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ABSTRACT

Objects cruising at high speeds often encounter common problems of large wave drag
and elevated surface heating. Thus, to have an efficient and durable flights flying at
high altitude, these problems must be properly mitigated. Computational fluid dynam-
ics is an effective tool to analyse the flow field induced during high speed to overcome
these adverse elfects. Hence, the current investigations consider computational fuid
dynamics based finite volume method for two dimensional axisymmetric compressible
non-equilibrium fAows. Present solver which invokes Navier-Stokes equations and species
continuity equations is developed in QP2 framework incorporating live species and eleven
chemical elementary reactions often observed in high enthalpy Hows. Both real gas Hows
and calorically perfect gas flows can be modelled using current, solver. This solver also
includes dependence of thermo-physical and flow properties on temperature field which
is essential for high enthalpy lows. Belore conducting current investigations, the present
solver is well validated with measured experimental data for various flow condtions re-
ported in open literature.

Initial investigations are based on counter flow injection and spike based drag reduction
techniques to compare them on a common platform. These technigues being constitution-
ally different, are governed by different governing parameters but are assessed by percent-
age drag reduction. This assessment parameter is not suitable to compare two technigues
of different categories, therefore, exergy destruction is proposed as a unified performance
assessment parameter. Test case ol supersonic flow over hemisphere, provided with coun-
terflow injection, portrayed monotonic variation for percentage drag reduction and per-
centage exergy destruction for increase in injection pressure ratio. However, injection
effectiveness, suitable assessment parameter for counterflow injection, shows inversion
characteristics with a peak at specific injection pressure ratio. Mounting of a spike has
also been assessed for different lengths and here as well percentage drag reduction and per-
centage exergy destruction showed similar trend with inverse relation among them. Spike
and jet combination has also been considered to highlight the importance of percentage
exergy destruction as a performance assessment parameter. Present investigations rec-
ommend percentage exergy destruction as a unified performance assessment parameter
for passive, active and combinatorial drag reduction techniques.

Investigations are lurther extended to examine the effect of higher [reestream stagnation
enthalpy on flow held alteration for counter—jet drag reduction technique for a hemi-
spherical object. Results include the real gas ellects on flow feld, wave drag and wall
heat flux. Further the effect of various flow parameters is observed on surface pressure
distribution, surface heat flux and drag force for the hypersonic flow over a hemisphere.

Results proved that the perfect gas assumption overestimates surface properties and wave
iv
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drag value. Drag coefficient. is found to reduce with freestream total enthalpy (H,) in the
presence of real gas effects. Higher pressure ratio of the jet has resulted in lower surface
pressure and Stanton number on the object.

Efforts are flurther continued to reveal the thermodynamic behaviour of opposing jet tech-
nique which includes variation of entropy generation rate, exergy destruction and drag
foree analysis considering real gas effects. In this context, high entahlpy hypersonic flow
over the hemisphere is studied. Numerical simulations are performed [or different flow
and geometrical parameters of jet and freestream to examine their impact on the How
field, drag reduction, exergy destruction and entropy generation rate. Results revealed
that freestream parameters have lesser effect on drag values and flow field but there is
monotonic variation in entropy generation rate and exergy destruction for constant mo-
mentum ratio of the jet. For given momentum ratio, jet parameters give almost linear
reduction in entropy generation rate and exergy destuction while minor alterations in
flow field and drag values are observed. Linear reduction in drag forces and sharp rise
in entropy generation rate and exergy destruction is obtained with momentum ratio of
the jet. Larger shock stand-ofl distance for higher momentum ratio gives higher entropy
generation rate and exergy destruction making the process much more irreversible.
Lastly, real gas clffects on surface pressure and flow field are analysed for the combinato-
rial technique (opposing jet and cavity) for high enthalpy hypersonic flow over the blunt
body. A new thermodynamic parameter named entropy generation rate is proposed which
can be used as a tool to analyze the performance of any drag reduction technique. Drag
variation and entropy generation rate are also noted for different flow conditions and as-
sociated flow field alterations are examined. Results showed that perfect gas assumption
over—estimates the surface pressure and wave drag as the surface pressure found is much
lower when the real gas eflects are considered. Significant flow field and shock alterations
are observed when the real gas reactions are taken into consideration. Coelficient of drag
and entropy generation rate vary in almost similar manner for different flow conditions.
Introduction of cavity reduces the surface pressure, drag and entropy generation rate
but significant reduction in these parameters is noted when the opposing jet is turned
on. For given jel pressure ratio, opposing jet technique predicts lower drag and entropy

generation rate as compared to combinatorial technique.
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CHAPTER 1

INTRODUCTION

This chapler includes some introduction aboul aerodynamics flows and ils characteristics.
Various problems often encounlered during high speed [lows and their respeclive mitigalion
by different lechnigues are also discussed. Delailed literalure velaled lo these lechniques
and their conclusions are also presented and al lost some objectives of the current work

derived from in-depth literalure review is also discussed.

1.1 Aerodynamics

The updated technology of today’s world is only possible due to continuous efforts of
numerous reserachers from many centuries in various fields. Evolution in acrodynamic
technology also faced many hurdles to arrive at existing state. The imagination to make
flying vehicles for human started from impersonating the bird flight but due to lack of
comprehensive knowledge and unawareness of fundamental theories, this desire to fly re-
mained only an imagination. Pioneering work in imitating the flying trajectory of birds
initiated in 15" century when 'Ornithopter” showed some hope to achieve impossible.
It faced many failures, as often encountered in any innovating technigque. Ornithopter’s
contribution gave significant thrust to enhance research in this area. Further, the discov-
ery of air balloons and introduction of Glider in 1783 helped to the research. Later, need
of separate propulsion system was required for manned {light. Afterwards, Wright broth-
ers demonstrated the first human flight on December 17, 1903 using gasoline powered
engine. This acheivement helped to acquire the belief of human flying. But the desire to
fly faster gained popularity thereafter. As a result, the first supersonic flight was possible
in 1947. This innovation helped for faster transport in militants and civil applications.
Devotion and constant efforts of many researchers is still going on for future upgradation
in aerodynamic field.
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CHAPTER 1. INTRODUCTION

Gas dynamics deals with understanding the compressible flows over high speed air-
crafts, missile, re-entry vehicle ete. There are various flow regimes which are classified
based on flow Mach number. Among those, flows with Mach number more than 1 are
supersonic while hypersonic flows are characterised when flow Mach number exceed 5.
Vehicles exposed to these llows often encounter various undesirable effects like excessive
wave drag, surface heating, shock wave boundary layer interaction etc. These How [ea-
tures are important and must be dealt with care to avoid complete failure. For the sale
and effective operation of high speed flights for long durations, all these effects must
be properly mitigated. For flows at elevated temperatures, dissociation and ionization
reactions can take place which affect the flow field significantly and thus their effects
must be taken into consideration for accurate prediction of flow field and aerodynamic
coeflicients.

1.2 Elevated temperature effects

For low speed or subsonic vehicles, there are very less chances of chemical reactions to oc-
cur as alterations in temperature field are minor. Thus, ealorically perfect gas model can
easily be used to solve the flow field variables. In this model, thermo-physical properites
like specific heat at constant pressure (Cy), specific heat at constant volume (C,,), thermal
conductivity (k) and flow properties like viscosity (p) are assumed to be constant. Also,
the concentration of chemical species of low does not undergo any alteration in chemical

composition.

For high speed wehicles (supersonic or hypersonic), there is chance of formation of
very strong detached shock in front of body. Thus, very high post-shock temperature can
be observed due to conversion of flow kinetic energy into flow internal energy which is
non-recoverable making this process highly irreversible. This elevated temperature zone
results in commencement of dissociation chemical reactions.  Air is mainly composed
of gases like oxygen (Oy) and nitrogen (N,). Concentration of these species alters in
these high temperature zones. Also, specific heat at constant pressure (C,), specific
heat at constant volume (C,), thermal conductivity (k) and viscosity (u) change with
temperature and this change must be incorporated in solution methodology to accurately
caplure the low information as calorically perfect gas assumption remains no longer valid

for such conditions.
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CHAPTER 1. INTRODUCTION

1.3 Reactions of gases at high temperature

Various chemieal reactions are often encountered during high speed and high enthalpy
flows. These reactions are listed below:

1.3.1 Dissociation

When the temperature of air is below 2500 K, no reaction occurs in it but as the tem-
perature exceeds 2500 K, oxygen molecules starts to dissociate to form oxygen atoms by
absorbing heat from surroundings and this process continues upto 4000 K temperature.
When the temperature crosses 4000 K, nitrogen molecules also start to dissociate and it
completely dissociates upto 9000 K. Full details of dissociation and ionisation reactions
with the temperature range are depicted in Fig 1.1.

c
=]
E s
i

I [ De— O'+a
El N= W'+
3
o
F| .l 8000 K

Fi
=
o
] —
2 M 21 + emargy
[=}
I
&
=
5
[
L
i 4000 K
0; C—p 20 +energy
— . 2500 K
Na chemical decomposition
J ak

Figure 1.1: Reactions of gases at elevated temperature

Oy + energy — 20(2500K < T') (1)

Ny + energy —» 2N(4000K < T < 9000K) (1.2)

1.3.2 lonisation

When the temperatures of air goes above 9000 K, atoms ol oxygen and nitrogen get

converted into their respective ions by absorbing energy from surroundings.
3
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CHAPTER 1. INTRODUCTION

O + energy — O + e (T > 9000K) (1.3)

N +energy =+ N' 4+ e (T > 9000K) (1.4)

1.4 Models of compressible flows

In hypersonic Hows, high temperature regions are encountered at post-shock loeation. So
appropriate model should be used for aceurately solving the fluid flow problems. Different

models based on air temperature range are discussed below:

1.4.1 Perfect gas model
This model is applicable when the temperature of flow is below 2500 K and there are no
chemical reactions ocenrring in fluid How.
1.4.1.1 Calorically perfect gas flow
In this type of gas flow, specific heats of gas (C, ,C, ) and specific heat ratio remain
constant with temperature while the enthalpy and internal energy of air are linear function
ol temperature.

h = C,I' (1.5)

e=C,T (1.6)

1.4.1.2 Thermally perfect gas flow

In this type of gas flow, specific heats of gas (C, ,C,) and speeific heat ratio are funciions
of temperature. Total enthalpy and internal energy of air are obtained by integrating the
differential values in the flow field.

dh = f C,dT (1.7)
de — / C,dT (1.8)

1.4.2 Reacting gas model

Real gas lows olten undergoes alterations in chemical composition at elevated thermal
conditions. These alterations in chemical composition take place at certain rate depend-

ing on extent of thermal elevation and this rate is generally termed as reaction time ({,.).
4
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Let £; be the flow time scale. When the temperature of air flow exceeds certain temper-
ature limit, chemical reactions commence within the flow and reacting gas model must
be considered to accurately solve the flow field. Various types of models are shown in fig

1.2 and discussed below:
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Figure 1.2: Models used in acrodynamic lows

1.4.2.1 Frozen flow model

Thiz model can be used when the time scale of reactions of air ia very large such that air
can pass over the surface before the reaction commences and henee it doesn’t experience
any change in its chemical composition (£, >>>> {;).

1.4.2.2 Equilibrium flow model

This model is used if the time scale of reactions is very small such that air would expe-
rience sudden change in its properties. When the temperature of air flow exceeds 2500
K, then air molecules start to dissociate into atoms and this model must be used to

accurately solve the flow field (t, <<<< ).

1.4.2.3 Non-equilibrium flow model

This model is taken into consideration when the time seale of reactions is of same order

of flow time scale. Reactions gets started in the llow field but do not complete till the
5
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flow completely passes over the surface (&, ~ ;).

1.5 Drag and heat reduction techniques

Vehicles flying at hypersonic speeds like satelite, launch vehicles, re-entry vehicles, air-
cralts and missiles have blunt nose shapes. Surface heating is inversely proportional to
the nose radius of the body. Thus to reduce the thermal loads on the body surface, nose
of these objects is intensionally blunt. Such blunted configuration reduces thermal load
over object but increases the surface pressure and related wave drag. Higher amount of
fuel is consumed due to such large drag force. 'To overcome both the problems of high
suface heating and large drag force, different active and passive techniques are success-
fully employed by numerous researchers. These methods induce alterations in bow shock
structure making it relatively weaker to form a new flow field around the body which
results in lowered wave drag and surface heating over the body. Some of the active and

passive techniques used in the current work are stated and explained in detail below,

1) ACTIVE TECHNIQUES

a) Counter-flowing jet or opposing jet

b) Upstream energy deposition

2) PASSIVE TECHINQUES

a) Retractable aero-spike

b) Forward [acing cavity

Opposing jet

Releasing a counter-jet near the stagnation point from the body is an active tech-
nique for drag and heat reduction in high speed flows over blunt body [1]. For lower jet
pressures flow field is highly unstable and steady state is seen only when jet pressure goes
above critical value. Figure 1.3 depicts the steady flow features in which a counter-jet
is issued from blunt body. For any given jet pressure the bow shock is forced to move

away from the body and thus the high pressure region is moved away from body. When

PR, >PRy then an under-expanded jet issues [rom blunt body. This jet expands as it
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Figure 1.3: Flow [eatures of counter-flowing jet based drag reduction method

encounters expansion waves near the nose of body. These set of expansion waves turns
into set. of compression waves as they interact with jet boundary which eventually form
a compression shock. If the jet is too under-expanded then this compression shock looks
like a barrel and thus called a barrel shock. The pressure of jet upon expansion becomes
lower than free-stream pressure but to match the pressure of both streams, a Mach disk is
formed as shown in lgure. Free stagnation point is formed where both the streams meet
after the Mach disk. Then the jet turns in the free-stream direction forming a contact
surface with it. Some fuid from the jet gets entrained in the recirculation zone which
acts as an envelope for the body and thus pressure and heat flux on body surface lower
which in turn reduces the drag on body [2]. The flow hits the surface at reattachment
point and thus creating a reattachment shock and this shock also interacts with the bow
shock as shown in Fig 1.3.

Energy Deposition

Another effective method to reduce drag is by depositing energy from an energy source
upstream of the flow. This is an active technique to reduce drag which forces the flow to
separate early [3] and thus forming a low pressure region downstream of energy source
which reduces drag foree on body as shown in Fig 1.4, Amount of drag force reduced

depends on the location and strength of energy source [4]. Energy can be released in
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Reattachment
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Figure 1.4: Flow features ol Energy release based drag reduetion method

number of ways like ensuring exothermic reaction, laser, micro-wave etc and this energy
release generates low density area near the stagnation point [5] resulting in lowered drag
force. Major drawback of this process is that it may enhance body surface heating as
energy 1s being released in the fluid flow.

Aero-spike

During high speed flow over blunt body, strong bow shock is observed in front of the
body. High pressure and temperature regions are seen after the shock near stagnation
point. In this type of drag and heat reduction technique, an aero-spike is attached at
nose of blunt body as shown in Fig 1.5. This acro-spike converts strong bow shock in
relatively weaker conical shocks and also separates the flow from surface to form recir-
culation zone [6]. This separated flow region is comprised of large vortices which act
as resistance for incoming high speed flow and avoid the direct exposure of body surface
to the freestream flow resulting in lowering of wave drag on the body. Lower surface
pressures are observed in this zone as it acts as a blanket in front of the body. Surface
heat transler is also lowered in this area as hot free-stream gases doesn’t come in direct
contact with the body surface. This is a relatively cheap and efficient method to reduce
heat and drag on body but drawback is that it requires frequent replacements as the tip

of spike gets overheated during high speed flows.
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Figure 1.5: Flow [eatures ol spike based drag reduction method

Forward facing cavity

As there is formation of strong detached shock in front of body which gives elevated
heat flux and drag on body. To mitigate these problems, a forward facing cavity is at-
tached at the vicinity of nose, near the stagnation point, as shown in Fig 1.6. Introduction
of cavity allows the flow 1o swirl around the nose of body and this flow pattern results in
lowering of heat flux on body. Shock stand-off distance does not alter much but the high
temperature region formed at post shock location diminishes in size. This is also one of
the passive technique but one problem with this technigue is that it increases the wave
drag on the body.
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Figure 1.6: Flow features of cavity based drag reduction method

1.6 Literature review

Flights in the hypersonic flow regime are only possible il surface heat flux is reduced to
the sustainable limits of the common materials used for designing thermal protection sys-
tem. Having nose part of the vehicle blunt reduces the surface heat Hux but still keeps it
higher than the actual applicable limits. Further, introduction of leading edge bluntness
enhances the drag force encountered by the vehicle, Hence, hypersonic acrodynamics
always deals with reduction of surface heat load and drag force so0 as to make the fHight
feasible, safe and affordable. Different drag reduction techniques are documented in the
previous section which include mounting of metallic apike on the nose, deposition of en-
ergy upstream of the vehicle and injection of fluid from the stagnation point. Literature
review related to different flow alteration technigues and associated simulation methods

are given in this section.

1.6.1 Review of drag and heat reduction by counter-flowing jets

Finley [7] studied jet flow from body opposing supersonic free-stream as depicted in Fig
1.7(a). Surface pressure was found to be lower in recireulation zone and it increased to
peak value at reattachment point and then reduced again as shown in Fig 1.7(b). In-

creasing jel. Mach number was noticed to reduce surlace pressure [or steady jels as area

10
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of dead air zone grows. Surface pressure was found to be lower for larger jet diameters.

Hayashi et al [8] experimentally examined the effect of opposing jet on surface heat flux
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Figure 1.7: (a) Model used in experiment (b) Surface pressure distribution |7]

for supersonic flows. For lower jel pressure, flow field was unsteady and it gave higher
surface heat flux as compared to no jet case while for higher jet pressure, surface heat flux
was lower since recirculation area covers the body surlace. Li et al [9] examined the effect
of jet parameters on drag and heat reduction for hypersonic vehicles. They found that for
odd number of jet, drag reduces with increase in jet number as the orifice was located at
centre of stagnation line and high pressure region after bow shock was moving away from
body surface but for even number of jets the trend obtained was opposite. Morimoto et al
[10] examined the effect of opposing jet through extended nozzle on acrodynamic heating
for high enthalpy flows. They concluded that Stanton number reduces with increase in
nozzle length and value of peak Stanton number moves downstream as reattachment point
shifts downstream. Also heat [lux increased behind the recompression shock wave and
also behind the impinging shock and thus heat flux had two peak values on body surface.
Haung et al [11] studied the effect of counter-flowing jet on flow properties in supersonic
flows. As per their observation shock stand-ofl distance and height of Mach disk increase
with jet pressure and triple point moves downstream. Increasing jet Mach number in-
creased Mach disk height and subsonic region near Mach disk got increased. Heat flux
was found to be lower but surface pressure was higher for low jet Mach number so need
of optimization was proposed. Kulkarni et al [12] experimented with counter-flow drag
reduction using supersonic jet in high enthalpy flows and accelerometer force balance for
drag measurement. The schlieren image showing key flow features during experiments
is shown in Fig 1.8(a). Increasing jel pressure reduced drag as elucidated in Fig 1.8(b)

while increasing [reestream enthalpy reduced drag [aster with jet pressure due to dissoci-
11
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ation reaction near free stagnation point and recombination at same point due to cold jet
which adds energy in shock layer which in turn reduces stagnation pressure. Venukumar
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Figure 1.8: (a) Schlieren image (b) Drag coellicient variation [12]

et al [13] examined drag reduction by supersonic jet for blunt body in hypersonic flow.
They found that drag reduction percent increases with jet pressure as jet moves out from
nozzle and flows over recirculation region to reattachment point entraining some fluid as
it flows downstream. Meyer et al [14] studied heat and drag reduction with a forward
facing jet for hypersonic flows. They found that with increase in jet Mach number, jet
thrust on body reduces which brings shock closer to body and forces recirculation zone
to shrink and thus heating of body enhances. In other observation, it was noticed that,
as jet diameter increases, reattachment point shifts downstream and skin friction drag
on body surface lowers. Haibo et al [15] examined eflect of angle of attack for blunt
body with opposing jet How. They concluded that drag increases with angle ol altack
but surlace heat [ux on windward generatrix increases while it reduces on leeward gen-
eratrix. Also recompression shock wave combines with detached bow shock on leeward
side and it becomes even stronger, while on windward side, it forms local high tempera-
ture region near jet exit. Zhou and Ji [16] investigated for drag reduction on spherical
body with opposing jet. They focused on the effect of jet pressure, jet size and angle of
attack on drag and found that drag reduces faster with angle of attack in unsteady mode
than in steady mode due to faster shortening of shock stand-off distance. 1t was also
noted that, reducing jet diameter increases surface pressure as jet mass flow rate lowers
with jet diameter which brings bow shock closer to body. Warren [17] experimentally
studied effect of type of injection method and angle of incidence on surface pressure and
heat flux. The model employed in experiments is shown in Fig 1.9(a). Measured surface

pressure was lower near nose ol body but it was almost same at shoulder lor straight-out
12

