct 

impact on the boundary layer turbulence properties 

sequentially leading in increase of heat transfer 

acting on the body as it travels at high speeds. The 

physics behind the rapid increase in the 

temperature is the effect of dissociation and 

ionization of the gas molecules along with the 

addition of vibrational energy and its effects within 

the molecules. Experimental Investigation and 

measurement of heat transfer along the surface of 

the body using sensors becomes expensive and an 

important challenge as the enthalpy increases. 

Development of numerical techniques and 

advancement in computational fluid dynamics in 

the field of Hypersonics have made the process 

more efficient and inexpensive. 

 

The current work includes the numerical 

investigation of Conical Fore Body with 

hemispherical nose and a flare that consists of 

184.99 mm of cone length, 261.85 mm of total 

height, 6.35 mm of blunt radius, 250 of Forward 

Wedge angle and of Aft Wedge angle of 550 and 

Symmetric Double Wedge with total length of 

58.57 mm and total height of 46.2 mm with 

Forward Wedge angle of 300 and Aft Wedge angle 

of 550 as depicted in figure 1 and 2 respectively. 

These models have been simulated and validated 

for freestream Mach number of 12.43 for Double 

cone [2] and 7.11 for Double Wedge [1], the 

respective freestream conditions are displayed in 

Table1. Variation of Convective Heat Transfer and 

Pressure Coefficient have been validated on 

surface of both models. The detailed flow 

visualization can be observed in Figure 4 and 5 for 

Double wedge and Double Cone respectively, it 

shows the formation of Triple Point and Separation 

Length induced by Shock wave Boundary Layer 

Interactions. 

 

 

The computational domain has been generated 

using a commercially available software. The 

numerical solver used for the present investigation 

is SU2 and Ansys Fluent. SU2 is an Open-Source 

Collections of numerical methods [3] which uses 

Reynolds Averaged Navier-Stokes Equations 

(RANS) as the main governing equations, for 

Hybrid RANS/LES computations fluent has been 

used. 

 

From the above study it can be observed that CFD 

data is in a good agreement with experimental data 

with 12% deviation obtained from SU2 Solver, 

which is bound to be in both the experimental 

uncertainty and computational limitations. 

 

Table 1: Freestream Conditions 

 

Parameters Double 

Cone [2] 

Double 

Wedge [1] 

Mach number 12.43 7.11 

Pressure (Pa) 17.536 391 

Temperature (K) 107.2 191 

Enthalpy 

(MJ/kg) 

3.97 2.1 

Wall 

Temperature (K) 

300 191 

 

 

 
Figure 1: Double Cone Characteristics 
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Figure 2: Double Wedge Characteristics 

 

 

 
 

Figure 3: Cp Validation for Mach number 

12.43 

 

 
 

Figure 4: Mach contour for 12.43 

 

 

 
 

 

Figure 5: Mach contour for 7.11 
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Shock wave boundary layer interaction is the 

most extensively studied topic in the field of Gas 

dynamics. There are various kinds of interaction 

taking place and one of the most basic interaction 

types is the Impinging shock wave boundary layer 

interaction model. This interaction can either take 

place with the laminar boundary layer or turbulent 

boundary layer. In reality, most of the flows are 

turbulent. Considering the turbulent boundary 

layer , the Impinging shock wave model is 

generally characterized by the incident shock wave 

from the shock generator, which is usually a 

wedge, which interacts with the boundary layer of 

the plate. Based on the strength of the shock and 

viscous interaction, this could lead to the formation 

of the separation bubble. Such interactions are 

often encountered in the hypersonic intake flows. 

The formation of shock induced separation bubble 

are associated with various physical phenomenon. 

During the SWTBLI, one such parameter of 

interest of study is the skin friction coefficient. The 

study of the variation of skin friction coefficient in 

the case of SWTBLI is important to understand the 

effect it has on the length of the separation bubble.    

 

 
Figure 1: Mach contour indicating the separation bubble for 

140 wedge angle at Mach 5 

For the present numerical Investigation, the 

Impinging shock wave model has been chosen due 

to the complexity of the boundary layer involved 

in it and also the study of separation bubble being 

clear in this case. The flow has a freestream Mach 

number 5 with total Pressure 2.12MPa and total 

temperature 410K. The freestream Reynold’s 

number is 3.7×107 /m, which indicates turbulent 

boundary layer. The shock generator of 60, 100, and 

140 is studied. The investigation focuses on the 

study of the separation bubble length as the shock 

generator angle is changed. As the shock generator 

angle is increased the shock strength is seen to 

increase and this leads to the change of separation 

bubble length.  

Figure 1 shows the Mach contour of the 140 

shock generator angle at free stream Mach number 

5 indicating the separation bubble. The Figure 1 

shows the zoomed view of the separation bubble 

which indicates the presence of the sonic line and 

also the interaction of shock till the sonic line later 

on which it disappears. Further study on this 

interaction is done in the present investigation.     

The case validates the surface pressure and the skin 

friction coefficient with the experimental data by 

Erich Schülein[1]. Most the studies widely validate 

the surface pressure. But the problem associated 

with the prediction of skin friction is poorly 

understood. The study thus focuses on addressing 

these problems through numerical investigations. 

The thickness of the boundary layer just before 

separation is observed to be 4.16mm which is in 

order to the value obtained by the experiment. 

 

 
Figure 2: Density gradient contour 

The Figure 2 shows the density gradient 

contour obtained from the interaction between 

shock generator angle of 140 and the turbulent 

boundary layer. The Figure 2 clearly indicates the 

presence of the separation bubble at the plate. It 

also shows the accompanying shock due to 

reflection and the expansion waves. This density 

gradient contour thus helps in comparison of flow 

visualization between the numerical solution and 
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the experiment. The complex phenomena 

associated with the boundary layer is further 

studied. 

Along with the above simulations for predicting 

the skin friction coefficient, the effectiveness of 

different turbulence models in correctly analyzing 

the separation and reattachment point is studied. 

For the present study the Spalart- Allamars(SA) 

and Menter’s Shear stress transport model(SST) is 

studied. It was observed that the SST models 

predicts the separation point better than the SA 

model. Thus a detailed study has been done to 

understand the RANS based turbulence model. 

 All the simulations have been carried out using 

the open source solver SU2. The main agenda is to 

check the capability of open source solver in 

predicting the separation bubble and complex 

phenomena associated with it. Grid Independence 

study has been performed for three different grid 

sizes, out of which grid size of 1.1million is chosen 

for the numerical investigation purpose. The 

results obtained for the  140 shock generator case 

indicates that the skin friction coefficient does not 

very well agree with the experimental value thus 

indicating the presence of complex non 

equilibrium flow. This concept is also studied in 

the present investigation.  
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Introduction: Single Expansion Ramp Nozzles 

(SERN) have proven to be a solution over 

conventional CD nozzles for reducing 

overexpansion losses, especially for low altitude 

regimes of a supersonic or hypersonic flight. 

However, their flow field is highly 3D and 

unsteady in nature by the virtue of their geometry. 

Hence studies that throw light on the flow 

dynamics and acoustics of such nozzles enhance 

their scope of application in high-speed aerospace 

vehicles. Based on the mass flow constraints of the 

jet facility used and for improved aerodynamic 

efficacy [2], a rectangular planar plug nozzle of 

aspect ratio w/h=9 is used for this study. Three 

nozzle pressure ratios namely 2,3 and 4 are used to 

account for a suitable range of degrees of 

overexpansion. The addition of a cowl on the upper 

ramp, up to 50 % of the lower ramp length enables 

the flow expansion from the throat to be partially 

internal and partially external. The shock 

emanating from the cowl is expected to interact 

with the boundary layer on the lower ramp leading 

to its separation making the flow dependent on 

NPR even after the overexpansion shock has 

moved to the end of the ramp. The flow 

unsteadiness triggered by (Shock Wave Boundary 

Layer Interaction) SWBLI on the ramp and Shock 

Shear Layer Interaction (SSLI), radiate noise, and 

the jet flapping emits acoustic pulses which impact 

the noise levels on the far field. The lateral 

unconfinement causes the flow to be highly 3D 

along the span. Also, as the cowl prevents the 

mixing partially on the upper side and allows 

mixing after a certain degree of expansion, it is 

expected to mitigate screech in the supersonic jet 

in lower NPRs due to lesser difference in pressure 

levels of the high momentum fluid and ambient 

fluid. Moreover, the SWBLI and SSLI contribute 

to jet lifting off from the surface which may cause 

an apparent change in jet deflection angle, leading 

to vectored thrust as NPR varies. Depending on the 

Mach number rise due to internal expansion, the 

type of reflection changes eventually from Mach 

reflection to regular reflection, leading to changes 

in the flow field dynamics at the point where the 

reflected shock meets the shear layer. This is also 

expected to have effects on screech. Steady 

pressure measurements were taken on the 

centerline of the ramp surface where the flow field 

is two-dimensional [1], to identify the shock foot 

locations and bubble dimensions for further 

examination. To study the correlation between 

acoustic signals and unsteady pressure on the 

surface and to investigate on the contribution of 

flow features towards the source of noises, 

simultaneous microphone measurements are taken 

from two different locations and angles along with 

unsteady pressure measurements. Oil flow 

visualization was also performed to gain insight 

into the flow features on ramp surface which is 

highly 3D. The study enables throws light on the 

effects of the partial extension of cowl on the flow 

dynamics within the over-expansion NPR range. 

 

Figures/Equations: 
 

 
Fig 1: Model geometry of the planar plug nozzle 
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Fig 2: Steady pressure measurements on the lower 

ramp wall 

 

a) 
 

 

b) 

 
 

c) 

 
 

Fig 3: Schlieren images for flow at a) NPR 2 b) NPR 3 

c) NPR 4 

 

Outcomes: This study will help us determine 

the usefulness of a cowl in the plug nozzle flow 

 

 
field and we will be able to realize the coupling 

between surface pressure and acoustics in presence 

of a cowl. The shock locations identified will also 

help us spot the improvement in geometry required 

for the nozzle to mitigate the destructive effects of 

SWBLI and SSLI. It will enhance our 

understanding of the flow dynamics under off- 

design conditions which may pave way for further 

flow control studies to optimize the nozzle 

performance over a wide range of operating 

conditions 

 

Experimental instrument information: 

Free jet facility specifications 

Air delivery rate 0.17 m3/s 

Maximum pressure limit 2 MPa 

Stagnation temperature 300 K 

Steady pressure scanner 

Model 9016 16-channel pressure scanner 

Flow visualization setup 

Light source - HO-HBL-3W, Holmarc® 

Parabolic mirror - D = 200 mm, focus = 1.5 m 

Frame rate: 25000 fps, Exposure time = 20 µs 
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Introduction:  Shock wave boundary layer 

interaction (SWBLI) is a common phenomenon 

witnessed at high Mach numbers. It gives rise to 

complicated flow behaviour, which still today is 

not completely understood and studied. Extensive 

research has been done regarding SWBLI leading 

to flow separation due to steps both FFS (Forward 

facing step) and BFS (Backward facing Step). At 

high Mach numbers, the flow over a step leads to a 

substantial rise in thermal and aerodynamic 

loading locally as compared to a smooth geometry 

[1]. This also causes an increase in the wall 

pressure and the heat flux over the body. Not many 

studies have been performed to understand the 

effect of high Mach number flows over a 

combination of forward and backward facing step. 

The study involves hypersonic laminar 

boundary layer separation at a free stream Mach 

number of 4 over a 2-d geometry which is a 

combination of forward and backward facing step. 

The aim is to study the shock interactions and 

bubble dynamics over the geometry. This kind of 

geometry is often seen as protrusions on the 

surface of missiles and windows of re-entry 

vehicles. The shock causes separation and the 

formation of a recirculation region which oscillates 

upstream of the forward facing step. A similar flow 

structure is observed downstream of the backward 

facing step where the flow expands at the step 

followed by flow separation. The flow reattaches 

downstream of the step encountering a 

reattachment shock with the entrainment of a 

separation bubble between the step and the 

reattachment point [1-5]. Investigation of the 

change in the shear layer and the separation bubble 

formation due to a combination of the two is 

studied along with the effect on wall properties 

including the wall pressure and the wall heat flux 

upstream and downstream of the step geometry. 

The influence of the size of the width is considered 

as the ratio of w/h in the geometry, where h is the 

height and w is the width of the step. The step 

height is fixed with a value of 10 mm and the width  

 

has a length of 10 mm and 20 mm. The flow field 

around the body is simulated using a 2-D planar 

RANS solver using Kw-SST model in a 

commercial software, Ansys Fluent 2020 R1. 

 

Model Details:  The model geometry has a 

fixed height of 10mm (h) with 2 different widths 

(w) as 10 mm and 20 mm. Here the effect of the 

ratio of w/h is considered, which has values 1 and 

2 as shown in Figure 1, where h = 10 mm and w = 

10 mm and 20 mm, L = 100 mm. 

 

Figures:   
 

 

Figure 1: Schematic diagram of the step 

 

 

Results:  For the case of a steady flow, 

computations are carried out for a flow at Mach 

number = 4.1, and the computed wall pressure and 

wall heat flux for different w/h ratio is shown in 

Figure 2 and Figure 3.  

 

 

Outcome: This study will give a better 

understanding of the effect of the change in width 

on the development of the separation bubble on 

both sides of the step. The changes in the length of 

the bubble along with the changes in the wall 

pressure and the wall heat flux would be further 

assessed.   
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Figures:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Wall pressure upstream, on the step 

width and downstream of step, 

solid blue – w/h = 1 and solid red – w/h = 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Wall heat flux upstream, on the step 

width and downstream of step, 

solid blue – w/h = 1 and solid red – w/h = 2 

 

 

References:  

 

[1] Grotowsky, I., Ballmann, J. (2000), 

“Numerical investigation of hypersonic step-

flows”. Shock Waves 10, 57–72 [2] P. R. 

Wilkinson and R. A East, (1968) “Mean Properties 

of a Region of Separation in Laminar hypersonic 

Flow”, AIAA Journal, Vol. 6, No. 11, pp. 2183, 

2184. [3] Y. Xue, J. Ren, J. Luo, S. Fu, (2020), 

“Drag increment induced by a small-scale forward-

facing step in Mach number 5 turbulent boundary 

layer flows”, Chinese Journal of Aeronautics. [4] 

Ashwin Sivan, D. Saravanan, Y.S. Rammohan, 

(2022), ”A numerical study to reduce the drag 

effects in hypersonic flow over the backward 

facing step”, Materials Today: Proceedings, 

Volume 52, Part 3, Pages 963-970, ISSN 2214-

7853. [5] Chen, Z., Yi, S., He, L. et al., 

(2012), “An experimental study on fine structures 

of supersonic laminar/turbulent flow over a 

backward-facing step based on NPLS”. Chin. Sci. 

Bull. 57, 584–590. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

7th National Symposium on Shock Waves – 2023 @ PRL   

EXPERIMENTAL INVESTIGATION ON THE UNSTEADINESS OF REATTACHMENT SHOCK IN A 

LARGE SEPARATION BUBBLE  

Ramji V1*, Srisha M V Rao2, Gopalan Jagadeesh3 
1Research Scholar, Indian Institute of Science, Bangalore, Karnataka, 560012, India, 2Associate professor, Indian 

Institute of Science, Bangalore, Karnataka, 560012, India, 3Professor, Indian Institute of Science, Bangalore, 

Karnataka, 560012, India 

*ramjiv@iisc.ac.in 

 

Ramp induced shock wave boundary layer 

interaction (R-SBLI) is a classic example of 

viscous-inviscid interaction, a characteristic 

feature in high-speed flows. In a supersonic / 

hypersonic flow, a shock is formed ahead of the 

ramp to turn the flow parallel to the surface of the 

ramp. In the case of a viscous dominant flow, the 

increase in pressure across this shock is imposed 

on the boundary layer. This imposed adverse 

pressure gradient is communicated upstream 

through the subsonic part of boundary layer 

resulting in deceleration of the flow near the wall. 

When the imposed pressure gradient is large, the 

flow is bound to separate as shown in the Fig.1.    

R-SBLI is encountered in many practical high-

speed flow applications, such as control surfaces 

and air intake compression ramps in 

Ramjet/Scramjet engines [1]. The reattachment 

shock in these interactions have been observed to 

be inherently unsteady despite the overall flow 

topology is statistically steady. This can be 

attributed to the unsteadiness arising due to the 

reattaching shear layer [2,3]. 

                                                                                          

 
Figure 1.  Schematic of a Ramp induced Shock 

wave boundary layer interaction 
 

Experiments are performed with a 45° 

compression ramp at a freestream Mach number of 

6.67 in a Ludwieg tube facility at 0.3 MJ/kg. The 

ramp is fixed on a flat plate at 40 mm from the 

leading edge. Time-resolved schlieren is used to 

capture the distinctive features of the flow (Refer 

to Fig. 2). The point of separation, reattachment 

and area of the separated bubble were obtained 

from schlieren images through MATLAB image 

processing routines. The FFT of reattachment 

shock shows a peak at around 1333 Hz (Refer to 

Fig. 3).  
Table 1. Freestream conditions in Ludwieg tube  

Mach number 6.67 ± 1.93% 

Static pressure (Pa) 203± 2.5% 

Static temperature (k) 29.8 ± 2% 

Static density (kg/m3) 0.024 ± 3.25% 

Velocity (m/s) 730 ± 2.8% 

Reynolds number (million/m) 9.97± 4.76% 

 

Figure 2. Typical flow features in an instantaneous 

schlieren image  
 

 
Figure 3.  FFT of the reattachment shock location 

obtained from time-resolved schlieren images  
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In 1997, we started a collaboration with Aerospace   Engineering Department and established a single pulse 

shock tube with the objective of doing fundamental chemical kinetics investigation. The first question we wanted to 

address was whether 1,2-dichloroethane violates TST/RRKM theories. Available experimental data indicated that 

the method of excitation was affecting the outcomes. Thermal activation experiments were carried out in a furnace 

and the results indicated C-Cl dissociation, while chemical activation experiments indicated HCl elimination as the 

only channel. With the newly built shock tube facility, we showed that HCl elimination is the only channel in thermal 

activation as well.1 With the single pulse shock tube available, investigations on pyrolysis of hydrocarbons2 and 

measuring ignition delay of a fuel are straight forward and our laboratory measured the ignition delay of, not only 

standard fuels like JP10 but also 3-carene, with the same molecular formula which could be made from plant 

sources.3,4  Shock tube can produce conditions that are observed starting from the big bang as the universe and life 

evolved. With the collaboration of physicists from the University of Rennes, our laboratory started addressing more 

fundamental questions about the formation of molecules after the big bang.5 This talk will summarize our 

fundamental and applied work carried out with homebuilt shock tubes over the last 25 years.  
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   As human activity in space and other planets continues to increase understanding how cells 

respond to stress associated with such explorations would be critical. Martian conditions are stressful 

for living organisms. These conditions include (in comparison to earth) but are not limited to, shock 

waves, colder temperatures, lower atmospheric pressure, higher levels of radiations and carbon 

dioxide, chaotropic stress due to higher levels of perchlorates and lower gravity. The Martian surface 

is exposed to both UVC radiation (<280 nm) and higher doses of UVB (280-315 nm) compared to 

the surface of the Earth. Living organisms on earth have not evolved to cope with most of the above 

conditions in isolation. Understanding how cells cope up with all above conditions will be important 

to unravel stress response to Martian conditions. RNP condensates (also referred to as RNA granules) 

play a critical role in determining mRNA fate. RNP condensates are a complex of RNA (including 

mRNAs) and proteins. RNP condensates assemble in response to variety of stress such as nutrient 

deprivation, oxidative stress, heat shock etc. These stresses induce global translation arrest and RNP 

condensates contribute to the rewiring of translatome in response to such stresses. Such rewiring 

orchestrates mounting an appropriate stress response. Our lab has extensively focused on 

understanding assembly and disassembly of RNP condensates for past nine years. We aim to study 

RNP condensates dynamics in response to Mars-like conditions.  
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Introduction:  Ethylene is one of the key 

intermediate species formed during the oxidation 

of higher alkanes and alkenes and plays a crucial 

role in the combustion chemistry of most 

hydrocarbon fuels [1]. In addition, ethylene is itself 

a very reactive fuel and one of the major 

decomposition products of storable aviation 

hydrocarbon fuels in regenerative cooling channels 

of hypersonic airbreathing engines, such as 

Scramjet [2]. 

The ignition delay time (IDT) is one of the 

crucial characteristics of fuel combustion. In 

engines like Scramjet, the residence time of fuel is 

about a millisecond or less, and therefore IDT 

becomes a critical parameter in fuel selection [3]. 

Experimental data of IDT is also used for 

validating and optimizing chemical kinetic 

mechanisms [1]. 

Literature Review: Looking at the importance 

of ethylene, researchers have extensively 

investigated its IDT over a wide range of operating 

conditions.  However, only a few studies have 

covered the sub-atmospheric pressure range. Table 

1 summarizes the ethylene’s IDT studies in 

literature conducted at sub-atmospheric pressures. 

Table 1: Summary of ethylene’s IDT study at 

sub-atmospheric pressure Conditions 

∅ P (atm) T (K) Ref. 

0.21-3.5 0.2-0.4 1450 - 2350 4 

0.5-1.5 0.3-0.8 1500 - 2300 5 

0.5-2 0.5 1067 - 1705 6 

 

Motivation: Based on the expected hypersonic 

flight corridor [7], the pressure and temperature at 

the Scramjet combustor inlet are expected to vary 

from 0.25-3 bar and 700-1500 K, respectively, for 

the flight Mach number of 6-8. However, the IDT 

data of ethylene in sub-atmospheric pressures and 

lower temperatures range (700-1100 K) remained 

unexamined. 

In this study, we are aiming to measure the IDT 

of ethylene at sub-atmospheric pressures and in the 

low temperature conditions comparable to the 

Scramjet combustor inlet for the equivalence ratio 

of 0.5,1 and 2. We will also identify and quantify 

the product species concentration for each 

experiment. 

Experimental Facility: The Chemical Shock 

Tube-3 (CST-3) facility present at Laboratory for 

Hypersonic and Shock Wave Research, IISc, will 

be used for IDT measurements. CST-3 has an inner 

diameter of 54 mm with a driver and driven section 

of 2.1 m and 5.3 m, respectively. IDT will be 

measured using pressure and CH emission signals 

which can be acquired using PCB pressure 

transducers and Acton VM502 Monochromator 

respectively. 

Temperature calibration of CST-3 has already 

been completed in the low-pressure region, and 

previously it has been used to measure the IDT of 

RP-1 at sub-atmospheric pressures. Fig. 1 shows 

the pressure and CH emission signal obtained in 

our previous IDT study of RP-1 at sub-atmospheric 

pressures. 

 
Fig 1. Pressure and CH emission signal of RP-1 

at 5 mm from shock tube’s end flange. 

References:  

[1] Chaoqi Xu, Alexander A. Konnov (2012) 

Energy, 43, 19-29. [2] Colket MB, Spadaccini LJ 

(2001) Journal of Propulsion and Power, 17(2), 

315-23. [3] Aleksandr Fridlyand, Kenneth 

Brezinsky (2013) Journal of Propulsion and 

Power, AIAA Early Edition. [4] Gay ID, Glass GP, 

Kern RD, Kistiakowsky GB (1967) Journal of 

Chemical Physics, 47(1), 313-20. [5] Homer JB, 

Kistiakowsky GB (1967) Journal of Chemical 

Physics, 47(12), 5290-5. [6] Michael S. Knadler, 



 

7th National Symposium on Shock Waves – 2023 @ PRL   

Mitchell D. Hageman (2022) AIAA SciTech 2022 

Forum. [7] William H. Heiser, David T. Pratt 

(1994) American Institute of Aeronautics and 

Astronautics, Inc. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

7th National Symposium on Shock Waves – 2023 @ PRL   

Pyrolysis Study of Methyl Cyclopentane at High Temperature And Pressure In A Single Pulse Shock Tube  

Deepak Kumar Singh1*, Chaitanya Bhoir2, Gopalan Jagadeesh2, Elangannan Arunan1 
2Department of Aerospace Engineering, Indian Institute of Science, Bangalore, India,  
1Department of Inorganic and Physical Chemistry, Indian Institute of Science, Bangalore, India.  

*deepakks@iisc.ac.in 

 

 

Introduction:  Naphthene found in gasoline 
are in the C5 to C8 range and it includes species 

such as cyclopentane, cyclohexane, methyl 

cyclopentane, methyl cyclohexane, and dimethyl 

cyclohexane isomers [1]. The naphthenic content 
of the gasoline is around 20% by volume and the 

gasoline obtained from the cracking of naphthene 

has more aromatics and is heavier than the gasoline 
made from the cracking of paraffins [2]. Among 

them, cyclopentane and its chain derivatives have 

the highest-octane numbers. The pyrolysis of 
methyl cyclopentane is not well established even 

though it is readily available compound in the 

gasoline and thus it can be considered as a model 

compound for other similar cyclic fuels.  
Moreover, the pathway for the formation of 

aromatics such as benzene, toluene and styrene 

from cyclic compounds which act as the precursors 
for soot formation is not well established. Since 

aromatic products are found in our experiments, 

our aim will be to address some of these open 
questions regarding aromatic formation 

mechanism from the pyrolysis of cyclopentane like 

compounds. 

 
Experimental details: The recently automated 

Chemical Shock Tube (CST-1) facility [3,4] with 

new Data Acquisition (DAQ) system has been 
used for the pyrolysis study of the methyl 

cyclopentane. The initial temperature and pressure 

behind the reflected shock waves were calculated 

from the incident shock velocity extrapolated to 
the end wall using the standard one-dimensional 

Rankine Hugoniot equations [5].  The obtained 

theoretical temperatures T5 are then linearly 
correlated against experimental temperature T5 

(1300K-1600K and 900K-1300K) measured by 

chemical thermometry using 1,1,1-trifluoroethane 
and ethyl chloride respectively, to determine the 

experimental temperature. Experiments were 

carried out in the temperature (T5) range 957-1680 

K and the corresponding pressure range (P5) 9.75-
21.70 bar. The dwell time ranged from 1.3-1.6 s in 

these experiments. All the reactant and products 

were detected and quantified using the dual GC-
FID/FID Gas chromatography flame ionization 

detector (column: HP-PLOTQ & HP-5). Another 

GC-MS (Gas chromatography- Mass 

Spectrometry) (column: DB-1) was used for 
positive species identification. 

 

Results and Discussion:  We identified 17 
products from the pyrolysis of 

methylcyclopentane. The major products were: 

ethyne, ethene, methane, 1,3-butadiene, and 
benzene. 

Fig 1. GC-FID-Chromatogram with species at 

T5=1384 K from the front-FID, where A= 

methane, B= ethene, C= ethyne, D= ethane, E= 

propylene, F=allene, G=propyne, H=butene, 

I=1,3-butadiene 
 

In addition to the experimental investigations, 
ab-initio calculations using the Gaussian 16 

package [6] have been carried out to predict the 

reaction rate parameters for several reactions. 
Geometry optimization and frequency calculation 

have been carried out at B3LYP/6-311G (2d, d,p) 

level of theory (zero point energy (ZEP) scale 
factor is 0.99).  Moreover, CBS-QB3 method has 

been used for more accurate determination of the 

energies. In addition, intrinsic reaction coordinate 

(IRC) calculations were done with the same 
method to confirm that transition state connects 

with the reactant(s) and product(s). After getting 
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the PES, we compute the rate parameters using 
TST/VTST (Transition State Theory/Variational 

Transition State Theory) for all the elementary 

reactions in the model using Multiwell suite [7]. In 

future, all the rate parameters from these 
calculations and from literature, when available, 

will be used to develop a kinetic model to explain 

the pyrolsis of methylcyclopentane. ANSYS 
Chemkin [8] will be used for kinetic simulation. 
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STRONG DETONATION WAVES IN IDEAL GAS UNDER THE EFFECT OF MAGNETIC FIELD
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Abstract: In the present work, we have tackle
the problem of spherical detonation waves
propagation in an ideal gas with effect of variable
azimuthal magnetic field. Considering the
detonation front as Chapman-Jouguet front. The
Chester[Chester 1954] -Chisnell[Chisnell 1955] -
Whitham[Whitham 1958] method has been used to
solve the problem for exponential varying initial
density distribution. The detonation front velocity
and the other flow variables just behind the shock
front are analyzed numerically and discussed
through graphs. On passing through the detonation
front, ionization of the gas across the front has been
considered in three cases like as weakly ionized,
strongly ionized, and non-ionized. The effect of
initial magnetic field has been calculated for all
three cases. It is observed that in case of weakly
ionization of gas, as the initial density increases
towards the axis, the front velocity and the pressure
behind it remains almost constant. The front
velocity and the pressure show similar behavior as
in the case of strong ionized gas. In case of strong
detonation, the values of the pressure and internal
energy in the medium before the front have been
neglected in comparison to their values in the
disturbed gas. For exponential varying initial
density distribution, the analytical expressions for
the detonation velocity have been derived and
calculated numerically. The results obtained here
are compared with those for earlier results. The
software MATLAB has been used for
computational work.
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Astrophysical Shocks.  
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Shocks are ubiquitous in the interstellar medium. They alter the physical and chemical nature of the medium 

they propagate. Dust species are destroyed depending on the velocity of the shocks. The molecules formed by the 

destruction of the dust species are often used as a tracer for the shocks. The study of these tracers will enhance the 

understanding of the evolution of the interstellar medium. In this talk, the nature of the molecules formed, the partition 

of their internal energies to various degrees of freedom, and their radiative cooling will be discussed.   
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Shock effects in certain Rock forming minerals. 

Thirukumarn Venugopal 
1*

 

1
 Govt College Salem, Salem, Tamilnadu, India. 

                                                                  * mailkumaran75@gmail.com 

 

Impact metamorphism, a relatively new term in geology, describes the changes in minerals and rocks caused 

by a high-velocity impact.  

 

A meteorite-cratering event is a big natural experiment with consequences similar to the detonation of a large 

nuclear bomb at or near the Earth's surface. Many characteristic crater forms linked with iron meteorite remains 

and recognized as the consequence of hypervelocity meteoritic impact are being examined so that criteria 

for detecting circular structures presumed to be of meteoritic rather than volcanic or tectonic origin may be created. 

Many of the impacts of extremely high transient pressures and temperatures discovered in meteoritic crater 

minerals and rocks have never been detected in normal geologic contexts or occurrences; they are recognized as 

unique.  

 

Several types of established evidence diagnostic of meteorite impact have been summarized   

i) evidence of shock-induced deformation at extremely high strain rates and pressures;  

ii) partial and complete vitrification without melting;  

iii) evidence of selective phase transition; occurrence of high-pressure polymorphs;  

iv) occurrence of nickel-iron spherules; and   

v) breakdown or melting of refractory, accessory, rock-forming minerals.  These characteristics are frequent in 

samples that have undergone varying degrees of shock or impact metamorphism. The description 

and interpretation of diverse shock effects displayed by selected rock-forming minerals with increasing transient 

pressures and transient and residual temperatures are based on mineralogic investigations and 

petrographic observations.  

 

The peak transient pressure and temperature during shock, as well as the residual temperature immediately 

after the shock wave passes, indicate the amplitude of the impact event.  

There is a severe lack of experimental data on peak pressures, temperatures, and residual temperatures derived 

from the study of equations of state of minerals and rocks, and the data that is available is notoriously difficult to 

apply to real-world occurrences.  

 

Indicators such as these allow for a reconstruction of the physical conditions that a certain natural rock 

encountered during a shock event. 
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Studying molecules of life via X-ray Crystallography. 
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Biomolecules are the build block of life. Impact of Asteroids, Comets, Meteors, and Meteorites on 

early earth has led to the investigation of biomolecule. High speed impact experiments are conducted 

using shock tube to identify the possible formation of biomolecules such as amino acids and 

nucleobases. The approach of X-ray crystallography is applied to investigate the 3D structure formation 

due to impact. Here we shall see the structural investigation of small molecules and biomolecules for 

life.  
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Shock Wave Characteristics in Supersonic Cross Flow Injection with Active Control 

Strategies. 
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Introduction:  It is well understood that jets in cross-flow can produce streamwise vortices which 

can enhance the mixing characteristics of the injected jet. This injection methodology has been widely 

used for mixing enhancement in scram jet engines, where the cross-flow Mach number will be 

supersonic. In recent years, several active flow control methods have been investigated to further 

enhance the mixing characteristics by cross-flow injection. Many of these control strategies offered 

superior mixing, dynamic flow control, and higher spreading of the jet. In this study, an active control 

strategy for mixing enhancement using an oscillatory supersonic jet has been investigated. The active 

control strategy is based on oscillating the primary jet using a pulsed secondary jet in the stream wise 

direction. The active control strategy is further investigated for mixing improvement studies in scramjet 

combustors using an oscillatory jet injection in cross-flow. For supersonic mixing enhancement studies, 

the oscillation of the primary jet is actively controlled by cross-stream injection of the secondary jet. A 

detailed investigation of the flow as well as the shock reflection characteristics using the present control 

strategy has been investigated, both experimentally and numerically. Initial experiments were carried 

out to realize the fluidic oscillator based on the current control strategy to create an oscillatory 

supersonic jet.  Experiments were conducted by injecting the secondary jet in the top and bottom sides 

of the primary jet in a cyclic manner. To facilitate the secondary injection ports, a backward-facing step 

region is provided at the exit of the primary duct. Time-resolved shadowgraph imaging has been carried 

out to investigate the oscillation characteristics of the primary jet and the evolution of shock reflection 

characteristics. The two supersonic jet interacts and merges, forming a single jet, which sticks to the 

nearest duct wall due to the Coanda effect. The underexpanded primary jet results in the formation of a 

Mach reflection shock structure (I) in the jet core. As the secondary jet is transiently opened, an 

interaction shock (II) is formed at the meeting point of the two jets and terminates at the triple point of 

the Mach disk (I) on the non-interacting side of the primary jet. With the increase in the primary jet 

expansion level, the interaction shock wave angle changes, and its trailing end traverses towards the 

center of the primary jet Mach stem. An interaction shock (III) appears in the secondary jet too. The 

incident shock of the Mach reflection in the primary jet on the jet interaction side interacts with the 

interaction shock wave in the secondary jet and forms a Mach reflection structure (IV) in the secondary 

jet. The present control strategy in supersonic crossflow results in oscillating bow shock waves upstream 
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to the injection location. The dynamics of this shock oscillation and its dependence on flow 

characteristics have been further investigated and reported in detail.  

Figures/Equations:   

   

Figure 1.  Left: Instantaneous Schlieren images with transient opening of the secondary jet, Right: Schematic 

representation of the corresponding figure on the left.   
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UNSTEDAY SHOCK REFLECTIONS OVER CURVED SURFACES.   
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Introduction: An unsteady shock wave 

reflection is characterized by a planar shock wave 

moving over a curved surface, a curved shock 

wave moving over a planar surface or a curved 

shock wave moving over a curved surface (Ben-

Dor 2007). There have been many studies to 

understand shock transitions, mainly the Mach 

reflection (MR)↔Regular reflection (RR) 

transition, when a planar shock wave moves over 

curved reflecting surfaces (Takayama & Sasaki 

1983, Geva et al. 2013, Soni & Hadjadj 2017). The 

MR→RR shock wave transition over a concave 

surface and RR→MR transition over a convex 

surface was observed by Takayama & Sasaki 1983. 

The present study aims at understanding the 

behaviour of a planar shock wave moving over a 

hump and a curved cavity, which are combinations 

of convex and concave surfaces, followed by a 

plane surface. Hence the nature of shock 

reflections formed and the flow behaviour over 

such combined surfaces are of great importance. 

Previous studies by the authors (Reshma et al. 

2021, Sai et al. 2022) have also identified that the 

planar shock wave, after moving over the curved 

surface changes its curvature and further 

undergoes a continuous shock transition when 

moving over the plane region of the test section.  

 

Methodology: The Computational study on the 

behaviour of planar shock over the hump and the 

curved cavity will be carried out using a shock tube 

of 1.5 m driver and 4 m driven section for various 

shock Mach numbers (Ms). The test section 

includes the curved surface followed by a planar 

region. A fifth order in-house Weighted 

Essentially Non-Oscillatory (WENO) code is used 

for the study. The schematic of the test section 

geometries is shown in figure 1. The experimental 

study will be conducted in a shock tube of 100 x 

225 mm cross section. 

 

Results: Preliminary results include the 

computational results on the planar shock wave 

behaviour over the hump and the curved cavity for 

Ms = 1.5. The time t = 0 is assumed when the planar 

shock wave is at the starting of the curved surface.  

For a hump, during the upward motion of the 

shock wave, a significant irregular reflection (IR) 

with a specific Mach stem is formed (see figure 1b, 

and c). The Mach stem appears to curve and grow 

in the latter half of the reflecting surface (see figure 

1d, and e). It is more interesting to see the 

development of another Mach stem at the foot of 

the IR as the shock moves through the planar 

region of the test section (see figure 1f). 

   

 
(a)                                    (b) 

 

Figure. 1. Schematic of the reflecting surface 

used for the study, (a) a hump (b) a curved cavity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Pressure contours for planar shock 

wave over a hump at various instances.  

 

Planar Shock 

wave

Hump 

Planar Shock 

wave
 Curved cavity  

(a) t = 100 μs (b) t = 200 μs 

(c) t = 250 μs (d) t = 350 μs 

(e) t = 450 μs (f) t = 500 μs 
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The curved cavity on the other hand curves the 

shock wave in the first half of the geometry (see 

figure 3a, and b), where the shock wave moves in 

the downward direction. The shock further turns 

into a regular reflection (RR) in the next half of the 

geometry (see figure 3c, and d), where it climbs 

upward. In the planar region of the test section, a 

significant Mach stem is visible, forming an IR 

(see figure 3f). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Pressure contours for planar shock 

wave over a curved cavity at various instances.  

 

The full paper discusses the nature and type of 

shock reflections formed over the two reflecting 

surfaces and the flow behaviour. Authors also are 

interested in understanding the dependance of 

geometries on the planar shock wave.   
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Understanding shock–turbulence interaction
(STI) is of fundamental importance to engineer-
ing community, particularly aerospace industries
dealing with the design of high-speed propulsion
systems. In various compressible flow systems
such as rocket engines, scramjet engines, high-
speed aircraft outlets and helicopters blades
(Ribner (1969), Tam (1995), McCroskey (1995))
shock–turbulence interaction is known to be a
significant source of noise. As a result, the study
of pressure generation due to shock–turbulence
interaction and its subsequent propagation has
always been and still continues to be a topic
of intense research (Wouchuk et al. (2009),
Shi et al. (2021), Chen et al. (2019)).

Lele (1992) theoretically investigated the ef-
fect of turbulent fluctuations on mean quanti-
ties in shock–turbulence interaction. A correc-
tion to the mean terms was proposed to ac-
count for the deviation introduced due to turbu-
lent fluctuations. Depending on the intensity of
shock–upstream fluctuations and Mach number,
the shock–downstream solution for mean quanti-
ties could significantly deviate from the prescribed
mean values evaluated using Rankine-Hugoniot
conditions.

The theoretical methodology that is used to
study the interaction of normal shock wave and
homogeneous isotropic turbulence is called Lin-
ear Interaction Analysis (LIA) (Ribner (1953)).
Similarly, higher–order fluctuations (neglected in
LIA) due to intermodal interaction generate mean
pressure in shock–turbulence interaction. We
evaluate the contribution of higher-order terms
to mean pressure theoretically, which employs
the weakly nonlinear framework (WNLF) de-
veloped recently for vorticity amplification by
Thakare et al. (2022). Further, we compare the
WNLF predictions for the mean generated in
shock–turbulence interaction with direct numer-
ical simulation (DNS) solution for various govern-
ing parameters.

The shock upstream turbulent flow field in STI
can be represented using the superposition of in-
dividual wave fluctuations by considering that
the two-dimensional incident vorticity fluctua-
tions lie in the plane, x-er, and makes an angle
of α with the x axis as shown in Fig.1. Sub-
scripts 1 and 2 are used to represent flow field
upstream and downstream of the shock, respec-
tively. The amplitude of vorticity fluctuations (ϵ)
is related to three-dimensional energy spectrum of
shock–upstream turbulence through

|ϵ2| = E(kn)

4π|kn|2
. (1)

Figure 1: Three dimensional linear analysis of the
interaction of isotropic turbulence with a normal
shock wave (Thakare et al. (2022))

where E(kn) represents the three dimensional en-
ergy spectrum and kn represents the wave num-
ber non-dimensionalized by the largest energy-
carrying wavenumber k0. The energy spectrum
is specified according to the form of Von-Kármán
spectrum

The nonlinear mean pressure due to turbu-
lent fluctuations (second-order fluctuations) at the
shock (x = 0) is[

p
(2)
2

P 1

]
T

=
M2

t

2M2
1

∫ π
2

α=0

p
(2)
2 (α)

P 1

sinαdα. (2)

Equation 2 represents the second-order effects in
mean pressure (ϵ2) and gives the quantitative
measure for mean pressure generated at the shock
due to shock–turbulence interaction. It is a func-
tion of turbulent Mach number (Mt) and shock

strength M1. p
(2)
2 represents nonlinear mean pres-

sure fluctuations in shock–vorticity interaction
given as

p
(2)
2 = ρ1[(U1 − U2)(v

′
1 + w′

1 + U1ξy) + U1(v
′
1︸ ︷︷ ︸

1

−v′2 + w′
1 − w′

2)]ξy︸ ︷︷ ︸
1

− ρ1(u
′
1 − ξt)[u

′
1 − u′

2]︸ ︷︷ ︸
2

. (3)

u′, v′ and w′ represent the velocity fluctuations
in x, y and z directions, respectively. ρ is the
mean density and U represents mean velocity. ξy
and ξt represent the slope of the shock wave and
shock fluctuation velocity, respectively. The first
and second terms represent the nonlinear pressure
generation due to shock deformation and fluctu-
ating mass flux, respectively. The details of the
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Figure 2: Variation of mean pressure in
shock–turbulence interaction for various turbulent
Mach numbers at M1 = 2.5.
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Figure 3: Variation of mean pressure (turbulent
pressure ratio is normalized with laminar pres-
sure ratio) from DNS (symbol) and WNLF (line)
at M1 = 2.5 (circle for DNS and dashed line for
WNLF) and M1 = 3.5 (triangle for DNS and
dash-dotted line for WNLF). Error bars represent
the standard deviation in mean pressure over a
time computed from DNS.

derivation will be presented in the complete pa-
per.

Figure 2 shows the variation of
shock–downstream mean pressure from direct
numerical simulation (DNS) of shock–turbulence
interaction at M1 = 2.5 for different turbulent
Mach numbers Mt. The DNS data is taken from
Sethuraman et al. (2018). The mean pressure
profiles at the shock are observed to have a
smaller magnitude than LIA. They initially ex-
hibit the jump at the shock, then decrease slightly
and increase gradually towards the outflow due
to flow exit condition used in the DNS and have
negligible impact on the turbulence statistics at
the shock (Larsson 2009). The observed deviation
of mean pressure from the linear solution at the
shock is primarily due to the nonlinear effects at
high Mt values (Ryu 2014).

We compare the predictions for mean pres-

sure at the shock from WNLF with DNS using
the threshold method (Sethuraman et al. (2018)).
The peaks of mean pressure profiles downstream
of the shock from threshold method are compared
with the predictions from WNLF as shown in fig-
ure 3 for Mach numbers 2.5 and 3.5, respectively.
The drop in mean pressure is found to be larger
for larger Mt. We find that the predictions from
WNLF compare well with DNS up to Mt ≤ 0.25.
For high Mt, the deviation of WNLF from DNS
increases. The deviation may be due to higher-
order nonlinear effects, which become significant
at high Mt and are neglected in WNLF. In com-
parison, LIA neglects this mean pressure drop en-
tirely, with mean pressure given by R-H condi-
tions. Thus, WNLF is a significant improvement
in predicting the post-shock mean pressure, which
is important while prescribing shock-downstream
boundary condition in DNS and for experimen-
tally adjusting shock position in supersonic wind
tunnels.
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Non-interferometric optical techniques for quantitative flow visualization of high speed flows. 
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Optical imaging, sensing and spectroscopy techniques played crucial roles in understanding the physics and 

chemistry of high speed flows, especially in ground based test facilities. Conventional Schlieren and shadowgraph 

techniques still remain as inexpensive and easy to use flow visualization techniques, however they are qualitative. 

This talk will present the no interferometry, no laser based optical imaging technique for quantitative flow 

visualization of hypersonic flow field. We also discuss briefly the computational methods used for faster image 

processing and better resolution. The challenges and advantages of these techniques will be highlighted. 
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Introduction: In recent decades numerical 
simulations have been increasingly used to study 
various fluid flow phenomenon due to their 
capability to offer relatively detailed perspective 
with less input resources as compared to 
experiments. Computations, specifically in high 
speed compressible flows, became more common 
as the computing power increased over last few 
decades. Typical supersonic and hypersonic flow 
involves regions where flow has smooth gradients 
of various flow variables co-existing with thin 
regions of large gradients, such as shock waves and 
contact discontinuity, of same variables. In order 
to simulate flow phenomenon with large spectrum 
of length scales, like laminar to turbulent boundary 
layer transition, the numerical method should be 
able to handle both smooth flow and 
discontinuities embedded within it. In other words 
the numerical technique should add enough 
amount of dissipation to resolve flow discontinuity 
while not over smearing the smooth flow features 
with pragmatic mesh number.    

  There is abundant amount of work discussing 
development of various numerical methods to 
overcome the aforementioned challenges posed by 
compressible flow which includes dedicated shock 
resolving schemes. Detailed review of some of 
these methods with application in high speed flows 
can be found in [1]. Based on the contemporary 
available literature WEighted Non-Oscillatory 
(WENO) schemes [2] are suitable candidate for 
shock capturing because of their ability to maintain 
higher order nature around discontinuities. Finite 
difference compact schemes [3] are suitable for 
capturing smooth flow features owing to their 
spectral like resolution. A hybrid scheme is 
designed to make use of best aspects of both 
WENO and compact schemes [4]. The present 
work is aimed at comparing performance of 
WENO and Hybrid-WENO (HyWENO) on 
generic numerical problems. The problems chosen 
in this work involve very high Mach number flows, 
flows where density and pressure are close to 

vacuum levels, thereby presenting some of the 
strictest challenges to the stability of the numerical 
scheme. The performance criteria extends from 
resolution to CPU hours employed to solve a test 
problem in consideration. 

  

Governing Equations and Computational 
Method: Three dimensional compressible Navier 

Stokes equations in curvilinear coordinates (𝜉,𝜂, 𝜁) 
can be written as 

  
𝜕𝒖

𝜕𝑡
+
𝜕(𝐹 −𝐹𝑣)

𝜕𝜉
+
𝜕(𝐺 − 𝐺𝑣)

𝜕𝜂
+
𝜕(𝐻 − 𝐻𝑣)

𝜕𝜁
= 0 

 

Where 𝒖 is a conserved variable vector, 𝐹 and 
𝐹𝑣 are inviscid and viscous fluxes in 𝜉-direction 

respectively and likewise in 𝜂 and 𝜁 direction. 
Detailed description of the equation and associated 
symbols can be found in [5]. A finite difference 
based numerical solver was developed to solve 
above equation where in HyWENO approach was 
implemented. A suitable numerical switch 
identifies the regions of discontinuity in the 
computational domain. Regions detected as shocks 
are treated by 5th  order WENO scheme and smooth 
regions by 6th order compact schemes. The solution 
is marched in time explicitly using TVD version of 
RK3 method. The conserved variables are then 
filtered using an implicit filter after certain number 
of time steps to filter out numerical instabilities due 
to boundary closures and non-uniform mesh. 
Filtering frequency varies from problem to 
problem.  

   

Sample Problem Description, Result and 
Discussion: The problem in consideration is a two-
dimensional test case proposed by [6] and known 
as ‘Double Mach Reflection (DMR) problem’. It 
involves interaction of a strong Mach 10 shock 

with a 30° ramp. The problem is modified to be 
solved in a rectangular domain [0,4] by [0,1] with 

mesh size as (961 ×241). The initial conditions 
and boundary conditions for the problem can be 
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found in [6] and the solution is marched till non-
dimensional time 2.0. This problem involves two 
slip lines emanating from two triple points. The 
numerical scheme dissipation will affect the 
resolution of the rolled-up vortices, whose size is 
governed by smallest wavelength represented by 
the mesh, along the slip line emanating from the 
triple point involving primary incident shock. 

 

 

 

 
 

Figure 1. Comparison of 30 equally spaced 
density contours from 1.2 to 24 for double Mach 
reflection problem (from top to bottom) WENO, 

HyWNEO (Present Work) and WENO 
(Townsend et al). 

 

 
 
Figure 2. Comparison of density gradients for 

double Mach reflection problem. 
 

As evident from figure 1 the computed solution 
from WENO and HyWENO matches closely with 

the results of [7]. Furthermore the low dissipation 
characteristics of HyWENO is clear from both 
figure 1 and 2 where in the rolled-up vortices are 
clearly observed in HyWENO solution.  
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In the era of hypersonic, the high-speed vehicles 

like re-entry vehicles, missile face two major 

barriers i.e., higher drag and heating effects. 

Hence, the designing mechanism of these vehicles 

requires trade-off study in order to balance both 

these “aerodynamic and aerothermodynamic 

factors/design requirements”. 

 

There are many techniques used in order to 

resolve this, by changing the flow filed in front to 

the body. One of it, was to curve the forepart of the 

body making it blunt. Blunt body being the current 

design of re-entry vehicles entering the earth’s 

atmosphere with high supersonic speed, generates 

a strong bow shock wave ahead of it, which 

reduces the heating effects on the body and 

increases the pressure drag which is effective in 

deacceleration the body in descent phase i.e., for 

smooth landing of it. Fluid across the bow shock 

deaccelerates and moving downstream it gains the 

kinetic energy causing drag and heating effects. 

However, from the energy principle, a larger blunt 

nose radius is preferred since wall heat flux is 

inversely proportional to the square root of nose 

radius of the body and dissipates the heat to the 

freestream. On the other hand, the high-speed 

vehicles leaving the earth atmosphere requires less 

drag, for minimization of required thrust. But 

increase in heating might cause erosion of the 

material.  

Therefore, the simplest and reliable technique 

to overcome, is to use a spike over the blunt body 

helps in drag reduction as mentioned [1] and from 

[2], using hemispherical shaped spike reduces the 

heat fluxes. 

 

The spike in the front of the body converts the 

strong bow shock to weak oblique shock and also 

separates the flow over the spike length that is 

detaches the boundary layer creating a shear layer. 

This shear layer reattaches onto the blunt body, 

leading to a dead zone of air (recirculating region) 

at low pressure and temperature giving a 

significant drop in the drag and the heat flux at the 

stagnation point. 