TH-3041_166103006



CHAPTER 1. INTRODUCTION

injection as depicted in Fig 1.9(b). For injection with swirl, heat flux on body increased
in comparison with no jet case as swirl gives high velocity to jet in tangential direction

and increases surface shear and thus heat flux by Reynolds analogy. Gerdroodbary et al
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Figure 1.9: (a) Model used in experiment (b) Surface pressure variation [17]

[18] examined eflect of angle of incident shock wave on mass distribution of jet injectant
for transverse injection. They indicated that increasing shock angle reduces mass distri-
bution of hydrogen as shock wave interacts with bow shock much strongly and subsonic
region shilts upstream of flow. As a result, shock wave pushes the barrel shock more
downstream to form narrow Mach disk. Daso et al [19] aimed at the effect of flow rate,
attack angle, diameter, Mach number of jet on heat flux of body. They showed that
at low flow rates ol jet, bow shock wave gets divided in number of compression waves
while all compression waves coalesced into thin bow shock at higher How rates. At lower
injecltion pressures, unsteadiness were seen while llow held became steady at higher How
rates. Another important note was that, heat flux on body surface reduces with jet How
rate and jet Mach number and it is even negative for larger flow rates. Gerdroodbary et
al [20] examined effect of jet gas on surface heating and flow structure for hypersonic
flows. As per their results, heat load on body was higher [or helium than carbon-dioxide
jet as helium jet gives larger jet penetration. Carbon-dioxide jet was seen to transit to
SPM (short penetration mode) from LPM (long penetration mode) earlier than helium
counter-flowing jet as earbon-dioxide has lower diffusion coefficient than helium. Sahoo
et al [21] experimentally studied effect of jet species on surface heat transfer and drag on
object. They found higher reduction in heating near nose of body for air injection while
this reduction was higher for helium at downstream locations on body because helium
is a lighter gas and it expands [aster along surface so that cooling takes place at later

portion ol body surlace. It was also recorded that, injection of gases increases densily in
13
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stagnation region which accelerates free-stream flow and increases drag on body which
rises more for heavier injectant resulting in much higher drag. Lopatofl [22] studied effect
of jet Mach number and jet thrust on drag of body. Counter-flowing jet produced strong
vortex ring in vicinity of nose of body so high negative pressure was seen in this region
which lowered drag on body. Imoto et al [23] had focus on effect of coolant type and pres-
sure ratio on heating of model surface. Jet pressure ratio can be defined as PR = :—:’j—
Here F,; and P, are jet and [reestream total pressure respectively. They indicaied that
Stanton number increases for low pressure ratios of nitrogen jet at shoulder of body due
to relocation of reattachment point of high temperature How. Stanton number difference
between opposing jet and no-jet case was insignificant downstream on body surface. He-
lium gas reduced heating at small mass flow rate of jet as compared to nitrogen jet; due
to smaller molecular weight of helium it gives higher velocity to it than other gas for sonic
injection. Gerdroodbary et al [24] aimed at effect of counter-flow species, for pressure
and heat [ux of body surface. Their results showed that helium gives better cooling
performance at low pressures due to lower C, than CO; jet. Karashima et al [25] had
objective to understand the effect of jet pressure ratio on surface pressure in supersonic
flows. They showed that at low pressure ratio, detached shock wave was unstable while it
was stable and recompression shock wave was unstable at high jei pressure ratios. Peak
pressure values were seen on body when detached shock wave was closer to model surface
while it was minimum when shock wave was far away from model. Tamada et al [26]
were keen to understand the effect of nose configuration and jet pressure ratio on heat
and drag reduction. They found that heat flux on ogive body reduces for both super-
sonic and hypersonic lows with jet pressure ratio due to enhancement of recirculation
region. Increasing jet pressure reduced form drag more for ogive body due to larger low
pressure recirculation region and weaker recompressed shock, Attaching extended nozzle
to ogive body decreased heat distribution on body with the use of opposing jet and this
also lowered the drag on body. Zheng et al [27] worked for the effect of jet velocity on
static temperature reduction at nose of blunt body. Their results indicated existance of
thermal oscillations for both jet velocities but these oscillations were significant at lower
jet velocity. Reduection in static temperature was seen near nose of body as compared to
no jet case. Min et al [28] studied effect of jet pressure and jet Mach number on normal
foree and pitching ellect of missile. They [ound barrel shock region becoming larger while
its inclination was almost same with increase in jel pressure. Diameter of barrel shock in-
creased with jel Mach number due to jel momentum enhancement as it was proportional
to square of jet Mach number. Venukumar and Reddy [29] studied effect ol injection
pressure on drag reduction for nitrogen and helium supersonic opposing jets. The exper-

imental test model used is shown in Fig 1.10(a). They noticed appreciable reduction in

14
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drag as elucidated in Fig 1.10(b) upto injection pressure of 2 bar after which it is almost
constant. Drag reduction trend for nitrogen and helium jets was identical and it became

independent beyond a particular injection pressure. Bin et al [30] studied effect of jet
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Figure 1.10: (a) Schematic diagram of experimental facility (b) Percentage drag reduction
variation [29]

orifice configuration on drag reduction of blunt body., They found that pentacle shape
gives best drag reduction performance as it pushes detached bow shock farthest from
body due to larger penetration of jet which gives larger recirculation region, but square
shape was best for both drag and heat reduction performance. Chang et al [31] focused
on effect of jet and freestream Mach number on drag and heat reduction of body. They
found that drag force reduces by increasing counter-flowing jet Mach number but again
average heat flux rises due to enlargement of separation region. Drag and surface heating
increased as compared to no-jet case for [reestream Mach number of 4.96. Cheng et al
[32] reported for the effect of jet mass flow rate, attack angle on surlace pressure and heat
flux. For low jet flow rates, pressure and heat flux on body was more than no-jet case
but both reduced for higher jet flow rates. Pressure and heat flux were much higher at
windward side for 10° attack angle but both were lower for any counter-flow jet condition.
Hayashi et al [33] examined effect of jet pressure ratio, jet Mach number on surface heat
flux of blunt body. They found that increasing jet pressure gives more jet mass flow
rate and thus enhancement of jet temperature after interaction with freestream is small
which reduces temperature in recirculation region and at reattachment point and hence
surface heat flux drops. Shah and Lu [34] examined effect of jet pressure ratio on drag
reduction for different freestream Mach number. Bow shock oscillates between SPM and
LPM for range of pressure ratio at all freestream Mach number as the jet extends along

bow shock forming recirculating region which contains toroidal vortex that are dynamic
15
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in nature. Hayashi and Aso [35] were interested in relation between the jet pressure and
acrodynamic heating. They noticed that increasing jet pressure pushes bow shock away
from body and Stanton number is higher for lower values of jet pressure as compared
to no jet case due to unsteady flow field. Keyes and Hefner [36] examined effect of jet
pressure on drag of body at zero attack angle at Mach 6. Bow shock moves away from
body with increase in jet pressure and it becomes unsteady at larger jet pressure ratios.
Drag on body enhances with jet pressure as compared to no-jet case. This rise is not
significant at lower jet pressure but at higher jet pressures, there is sharp increment in
drag on body. Stalder and Inouye [37] examined effect of jet pressure and Reynolds
number of [ree-stream on convective heat transfer on model surlace for direct tangential
injection from body. They found that for direct air injection into main-stream, convec-
tive heat transfer almost doubles as the statie temperature after conical shock rises due
to increased injection. For tangential injection, heat transfer reduces but this reduction
diminishes with increase in injection rate due to presence of local disturbances which
accelerates injectant flow locally and thus reduces effectiveness of injection. Aso et al
[38] experimentally studied effect of jet pressure width of injection on wall pressure and
separation distance. Their results shows that wall pressure rises in front of injection slot
due to flow separation and then it reduces at slot and again rises to give a local pressure
peak downstream of slot. For eross-jet, surface pressure inereases as separation of turbu-

lent boundary layer moves upstream and separation region becomes large.

Researchers have also studied array ol counterflowing jets for heat reduction in hy-
personic flows [39]. Simulations for high speed turbulent flows are also explored [40].
Moreover alteration in drag force as well as heat [lux [41] was also explored in the lit-
erature. Some investigations in the open literature accounted plasma for injection from
stagnation point [42]. Among such studies, Sahoo et al [43] experimentally studied the
effect of jet species on surface heat transfer and drag. They found reduction in heating
near nose of the ohject to be higher for air injection while this reduction was higher for
helium in the downstream region because it is a lighter gas. Among them, Shang et al
[44] considered high temperature plasma counter-flowing jet for drag reduction. They
found that drag on the object increases with temperature of injectant since the density
lowers and results in reduced mass How rate. Surlace pressure was noted to be signili-
cantly lower [or plasma jet injection due to dissociation of air and release of enerpy in the
jet. Poggie [45] worked on steady and unsteady plasma actuation to control separation
for Mach number of 5. Similarly, Shang et al [46] also adopted plasma actuation and
ohserved that eflectiveness of flow control increases with [reestream Mach number. This

plasma based flow control technigque was also found suitable in reducing the drag lorce.

16
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In this regard, Watanabe and Suzuki [47] studied the effectiveness of DC are plasma
discharge on hypersonic flows. They found that there is decrease in the surface pres-
sure using plasma actuation technique and maximum reduction in drag coelficient was
observed as 56%.

1.6.2 Study on drag and heat reduction by aero-spike

Spike attachment at the nose of the blunt body is also considered as a ellective drag
reduction technique. Numerous researchers have explored the effect of spike length, spike
diameter, spike configuration on drag and heat reduction for high speed flows. Pioneering
experiments was conducted by Mair [48] for spike length (L) to body diameter (D) ratio
of 1.5, It was concluded that migration of separation point on the spike surface strongly
contributes to conical shock shape and recirculation zone. Maull [49] experimentally
investigated the influence of axisymmetric spike on flow field and drag reduction. Un-
steady fHow patiern was observed upto certain length of spike while this unsteadiness
also depends on nose shape ol the body. Fluctualing drag coellicient. was noted lor most
of the spike lengths. Wood [60] carried out research for hypersonic flow over spiked
cone-cylinder. It was noted that shape and size of separated [How depends mainly on
reattachment point location. A semi-empirical relation between separation point loca-
tion and spike length was suggested. Reding et al [51] attached extendible spike near the
body nose and obtained reduced drag foree on the body by generation of low pressure
separated How region. This flow separation also induced negative aerodynamic damp-
ing for certain flow conditions. Mikhail [52] studied numerically supersonic flow over
spiked-nose configuration. Flow pattern was unsteady for low freestream Mach numbers
while this unsteadiness became negligible at higher freestream Mach numbers. Milicev
and Pavlovic [53] explored the effect of spike shape on drag force for various angle of
attack experimentally. Results revealed that sharp spiked configuration pave weaker con-
ical shock as compared to hemispherical tipped spike. Menezes et al  [54] conducted
experiments for hypersonic flow over flat tipped spike attached at the nose of body. More
than 50% drag reduction was obtained for moderate angle of atiack but drag increases
at higher angle of attack as How separation shock gets impinged on the windward side of
the body. Gilinsky et al [55] examined effect of spike length on drag coeflicient of blunt
body. Multiple spikes located at center of blunt body increased drag but also enhanced
lift. force of body. Here, drag reduced with spike length for single-spike case. Kulkarni et
al [56] investigated the influence of flat tip spike as shown in Fig 1.11(a) on drag reduc-
tion for dilferent [reestream stagnation enthalpy conditions and concluded that around
57% drag reduction was seen for given [reestream stagnation enthalpy as compared to

no-spike case but drag coeflicient remained almost constant for various freestream stag-
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nation enthalpies as depicted in Fig 1.11(b). Mehta [57] examined the effect of spike
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Figure 1.11: (a) Model geometry with spike (b) Drag variation with enthalpy [56]

conliguration on drag and wall heat llux at zero angle of attack and [reestreamn Mach
number of 6 for L/D ratio of 0.5 numerically. Hemispherical shaped spike gave higher
aerodynamic drag and wall heat flux as compared to flat faced spike. Yadav et al [58]
showed the effect of spike length on drag and heat reduction for hypersonic flows. Higher
wall heat and drag coeflicient were observed for shorter spikes as compared to longer
spikes. Mohandas et al [59] numerically studied the influence of spike tip configuration
on the wave drag ol the body for supersonic flows. They used k& — w turbulence model
along with N-5 equation and concluded that spike with large bluntness gives higher drag
reduction percentage. Srinath and Reddy [60] studied the effect of plain and telescopic
shaped spikes on the drag reduction. They found that the telescopic spike gives more
drag reduction as compared to the plain spike. Khurana et al [61] were keen to see the
effect of spike on the drag reduction for How over a blunt body. Their results indicated
that hemispherical spike with largest L /D ratio offers the best drag reduction as it forms
largest separation region. Kalimuthu et al [62] were interested in effect of spike geo-
metrical parameters on drag and pitching moment of the object. Model used with spike
attached to it is shown in Fig 1.12(a). Maximum of 78% drag reduction was observed for
spike L/D ratio of 2 as elucidated in Fig 1.12(b) with minor increase in pitching moment
of the body. Jones et al [63] explored the influence of spike length on the wave drag of
body at various freestream Mach numbers and found that spike L/D ratio of 1.5 gives
minimum drag while drag reduction increases with freestream Mach number. Guy et al
[64] studied the effect of spike diameter and spike semi-vertex angle on drag reduction
percentage and concluded that drag on the body reduces with both these parameters [or

given body diameter. Dhumieres and Stollery [65] noted the effect of spike length on drag
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Figure 1.12: (a) Spike attached geometry (b) Drag variation [62]

over the body for high speed flows. Their results showed that shorter spike is responsible
for lesser drag values while low is steady for the range of spike length considered in the
study. Gauer and Paull [66] examined the effect of spike length and spike configuration
for hypersonie flows on drag reduction of the object. Spike with aerodome having L/D
ratio of 2 proved to be best for drag reduction. Caleulated drag reduetion was obtained
when their spike configuration was attached in flight on the tip of the HyCAUSE nose
cone. Kumar et al [67] explored the effect of real gas on drag reduetion for high enthalpy
flows. They concluded that wave drag increases for higher freesiream total enthalpy for
no spike case but when spike is attached percentage drag reduction reduces with increase

in freestream total enthalpy.

1.6.3 Review of upstream energy deposition technique

Upstream energy deposition is also an advanced and elfective technique for drag reduction
in high speed vehicles. Numerous researchers have explored drag reduction over various
objects using steady and pulsed energy deposition [68]. Borzov et al [69] focused on
effect of local energy deposition on drag for hypersonic flow over body with different
nose bluntness. Their results showed that nose with large bluntness offers lesser drag on
the body for given energy supply. Levin and Terenteva [70] explored supersonic [low
over cone with heat release near the apex. They concluded that effective drag reduction
can be obtained by concentrated energy supply as it generates freestream non-uniformity
near the energy source. Levin et al [71] were interested in drag and heat reduction for
supersonic flow by local energy supply. They observed the effect of intensity and size of
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energy source on wall heat and drag of the body. Results revealved that significant drag
reduction was achieved by using smaller size of energy source but it resulted in minor in-
tensification of heat exchange. Vlasov et al [72] investigated the influence of local energy
deposition on the flow field for both subsonic as well as supersonic flows. They obtained
two dilferent shock struetures, for supersonic freestream flow, shock was attached to the
energy source while it was detached for subsonic flows. They also proposed the corelation
to evaluate the gas density at the center of energy source for constant and periodic energy
deposition. Bracken et al [73] examined experimentally the effects of electric are energy
deposition as shown in Fig 1.13(a) on drag of the body at freestream Mach number of
1. They proved that drag force on the object reduces by the introduction of energy
supply and this reduction is more significant for lower arc power. Corresponding drag
signals are depicted in Fig 1.13(b). Georgievskii and Levin [T4] studied the effect of
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Figure 1.13: (a) Experimental test facility (b) Drag variation signals |73]

local energy supply on flow features and drag for supersonic [reestream flow. Significant
shock restructuring was observed as a result of energy deposition due to thin temperature
wake elfect in recirculation area. Appreciable drag reduction can be obtained for higher
energy supply. Erdem et al [75] focused on drag reduction by steady energy deposition
for freestream Mach number of 5. Local energy source was generated by the electric are
discharge and good amount of drag reduction was seen for higher frontal area of energy
deposition. They suggested that, greater drag reduction can be obtained for shorter dis-
tance of energy source from the object. Gutierrez and Poggie [76] investigated effects
of energy deposition on drag force of the slender body. Drag reduction upto 80% was
acheived for pulsed energy deposition while significant drag reduction was obtained when
the enerpy deposited was of the order of kinetic energy [lux of the [reestream [low. Kulka-

rni et al [77] explored experimentally aerodynamic drag reduction over blunted body for
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hypersonic flows. Maximum of 47% drag reduction was seen for freestream Mach number
of 8 and freestream stagnation enthalpy of 3.4 MJ/kg due to the addition of heat into
shock layer. Ganesh and John [78] added concentrated energy input for drag reduction
in hypersonic flows. Here, wave drag varied inversely with energy magnitude and directly
with energy bubble size. Shock recasting and size of recirculation zone were strongly de-
pendent on energy source parameters which in turn affected the wave drag of the body.
Shueyder et al [79] carried out research on effect of steady and pulsed energy deposition
on drag reduction of the objeet and concluded that flow ficld and drag forces gets altered
significantly by pulsed energy source rather than steady energy source. Desai et al [80]
examined the influence of real gas effects on drag reduction. Their results showed that
consideration ol real gas elleets lowers percentage drag reduction. Power ellectiveness ol
the energy supply also reduced at higher freestream stagnation enthalpy. Das et al [81]
compared the amount of energy deposition required for maximum power elfectiveness for
earth and mars atmospheres and coneluded that larger amount of concentrated energy
is required in case of mars atmosphere. Higher dependence of specific heats on tempera-
ture was considered to be responsible for such observation. Further, performance of this
technique was lower at higher freestream stagnation enthalpy. Georgievsky and Levin
[$2] studied the influence of periodic energy input on shock wave strueture for supersonic
flows. It was observed that by the elongation of energy source, transition of shock wave
from pulsing regime to quasi-stationary oceurs and this could be one of the effective
methods to control the shock wave structure for high speed flows. Tahsini [83] studied
heatl release effects on drag reduction in high speed Hows. Body surface was coated with
10 pm chrominm layer which would release energy at high temperatures. Centreline tem-
perature remained constant on surface due to chromium melting and it jumped due to
exothermic reactions at Mach disk. Melting of chromium layer increased shock stand-ofl
distance which in turn reduced drag on body. Zaidi et al [84] were interested in influence
of pulsed energy deposition on flow field and shock wave structure. Energy pulse was
generated by laser and they observed that there is significant alterations in flow features
and corresponding shock wave structure when the energy source is moved towards the
body. Ogino et al [85] showed the interaction between upstream deposited energy and
shock structure. Drag reduction was also noted lor supersonic flow around a sphere.
Amount of energy deposited reduced drag signilicantly while energy source location had
lesser impact on drag reduction. Sangtabi et al [86] conducted numerical simulations
for nnsteady laser energy deposition and observed its effect on How Held. Eflect of Mach
number, location of energy deposition, number of laser pulses and the frequency of energy
deposition on drag reduction were studied and concluded that drag reduction duration

increases with number of energy pulses and frequency while the duration of drag reduc-
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tion reduces with freestream Mach number and location of deposited energy. Kandala
and Candler [87] explored the effect of energy deposition on shock structure and surface
pressure for reacting high speed flows. Their results indicated that delayed release of
chemical energy sustaing the effect of energy deposition while there is greater surface
pressure decrement. for reacting flows as compared to perfect gas flow. Zheltovodov et al
[88] analysed the influence of laser induced energy deposition on flow features and wave
drag reduction of the body. Location and [requency of energy source significantly altered
the wave drag while unsteady energy deposition gave better drag reduction as compared

to steady energy deposition.

1.6.4 Review on cavity based studies

Saravanan et al [89] studied effect of cavity on heat transfer rates over missile shaped
object for various angles of attack. Significant reduction in surface temperature and sur-
[ace conveclive heating rates were seen due to lormation of recirculation region inside the
cavity. Maximum ol 27% reduction in heating rates were observed near tip of cavity and
it is only marginally allected at other locations. Schlieren images and their correspond-
ing Stanton number distribution are shown in Fig 1.14(a) and Fig 1.14(b) respectively.

Xiao et al [90] studied experimentally shock iteraction of blunt body with forward facing
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Figure 1.14: (a) Schlieren images (b) Stanton number variation [89]

cavity. They observed two different oscillation modes of the shock namely high frequency
forward-backward oscillation and low [requency up-down oscillation. Also, with increase
in eylinder length-to-diameter ratio, frequency of shock oscillation reduced signilicantly.