 

Therefore, the motivation is to numerically 

investigate the coefficient of drag of the 

hemispherical blunt body and a hemispherical 

spiked blunt body with the following dimensions 

(figure - 1): 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

The current study is done at following freestream 

conditions (figure - 3): 

 

 

 

 

 
 

 

 

 

 

 

        Figure 3: Freestream conditions 

Figure 1: Geometry dimensions 

Figure 2: (a)3D model of Blunt body; (b) spiked body 
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Simulation is done using RANS equation and 

Spalart Allmaras one-equation turbulence model in 

a commercially available software. 

 

The main objective is to obtain drag of the bodies 

and validate it with that of experimental values. 

Figure – 4 shows the comparison of computational 

Cd results obtained with that of experimental taken 

from [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From figure – 4, gives computational Cd values, 

where we can observe that there’s 34.5% reduction 

in the Cd value of spike body compared to blunt. 

Figure – 5 and 6, shows the Mach contour 

presenting the stand of shock wave. The foreshock 

from the spike, shear layer and recirculation region 

are well captured with spike configurations  

(Figure - 6) which go with schlieren image 

obtained during the experiment as indicated in 

figure - 7. 

 

Further works involve simulation of hemispherical 

blunt body of the 80 mm radius with below 

configurations along with variation in position of 

the spikes along the length as shown below 

 (figure - 8): 
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Figure 4: Comparison of coefficient of drag of 

hemispherical blunt body with that of spiked bodies 

Figure 5: Mach contour of hemispherical body of 80 mm 

radius 

Figure 6: Mach contour of hemispherical single spiked 

body of 3 mm radius 

Figure 7: Schlieren image of spike; source [3] 

(a) 

 

(b) 

Figure 8: (a)Hemispherical double spiked body; (b) Disc 

double spiked body; (c) disc double spiked with l/L = 0.25;   

(d)  disc double spiked with l/L = 0.75  

 

(c) 

 

(d) 
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The work involves the development of a Medium Independent Scramjet engine design for Earth’s atmosphere 

based on the concept of mediumindependent jet engines. Medium Independent jet engines primarily focus on realizing 

an air-breathing engine that can be used in any gaseous atmosphere while providing an ISP greater than a conventional 

rocket engine. The concept involves the combustion of fuel with stored oxidizer and injection of the high enthalpy 

products into the engine's mainstream primary flow to increase the incoming flow's net enthalpy. Thus, bringing about 

the generation of thrust. The thermodynamic concept of the Medium Independent jet engine has been utilized to 

develop a Scramjet model and simulate the respective flows in order to validate the concept and study its feasibility. 

The initial choice of a Scramjet engine model is due to the absence of moving parts and is less complicated than the 

turbojet engines. Upon validation of the concept through simulations, it can be applied to Jet engines and to other 

atmospheres such as that of Mars as well. The MI- Scramjet engine development includes the design of the inlet, 

mixing chamber, nozzle, and preburner. Inlet design was carried out and optimized by reducing the total pressure loss 

from 31% to 14.4%. The thermodynamic properties which are obtained after the inlet serve as the input parameters 

for the mixing chamber. The mixing of the secondary flow or combustion products with the primary flow was studied 

in detail with results showing greater ISP than that of any conventional rocket engine. The design of the mixing 

chamber is divided into 3 sections; first, the geometry is being analyzed based on the injection of complete combustion 

products of pure hydrogen and oxygen without considering any byproducts; secondly, the design is analyzed by 

considering the by-products due to dissociation into consideration and lastly with the variation of the oxidizer fuel 

ratio conditions. Various mixing methods have been designed and tested through CFD analysis using a commercially 

available software; k-epsilon turbulence model was used and the study of the mixing chamber was carried out for a 

medium-independent scramjet vehicle. The results for various geometries have been obtained and a comparison 

between the various cases resulting in the identification of the best strategy including minimizing the stagnation 

pressure losses and maximizing the ISP is carried out. Initially, the injection of pure H2O at 4930K as a secondary 

flow is studied and computational analysis was done. The theoretical value of the total temperature obtained was 

1863K while the computational simulations resulted in 1841.8K. The ISP obtained in the best mixing case is 756.4s 

which is 12.9% lesser than the theoretical value and is attributed to total pressure losses. Then, further study was 

carried out by injecting all the combustion products (a total of eight species) as secondary flow at 3489.3K which 

undergoes a 7-step reaction mechanism. The results obtained are like pure water vapor injection with just a deviation 

of 3.3%. Integration of inlet design and mixing chamber is done and the ISP obtained is 703s. The performance 

evaluation of changing the oxidizer to fuel ratio on thrust and specific impulse is also analyzed. By adjusting the 

oxidizer to fuel ratios for different cases, it is possible to determine the relevant temperature, pressure, Mach number, 

thrust, and specific impulse profiles. By analysing the H2 and O2 mass fraction contours, the consumption of oxygen 
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in the inlet air is also examined. On operating the preburner at different Oxidizer/Fuel ratios from 100% to 10% of 

stoichiometric conditions, an increase of 140% in thrust and 199% in Isp were observed as compared to the Mi-Jet 

case with thrust of 221 N and 718s Isp respectively.  
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 The phenomena of Shockwave boundary layer interaction are a naturally occurring process which is expected on 

both internal and external walls of aircraft flying at transonic to hypersonic speeds. The complex interaction 

induces flow separation on local wall surface creating an aerodynamic obstruction. Additionally, the separation 

shock exhibits large amplitude pressure fluctuation which when matched with the natural frequency of body of 

interest results in unsteady pressure loads, peak wall heating and structural damage. Such interactions do occur on 

wings facing transonic/supersonic speeds, intakes operating at supersonic speeds and on high speed rotating 

turbine blades. The idea of modifying or controlling such an interaction therefore relies on minimizing or 

mitigating these adverse effects for enhanced performance. Therefore, it becomes essential to improve the 

incoming boundary layer health which helps to mitigate the severity of shock wave boundary layer interaction. To 

remove the low momentum fluid from boundary layer and replace it with high momentum fluid the boundary layer 

manipulation technique was widely used in the past, which re-energises the boundary layer and able to sustain 

higher adverse pressure gradients. Although boundary layer manipulation techniques such as suction and blowing 

have been found to be very effective and have found several hardware applications, the system associated with 

them is quite complex and expensive. As a result, alternative boundary layer manipulation methods such as those 

using active or passive vortex generators, plasma jets, etc. have been explored in the recent past to reduce the 

complexity and the cost of control application and its operation. This talk covers the overall control strategies 

available to mitigate the shock wave boundary layer associated interaction.  
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Introduction:  Nozzle - Isolator flow 

interaction in a co-flow setup is immensely 

significant in the Dual Combustor Ramjet (DCR) 

Engine, a choice for volume constrained 

hypersonic propulsion system [1]. These 

interactions encompass multi phenomena flow 

features like shock train in isolator, shock-

boundary layer interactions, shock reflections and 

shock- mixing layer interactions as depicted in the 

schematic in figure 1. These nozzle – isolator 

interactions aren’t endemic to DCR alone, rather 

relevant in other applications likes of supersonic 

ejector, rocket based combined cycle (RBCC) 

engines, fuel injectors in SCRAMJET engine. 

Parametrizing the shock train location 

dependencies is a vital task as this can lead to the 

unstart of the engine if not deigned carefully.   

 

 
Figure 1 Schematic of phenomena that can occur in nozzle - 

isolator configuration 

 

Knowledge on shock train in isolator has a 

considerable amount of contribution by the 

research community in the single flow setup where 

effect of back pressure [2], upstream conditions 

[3], geometry of the duct [4], boundary layer 

interactions [4] and complex background wave 

interactions [3] have been addressed. Shock train 

length predictive modelling using machine 

learning [5] has been the recent addon. In all these 

cases, shock train is produced by flow choking at 

the downstream end physically using a valve or a 

ramp. In the case of nozzle – isolator co-flow 

configuration, the under expanded jet from nozzle 

itself can provide the necessary blockage and 

pressure gradient for the generation of shock train 

in the isolator. At the same time, the entrainment 

caused by the higher momentum of the nozzle flow 

can also negate the effect. Attributing effective 

parameters for the phenomena of shock train 

location plays a key role in comprehensive 

understanding of the flow problem. 

   

 Limited literature available in the nozzle-

isolator co-flow setup have mostly reported on the 

axisymmetric geometries [6,7,8] that resulted in 

pure empirical relations correlating the shock train 

length against the pressure raise across it. The 

effect of momentum differential across the nozzle 

and isolator in this co-flow configuration wasn’t 

addressed. Understanding the effect of momentum 

ratio (J) of the isolator flow to the that of nozzle 

flow on the shock train location and its length is 

aimed through this work. In order to perceive it 

better, flow visualization is adopted, thus leading 

to take up the rectangular co-flow configuration. 

  

 
Figure 2 Instantaneous high speed schlieren image of the 

shock train for similar momentum ratio (J) at different P0  

combination. 

 

Experimental Setup:   With this objective a 

modular experimental setup for rectangular co-

flowing nozzle – isolator configuration has been 

designed and developed for variability in the 

parameters such as isolator length, Mach number 

and stagnation pressure of the both the flows 

independently. High speed schlieren imaging and 

wall static pressure measurements form a major 

part of the diagnostic tools. High speed Photron 
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Fastcam camera at 22500 fps and 1 𝜇𝑠 exposure 

time, illuminated by Si-LUX 640 pulsed laser are 

utilized. Parabolic mirrors with f/D of 10 in a Z-

type configuration is used for Schlieren imaging. 

Integrated silicon pressure transducers with 

accuracy of ±0.025 𝑏𝑎𝑟 are used for wall static 

pressure measurements on the side wall using ports 

made on acrylic window. Pressure measurement 

locations are spread over in a way to cover both the 

isolator and the mixing regions. 

  

 
Figure 3Wall static pressure ratio on the top wall for similar 

momentum ratio (J) at different P0 combination 

 

Effect of Momentum ratio (J) on the 

location of shock train leading edge and the shock 

train length is of interest of this work. Isolator flow 

has a contoured convergent-divergent section 

upstream whose geometric area ratio correspond to 

Mach 2.5 to provide uniform flow. The nozzle flow 

has the area ratio corresponding to Mach 2.0. 

Isolator length was fixed such that L/H of the 

isolator was maintained at 20.  The values of J were 

varied only by changing the stagnation pressure 

(P0) of the nozzle and isolator independently. Two 

discrete values for J were maintained 

approximately at 0.240 and 0.300 initially by 

maintaining P0,isolator constant at 0.85 bar and 

reducing P0,nozzle from 5 bar to 4 bar. The same J 

values were also obtained at different and higher P0 

combinations labelled as ‘0240’ (P0,nozzle = 7.5 bar 

and P0,isolator = 1.25 bar) and ‘0300’ (P0,nozzle =  7 bar 

and P0,isolator = 1.5 bar). Stagnation pressures were 

measured using piezo resistive transducers with 

uncertainty of ±0.05 𝑏𝑎𝑟.  

 

Results: Comparative instantaneous images of 

the flow using high speed schlieren are shown in 

Figure 2. The time averaged non- dimensional wall 

static pressure ratio plots of for all the four cases 

plotted in Figure 3. Wall static pressure is 

measured longitudinally along the center line of 

the width of the test section on the top wall and is 

normalized using the stagnation pressure of the 

isolator. Few observations in the initial set of 

experiments are: as the momentum ratio is reduced 

i.e., as the nozzle momentum is increased, isolator 

flow blockage is increased thus pushing the shock 

train into the isolator. The pressure rise across the 

shock train varies around 55% to the 80% of the 

pressure rise across a normal shock which is in 

coherence with the shock train literature. The tail 

of the shock train from pressure plots seems to 

coincide at a single location which visually doesn’t 

seem to match with the schlieren images. This 

means relying on pressure data alone might not 

lead to fully understanding the phenomena. Both 

pressure data and schlieren image reveal shock 

train leading edge location seems to be indifferent 

at higher P0 as long as J is maintained constant. 

However, the deviation in the pressure rise for 

lower J can be attributed to the unsteadiness of the 

shock train as it gets stationed upstream in isolator.       

In this paper, experimental results of the effect 

of momentum ratio (J) in nozzle-isolator co-flow 

setup would be discussed in greater detail with 

elaborate analytics. 

 

 References:  

 

[1] Waltrup P. J. et al. (1979) J. Spacecraft, 

vol. 17,No. 5.  

[2] Waltrup P. J., and Billig F. S. (1972) J. 

AIAA, vol. 11,No. 10.  

[3] Wenxin H. et al. (2020) Acta Astronautica 

177, 652-665.  

[4] Jonathan S. G., and Kenneth H. Y. (2016)  

J. AIAA, vol. 54,No. 11.  

[5] Chen K. et al. (2020) J. AIAA, vol. 58,No. 

9.  

[6] Stockbridge R. D. (1988) J. Propulsion, 

vol. 5, No. 3.  

[7] Tan H. J. and Sun S. (2008) Journal of 

Propulsion and Power, vol. 24, No. 2.  

[8] Byun J. R. et al. (2015) Journal of 

Propulsion and Power, vol. 31, No. 2. 



 

7th National Symposium on Shock Waves – 2023 @ PRL   

SHOCK WAVE CHARECTERSTICS IN SUPERSONIC CROSSFLOW INJECTION WITH A 

BACKWARD FACING STEP INJECTOR.   

Spandan Maikap1* and Arun Kumar R, 

 1 Research scholar, Department of Mechanical engineering, IIT Jodhpur, Jodhpur, 342030, India,  

2 Assistant professor, Department of Mechanical engineering, IIT Jodhpur, Jodhpur, 342030, India.  
Corresponding Author:  arunkr@iitj.ac.in 

 

Shock waves produced due to the interaction of a 

transverse jet in a supersonic crossflow are one of the critical 

aspects of fuel mixing in scramjet engines. The fuel injected 

into the supersonic freestream in hypersonic engines is in the 

form of transverse jets, which creates an obstruction to the 

flow. The supersonic freestream is deflected away from the 

transverse jet, creating a 3-dimensional bow shock. Several 

other shock waves, such as lambda shock pattern due to 

upstream flow separation, reattachment shock due to flow 

reattachment, barrel shock and Mach discs due to the 

underexpanded nature of the jet, are also commonly seen in 

such flow fields. The nature of such shock waves primarily 

depends upon the (i) blowing ratio (the momentum flux of the 

jet to the freestream) and (ii) the shape of the injection port. 

  

The present work numerically investigates the injection 

port consisting of a rectangular duct suddenly expanding into 

a duct with a larger cross-section area (Fig.1(a)). The injection 

geometry also consists of two control ports for the secondary 

injections. This type of injection port is used for fluidic 

oscillation to enhance mixing. The expansion of the sonic jet 

in the sudden expansion region results in the formation of an 

underexpanded jet which then interacts with the injector duct 

wall resulting in the formation of a Mach reflection shock 

structure as shown in Fig. 1(b). Expansion fans (I) can been 

seen emanating from the expansion corners of the duct which 

reflects back from the jet boundary to form reflected oblique 

shocks (II). The oblique shock is reflected back as a Mach 

reflection(III) at the jet central region. The formation of these 

shock structures inside the duct region results in complex flow 

features (figure 1(c)) essential in supersonic crossflow. The 

primary objective of the present study is to compare the flow 

features obtained from the injector with sudden expansion to 

plane rectangular injector with the same blowing ratio. Future 

studies are also planned to investigate the effect of blowing 

ratio and the sudden expansion dimensions on the shock as 

well as mixing characteristics. 

 
 
 

 

 

 

 
(a) 

 
(b) 

 

 

 
 

(c) 

Figure 1: (a) Schematic of the supersonic crossflow 

domain (b) Numerical schlieren showing the shock 

structures inside the duct (c) Numerical schlieren for an 

mid-axial plane. 
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Unstart is a transient phenomenon that occurs 

in high-speed engines and causes mechanical loads 

and flow field oscillations at both low and high 

frequencies. Unstart boundary is highly dependent 

on freestream circumstances, inlet/vehicle 

geometry, and in-flight downstream flow choking 

brought on by combustion pressure rise. Due 

to this pressure increase, the boundary layer 

separates. These disturbances affect the inlet air 

mass capture and travel upstream as an unstart 

shock, occasionally with noticeable lip shock 

oscillations. According to Im et al. (2018) [1], the 

entire transient process can be classified into 

"unstarting flows" and "unstarted flows." Studies 

on unstarting flows concentrates on  phenomena 

such as the initiation, propagation, and quasi-

steady phases during unstart whereas, studies on 

unstarted flows focus on spillage.  

Designing effective control systems to stop 

total unstart is greatly aided by an understanding of 

the characteristics of unstarting shock and the 

corresponding flow properties inside the vehicle 

duct. It could be feasible to control the outgoing 

unstart shockwave and so prevent or delay the 

spillage by unlocking the quasi-steady phases. 

In numerous experimental investigations on 

inlet unstart, downstream pressure rise has 

frequently been mimicked by adding a mechanical 

blockage (such as a flap or plug) [2,3]. There are 

very few studies that use mass injection or heat 

release to cause unstart. The unstart traits displayed 

by each of the aforementioned sources differ in 

some ways. 

The downstream invoked unstart shock system 

is seen to be interacting with the jet itself in mass 

injection-induced studies, with or without heat 

release (Im 2016). This phenomenon cannot be 

seen in mechanical blockage studies and closely 

resembles the actual event in a high-speed 

combustor flow path during unstart. 

The current study focuses on the modal analysis 

of mass injection-induced unstarting flows. The 

IISC scramjet (direct connect mode) facility was 

used for experiments [4]. A sonic nitrogen jet is 

introduced into a Mach 2.2 supersonic flow at 45° 

from the bottom wall through a 1mm slot opposing 

the flow as shown in the figure 1. 

Typical features like the bow shockwave due to 

the jet interacting with the supersonic flow, 

separation shock and reattachment shock is 

observed. With increasing momentum flux ratios, 

(Jjet/J∞), strength of the bow shockwave is seen to 

increase. This in turn disrupts the upper wall 

boundary layer and separates it. Further 

observations and the results will be discussed in the 

conference. 

 
 

 
Figure 1. Instantaneous image after jet injection [ A 
- Separation shock, B - Bow shock and C - Reattachment 
shock]  
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Introduction: Supersonic ejectors have been 

employed in various aerospace and energy 

systems, including refrigeration systems, waste 

heat recovery, thrust enhancement and noise 

suppression in jet engines, rocket-based combined 

systems, wind tunnels, and vacuum generation, to 

name a few. Ejectors are used to compress a low-

pressure stream (secondary stream) by utilizing the 

pressure energy of a coflowing high-pressure 

stream (primary stream). It consists of four 

components: a primary nozzle, a suction chamber, 

a mixing duct, and a diffuser. The mixing of the 

primary and secondary flow is purely a 

gasdynamic phenomenon, which is influenced by 

shock structures in the mixing duct. Furthermore, 

the fatigue loading due to shock structures results 

in structural failure of ejectors. Therefore, it is 

essential to understand the dynamic behavior of 

shock structures.  

The shock structures in the mixing duct have 

been captured and characterized the critical and 

mixed flow regimes in our previous work [1]. 

However, the dynamic behavior of shock 

structures has not been studied, which is the main 

motive of this work. This paper characterizes 

unsteadiness associated with shock structures in 

the mixing duct of ejectors operating in the critical 

flow regime.  

 
Figure 1: High-speed schlieren images, indicating shock train in the mixing duct of an ejector operating in 

the critical flow regime. Condition: mixing duct height: 12 mm, mixing duct length: 180 mm, stagnation 

pressure ratio: 11.11, primary nozzle Mach number: 2.0.  

Shock structures in the mixing duct for the 

mixed flow regime have been characterized in a 

previous study [2]. In mixed mode operation, 

primary shock structures remain in the core of the 

primary flow due to the larger mixing duct height. 

On the contrary, shock structures reach the ejector 

walls, restricting the secondary stream path and, 

thus, choking the secondary stream. Therefore, 

these structures significantly influence the 

entrainment ratio (ER). ER is defined as the ratio 

of secondary to primary mass flow rates.  

The Fourier transformation (FT) of traced 

shock location obtained from schlieren images has 

been implemented to study the dynamic behavior 

of shock structures [2]. The frequencies associated 

with the shock cells range from 50 to 75 Hz, which 

falls in the domain of low-frequency unsteadiness. 

The low-frequency phenomenon occurs in many 

situations, such as compression ramps, forward 

and backward cavities, supersonic isolators. The 

physical mechanism of low-frequency 

unsteadiness in the internal flow is not well 

Primary Shock Structures

Re-compression Shock 

Structures
Primary Nozzle Ejector Wall

Mixing Duct Diffuser
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understood in the literature. In the present study, 

we use schlieren images and dynamic pressure 

measurement reported in Ref [1] to study the 

unsteadiness of shock structures in the mixing 

duct. 

Fourier transformation (FT) on the pressure 

measurement and traced shock location from 

schlieren images is used to determine the dominant 

frequency of shock structures. FT cannot provide 

the time instant corresponding to the dominant 

frequency. Hence, the wavelet transformation on 

recorded pressure signals in the mixing duct is 

implemented. It provides the time-frequency 

representation of the pressure signal. Detailed 

analysis of Fourier and wavelet transformation, 

along with the dynamic behavior of shock 

structures, will be presented at the conference. 
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The fields of supersonic flow and shock waves have been under scrutiny by the research community for over 

a century now, with the first versions of a shock tube being designed as far back as the early 1900s. However, for the 

lion’s share of this time, research was mostly focused from the angle of aerospace sciences. Seldom has these concepts 

been propagated to other fields of engineering.   

  

The shock wave has always been thought of as a force with a negative connotation, and rightly so, due to its 

destructive nature. However, in recent times, various groups around the world have targeted utilizing this phenomenon 

in constructive ways. The first and most widely spread mechanism that utilizes the shock waves is the Extracorporeal 

Shock Wave Therapy (ESWT) Lithotripter, used in the biomedical industry to blast large kidney stones into smaller 

pieces so that they may be passed naturally.  

  

In this paper, I provide glimpses of several industrial applications of shock waves, outside of the aerospace 

sciences, which have high probability to be useful to mankind at large scales. The various fields will cover animal 

husbandry, food processing, geo-mechanical engineering, biomedical engineering, agriculture etc. As the latent 

potential of this phenomenon is quite untapped at this stage, I hope this paper provides enough food-for-thought to the 

shock wave community to envisage applications which have been so far unexplored.     
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Shockwaves are non-linear waves, propagating at speeds greater than the speed of sound. They are characterized 

by an instantaneous rise in pressure which is followed by an exponential decay. They possess a unique characteristic 

of instantaneously increasing the pressure, temperature and density of the medium through which they propagate. 

They are generated when an object travels at a speed higher than the local speed of sound e.g., supersonic and 

hypersonic aircrafts. Also, a sudden release of energy in a confined space also leads to their formation. Bomb 

explosions and bullet fired from a gun are some examples. In a laboratory, shockwaves are generated by using shock 

tubes. Investigating the effects of blast induced traumatic brain injury (bTBI) has been a mainstay of shockwave 

research in biology.  Developing biomedical devices and applications has been an unconventional direction 

of research in the recent past. Researchers have demonstrated the use of shock waves to disrupt renal calculi. 

Numerous other applications like needle-free drug delivery, cell transformation, fracture repair and accelerated wound 

healing have been described in the literature. What remains unclear is the molecular mechanisms of these 

effects/applications. This talk will shed light on the history of shockwave-based medical devices with a special 

emphasis on understanding the mechanisms of shockwave-induced wound healing. 
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Introduction: Cavitation refers to the 

formation, growth, and collapse of cavitation 

bubbles in an aqueous medium either by 

alternating the sound pressure field (acoustic 

cavitation) or by changing pressure through 

flowing geometries (hydrodynamic cavitation). If 

the pressure drop is enough to reach the vapor 

pressure of the aqueous medium at bulk 

temperature, the liquid is converted into the vapor 

phase to form gas/vapor-filled cavitation bubbles. 

Consequently, the cavitation bubbles are subjected 

to oscillating pressure fields which leads to a 

violent collapse in the downstream section. The 

transient collapse of cavitation bubbles induce 

high-pressure shock waves causing physical and 

chemical changes in the form of localized “hot 

spot” (temperature = 5000 K and pressure = 500 

atm). The cavitation can indeed be applied to 

intensify the conventional processes in several 

applications such as food processing, 

emulsification, extraction, biomedical, biofuels, 

and environmental remediation etc.  

In the present study, various designs of venturi 

based hydrodynamic cavitating reactors (slit, 

circular, elliptical) by varying different 

geometrical and operating parameters were studied 

to analyze the cavitating conditions. CFD, ANSYS 

Fluent 19 software was used to investigate the 

bubble behavior during the transient collapse of 

cavitation bubbles.  

Computational modelling: 

A separate set of conservation equations is applied 

for each phase [1]. 

Mass conservation equation: 
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Where, 𝑣𝑘 = velocity of phase k, kl  = interfacial 

mass exchange between phases k and l k = liquid 

phase, v = vapour phase, 𝛼𝑘 = vapour volume 

fraction (VVF) of phase k and the balance equation 

which refer to the total vapor volume is: 
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Momentum conservation equation: 
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Where, 𝜏𝑘 = viscous shear stress, 𝑇𝑘
′  = Reynold 

stress. 𝑀𝑘𝑙 = interfacial momentum exchange 

between phases k and l. Pressure is assumed 

identical for all phases − 𝑃𝑘 = 𝑃    
Turbulence Model:−The k-ε is applied as a 

turbulence model which consists of turbulence 

kinetic energy and turbulence dissipation energy 

solved by the Eulerian multiphase approach for 

each phase. 