Shock wave oscillation mainly depends on interlerence between [reestream How and cav-
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ity. Silton and Goldstein [91] investigated the effect of cavity length, cavity lip radius and
diameter of cavity on the heat flux reduction. They concluded that least heat fAux was
obtained when the cavity length was four times the cavity diameter for given nose radius.
Cavity diameter has least impact on heat flux for given cavity lip radius. Introduction
of forward facing cavity delays the onset of ablation without enhancing drag. Mohri
and Hillier [92] examined the effect of rectangular shaped cavity on surface pressure for
laminar and turbulent flow regimes. They found that periodic fluctuations are present at
the front corner of the L/D=1.33 cavity. Time-averaged surface pressure matched well

with the computational results.

1.6.5 Review on drag and heat reduction by combination tech-

niques

Zhu et al [93] investigated the ellect of spike with combination of mulii-jet on drag and
heat reduction. They used stainless steel blunt body and found that drag and surface
heat flux reduce by increasing jel pressure ratio as bow shock wave gets pushed Iurther
away from body and size of recirculation zone increases. Good heat and drag reduction
was found when lateral jet was located away from body. Lower heat flux was obtained for
shorter spike but it gave high surface pressure so a compromise should be made for opti-
mum spike length, Shang et al [94] examined the effect of jet-spike combination in high
speed flows. They concluded that maximum drag reduction can be achieved at critical
pressure of jet where flow field changes from unsteady to steady as jet showed maximum
penetration into shock layer. Unsteady oscillations were seen for low jet pressure and
surface pressure reduces near face of body whereas it was almost same at shoulder of
body. Huang et al [95] studied drag reduction by combination of jet and spike for super-
sonic flows. They concluded that drag on body reduces with increase in length of spike
or with increase in jet pressure due to increase in recirculation zone [ormed between jet
layer and spike but increasing spike length has more impact on drag reduetion than jet
pressure. Location of peak pressure also moved downstream with the increase in length
of spike. Jiang et al [96] experimented for the effect of lateral jet on surface pressure
of bady. They found that introduction of lateral jet near spike tip pushed oblique shock
away from spike and oblique shock interacted with reattachment shock more away from
body as compared to no-jet case which gave lower surface pressure on body. Introduction
of spike became ineffective for non-zero attack angle as peak pressure on body surface
crossed the stagnation pressure. Huang et al [97] studied the combined effect of jet and
cavity on heat [lux reduction for supersonic flows. They concluded that value of peak
heat flux can be reduced for shorter cavity and as jet pressure increases heat flux on sur-

face reduces due to enlargement ol recirculation zone. Lighter injectant gave lower heat
23

TH-3041_166103006



CHAPTER 1. INTRODUCTION

flux on body surface. Haibo et al [98] focused on the effect of combination of eavity and
opposing jet on drag and heat reduction. With increase in jet pressure drag was found
to be lowered as the reattachment point moved further downstream on body surface due
to larger recirculation zone. Stanton number was found to be reduced with increase in
jet pressure as hot freestream gases doesn't come in direcet contact with major part of
body surface. It was also mentioned that, jet flow can be saved when acceptable heating
is desired with the use of cavity alone. Sun et al [99] examined the effect of cavity and
jet combination on drag and heat flux for hypersonic flows. They found that heat fux
for parabolic conliguration cavily was higher than conventional shape but pressure values
were lower for low wvalues ol jet pressure. Lighter gases gave lower drag and heat fux
on body surlace and gases with similar molecular weight and thermodynamic properties
replaced each other as they gave similar pressure distribution on body. Smaller jet orifice
offered better heat and drag reduction. Haung et al [100] studied effect of combination of
cavity and jet on drag and heat reduction for hypersonic vehieles. They coneluded that
when cavity is located near the nose of body, pressure and heat flux on body are lower due
to formation of smaller recireulation zone near Mach disk. In their studies, injectant with
smaller molecular weight gave smaller drag and heat flux on body surface. Ou et al [101]
studied drag and heat reduetion by combination of spike and opposing jet in hypersonic
flows. They found that Lower jet dia. has negative effect on drag and heat reduction
while for higher jet dia. drag reduces with increasing jet pressure. Increasing spike length
reduces surface pressure and heat fhax but this reduction is smaller for higher spike length.
Sun et al [102] observed drag and heat reduction induced by combination of cavity and
opposing jet in hypersonic Hows for conventional and parabolic cavity confipuration. El-
fect of different turbulence models was examined. They concluded that SST k — w model
was more suitable and combination technique of parabolic configuration of cavity and jet
was more eflective in pushing the shock away from body resulting in reduction in peak
values of surface pressure and Stanton number due to better expansion of jet which avoids
total pressure loss of the jet. Lu and Liu [103] noted effect of combination of cavity and
opposing jet. on drag and surface heat flux. They found that Stanton number reduces
with the introduction of cavity and it is further reduced when the opposing jet is turned

on. Jet pressure ratio also controls the cooling performance ol the combination technique.

1.6.6 Development of fluid flow solver

Dependence of specific heats and flow parameters on temperature were introduced by
Moore [104]. Later, theory for stagnation point heat transfer in high speed reacting
flows was proposed by Fay and Riddell [105]. Then, stagnation point heat transfer
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in dissociated air was given by Rose and Stark [106] and Rose and Stankevies [107].
Further, ionization along with the dissociation reaction was introduced by Fenster [108]
for stagnation point heat flux. Conti and Dyke [109] considered effect of flow properties
on drag for inviseid flow incorporating variable reaction rates. Later, UPWIND algorithm
was proposed by Liu and Vinokur [110] for general non-equilibrium flows. Further, newly
flux splitting scheme was developed by Grossman and Cinnella [111] for thermal and
chemical non-equilibrium flows. Then, second order upwind scheme was developed and
used by Netterfield [112] for the calculation of convective fluxes in high speed reacting
flows. Later, Park [113] studied two temperature model incorporating translational and
vibrational energy of air molecules. Again, Park [114] considered non-equilibrium flows
and concluded that signilicant drag variation was observed by considering temperature
dependent flow properties. Higher order reacting flow solver was proposed by Sawley
and Wuthrich [115]. Sabetta et al [116] incorporated various temperature dependent
reactions for high speed flows and observed that considerable alterations were seen in the

flow features for non-equilibrium flows as compared to equilibrium flows.

1.7 Objectives of the current study

From the literature it is evident that the major governing parameters considered by the
researchers while understanding the performance of counter-flowing sonic or supersonic
jets are injection pressure ratio, opposing jel species, jet diameter and jet Mach number,
Similarly, spike dimensions and shapes were studied and their effects are reported in the
literature for the spike based drag reduction technique. Alteration of drag or surface
heat [lux should be expected with alleration in these parameters. Since both technigues
are constitutionally diflerent, they have different perlormance parameters. Hence it is
not possible to compare their ellectiveness or perlormance lor same [reestream condi-
tions with the help of existing perlormance estimation parameters like percentage drag
reduction. Further, it needs to account multiple and mixed governing parameters while
working with jet and spike combination for drag reduction. This fact demands a common
performance parameter to be thought for, which is based upon elementary underlying
principles. Exergy is such a fundamental quantity and percentage exergy destruction
is a standard performance parameter adopted for various flow processes. It should be
noted that, exergy destruction has never been considered as a tool for the analysis of
drag reduction techniques. Therfore percentage exergy destruction is considered herein
for the first time to examine the drag reduction technigues for their performance and to
compare various drag reduction techniques. Further, most of the computational studies

for spike or jel based drag reduction assume perlect gas llow. Hence the current inves-
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tigation is centered on the real gas effects while considering exergy destruction from the

computational results obtained using reacting solver.

It can be noted from the literature that various parameters like injection pressure ra-
tio, injection gas, jet to base area ratio are studied by the researchers while understanding
the performance of counter flowing jets. Most of these computational or experimental
studies are conducted at lower total temperature conditions of the freestream flow. Hence
the eurrent investigations are performed to explore real gas effects for the accurate so-
lution of the flow field and better prediction of drag reduction lor low as well as high
enthalpy flows. Such study is expected to reveal the eflect of various [reestream and
jet flow parameters on wall pressure, wall heat [lux and wave drag in the presence ol
reacting hypersonie flow over the hemisphere with counter flow injection from stagnation
point. Initially, flow features like shock stand-ofl distance, Mach disk parameters are
analysed [or sonic injection for the perfect gas assumption. Then the real gas flow solver

is employed to assess the alteration in these flow features in the presence of real gas elfects.

Open literature suggests that researchers have performed computations and experi-
ments to achieve better reduction in drag force and surface heat load with counter-jet
injection. Specifically most of the computations dealt with freestream and jet parameters
separately for their influence on the performance. Researchers carried oul simulations
for drag reduction with opposing jet technigue and a new parameter Hp 4 was introduced
which is the combinination of jet pressure ratio and area ratio. Same wave drag coellicient,
can be obtained with same Hp4. So it was proposed to represent the intensity ol oppos-
ing jet and access it’s performance on flow field and drag foces. Influence of momentum
ratio (ratio of jet momentum to the freestream momentum) on counterflowing jet based
drag reduction technique was also examined for supersonic flows. It was proved that
momentum ratio has a vital role in shock restructring and hence drag reduction for wide
range of freestream and jet parameters. It was recommended that momentum ratio was a
unique governing parameter for counter flow injection technique. However this universal
parameter was tesed only for supersonic flows. Moreover it is also desirable to under-
stand it’s universality in the presence of real gas effects. Therfore in the current study,
thermodynamic analysis of the opposing jel. based drag reduction technigue is carried out
considering real pas ellects al elevated [reestream stagnation enthalpy. In this conlext,
hypersonic How over hemispherical object is considered and the effect of momentum ratio
is analysed by altering various governing parameters. Results are analysed for the wave

drag, entropy generation rate and exergy destruction.
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It iz evident from the given literature that most of the computational studies for op-
posing jet or combination of jet and cavity based drag reduction technique are conducted
with perfect gas assumption. Hence the eurrent investigation is centered on the real gas
effects on the flow field alterations and surface pressure distribution obtained from the
computational results for the combination technique of opposing jet and forward facing
cavity. Further, the effect of gas reactions is also observed on drag force and newly pro-
posed thermodynamic parameter named entropy generation rate which can be used as
a tool along with coefficient of drag to access the performance of opposing jet, forward

facing cavity and combination of jet with cavity techniques.

Based on the above discussion, [ollowing objectives are described set for the current

investigations.

1. Development of an unstructured Navier-Stokes non-equilibrium compressible flow
solver based on finite volume method which includes five species and eleven elementary
chemical reactions of atmospheric air.

2. Validation of the current solver with available experimental literature test cases for
two-dimensional axi-symmetric lows.

3. Comparison of active and passive drag reduetion technigues based on newly proposed
thermodynamic parameter named exergy destruetion.

4. Analysing the influence of elevated stapnation enthalpy hypersonic flows on surface
heatl [ux and wave drag of the object.

5. Thermodynamic analysis of opposing jet drag reduction technigue for various freestream
and jet conditions.

6. Understanding flow field and associated drag variations for opposing jet and cavity

combinatorial technique considering real gas effects.

1.8 Organisation of thesis

The thesis is arranged in lollowing chapters:-

Chapter 1 discusses about introduction of hypersonic flows, various reacting flow
models used to study such flows and different drag reduction techniques. It also presents
literature review for all these technigues.

Chapter 2 deals with mathematical formulation of the in-house developed non-

equilibrium and perlect compressible flow solvers. It also explains simulation methodol-

27

TH-3041_166103006



CHAPTER 1. INTRODUCTION

ogy used to carry out present studies.

Chapter 3 presents exergy destruction and drag reduction analysis of active and pas-
sive techniques. Various active and passive technigues are compared based on common
parameter named exergy destruction.

Chapter 4 deals with analysis of counter flow injection technique at elevated enthalpy
hypersonic reacting flows. Effect of various freestream and jet low parameters on wall
pressure, wall heat [ux and wave drag in the presence of reacting hypersonic low over

the hemisphere with counter flow injection from stagnation point are explained in details.

Chaptler 5 explains thermodynamic and drag foree analysis for opposing jet tech-
nique in hypersonic reacting flows. Eflects of various flow and geometrical parameters of

freestream and jet on flow field and associated drag reduction is studied.

Chapter 6 describes drag and entropy generation analysis for opposing jet and for-
ward facing cavity combinatorial technique in presence of real gas reactions. Effects of
reacting flow is examined on flow field, entropy generation rate and surface properties for
jet and cavity combinatorial technique.

Chapter 7 provides useful conclusions drawn [rom the current analysis and future

scope of the present work.
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CHAPTER. 2

NUMERICAL METHODOLOGY

This chapler deseribes the numerical methods used lo invesligale the low and high en-
thalpy compressible reacting flows. Cell-centred finile volume formulation is employed
Jor discretizalion of basic governing equalions and the same is explained in the current
chapter. The scheme o calewlale viscous and convective fluzes and lhe incorporalion of
different boundary condilions are also part of this chapler. Further, full details of lem-
poral discretization method along with source lerm implicil discrelizalion procedure are
also mentioned. Then, various gas models considered for compulational invesligalions

are presented in this chapler.

2.1 Governing equations

Computational Fluid Dynamics (CFD) is a modern tool to solve the basic conserva-
tion equations for various fluid flow problems using suitable numerical algorithm. It is
relatively cheap way to analyse different compressible flows as compared to expensive
experimental methods. Many researchers now-a-days are using CFD method to solve
various problems for efficient design of high speed aircraft so that they can be operated
al its optimum condition for long duration of time. For the simulations at low enthalpy
flows, Navier-stokes equation is solved with mass conservation and energy conservation
equations but during high enthalpy flows, species continuity equations must be solved
simultaneously for the accurate solution of flow field. All the basic governing equations
coupled with species continuity equations for laminar viscous two-dimensional axisym-

metric compressible Hows are given as [ollows:

axX OE; OF; aE, OF,
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Here, X is the conservative variables vector, I; and F} are the convective/inviscid
fluxes in x and y direction respectively, o is constant which is one for axisymmetric
cases and zero for the non-axisymmetric cases and G is source term incorporated for the
inviscid cases. Further, £, and F, are the viscous fluxes in the x and y directions and
(7, is the source term considered for the viscous eases. Consideration of non-equilibrium
effect introduces an extra source term which is represented as 5. These terms are given

as follows,
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The terms h; is the molar specific enthalpy of " species. Here, the sLuLU variables are
density (p), pressure (p), temperature {T], total internal energy (L:I and internal energy

(€). E=e+1 5 (u? + v*) where e = EL,W d[lda,—h-_ﬁ-i-f[? AT — R, T where i

represents i species.
Pressure is taken as sum ol partial pressures ol each species as caleulated from f[ollowing

equalion.

(2:2)

Temperature is obtained from total energy iteratively using Newton- Raphson method by
following equation.

" (T o T he 2.3
i=1 WiLRP‘. thl —p 23)

Components of shear stress (7, Tia, Tag, Tas) are calculated as [117].
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Here, m;, MW;, h?:‘ and Ol are the mass concentration, molecular weight, heat of forma-

™m = pl=

tion and molar specilic heat at constant pressure [or given species i respectively. Reference

temperature (Tx) is considered as 298.5 K.

In the current work, dynamic viscosity (p), conductivity (k), and specific heats (C,,,
() are taken as the expression of polynomial fit of temperature as given in the literature
Gordan and McBridge [118]. Heat flux has two components namely ¢, and g,, as
mentioned in column E, and F),, are caleulated by the expression given by .E,W and k‘ﬂ"

respectively. The mass diffusion velocity in x direction (ug) and in y direction (vg) are
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caleulated from Fick's law as

Dud¥, | Dud
}/:; a:r'.ﬂdl K ay

U = — (2-5]
Here, Diffusion coefficient (D,,) is taken as 5 x 107%m?/s which is constant for all species
and Y; iz the mass fraction of the éy species. As the diffusion coeflicient depends on the
species size but the value of diffusion coeflicient, of N, species is 5 x 107°m?/s which is
considered as the dillusion coellicient of the air because N5 is the major component of
air as it is present in large amount. This assumption reduces computational time and
complexity of the study. Same assumption was also considered by [67] for high speed

flow over spiked configuration.

2.2 Chemical reactions

A set of elementary reversible reactions involving N species can be represented as,

N N r
> din; = Y odin; (2.6)

j=1 j=1

e ) — T
where n; = W
The chemical reactions shown in the source term (5) is represented in eq2.7.

Ng N -
Sy = MW;; (d:; — d:_-,) (kfx}:[lﬂf:‘ — kwgnf:')] (2.7)

Here, Ny is number of reactions, ﬂ'.;j and d:; are the stoichiomelric cocflicients [or
species 7, where 7™ component appears as a reactant in the ** forward and backward
reactions respectively and n; is the molar concentration for species j. Further, kg and
ky; are the forward and backward reaction rate constants evaluated using the Arrhenius
rate expression

ki B;T“E% (2.8)

where A; represents the activation energy, B; and m are constants. These reaction
rates are dependent on temperature and are caleulated as given in literature (Shuen et

al [119]).

The reactions and its corresponding rate constants are given in Table 2.1
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Table 2.1: Chemical reactions and specific reaction-rate constants in the chemical non-
equilibrium ealeulations

No.Forward reaction kg (em?® /mole sec) ki (cm?/mole sec)
1 Oa+ M- >20+ M(N) e i I X

2 Ny+M—>2N+ M(O) 1.9 x 10777 -08e-113x10YT 1 7 1016705

3 NO+M—>N+0+ M(0;)3.9 x 100 -15-73x100T 1 » 12015

4 O+NO-—>N+0, 3.2 % 100 a1 ATxIr T 1.3x 1010710, ~3.88x10°/T
5 O+ Ny—>N+NO 7.0 x 1013¢-38x104/T 1.56 x 10°

6 N+No—>N+N+N 1.086-% 107 -A5,-L13x10°/T 3 o7 4 1R -L4

7 Oa+0—>20+0 0.0 3 10197~ 10¢-895x105T 7.5 5 116705

8 Oy+ 00— >20+ 0, 3:24 5 101BT 10 595%104T | 9 7 5 1016705

9 O+ Ng— > 204 Ny 7.2 x 10187 10—-585x10/T g o 115705

10 Np+ Np— > 2N+ Ny 4.7 x 18T 05-113x10%/T 9 79 5 (16705

11 NO+M—>N+0+M(O) 78 x 1033 1.5, 7.55x10Y/T 2. v 40T 15

2.3 Finite volume method

Finite volume method is a discretization technique as shown in Fig 2.1. Here computa-
tional domain is divided into a number of sub domain called control volume with a finite
number of grid points). Then various numerical schemes are applied to accurately solve
the Navier-stokes equation and other conservation equations in each control volume. All
governing equations are integrated over each control volume in order to solve the whole
flow field.
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Control _—
volume (Q)

Figure 2.1: Diagram of Cell centred FVM scheme

2.4 Theoretical formulation of cell centered FVM

The governing equations for reacting flow as mentioned in Eq 2.1 can be re-writien as,

Hj . _[H[EI E‘I‘J) i ':}{‘FJ ..H.,}
T oz By

G ¥ s (2.9)

Inteprating the above equation,

ax a( '.l!?.' — }gﬂ] E}{ !l"-lj' B n,".‘,',:]
e = s :." : ) 5
]gz il j,;[ e % Cr.f Gyl Sl (2.10)

Considering the left hand side of Eq 2.10),

J;Hﬁ':;fu,?(dﬂzif}fﬂ}z!l%x (2.11)
Considering the right hand side of Eq 2.10,
RHS — ﬁ l[”(E’ax E) f}(F’ay F) | a6 - 6,)— sjan (2.12)
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Re-writing the above equation in divergence form,
RHS [[ (V- (H; — H,) + a(G1 — G,) — S]dQ (2.13)
Jo

Here, Hy = [E,F), H, = [B,F)],V = [g35]

Applying gauss-divergence theorem, we get

jﬂv-{m — H,)d = f{H; _ H,)-fids (2.14)
ny ny

f (Hy — H,) -ids = > _(H; — H,) -iiAS; =5 (Hyy — H,))AS; (2.15)
i J=1 J=1

Here, 1 = [ngn,]

Where, 7 is the unit normal vector pointing outward of the face of given control
volume. n, and n, are the x and y direction components of the 7i. Here, AS; is taken as
the length of the face of control volume while H;;, and H,, | are the inviscid and viscous

normal fluxes crossing the [aces ol control volume. These terms can be represented as:

[ iy ! P 0
puy + . Ty + Tially
peiy + pry, Ti2My + Toally,
(pl + pluy o + o0,
Hyy = Tty yHyy = 0 (2.16)
Mol | 0
| Myt | ! 0

The contravariant velocity (1) ) can be written as,
) = Uy + Uy (217

The source terms in the 15 2,12 can be treated as,
j; [(G] — G) — 5]dQ = a9 — S (2.18)

Here, G = Gy — Gy
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Hence, the final integral form of governing equation becomes,

- “'f
0L S (Hiy — Hot)AS) + 95, + Gy = 0 (2.19)
J=1
; o
dX: = i Z [H; 1 Hﬂ | ]ﬁf}TJ :'JTt' t’.'t(:i = R(.XJ {22“]
i~ =

2.5 Spatial discretization

Thus, we arrive at. the semi-desretized form of the reacting comppressible flow solver
equations as represented in Eq 2.20. This equation requires solution of residual term
R(X;). This can be acheived by evaluating the inviscid and viscous fluxes at the [ace
of the each control volume. The accuracy of present solver mainly depends on the fux
computation scheme. Different flux computation schemes included in the present solver
are explained in the following subsections.