Turbulence Kinetic equation 
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Where, Pk is the production term 
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Turbulence dissipation equation 
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In eq. 4 and 6, 𝐶𝜇, 𝜎𝑘,  𝐶𝜀1, 𝐶𝜀2, 𝐶𝜀 are the closure 

coefficients.  

The vapour transport equation in term of vapour 

mass fraction (f) is given by: 

( ) .( ) .( )m m v e cf v f γ f R R
t
 


+ =  + +


  (7) 

Where, 
m  = mixture density, f = vapour mass 

fraction, γ = effective exchange coefficient, vv  = 

vapour phase velocity. 
eR  and 

cR  are vapour 

generation and condensation rates (or phase 

change rates) respectively.  

mailto:kuldeep.roy@vit.ac.in
Invited Talk 3, TS-III-B



 

7th National Symposium on Shock Waves – 2023 @ PRL   

 When, P<
satP  2( )

)ch v
e e l v

l

V P P
R C ρ ρ (1- f

σ 3ρ

−
= (8) 

             P>
satP  2( )ch v

c c l l

l

V P P
R C ρ ρ f

σ 3ρ

−
=  (9) 

Where, chV  = Characteristic turbulent velocity, σ = 

surface tension coefficient of liquid phase, 
vP  = 

vapour pressure, Psat = saturated vapour pressure of 

liquid, 
eC and 

cC are 0.02 and 0.01 respectively.  

The turbulent pressure fluctuation is obtained by 

assuming isotropic turbulence.  

Weber number criterion is introduced with zero 

relative velocity approximation which limits the 

cavity size.   
'2

' dv
We




=                               (10) 

Where, σ = surface tension, ρ = density of liquid 

and 'v  = local turbulence velocity.  

Result and Discussion: 

Effect of inlet gauge pressure:− The optimum 

cavitation number in our case is obtained in the 

range of cavitation number 0.10 to 0.20 for best 

cavitational activity. Fig. 1 shows the effect of inlet 

gauge pressure for different cavitational reactor. 

Pressure contour for elliptical increases up to 6 atm 

and then decrease but for slit and circular increases 

upto 10 atm for different inlet gauge pressures. 6 

atm for elliptical venturi, 10 atm for slit venturi and 

8 atm for circular venturi are optimized inlet 

pressure for best cavitational activity.  

 
 Fig. 1 Pressure contour at different gauge 

pressure in Circular Venturi  

Optimization of divergence angle:−In this analysis 

half angle of divergence was taken ranging from 

5.50 to 7.50. Fig. 2 shows that 6.5 is optimum 

for different cavitational reactors at respective 

optimized inlet gauge pressure for best 

cavitational activity. At higher divergence angle 

pressure recovers faster and the length of low 

pressure zone (cavitation zone) is lesser, hence 

the cavitation bubble shrinks collapse quickly. 

The quicker collapse increases with the increase 

in the divergence angle, and decrease the 

cavitational zone due to faster pressure drop.  

Fig.2 Pressure contour of Circular Venturi for 

various divergence angle 

Conclusions: 

The flow through different venturi-based 

hydrodynamic cavitating reactors viz. elliptical, 

circular, and rectangular was computationally 

simulated at steady flow conditions using turbulent 

k-ε scheme. Low-pressure zone in the downstream 

section can be controlled by geometrical and 

operating parameters. It is seen that the optimum 

half divergence angle for maximum cavitational 

activity was 6.5 for elliptical, circular and 

rectangular venturies. 8 atm inlet pressure for 

elliptical venturi, 10 atm inlet pressure for slit and 

circular venturi was optimum for higher cavitation 

zone.   
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Blast induced Traumatic Brain Injury is a significant
health concern, and ACH helmets are mainly designed
for bullet impact resistance. This makes it necessary to
study its explosive protection capability. The work
presents the interaction of the blast wave with the
helmet-head parenchyma. Based on this understanding,
some measures for better blast wave mitigation are
proposed.

Introduction: Considerable efforts are made
to investigate the interaction of the blast wave with
the helmet-head parenchyma [1]. The studies
represent that the results are confounding as the
interaction between the components is complex.
Also, the current understanding regarding the role
of helmets in blast mitigation is inconclusive [2].
Especially, the role of foam pads, mechanics of
foam deformation, subsequent load transfer to the
head, and its consequences on brain
biomechanical response are not well understood.
These aspects are critical in design of
next-generation of helmet and warrant an
investigation.

Thus, the proposed work investigates the blast
load transfer to the brain with focus on mechanics
of interaction between the head and helmet.

Results and Discussion: The primary
objective of this study is to evaluate the pressure
dissipation mechanism with different helmet
configurations.

Variation of surface pressure. Figure 1 shows
the five locations of surface pressure measurement
and Figure 2 shows the variation of pressure in
head-helmet assembly.

Figure 1. Pressure measurement location over

head-helmet assembly
Reflected overpressure in air domain (H1) is of

greater intensity. This is due to the aerodynamic
effects. At H2 and H3 locations, the pressure is
comparatively lower because of flow separation in
without helmet case and pressure wave
transmission resistance by ACH and ACH with
polyurea case. Other than without helmet case, all
configurations have demonstrated an increasing
surface pressure trend at H4 location. This is due
to the influence of two pressure waves merging
and  underwash effects at H5 location.

Figure 2. Surface pressure distribution in
different locations

Conclusion: The underwash effect is evident
with the ACH helmet which is in consistent with
the literature. Further studies considering
intracranial pressure distribution show that the
intracranial pressures are significantly reduced in
the polyurea-layered ACH.



The results obtained show that among the ACH
variations, the one associated with a polyurea
layered ACH gives the best blast mitigation
performance.
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Introduction:  For  steady  supersonic  flow
over a wedge of given wedge angle,  based on the
Mach  number,  we  have  two  different  types  of
reflections  occurring  in  the  symmetry  plane  –
regular  reflection and irregular  reflection.  There
are  many studies  conducted  to  determine  the
transition  between  these  two  reflections,  in
particular,  between regular  and  Mach  reflection
and  also  between  regular  and  von  Neumann
reflection[1,2,3].  The  transition  between  Mach
reflection and von Neumann reflection has been
studied  extensively  for  unsteady  flows  [2],  but
there  are  relatively  few such  studies  for  steady
flows.  Ivanov  et  al  [4]  studied  the  irregular
reflection  of  shocks  in  steady  flows  using  a
viscous solver.  We study the transition between
the Mach reflection and von Neumann reflection
in  the  weak shock  domain  numerically  using  a
higher order discontinuous Galerkin method. 

Problem  Statement:  We  consider  the
supersonic  flow  over  a  wedge  of  given  wedge
angle  in  the  computational  domain  shown  in
Figure 1. 

According to Colella and Henderson [2],  the
flow transition between Mach reflection and von
Neumann reflection occurs when the shock angle
of  the  reflected  shock  exceeds  90  degrees.  We
consider a Mach number of 1.8 and for this Mach

number, this transition occurs at a wedge angle of
approximately  16.213  degrees.  We  show the  I-
Polar and R-Polar for this flow in Figure 2.

Notice that the leftmost point of the R-Polar in
Figure 2 is below the upper branch of the I-Polar.
According to Wu et al.[5], for such a case, there is
a  possibility  of  von  Neumann  reflection  which
occurs  because  of a  so  called  C-Polar  (C  for
compression waves) which originates at  the left
most point. They in fact argue that from the point
of  view of  the  smallest  energy criterion,  a  von
Neumann reflection is preferred in this case.  On
the  other  hand,  from  the  point  of  view  of  a
simpler wave configuration, a Mach reflection is
preferred. Hence both configurations are possible
when the leftmost point of the R-Polar is below
the upper branch of the I-Polar. Ivanov et al [4]
demonstrated  various  C-Polars  for  various
Reynolds numbers for the viscous case.

In  this  work,  we  investigate  numerically
whether such solutions (where there is a C-Polar)
occur  in  the  inviscid  case  for  different  sets  of
initial  conditions.  We  also  investigate  the
transition  between the  Mach reflection  and von
Neumann  reflection  using  a  higher  order
discontinuous Galerkin method for steady flows.

Figure 1: Computational domain for 
studying von Neumann reflection

Figure 2: I-Polar and R-Polar for Mach 
number 1.8 and shock angle 16.213 degrees
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Introduction: Shock wave propagation is a 

time dependent phenomenon. Numerical 
investigation of this phenomenon requires 
transient simulation. Both, explicit and implicit 
time-integration methods can be used for the 
transient problems. Explicit method is a non-
iterative method; however time step size is 
constrained due to stability criteria. Although, 
implicit method is unconditionally stable, it is an 
iterative method and requires more computation 
time per time step. Several researchers have 
investigated shock wave propagation numerically 
and implicit method has been used in most of the 
simulations [1-6]. 

 
The present work compares numerical results 

using both, the explicit method and mesh adaption 
and the implicit method with the analytical results 
in terms of accuracy and computational efforts. 

 
Numerical Details: Figure 1 represents the 

schematic diagram of the shock-tube, which 
consists of the driver section, diaphragm and the 
driven section. 

 

 
 
Figure 1: Geometry of the shock tube used in 
numerical investigations. 

A shock tube of 500 mm long driver section, 
500 mm long driven section and a diameter of 30 
mm is considered for analysis. A structured mesh 
is employed for the geometry. Mesh adaption 
allowed us to refine and/or coarsen the mesh 
based on the numerical solution data. There is no 
need to refine the complete domain as the mesh 
would refine itself according to the fluid flow 
characteristics in the corresponding domain. This 
method reduces the cell count as compared to the 
fixed mesh approach. 

The simulations are performed using the 
Navier-Stokes equations. The commercial code 
Ansys Fluent 2022R1 is used for the analysis [7]. 
A Second-order upwind (SOU) scheme is 
employed for spatial discretization. The Roe flux-
difference splitting (Roe-FDS) scheme for 
evaluating convective fluxes at the cell faces is 
employed. Least Squares Cell-Based gradient 
evaluation scheme is used. Diaphragm pressure 
ratio of 10 is used for the analysis. 

  
Results and Discussion: Figure 2 compares 

the shock position of the shock wave against flow 
time using implicit and explicit time integration 
methods. We find close agreement between the 
results using explicit method with mesh adaption 
and the results of the implicit method. In table 1, 
we find that the numerical results are in close 
agreement with the analytical solutions for 
pressure and velocity in the shock wave 
propagation. 

 
The explicit technique reduced the 

computational efforts significantly without 
compromising on the accuracy of the solution. 

 

 
 
Figure 2: Comparison of Shock position for 

shock wave propagation in a shock tube for 
explicit method with mesh adaption and implicit 
method 
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Table 1: Comparison of Pressure and velocity 
using different methodologies 
 

Methodology 
Shock 

position 
(m) 

Pressure 
(Pa) 

Velocity 
(m/s) 

Analytical 0.22 28481.60 285.11 
Implicit 0.22 28483.12 285.28 
Explicit 0.22 28215.94 287.19 
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High enthalpy simulation capabilities in ISRO – An overview. 
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1m combustion driven shock tunnel is one of its kind in India that can simulate high enthalpy flows of varying 

ranges. The talk covers overall specifications and simulation capabilities of such facility in addition to the challenges 

encountered during design and realization phases. Further, the presentation encompasses various aero-thermodynamic 

criticalities associated with ISRO’s re-entry vehicles, and how this facility was effetely used to mitigate those issues. 

Also, the starting characteristics and the supersonic combustion studies using this facility for air-breathing engine will 

be touched upon. Additionally, details of the measurement schemes used as well as the future plan to enhance the 

facility, and the near future activities planned for various missions will be presented.  
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Introduction: Shock tunnels/tubes are ground-

based impulse facilities used to study hypersonic 

flow phenomena like shock and blast waves. High 

Mach numbers and high flow total enthalpies are 

typical characteristics of flow inside these 

facilities. Typical test times in shock tubes are of 

the order of a few milliseconds. The harsh 

environment imposed by hypersonic flow, 

unsteady flow behavior due to shock interactions 

and short test durations can make the application 

of flow diagnostics challenging inside shock tubes. 

The most commonly deployed diagnostics in these 

facilities are pressure measurements using 

piezoelectric PCB pressure sensors, acceleration 

measurements on test models using piezoelectric 

accelerometers, quantitative flow visualization 

using Schlieren/shadowgraph techniques. To 

capture the dynamic flow physics in these kinds of 

facilities, the response time of the sensor has to be 

very small (around 1 ms). Shock wave techniques 

are also used to study dynamic properties of 

materials including Equation of State (EOS), phase 

diagram, etc [1]. These require measurement of 

shock velocity, applied dynamic stress and strain 

measurements on samples. Most of the 

conventional sensors such as fast-response 

piezoelectric and piezoresistive sensors are 

electrical-based, which require expensive low-

noise signal conditioners and elaborate cabling. 

For mounting these sensors on test models, special 

holes must be drilled on the model surfaces. Fiber-

optic based FBG sensors can be excellent 

candidates for flow diagnostics in shock tunnel 

environments. FBG sensors are diminutive (250 

micron diameter), light weight, serially 

multiplexable, minimally intrusive to the flow and 

can be mounted directly on model surfaces without 

any modifications. FBG sensors can sense multiple 

parameters like strain, temperature, pressure, etc. 

In this work, the response of FBG sensor to blast 

wave inside a Vertical Shock Tube is studied.  

 

  Principle of FBG sensors: An FBG is a periodic 

modulation of core refractive index in a single 

mode photosensitive fiber. It reflects a specific 

wavelength called Bragg wavelength and transmits 

the remaining wavelengths from an incident 

broadband light in the fiber. The Bragg wavelength 

λB depends on the effective refractive index neff and 

grating period Λ according to the relation (Eq. 1) 

𝜆𝐵 = 2𝑛𝑒𝑓𝑓𝛬                      (1) 

External parameters like strain and temperature 

induce a shift in Bragg wavelength making FBG a 

multiparameter sensor. The typical strain 

sensitivity of an FBG is 1.2 pm/με and temperature 

sensitivity is 14.18 pm/0C. 

 

Experimental methods and results: Vertical 

Shock Tube (VST) facility at IISc is one of the few 

shock tube facilities in the country capable of 

producing an analogous blast wave profile with 

decay time in the order of a few milliseconds. To 

produce a shock wave pulse, the driver length is 

kept high so that the expansion fan does not catch 

up with the incident shock wave thereby resulting 

in a flat-head pressure pulse at driven end of shock 

tube. For blast wave experiments, the pressure 

pulse should have zero dwell time at the peak and 

show a decaying profile after initial pressure rise 

(Friedlander profile). The driver tube length is 

tailored such that the expansion fan just catches up 

with the shock wave at the driven section end wall. 

A 15mm thick cylindrical tank/test section made of 

stainless steel (SS) is located at the end of the 

driven section of the VST. It has four glass 

windows on either side for visualization during 

experiments. 

    Commercial FBG sensor with center 

wavelength of 1550 nm and Full width at half-

maximum (FWHM) of 0.5 nm has been used for 

the experiments. FBG sensor was mounted 

perpendicular and then parallel to the incident blast 

wave front inside the shock tube. The Bragg 

wavelength response was recorded using FBG 

interrogator at an acquisition rate of 5 kHz. Fig. 1 

shows FBG sensor response when blast wave 

pressure front is perpendicular to the axis of FBG 

sensor. Burst pressure was measured using an IRA 

pressure gauge and was found to be 19.8 bar. The 
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impinging blast pulse causes compression of FBG 

sensor resulting in a negative peak shift of 642 pm. 

 

 
 

Fig. 1 Plot of FBG sensor response to 

perpendicular blast wave front 

 

Fig. 2 shows the response of FBG sensor when 

placed parallel to the incident blast pressure pulse. 

Burst pressure was recorded to be 10.2 bar. When 

the blast pulse is parallel to the FBG sensor axis, it 

causes elongation of the FBG sensor due to 

Poisson’s effect. Hence this resulted in a positive 

Bragg wavelength shift of 484 pm. 

 

 
 

Conclusion and future work: We have 

demonstrated the use of FBG sensor in a Vertical 

Shock Tube. The response of FBG sensor when 

placed perpendicular and parallel to the incident 

blast wave front was demonstrated. To validate the 

response, numerical simulations are being carried 

out. 
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PARAMETRIC STUDY OF A CONICAL SHOCK TUBE
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Introduction: The conventional
shock tube as

used by most researchers across the
globe, cannot
simulate short duration pulses (~100
����) by having
air as the driven gas and a
non-combusting/cold
driver gas. The shock tubes that are currently in use
for blast simulation studies have pulse durations of
around 10 ms, which rule out the possibility of
simulating a dynamic loading, let alone a
possibility of simulating an impulsive event.

Simulating a short duration pulse would be
especially needed to study blast interaction with
protection gear materials and living beings. If we
need to simulate an impulsive type of loading, we
need to have loading pulses of the order of a few
hundred micro-seconds as typical plates that are
used in laboratories have natural time periods of
the order of a few milliseconds.

This limitation of a conventional shock tube is
because the pulse duration at the exit of the shock
tube is linked to the driven tube length, which in
turn is linked to the diaphragm opening time and
the shock formation distance. These values tend to
become longer as larger diameter driven tubes are
used, making it very difficult to achieve such
experimental conditions. If we intend to simulate
closer stand-off distances, we need to reduce the
time duration of the blast to sub- millisecond
levels.

For short duration pulse interaction studies,
using a compressed gas driven diverging cross
section (conical) shock tube has been shown to be
a better method in simulating a short pulse blast

profile instead of using a conventional shock tube
based on previous work carried out at Laboratory
for Hypersonic and Shock-wave Research, IISc
[1][4].

Figure 1 Schematic of a Conical Shock Tube

Figure 2 Comparative plot of Conical Shock Tube Pressure
Signal with Semi-Empirical Friedlander Equation (Eq.1)

�� = ∆�� (1−��
��) ��������+��0 (Eq.1)

Since this is a comparatively new method, not
much data about the actual gas dynamics inside a
conical shock tube is available in open literature.
Quantities like diaphragm opening time and shock
formation distance are crucial to obtain minimal
decay times and maximal peak pressures for a
given reservoir pressure.



Following work focuses on doing the complete
parametric study of a conical shock tube with the
help of experiments to try and understand the gas
dynamics inside it. The goal is to establish
relations of diaphragm opening time, shock

formation distance, effect of area gradient on
shock formation and nature of the shock,
achievable peak pressures with respect to
chamber pressures, and decay time. Results will
be presented at the  symposium.
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Abstract

A hypersonic shock tunnel is a primary tool used for basic experimental research and may be used in
engineering and university courses to study compressible flows involving shock waves. The
modifications to Reddy shock tunnel with a pneumatic attachment is performed and demonstrated for
hypersonic flow studies. The high-pressure nitrogen gas is used to drive a pneumatic cylinder, which is
used to burst the thin metal diaphragms. Tunnel free stream conditions are quantified using the
measured pressure values and by applying shock tube relations. The free-stream Mach number of 5.5
to 7.2 is achieved by varying the bursting pressure and test gas pressure from 2.1 to 4.5 bar and 0.2 to
0.5 bar respectively. The simulation is performed and quantified the shock standoff distance and the
measured stagnation pressures. The results demonstrate that the pneumatically operated tunnel
enhanced operation capacity compared to the manually operated tunnel and well suits the academic
hypersonic research &  developmental activities.

The influence of shockwave impact on Chitosan (CS) material samples is studied using the modified
Reddy shock tube where the experiments are conducted for a shock Mach number of 1.6. CS material
sample is exposed to the shock wave by fixing at the driven tube end flange and impacted to 30, 60, and
90 shock impulses. CS material after the impact was characterized for its structural changes by the
Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy
(SEM), and viscometer results. The FT-IR results of the treated sample indicate that the bond length is
reduced as the functionality of amide increases by lowering the mass of the samples. Significant changes
are observed for the CS samples exposed to 90 shock pulses. The Degree of deacetylation (DDA) is
increased from 75% to 89%. XRD results indicate that the crystallite size is enhanced by 109% in the
treated samples and significant morphological changes are noticed in the SEM images. The viscosity is
decreased to 88% and the reduction in molecular weight by 92% indicates the shock treated CS samples
contain high water solubility. Results emphasized that the shock tube technique yields quick findings
with favorable changes in the chitosan depolymerization (DP) reaction and demonstrated that it is an
efficient, cost-effective, and  less time-consuming approach.

Similarly, multi-wall carbon nanotubes (MW-CNTs) are tested for high pressure shock wave conditions
considering the lacuna of medium pressure conditions in the literature and for their superior higher
thermal, electrical and mechanical properties. In the study MW-CNTs subjected to shock wave loading
of stagnation pressure conditions of 385 kPa, 847.9 kPa, and 906.4 kPa are experimentally investigated
in a shock tube which corresponds to a shock Mach number of 1.4, 1.7 and 2 respectively. The test
samples are exposed to shock impulses of 10, 20, 30, 40, 50, and 60 and the surface morphological
variations are studied using scanning electron microscopy (SEM) images. It is observed that the gradual



increase of about 20.43% in the average diameter of shock treated samples with reference to its original
diameter subjected to 10 shock impulses for all tested pressure conditions. Further, a progressive
decline in average diameter of about 23% is noticed for up to 50 impulses at 385 kPa pressure
condition.
Whereas, for 847.9 kPa and 906.4 kPa conditions the average diameter decreased of about 3.85% till 40
impulses and later increased up to 15.4% for 60 impulses condition. The surface morphological changes
emphasize that the stability of the material significantly depends on the shock wave loading and has to
be considered for the MW-CNTs application in the aviation industry.

Keywords: Hypersonic flow, shock wave, shock tunnel, incident and reflected shocks, Chitosan, carbon

nano tubes, deacetylation, de-polymerization. Surface morphology, SEM, FTIR.
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Introduction: The key challenge in designing 

the supersonic and hypersonic vehicles is to 

mitigate the drag force and heating. Lower drag 

results in longer ranges and more economical fuel 

consumption. Lesser heating on the forebody helps 

in protection of the forebody structure and on-

board equipments. Fortunately, the high drag and 

heating that affect the forebodies in 

supersonic/hypersonic flight regimes are caused by 

the same source, namely the generation of a bow 

shock wave ahead of the forebody. The flow 

downstream of the shockwave reaches extreme 

pressure and temperature levels, which cause 

extreme drag and heating on the forebody. As a 

result, by modifying the flow field ahead of the 

forebody to weaken the bow shock, both drag and 

heating can be reduced at the same time. 

V. Menezes et. al. [1], tested multistep 

afterbody in a hypersonic shock tunnel (HST-2) at 

a free stream Mach number of 5.75 using a single 

component accelerometer force balance. The 

experimental results showed that a multistep base 

reduced total drag over the body by 8% when 

compared to a flat base arrangement. Pritchard [2], 

choose hemisphere as the body type to be studied 

due to increasing importance as a missile nose 

configuration and tried to analyze the lift and drag 

of a hemisphere in hypersonic flow through the 

application of Newtonian theory for each angle of 

attack from zero to 90 degrees. He developed the 

statements for the lift and drag coefficients. James 

despirito et. al. [3], demonstrated a method for 

calculating the aerodynamic coefficients of a 

missile with and without grid fins using viscous 

CFD simulations. They performed simulations at a 

Mach number 2.5 and for different angles of attack. 

The obtained aerodynamic coefficients were 

within 2.8% to 6.5% of the wind tunnel data. Since 

most of the literature on prediction of aerodynamic 

drag over hypersonic bodies is limited to the low 

Mach numbers and low enthalpy conditions, for 

the present study the coefficients are calculated at 

Mach number 5.7. 

The Hypervelocity Ballistic model 2 (HB-2) is 

chosen as the test model for this study, and the 

force coefficients primarily the lift coefficient and 

drag coefficient at 0°, 2° and 4° angles of attack are 

estimated using three different methods, namely 

the Analytical method, the numerical method, and 

the experimental method. The desire for a ballistic 

correlation model was first expressed in September 

1959 at a joint meeting of AGARD and STA in 

France [4,5]. As a result, two hypervelocity 

ballistic model configurations, HB-1 and HB-2, 

were created. These models depict common 

missile configurations. The HB-2 model consists 

of a blunt nose, cylinder, and frustum at the end. 

Experimental approach: Experiments are 

carried out in the hypersonic shock tunnel (HST-2) 

facility available at IISc, Bengaluru to measure 

force coefficients on the HB-2 model at a free 

stream Mach number of 5.7. To validate the 

experimental results, numerical simulations are 

performed with the commercial package ANSYS 

2022 R1. A hypersonic flow over a Hypervelocity 

Ballistic model 2 (HB-2) is simulated using 

ANSYS Fluent (2022 R1) CFD solver and lift and 

drag coefficients are analyzed. 

The detailed geometric specifications of the 

HB-2 model are shown in Error! Reference 

source not found.. 
 

Figure 1 Hypervelocity Ballistic Model 2 (HB-2) 

The force measurements on the HB-2 model 

utilized in this study were performed at a 

stagnation enthalpy of 1.1 MJ/kg in the IISc shock 

tunnel HST-2 at a flow Mach number of 5.7. the 

free stream conditions used for the study are 

mentioned in Table 1. Helium is supplied as the 

driver gas to generate higher enthalpy flows in all 

the shots, and the air is used as the test gas. 
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Table 1 Free stream conditions 

Flow parameters Quantity 

Mach number, 𝑀∞ [±0.74%] 5.7 

Static pressure, Pa [±3.64%] 2179 Pa 

Static temp. Ts [±4.4%] 147.6 K 

Enthalpy, H [±4.19] 1.1 MJ/Kg 

Reynolds number, Re [±6.89%] 7.04×106m−1 

Density, 𝜌 [±4.88%] 0.051 Kg/m3 

Velocity, V [±2.08%] 1385 m/s 

The model is tested at 0, 2 and 4 degrees of attack. 