2.5.1 Inviscid lux computational scheme

Present discretized equations are non-linear and hyperbolic in nature. Thus, the [lux
calculation schemes should have good accuracy to capture the correct flow properties in
the flow field. In the current finite volume cell centered discretization, inviscid fluxes
are caleulated using various highly accurate schemes and the formulation of each scheme
used in current work is given in the Appendix. The schemes for flux computation chosen
here are Van Leer [120], AUSM [121], AUSM+ [122] and Rusanov [123]. Incorporating
various chemical reactions leads to allerations ol mass concentration of various species
during flow. Thus, given schemes take into account these alterations for both reacting as

well as perfect gas Hows.

2.5.2 Solution reconstruction for spatial accuracy

The flow variables need to be assigned on right and left sides of the faces of control volume
for lux caleulation in the upwind scheme. To obtain first order spatial accurate solu-
tion, these flow variables values are assigned by simply providing left and right side How
guantities ol the face. But, first order accurate solution may lead to unphysical results
which may give incorrect shock structure and flow features. Thus, higher order spatial
discretization is the requirement Lo improve the accuracy of the solutions. Herein, second-
order aceurate results are obtained through piece-wise linear reconstruction method as

employed by Barth and Jespersen [124]. This method incorporates piece-wise linearly
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distributed flow variables over the control volume. Thus left and right variables are

computed as follows,

X = Xicet + WV X peerr - 7L), X = Xjeent + WV X joetr - i) (2.21)

Here, X and Xp are the values of variables at left and right side of the face respec-
tively while X, .5 is stale variable at cell center. v is a limiter [unction, and VX, .y is
the derivative of the state variable at the cell centroid, which is calculated as

o P
0xX 0X u

vxhwﬂ == [E i

= (2.22)

Figure 2.2: Solution reconstruction of eell centered scheme

In the expression, 7i;, and iy represents the vectors pointing from the cell-center
towards the face center as shown in the Fig 2.2. Consideration of limiter function (1)
reduces the monotonicity loss caused by second order accurate solutions at the vicinity
of high gradient regions like shock or near the body wall. This limiter function generates
non-increasing maxima and non-decreasing minima to ensure that newly calculated left
and right How variables do not exceed the maximum and minimum of the respective
cell center values. In the current solver, Venkatakrishnan’s limiter is incorporated for

faster and better convergence towards exact solutions. According to this methodology
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the limiter function is computed as,

{-&2 H?}ﬁz+2-ﬁ§ﬂ| TR

1, rax 4
S ifAgy >0
(B pin )82 +283A mar 293
v a‘?.mn::"'ﬂa%'r'&l.mumﬂ!e‘l‘lﬂz EI&Z <0 { ’ ]
1 ifAg =10

Where, &l,mu;r = Xoax — Xieals &t,m-in. = Xmin — Aot Here, Xooe and X, are the
maximum and minimum values of state variables at all surrounding cells (J), including

the cell (I) itself, and are given as:
Xonazr = MAx( X eenr, Mz 1 X jeenr) (2.24)

Xomin = mane( X e, min g X jeen) (2.25)

The term A? is represented as Ag = VX jon - 7. Further, the quantity €? is defined
as € = (KAh)*. Here, K is a constant of order one (generally taken as 2) and Ah is

square rool of area for 2-D and cube root of volume for 3-D Hows.

2.5.3 Calculation of viscous fluxes

Complete evaluation of residual term demands the accurate caleulation of viscous fluxes.
The calculation of viscous fluxes on the face of a control volume requires the information
of the flow variables and their derivative at that location. Consistency and simplicity in
spatial discretization is acheived by the assumption that control volume considered for
viscous [lux calculation is same as in case ol inviscid flux caleulation. Flow variables at
cell faces are caleulated by simply taking average of right and left cell values which are
represented as,

1
X1dface = §(Xfmje b X eett) (2.26)

Here, the gradient of low wvariables are caleulated at the cell centre using Gauss
divergence theorem [125]. All dervatives are first calculated at the cell center and by
using area-weighted average method. Afterwards, the node wvalues are caleulated by
simply averaging the gradient at the corresponing faces. This methodology is mandatory
to overcome the demerit of decoupling of calculated gradienis at the face boundaries as
it generally happens in the simple cell averaging method.

38

TH-3041_166103006



CHAPTER 2. NUMERICAL METHODOLOGY

2.6 Boundary conditions

The correct implementation of boundary conditions is important in any solution method-
ology as improper incorporation of boundary conditions may lead to inconsistent and
unphysical computational results. Thus, utmost care is essential for handling of bound-
ary conditions to certain that given problem is well-posed. In the eurrent work, different

boundary conditions which are considered, are explained in the following subsections,

2.6.1 Supersonic inlet

As per characteristics theory [126], all eigenvalues must have the same sign for the super-
sonic inlet boundary condition. To save computational time, the inlet conditions should
be chosen as close as possible to final converged values but due to different discontinuities
(shock waves) present. in flow field it is impossible to have accurate guess. Therefore, all
state variables in the inlel are taken as reestream primitive variables, as the high speed

[reestream is entering the computational domain.

2.6.2 Supersonic outlet

This boundary condition also considers the same sign of eigenvalues. According to this
method, it is assumed that the flow leaves the computational domain at supersonic speed
and hence it has no upstream impact. Thus, How variables at the boundary faces are
directly assigned from the neighbouring interior cell values using zeroth order extrapola-

tiomn.

2.6.3 Wall boundary

In the current investigations, both isothermal and adiabatic wall boundary conditions
are considered. For these cases, no-slip and impermeable condition are considered at
the wall by assigning zero normal and tangential velocity relative at the wall surface.
Also, temperature and species mass fractions are fixed at wall for isothermal condition
while for an adiabatic cases, temperature gradient and species concentration gradient
are forcefully kept zero at the wall. The pressure at the wall faces is obtained from the
immediate neighbouring interior eell.

2.6.4 Axi-Symmetry

In this boundary condition, viscous effects near to wall are neglected and the fluid is

assumed to slip freely over the surface. The normal component of velocity is zero while
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Figure 2.3: Mirror or Ghost cell approach

its tangential component is non-zero. All the fluxes are considered to be zero across the
symmetry boundary eondition. Thus the inviscid wall and symmetry boundary conditons
are similar altough their physical significance is different. To calculate the conservative

variables at this boundary, mirror or ghost cell method is adopted as shown in Fig 2.3.

Usinierior 'u'gﬂmsl
Uinterior —Ughost
Pinterior — Pghost

Pinterior — Pghost

2.7 Temporal discretization

Temporal discretization methodology is important to obtain converged and stable solu-
tions. This method converts the ordinary differential equations into system of algebraic
equations. Generally, there are two types ol time discretization techniques lor time
marching problems: one is an explicil method and other is an implicit method but these
methods have their own merits and demerits. Among these, explicit method is relatively
easy to apply but Courant-Friedrichs-Levy (CFL) criteria gives restriction to the magni-
tude of the time step. On the other hand, implicit methods are unconditionally stable to
give larger time step which reduces the overall computational time. Combination of these
two methods, known as semi-implicit method, can also be used for the faster convergence
and accurate solutions. The present solver uses semi-implicit approach in which only
source term is treated implicitly. Time step in the current solver is caleulated as follows,

3 VA
[\/(u2 +2) + a]

At (2.27)
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Here, & is CFL number while A; | a; , u; and v; are area, sound velocity, flow velocities
in x and y direction for every iy, cell. The constant value of CFL number is chosen as
less than one for each and every simulations. In reacting flows, the time seale of chemical
reactions is very low as compared to the flow time seale. Thus, to capture flow information
accurately, very tiny time steps are required in the diseretization methodology which
increase convergence time to steady flow solutions. Thus, only source term is discretized
implicitly as given by Bussing and Murman [127] in order to increase the time step. To
explain this recalling the Eq 2.20

S = =Y FiyAS, 8 —aGi = R(X) (228)

¥ J=1
It can be re-written as
Xi— x> 1
e FyjAS;)" — S - oGR 2.29
Al {:é__:l 1J J i i ( ]
The source term 5; , which is introduced due to chemical reactions, is further decom-
posed using Newton's method as

Sptl=gr 4 { }",f}.X + O(AX) (2.30)

Putting this value of SP*' in Eq 2.10

#}Xﬁn = _%{E FgAS)™ — [St+ & —aG?  (2.31)
# . (gj’s PAX — _ﬂ%{i FiLAS)"— S — aGP (2.32)
M Cor o - X =~ FuAS) - St —aGT @B
#[I— Gl =g er JAS,)" — S — aGr (2.34)

a5,

oy 15 the jacobian matrix which is calculated by

Here, 1 is the identity matrix and
following formula,
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0 0 0 0 0 ]
0 0 0 0 0 ]
0 0 0 0 0 .- ]
s 0 0 0 0 0 0
oX T | 88 8s 8% 88 8% . . 0%
i e dpu dpls d(" 1 Ay
o) e 80 60 80 . . 80
i dpu dpr dpls it Ny
o) e 80 e b0 . . a0
i e v Hpk Y Sy
S84 a8 _y A5y O8p 1 B8N _1 B8y _1
dp dpu dp dpk a7 00N,

Here, only diagonal terms of matrix % are considered to make easy to inverse the
matrix and save computational time. The clements in the Jacobian matrix, can be

evaluated by chain rule of differentiation as [ollows,

a5, o Kt (o L;, &t f{h B N &
it W 1 + I i il
6':.!' S N—1 jg( O:: }[ R 1]] JIZIJ:!“:lltl:[l 1 ]
(2.35)
05; u 05;
— 2_! =
fh‘)‘l'l«'p‘pﬂ Cgi=1,y N — 1= ;TCI ﬂﬂ |C A=l N—1 { rj{]]
a8 1 38;
9 52| oG N1 = A F Cuim1 N (2.37)
a5, a’.,.ff;k Ko 7l (e ew) 9S;
OC; lous e v G G Z h fxa i=1 ¥y Ci :1;[| ' T T izt

{2.38
At last, if all the flow variables are known at n* time instant, then their respective
values can be evaluated at (n+ 1)* time instant with suceessive time marching from Eq

2.34.

2.8 Gas models

Choice of the gas model to be used in supersonic/hypersonic flow regimes is very im-
portant to aceurately predict flow field. In the current study, both low as well as high
enthalpy flows are examined to explore the real gas effect. In context of this, different
gas models are incorporated in the present solver and are successfully employed. The full
details of these gas models with their application are explained in the following sections,
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2.8.1 Perfect gas model

Perfect gas model assumes intermolecular forces between the molecules to be negligible.
In this model, specilic heat at constani, pressure (), specific heat al constant volume
(C) are considerd as constants. Ideal gas eqation as given in Eq. 2.39 can be used for
the calculations of the transport properties. Researchers [128] have used this model to

analyse the non-reacting flows,

pv = mil (2.39)

Here, p is pressure, v is volume of gas, m is mass of gas, T is temperature and R is
specile gas constant. Further, this model incorporates specific internal energy (e), sound
speed (a) and static enthalpy of gas (h) as given by following formula,

RT TP

e=+—-=a=y¥HEl h— ——
] ply—1)

— (2.40)

Here, p is the gas density. Sutherland’s viscosity law [129] is employed for the deter-
mination of the gas viscosity (p) in present solver. The dimensionless form ol the gas

viscosity according to this law is given as,

L f

[’I}c_f - 5

(2.41)

Here, piyep is reference abolute viscosity of air at given temperature which is equal to
17.16 x-A0°Nafm® Tee s is the relerence temperature which is taken as 273.15 K and 5
is a constant which is taken as 110.56.

2.8.2 Non-equilibrium gas model

As it is well understood that hypersonic vehicles often encounter high temperature regions
al. post-shock locations where calorically perfect gas assumption remains no longer valid
and non-equilibrium consideration becomes dominating. Thus, the perfect gas model is
inappropriate to employ for computations and hence non-equilibrium gas model must be
used to accurately capture the high speed and high enthalpy flow-field. This model solves
coupled Navier-Stokes along with species continuity equations simultaneously. Further,
the thermophysical properties and flow variables are calculated as given in section 2.1.
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2.8.3 Frozen gas model

In this gas model, thermo-physical properties are calculated exactly as mentioned in non-
equilibrium gas models while the chemical reactions of gas species are neglected. Hence,
only Navier-Stokes equations are solved for effective numerical simulation of hypersonic
flows. However, il the inlet [reestream flow is chemically decomposed then this model
includes solution of all the equations of species continuity without considering their source

term. This gas model is also an integral part of the current solver.

2.9 Data Reduction

Various paremetres such as Coellicient, of drag (C;), Coeflicieni of pressure () and
Stanton number (St) are caleulated using the following equations.

by wD?
Co=—— WhereA, = —. 2.42
4T Tpeul A, " i (2.42)
. _ 2 pe) :
Cy = m (2.43)
LI
lgt- = 2.44
Pmcpmum(Tum - TurJ { :I
Where Thyy = Too(1 + 52 M2 Pri)
Jet pressure ratio (PR) is defined by Eq. 2.45
P.
BE=—""% 2.45
;o ( )

Where P,; and P, are jei total pressure and total pressure of freestream respectively.
Exergy destruction value (£;) and percentage exergy destruction (£,) is calculated

from Eq 2.46 and Eq 2.47 as defined in [117]. The first two terms represent exergy

destruction due to heat and work transfer at the wall, rest of the terms gives exergy ol

freestream, jet and outlet flows respectively.

r-{:? 3 C oo d As u
Hl'f = I] - F]Qw - % + 11y [{h] — TGH]} + u.;]
- " 2 (2.46)
us 1
+ miz[(hy — Tosa) + ?"] — (my + mi2)[(ha — Thsa) + f]
I3
K, ; x 100 (2.47)
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Entropy generation rate {bq] is calculated from Eq 2.48 as defined in [130]. The first

three terms on left hand side of this equation represent entropy of freestream, jet and

outlet flows respectively. The fourth term gives entropy change due to heat transfer at

the wall while right hand side gives entropy change of the system.

Qi

.. 4 A8
T

+’§”_E

1y s1 + Miase — (Mg + mg)ss —

(2.48)

In case of drag reduction using counter ow jet, momentum ratio of the jet is calculated

as follows [131],
s pstiyd

2 1
Poctts, di

This parameter can be further decomposed as,

ﬁfﬂf d; : piM;vid;
pm”'gn b pmMrfadeg

M e i (PR)A
th’% Poi Poa Mg:.( }

B

(2.49)

(2.50)

The performance parameters for drag reduction techniques viz. percentage drag re-

duction and injection effectiveness, are calenated using lq. 2.51 and Eq. 2.52 respectively.

%DR - w x 100
1 = {'Flf"” = 'h?d)um

Loadd,
3Pt A,

2.10 OP2 formulation

(2.51)

(2.52)

For the aceurate and quick solution of nnstructured or structured mesh related problems,

OP2 can be used as an active framework [132]. OP2 incorporates source-to-source

translation which converts an application code running on single core into various parallel

computations running on multi core by writing the serial code using the OP2 [ramework.

This conversion results in almost optimal performance of multi core systems. This parallel

execution of many core processor significantly reduces the computational time resulting in

quick and accurate solution of unstructured mesh based areas. By choosing correct thread

and partition configuration, factors reducing the GPU performance can be overcome for

optimal performance of systems. Thus, the current investigations also incorporates this

OP2 based framework to significantly lower the runtime of the developed solver.
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2.11 Validation test cases

Prossurs e . -Pressure
Tolet . » - outlet
r
'
g
i Hypersonic free- Isothermal wall
J{,f stream flow

Axis of .u;'mmell'y

Figure 2.4: Model geometry with its boundary conditions

The geometry for the validation of surface pressure computed from the present solver
is taken as the hemi-sphere of diameter 50.8 mm. Every detail and dimension ol this
model with its boundary conditions is presented in Fig 2.4. The [reestream static pres-
sure and Mach number are taken as the 16146.9 Pa and 2.5 respectively as experimentally
suggested by Finley [7]. Exit of the counter-jet is situated at, stagnation point (as shown
in Fig. 2.4). The diameter of the jet is kept constant as 6.68 mm. Air is taken as
working fluid for freestream and opposing jet respectively. No—slip, viscous and isother-
mal wall (T,,=300 K) boundary condition is given at the body surface. Singular axis
or axisymmetric boundary condition is used at the axis. Thus only hall portion of the
domain is considered [or computations as it also decreases the computational time of
the solver. The solution is considered to be converged when the residual reaches a min-
imum value of order of five. Similar computational strategy has been employed for the
viscous non—equilibrium hypersonic flows [133] [67]. Table 2.2 shows flow details of
freestream and jet for validation case. Non-dimensional surface pressure computed from
current solver for jet pressure ratio (PR) of 2.23 and 2.08 are plotted and compared
with corresponding experimental results [7] in Fig 2.5(a) and Fig 2.5(b) respectively.
The experimental measured surface pressure is in good agreement with the numerically

computed surface pressure of present reacting solver. Figure 2.5(b) also shows good
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agreement of computed surface pressure with modified Newtonian theory for the no jet

case where modified Newtonian theory based surface pressure is given as,

L _ cos?0 + sin?9E= (2.53)
Paf Pof

Table 2.2: Flow conditions of free—stream and opposing jet for validation

Properties Freestream (Air) Opposing jet (Air)
Mach Number 2.5 1
Static Pressure (Pa) 16147 16147,151522,122383
Static Temperature (K) 131 245
o ! = 12
- ~o & Experiment (PR=2.23) I Present solver (PR= 208}
‘\\ Reacling solver (PR=2.23) L 0 Exp (Finley i PR=2.058)
I - ---- Experiment (FR=0} 1+ Present solver (PR=1)
e ymemm - Reacting solver (PR=() ™ Exp (Finley { PR=1))
| L ——— Madificd newilonian theory
L o8-
iT1s I
[ € osl-
__g £ 08 -
04p= L
04+
o i oz
n,-l|||||||||||||||||||||||||||||||||||||||.|.| = + 1 L + + 1 - - L - + - - L
0 ] Bl a0 1) &0
b 8 (Degree) 8 (Degree)
(a) PR=2.23 (b) PR=2.08

Figure 2.5: Comparison of non—dimensional surface pressure of current computation
with experimental resulis

Non-dimensional surface pressure computed from current solver for jet pressure ratio
(PR) of 1.68 and 2.84 are plotted and compared with corresponding experimental results
[7] in Fig 2.6 and Fig 2.7 respectively. Figure 2.7 depicts surface pressure variation
obtained from current solver for three different grid sizes as well. Results of fine mesh
with 100K cells match closely with the experimental data of Finley [7] and such fine
mesh is used for all the cases in this work. Surface pressure obtained from the present
solver is in good agreement with experimental data of Finley [7] for both pressure ratios
and Modilied newtonian theory for no-jel condition. Comparison ol surface pressure

obtained [rom the present laminar How solver is also done with counter-jet. turbulent. case
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1
L Solver (PR = 1.68)
i - Experlment (PR = 1.68)
N Solver (PR = 0)
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Figure 2.6: Comparison ol surlace pressure with experimental results [or jet PR=1.68

of Chen et al [134] and experimental case of Karashima and Sato [25] and shown in
Fig 2.7 to explain the insignificance of turbulence effects on the prediction of surface
pressure. Details of the freestream and jet conditions for above mentioned numerical and
experimental literature are given in Table 2.3. Figure 2.7 clearly depicts good agreement
ol predicted surlace pressure ol the present laminar flow solver with turbulent numerical
simulations (Chen et al [134]) and experimental (Karashima and Sato [25]) results.
Similar computational solver was used by (Desai et al [135] and Kumar and Kulkarni
[117]) for non-equilibrium viscous flows. This justifies the use of present laminar solver

for counter-jet flow investigations.

Tahble 2.3: Flow conditions for validation

Case fn M, To(K) P=34

! ot
1) Karashima and Sato [25], Chen et al [134] 10 25  130.86 1.6
2) Finley [7] 76 25 13086  2.84

Validation studies are also extended [or the comparison of shock shape using the
Billig’s correlation [136]. The computed shock shape and shock stand-ofl distance for no

injection ease are in good agrecment with the Billig’s correlations as shown in Fig 2.8,
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Figure 2.7: Non-dimensional wall pressure comparison with experimental results from
literature at various grid sizes
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Figure 2.8 Comparison of shock shape with Billig correlation
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2.12 Conclusions

In this chapter, we discussed about the governing equations related to high speed aero-
dynamic flows and their discretization using finite volume method. Various chemical
reactions are also taken into account which should be considered at elevated temper-
atures for accurate solution of the llow field. Dilferent convective lux computational
schemes are also presented in this chapter. Boundary conditions and their implications
al inlet, wall and outlet are also discussed. Various fuid flow models included in the
solver are represented and incorporation of OP2 framework in the solver is also presented
which significantly reduces the computational runtime ol the developed solver. Lastly,
developed real gas llow solver is simulated for numerous experimental test cases available
in the literature and validation results are depicted to demonstrate solver reliability for

the calculations of different flow parameters.
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CHAPTER. 3

EXERGY DESTRUCTION AND DRAG
REDUCTION ANALYSIS OF ACTIVE AND
PASSIVE TECHNIQUES

Counter-flowing jel and aero-spike are gquile effective and widely employed drag reduction
lechniques. These lechniques, being constitulionally different, are governed by different
governing parameters bul are assessed by percenlage drag reduction. This assessmend
paramneter 8 not suilable lo compare two lechniques of different kind as one of them s
active and other is passive drag reduction technique. Therefore, thermodynamic parameler
named "erergy destruction” 15 proposed as a unified performance assessmentl parameler.
Test case of supersonde flow over hemisphere, provided with counterflow injeclion is sim-
wlated which portrayed monolonic variation for percentage drag reduction and percenlage
exerqy destruction for increase in injeclion pressure ralio, since decreased shock strength
reduces the wave drag and also the exerqy desiruclion. However, injection effectiveness,
a sutlable assessmenl parameter for counlerflow injeclion, shows inversion characleris-
tics with a peak al specifie injection pressure ralio for given freesireamn Mach number.
Mounting of a spike has also been assessed for different lengths and here as well percenl-
age drag reduction and percenlage erergy destruction showed similar trend with inverse
relation among them. Hybrid drag reduction lechnique or a combinalion of spike and
jet has also been considered to highlight the importance of percentage exergy destruction
as a performance assessment parameter. Presenl invesligalions recommend percentage
exergy destruction as a unified performance assessmenl parameler for passive, aclive ani
combination drag reduction lechniques.
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3.1 Introduction

Many researchers have examined the various drag reduetion techniques for hypersonic
flows over blunt objects. Different active and passive techniques are available to reduce
this drag force. Passive techniques used for this objective include a retractable aero-spike
[67] and forward facing cavity [89]; whereas active techniques use injection of opposing
jets [137] from stagnation point or upstream energy deposition [70]. Combination of

active and passive techniques [138] are also studied for high speed flows.

The counter flow jet alters the How field in the vicinity ol stagnation point and helps
to reduce the wave drag. Hence it has been extensively investigated by researchers in the
past few decades. It is evident that the major governing parameters considered by the
researchers while understanding the performance of eounter-flowing sonic or supersonic
jets are injection pressure ratio, opposing jet species, jet diameter and jet Mach number.
Similarly, spike dimensions and shapes were studied and their effects are reported in the
literature for the spike based drag reduction technique. Alteration of drag or surface heat
flux should be expected with alteration in these parameters. Since both techniques are
constitutionally different, they have different performance parameters. Hence it is not
possible to compare Lheir effectiveness or performance for same [reestream conditions with
the help of existing performance estimation parameters like percentage drag reduction.
Further, it needs to account multiple and mixed poverning parameters while working with
jet and spike combination for drag reduction. This [act demands a common performance
parameter to be thought for, which is based upon elementary underlying principles.
Exergy is such a fundamental quantity and percentage exergy destruction is a standard
performance parameter adopted for various flow processes. It should be noted that,
exergy destruction has never been considered as a tool for the analysis of drag reduction
techniques. Therfore percentage exergy destruction is considered herein for the first time
to examine the drag reduction techniques for their performance and to compare various
drag reduction techniques. Further, most of the computational studies for spike or jet
based drag reduction assume perfect gas flow. Hence the current investigation is centered
on the real gas eflects while considering exergy destruction from the computational results
obtained [or opposing jet, spike and combination cases. Findings of the current study

along with simulation resulis are explained in the [ollowing sections.

3.2 Model description and flow conditions

The geometry with its boundary conditions used for counter-jet based technique is de-

picted in Fig 3.1(a). During the simulation for counter-jet case, diameter of hemi-sphere
52
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is taken as 50.8 mm and jet inlet diameter as 2 mm. This test model along with freestream
conditions as freestream total enthalpy of 0.3 MJ/kg, [reestream total pressure of 0.27
MPa and Mach number of 2.5 were considered by Finley [7] during counter-flow injection
experiment. for unit jet Mach number. The geometry with its boundary conditions used
for spike based technique is depicted in Fig 3.1(b). The diameter of the body is 72
mm, while the spike diameter is 2 mm. Here the objeet experiences hypersonic flow of
Mach number 8.2, freestream stagnation pressure of 10.9 MPa and freestream stagnation
enthalpy of 0.97 M.J/kg.

Presmme . % A Preare .
et oy B
o s
E 5
Vhyperaic res- Isanhe romal wall = ’5:

arrEsm fhw E E

E
= g §
|=> Hypersonic
lreestrcam Mow

Isothermal wall {T_= 30 K}
R=36 mm

&

Symmedry axis
(a) Model for the counter-Howing jet (b) Model for the spike body

Figure 3.1: Model geometry with its computational domain and boundary conditions

One of the simulations is also performed to demonstrate the effects ol wake region
on the flow field and surface pressure prediction. Figure 3.2(a) shows Mach contour
comparison while Fig 3.2(b) shows surface pressure comparison for the cases with and
without simulation of wake region. Ii is clearly observed that there is almost no difference
in shock shape and shock location for both the cases and surface pressure distribution on
the body is also same for these cases. Also there is negligible variation in drag coellicient
for the case without wake (Cy=0.84) as compared to with wake case (C3=0.86). Thus,

inclusion of wake region does not alter the drag force and flow features significantly.
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Figure 3.2: Comparison of with and without wake region

3.3 Spiked body validation

The geometry adopted for given validation purpose is a spherical object of 36 mm radins.
Spike of 2 mm diameter is attached at its nose creating an vertex angle of 66 deg and the
total projected diameter of 39 mm as mentioned in [65]. Hypersonic freestream of Mach
number 8.2 is allowed to flow over given object with static pressure of 950 Pa and static
temperature of 89.3 K. Figure 3.3 depicts comparison ol non-dimensional drag coellicient
with experimental data [65] for various L /D ratio of spike attached configuration. Excel-
lent consistency is observed between measured and computed drag values. This justifies

the use of present reacting solver for investigation of hypersonic flow over spiked object.

To find the optimum number of processors to be used for the simulations, the case
without injection is taken and is run with different number of threads using OpenMP. The
simulation runtime is compared with the sequential version to find the optimum number
of threads to be used. A workstation of 16 processors and 64 GB RAM is employed for
these simulations. Table 3.1 shows Lthe computational time taken by the solver or S04
iterations using optimum sequential, and OpenMP using four and eight threads for the
no—injection case of Finley [7]. The OpenMP version with four threads is found to be
optimal for the current mesh size, Therelore all the simulations in the current work are

performed using four processors in OpenMP.
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Figure 3.3: Drag coellicient comparison for various L/D ratio

Table 3.1: Computational time (sec) for 500 iterations of no—jet case of Finley, using
sequential and OpenMP versions

Method Optimal OpenMP OpenMP
sequential (4 threads) (8 threads)
Computational time (sec)  1530.33 397.14 398.9

3.4 Results and discussion

3.4.1 Assessment of counter flow injection technique

Possibility of having a jet [rom the orifice exists, if the total pressure of the jet is more
than the total pressure of the flow behind the bow shock. Inerease in injection pressure
ratio increases the jet momentum and pushes the forebody bow shock away [rom it. But,
the multiple cell structure of the jet, for these low injection pressure ratios, make the
flow unsteady. Counter jet based flow field becomes steady when the injection pressure
ratio crosses a critical value. For the pressure ratios, beyond the eritical value, single cell
structure is present in the jet. Simulations for injection cases are performed for freestream
Mach number of 2.5 and 3.5 while injection pressure ratios (PR) are taken as 1.45, 1.52,
1.68, 2.08, 2.23, 2.84, 3.73 and 4.7. The same test model as considered by Finley [7] is
adopted herein along with the freestream and jel conditions. Figure 3.4 shows computed
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Figure 3.4: Mach contour comparison for PR=() and PR=2.08 cases

flow field with and without counter flow injection. Presence of strong bow shock is evident
for no injection case and is responsible for the large exergy destruction. But the flow
ficld and shock structure are different with injection of counter jet. It is evident from the
figure that the underexpanded jet comes oul of the orifice and expands till it encounters
the Mach dise in the axial direction. This expansion is limited by the barrel shock in
transverse direction. Thus the single jet cell is bounded by the Mach disc and barrel
shock., Upon crossing the Mach dise, jet low meets the oncoming high speed flow behind
the bow shock at the interface or at the floating stagnation point. Then the jet fluid gets
convected downstream in the shock layer and reattaches on the body, This low reversal
of the injected fluid forms a recirculation region ahead of the object. Such low pressure
region and the original blunt object constitute the new obstacle to supersonic/hypersonic
flow which in turn alters the shock structure and help to reduce the drag force. In general,
percentage drag reduction is an obvious measure of effectiveness of any drag reduction
technique. The required drag reduction percentage is evaluated as given in Eq.(2.51).

It is expected that the shock restructuring would lead to less exergy destruction in
the presence ol injection and it can be one ol the measures of perlormance estimation
of the drag reduction technique. Such exergy destruction is caleulated using Eq.(2.47).
Further, increase in injection pressure ratio would increase the cell length and size of
the recirculation zone, which in turn pushes the fore body shock further away from the

body. Interestingly, increased jet pressure ratio gives larger shock stand-off distance which
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Figure 4.5: Mach contour comparison lor PR=2.08 and PR=4.T cases

forms a relatively weaker shock structure shown in Fig 3.5. Therefore, higher reduction
in incurred drag force and lower exergy destruction are obvious with the increase in
injection pressure ratio. It should be noted that, in this kind of active drag reduction
technique, higher injection pressure ratio demands higher energy input. Therelore the
effectiveness of the injection should also be considered while evaluating the performance
of this technique. Here, injection elfectiveness is delined as the ratio of energy saved
because of drag reduction to the input kinetic energy of the jet. Expression for the
injection eflectiveness is given by 15g.2.52. Alteration in the performance parameters like
percentage drag reduction, percentage exergy destruction and injection effectiveness are
plotted with injection pressure ratio in Fig 3.6 where M., and H, are kept constant
as 2.5 and 0.3 MJ/kg respectively. Here, percentage drag reduction and percentage
exergy destruction show monotonic change with increase in injection pressure ratio. The
maximum drag reduction of 54.24 % is noticed for injection pressure ratio of 4.7 where
percentage exergy destruction is 2.35 %. Thus these two parameters are relevani with
each other for the reason that the exergy destruction decreases with increase in drag
reduction. More streamlining of the flow and presence of weaker shocks are the reasons [or
both the trends with injection pressure ratio. However, the special parameter, injection
effectiveness, defined for this drag reduction technique, shows inversion with injection
pressure ratio. It sugpests that, injection of counterjet is very ellective for lower pressure

ratios since the rate of drag reduction with initial increment in injection pressure ratio is

a7
TH-3041_166103006



CHAPTER 3. EXERGY DESTRUCTION AND DRAG REDUCTION
ANALYSIS OF ACTIVE AND PASSIVE TECHNIQUES

wg 20
- *_- - N _
45 - e — 50 |
= ] ¥ 9 f" &
. i .
- g™ 1 1
- 7 — 15
- i a—{40
4l il
- E“?' . A
= — —
= : g—aﬂ_
3l 5 i
il g 1 | =
» h—_EU_

L =1 vl -
al E 1 s
i g —10 |

/ el
- f‘ P i |
- . ] i
25— -~ —a— K, i
_i' — —— - [Drag redoction —o 0
i — = ) i
1 i i i i | i i i i | i i i i | i i i i 1 i i i i _
0 1 2 3 4

Pressure ratio

Figure 4.6: Variation ol percentage exergy destruction, percentage drag reduction and
injection effectiveness (1) with pressure ratio for M,=2.5 and H,=0.3 MJ/Kg

high. But for higher injection pressure ratios, the rate of drag reduction is lower, due to
which there is decrease in the effectiveness of injection technigue.

Simulations are then performed to understand the effect of Mach number on the dy-
namics of counter flow injection. Therefore, supersonic flow of Mach pumber 3.5 is simu-
lated over the same hemi-sphere and with same boundary conditions. Injection pressure
ratios, considered earlier, are used here as well to indentify the alteration in assessement
paramters with change in Mach nnmmber. Typical contour depicting the influence of Mach
number on counter ow based injection technique is as shown in Fig 3.7(a). As per this
figure, the length of jet—cell is seen to be lowered which in turn brings the Mach disc
and the interface closer to the wall for this freestream Mach number of 3.5. Decrease
in total pressure behind the strong bow shock and hence the associated decrease in jet
total pressure for the same injection pressure ratio are accounted for this alteration in
flow field. Therefore, comparatively compact recirculation zone spreads over the sphere.
Effect of this flow field on the drag coeflicient is shown in Fig 3.7(b). There is small
variation in drag coeflicient with change in Mach number from 2 to 3.5 for all non—zero
injection pressure ratios. However, at higher Mach number of 3.5, the wall pressure re-
mains higher without injection and is responsible for higher value of the incurred drag
force when compared to the no injection case at Mach number of 2.5. Therefore per-

centage drag reduction, at higher Mach number, for the same injection pressure ratio, is
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Figure 3.7: Effect of My on flow field and drag cocifficient

higher. 1t has been noted that, the percentage drag reduction for injection pressure ratio
of 2.08, is 31.63 % for Mach number 2.5 and 33.11 % for Mach number 3.5. Further,
the percentage exergy destruction shows that the stronger shock for higher Mach pum-
ber, with or without injection, leads to higher percentage change in exergy. Moreover,
the exergy destruction decreases with increase in injection pressure ratio, for both the
freestream Mach numbers and shows monotonic variation as seen in case of pecentage
drag reduction as depicted in Fig 3.8. Here, percentage exergy destruction is 3.23 % for
Mach number of 2.5 and 3.6 % for Mach number of 3.5. Regarding injection effectiveness,
it portrays an inversion at higher Mach number as well. But there is an amplification in
this assessement parameter due to increment in [ree stream Mach number lor the same
injection pressure ratio. For example, the peak ellectiveness corresponding to injection
pressure ratio of 1.68, which is 19% for Mach 2.5, increases to 30.92% for Mach 3.5.
The mathematical expression of this parameter can be reconsidered to justify this am-
plification. The [reestream velocity from the numerator increases with increase in Mach
number while the jet mass flux decreases for the same injection pressure ratio. Hence,
the numerator in the expression of effectiveness increases and its denominator decreases,
which introduces an amplification in the effectiveness with increase in Mach number for
same injection pressure ratio.

3.4.2  Assessment of spike mounting for drag reduction
Figure 3.9(a) shows the comparison of important flow features for spike—based passive

drag reduction technique for a spike having a length to diameter ratio of 0.5 and without

59
TH-3041_166103006



CHAPTER 3. EXERGY DESTRUCTION AND DRAG REDUCTION
ANALYSIS OF ACTIVE AND PASSIVE TECHNIQUES

B Exergy destruction (M==2.5) § Exergy destruction (M==1.5) n Jet effectiveness (M==2.5)
Jet effectiveness (Mo=3.5] nDrag reduction [M==2.5) B Drag reduction (M==3.5)

35

10.82
295

ki 7732 278

25 -

20 17.34

MJ
=1.

Figure 3.8: Variation of exergy destruction, drag reduction and jet effectiveness with
pressure ratio at M_=25 and M_=3.5

15

10

5 3538

3
0 ' PR=1.45

spike. The diameter of the body is 72 mm, while the spike diameter is 2 mm  [65].
Here the object experiences hypersonic flow of Mach number 8.2, freestream stagnation
pressure of 10.9 MPa and freestream stagnation enthalpy of 0.97 MJ/kg. The simulation
based surface pressure variation is shown in Fig 3.9(b). For high speed flow over blunt
body without spike mounting, strong bow shock would be standing upstream of the body
which imposes high pressure on the wall. This bow shock is the major reason for higher
exergy destruction in case of high speed flows, hence it is desirable to reduce the strength
of this shock. With mounting of an aerospike, at the nose of blunt body, the strong bow
shock is seen to be replaced by weak conical shocks and also a low pressure recirculation
zone near the nose. This separation bubble acts as a blanket for the blunt body for heat
load and also streamlines the flow. Hence mounting of the spike reduces the wall pressure
and hence the drag force experienced by the original blunt body. Further, the replacement
of strong bow shock by weak conical shocks reduces the exergy destruction. Hence this
low cost passive drag reduction technique is many a times favored. It must be noted that,
spike mounting being a passive technique, unlike counter flow injection, it is not possible
to judge the spike effectiveness. Therefore, assessment of this technique is generally car-
ried out through percentage drag reduction only. Hence it has been attempted herein to
estimate the performance of a mounted spike through percentage exergy destruction. In

view of this, simulations are performed for dilferent spike lengths attached to the same
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Figure 3.9: Comparison of spiked and unspiked cases

base configuration for the above mentioned [reestream conditions. Both the parameters,
percentage drag reduction and percentage exergy destruction, show monotonic variation
with spike length where percentage drag reduction increases and exergy destruction de-
creases with the increase in spike length as shown in Fig 3.10. Here, smaller spike of
L/D=0.5 has potential of 11.57 % drag reduction with 42.48 % exergy destruction while
the longer spike of L/D=1.5 bears higher potential of 61.62% drag reduction with 7.25%
exergy destruction. Thus the drag reduetion associated with weakening of shock strength

is seen again to have relevance with lowering of exergy destruction or losses.

3.4.3 Discussion on performance assessment

It has been noted that, counter flow injection, being active drag reduction technique,
can be assessed using injection effectiveness along with percentage drag reduction. But,
mounting of spike at the stagnation point is a passive drag reduction technique and it
cannot. be assessed with the same effectiveness formula. Further, exergy as a thermody-
namic parameter has a common trait for either injection techniques. Hence it has been
adopted for evaluating the performance of these drag reduction techniques. For M,,=2.5
and H,,=0.3 MJ/Kg, counter—jet injection technique gives 2.58 % exergy destruction
which corresponds to 45.7 % drag reduction for injection pressure ratio of 3.73 and for the
M.=8.2 and H,=0.97 MJ/Kg, spike technique gives 20 % exergy destruction which
corresponds to 48 % drag reduction for L/D ratio of 0.75. For same amount of drag

reduction, injection technigue proves to be superior since it corresponds to lower exergy
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destruction than the spike based technique. Moreover, this thermodynamic parameter
would also be helpful to fest the combination effect of spike and injection. Therefore,
simulations are performed for the same test model and the same freestream conditions
as the spike case for L/D ratio of (1.5. Here the spike tip is used as the source of counter
jet for injection pressure ratio of 5 and combination case gives 1.8% exergy destruction
which corresponds to 32% drag reduction (Cy=1.02) while only spike case gives 13% drag
reduction (Cy=0.77) and 42% exergy destruction. Mach contours for the spiked object
and spike—jet combination are shown in Fig 3.11(a). Here, the [reestream conditions
are same as the above mentioned case of only spike. Further wall pressure in this case
is also compared in the Fig 3.11(b). Jet expanding from the tip of spike pushes the
bow shock more away from the body as compared to simple spike ease and this increases
the recirculation area due to stretching of vortex in vertical direction which results in
reduction in surface pressure. Consequently, drag reduction further increases with lesser
loss in exergy. Figure 3.12 shows comparison of percentage exergy destruction for similar
drag reduction values for various techniques. It is clearly evident that for given drag re-
duction, opposing jet technique proves to be better than spiked body technique in terms

of least percentage exergy destruction.
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3.5 Conclusions

In view of different drag reduction techniques and their different governing variables,
percentage exergy destruction is proposed as a fundamental performance assessment pa-
rameter unlike conventional percentage drag reduction or presently proposed injection
effectiveness. In case of supersonic flow over a hemisphere with counterflow injection,
monotonic variation has been noticed for percentage drag reduction and percentage ex-
ergy destruction with increase in injection pressure ratio. It has been noticed that higher
injection pressures lead to higher drag reduction and il is mainly due to presence of
weaker shock structure at higher injection pressure. Therefore, reduced shock strength
leads to lower exergy destruction and higher drag reduction. Hence, percentage drag
reduction and percentage exergy destruction are seen to have monotonic variation with
injection pressure ratio unlike injection effectiveness which portrays inversion with peak
effectiveness. The passive technique, mounting of spike, has also been assessed for its per-
formance using percentage drag reduction and percentage exergy destruction. Here as
well both parameters portrayed inverse relation with each other but the spike mounting
is found to be responsible for higher percentage exergy destruction than the counter flow
injection. Thus, current investigations recommend the use of percentage exergy destruc-
tion as a common performance assessment parameter for passive, active and combination

drag reduction technigques.
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CHAPTER 4

ANALYSIS OF COUNTER FLOW INJECTION
TECHNIQUE AT ELEVATED ENTHALPY
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The current investigalions reveals the effecl of higher [reeslream stagnalion enthalpy on
Jlow field alleration and wave drag for counler—jel drag reduction lechnigue for a hemi-
spherical object. Resulls also include the real gas effects on flow field, wave drag and wall
heat flux. Further the effect of various flow paramelers is observed on surfoce pressure
distribulion, surface heal flux and drag force for the hypersonic flow over the hemisphere,
using the in house developed perfect gas and non—equilibrium N—S5 flow solvers. Resulls
revealed thal the perfect gas assumplion overeslimales surface properiies and wave drag
value. Drag coefficient reduces with freestream total enthalpy (H,) in the presence of real
gas effects. Avound 30% drag reduction is observed al H,=1 M.J/kg for Mach number 5 as
compared Lo no—jel case and this reduction increases al higher freestream lolal enthalpy
Jor same injeclion pressure ralio. Higher pressure ralio of the jel resulls in lower surface

pressure and Stanton number on the object which gives lower wave drag.