To test the repeatability of the signals, three tests 

are performed for each condition. All experimental 

data are derived by averaging results across the 

period of the steady flow. The coefficients 

obtained from the experiments are shown in results 

section. 

Numerical approach: Ansys fluent software is 

used to calculate the aerodynamic coefficients. A 

3D density based coupled solver was used to solve 

the governing equations in the computational 

domain. The computations are performed on a 

mesh with 195000 cells in the domain. The 

generated elements are hexahedron type of 

elements. The model is surrounded by inflation 

layers with a first layer height of 2 × 10−6 m and a 

growth rate of 1.2. the Figure 2 shows the 

simulation’s computational grid generated within 

Ansys Fluent. 

 

Figure 2 Computational Grid 

A second order discretization scheme was used to 

solve the momentum and energy equations in the 

flow domain. A two-equation k-ω shear stress 

transport turbulence model was used to simulate 

the turbulence flow behavior in the domain. The 

convergence was obtained when the residuals of all 

the variables fell below the criteria 10−5. 

Results: The aerodynamic characteristics for 

HB-2 configuration obtained from the analytical 

approach, numerical approach, and experimental 

approach for different angles of attack are analyzed 

and plotted in figure 3 for a Mach number of 5.7.  

In all the three methods the lift coefficient 

increases linearly as the angle of attack increases 

as shown in figure 3(a). The obtained experimental 

results show lift coefficient deviation of 10.64% to 

40% and drag coefficient deviation of 8.33% to 

10.08% with reference to analytical results. 

Similarly, the drag coefficient increases linearly as 

the angle of attack increases as shown in figure 

3(b). The experimental results are deviated by 

4.19% to 20% for lift coefficient and by 14.82% to 

16.41% for drag coefficient with reference to 

simulation results. 

  

(a) (b) 

Figure 3 (a)Variation of coefficient of lift with angle 

of attack at M=5.7 (b)Variation of coefficient of 

drag with angle of attack at M=5.7 
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Introduction: An optimized Supersonic 

Combustion RAMjet (SCRAMJET) intake should 

be able to provide the combustor high pressure and 

temperature ratios with minimal compensatory 

total pressure losses, over a wide range of flight 

and engine operating conditions [1]. The physical 

ingress of supersonic airflow at the intake should 

be as high as possible. Under inviscid conditions, 

the minimum area ratio above which the intake is 

sure to start, is given by the Kantrowitz’s limit [2, 

3, 4].  

Reasons for unstarting of intakes could be [5] -  

a) Pressure rises during supersonic 

combustion 

b) Choking of the flow due to contraction of 

the internal flow 

The intake unstart is usually characterized by 

engorgement and disgorgement of shock systems, 

known as “buzz” [6]. Unstart control strategies 

have been explored as follows – 

a) Active-control – Overspeeding, Variable 

geometry [7] 

b) Passive-control – Bleeding at ramp or 

cowl wall [8], Vortex generators (VGs) 

and Vortex generator jets (VGJs) [9, 10], 

Dielectric Barrier Discharge (DBD) 

actuator [11], Fluidic device for Boundary 

Layer (BL) reenergizing [12] 

Boundary layer bleed was seen to suppress the 

amplitude of “Little buzz” oscillations, while its 

effect on ‘Big buzz’ was negligible [13]. Operating 

range of supersonic intakes was also extended with 

use of boundary layer bleed.  

The author proposes to use a bypass flow path with 

a ramp-bleed as potential oscillation suppression 

mechanism. A fine-tuned design could also help in 

restarting the intake too. Towards this goal, 2D 

Scramjet intakes with/without ramp-side bypass 

bleed is investigated numerically for a freestream 

Mach number of 6.53.  

 

Objectives: The objectives of the current 

work have been listed as follows-  

• Design an optimized and practical 2D 

scramjet intake with reasonable 

compression ratio, which would remain 

self-started on all conditions.  

• Design a bypass duct that doesn’t hinder 

the main intake’s performance 

significantly. Implement a ramp side bleed 

from the isolator into the bypass duct to 

divert the excess mass flow in the isolator 

during unstart.  

• Numerically evaluate the start/unstart 

performance of the two intakes 

combinations. Explore the possibility of 

evolving frequency scaling for unstart 

shocks. Verify if control was achieved 

with bypass bleed arrangement. 

 

Design Methodology:  

Intake 𝐴: An optimized base intake was 

designed using Non-dominated Sorted Genetic 

Algorithm (NSGA-2), for flow conditions given in 

Table 1. A multi-objective optimization problem 

(MOP) was formulated to yield a geometry with 

optimum performance in terms of length, Overall 

Pressure ratio (OPR) and starting margins [20]. 

Shock-on-Lip and Shock-on-Shoulder condition 

was imposed as a geometric constraint. The 

oblique shock relations (θ-β-M) for a calorically 

perfect gas was used to evaluate shock angles. 

Self-starting of the optimized inlet was ensured 

by implementing an overboard spillage and 

expansion shoulder as shown in Figure 2(a).  

Intake 𝐵:  A bypass flow-path was designed to 

modify Intake 𝐴 such that isolator mass-flow, 

length, and height of isolator are held constant 

(Figure 2(b)). Divergence angle was provided for 

the bypass-flow path to reduce chances of choking 

due to friction and mass-addition.  

Intake 𝐵𝐶: Further, bleed was designed to duct 

the excess mass-flow rate during unstart when the 

isolator is choked by a downstream flap as shown 

in Figure 2(c). 

Unstart in all the three intakes can be initiated 

by inducing a higher backpressure at exit. This is 

done by a flap. 
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Results: Numerical simulations were 

performed on the three intakes (𝐴, 𝐵 and 𝐵𝐶) at 

freestream conditions as described in Table 1. At 

𝑇𝑅 =  0.00, all the intakes showed started 

conditions. At higher throttle ratios like 𝑇𝑅 =
 0.32 the intake 𝐴 is expected to unstart and exhibit 

supersonic spillage. 

Unsteady numerical simulations for the high 

throttle ratio cases are ongoing. The results of 

unstart simulations will be communicated in the 

full paper and in the conference. Scaling laws to 

explain the oscillatory response of the unstart 

shock would also be discussed. 

 

Freestream conditions 

𝑀∞ = 6.57 ± 2% 

ℎ∞ = 0.3 ± 7% MJ/Kg 

𝑃∞ = 1210.6 ± 5% Pa 

𝑇∞ = 230.8 ± 7% K 

Table 1 Design conditions for the intakes 

 

 

 

Figure 2(a) Schematic of Intake 𝑨 

 

Figure 2(b) Schematic of Intake 𝑩 

 

Figure 2(c) Schematic of Intake 𝑩𝑪 

 

 

 

 

 

Figure 3 Contours of Mach number for started 

condition of Intakes 𝑨 and 𝑩 at 𝑻𝑹 = 𝟎. 𝟎𝟎 
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Introduction: Study of materials and 

structures related to civilian and military 

against different types of explosive blasts

exploding mines or buried improvised explosive 

devices is an important problem. 

blast tests play a pivotal role in understanding 

protection capability of the armoured land and 

underwater vehicles and their 

Depending on the conditions generated

the explosive mass and stand-off distance

either only deflection or both the deflection and 

the failure of the structures is observed

experimental and numerical studies are available 

in literature to study and predict the de

a material under low to moderate air

[1-4]. But literature regarding numerical 

and simulation of different explosive b

conditions and measurement of pressures and 

deflection and failure of the 

structures is very limited. Hence, th

aims to simulate the explosive blast of 1kg and 

10kg TNT at different SoDs and to 

compare the incident, reflected 

midpoint deflections of different armour 
 

Experimental:  Explosive blast tests with 

10kg TNT have been conducted at TBRL, 

Chandigarh. The Stand-off distance is 700mm 

from the centre of explosive to the target material. 

Explosive is used in spherical form. Target 

materials are different armour steels of 

thicknesses ranging from 8mm to 24mm. The 

exposed area of the target material is 680mm in 

diameter. 

 

Figure1. Experimental test setup for explosive 

blast  
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materials and 

civilian and military vehicles 

ve blasts from 

exploding mines or buried improvised explosive 

. The explosive 

in understanding the 

armoured land and 

their structures. 

generated by both 

distance (SoD), 

or both the deflection and 

observed. Many 

experimental and numerical studies are available 

the deflection of 

under low to moderate air-blast loading 

regarding numerical modeling 

different explosive blast loading 

conditions and measurement of pressures and 

he materials and 

he present work 

the explosive blast of 1kg and 

to determine and 

the incident, reflected pressures and 

armour steels. 

Explosive blast tests with 

10kg TNT have been conducted at TBRL, 

off distance is 700mm 

from the centre of explosive to the target material. 

Explosive is used in spherical form. Target 

mour steels of 

thicknesses ranging from 8mm to 24mm. The 

exposed area of the target material is 680mm in 

 
Experimental test setup for explosive 

Numerical:  Numerical modeling and 

simulation of explosive blast on armour grade 

steels has been performed by using LS

commercial explicit finite element software. 

Explosive blast of 1kg TNT has been 

at different SoDs ranging from 200mm to 

1000mm. Air and explosive have been used as 

ALE materials and modelled with 

equation of state and JWL equation of state 

respectively. The steel materials are modelled 

with Johnson-Cook material model with shock 

equation of state. Incident and reflected pressu

profiles have been determined through 

simulations and compared with semi empirical 

models of Kinney-Graham and Kingery

The numerical simulations are extended to predict 

the performance of different steels of different 

thicknesses against 10kg explosive blast load. 

Incident, reflected pressures and mid

deflections were determined through simulations 

and compared with experimental results. 

 

Figure2. Numerical simulation model showing 

explosive, air and target materials for 1kg 

explosive blast 

 

Figure3. Numerical simulation setup for 10kg 

TNT showing blast wave interacting with target at 

700mm SoD 

POINT DEFLECTION OF ARMOUR STEEL PLATES 

SUBJECTED TO EXPLOSIVE BLAST LOADS THROUGH EXPERIMENTAL AND NUMERICAL 

Numerical modeling and 

simulation of explosive blast on armour grade 

steels has been performed by using LS-DYNA 

commercial explicit finite element software. 

Explosive blast of 1kg TNT has been performed 

ranging from 200mm to 

nd explosive have been used as 

ALE materials and modelled with γ-law gas 

equation of state and JWL equation of state 

respectively. The steel materials are modelled 

Cook material model with shock 

equation of state. Incident and reflected pressure 

profiles have been determined through 

simulations and compared with semi empirical 

Graham and Kingery-Bulmash. 

The numerical simulations are extended to predict 

the performance of different steels of different 

xplosive blast load. 

Incident, reflected pressures and mid-point 

deflections were determined through simulations 

and compared with experimental results.  

 
Numerical simulation model showing 

explosive, air and target materials for 1kg 

 
Numerical simulation setup for 10kg 

TNT showing blast wave interacting with target at 
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Results and discussions:  1kg TNT explosive 

in spherical form has been simulated at different 

SoDs. Incident and reflected pressures have been 

determined and compared with that of semi

empirical based relations of Kinney

equations and Kingery-Bulmash charts. The 

results are shown in the Figure 4 below. 

 

Figure4. Comparison of (a) Incident pressures 

(b) Reflected pressures at different SoDs 

 

It is found that the incident and reflected 

pressures are in good correlation with the

obtained from empirical based models.

 

10kg TNT explosive has been simulated at 0.7m 

SoD on different armour steels. The mid

deflection of the plates has been recorded and 

compared with the experimental results. The 

Figure 5 below shows the mid-point deflection of 

the plates. 

 

Figure5. Comparison of midpoint deflections of 

RHA steels from simulations and experimental 

results 

 

It is found that the simulated deflections of 

armour steels of various thicknesses are within 5

10% error with that of the experimental results.

 

Keywords: Blast; Explosive; Numerical 

modeling; ALE; Armour steels 
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1kg TNT explosive 

in spherical form has been simulated at different 

SoDs. Incident and reflected pressures have been 

determined and compared with that of semi-

empirical based relations of Kinney-Graham 

Bulmash charts. The 

shown in the Figure 4 below.  

 
Comparison of (a) Incident pressures 

(b) Reflected pressures at different SoDs  

incident and reflected 

in good correlation with the results 

empirical based models.  

10kg TNT explosive has been simulated at 0.7m 

SoD on different armour steels. The mid-point 

deflection of the plates has been recorded and 

compared with the experimental results. The 

point deflection of 

 
Comparison of midpoint deflections of 

RHA steels from simulations and experimental 

he simulated deflections of 

steels of various thicknesses are within 5-

10% error with that of the experimental results. 

Blast; Explosive; Numerical 
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Introduction: Many military and aerospace 

vehicles or structures experience different types 

of dynamic loads during their service.

dynamic loads include the impact of hail stones

bird, projectiles and high-pressure 

Therefore, understanding the 

structures subjected to these types of dynamic

loads has become an important 

many military and scientific research 

communities across the globe. Much of the 

research has been concentrated on the

metal and composite plates to different types of 

impulsive loads such as explosive blast loads

shock loads [1-5]. Determination of blast 

response of structures is highly challenging due to

high speed and transient nature of the 

deformation, rigid body motion, smoke and fire 

hindrance and also severity of shock 

common methods to measure dynamic response 

of structures are to deploy strain gauges and 

accelerometers or laser displacement

drawback of these methods is that they provide 

only pointwise information and the measurements 

are also influenced by the shock related effects

such as noise, temperature and rigid body motion

However, high speed video (HSV)

interfaced with Digital image correlation

information on full field deformation and also 

offer an advantage of non-contact measurements.

In the present study, 3D Digital image 

correlation (3D DIC) in combination with high

speed photography was used to study the shock 

response of E-glass/epoxy composites. The shock 

loads were generated using shock tube. The out of 

plane displacement of the composites with time 

were determined using 3D DIC. Various 

deformation modes of the composites subjected to 

shock loads were also reported and discussed. 

 

Experimental:E-glass/epoxy composites were 

fabricated using hydraulic press. The composites 

were evaluated for their physical and mechanical 

properties as per the specified standards. Shock 

response studies on E-glass/ epoxy composites 

were carried out using compression gas based 

shock tube and 3D DIC. The shock tube set up 
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Many military and aerospace 

vehicles or structures experience different types 

dynamic loads during their service.The 

dynamic loads include the impact of hail stones, 

 shock waves. 

 response of 

structures subjected to these types of dynamic 

become an important objective for 

many military and scientific research 

globe. Much of the 

the response of 

fferent types of 

impulsive loads such as explosive blast loads and 

. Determination of blast 

challenging due to 

transient nature of the 

, rigid body motion, smoke and fire 

and also severity of shock effects. The 

methods to measure dynamic response 

strain gauges and 

ment sensors. The 

of these methods is that they provide 

d the measurements 

are also influenced by the shock related effects 

and rigid body motion.  

(HSV) cameras 

Digital image correlation provide 

information on full field deformation and also 

contact measurements. 

In the present study, 3D Digital image 

correlation (3D DIC) in combination with high-

speed photography was used to study the shock 

glass/epoxy composites. The shock 

ock tube. The out of 

plane displacement of the composites with time 

were determined using 3D DIC. Various 

deformation modes of the composites subjected to 

shock loads were also reported and discussed.  

glass/epoxy composites were 

using hydraulic press. The composites 

physical and mechanical 

properties as per the specified standards. Shock 

glass/ epoxy composites 

were carried out using compression gas based 

hock tube set up 

including the 3D DIC is shown in Figure 1. 

real time pressure profiles of the incident and 

reflected shock waves were recorded using 

piezoelectric pressure sensors. Two Phantom high 

speed video cameras and ViC 3D DIC were used 

to capture the real time deformation of E

composites. The damage modes

displacement of the composites are also 

determined using post-test visual 

 

Figure1. Experimental test setup 

with high-Speed video camera and 3D DIC. 

 

Results and discussions:

composites were fabricated and 

their physical and mechanical properties. 

waves were generated using shock 

bursting the aluminum diaphra

and reflected shock pressures generated by 

bursting different aluminium diaphragms

varying thicknesses are shown in Figure 2.

 

Figure 2.Shock wave pressure profiles 

(b) Reflected  

 

GLASS/EPOXY COMPOSITES  

including the 3D DIC is shown in Figure 1. The 

real time pressure profiles of the incident and 

reflected shock waves were recorded using 

piezoelectric pressure sensors. Two Phantom high 

speed video cameras and ViC 3D DIC were used 

re the real time deformation of E-glass 

composites. The damage modes and residual 

of the composites are also 

visual observations. 

 
Experimental test setup of shock tube 

camera and 3D DIC.  

: E-glass/epoxy 

fabricated and evaluated for 

their physical and mechanical properties. Shock 

waves were generated using shock tube by 

bursting the aluminum diaphragms. The incident 

shock pressures generated by 

bursting different aluminium diaphragms of 

are shown in Figure 2. 

 
Shock wave pressure profiles a) Incident 
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The E-glass /epoxy composites were subjected to 

these pressures and the real time deformations 

were measured using 3D DIC. The 3D DIC 

images of transient and residual 

deformation of composites when subjected 

shock loads of 17bars and 32bars 

pressures are shown in Figure 3 

respectively. 

 

Figure 3.Out of plane deformation subjected to 

17 bars pressure a) Transient b) Residual

Figure 4.Out of plane deformation subjected to 

32 bars pressure a) Transient b) Residual

 

The deformation of the E-glass/epoxy composites  

observed after the shock testing are shown in 

Figures 5, 6 and 7 respectively. From the figures, 

it is observed that composites exhibited various 

types of damage modes such as matrix cracking, 

fibre breakage, large inelastic deformation (mode 

I), pulling of plate from the edges to the centre 

and very minor delamination at the clamped

edges. From 3D DIC and post

observations it is observed that deformation are 

increasing with increase in shock pressures.

real time displacement of the composites 

determined using 3D DIC are matching with the 

post test results  

 

Figure5.Deformation of composite subjected to 

17 bars pressure a) front b) Back side 
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glass /epoxy composites were subjected to 

these pressures and the real time deformations 

DIC. The 3D DIC 

 out of plane 

when subjected to 

 peak reflected 

 and Figure 4, 

 
ut of plane deformation subjected to 

a) Transient b) Residual 

 
Out of plane deformation subjected to 

Residual 

glass/epoxy composites  

after the shock testing are shown in 

From the figures, 

it is observed that composites exhibited various 

types of damage modes such as matrix cracking, 

inelastic deformation (mode 

I), pulling of plate from the edges to the centre 

and very minor delamination at the clamped 

edges. From 3D DIC and post-test visual 

observations it is observed that deformation are 

increasing with increase in shock pressures. The 

real time displacement of the composites 

are matching with the 

 
Deformation of composite subjected to 

17 bars pressure a) front b) Back side  

Figure6.Deformation of composite subjected to 

32 bars pressure a) front b) Back side 

 

Figure7.Deformation of composite subjected to 

45 bars pressure a) front b) Back side

 
Keywords: Shock tube; 

Correlation; E-glass/epoxy composites

 

References: [1] R J Curry, G S Langdon, 

(2009) International Journal of

Engineering, 36, 862-874. [2] Mark W. Nansteel

and Charles Chih Tsai Chen, (2009

Test and Evaluation Association 

46. [3] Vikrant Tiwari, Michael Sutton,

McNeil, Damien Bretall, (2009)

Journal of Impact Engineering,

Puneet Kumar and Arun Shukla,

International Journal of Impact

74-85. [5] C J Reddy, B.Venkataramudu,

V.Madhu, (2019) Procedia Structural Integrity

14, 634-641. 

 

Acknowledgements:  

 

Authors would like to thank Director, DMRL 

for giving permission to present

conference. Authors also acknowledge the 

support of Shri K. Gopinadha Reddy, Shri Ranjith 

kumar Singh, Shri Ashish Naukarkar, Shri 

Abhirup Dubey and Shri Pratik Bouri in 

fabricating and shock testing of composites. 

 
Deformation of composite subjected to 

32 bars pressure a) front b) Back side  

 
Deformation of composite subjected to 

45 bars pressure a) front b) Back side 

; Digital Image 

glass/epoxy composites;  

R J Curry, G S Langdon, 

ournal of Impact 

Mark W. Nansteel 

2009) International 

Test and Evaluation Association Journal, 30, 45-

Vikrant Tiwari, Michael Sutton, S R 

(2009) International 

Impact Engineering, 36, 862-874. [4] 

run Shukla, (2012) 

Impact Engineering, 46, 

B.Venkataramudu, 

Procedia Structural Integrity, 

Authors would like to thank Director, DMRL 

present the paper in the 

Authors also acknowledge the 

support of Shri K. Gopinadha Reddy, Shri Ranjith 

kumar Singh, Shri Ashish Naukarkar, Shri 

Abhirup Dubey and Shri Pratik Bouri in 

fabricating and shock testing of composites.  



Response of shock induced deformation in Cp Titanium 

Shreshtha Ranjan1*, Gopalan Jagadeesh2, Satyam Suwas3 

1Interdisciplinary Centre for Energy Research, Indian Institute of Science, Bangalore, India 

2Department of Aerospace Engineering, Indian Institute of Science, Bangalore, India 

3Department of Materials Engineering, Indian Institute of Science, Bangalore, India 

Abstract 

Explosive/Blast forming is used for high velocity frictionless forming of thin sheets into 

complicated shapes. The purpose of present work is to study the microstructural and texture 

changes under the high strain rate deformation like shock/blast loading for commercial pure 

titanium. Titanium alloys are widely used in aerospace application due to its high strength to 

weight ratio. The possibility of shock forming of cp-titanium is observed. Bulk texture and 

microstructural analysis are carried out. Figure 1 shows IQ+IPF map of after and before shock 

deformed titanium. There is significant weakening of bulk texture is observed because of grain 

fragmentation. Deformation twinning which was seen in the after-shock microstructure also play 

role in texture weakening. The initial grain size distribution of annealed titanium is 84±20𝜇𝑚 
and after shock deformation it reduced to 15±8𝜇𝑚. Aspect ratio of grain changed from equiaxed 

to 3:1 along the shock direction after deformation. Formation of extensive deformation twins 

(15.2%) occur after deformation. 64.4O contraction twin (CT1) is dominant resulting the splitting 

of basal poles toward the TD of (0002) pole figure. Strain gradient within the grain having higher 

value at the grain boundary can be seen. Microhardness was found to be highest at the mid-point 

defection region and it decreases systematically toward the periphery in deformed cp titanium. 

 

Keywords: Titanium; Microstructure; Texture; Shockwave; High strain rate 

 

 

Fig. 1: IQ+IPF map of after and before shock deformation titanium samples 
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Introduction: Any man-made or accidental 

explosion can create a shock that can induce 

vibrations in the ground and damage the structures 

on or under the ground surface. This ground shock 

can be caused either by air blast, surface blast, or 

buried blast of the explosives [1]. Generally, 

military fortifications above and underground are 

subjected to multiple blasts and subsequent 

vibrations. Therefore, protecting of such structures 

to reduce the damage to the structures and loss of 

life becomes important. The most important 

ground shock parameters associated with the 

vibrations induced due to blast loading are peak 

pressure, peak particle displacement, peak particle 

velocity, and peak particle acceleration [2]. 

In this paper, we explore the attenuation 

behavior of sand subjected to blast waves. Peak 

pressure, decay time, and impulse of the blast wave 

profile have been used to compare different blast 

profiles generated in the laboratory. 

 

Experimental Facility: To generated blast 

waves in a repeatable manner, vertical shock tube 

(VST) setup designed by Samuelraj and Jagadeesh 

[3] at the Laboratory for Hypersonic and 

Shockwave Research, Indian Institute of Science 

was used. VST is a compressible gas driven twin 

shock tube facility. A 770 mm long test chamber is 

designed and used for studying the propagation of 

the blast wave through a sand column. The actual 

test area is a 684 mm long cuboid with a cross-

section of 135 mm × 135 mm. There are 7 ports 

each on two sides (total 14) of the test area with a 

pitch of 75 mm to hold pressure sensors and as well 

as accelerometers. Each of the other two sides of 

the test area is equipped with a window of 230 mm 

× 60 mm for flow visualization studies. In this 

study, we have used the pressure sensors in a flush 

mount fashion for side-on dynamic pressure 

measurement. 

 

Results and Discussions: Experiments have 

been done on the sand samples for RD = 25 %  

Table 1. Experimental details for Relative Density 

(RD) = 25 % sand sample 

Mach 

No. 

Experimental Observations 

Reflected 

P*(bar) 

(PD1) 

(bar) 

(PD2) 

(bar) 

(PD3) 

(bar) 

(PD4) 

(bar) 

2.03 12.00 9.63 3.71 3.16 1.41 

2.02 12.00 7.38 3.64 3.50 2.76 

2.06 12.91 9.81 5.41 6.61 2.31 

2.30 18.01 12.84 8.71 4.06 2.89 

2.36 20.17 14.25 4.63 4.45 2.91 

2.48 22.56 17.86 7.72 5.10 3.03 

2.76 30.85 27.00 15.68 7.31 3.23 

2.72 30.96 23.59 11.22 7.51 3.25 

2.74 31.47 27.93 18.08 6.86 3.70 

 

 
Figure 1. Non-dimensional peak pressure vs depth 

on logarithmic scale for 25 % RD 

 
 Figure 2. Non-dimensional peak pressure vs depth 

on logarithmic scale for 43 % RD 
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(loosely packed sand) and 43 % (medium packed 

sand) with a 1 m driver section. The experimental 

parameters for various runs and the observed peak 

pressures at each of the four locations of the 

sensors in the sand column for RD = 25 are 

tabulated in Table 1. It is considered that the peak 

reflected pressure P* is the maximum pressure 

encountered by the free surface of the sand 

column. The peak pressures at each of the sensor 

locations, from top to bottom, in the sand column 

are denoted by PD1, PD2, PD3, and PD4, 

respectively. 