4.1 Introduction

Various parameters like injeclion pressure ratio, injection gas, jet to base area ratio are
studied by the researchers while understanding the performance of counter low sonic
or supersonic injection. Most of these computational or experimental studies are con-
ducted at lower total temperature conditions of the [reestream fow or with perfect gas
assumption (constant specific heats with temperature) but space vehicles may encounter
relatively higher stagnation enthalpy flows since they cruise at elevated altitude. Hence
the current investigations are performed with in house developed perfect gas solver and
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non—equilibrium N—S flow solver to explore real gas effects for the accurate solution of
the flow field and better prediction of drag reduction for low as well as high enthalpy
flows. Such study is expected to reveal the effect of various freestream and jet flow
parameters on wall pressure, wall heat flux and wave drag in the presence of reacting
hypersonic flow over the hemisphere with counter flow injection from stagnation point.
Detalied analysis of the current investigation is presented in the following sections.

4.2 Geometry details and flow conditions

The geometry employed in the current study with its corresponding boundary conditions
is same as depicted in Fig 2.4. Details of different variables of frecstream and opposing
jet, used in the current study, are shown in Table 4.1.

Table 4.1: Different variables of free—stream and opposing jet

Properties Freestream Opposing jel
Mach number 5,6 1
Total Pressure (Pa) 275790 275790
Total Enthalpy (MJ/kg) 1,2,4 0.3

4.3 Grid sensitivity test

The sensitivity of present results for same conditions is checked by considering various
mesh sizes as mentioned in Table 4.2, Three different grid sizes such as coarse, moderate
and fine are selected for the grid independence study. The plots of surface pressure for
all grids are shown in Fig 4.1 which shows that the moderate grid (120k cells) has a
similar pressure distribution on the body surface as the fine grid (180k cells). Moreover,
the wave drag obtained by moderate and hine mesh is almost the same in magnitude
(Table 4.2). Hence, moderate mesh size (120k cells) is chosen to carry out all numerical

investigations.
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Table 4.2: Details of grid size used for grid independence study
Grid Cy Difference (%)
Coarse (60k)  0.8950841 0.7
Moderate (120k)  0.887853 0.093
Fine (180k) (L487963 -
0.7
06
05
0.4
Sos -
02f
01
. — — — — Coarse (60k)
[ ————— Moderate (120k)
o ————- Fine (180k)
- 1 I 1 L 1 I 1 1 1 I. L 1 L ]

40 &0
0 (Degree)

Figure 4.1: Grid Independence Results for dillerent mesh size
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(a) Mach contour of Reacting and Perfoct (b) Real gas effects on surface pressure varia-
solver for Mo.=5 and H,=4 MJ/Kg case tion at M= for Reacting and Perfect, solver

Figure 4.2: Comparison of reacting and perfect solver
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4.4 Results and discussion

4.4.1 Comparison between perfect and real gas models

Initial investigations are performed to study the effect of reacting gas flow over the perfect
gas flow. Freestream conditions for this are taken as the hypersonic flow of Mach number
5.0 and freestream static pressure is 521.433 Pa for flow over a hemispherical object of
radius rp = 25.4 mm. The [reestream stagnation enthalpy (Hp) is considered as 4 M.J kg
for this study. Air having mass [ractions of 0.765 and 0.235 for Ny and Oy respectively
is the working fluid for freestream and jet. Further, the opposing jet diameter (d; = 2r;)
is selected as 2 mm and the pressure ratio (PR) is kept as 1.0 for both perfect and
reacting gas conditions. Comparison of the Mach contour for reacting gas solver (RS)
and perfect gas solver (PS) is shown in Fig 4.2(a). The reacting condition pushes the
how shock in the upstream direction which leads to the larger shock stand—ofl distance
for reacting solver as compared to the perfect gas solver. These alterations in the How
field reduce the shock angle and make it weaker for the reacting gas case. The Mach disk
diameter as well as its shock stand-ofl distance also increases for the reacting condition
as shown in Fig 4.2(a). It is observed thai there is 55% increase in the size of Mach
disk and 2.54% shift in the location of the Mach disk for the reacting condition. For the
same injection pressure ratio (PR), jet expands more due to lower post shock pressure.
These flow field alterations along with the shock reconstruction are sufficient to change
the predicted pressure on the body for the real gas solver. The comparison of coeflicient
of pressure (Cp,) for the reacting and perfect gas solvers is shown in Fig 4.2(b). The
predicted surlace pressure [or reacling gas is lower due to higher shock stand-ofl distance
and weaker shock as compared to the perfect gas solver. Further, there is a considerable
downstream movement of peak pressure location on the surface with reacting How solver.
The caleulated wave drag coeflicients (Cy) by perlect and reacting gas solvers are 0.66 and
0.54 respectively. Thus, 21.13% higher wave drag is observed by the consideration of the
perfect gas model as compared to the reacting gas model. Present non-equilibrium solver
handles various dissociation and recombination chemical reactions for the realization of
the real gas effect. Since dissociation reactions are endothermic, they lead to decrease in
the temperature in the How field. Thus the caleulation of the non-dimensional number
such as Stanton number (St), which addresses the surface heat flux, is also part of the
present, investigations.

The comparison ol Stanton number obtained [rom both solvers is shown in Fig 4.3
for the [reestream stagnation enthalpy of 4 MJ/kg. It can be marked that reacting gas
solver predicts lower Stanton number at all locations on the object surface as compared

to perfect gas results. Trigger of chemical reaction in the Howfield depends on the tem-
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Figure 4.3: Real gas effects on Stanton number variation at M.=5 for Reacting and
Perfect solver

perature attained by the flow [139]. The molecule of Oxygen gets dissociated when flow
field temperature is around 2000 K and for Nitrogen it is 4000 K [140], [141]. In present
investigations, comparison between perfect and reacting solver is done for freestream
stagnation enthalpy of 4 M.J /kg. This enthalpy corresponds to the freestream total tem-
perature of 4000 K and static temperature of 666.67 K for freestream Mach number of 5.
In this temperature range, there is large variation of specific heats and transport prop-
erties. Further, this temperature is sufficient to trigger the chemical reactions which has
also been observed through simulations [142]. Hence, the predicted results for reacting
solver are different than the perfect gas solver for the same freestream conditions. Thus
it is essential to account the real gas effects lor prediction of wall heat Hux and wave

drag.

4.4.2 Effect of free—stream stagnation enthalpy

According to the above discussion, it can be found that the consideration of real gas effects
leads to the significant alteration on the surface pressure as well as Lthe predicted heat ux
as compared Lo the perfect gas solver. Therfore, it is necessary to study the dynamics of
the counter flow jet [or various reestream stagnation enthalpy conditions in hypersonic

flow regimes using real gas solver. For this, three different stagnation enthalpies (H,)

TH-3041_166103006 7



CHAPTER 4. ANALYSIS OF COUNTER FLOW INJECTION
TECHNIQUE AT ELEVATED ENTHALPY HYPERSONIC REACTING
FLOWS

Figure 4.4: Mach contour comparison at various H,, for reacting solver

namely 1 MJ/kg, 2 MJ/kg and 4 MJ/kg, for freestream Mach numbers 5 and 6, are
considered for the same geometry. The choice of stagnation enthalpies can be justified
from the fact that, Hy = 1 MJ/kg corresponds to the minor variation in the specific
heats and transport properties with no chemical reactions, Hy = 2 MJ /kg correspond to
the strong variation of specific heats and transport properties with no chemical reactions
and Hy = 4 MJ/kg corresponds to the strong temperature dependent properties as well
as the chemical reactions. In all these simulations, [reestream static pressure is taken
as 521.433 Pa which corresponds to high speed [ight at around 28 Km altitude. The
conditions ol the opposing jel such as jet diameter and pressure ratio are kept same
as discussed in the above section. Figure 4.4 depicts Mach contour comparison with
streamlines for various H,. The shock stand-off distance for H,=4 NMJ/kg case (38.65
min) is slightly more as compared to H,=1 MJ/kg case (38.0 mm) while the Mach disk
parameters such as its size and location are almost the same for both conditions. It can
be seen in the Mach contours that the streamlines are quite close to each other when
the flow crosses the forebody shock in case of 4 MJ/kg simulation. The extension of the
recirculation zone is observed for the higher freestream enthalpy case. This extension or
size of bubble can be predicted by the flow reattachment point on the blunt surface, as
shown in the Fig 4.4, which is migrated in the downstream direction of flow and thus
increases the size of the recirculation at H,= 4 MJ/kg case as compared to the Hy =

1 MJ/Kg case. However, these alterations in the flow reattachment location are more
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Forebody
shock — 7

Interaction ==
point

Figure 4.5: Numerical schlieren for M = 5 for reacting solver

clear from schlieren images. Hence, the comparison of numerical schlieren is purposely
presented in Fig 4.5 to get better insights of the shock structure. It shows the interaction
of forebody shock and reattachment shock. It can be observed, that this shock-shock
interaction shows significant variation with increase in H, as it moves closer to body
surface at higher [reestream stagnation enthalpy. This shock structure compresses the
flow towards body surface resuliing in increased surface pressure after flow reattachment
location as shown in Fig 4.7(a). It is evident that surface pressure Lill the reattachment
point decreases consistently as we increase the [reestream stagnation enthalpy but after
the reattachment of the llow, this trend is reversed. Flow reattaches on the surface at
around 31° for H,=1 MJ/kg case and at 44° for H,=4 MJ/kg case. These alterations
support larger recirculation zone at higher enthalpy case of 4 M.J/kg. This increased size
of the recirculation zone wets extra surface resulting in lower surface pressure upstream of
flow reattachment. Surface pressure is also predicted for all enthalpy cases at freestream
Mach number of 6 as shown in Fig 4.7(b). But the magnitude of the surface pressure is
found to be lowered at every location of the object for the Mach number 6 as compared to
the Mach number 5. It can be noted that, there is a significant shift of the peak pressure
location in the downstream direction, with the freestream stagnation enthalpy, for the
Mach number of 5 while this shift is negligible for M,=6. This [act is evident from Fig
4.6 which illustrates similarity in the flow field at higher Mach number. Figure 4.8(a) and

Figure 4.8(b) depict Stanton number distribution for various H, at M= and M,,=6
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Figure 4.6: Numerical schlieren for M = 6 for reacting solver

respectively. There is reduction in the Stanton number with the freestream stagnation
enthalpy for both Mach mumbers. However magnitude of this reduction becomes smaller
at higher [reestream enthalpy conditions. The location of peak Stanton number shifts
downstream on the surface for higher H,. Further, the evaluation of the shock stand-off
distance and drag is carried out for all freestream enthalpy conditions as shown in Fig
4.9. 1t is evident from the figure that there is uniform increment in the shock stand-
ofl distance with the freestream stagnation enthalpy at given freestream Mach munber
ol & and injection pressure ratio of PR=1. This leads to a consistent decrease in the
computed wave drag. It is observed that there is 1.58% increase in the shock stand-off
distance which leads to the 13.17% decrease in the computed drag at higher enthalpy
of 4 MJ/Kg as compared to lower enthalpy (1 MJ/Kg). Further investigation at a fixed
freestream Mach number of 6 shows that there is minor increase in the shock stand-ofl
distance with freestream stagnation enthalpy. Thus, the magnitude of the predicted drag
reduction is also small for this test case as shown in Fig 4.9. Moreover, 0.12% increment
in the shock stand-off distance is responsible for 2.81% reduction in the wave drag at
freestream Mach number of 6. Details of Mach number effect on the performance of

counter jet injection are given in the following subsection.
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Figure 4.7: Effect of H, on surface pressure variation
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Figure 4.8: Effect of H, on Stanton number variation
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Figure 4.9: Effect of H, on Drag coefficient and Shock stand-off distance for PR=1

4.4.3 Effect of free—stream Mach number

Freestream Mach number can also have a considerable impact on the flow field alteration
and shock reconstruction while using the counter jet drag reduction technique. Because
of this, two different freestream Mach number such as M=5 and M =6 are considered
herein. The diameter and pressure ratio (PR) of the opposing jet are kept constant as
2 mm and 1 respectively while the freestream stagnation enthalpy is kept constant as
1.0 MJ/kg. Initially, simulations are earried out to compare the flow field alterations
due to these Mach number which is shown in Fig 4.10(a). I ean be noted that the
shock stand-ofl distance is higher for the higher freestream Mach number at the same
freestream enthalpy and imjection conditions. There is 7.656% increment in the shock
stand-ofl distance for unit increment in the reestream Mach number. As the jet expands
more in the low-pressure region, for M,,=6 case, the reattachment point shilts more in the
downstream direction and as a result, the size of the recirculation zone is increased. For
Mo,=6, Mach disk diameter gets enhanced by 94.4% while the location of Mach disk gets
amplified by 8% as compared to M,=5 case. Surface pressure distribution for various
freestream Mach numbers for no opposing jet or jet-OFF (PR=0) and with opposing jet
or jet-ON (PR=1) is depicted in Fig 4.10(b) for fixed freestream enthalpy of 1.0 MJ /kg.
It can be seen that the magnitude of surface pressure, for the jet-OFF case, is almost
same for any freestream Mach number. However, the magnitude of surface pressure on
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Figure 4.10: Effect of My

the body is lower at higher Mach number (Ma—6) as compared to lower Mach number
(Mao—5) for the jet with PR=1. Here, rapid increase in the surface pressure is observed
till the reattachment location and after this reduction is followed. Around 33% reduction
in the peak wvalue of the surface pressure is noted for higher freestream Mach number
as compared to lower Mach number. Also, the location of peak surface pressure shifts
in the downstream direction of the flow field at a higher Mach number. The location
of maximum or peak pressure, for M_,—6 case, is found at 40° while it is found at 30°
for M,,=5 case. These alterations in surface pressure change the drag force on body.
Figure 4.9 shows that the computed wave drag for higher Mach number is lower for given
freestream stagnation enthalpy and vice-a-versa. There is 29.21% and 52.3% reduction
in the wave drag at My=>5 and M.—=6 for [reestream stagnation enthalpy of 1.0 MJ kg
respectively. It can be concluded that counter flow injection at higher reestream Mach
number is more efficient (32.22%) in wave drag reduction as compared to lower freestream
Mach number. Further, the Stanton number is also computed for each case mentioned
above which is shown in Fig 4.11. Here, the magnitude of heat flux on the object surface
is higher al increased freestream Mach number for no injection condition (PR=0) while
it reduces sharply when the opposing jet is turned on and this reduction becomes larger
al higher freestream Mach number. The peak Stanton number is found at 307 and 407 [or
M=5 and M.,,=6 respectively. Thus counter jet injection is more eflective in reducing

the surface heat flux also at higher freestream Mach numbers.
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Figure 4.11: Effect of M, on Stanton number variation for no—jet and PR=1 cases

4.4.4 Effect of jet pressure ratio

The parametric studies are further extended to examine the effect of jet pressure ratio on
the wave drag and heat flux reduction on the object with in house reacting flow solver.
Three different values of jet pressure ratio (PR) are considered here which are 1, 1.3 and
1.4 respectively. These pressure ratios are investigated for fixed Mach number (M=5)
and freestream stagnation enthalpy (H,=1 M.J/kg). Simulations for various jet pressure
ratios show that higher jet pressure makes the jet more under expanded which gives
comparatively larger Mach disk height as shown in Fig 4.12(a). Further, the location
of the triple point and Mach disk shift in the downstream direction of the fow field.
For the same jet Mach number, higher jet pressure results in increased mass llow rate
through the jet which pushes the detached shock wave away from the body surface. This
phenomenon leads Lo higher shock stand-oll distance for the increased pressure of the jet.
This reconstruction leads to formation of a larger recirculation zone which is responsible
for lower surface properties on the object. The computed surface pressure for all pressure
ratios of the jet is shown in Fig 4.12(h). It ean be seen that surface pressure decreases
steeply when the jet pressure ratio rises from 1 to 1.3 while this reduction becomes smaller
when the pressure ratio rises from 1.3 to 1.4. This alteration in the magnitude of surface
pressure changes the computed drag on the object as shown in Fig 4.13. It is evident
from the figure that there is a sharp decrement in the drag values when the opposing
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Figure 4.12: Effect of jet pressure ratio

jet is turned ON but this decrement becomes gradual at higher jet pressure ratio. It
can be mentioned that there is 31.53% increment in the shock stand-off distance which is
responsible for 39.32% reduction in the wave drag for higher pressure ratio of 1.4 at H,=1
MJ/kg. Higher [reestream stagnation enthalpy (4 MJ/kg) is also considered for the wave
drag alteration with different. pressure ratio conditions (Fig 4.13). The magnitude of drag
force is lower at the higher stagnation enthalpy condition for same pressure ratio ol the
jet. Here, 34.07% increment in the shock stand-off distance is responsible for 61.21%
reduction in the wave drag at H,—=4 M.J/kg [or a jel. pressure ratio of 1.4. Further, the
Stanton number is also ealculated and plotted as shown in Fig 4.14 for all pressure ratios
at fixed [reestream stagnation enthalpy of 1.0 MJ/kg. The Stanton number also reduces
sharply with the jet pressure ratio but the magnitude of this reduction becomes smaller
al higher jet pressure ratios. The position of the peak Stanton number also shifts in the
downstream direction for higher jet pressure ratios.
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Figure 4.13: Effect of PR on Drag coeflicient and Shock stand-off distance for M,=5
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Figure 4.14: Effect of pressure ratio on Stanton number distribution at H,=1 MJ/Kg
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4.5 Conclusions

Present study is undertaken to demonsirate the flow field alterations and drag reduc-
tion phenomena using counter flowing jet in the reacting hypersonic flows. Perfect gas
assumption is found to overestimate surface properties. Further the reacting gas model
predictas higher shock stand-off distance and Mach disk parameters as compared to perfect
gas model for same [ree-stream and jet conditions. Thus computed surface pressure, wave
drag and heat flux are found to be lower for the reacting gas model as compared to the
perfect gas model. Further, simulations with different freestream stagnation enthalpies
show that the surface pressure continnously decreases with the [reestream stagnation
enthalpy for any [reestream Mach number. This leads to decrease in the wave drag by
13.17% at higher {ree-stream stagnation enthalpy (4 MJ/kg) as compared to the lower
one (1 MJ/kg). The computed Stanton number also decreases for higher inlet stagnation
enthalpy cases. About 29% and 52% reduction in the wave drag is obtained for Me,=5
and Ma,—=6 at free-stream stagnation enthalpy of 1.0 MJ/kg respectively in the presence
of real gas flow. For a given freestream Mach number, higher pressure ratio of the jet
gives larger recirculation zone and lower surface pressure as compared to the lower pres-
sure ratio for every fixed stagnation enthalpy condition. Therefore the wave drag force
and surface heat flux reduction are higher at an elevated pressure ratio of the counter-jet.
Further, the performance of the jet pressure is more elfective at higher freestream stag-
nation enthalpy as compared to lower enthalpy conditions. Thus counter flow injection

15 found more eflective at higher enthalpies in reducing the drag foree and wall heat Hux.
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In the currenl study, thermodynamic analysis which includes variation of enlropy gen-
eration rate, exergy desiruction and drag analysis for opposing jel lechnique considering
real gas effecls is evamined. In this contexl, high enlahlpy hypersonic flow over the hemi-
spherical body in the presence of real gas reactions is sludied. Numerical simulalions are
performed for different flow and geomelrical paramelers of jel and [freestream lo examine
their impact on flow field, drag reduction, exergy destruction and endropy generation rale.
Resulls revealed that freestreamn parameters have lesser effect on drag values and flow field
but there is monotonic variation in entropy generalion rale and erverqy destruction for
constant momentum ralio of the jel. For given momenlum ralio, jel paramelers give
almosi linear reduction in entropy generalion rale and exergy destuction while minor al-
teralions in flow field and drag values are observed. Linear reduction in drag force, sharp
rise in enlropy generalion rale and exergy destruction are oblained with momentum ralio
of the jel. Jel momentum ratio is only major governing parameler for the extenl of jel
penelration in the freestreamn flow which restructures the shock wave and recirculation

zome resulling in significant drag reduction and flow field alterations for hypersonic flows.