The maximum pressure observed at the last 

sensor at a depth of 288 mm is less than 20 % of 

the maximum pressure at the free surface of the 

sand. In other words, the pressure wave attenuates 

almost 80 % in 288 mm.  

These nondimensionalized pressures are 

plotted against the depths of different sensors for 

RD = 25 % and 43 % on logarithmic scale in Figure 

1 and Figure 2, respectively. This non-dimensional 

pressure, when plotted against the depth, depicts 

the attenuation of the pressure wave, which follows 

the Eq. 1. 

(PDi / P*) = ad -n (1) 

where, a is a constant and d denotes the depth in 

mm. In the Eq. 1, the exponent n depends upon 

factors such as the void ratio of the soil, the 

moisture content in the soil, the shape of soil 

particles etc. As n describes the nature of the 

attenuation curve of pressure waves inside the soil, 

it can be treated as the parameter to predict the 

level of attenuation and can be called the 

attenuation coefficient of pressure waves in the 

sand. From the experimental data, we obtain that 

the attenuation coefficient for sand with Dr = 25 % 

lies between 1.02 and 1.35 and that for sand with 

Dr = 43 % lies between 1.04 and 1.64. 
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Abstract: In this paper, we have explored the
problem of propagation of spherical converging
strong detonation waves in a real gas in non
homogenous medium. The non-homogeneity of
the medium is arising due to the solid body rotation
of the gas and power varying initial density
distribution. Considering detonation as Chapman
Jouguet front, the Chester[1]-Chisnell[2]-
Whitham[3] method has been used has been used
to solve the problem for real gas. In case of strong
detonation, the values of the pressure and internal
energy in the undisturbed fluid have been
neglected in comparison to their values in the
disturbed gas. The expression for the detonation
velocity has been derived and discussed
numerically. The results obtained here are
compared with those for earlier results. The
software MATLAB has been used for all computer
work.
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An indigenously designed and developed material shock tube (MST) [1] and a free piston-driven shock tube 

(FPST) have been used for the shock processing of materials for the first time at SSCU, Indian Institute of Science, 

Bangalore. These facilities can produce strong shock waves of 2-10 shock Mach number having stagnation enthalpy 

from 2 to 20 MJ/Kg. Under these conditions, test gas experiences high stagnation temperature (2000K-20,000K 

estimated) and medium pressure (10-120 bar) for a 1-3 ms time scale. At this shock temperature, test gas experiences 

vibrational, translational, rotational, and electronic excitation in addition to dissociation states. Shock-processed test 

gas experiences superheating and cooling at the rate of 5x106 K/s were made to interact with the materials. These 

shock tubes are also used as ground test facilities to study astrophysics, astrochemistry, and astrobiology experiments. 

The interaction of shock-heated test gas with solid materials for a short duration opens up a new area of research in 

materials chemistry.   

 The study presented in this paper provides new insights into the interaction of shock heated test gas with different 

materials. These extreme shock conditions are used to study fully catalytic/non-catalytic surface reactions that 

occurred on thermal protection system (TPS) [2], thermal barrier coating (TBC) [3], and ultrahigh temperature 

ceramic (UHTC) materials during reentry of space vehicles/capsules, the tip of missiles, etc. [4]. As a case study, we 

present the interaction of strong shock-heated test gases like Ar, O2, and N2 with TPS materials and different nano-

materials [5-7]. Various characterization techniques were used to analyze pre and post shock-treated samples.  
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Research on shock wave-induced phase transition of solid state materials has emerged as one of the 

standout research topics in recent years and consistently gaining momentum in such a way that it would open the 

flood gates for identifying many more materials for potential industrial applications which include materials in 

extreme conditions and sensors. The effect of shock waves on gas medium is well understood compared to the 

liquid and solid media. Since the velocity of shock waves in the liquid and solid media is very high compared to 

the gas medium, understanding their effects are quite complicated. Our research group is interested to investigate 

the material properties of both bulk and nano systems in shock wave-loaded conditions so as to enable better 

understating of the properties of materials in real time applications. In our laboratory, we have a couple of shock 

tubes which can generate different shock waves with varying Mach numbers from 1-4 with which shock wave 

recovery experiments can      be conducted. We have performed the shock wave recovery experiments for nano 

crystalline materials such as TiO2, MnO2, Co3O4,α-Fe2O3 nanoparticles and bulk single crystals such as 

potassium sulfate and sodium sulfate crystals and found some interesting crystallographic, molecular and magnetic 

phase transitions. The detailed analyses as well as results of the shock wave-induced phase transitions will be 

discussed during the presentation.   

   

  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 XRD patterns of the control and shocked samples (a) K2SO4 (b) Na2SO4 (c) Multi-walled  

Carbon Nano tubes (d) Fe2O3 NPs. 
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A hypersonic shock tunnel is a primary tool used for basic experimental research and may be used in 

engineering and university courses to study compressible flows involving shock waves. The modifications to Reddy 

shock tunnel with a pneumatic attachment is performed and demonstrated for hypersonic flow studies. The high-

pressure nitrogen gas is used to drive a pneumatic cylinder, which is used to burst the thin metal diaphragms. Tunnel 

free stream conditions are quantified using the measured pressure values and by applying shock tube relations. The 

freestream Mach number of 5.5 to 7.2 is achieved by varying the bursting pressure and test gas pressure from 2.1 to 

4.5 bar and 0.2 to 0.5 bar respectively. The simulation is performed and quantified the shock standoff distance and the 

measured stagnation pressures. The results demonstrate that the pneumatically operated tunnel enhanced operation 

capacity compared to the manually operated tunnel and well suits the academic hypersonic research & developmental 

activities.   

 

The influence of shockwave impact on Chitosan (CS) material samples is studied using the modified Reddy 

shock tube where the experiments are conducted for a shock Mach number of 1.6. CS material sample is exposed to 

the shock wave by fixing at the driven tube end flange and impacted to 30, 60, and 90 shock impulses. CS material 

after the impact was characterized for its structural changes by the Fourier transform infrared (FT-IR) spectroscopy, 

X-ray diffraction (XRD), scanning electron microscopy (SEM), and viscometer results. The FT-IR results of the 

treated sample indicate that the bond length is reduced as the functionality of amide increases by lowering the mass of 

the samples. Significant changes are observed for the CS samples exposed to 90 shock pulses. The Degree of 

deacetylation (DDA) is increased from 75% to 89%. XRD results indicate that the crystallite size is enhanced by 109% 

in the treated samples and significant morphological changes are noticed in the SEM images. The viscosity is decreased 

to 88% and the reduction in molecular weight by 92% indicates the shock treated CS samples contain high water 

solubility. Results emphasized that the shock tube technique yields quick findings with favorable changes in the 

chitosan depolymerization (DP) reaction and demonstrated that it is an efficient, cost-effective, and less time-

consuming approach.   

 

Similarly, multi-wall carbon nanotubes (MWCNTs) are tested for high pressure shock wave conditions 

considering the lacuna of medium pressure conditions in the literature and for their superior higher thermal, electrical 

and mechanical properties. In the study MW-CNTs subjected to shock wave loading of stagnation pressure conditions 

of 385 kPa, 847.9 kPa, and 906.4 kPa are experimentally investigated in a shock tube which corresponds to a shock 

Mach number of 1.4, 1.7 and 2 respectively. The test samples are exposed to shock impulses of 10, 20, 30, 40, 50, and 

60 and the surface morphological variations are studied using scanning electron microscopy (SEM) images. It is 

observed that the gradual increase of about 20.43% in the average diameter of shock treated samples with reference to 
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its original diameter subjected to 10 shock impulses for all tested pressure conditions. Further, a progressive decline 

in average diameter of about 23% is noticed for up to 50 impulses at 385 kPa pressure condition.  Whereas, for 847.9 

kPa and 906.4 kPa conditions the average diameter decreased of about 3.85% till 40 impulses and later increased up 

to 15.4% for 60 impulses condition. The surface morphological changes emphasize that the stability of the material 

significantly depends on the shock wave loading and has to be considered for the MW-CNTs application in the aviation 

industry.  

  

Keywords: Hypersonic flow, shock wave, shock tunnel, incident and reflected shocks, Chitosan, carbon nano 

tubes, deacetylation, de-polymerization. Surface morphology, SEM, FTIR.  
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Fluid Structure Interaction is a phenomenon which 

occurs in a system due to the interaction between 

the solid structure and fluid. 

 

One of the major issues, at supersonic flight 

conditions with higher Mach numbers, is that the 

fins can be subjected to substantial damage due to 

structural loading. This problem is larger near the 

stagnation regions, such as those existing at the 

missile fin leading edge due to the consideration of 

aerodynamic heating. So, investigation of 

structural deformation coupled with aerodynamic 

force acting on the fin structure represents one of 

the major challenges in the design of supersonic 

vehicles such as missile.[1] 

 

The purpose of fins on a missile is to provide 

stability during flight that allows the missiles to 

maintain its orientation and intended flight 

path. The Fluid structure Interaction is performed 

on the trapezoidal shape fin which has the low 

induced drag and pretty light-weight. The main  

advantage of using the Trapezoidal Fin is to get 

very high flights for Missiles. 

 

The aim of this paper is to present a Fluid 

Structural Interaction of missile fin configuration 

during supersonic flight conditions with the use of 

available commercial software. The analysis also 

involves the investigation of the structural 

deformation occurring on the Fin structure due to 

the aerodynamic forces acting on it at supersonic 

flow regimes. The analysis is performed even to 

improve the safety and reliability in critical 

exploitation conditions which eventually improves 

and quicken the overall design processes with 

proposed numerical environment. 

 

 

 

 

 

The Trapezoidal Fin represented in the Figure 1 

has a span of 0.5m with the tip chord length and  

root chord length as 0.715m and 0.285m 

respectively. The angle between the leading edge 

and z-axis is 40.69 o. Area of the Fin is 0.5024m 

RANS based commercial CFX solver is used for 

prediction of aerodynamics characteristics of 

missile Fin. Shear stress transport k-ω turbulence 

model is selected for the numerical calculation of 

the turbulent flow in the computational domain. 

The Supersonic flow freestream conditions is 

tabulated in table 1.  

 

Table 1: Freestream Conditions 

 

The present work uses one-way FSI methodology 

phenomenon, One-Way FSI implies the effect of 

the fluid on to the solid and the solid deforms. For 

the structural simulations Static structural is 

employed.   

 

Mach Number (𝑀∞) 2.3 

Static Pressure (Pa) 23355 

Static Temperature(K) 221.7 

Density (Kg/m3) 0.3116 

Figure 1Schematic diagram of Fin 

model in mm 
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The pressures distribution obtained from the CFD 

simulation is shown in the figure 2 with the shock 

at the leading edge of the fin. This pressure 

condition is given for the static structural 

simulations of the fin. 

Figure 3: Total Deformation of Missile Fin 

 

The total deformation of the structure is the square 

root of the sum of squares of the displacements in 

the x, y, z- axis. The fin is considered as a 

cantilever beam and the maximum deformation 

produced see near the leading edge of the fine 

where the oblique shock is present. Whereas 

minimum deformation is could be observed at the 

fixed end and is indicated by the blue contours 

which is concluded from Figure 3. 

 

Figure 4: Equivalent Von Mises Stress 

 

Equivalent Von Mises Stress is used to indicate the 

stress distribution over the missile fin. Yielding of 

the fine is observed near the leading which is 

shown in the Figure 5.  

 

Conclusion: 

Static Structural analysis was carried out on 

missile fin configuration for supersonic flight at 

Mach number 2.3.  The total deformation and 

equivalent von misses stress on the Missile Fin due 

to the aerodynamics forces acting on it at 

supersonic flow regimes has also been discussed 

along with the pressure contour obtained using the 

given Free Stream conditions for the simulations. 

Further this deformation would be compared with 

the given experimental static pressure loading. 
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Figure 2 Pressure Contour over Missile Fin 
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Introduction:  Aeroelasticity is the interaction 

between inertial, elastic, and aerodynamic forces 

that occur when a body is exposed to the flow. This 

strong coupling in the hypersonic flow can give 

rise to dynamic aeroelastic instability (flutter) 

which can damage and eventually leads to the 

failure of the aircraft/structure. The flow in the 

hypersonic regime is characterized by very high 

temperatures. Also, the need to design a light-

weight vehicle configuration for the hypersonic 

regime results in vehicles that are more flexible 

and prone to aeroelastic instabilities.           
 

Hypersonic vehicles often require careful design of 

their control systems to operate in high Mach 

flight. Aerodynamic control surfaces are subject to 

heavy loads and complex fluid flows, and small 

changes in behavior can have large consequences 

for aircraft stability margins. While alternatives 

such as reaction control systems exist, their added 

weight and complexity generally relegate them to 

a secondary role. Understanding and predicting the 

dynamic behavior of aerodynamic control surfaces 

at high Mach is therefore critical for modern 

hypersonic vehicle design and operation. The 

control surfaces of hypersonic vehicles can 

experience strong fluid structure interactions (FSI), 

which present difficult modeling, simulation, and 

control challenges. Control surfaces can deform in 

high Mach flow, leading to increased structural 

stresses and significant changes to the external 

flow field. Temporally dependent interactions are 

also of interest to vehicle designers, where 

structural oscillations and flow unsteadiness can 

strongly impact the performance of a control 

surface [1]. The Boeing X-51 experienced a failure 

on launch due to control system instability that 

may have been exacerbated by airframe resonance 

[2]. Even seemingly rigid external components can 

exhibit strong aerodynamic-induced oscillations. 

Panel flutter is a high frequency oscillation that can 

occur on a flat plate that is fixed at its edges, and 

recent experimental [3] and numerical [4] studies 

have focused on this similar problem. 

Aeroelasticity is important to correctly predict for 

control surfaces and body panels, especially when 

flying close to the vehicle’s operating envelope.  

 

Currao et al. [6] conducted experimental 

investigations of an aluminum cantilevered plate in 

hypersonic flow. The test article and its dimensions 

can be seen in Fig. 1. The plate is mounted so that 

the slender, 2mm thick plate is fixed on one end 

and free on the other. The thicker, upstream portion 

of the plate is well constrained and does not 

experience any significant aeroelastic motion 

compared to the plate. The plate is mounted at an 

angle of attack of 20 degrees and exposed to Mach 

5.85 flow in a free piston shock-tunnel. The 

pressure differential between the high-speed flow 

over the top of the plate and the low-speed region 

below causes the plate to deflect and oscillate. 

Time-resolved pressure and tip deflection data will 

be used for validation of the current simulations. 

Previously, a low-fidelity two-dimensional CFD 

study [7] was performed to simulate these 

conditions, but it used a relatively coarse mesh. 

 

 

 

 

 

 

Fig.1. Dimensions of Cantilevered plate 

 

Fluid-structure interaction simulations were 

performed on a cantilevered plate in a hypersonic 

flow using ANSYS using system coupling. Mesh, 

domain size, and timestep independence studies 

were carried out on a two-dimensional model of 

the experimental apparatus. Results in detail will 

be discussed in the full paper. 
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Introduction: Impacts play a profound role in 
planetary system formation and evolution. A wide 
variety of impact features have been observed on 
the Solar System bodies showing evidence of 
impact activity in the past. Such impacts will create 
shock wave because of sudden compression and 

produce sharp increase in pressure and 
temperature, and subsequent cooling due to the 
expansion, which induces chemical pathways for 
complex molecular synthesis. Shock driven 
synthesis, thus can be a possible inventory for 
synthesis of complex molecule on Solar System 
bodies. Previous experiments have reported that                                                                                                                 

shock processing of simple molecules can lead to 
the synthesis of building blocks of life such as 
amino acids [1]. A recent study reported molecular 
dynamics simulation that shows that shock wave 
drives the synthesis of glycine containing 
complexes when passed through an icy mixture 
representative of a comet [2]. However, the fate of 
these amino acids remains unexplored when 

subjected further to impact-shock conditions. 
Blank et al. [3], performed an impact experiments 
on aqueous solution of amino acid at room 
temperature and observed the signature of 
peptides. While Sugahara and Mimura [4], 
performed impact experiments under cryogenic 
condition and also found signature of peptides. We 

performed experiments on shock processing of 
amino acids to further explore the role of impact 
events in the origin of life. 

Experimental set-up: The experiments were 
performed at MST1 facility at IISc Bangalore and 
HISTA facility at PRL Ahmedabad. Various 
amino acids and their mixture were shock 

processed at reflected temperature of 
approximately 8000 K and were further analyzed 
using Scanning Electron Microscope (SEM), 
Transmission Electron Microscope (TEM) and 
Liquid Chromatography Mass Spectroscopy 
(LCMS) to understand the effect of shock on 
biomolecules.  
       Results: Shocked samples are subjected to 

SEM analysis, and we observed the formation of 
complex macroscale structures. Complex structure 
containing folded and twisted threads, ribbons, 
tubular structures were observed (Fig. 1). TEM 
observation showed presence multilayer porous 
membrane like structures. LCMS analysis revealed 

present of long polypeptide chains in shock 
processed residue. 

 
Fig.1. SEM micrograph of shock processed 
mixture of amino acids. 

Discussion: Our experiment provides 
compelling evidence of a synthetic pathway of 
complex macroscale structures from the building 

blocks of life under impact induced shock 
conditions. The results are a significant step 
towards our understanding of origins of life. These 
experiments provide possible explanation for the 
thread like features reported in the meteorites [5], 
which were initially suggested to be fossilized life 
form, which could be the aggregation of 
molecules, that have been shock processed during 

impact events. 
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ABSTRACT:  Detailed flow features on launch
vehicle  type  configuration  at  transonic  Mach
numbers  were  studied  by  Chevalier  and
Robertson  [1],  who  characterized  the  nature  of
flow into four different types, viz., (a) separated
flow  (b)  alternating  flow  (c)  shock  wave
oscillation (d) attached flow. The highest pressure
fluctuations  were  found  to  be  caused  by
alternating  flow  characterized  by  intermittent
states of the time-dependent flow, viz., subsonic
separated  state  (high  amplitude  random
fluctuations)  and  supersonic  attached  state  (low
amplitude  random  fluctuations).  Consequently,
alternating  flow  results  in  square-wave  type
variations of pressure vs time. Such an occurrence
at transonic speeds in actual  launch was reported
by Piatak et al, [2]. To understand the basic flow
features  of  typical  launch vehicle  configuration,
Gireesh  et  al  [3,  4]  studied  various  nose
configurations.  They have found the occurrence
of alternating flow at  small angles of attack for
semi-nose cone angles of 200 and 250. They also
reported  that  the  presence  of  an  aerospike
dramatically  alleviates  the  pressure  fluctuations
around the payload region. However, their studies
did not  consider  the  effects  of  reattaching  flow
over the nose cone. In this paper, the experimental
results  based  on  sonic  counter  flow-jet  on
unsteady pressure distributions over the nose cone
as  well  as  over  the  payload  region  and
observations based on high-speed shadowgraphs
are  presented.  Experiments  were  carried  out  at
transonic  Mach  numbers  on  a  typical  launch
vehicle model in the NAL 0.6m wind tunnel  to
measure  the  pressure  fluctuations  over  the
payload  region.  In  earlier  works,  it  has  been
shown  that  an  Aerospike  very  significantly
alleviates  the  SWBLI  by  stabilizing  the  shock
wave  oscillations  by  energizing  the  boundary
layer growing over the payload region. However,
the  aerospike  increases  the  local  pressure
fluctuations  due  to  reattaching  flow around  the
nose cone region. Further, the aerospike itself can

contribute to structural vibrations. Moreover, the
physics associated with the aerospike can also be
simulated  by  using  an  active  control  technique
that uses a counter-flow jet emanating upstream
from the nose  cone.  In  this  process,  the  eddies
associated with the jet and the stagnation of the
counter-flow  jet  due  to  its  interaction  with  the
streamwise flow may be expected to spread over a
relatively wider around the reattachment region,
in  contrast  to  localized  reattachment  caused  by
the aerospike. Further, active-jet control can offer
a  strategy  for  varying  the  upstream penetration
length.  In  this  paper,  the  effects  of  a  sonic
counter-flow jet are presented based on unsteady
pressure measurements and observation of high-
speed shadowgraph images.

Typical results: Figure 1 and 2 presents the
model detail and sensor locations on the model.
Figure 3 to  6 show the typical results of unsteady
pressure  measurements.  Figure  7  compares  the
flow features on the basic model and in presence
of counter-flow jet.
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Figure 1: Model nomenclature

Figure 2: Sensor locations on the model

Figure 3: Typical pressure time history at M=0.94, AOA=4
deg

Figure  4:  Control of pressure fluctuations by counter-
flow jet of pressure ratio 3.2

Figure  5: Power spectrum of fluctuations at K1 location at
M=0.94, AOA=4deg

Figure 6: Power spectrum of fluctuations at K3 location
at M=0.94, AOA=4deg

Figure 7: Modification of -shock system by counter-flow jet
of pressure ratio 3.2 at M=0.94, AOA=4deg 
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Study on the behaviour of pressures fluctuation  

inside the cavity are being carried out in open 

literature from more than 50 decades. The shock 

and shear layer separation are prominent and 

complex flow phenomenon observed in cavity 

flows that forms the important sections in the 

isolator part of the scramjet engine. Various 

configurations have been in study such as open 

type and closed type cavity. This flow aid in 

mixing for efficient combustion. One such 

configuration is pylon cavity configuration which 

is shown to increase the mixing characteristics. 

Hence, present investigation focuses Flow field 

properties associated with three cavity-based flame 

holders in a non-reacting supersonic flow is 

computationally evaluated. All the cavity flows 

were of the open type, that is, length-to-depth ratio 

L/D < 10. The three cavities are rectangular cavity 

with L/D = 3, slant cavity with L/D=3 and ramp 

angle = 45 and pylon-based cavity. The 

investigation is done to get the fundamental 

understanding of cavity-based flameholder in 

supersonic flow. The analysis was carried out at a 

supersonic freestream total pressure and 

temperature are taken as Mach number of M∞= 2 

& 3. The Inlet conditions are as follows, P0 = 690 

kpa and T0= 300 K respectively. 

 

Grids are generated using block mesh utility in 

OpenFOAM. A grid independent study was 

conducted  to study the influence of the grid size 

on the computational result for rectangular cavity. 

Three different grid sizes were used for the study. 

The coarse mesh has a cell size of 40 thousand, the 

medium mesh has a cell size of ~1 lakh and the fine 

mesh has ~ 3 lakhs cells. 

 

In Fig.1. the computational static pressure data 

matches with the experimental data except near the 

aft lower corner region where the is a fluctuation 

in pressure data. Fig.2a. & Fig.2b. are obtained 

using OpenSource CFD tools, that is, OpenFOAM 

(pre-processing & processing) is used to 

investigate the transient flow in confined 

supersonic cavity. Paraview for flow visualization 

and CFD validation. First and Second Order 

Convective Schemes were employed to solve the 

flow physics. The fluid turbulence is captured and 

solved using both LES (Large Eddy Simulation) 

and URANS (Unsteady Reynolds - Averaged 

Navier Stokes). 

 

 
Fig.1. Cavity wall static pressure validation 

 

Fig.2a. Shear layer 
 

 
Fig.2b.  pressure contour 
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In an open cavity case (L/D < 10), there is 

difference in flow structure observed between 

pylon-cavity and cavity. In the case of a pylon-

cavity, a large wake can be observed downstream 

of the pylon. It leads to a large centralized 

recirculation zone.  

The configuration Fig.3. and from experiments 

visualization  Fig.4. [“Effects of pylon geometry 

on mixing enhancement in a scramjet pylon-cavity 

flameholder” by A. Oamjee and R. Sadanandan 

Department of Aerospace Engineering Indian 

Institute of Space Science and Technology 

,Thiruvananthapuram, India.] in which the pylon-

cavity case is able to interact with more fluid than 

a cavity. It is also observed that more vortices are 

produced in the pylon-cavity case which adds to its 

advantage. Also, the pylon generates strong 

oblique shock which leads to enhanced shear layer 

growth. A leading shock of such intensity is absent 

in the case of any cavity-only configuration. 

 
Fig.3. Pylon cavity geometry schematic 

 

Various features (include) visualized in Fig.4. are: 

1. Incoming boundary-layer; 2. Pylon shock; 3. 

Pylon wake boundary; 4. Escaping cavity flow 

interaction with crossflow; 5. Cavity leading edge 

shock; 6. Cavity shear layer; 7. Ramp shock and 

expansion; and 8. Pylon shock reflection. 

 
Fig.4. Schlieren Visualization of pylon-cavity 

 

Fig.5. gives a visual representation of various 

features of the velocity magnitude inside the 

confined pylon cavity region which are: 1. 

Incoming boundary-layer; 2. Pylon shock; 3. Two 

separation bubble; 4. Ramp shock and expansion; 

and 5. Ramp shock and expansion reflection. 

 
Fig.5. Velocity magnitude in pylon cavity 

 

Conclusion: The present work simulates the 

complex flow physics of the cavity and pylon 

cavity, the simulation results are in reasonable 

agreement with the experimental results. Future 

simulations needs to be carried about on the 

varying pylon geometry to understand flow 

mixing.  
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Abstract: The key aspects in expansion and 

continuation of space research exploration is in 

success of aeronautics and space transportation 

technology that addresses access to low-cost space 

exploration for the intent of commercialization. 

Re-usability and horizontal launch system are one 

of the essential features that focuses on the 

development of cost-effective reentry vehicles. 

There is a lack of reliable data on measured surface 

parameters of different reentry modules. These 

data are essential to validate design tools, because 

of these uncertainties at this point, most hypersonic 

vehicle designs use partially very high design 

margins. Thus, the study of wing reentry model 

become prominent research in the field of high-

speed flows. In the list of Reentry vehicle, winged 

reentry module experiences the complex 

hypersonic flow phenomenon around its wing 

which is typical case of compression corners. 

These regions of the vehicles are exposed to severe 

aerothermal loads and high enthalpy flows. 

Reproducing such flow characteristics for these 

freestream condition and, in particular, the peak 

heating conditions (radiative and convective) in 

ground facilities is a challenging task. Hence, the 

present work predict the surface data using open-

source solver SU2 and to understand the complex 

hypersonic flow field over the winged Reentry 

vehicle.  

 

Numerical study is carried out with hypersonic 

flow over an axisymmetric blunted cone flare 

geometry with its related boundary layer 

separation and reattachment phenomenon as 

shown in the Figure 2. The model under 

investigation is DART (Delft Aerospace Re-entry 

Test vehicle) a re-entry demonstrator vehicle 

design to be fully reusable and have been 

experimentally tested and the parameters are 

shown in the Figure 1. 

 

The flow field on flare or the compression ramp 

due to shock wave reattachment with the boundary 

layer leads to separation of boundary layer which  

 

is the main focus of the present investigations for 

freestream Mach number 9.13 and other freestream 

conditions as stated in Table 1.  

Table 1: Freestream conditions 

 

This interaction triggers a series of phenomena in 

the compression ramp's boundary layer and 

downstream of the cone flare. 

 

 
Figure 1: DART geometry 

 

Heat transfer calculations were performed at 

various Reynolds number values to examine the 

influence of Reynolds number. Heat transfer was 

found to decrease slightly with downstream 

distance in the clean nose configuration due to 

laminar boundary layer development. Following 

the laminar section, an abrupt drop in heat transfer 

was observed, which is a result of boundary layer 

separation caused by the flare's adverse pressure 

gradient. 

Figure 2: Flow field over compression ramp 

M∞ P∞(Pa) T∞(K) V∞(m/s) µ∞(kg/ms) Re∞ 

9.13 340.68 42.3 1096 2.63e-6 1.67e6 



 

7th National Symposium on Shock Waves – 2023 @ PRL   

Hence, these flow feature are predicted and 

validation of surface parameters is performed with 

the experimental data by F.F.J.Schrijer [1]. 

 

 

 

 

 

 

 

 

 
Figure 3: Mach contour 

The numerical investigation also focuses on 

effectiveness of various the turbulence models, 

Numerical results obtained using FLUENT and 

open source SU2 solver have been compared. 

These results have been validated with the 

experimental study. Figure 3 represents the Mach 

contour obtained using SU2.  Grid independence 

study has been performed for three different grid 

size and the most suitable grid size of 5 million is 

chosen for the simulation. 

Figure 4 shows the density gradient solution 

obtained from the interaction between shock and 

the boundary layer indicating the separation bubble 

and has been compared with schlieren image of 

experiment. The complex phenomena associated 

with the boundary layer during this interaction is 

further studied. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4: Schlieren image and density contour from 

SU2 

Simulated wall pressure and Heat flux are in good 

agreement with the experiments expect in the 

vicinity of the separation bubble a slight variation 

in surface heat flux is observed in SU2 solver and 

large variation in surface heat flux could be found 

in FLUENT result, which is depicted in Figure 5. 

Thus, indicating that the prediction of heat flux to 

be most challenging.  

Figure 5: Heat transfer distribution over blunt cone 

flare body 
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Introduction: An optimized Supersonic 

Combustion RAMjet (SCRAMJET) intake should 

be able to provide the combustor high pressure and 

temperature ratios with minimal compensatory 

total pressure losses, over a wide range of flight 

and engine operating conditions [1]. The physical 

ingress of supersonic airflow at the intake should 

be as high as possible. Under inviscid conditions, 

the minimum area ratio above which the intake is 

sure to start, is given by the Kantrowitz’s limit [2, 

3, 4].  

Reasons for unstarting of intakes could be [5] -  

a) Pressure rises during supersonic 

combustion 

b) Choking of the flow due to contraction of 

the internal flow 

The intake unstart is usually characterized by 

engorgement and disgorgement of shock systems, 

known as “buzz” [6]. Unstart control strategies 

have been explored as follows – 

a) Active-control – Overspeeding, Variable 

geometry [7] 

b) Passive-control – Bleeding at ramp or 

cowl wall [8], Vortex generators (VGs) 

and Vortex generator jets (VGJs) [9, 10], 

Dielectric Barrier Discharge (DBD) 

actuator [11], Fluidic device for Boundary 

Layer (BL) reenergizing [12] 

Boundary layer bleed was seen to suppress the 

amplitude of “Little buzz” oscillations, while its 

effect on ‘Big buzz’ was negligible [13]. Operating 

range of supersonic intakes was also extended with 

use of boundary layer bleed.  

The author proposes to use a bypass flow path with 

a ramp-bleed as potential oscillation suppression 

mechanism. A fine-tuned design could also help in 

restarting the intake too. Towards this goal, 2D 

Scramjet intakes with/without ramp-side bypass 

bleed is investigated numerically for a freestream 

Mach number of 6.53.  

 

Objectives: The objectives of the current 

work have been listed as follows-  

• Design an optimized and practical 2D 

scramjet intake with reasonable 

compression ratio, which would remain 

self-started on all conditions.  

• Design a bypass duct that doesn’t hinder 

the main intake’s performance 

significantly. Implement a ramp side bleed 

from the isolator into the bypass duct to 

divert the excess mass flow in the isolator 

during unstart.  

• Numerically evaluate the start/unstart 

performance of the two intakes 

combinations. Explore the possibility of 

evolving frequency scaling for unstart 

shocks. Verify if control was achieved 

with bypass bleed arrangement. 

 

Design Methodology:  

Intake 𝐴: An optimized base intake was 

designed using Non-dominated Sorted Genetic 

Algorithm (NSGA-2), for flow conditions given in 

Table 1. A multi-objective optimization problem 

(MOP) was formulated to yield a geometry with 

optimum performance in terms of length, Overall 

Pressure ratio (OPR) and starting margins [20]. 

Shock-on-Lip and Shock-on-Shoulder condition 

was imposed as a geometric constraint. The 

oblique shock relations (θ-β-M) for a calorically 

perfect gas was used to evaluate shock angles. 

Self-starting of the optimized inlet was ensured 

by implementing an overboard spillage and 

expansion shoulder as shown in Figure 2(a).  

Intake 𝐵:  A bypass flow-path was designed to 

modify Intake 𝐴 such that isolator mass-flow, 

length, and height of isolator are held constant 

(Figure 2(b)). Divergence angle was provided for 

the bypass-flow path to reduce chances of choking 

due to friction and mass-addition.  

Intake 𝐵𝐶: Further, bleed was designed to duct 

the excess mass-flow rate during unstart when the 

isolator is choked by a downstream flap as shown 

in Figure 2(c). 

Unstart in all the three intakes can be initiated 

by inducing a higher backpressure at exit. This is 

done by a flap. 
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Results: Numerical simulations were 

performed on the three intakes (𝐴, 𝐵 and 𝐵𝐶) at 

freestream conditions as described in Table 1. At 

𝑇𝑅 =  0.00, all the intakes showed started 

conditions. At higher throttle ratios like 𝑇𝑅 =
 0.32 the intake 𝐴 is expected to unstart and exhibit 

supersonic spillage. 

Unsteady numerical simulations for the high 

throttle ratio cases are ongoing. The results of 

unstart simulations will be communicated in the 

full paper and in the conference. Scaling laws to 

explain the oscillatory response of the unstart 

shock would also be discussed. 

 

Freestream conditions 

𝑀∞ = 6.57 ± 2% 

ℎ∞ = 0.3 ± 7% MJ/Kg 

𝑃∞ = 1210.6 ± 5% Pa 

𝑇∞ = 230.8 ± 7% K 

Table 1 Design conditions for the intakes 

 

 

 

Figure 2(a) Schematic of Intake 𝑨 

 

Figure 2(b) Schematic of Intake 𝑩 

 

Figure 2(c) Schematic of Intake 𝑩𝑪 

 

 

 

 

 

Figure 3 Contours of Mach number for started 

condition of Intakes 𝑨 and 𝑩 at 𝑻𝑹 = 𝟎. 𝟎𝟎 
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Introduction: Conventionally, Bell nozzles 

are used for flow expansion in rockets, but they 
have their own limitations. For space travel to 
become cheap and more accessible, the efficiency 
of the propulsion systems needs to be improved. 
One way of achieving it is by replacing the Bell 
nozzle with a more efficient nozzle, and that 
could be achieved by Aerospike nozzle. Studies 
have indicated that, Aerospike nozzles are much 
more efficient when compared to their Bell nozzle 
counterparts, due to their altitude–compensating 
ability. During 1960’s and 1990’s numerous 
experiments have also been conducted, especially 
by NASA [1,2]. Aerospike nozzles are considered 
to make SSTO flights a possibility, and thus make 
space travel more accessible. 

Due to these advantages over rocket Bell 
nozzle, the current study focuses on the 
computational simulations on Aerospike nozzle, 
both Linear Full Length Plug Nozzle (LFPN) and 
Linear Truncated Plug Nozzle (LTPN), and also a 
contoured Convergent-Divergent (CD) Nozzle, 
for variable Pressure Ratios (PRs) of 15, 60, 80 
and 120. Both the nozzle’s design PR is 60 with 
an exit Mach number of 3.33. Angelino Method 
[3] was used to design the Aerospike nozzles with 
the above design pressure ratio which is depicted 
in the in figure 1. Simultaneously the contoured 
CD nozzle was designed using the Method of 
Characteristics (MOC), as shown in figure 2. The 
LTPN was truncated to 20% the length of LFPN, 
as it was experimentally available for the 
validations [4] purpose, also this configuration 
was found to be efficient compared to the other 
configurations of LTPN [4]. 
For the above designed nozzles the simulations 
were carried out using an open source solver SU2 
[5] for RANS based turbulence modeling, using 
the SA-comp turbulence model and along with 
SU2, LES simulations were carried out using a 
commercial solver ANSYS Fluent. 

 
Figure 1: Contours for both LFPN and LTPN 

designed using the Angelino method 

 
Figure 2: Contour obtained for contoured CD 

nozzle using MOC 
The results obtained were compared and 

validated with the experimental results [4], as 
seen in figure 3. It is observed that the results 
obtained from RANS solver matches with the 
experimental data until the expansion waves hit 
the spike wall (20mm from the throat lip). As 
compared to the results obtained from LES, the 
results matches with the experimental results 
perfectly until the expansion waves hit the spike 
wall and the LES solver captures the flow after 
this point better than the RANS solver. Since it 
was required to calculate the thrust values for 
comparison, and since the pressure values dictate 
the values of the thrust values, the difference in 
the pressure data obtained from both the RANS 
and LES solvers were negligible, hence the results 
obtained from the RANS solver was used for 
further calculations. 



 
7th National Symposium on Shock Waves – 2023 @ PRL   

 
Figure 3: Grid independent study and 

experimental validation [4] for LFPN 
The Mach contours for design conditions of 

LFPN, LTPN and contoured CD nozzle can be 
seen in figures 4a, 4b and 4c respectively. The 
performance characteristics of the nozzles were 
compared by comparing their thrust coefficients 
(𝐶 ), as shown in figure 5. The results showed 
that the LFPN generated maximum thrust 
coefficient, whereas the LTPN generated 
maximum Thrust-to-Weight ratio (T/W).  

 

 
a. LFPN 

 b. LTPN 

 
c. Contoured CD Nozzle 

Figure 4: Mach contours for PR=60 
 

 
Figure 5: Comparison of 𝐶  for all the three 

nozzle configurations for different PRs 
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Novae are a class of transient astrophysical events wherein the underlying binary systems (a white dwarf and, 

in most cases, a companion main- sequence star) undergo a sudden increase in their brightness (of several orders 

of magnitudes) followed by a decay phase toward quiescence.  Novae eruptions are caused by the runaway nuclear 

burning of a shell of hydrogen-rich material on the surface of the white dwarf which accretes matter from a 

companion star.    Observations paint a complex picture of novae eruptions and the interaction of high-density nova 

ejecta with its surrounding provides suitable ground for Shocks to occur which induces a range of interesting 

astrophysical scenarios. In this talk, we shall present the results derived from a long- term (13 months) optical/near-

infrared (NIR) spectroscopy monitoring campaign of nova V2891 Cyg from PRL Mt. Abu 1.2m telescope and 

other worldwide observing facilities.  The optical and NIR spectroscopy of this nova strongly suggest that the 

appearance of high excitation coronal lines, in late phases of nova evolution, was caused by shock heating rather 

than by photoionization. A significant development was the occurrence of a short dust phase which coincides with 

the appearance of coronal lines. The simultaneous occurrence of the dust and coronal lines raised the possibility 

that dust formation was shock-induced. The velocity shift seen in the coronal lines with time also supported the 

hypothesis. Such a route for Shock induced dust formation has, most likely, not previously been seen in a nova 

event.  
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          Numerical Modelling of the formation of Ramgarh Crater, India. 
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Introduction: One of the most fundamental pro cesses in our Solar System is impact cratering. Ramgarh crater 

(Fig. 1), India’s third confirmed asteroid impact structure, is a key area of interest for future exploration because of its 

proximity to form on a sedimentary target (majorly sandstone and shale) [1,2,3]. This highly eroded crater is 

rectangular in shape its current crater diameter/depth ratio of ~12 falls in the range (10–20) of terrestrial complex 

asteroid impact craters [1]. However, the diameter of the crater is still under debate as various studies have proposed 

varying crater diameters:  2.4 km (rim to rim) [1], 3.5-4 km [3,4], and 10 km [2].   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Elevation map of Ramgarh Crater, India. SRTM DEM superposed on SRTM shaded relief.   

 

We are simulating impacts into the sedimentary tar get to determine the likely conditions that produced the 

Ramgarh crater. Here, we seek to constrain the size and velocity of the impactor that can reproduce 1) the crater 

diameter, 2) pressure distributions (fractures) 3) impactor material.   

 

Methods: We used the iSALE-2D (impact Simpli fied Arbitrary Lagrangian Eulerian) shock physics hy drocode 

[5-7] to simulate a projectile of iron (using an equation of state) [8] vertically impacting a sedimentary target [9]. The 

simulations explored impact velocities between 10 and 20 km/s to capture the full range of those for the Earth [10]. 

Simple scaling approximations suggested an impactor diameter of ~200 m (for 2.5 to 4 km diameter) and ~400 m (for 

10 km diameter), so simulations explored impactor diameters between 200 m and 400 m. Computational cell size was 

ranged from 10 m with the cells per projectile radius (cppr) being varied between 10 and 20 to model the desired 

radius (3 to 10 km). All simulations ran for 100 s post-impact and a constant gravitational acceleration field of 9.8 

m/s2  was applied. Lagrangian tracer particles were placed in each cell and tracked the pressure and damage of the 

material in that cell for the duration of the simulations (Fig. 2).    
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Results: After considering a range of impactor di ameter and velocity combinations, a best-fit scenario was 

produced for a 3 to 5 km diameter crater (Fig. 2).  An impactor with a diameter of 200 m and a velocity of 15 km/s is 

likely to form a crater similar in morphology to that of Ramgarh crater (Fig. 1,2). The final crater depth and diameter 

were ~200 m and 4 km, respectively, which results in a d/D ratio of ~20. These values agree well with the observations 

of terrestrial complex impact craters [1]. Continuous radial and concentric fractures are distributed up to ~1 to 1.5 

crater radii (Fig. 2), which agrees well with scaling laws estimating the distribution of impact-induced fractures.   

Discussion and conclusions: Our simulations show that the Ramgarh crater is likely to have been formed by a 

~200 m diameter iron-rich impactor at a velocity of 15 km/s. A minimum ~3.5 to 4 km diameter crater is likely to 

have been produced at a 90° impact angle with a plau sible peak ring around ~1 to 1.5 km from the center and 

concentric and radial fractures distribution up to1 to 1.5 crater radii with a higher concentration beneath the point of 

impact. Specifically, a ~1 km thick sedimentary target in the pre-impact surface is consistent with our simulations. In 

the ongoing work, we are simulating the Ramgarh crater formation for a ~10 km diameter as proposed by [2].   

Acknowledgments: We acknowledge support for this work through an internal grant (8474000336-KU SPSC), 

Khalifa University. We gratefully acknowledge the developers of iSALE-2D.   
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Fig. 2: iSALE-2D simulation for Ramgarh Crater, 

India considering impactor diameter as 200 m.  
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Introduction: Many lunar craters exhibit 

fractures that cut across the floor. They are radial, 

concentric, and/or polygonal in shape [1]. These 

fractures are formed due to magmatic intrusion, 

which uplifted and fractured the crater [1]. Another 

scenario of fracture formation is through 

reactivation of underlying impact basin deep-

seated fractures [2]. Two floor-fractured craters, 

Fracastorius and Bohnenberger are chosen for this 

study to understand the process of fracture 

formation. 

 

Data and method: Lunar reconnaissance 

orbiter’s (LRO) Wide Angle Camera (WAC) 

producing a panchromatic image with a scale of 

100meter/pixel [3] is used for this study to locate 

the fractures within the craters. For further analysis 

with high resolution imagery, LRO’s Narrow 

Angle Camera (NAC) with 0.5meter/pixel [3] is 

used. The topography of the fracture is studied 

using SLDEM2015 (+LOLA) of spatial resolution 

59meter/pixel with vertical resolution of 3-4meter 

[4] and LROC-WAC Digital Terrain Model 

(DTM) of scale 100m/pixel [3]. 

 

Fracastorius: This crater is located on the 

southern edge of Mare Nectaris spreading up to 

124km in diameter. Fracastorius is a class 6 [5] 

floor-fractured crater (FFC) with a mare-flooded 

interior and a concentric fracture near the crater 

wall. The fracture that runs through the centre of 

the crater’s floor is seen extending beyond the 

crater’s rim/boundary. Other evidence of tectonics, 

such as wrinkle ridges and uplifted floor is also 

seen in this crater. 

 

Bohnenberger: It belongs to class 4a [5] of 

floor-fractured craters. Bohnenberger is a crater of 

33km diameter located at the eastern edge of Mare 

Nectaris that has a wide central fracture along with 

multiple other fractures on the floor. Many 

polygonal fractures are observed and a moat runs 

along the corner of the floor. 

 

 

 
 

Discussion: Mare Nectaris contains craters 

where fractures are formed due to different 

processes. The fracture in the centre of the floor of 

the Fracastorius crater is seen extending beyond 

the crater’s rim, which suggests that the fracture is 

possibly associated with the activation of 

underlying basin fractures in Mare Nectaris. The 

fractures in the Bohnenberger crater are located 

within the floor of the crater, which is consistent 

with the previous study of magmatic intrusion [5]. 

 

References: [1] Schultz, P. H. (1976) The 

Moon 15, 241–273. [2] Schultz, P. H. (1982) 

Journal of Geophysical Research Vol 87 (9803-

9820). [3] Robinson, M. S. et al. (2010) Space 

science reviews 150, 81–124. [4] Mazarico et al. 

(2016) Icarus, Vol 273 (346-355). [5] Jozwiak, L. 

M. et al (2012) Journal of Geophysical Research 

Atmospheres 117(E11):11005. 

Figure:  Craters 

located at the edge 

of mare-filled 

Nectaris basin 

shown in Lunar 

reconnaissance 

orbiter’s Wide 

Angle Camera 

imagery. 

(a) Fracastorius 

located at the 

southern edge of 

Mare Nectaris. 

(b) Bohnenberger 

located at the 

eastern edge of 

Mare Nectaris. 
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NUMERICAL SIMULATIONS OF IMPACT CRATERS ON ICY BODIES.
Mithil Rajput1*, Harish2, B Sivaraman3, Vijayan S3, 1 Department of Geology and Geophysics, Indian Institute of
Technology Kharagpur (rajputmithil25@gmail.com); 2 Department of Earth Science, Khalifa University; 3 Planetary
Science Division, Physical Research Laboratory.

Introduction: With an icy surface that is
young on geologic time scale and a subsurface
water ocean, Europa is a prime candidate for
future space missions [1]. Several studies point to
possible plume activity [e.g. 2,3], suggesting that
Europa is currently active. The plumes represent
an opportunity to uniquely probe the chemistry of
the subsurface ocean and therefore, determining
their origin becomes a priority in order to
comprehend future observations. Their origin has
been a source of mystery so far, with several
mechanisms being proposed, Impact-Induced
Cryovolcanism being amongst the more recent
ones [4]. The goal of this work is to better
understand the morphology and structure for
larger impact craters on icy bodies, with the aim
of putting better constraints on the feasibility of
Impact-Induced Cryovolcanism and its
contribution to the total plume activity observed
on the icy satellites.

Methods: There are many factors which
influence the shape of the impact crater, including
surface gravity, material property of the crust and
the impactor, impactor energy as well as the
subsurface structure. Impactors with greater size
and velocity will excavate larger volumes of
subsurface material, thus influencing the final size
and shape of the resultant crater. In order to
simulate the impact collision, we used the iSALE
hydrocode (version iSALE-Dellen) [5-7]. Note
that this study does not aim to reproduce any
specific crater on Europa, but rather to examine
the morphology and structure for larger craters.

Due to the axial symmetry of our model, only
vertical impact is considered. Although the
average impact velocity for Europa is 26 km/s [8],
we take the velocity for our impact to be 15 km/s
to reduce computation time and to maintain the
consistency with previous work. The impactor
was taken to be of 1.04 km in diameter, keeping
the model resolution fixed at 52 m per grid cell
and the simulation was run till t = 500 sec after
the impact.

A wide range of potential ice shell thickness as
well as subsurface models for Europa have been
considered in past studies. We take a fully
conductive ice shell 7 km in thickness, with a
surface temperature of 100 K, overlying a water
ocean. The ocean layer was represented by the
ANEOS [9] and ice Ih by Tillotson EOS [10]. The
rest of the model inputs are the same as those
described by [11 and references therein].

Results And Discussions: Figure 1 shows
results of the simulations at 6 different instants: a)
at t = 0 sec, b) at t = 25 sec c) at t = 50 sec d) at t
= 75 sec e) at t = 100 sec f) at t = 500 sec (end of
the run time) after the impact. Temperature and
pressure fields in the subsurface beneath the
impact are shown for the corresponding time
stamps.

The cavity reaches its maximum depth at t =
50 sec, after which the crater floor begins to
rebound. The change in both the Pressure and
Temperature just below the impact structure can
be seen, with shallow surface temperatures rising
at the end to more than double their starting value
of 100 K. The difference in Pressure is less
apparent, with more frequent fluctuations
apparent as the system is still not in equilibrium
by the end of the run time. The passage of shock
waves as well as the decompression waves can be
seen in our simulation, as the pressure varies from
one extreme to the other during the course of the
runtime. This can have major implications with
respect to the phase in which the water ice might
exist by the end of our impact collision process.

In the future, we would like to lengthen the
runtime of the simulation, in order to reach the
steady state so that the final structural features can
be formed and studied. We would also like to
model the Manannan crater and other craters so as
to put better constraints and build upon previous
work [e.g. 4].

Acknowledgements: We gratefully
acknowledge the developers of iSALE hydrocode,
including Gareth Collins, Kai Wünnemann, Dirk
Elbeshausen, Tom Davison, Boris Ivanov and Jay
Melosh.
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Figure 1: Sample model results at 6 different
instants a) at t = 0 sec, b) at t = 25 sec c) at t =
50 sec d) at t = 75 sec e) at t = 100 sec f) at t =
500 sec
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IMPACT CRATER FRACTURES ON THE MOON: PATHWAY FOR LAVA TO INTRUDE WITHIN
CRATERS
K. B. Kimi1,2, Harish3 and S Vijayan1*. 1Physical Research Laboratory, Ahmedabad, India, 2Indian Institute of
Technology Gandhinagar, India, 3Space and Planetary Science Center, Department of Earth Sciences, Khalifa
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Introduction: Lunar impact craters filled with
lava materials are globally spread and direct
evidence of post-modification processes[1,2]. It
provides an understanding of the global
distribution and characteristics of craters modified
by lava infilling and how they vary globally.

We present the detailed mapping of such
craters and their diagnostic characteristics. We
have identified 324 mare filled craters with
enclosed rims, extending from ~4 km up to ~270
km crater diameter, and based on the
characteristic, mare filled craters are categorised
into five classes.

Data and Methods: We used LRO-WAC
image ~100 meters/pixel [3] to explore and
identification of mare filled craters. Further,
LRO-NAC of spatial resolution ~0.5m/pixel [3]
and CH2-TMC2 of spatial resolution ~5m/pixel
[4] images were used to confirm the identified
mare filled craters. For topography analysis,
SLDEM2015 [5] of spatial resolution ~59 m/pixel
with vertical resolution ~3-4m is used up to
60⁰N/S and above 60⁰N/S, LOLA [6] of spatial
resolution ~118m/pixel and vertical resolution
~1m is used.