5.1 Introduction

It can be noted from the literature that researchers have performed computations and
experiments to achieve better reduction in drag force and surface heat load with counter-
jet injection. Specifically most of the computations dealt with lower total temperature

conditions of the freestream flow or with perfect gas assumption. Further, different
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governing parameters of counter-jet injection like pressure ratio, jet Mach number, jet
diameter ete. have been investigated separately for their influence on the performance.
But, Yisheng [143] carried out simulations for drag reduction with opposing jet technique
and a new parameter Bp,4 was introduced which is the combinination of jet pressure ratio
and area ratio. Results showed that same shock wave position and wave drag coellicient
can be obtained with same Rp4. So it was proposed to represent the intensity of opposing
jet and access it’s performance on flow field and drag foces. Desai et al [131] tested the
effectiveness of momentum ratio (ratio of jet momentum to the freestream momentum)
for counterflowing jet based drag reduction technique in supersonic flows. They proved
that momentum ratio has a vital role in shock restructring and hence drag reduction for
wide range of freestream and jet parameters. For constant momentum ratio, freestream
and jet parameters were noted to have minor impact on drag coellicient values. Hence
they recommended momentum ratio as a unique governing parameter [or counter How
injection technique. However this universal parameter was tesed only [or supersonic llows.
Moreover it is also desirable to understand it’s universality in the presence of real gas
effects. Also, formation of shock during high speed Hows ahead of the object can be viewed
as highly irreversible process. Thus, it is important to determine the dependence of this
irreversibility on different flow parameters so that the extent of this irreversibility can be
minimized for optimum fAow conditions. Therfore in the current study, thermodynamic
analysis of the opposing jet based drag reduction fechnique is carried out considering
real gas effects at elevated [reestream stagnation enthalpy. In this context, hypersonic
flow over hemispherical object is considered and the eflect of momentum ratio is analysed
by altering various governing parameters. Resulls are presented in terms ol wave drag,

entropy generation rate and exergy destruction as discussed in the [ollowing sections.

5.2 Geometry description and flow parameters

The model used in the current study is same as shown in Fig 5.1, Structred grid is used to
discretize Lthe computational domain lor all the cases investigated with Gne mesh near the
wall to accurately capture the flow and wall properties. The number of grid points are 350
in the perpendicular direction of body surface and 345 along the body surface. Diameter
of the hemispherical body (d) is 50.8 mm while opposing jet diameter (d;) is varied as 2
mm, 4 mm, 6 mm respectively. Momentum ratio (R,..) in the current study is varied as
0.0173, 0.052, 0,0866, 0.1213 respectively. Stagnation pressure of the freestream is kept
constant as 275790 Pa. Air is used as working fluid for both freestream and opposing jet
consisting 0.765 and 0.235 mass fractions of Ny and Oy respectively. Table 5.1 shows the

values of different parameters of freestream and opposing jet used in the current study.

TH-3041_166103006 82



CHAPTER 5. THERMODYNAMIC ANALYSIS FOR OPPOSING JET
TECHNIQUE IN HYPERSONIC REACTING FLOWS

Pressure inlet

Pressure outlet

Hypersonic
freestream flow
—

e

Isothermal wall

(T, =300 K)
Jet i,
:.i_r‘} Sphere radius
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Figure 5.1: Model geometry with its computational domain and boundary conditions

Table 5.1: Different variables of free—stream and opposing jet

Properties Freestream (Air) Opposing jet (Air)
Mach Number 5,6,7,8 1,188 T 13
Stagnation enthalpy (M.J/kg) 1,23 0.3

5.3 Grid independence study

Different. mesh sizes used for grid independence study are shown in Table 5.2. While dis-
cretizing the domain with these meshes, care has been taken to have sufficient refinement
near the wall and also in the regions of shock. As a result, computationally obtained
drag coeflicients for all these grids are compared in Table 5.2. Difference in Cy value is
less than 0.1% after the moderate grid size of 120k cells. So this mesh size (120k cells) is

chosen to carry out all numerical investigations.
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Table 5.2: € for various mesh size

Grid  Nodes in x and y direction Cells Cua Difference(%)
Coarse 250 240 60k 0.8950841 0.7
Moderate 350345 120k 0.8887853 0.093
Fine 430x420 180k 0.887963 -

5.4 Results and discussion

5.4.1 Effect of free—stream Mach number
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(a) Temperature contour comparison (b) E4 and S, variation

Figure 5.2: Effect of M, on flow field and theromdynamic parameters

In the first set of simulations, effect of various free—stream Mach number on flow field
and associated parameters [or constant momentum ratio (R, = 0.01733) is studied.
Figure 5.2(a) elucidates comparison of temperature field for M,,=5 and M,,=8 while
exergy destruction and entropy generation changes are shown in Fig 5.2(b). It is evident
that region of higher temperature at post shock location shrinks in size at higher M
resulting in lowering of entropy increase of system which gives lower entropy generation
rate and exergy destruction at higher M. From the Table 5.3, it is evident that, for given
momentum ratio, drag force doesnt vary much with freestream Mach number. Minor
alterations in the flow field and bow shock structure are observed with the freestream
Mach number. There is almost no change in shock stand-ofl distance and Mach disk
location with the freestream Mach number as shown in pressure countour in Fig 5.3(a).

As the shock stand-ofl distance is almost the same, there is not much difference in the

TH-3041_166103006 84



CHAPTER 5. THERMODYNAMIC ANALYSIS FOR OPPOSING JET
TECHNIQUE IN HYPERSONIC REACTING FLOWS

DE-

o2} % M =5
i «— M_=6
0 © M =7
- M =8 A
b EI:. 1 1 'I:. I L ﬂl} 1 al} 1
8 (Degrees)
(a) Pressure contour comparison (b) Surface pressure variation

Figure 5.3: Effect of freestream Mach number

bow shock strength and the shock structures is also identical. All these flow features
result in almost same drag values. Maximum difference of only 3.57% is obtained in
drag reduction when freestream Mach number is increased from 6 to 8. Corresponding
surface pressure distribution for all M, cases is shown in Fig 5.3(b) and it is found that
surface pressure reduces with M, upto peak pressure location after which there is not
much difference in surface pressure distribution for all the cases. As indicated in Table
5.3, peak surface pressure location is found at almost 37° for M =6 while it is lound
at 407 for M_=8. 5o there is small shift in peak surlace pressure location resulting in
comparetively enlarged recirculation zone which gives lower surface pressure on the body

upto peak pressure point at higher M.

Table 5.3: Drag variation with free—stream Mach number

M, C, % Oomin  Opmar  Lma(mm)  dya(mm)
9 0631 148 14.22 3745 6.6 8
] 0.643 1.472 17.88 37 6.68 8
7 0.643 1.468 18.14 38.5 6.69 8.4
o] (.62 1.472 20.23 3928 6.69 .4

5.4.2 Effect of free—stream stagnation enthalpy

Through this set of simulations, flow field variation and associated drag, exergy and

entropy changes with the freestream stagnation enthalpy for constant momentum ratio
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Figure 5.4: Effect of freestream stagnation enthalpy on flow field and thermodynamic
parameters

(a) Pressure contour comparison (b) Surface pressure variation

Figure 5.5: Effect of [reestream stagnation enthalpy
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(Fpe = 0L.01733) is studied. Figure 5.4(a) depicts temperature contour comparison for
H,= 1 MJ/kg and H,= 3 MJ/kg cases while exergy destruction and entropy generation
changes are shown in Fig 5.4(b). It can be observed that there is a prominent higher
temperature region al post shock location for higher H, case which results in higher
entropy rise. Thus, entropy generation rate and exergy destruction show significant
increment. at higher H,. But for given momentum ratio (Rune = 0.01733), drag values
show minor variation with H, as shown in Table 5.4. Only 1.74% drag reduction is
observed when the [reestream stagnation enthalpy is increased from 1 MJ kg to 3 MJ kg,
There is almost no change in Mach disk parameters and shock stand-ofl distance with
H, as shown in Fig 5.5(a). Surface pressure distribution for all H, cases is depicted in
Fig 5.5(b).

Table 5.4: Drag variation with free—stream total enthalpy

H,(MJ/kg) Cy 2 Opmin  Opmaz  Ima(mm)  dpma(mm)

1 0.631 148 14.22 3745 fi.6 8
2 0.611 1474 18.92 39.28 6.5 8
3 0.62 1484 17.62 36.93 6.7 8

Basically, the minimum surface pressure point shifts 3.4” downstream and peak surface
pressure location shifts almost (.527 upstream resulting in smaller recirculation zone for
H,=3 MJ/kg case. There is small difference in surface pressure distribution upto 20°
location after which there is insignificant difference in surface pressure. Peak surface
pressure point for H,=1 MJ/kg case is found at 37.45° while it is found at almost 40° for
Ho,=2 MJ /kg case.

5.4.3 Effect of jet Mach number

Table 5.5: Drag variation with jet Mach number

M, C, % Opmin  Opmaz  lma(mm)  dpa(mm)
1 0D.631 1.48 1422 37.45 .0 &

1.1 (645 1468 137 3745 6.4 7.4

1.2 0622 1458 2284 38.76 6.2 7.4

1.3 0.653 1448 184 37.71 6.1 6.5

With one set of simulations, effect of various jet Mach number at given momentum
ratio ( Ry, = 0.01733) is studied on the flow field alterations and associated drag reduc-
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Figure 5.6: Effect of jet Mach number on flow field and thermodynamic parameters

(a) Pressure contour comparison (b) Surface pressure variation

Figure 5.7: Effect of jet Mach number
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tion, exergy and entropy variation are recorded. Figure 5.6(a) elucidates comparison of
temperature field for M;=1 and M;=1.3 while exergy destruction and entropy generation
changes are shown in Fig 5.6(b). It is seen that temperature field at post shock location
is almost similar for both the cases resulting in minor reduction of entropy increase of
system with M; which gives slightly lower entropy generation rate and exergy destruction
at higher jet Mach number. From the Table 5.5, it is seen that for given momentum ratio
(Rma = 0.01733), drag value shows minor variation with jet Mach number. Maximum of
5% drag increment is observed when the jet Mach number is increased from 1.2 to 1.3.
Shock stand-ofl distance and Mach disk size for M;=1 case is found to be only 2.21%
and 1.7% larger as compared to M;=1.3 case respectively. From Eq 2.48, increasing jet
Mach number for constant jet momentum ratio results in lowering of jet pressure ratio
which gives lesser shock stand-ofl distance for higher jel Mach number. This makes shock
weaker for M;=1 case as depicted in Fig 5.7(a). Thus, slightly higher surface pressure
and drag value for M;=1.3 case is obtained as compared to Mj=1 case. 3.48% drag
increment is obtained when jet Mach number is increased from 1 to 1.3, Higher pressure
area at post shock location for M;=1.3 case is almost similar as comapared to M;=1
case, Surface pressure distribution for M;=1.3 is seen to be higher as compared to M;=1
case near the peak surface pressure location while there is negligible change in surface
pressure distribution at other locations on the body surface as shown in Fig 5.7(b). As
indicated in Table 5.5, peak surface pressure location is found at almost 38” for all the
cases giving almost negligible change in recirculation zone for all the jet Mach number.

5.4.4 Effect of jet diameter

In the next set of simulations, the influence of jet diameter on drag reduction, exergy
and entropy changes is observed for fixed momentum ratio (R, = 0.01733). Figure
5.8(a) depicts temperature contour comparison for d;= 2 mm and d;= 6 mm cases while
exergy destruction and entropy generation changes are shown in Fig 5.8(b). It can be
observed that higher temperature region at post shock location shows almost no variation
with d; resulting in minor reduction in entropy rise of system with d;. Thus, entropy
generation rate and exergy destruction shows decrement at higher d;. From Table 5.6,
it is observed that for fixed momentum ratio (R, = 0.01733), drag value shows slight
changes with jet diameter. Maximum of 1.8% drag increment is observed when the jet
diameter is increased from 2 mm to 4 mm. Pressure contours for d;= 4 mm and d;=
6 mm are compared in Fig 5.9(a). It is evident that shock stand-ofl distance and Mach
disk location from the stagnation poini for d;=4 mm case are comparetively larger as
compared to d;=6 mm case. For constant jet momentum ratio, increasing jet diameter
results in lowered jet pressure ratio as cleared from Eq 2.48 which gives shorter shock
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Figure 5.8: Effect of jet diameter on flow field and thermodynamic parameters
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Figure 5.9: Effect of jet diameter
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stand-ofl distance for higher jet diameter. Also, higher pressure zone after the shock is
larger in size [or dj=4 mm case but this zone stands much away [rom the body surface
as compared to dj=6 mm case resulting in lower surface pressure and wave drag on the
body for d;=6 mm case. Surface pressure variation for d;=6 mm is lower as compared
to d;j=4 mm as depicted in Fig 5.9(b) upto reattachment point location after which the
trend becomes reverse upto 60° location while it is the same after that location. Peak
surface pressure location shifts downstream on the body surface with the increase in jet
diameter resulting in slightly larger recirculation area for higher jet diameter.

Table 5.6: Drag variation with jet diameter

d; Cy 2 Oomin  Opmaz  Imalmm)  dpa(mm)
2 0631 148 14922 37.45 6.6 B

4 (655 1453 124 3745 0.8 7.6

6 0643 1421 2153 37.45 5.4 T.4

5.4.5 Effect of jet momentum ratio
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Figure 5.10: Effect of jel momentum ratio on flow field and thermodynamic parameters

In the final set of simulations, the elfect of jet momentum ratio is studied on the How
field and shock alterations while its influence on exergy, entropy and drag reduction is
observed. Figure 5.10(a) depicts temperature contour comparison for f,,,= 0.0173 and

Hipa= 0.1213 eases while exergy destruction and entropy generation changes are shown
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Figure 5.11: Effect of jet momentum ratio

in Fig 5.10(b). It is seen that higher temperature region at post shock location grows
in transverse direction significantly and the area covered by it increases in horizontal
direction as well with R, resulting in huge increment in entropy rise of system which
gives signilicant increase in entropy genmeration rate and exergy destruction at higher
jet momentum ratio. Table 5.7 shows drag and flow field parameters variation with jet
momentum ratio. Nearly 64% drag reduction is obtained when jet momentum ratio is
increased from 0.0173 to (.1213. Shock location and Mach disk parameters rises drasti-
cally with jet momentum ratio as shown in Fig 5.11{a) resulting in larger recirculation
area and thus surlace pressure on the body lowers and associated drag values also re-
duces for higher jet momentum ratio. From the Fig 5.11(b), it is observed that surface
pressure sharply reduces with the increase in momentum ratio of jet and this reduction is
seen throughout the whole surface of the body. Almost 36.54% reduction is seen in peak
pressure value when the jet momentum ratio is increased from 0.052 to 0.086. Significant
shift is observed in peak surface pressure location at higher jet momentum ratio. Peak
surface pressure point shifts almost 20° downstream on the body surface and 36.21%
increment, in shock stand-off distance is seen when jet momentum ratio is increased from
0.0173 to 0.1213.
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Table 5.7: Drag variation with jet momentum ratio

R... Cy 2 Opmin  Opmaz  Ima(mm)  dpa(mm)
0173 0.631  1.48 1422 37.45 6.6 8
0.052 0.347 1.71 257 44.76 11.2 17.4
0.0866 0.262 1.874 2988 LH2.07 14.28 24
0.1213 0227 2.016 35.1 511 16.73 20.6

5.5 Conclusions

In the current study, detailed computational investigations of hypersonic flow over hemi-
apherical body in the presence of real gas effects is considered. Also, the influence of
various freestream and jet parameters is checked on the drag force of the body, exergy
destruction and entropy generation rate across the shock wave. The major conclusions

drawn from the current numerical study are summmarized as follows:

Exerpy destruction and entropy generation rate show significant variation with [reestream
parameters while they gives linear reduction with jet parameters. Rapid increase in ex-
ergy destruetion and entropy generation rate is seen with jet momentum ratio. 1t is ob-
served that for constant jet momentum ratio, drag coeflicient shows minor changes with
freestream and jet parameters. Shock structure and Mach disk parameters also show
negligible variation with freestream and jet parameters for given momentum ratio. Simu-
lations revealed that for constant momentum ratio, the maximum difference obtained in
drag values is only 3.76% when freestream Mach number is increased from 5 to 8 whereas
for jet. Mach number variation from 1 to 1.3, the largest difference in drag value observed
is 4.8% but drag values gives almost 64% reduction when momentum ratio is increased
from 0.0173 to 0.1213. Larger shock stand-ofl distance resulls in lower surface pressure
and lower drag coeflicient but on the other hand it gives increment in the region covered
by higher temperature zone at post shock location resulting in higher exergy destruction
and entropy generation rate, making the shock formation process much more irreversible.
Moreover, the proposed thermodynamic parameters and drag coeflicient show opposite
variation with given freestream or jet parameter for constant jet momentum ratio. Thus,
exergy destruction and entropy generation rate can be used as a performance accessing
parameter along with drag coeflicient for opposing jet technique. Shock structure, flow
field and Mach disk parameters portras significant alterations with jet momentum ratio.
Jet momentum ratio is found to be the only major governing parameter for the extent of

jet penetration in the freestream flow which restructures the shock wave and recircunla-
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tion zone resulting in significant drag reduction and flow field alterations for hypersonic

reacting ows as well.
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CHAPTER. 6

DRAG AND ENTROPY GENERATION
ANALYSIS FOR OPPOSING JET AND
FORWARD FACING CAVITY COMBINATORIAL
TECHNIQUE IN PRESENCE OF REAL GAS
REACTIONS

In the current study, real gas effects (non—equlibrium flow) on surface pressure and flow
Jield are analysed for the combinatorial technique (opposing jel and cavity) for high en-
thalpy hypersonic flow over the blunt body by means of in house developed N—S flow
solvers. A new thermodynamic parameler named eniropy generalion rale is proposed
which can be used as a tool Lo analyze the performance of any drag reduction technique.
Drag variation and enlropy generalion rale are also noted for different flow condilions
and associaled flow field allerations are examined. Resulls reveal thal perfect gas assump-
tion over—estimales the surfoce pressure and wave drag as the surface pressure is much
lower when the real gas effecis are considered. Significant flow field and shock alleralions
are ohserved when the real gas reactions are laken inlo consideralion. Coeflicient of drag
and enlropy gencralion rale vary in almost similar manner for different flow condilions.
Introduction of cavily reduces the surface pressure, drag and eniropy generation rate bul
stgnificant reduction in these paramelers is noted when the opposing jet is turmed ON. For
given jel pressure ratio, opposing jel technique predicts lower drag and entropy generation

rale as compared to combinatorial technique.
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6.1 Introduction

It is evident from the literature that most of the computational studies for opposing jet or
combination of jet and cavity based drag reduction technique are conducted with perfect
gas assumption. Moreover, it is essential to determine whether introduction of forward
facing cavity in combination with opposing jet can effectively reduce wave drag as com-
pared to only opposing jet case when real gas effects are taken into consideration. Hence
the current, investigation is centered on the real gas effects on the flow field alterations and
surface pressure distribution obfained from the computational results for the opposing
jet, lorward [acing cavity and their combination techniques. Further, the effect of real gas
reactions are also observed on wave drag and newly proposed thermodynamic parameter
named entropy generation rate which can be used as a tool along with coellicient of drag
to access the performance of opposing jet, forward facing cavity and combination of jet
with cavity techniques. Initially, flow features like shock stand-off distance, Mach disk
parameters are analysed for sonic injection considering the perfect gas assumption. Then
the real gas flow solver is employed to assess the alteration in these flow features in the
presence of chemical reactions. Full detailed findings of the eurrent study is explained in
following sections.

6.2 Geometry details and flow conditions

Figure 6.1 shows the blunt body used in the eurrent study with its appropriate boundary
conditions and it also shows the counter—flowing jet originating from the cavity core
opposing the primary hypersonic flow. Diameter of the blunt body (D,=2R,) and cur-
vature radius (R) are 51 mm and 15 mm respectively. Length of cavity (L) and radius
of cavity (r) are 24 mm and 6 mm respectively making L/D ratio of cavity as 4 while
radius of jet (r;) is 2 mm. Structred grid is used to discretize the computational domain
for all the cases investigated with fine mesh near the wall Lo accurately capture the How
properties at the wall. Distance X is measured from the tip of the cavity (meeting point
of the cavity and curved surface). Table 6.1 shows the values of different parameters of

freestream and opposing jet used in the current study.
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Figure 6.1: Model geometry with its computational domain and boundary conditions

Table 6.1: Flow conditions of free—stream and opposing jet

Properties Freestream (Air) Opposing jet (Air)
Mach Number 8 I
Static Pressure (kPa) 1940 194,388 776
Stagnation enthalpy (MJ/kg) 2 0.3

6.3 Validation for cavity based studies

The validation studies are carried out to compare the surface heat flux as predicted by
present reacting solver with the experimental results of Saravanan [89]. The model
used for this test ease is a blunt nose shaped eylindrical object. It has bluntness radius
of 15 mm and half cone angle of 20.5 degree [89]. The freestream static pressure,
temperature and Mach number are taken as 205 Pa, 143 K and 8 respectively [89]. The
obtained surface heat flux by present computations and corresponding experiment [89]
are compared in Fig 6.2(a) and Fig 6.2(b) for cavity L/D ratio of 2 and 4 respectively. It
can be observed that the Stanton number distribution over the surface rom the present
computation matches well with the measured experimental values for both L/D ratio.
Same non-equilibrium computational solver was also validated by (Kumar et al [67] and

Patil et al [144]) for the analysis of viscous hypersonic flows.
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Figure 6.2: Comparison of non—dimensional surface heat flux of eurrent computation
with experimental resulis

6.4 Grid independence study

Different mesh sizes used for grid independence study of no-cavity case with their drag
values is shown in Table 6.2. Variation in Cj value becomes less than 0.04% after 210k
mesh size. So mesh size of 210k cells is chosen to carry out all numerical investigations for
the current reacting and perfect solvers. Reacting solver (RS) calculates the inviscid flux
considering the real gas reactions while perfect solver (PS) neglects the real gas reactions
while calculating the inviscid flux. Measured experimental [89] drag coefficient for given
case is Cy=0.41.

Table 6.2: ¢ value [or various mesh sizes

Grid Cells Ca Difference(%)

1 T0k  0.475 0.19
2 140k 0.4741 0.08
3 210k 0.4737 0.04
1 280k  0.4735 -
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6.5 Results and discussion

6.5.1 Flow field

A

A

p—
/ Combinatorial (PR=0.1)

Opposing jet (PR=0.1)

Figure 6.5: Comparison of Mach contour for opposing jet and combinatorial case at H,=2
MJ/kg

Comparison of Mach contour for no-cavity and with cavity case is shown in Fig
6.3. Shock wave moves closer to the body with the introduction of cavity and small
recirculation region is formed inside the cavity. Shock structure is almost similar for
both the cases. Comparison of flow field with streamlines for reacting and perfect solver
at H,= 1 MJ/kg is depicied in Fig 6.4. Opposing jet originating from cavity core clearly
forms two Mach disks for reacting solver while jet flow forms single Mach disk for perfect
solver. Reacting conditions form one Mach disk at the jet origin and its size is larger
as compared to Mach disk of perfect solver while other is formed at eavity lip in order
to balance the pressure of jet and pressure of freestream flow at post shock location.
Reacting solver predicts larger shock stand-ofl distance making the detached shock much
more weaker as compared to perfect solver case. Interface is formed when the jet How
meets freestream flow and this interface formation takes place outside the cavity for
reacting solver while it is formed inside the eaity for perfect solver. Jet flow seprates
from the body at the cavity lip and again reattaches to the body surface due to high
speed [reestream flow forming recirculation region near the cavity tip. Size of this region
is much larger for reacting solver as compared to perfect solver case as the reattachment
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point is found at 3.554 mm for reacting solver while it is found at 3.397 mm for perfect
solver. Reattachment shock wave is also formed near the low reattachment point. Mach
contour for opposing jet and combination of jet with cavity for PR=0.1 is compared
in Fig 6.5. Larger shock stand-ofl distance is observed [or opposing jet technique as
it. forms bigger Mach disk near the cavity lip as compared to combinatorial technique.
As opposing jet gives higher Mach disk diameter, big recirculation region is formed as
compared to combinatorial technique due to downstream shift of reattachment point on
the body surface. Reattachment point is found at 4.297 mm for opposing jet while it is
found at 3.554 mm for combinatorial technique. Comparison of temperature contour for
opposing jel and combinatorial technique at H,= 2 M. /kg is depicted in Fig 6.6. 11 is
evident that area covered by higher temperature at the post shock location is larger for
combinatorial technique as it is stretched more in transverse direction.

Opposing jet (PR=0.1)

400
. Combinatorial (PR=0.1) %

Figure 6.6: Comparison of temperature contour for opposing jet and combinatorial case
at H,=2 MJ/kg

6.5.2 Surface pressure

Surface pressure distribution for reacting and perfect solver at H,= 1 M.J/kg is depicted
in Fig 6.7. It is evident that perfect gas assumption overestimates surface pressure as the
real gas reactions predicts much lower surface pressure. Perlect solver gives much higher

surface pressure near the reattachment point while reacting solver gives almost constant
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Figure 6.7: Surface pressure for reacting and perfect solver at H,—1 NM.J/kg

surface pressure over the entire body surface. Drag coeflicient is calculated based on
surface pressure for both solvers in order to analyse the effect of real gas reactions. Value
of Cy lor perfect solver is 0.29 while it is 0.2 for reacting solver. Reacting condition
predicts much larger expansion of jet flow inside as well as outside the cavity resulting in
bigger Mach disk and recirculation zone ahead of the body. Also, shock shifts more away
from the body for reacting solver resulting in lowering of surface pressure and wave drag
on the body surface. Figure 6.8 shows the comparison of surface pressure for different
techniques at jet PR=0.1 and H,=2 MJ/kg. Forward [acing cavity gives much higher
surface pressure over the curved surface of body as the shock stands closer to the body
as shown in Fig 6.5 while surface pressure is significantly reduced when the opposing
jet is turned on. As opposing jet technique predicts larger shock stand-ofl distance and
bigger Mach disk, it gives slightly lower surface pressure as compared to combinatorial

technigque over the entire surface of the body.

6.5.3 Drag and entropy generation rate

Figure 6.9 elucidates drag and entropy generation rate variation with jel pressure ratio
for opposing jet and combinatorial technique at H,=2 MJ/kg. Drag and entropy gen-
eration rate vary in almost similar manner as they show monotonic variation with jet

pressure ratio. Opposing jet technique predicts lower drag and entropy generation rate
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Figure 6.8: Surface pressure comparison for various techniques at H,—=2 MJ/kg

Table 6.3: Drag and entropy generation rate for various techniques

Technique Sy(x10* W/K) Oy
Blunt body 1.89 0.474
Forward facing cavity 1.67 (0.4
Opposing jet (PR=0.1) 2.91 0.163
Combinatorial (PR=0.1) 3.17 0.21

as compared to combinatorial technique for all pressure ratios. Higher temperature gives
higher entropy values and the area of higher temperature at post shock location is larger
for combinatorial technique as shown in Fig 6.6 resulting in larger entropy increase ol
the system. Combinatorial technique shows steeper increment, in entropy generation rate
with jet pressure ratio. Drag and entropy generation values for various technigques are
tabulated in Table 6.3. Introduction of cavity reduces drag and entropy generation rate
while drag reduces [urther with the introduction of jet inside the cavity but this jet How
results in much higher entropy generation rate as the jet flow increases the entropy rise
of the system.
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Figure 6.9: Entropy generation rate and drag for opposing jet and combinatorial tech-
nique

6.6 Conclusions

In the current study, detailed computational investigations of flow field, surface pressure,
drag and entropy generation rate for high enthalpy hypersonic flow in the presence of
real gas effects on the blunt body for opposing jet and jet with forward facing cavity
combinatorial technigue is considered. The major conclusions drawn from the current
numerical study are summmarized as follows:

Perfect gas assumption over—estimates the surface pressure and wave drag as the sur-
face pressure found is much lower when the real gas effects are considered. Significant flow
field and shock alterations are observed when the real gas reactions are taken into consid-
eration. Coellicient of drag and entropy generation rate varies in almost similar manner
for diflerent, flow conditions. Thus, this newly proposed thermodynamic parameter can
be used as a tool along with drag to analyze the performance of combinatorial technique.
Introduction of cavity reduces the surface pressure, drag and entropy generation rate
but significant reduction in surface pressure and drag is noted when the opposing jet is
turned on but this jet flow results in much higher entropy generation rate. For given jet
pressure ratio, opposing jet technique predicts lower drag and entropy generation rate as
compared to combinatorial technique.
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CHAPTER, 7

CONCLUSIONS AND FUTURE SCOPE

7.1 Summary

The present thesis work is centered on the computational investigation of various drag
reduction techniques based on exergy destruction parameter, high enthalpy effects often
encountered during high speed flights and thermodynamic analysis of opposing jet and
its combination with forward facing cavity technique. To acheive this, a cell-centered the
finite volume method based non-equilibrium laminar compressible coupled Navier-Stokes
and species continuity equations solver is successfully developed in OP2 framework and
employed to simulate these high speed flow pertarbations. This solver incorporates de-
pendence of thermo-physical and flow properties on temperature of the flow. Initially,
the in-house developed unstructured solver is well validated with measured experimental
data for various flow condtions reported in open literature and results are highly encour-
aging. Then, the solver has been used for the detailed numerical investigations of low and
high enthalpy high speed llows. Further, perfect and reacting gas solvers are compared
to explore the ellect of real gas on [llow [eatures and corresponding drag caleulations. The

major ontcomes of the current study are summarised as [ollows,

1) Exergy Destruction and Drag Reduction Analysis of Active and Passive
Techniques
Initial investigations are based on counter flow injection and spike based drag reduc-
tion technigues to compare them on a common parameter. These active and passive
techniques are assessed or compared by percentage drag reduction parameter only. This
performance assessing parameter is not suitable to compare two techniques of different
categories, therefore, new thermodynamic parameter named percentage exergy destruc-

tion is proposed lor the hrst time for their comparison. Thus, simulations are performed
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for supersonic flow over hemisphere injecting counterflow jet for different flow conditions.
Results showed monotonic variation for percentage drag reduction and percentage exergy
destruction with increase in injection pressure ratio as shock strength reduces at elevated
jet pressures. Also, associated wave drag and exergy destruction lowers with injection
pressure. Injection effectiveness, unique parameter for counterflowing jet shows inversion
characteristics indicating a peak at specific injection pressure ratio. Spike mounting has
also been assessed for different lengths in hypersonic [reestream and here as well per-
centage drag reduction and percentage exergy destruction showed inverse trend among
them. Technique of injecting jet from the spike tip has also been considered to demon-
strate the significance of percentage exergy destruetion as a performance assessment
parameter. Present investigations recommend percentage exergy destruction as a unified
performance assessment. parameter for passive, active and combinatorial drag reduction
technique.

2) Analysis of Counter Flow Injection Technique at Elevated Enthalpy Hy-
personic Reacting Flows

Investipations are also carried out to examine the effect of elevated reestream stagnation
enthalpy on flow field alteration for counter—jet drag reduction technigue [or a hypersonic
flow over hemispherical object. Effects of real gas flow on the How field, wave drag and
wall heat flux are also presented. Further the influence of various flow parameters such as
freestream Mach number, jet pressure ratio is observed on surface pressure distribution,
surface heat flux and associated drag coefficient. It was concluded that the perfect gas
assumption overestimates surface properties and related wave drag. Drag coeflicient low-
ers with the increase in [reestream total enthalpy (H,) in the presence of real gas effects.
Around 30% drag reduction is observed at H,=1 MJ/kg for Mach number 5 as compared
to no—jet case and this reduction becomes significant at higher freestream total enthalpy
for given jet pressure ralio. Higher pressure ratio of the jet results in lowering of surface
pressure and Stanton number on the object which gives lower wave drag.

3) Thermodynamic Analysis for Opposing Jet Technique in Hypersonic Re-
acting Flows

Results are presented to reveal the thermodynamic behaviour ol opposing jet technique
which includes variation of entropy generation rate, exergy destruction and drag analy-
sis considering real gas effects. In this context, high entahlpy hypersonic flow over the
hemispherical body in the presence of real gas reactions is studied. Numerical simula-
tions are performed for different flow and geometrical parameters of jet and freestream
to examine their impact on flow field, drag reduction, exergy destruction and entropy
generation rate. Results revealed that freestream parameters has lesser effect on drag
values and flow field but there is monotonic variation in entropy generation rate and

TH-3041_166103006
106



CHAPTER 7. CONCLUSIONS AND FUTURE SCOPE

exergy destruction for constant momentum ratio of the jet. For given momentum ra-
tio, jet parameters gives almost linear reduction in entropy generation rate and exergy
destuction while minor alterations in How field and drag values are observed. Significant
reduction in drag coeflicient, and sharp rise in entropy generation rate and exergy destruc-
tion is found with momentum ratio of the jet. Shock stand-ofl distance increases with
jet momentum ratio resulting in lowering of surface pressure and related drag coeflicient
but on the other hand it enhances the region covered by higher temperature region at
post shock location giving higher exergy destruetion and entropy generation rate, making
the shock formation process much more irreversible. Moreover, entropy generation rate
and drag coeflicient shows reverse variation with given freestream or jel parameter for
constant jel momentum ratio. Present investigation recommend exergy destruetion and
entropy generation rate as a performance accessing parameter along with drag coeflicient,
for opposing jet technique. Flow features and associated wave drag shows alterations with
jet momentum ratio. Only jet momentum ratio can be considered as major governing
parameter lor the impact of jet in the reestream How which alters the shock structure
and associated recirculation zone which is responsible for considerable drag reduction at
hypersonic reacting lows as well.

4) Drag and Entropy Generation Analysis for Combinatorial Technique

Real gas effect (non—equlibrinm flow) on surface pressure and flow field is analysed for
the combinatorial technique (opposing jet and cavity) for high enthalpy hypersonic flow
over the blunt body. Drag variation and entropy generation rate are also noted for dif-
ferent flow conditions and associated flow field alterations are examined. Results showed
that perfect gas assumption over—estimates the surface pressure and associated wave
drag for given flow parameters and cavity configuration. Flow field and shock structure
portrays considerable alterations when the real gas reactions are considered. Wave drag
and entropy generalion rate varies in monotonic manner for dilferent How conditions.
Addition of cavily al Lthe nose of blunted body lowers the surlace pressure, drag and en-
tropy generation rate to some extent buf larpe reduction in these parameters is observed
when the opposing jet is turned on. For given jet pressure ratio, opposing jet technigue
predicts lower drag and entropy generation rate as compared to combinatorial technigue

for real gas fows.

7.2 Future scope

Even though the current thesis work gives some uselul insight of different essential as-
pects of high speed flows, still there are many unexplored future works which need to be
carried out. Some important scope of future development related to current solver are
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presented as follows:

1) The present work was carried out considering solution of laminar N-§ equations
along with species continuity equations. However, turbulence effects cannot be neglected
for any drag reduction technique as it may give rise to unsteadiness in the Howleld re-
sulting in significant alterations ol interested properties. Inclusion of turbulence models
like k— ¢ or k—w into the present solver would be very helpful to investigate unsteadiness

of the high speed flows to capture accurate flow variables.

2) The present solver can simulate only 2-D axisymmetry flows. Efforts can be made
to make it more versatile with the addition of third direetion so that the solver can ef-
fectively simulate various aspects of 3-I) hypersonic flows.

3) Further, different. chemiecal species of COy gas like C, CO ete ean be incorporated
in the current solver so that its capability can be enhanced and it can be ellectively

employed to simulate high speed C'(y Hows like in Mars atmospheore.

4} Only single or combination of at the most two techniques has been studied in the
present thesis. Thus, combination of three or more active and passive drag reduction
techniques can be investigate to explore their influence on surface properties to obtain

large reduction in drag values for non-equilibrinm flows.

5) Efforts can be given to explore the effects of cavity configuration on flow features
and related surface properties to improve the performance of introduction of cavity in
the blunted body. Cavity dimensions can also be optimized for given body diameter and

llow conditions to obtain minimal wave drag on the object.

6) Optimization studies can be carried out for any given active or passive drag reduc-
tion techniques in order to acheive minimum drag [orces and surface heating to enhance
the overall performance of air vehicles so as to minimize its fuel consumption and increase

its durability.
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APPENDIX

Table : Formulations of different flux computation schemes with suitable modifications

Scheme Flux formula Terms
Interface flux  Fry = F;" + Fy
ML—; if, Mf_, 2 l.
1
My = (ML+1)° i, [My] <1
0 if, M < -1
Vanleer Ff =Fi,.Fp =0 if, M| =1
FVIM Fy = Fr) _.F,‘ =10 if, M| < =1
Van-Leer B F“_—FF—FF'F if, - 1< M, <1
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Table — Continued from previous page
Scheme Flux formula Terms
pv
ouV + pris 0 if,Mp =1
Van-Leer Frp = |pvV + pny, Mg = %I[MH +1)% if, |Mg| <1
(pe +p)V Mpg if,Mp < —1
iV
i=1,2,.,N-1
| V=
S puslt 4 12(=V 4 20) 2]
FVM Ff = | frmassl + ny(=V 4 2a) ] Mip= 2 Mg =32
finassH +m(=V + a)?]
s
Van-Leer B if, (M| < 1 fE o = +ppap MLt

(Mp—1)2
fguas = —PHROR R4

..
m= o
h is specific enthalpy and H is total enthalpy
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Table — Continued from previous page

(P)r+12 = PL +Pr

(e ifiMyji1p2 20

L= (.)g otherwise

Scheme Flux formula Terms
AUSM-delta Interface flux
5 pa- 2 Ko
feleai} Py ( P if, M, =1
hybrid | Fry = (Ma)zy12 | pav + |pn, P =4 B(ML+1%2+ M) if,|Mi| <1
(pe + p)a 0 | 0 if, My, < -1
Cia | g/r L | I4+1/2 )
0 if. Mg > 1
where (Mn) 10 = M} + M Pr=4 ER(Mp—1)%(2+ Mg) if,|Mg| <1
| PR if, Mg < —1

To avoid zero advection Mach number (Ma)g41,2
is modified in AUSM-delta as,

|Mupyiy2|l  if, [Mapyagel > 6
Myg 172l = M7t
2% if | Mugrpal <48
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Table

Condinued from previous page

+ ]
Mygrpe = M + Mg, a2 = Jarag

m}tﬂ;g = g(mppe + Impsagl)

3(1 + sign(Myz))

PL/R =
2 (M.E,-'H —1)?

where, = <=

Scheme Flux formula Terms
AUSM+ Interface flux
pa
pa | .
3(Mpyp £ |Mygl) if, | Myl > 1
hybrid F;y =m? a ; Y e 3l Lj1 J s My
¥y Il J'+lf2{ }.'m“.: FLid LR { %[ML,-"R + 1]2 iﬁ(”?}m o l}z o T
(pe + pla
| C;'G- 5
o 1]
po g
+mpy @)y | pav + |y where, & <8< 3
(pe + pla 0
Ge Jp LOlnap

if, IMpe|l =1

%{M;J;H + 1}2 ar {2 F ML,."H} + EEMLH; atherwise

Jes

16

=3

+ —_
Pryig2 = P + Py
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Table — Continued from previous page

v
puV + png
Frip= |poV +pny
(pe +p)V

| GV Yom

Scheme Flux formula Terms
Rusanov Interface fux
FDM Fry = %{-FH.- + f“ua} - %S":(XH - X1) St = maz(Vi, + Si,, Vi — Si., Si., Vie + Sg, Ve — Sk, Si)

SrandSy can be calculated either from equation
given below or can be approximated as corresponding
sonic velocity at left and right of the face
8= /A4 B, )\, = un; +vn,

3 = pseudo-compressibility parameter
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