Mare filled craters classes: Identified mare
filled craters are categorized into five classes
based on their characteristics: crater floor
topography, crater wall, central peak, and
fractures. An example illustrating the
characteristics of each mare filled crater class is
shown in figure 1. Class 1a mare filled craters
have nearly flat floors —lack central peaks and
fractures (Figure 1a). Class 1b in-filled craters
have nearly flat floors and wide walls and lack
central peaks and fractures (Figure 1c). Craters of
this class have wider crater walls than class 1a.
Class 2 mare filled craters have nearly flat floors,
wide crater walls, central peaks and lack fractures.
The most notable feature in this class is the
central peak (Figure 1e). Class 3 mare filled
craters have fractured floors with few wide crater
walls, and approximately 35% contain central

Figure 1: Examples of mare filled craters with
different classes and its profile: a) Billy crater
(Class 1a) c) Lomonosov crater (Class 1b) e)
Maksutov crater (Class 2) g) Lavoisier E crater
(Class 3) i) Nishina crater (Class 4).
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Figure 2: Examples of modification of FFCs by
mare infilling in different percentages. a) 13% of
the Fényi (45°S, 105°W), b) 16% of the Schubert
C (1.9°N, 84.6°E), c) 35% of the Gerard Q
(46.6°N, 83.1°W), and d) 54% of the Warmer
(4.0°S, 87.4°E) floor area is modified by the mare.

peaks. Some crater floors of this class have mare
deposits only adjacent to the fractures. Fractured
floors are the most distinctive feature in class 3
(Figure 1g). Class 4 mare filled craters floors vary
from flat to non-flat floors and lack fractures.
Approximately 11% of the craters from this class
have central peaks. Some of these craters' floors
are heavily mantled by ejecta, contain slump
materials, and some craters' rims are highly
degraded by subsequent impact cratering (Figure
1i).

Mare modified-floor fractured craters
(MM-FFC): We observed a cross-cutting
relationship of infilled lava and fractures in some
craters suggesting fracturing occurred first,
followed by mare infilling in the last stage.
Examples of these mare modified-FFCs with
different mare covered surface areas in percentage
are shown in figure 2. On arranging these four
craters in increasing order of surface area covered
by mare infilling, the Fényi crater is trailed by the
Schubert C crater, the inner Gerard Q than the
Warmer crater. Irrespective of their size, we
considered these examples to show how mare

surface areas gradually increased and fractures
covered area decreased. From this observation,
we suggest that some of the mare filled craters
(class 1a) may be earlier FFC craters that
completely resurfaced over time.

Discussion: Mare filled craters have different
morphologies due to differences in the amount of
lava infilling and intrusion. Class 1a mare filled
craters have the thickest mare infilling, followed
by classes 1b and 2. Class 3 and some mare filled
craters from class 4 morphologies are affected by
intrusion and mare infilling. A few mare filled
craters were modified, post to the floor fracturing,
which suggests that the same craters witness
multiple episodes of magmatism. We also
observed lava infilling in ∼71 small craters (D
≤15 km), which can be potential indicators for
shallow recent magma reservoir sites. In this
study, nearly 50% of mare filled craters are
located within the rims of impact basins; hence
we suggest fractures formed by earlier impacts
have played a significant role in lava infilling in
the mare filled craters located at the rims of the
basin. The analysis of mare filled craters within
the 17% (Head and Wilson, 1992) of the lunar
surface can be applied to the highland regions,
whose crater's floor depths are relatively shallow.
Highlands' craters with shallower crater floor
depth may host mare infilling within them, but
they are successively mantled by ejecta materials.
Overall, the dikes and the fractures generated by
larger basins provide pathways for the magma to
intrude and extrude within the crater floor. The
analysis of mare filled craters suggests that the
individual impact induced fractures, possibly
associated with dike and deep-seated fractures,
brought the magma to the crater floors.

References: [1] Schultz, P. H. (1976) The
Moon 15, 241–273. [2] Schultz, P. H. and Orphal,
D. L. (1978) Meteoritics 13, 622–625. [3]
Robinson, M. S. et al. (2010) Space science
reviews 150, 81–124. [4] Chowdhury, A. R. et al.
(2020) Current Science 118, 566. [5] Barker, M.
K. et al. (2016) Icarus 273, 346–355. [6] Smith,
D. E. et al. (2010) Geophysical Research Letters
37.[7] Kimi K. B. et al (2023) Icarus 390, 115298.
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NUMERICAL INVESTIGATION OF FORCE COEFFICIENTS OF HYPERSONIC CONFIGURATIONS
AT HYPERSONIC MACH NUMBERS.

Mohamed Hussain S1, Mohammed Shaheen Suhail S1, Abhisheak A1, Nandhini S1, Saravanan S2, Balamani G1

and, Thanigaiarasu S1, 1 Department of Aerospace Engineering, MIT Campus, Anna University, Chennai 600044,

India, 2IISC, Bangalore, 1smohamedhussain123@gmail.com.

Introduction: The design and
development of hypersonic flight vehicles is a
tedious and time-consuming process. The
prediction of force coefficients is crucial in the
determination of stability, control and design
optimization of hypersonic vehicles.
Ground-based facilities provide accurate force
measurements, however, it is time-consuming and
costly. The analytical determination of force
coefficients makes numerous assumptions, thus
providing less accurate results.

The computational fluid dynamics takes a
numerical approach to solve flow governing
equations. With the advent of higher
computational power systems, the usage of CFD
codes has become more common in all the fields
of interest. It enables the designer to easily
simulate different flow conditions that are
otherwise complicated to simulate in an
experimental setup.

This paper aims to numerically investigate the
force coefficients of hypersonic configurations at
hypersonic Mach Numbers with different angles
of attack and yaw angles. The simulation is
performed using the commercial computational
fluid dynamics software Ansys Fluent.

The models are designed in the Catia V5
software and exported to Ansys Workbench. The
Fluent Meshing is used to create unstructured
mesh for the models with polyhedral volume
elements. The steady state density based solver
with laminar model is used for setting up the
solution. The boundaries are set up to pressure
inlet, walls and pressure outlet to simulate the
experimental setup of a shock tunnel. The
freestream Mach Numbers of 6, 8 and 10, with 0°,
2°, 4° and 6° angles of attack and 0°, 2° yaw
angles are simulated in the Ansys Fluent.

The force coefficients obtained from the
Ansys Fluent is compared with that of the
Modified Newtonian Theory results. For the blunt
nose with a semi apex angle of 14° with frustum,
the coefficient of drag for Mach 10 at 0° angle of
attack is 0.2215 and the coefficient of drag
calculated from Modified Newtonian Theory is
0.2082. The CFD results are in agreement with
the analytical values with error of ± 8-15 ℅. This
error difference is due to the inviscid assumption
in Modified Newtonian Theory.

Figures:

Schematic diagram of Model I

Variation of coefficient of drag for 28° apex angle
blunt cone with frustum flying at Mach 10 for angle of

attack 0° and 2°
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Introduction: The development of rockets 

and the advances in technologies in the 20th 

century created an impetus in space exploration. 

This introduced manned missions into space 

following which re-entry vehicle were designed to 

re-enter into Earth’s atmosphere. These re-entry 

vehicles would enter into Earth’s atmosphere at 

such high velocity following which the vehicle 

surface would experience high heating rates and 

even ablation. It became detrimental to design the 

vehicle such that the safety of the crew and 

instruments would be ensured. The “Blunt-body 

principle” formulated by Allen and Eggers[1] 

solved the problem of high structural heating, 

upon which re-entry vehicle configurations are 

based upon. This blunt, non-lifting, high-drag 

projectile would provide superior thermal 

protection to the pilot, and its lighter weight 

would permit longer range missions.[2] Following 

this research the Apollo command module was 

designed with a blunt, spherical forebody 

protected with a heat shield where the rest of the 

heat can be dissipated along with a converging 

conical aftbody, which has a curved shoulder and 

apex . This high drag command module enters the 

atmosphere at hypersonic speeds with an average 

resultant lift-to-drag ratio of 0.368.[3] 

Numerous research have been performed 

over the forebody of the Apollo reentry vehicle 

[4],where 90 percent of the friction heat would be 

dissipated through the bow shock wave. However, 

an improved understanding of the aerothermal 

effects on the rest of the body of the re-entry 

vehicle is important for the future of planetary 

entry missions. There are uncertainties with 

regards to the flow over the re-entry vehicle due 

to the lack of data available. This is mostly 

because ground testing is affected by the presence 

of the sting and flight data is extremely limited. 

This creates a need to investigate the flow using 

numerical computations to bridge the gap in the 

understanding of re-entry vehicles. 

   

 

A numerical study based on a 2D aaxissymmetric 

RANS solver using k-ω SST model in the 

commercial software, Ansys Fluent 2021 was 

undertaken based on the Apollo 4 [5] 

configuration. This is done to understand the flow 

over the forebody, shoulder, aftbody and apex of 

the re-entry vehicle in an environment of Mach 

number 5, pressure of 1238 pascal. Additionally a 

study is conducted to understand the behavior at 

the wake of the flow.  

 

Model: The details of the dimension of the 

Module are given in the table below in meters: 

Spherical 

radius 

Frontal 

radius 

Shoulder 

radius 

Length Back-

shell 

angle 

4.595 1.975 0.186 3.522 32.5 

 
 

 

 
 

Figure 1: Schematic diagram of the Apollo 4 

re-entry vehicle 
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Results: 

 

Figure 2: Pressure coefficient over the re-

entry vehicle 

 
 

Figure 3: Wall heat flux over the re-entry 

vehicle 

 

Outcome: The study will provide a better 

understanding of the flow over the Apollo 4 

reentry vehicle which would improve the 

knowledge on the aero-thermal stress experienced 

over the configuration as well as the behavior of 

the wake. 
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Introduction: Research on hypersonic 

applications has gained interest in recent decades 

in the aerospace industry. One of the major 
problems in designing hypersonic vehicles is to 

protect the surface from the high thermal and 

mechanical load. Higher thermal loads occur in 
regions involving (a) stagnation flow field, (b) 

boundary layer transition and (c) shock/shock and 

shock/boundary layer interaction [1]. Laminar to 

turbulent transition in the boundary layer 
drastically increases the heat transfer rate at high 

speeds. Shock-boundary layer interaction at the 

external control surfaces sometimes leads to a 
transition that may severely damage the vehicle's 

integrity. A thermal protection system (TPS) is 

usually employed on the external surface to 
protect it from severe thermal loads for 

hypersonic vehicles. The passive techniques (heat 

sinks or ablative materials) used now are either 

mostly not reusable or are usually non-
controllable during the flight. The most 

commonly used passive technique of TPS is the 

coating of ablative materials on the surface. 
Sometimes using ablative materials triggers the 

transition due to surface irregularities, thereby 

reducing the effectiveness of the TPS. Further, the 

passive techniques are not designed and 
optimized for all phases of flight regimes. Thus, 

numerous works on active cooling methods that 

are controllable in different conditions are being 
studied by various researchers. The active cooling 

method employs suction/blowing of coolant on 

the surface through holes, slots and porous walls. 
However, these active control methods affect the 

transition of the boundary layer. These methods 

not only serve as a cooling technique but also as 

an effective tool in controlling the transition. 
Thus, for the optimized design, the active cooling 

method's effect on the boundary layer's transition 

must be studied to avoid the adverse effect on the 
vehicle.  

From the perspective of transition, the primary 

purpose of the boundary layer control is to delay 

the transition to reduce the drag as well as the 

high thermal loads and avoid the separation in the 

laminar boundary layer. Literature on transition 
control shows that Boundary Layer Suction (BLS) 

reduces the viscous drag and is extremely 

effective in delaying the transition in airfoils at 
the subsonic speed [2]. Large Eddy Simulation 

(LES) studies on supersonic flows show that wall 

suction stabilizes the boundary layer by changing 

the mean velocity profile and delays the onset of 
transition [3-4]. Transition and stability 

experiments on a flat plate with suction 

demonstrate that the suction hole's Reynolds 
number, suction intensity, suction hole position, 

and the number of holes influence the BLS 

efficiency [2, 5]. Literature available on transition 
in high-speed flows due to suction used DNS or 

LES. Very few RANS-based studies are reported 

on the suction effect on transition. Shi et al. [6] 

used the RANS-based γ-Reθt transition model to 
analyze the different suction parameters and their 

effect on drag reduction in low-speed flows. 

However, the γ-Reθt model only works well for 
transition prediction in low-speed flows.   Thus, 

the present work intends to computationally study 

the effect of suction on transition in hypersonic 

flows using the modified transition model [7], 
which was proposed recently by the present 

authors. The main advantage of the modified γ-

model is that it includes the effect of 
compressibility as well as temperature effects on 

the transition. The modified γ-model has been 

validated against many experimental and DNS 
transition data on flat plates. 

 

Methodology:  All the computations for this 

study will be simulated using the in-house 2D 
compressible, Navier-Stokes solver. The solver is 

implemented with SST k-ω turbulence model and 

modified γ-model for transition prediction. The 
solver can handle hypersonic flows and is 

validated for various test cases [7]. The flat plate 

test case with experimental conditions shown in 
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Table 1 is considered for this study. Figure 1 

shows the geometric and computational boundary 
conditions. The suction slot of 1mm length is kept 

at x=0.4m.  

 
Table 1: Freestream conditions of a flat plate at high speed 

M∞ 

P∞ 

(N/m
2
) 

T∞ 

(K) 

Tw 

(K) 

TI 

(%) 

Unit Re 

(m
-1
) 

6.2 5400 690 300 0.5 2.6e
6 

 
 

 
 

 
Figure 1: Geometry and boundary conditions of the 

computation domain 

 

The preliminary result of the effect of different 
suction pressure on the Stanton number 

distribution is shown in Figure 2. The result 

shows that increasing the suction intensity delays 

the transition in hypersonic flows up to certain 
suction pressure. Further increment in suction 

intensity does not affect the transition onset 

location. However, at the end of the suction 
region, the heat transfer rate increases drastically, 

which matches the trend observed in the LES 

studies of the heated flat plate. Thus it is verified 

that the modified γ-model can predict the 
transition trend appropriately in hypersonic flows 

where suction is involved.  

 

 
Figure 2: Comparison of Stanton number distribution for 

different suction pressure 

Results to be presented in the full paper: 

The effect of suction on transition obtained from 
the modified γ-model will be compared with the 

experimental and LES results. Further, the effect 

of suction hole size, its location and the changes 

induced by these parameters on the onset of the 
transition will be studied for the full paper.  
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Heating is likely the most prevalent technical issue 

in the subject of hypersonic, it is still largely an 

unresolved physical phenomenon, especially for 

flow interactions where boundary layers, vortex 

flow structures, and shocks may combine to 

generate complicated flow topologies at the 

intersection of wing and vehicle bodies, as well as 

at the root of struts and fins. The study of fluid 

flows and the transport of heat both inside and 

between fluids and solids are the heat transfer 

analysis. 

 

Fins are type of control surface of the aircrafts that 

decreases the formation of vortices, thus providing 

the stability to the aircraft. Prediction of the flow 

structure and the Heat flux for the given flight 

conditions will dictated the feasible of the fin in 

use.  This information allows us to choose the fin's 

material and design elements. These flows start to 

have a significant influence on aerodynamic loads 

at supersonic speeds. At hypersonic speeds, it is 

also possible to create localized zones of extreme 

heating, which ultimately becomes a crucial design 

factor in completely hypersonic flight regimes. 

 

The work discuss the heat transfer data obtained 

from the computations around the fin of a 

hypersonic aircraft. The model is taken from [1] 

and a 3D fin along with the Fairfield domain is 

created as shown in figure 1.  

   The analysis is carried away with 45° sweep 

angles of the fin. Further to be carried for 55° and 

65° angles. 

 
Fig 1: Fin 3D Geometry  

 

A conceptional fin of height 150mm, length 

300mm, and leading edge curvature of diameter 

50mm is created and the fin is mounted on a plate 

of 530mm in length and 200mm breadth from 

leading edge of the plate is shown in figure 1. 

 

It is possible to model the cylinder that makes 

up the wing as a blunt body angled toward the flow. 

Therefore, taking the normal component out of the 

incident Mach number and utilizing the resultant 

Mach number to forecast conditions throughout the 

detached shock that the cylinder would create will 

allow us to simplify the shock relations. 

 

The fin with far field is meshed with 

commercially available software and simulated 

with finite volume-based RANS solver and with 

Spalart-Allamaras turbulence model. The free 

stream condition of the simulations are given in the 

table 1. 

 

Parameter Value  

Mach number 7.37 

Pressure 2540 Pa 

Temperature 294.7° C 

Viscosity 1.7894e-05 Pa*s 

               Table: 1 

    

 
Fig 2: Mach number contour  
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The Mach number contour obtained from the 

analysis is presented in figure 2. Which shows the 

attached bow shock at the leading edge of fin. The 

top view of the fine is shown in figure indicating 

the structure of the shock at the root of the fine.  

 

 
 

 

 

For further refinement is required to capture the 

shock near the fine top portions and grid 

independent study also need to be carried out.  

 

 
Fig 4: Graphical comparison of CFD and 

experimental data 

   

Heat flux for the fin is obtained from the 

computational analysis. The heat flux comparison 

with the experiments is shown in the figure 4. The 

peak of the heat flux is observed as 2.75W/m2 

acting at 205mm. The variation in heat flux 

matches well quantitively these might be due to 

insufficient grid size. To capture the shock and 

predicted heat flux future modification to the gird 

and solver is necessary.   
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     Due to the shock wave, a vehicle travelling at 

hypersonic speed is subjected to extreme 

temperatures and pressures close to the nose 

region. Hyper ballistic missiles are the most basic 

type of hypersonic vehicle, having a nose and a 

thin body that employ a ballistic trajectory to 

deliver one or more warheads to a predetermined 

target. Additionally, ballistic missiles are used to 

aid in the transportation of people into space. They 

are used especially for satellite launches. Research 

on ballistic missiles is being done in developing 

nations because using nuclear-capable ballistic 

missiles in conflict gives governments the 

advantage. 

 

     In order to reduce the aerodynamic heating of 

the stationary point of the aircraft nose and 

material ablation, Allen et al.[1,2] proposed the idea 

of the leading edge of the bluff body of a 

hypersonic vehicle in the 1950s. 

However, a powerful shock wave produced by the 

leading edge of such a bluff body will enhance 

aerodynamic drag, which will account for 30% of 

the total drag. The performance of the 

aerodynamics can be enhanced by the sharp 

leading edge's ability to successfully reduce wave 

drag resistance. 

 

     However, the heat flow at the stagnation point 

is inversely proportional to the half the times of the 

radius of the head's curvature, according to the 

conventional Fay-Riddel.[3] formula for the 

prediction of aerodynamic heating. Effectively 

lowering shock resistance and enhancing 

aerodynamic performance are two benefits of the 

sharp leading edge. Sharp leading edges can reduce 

drag, but they can also generate a lot of 

aerodynamic heating. As a result, in the 

development of hypersonic vehicles, the efficacy 

of aerodynamic heat shielding and aerodynamic 

drag reduction are related and at odds with one 

another 

 

     Hence, the motivation in the current study for 

numerical investigation is to understand 

hypersonic missile (Hypersonic Ballistic missile 3) 

aerodynamics characteristics for 0° and 12o angle 

of attack at a free streams Mach number 8, the drag 

is compared using simulations. A blunt cone of 

Diameter 30 mm is attached to a flat face 

cylindered diameter 45 mm and length 186 mm, at 

the distance of 151.6 mm a 3 mm thick fin is 

attached. This geometry with 41° apex-angle blunt 

cone model with an after body-frustum-triangular 

fins is terms are HB-3[4] and is shown in Figure.1. 

The flares and fins are control surfaces, that 

provide the extra stability and helps to varies the 

distribution of aerodynamic force. Due to the 

addition of fins a simple 2 D simulations would 

lead to appropriate results. 

 

     Hence, Three Dimensional simulations are 

carried out using commercially available finite 

volume solver. The model with mesh is simulated 

using a finite volume solver with Reynolds 

averaged Navier Stokes (RANS) based Spalart 

Allamaras (SA) turbulence model. The flow is 

formulated using implicit method and AUSM flux 

splitting scheme with a second order upwind is 

considered. 3D simulations for the missile shaped 

model named ‘blunt cone with after body-frustum-

triangular fins’ has been carried out at 0°   angle of 

attack in a flow Mach number of 5.75 and 8. The 

free stream conditions for simulation are based on 

Figure 1. 3D model and Schematic diagram of Hyper-

Ballistics Missile -3(HB 3) in mm 

Triangular Fins 

Blunt cone 
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the experimental free stream conditions that were 

obtained from the shock tunnel as tabulated in 

Table 1. 
 
Table 1. Normal test conditions in HST2 shock tunnel  

 at 𝑀∞=8 

Mach number 𝑀∞ 7.96 

Static pressure (Pa) 210.11 

Static Temperature (K) 144.82 

Density (Kg/m3) 0.00505 

Reynolds number 1×106 

 

 

 

     Mach contour 410 apex angles of blunt cone at 

freestream Mach number 8 is shown in the 

Figure.2.  A conical shock, where the Mach 

number behind the shock is greater than one is 

observed from the Mach contours. The schlieren 

image[4] in Figure 3(a) is contrasted with the 

density contour from the simulations to visualize 

the nasal region. The shock standoff distance at the 

area of the nose is 1.71 mm, which is comparable 

to the experimental value of 1.70 mm. The drag 

produced by bow shock in front of the blunt cone 

is what the numerical research focuses on in the 

most detail. In order to calculate the lift and drag 

coefficient across the blunt cone, simulations were 

performed, and the results were indicated as 0 and 

0.36 respectively. The experimental findings 

indicate that the drag coefficient is 0.35, with an 

error value of 2.857% 

 

 
 

 

 

 

 

 

 
 

 

 
 

 

 

 

 

     To understand the effect of variations in 

aerodynamics characteristic with Mach number. 

Simulations are carried out for Mach 5.75 and 8.  

 

     In summary, Numerical investigation of the 

HB-3 models for angle of attack 0O and 12o  is  

carried out at two Mach numbers quality and 

quantitative characteristic of the flow features over 

ballistic bodies is compared. 
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The hypersonic transportation being the future of 

high-speed travelling within the atmosphere and 

also for economically feasible access to space. It is 

important to study and understand the complex 

flow physics and try to come up with the efficient 

designs to achieve overall efficiency and 

economical feasibility. The scramjet engines being 

the major driver for the hypersonic vehicles, it 

involves complexity in designs such as inlet 

configurations, isolator geometry, cowl design, 

combustion chamber and nozzle. To have the 

better performance, the design should be optimized 

to handle all the dynamic conditions throughout 

the flight. The scramjet engine uses the series of 

shock waves as compressor to reduce the inlet 

Mach number to have the better combustion. To 

have the efficient diffusion of the air inside the 

engine, the inlet ramp configurations play vital 

role. This basically decides the static pressure 

growth across the inlet as well as taking into 

account of recovering total pressure as much as 

possible.  

 

Optimization: This study basically concentrates on 

validation of pressure with baseline geometry and 

optimizing the inlet ramp configuration to obtain 

the best possible total pressure recovery at the end 

of the inlet section. The double ramp inlet 

geometry is considered as baseline geometry and 

pressure is validated using commercially available 

software. The inlet optimization is done for the 

same. The design variables being the ramp angles, 

objective function is derived from the total 

pressure ratio equation of oblique shock relations 

given by equation 1. The variable bounds are 

chosen as shown in equation 2. 

 
Table 1. Freestream Conditions. 

 
 

 

The CFD is done for the baseline geometry show 

in Figure 1 which was meshed using commercially 

available software. The freestream conditions are 

used as shown in Table 1. The pressure validation 

is done using RANS based Spalart-Allmaras 

turbulence model. The optimization is done using 

MATLAB Optimization Tool Box and 

Evolutionary algorithm is used to optimize the 

geometry. 

 

 

 

 

         …(1) 

𝐴 =
𝛾 + 1

2
  , 𝐵 =

𝛾 − 1

2
 

 

𝑎 = 𝑀1 × 𝑠𝑖𝑛𝜃1 

𝑏 = 𝑀2 × 𝑠𝑖𝑛𝜃2 

𝑐 = 𝑀3 × 𝑠𝑖𝑛𝜃3 

 

𝜃1 = [1,25], 𝜃2 = [2,30]      …(2) 

Figure 2 Mach Contour 

Mach No 5.6 

Static Pressure 1228.5 Pa 

Temperature 62K 

𝑃04

𝑃01
=

𝐴(𝑎2 × 𝑏2 × 𝑐2)

(1 + 𝐵𝑐2) + (1 + 𝐵𝑏2) + (1 + 𝐵𝑎2)
 

Figure 1 Baseline Model 
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The Figure 2 shows the Mach contour of the 

geometry at the mentioned free stream conditions. 

The oblique shocks from the ramps can be seen 

clearly hitting the cowl and third oblique shock 

from cowl interacting with the boundary layer 

creating the separation bubble. Across the oblique 

shocks Mach number reduces and this can be seen 

from the contour. 

Figure 3 Shock trains formed in the Isolator 

 

In the Figure 3 it clearly shows the shock trains 

formed in the isolator section and the shock 

reflections from the boundary layer.  

 

 
Figure 4 Comparison of Co-efficient of Pressure 

Plot 

 

In the Figure 4 it shows the comparison plot of Co-

efficient of pressure of computational results with 

that of experimental results [1]. Here we can see 

that the CFD data clearly matching with 

experimental data up to the inlet. After that we can 

see some deviation from the experimental data. As 

there is separation bubble formed at the inlet of the 

isolator due to interaction of shockwave with the 

boundary layer. There will be drastic pressure 

variation in the separation bubble which is not 

captured properly by the SA model. 

The computational studies will be done for the 

obtained optimized geometry and the total pressure 

ratio will be compared with that of baseline 

geometry. Further change in total pressure ratio 

will be studied with changing cowl angle and Inlet 

Mach number. The geometry will be further 

optimized by considering the viscous effects of the 

flow in isolator section. 
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