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Abstract

A re-entry capsule encounters a high temperature and chemically reacting flow during the re-

entry phase. Computational Fluid Dynamics is extensively used to simulate these flows, as

high enthalpy and low density associated with the flight conditions are difficult to reproduce in

wind tunnels or shock tunnels at each re-entry trajectory point. Flowfield solution and surface

predictions, such as surface heat flux and pressure, at theseconditions are sensitive to chemi-

cal reaction rate constants used in the simulation. Uncertainty in the rate constants, which is

inherent in their measurement, induces corresponding changes in the surface properties. Under-

standing the role of rate constants on the flow solution and the associated surface predictions is

important.

The present thesis investigates the effect of variation in chemical reaction rate constants

on aero-thermal predictions at flight conditions. With in this scope, numerical simulations are

performed by varying the reaction rate constants over theiruncertainty range. Freestream con-

ditions at 35 km, 62 km and 70 km condition are chosen as the test cases. They represent

typical low, intermediate and high altitude flight in the earth atmosphere. These conditions are

chosen so that the effects of freestream density and stagnation enthalpy on the heating rate vari-

ations can be examined. The computations are performed withan in-house CFD code and the

aero-thermal predictions are validated against availableflight data. Flowfield solutions are com-

puted by altering the reaction rates from their baseline values and they are carefully analyzed

to understand the physical effects that influence the surface heat transfer rate. A controlled

zonal analysis is performed to isolate the effects of shock-layer and boundary-layer chemistry

on heat flux variations. The analysis is performed at different points along the vehicle forebody,

afterbody and shoulder.

It is found that the dominant chemical reactions in the gas mixture; chemical state of the

gas, i.e. equilibrium, frozen and non-equilibrium; and theextent of recombination reactions

at the vehicle surface are the critical factors that influence the heat flux variations due to the
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uncertainty in the reaction rate constants. The stagnationenthalpy of the flow determines the

dominant reactions to which the surface heating rate is sensitive. On the other hand, the gas

density determines the chemical state of the gas, which in turn affects the magnitude of heating

rate variations. In general increasing the reaction rates enhances the recombination reactions in

the boundary layer that leads to higher surface heat flux. An opposite effect is observed when

the rate constants are decreased. When the gas is in chemical equilibrium state, increasing the

rate constants further has a small effect on the surface heating rate. On the other hand, when the

gas is in non-equilibrium state, increase or decrease of rate constants can lead to large changes

in the heat flux predictions. These trends are studied in the three test cases outlined above. The

results are then extrapolated to cover the entire range of Earth-reentry trajectory points with

stagnation enthalpy between 2 MJ/kg and 32 MJ/kg.

Keywords: Re-entry flows, Computational fluid dynamics, Thermo-chemical non-equilibrium,

Chemical reaction rate constants.
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Chapter 1

Introduction

The quest to explore outer space and the need to have faster traveling vehicles for military

and space transport has led to the development of hypersonicvehicles, which travel at a speed

greater than five times the speed of sound. While cruising at hypersonic speeds, the vehicles

are enveloped by a strong bow shock. The large kinetic energyof the flow, relative to the

vehicle, is converted into internal energy across the shockwave. The gas in the region between

the shock wave and the vehicle surface, referred to as the shock layer, is therefore extremely

hot. The gas temperatures are often high enough to initiate dissociation of the gas molecules.

A thick boundary layer forms on the vehicle surface, and viscous dissipation in the boundary

layer can elevate the gas temperatures further. Thus, hypersonic vehicles are exposed to severe

aero-thermodynamic environment.

For the past three decades there have been intensive research and developmental efforts

to understand hypersonic flows. This has resulted in the development of sophisticated high-

enthalpy wind tunnels, shock tunnels, and Computational Fluid Dynamics (CFD) methods.

Wind and shock tunnel tests are difficult and are costly to conduct at high enthalpy condi-

tions. CFD is a much more economical approach for studying such flows. Therefore CFD is

extensively used as an analysis tool in the design of hypersonic vehicles [1]. CFD is also used

as a research tool to understand the complicated hypersoniceffects [2].

In this chapter, a brief description of the hypersonic flowfield over a re-entry capsule is

presented. Physical processes associated with re-entry flows are explained. It is followed by

literature review on CFD predictions of re-entry flows describing their potential and limitations.

Motivation and objectives of the thesis are presented next.Finally, the scope of the work and a

chapter-wise organization of the thesis are described.
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Figure 1.1: Flow around a typical re-entry capsule: streamlines are superimposed on tempera-

ture contours to highlight the main features of the flowfield.

1.1 Background

Re-entry capsules are used for space exploration applications due to their ability to withstand

high heating loads during the re-entry phase [3]. A re-entrycapsule or planetary probe consists

of a blunt forebody, followed by a conical afterbody with straight or rounded base. A generic

re-entry flowfield over a capsule is shown in Fig. 1.1 in terms of the temperature contours.

Streamlines are superimposed to show the flow direction and recirculation bubble. Prominent

features such as bow shock, flow expansion at the corners, shear layer and recirculation bubble

are identified. Detached bow shock ahead of the forebody decelerates the flow to a subsonic

Mach number and causes sudden rise of temperature at the shock. High temperature effects

and thermo-chemical non-equilibrium determine the gas properties in the shock layer. Flow

expansion around the shoulder accelerates the gas to supersonic Mach numbers.

The boundary layer separates on the afterbody and forms a low-speed recirculation region

which is referred to as the near-wake. The recirculation bubble often consists of a single toroidal

vortex. A free shear layer originates from the separation point and separates the inner recircula-

tion region from the outer inviscid expansion region. The flow is turned to freestream direction
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by a recompression shock at the neck. Re-compression shock again increases the temperature

of the gas. Hence, the neck is characterized by maximum temperatures in the afterbody region.

Flowfield after the neck region is referred to as the far-wake.

Hypersonic flows are characterized by high temperatures in the shock layer. These high

temperatures, excite the internal energy modes and chemical reactions. Depending on the shock

layer temperature, internal energy excitation can consistof rotational and vibrational relaxation

and ionization. Usually internal energy excitation and chemical reactions are referred to as

thermo-chemistry. This phenomenon is associated with energy exchange mechanisms such as

a transfer- of translational energy to internal energy modes and to chemical enthalpy. Under

these conditions, a fluid deviates from the perfect gas behavior. Therefore appropriate physico-

chemical models should be used to account for the energy exchange mechanisms. The effect

of thermo-chemistry is to lower post-shock temperature andreduce shock stand-off distance

compared to that of a perfect gas simulation. Hence reactinggas simulations will predict less

thermal load to the vehicle. Although pressure is not influenced significantly by the chemical

reactions, the pitching moment coefficient increases appreciably due to the reactions [3]. If

temperatures are high enough, air ionizes and results in communication block out of the vehicle

with the ground.

Thermo-chemical processes require a finite number of molecular/atomic collisions to reach

equilibrium. At flight conditions, the density is usually too low to induce sufficient collisions

to reach equilibrium while the gas passes through the shock layer. The chemical time scales are

often comparable to the fluidynamic times scales, leading tosignificant non-equilibrium effects

in the flowfield. Therefore appropriate non-equilibrium models should be used to compute the

aero-thermal loads.

As the Mach number increases, the shock comes closer to the vehicle body and can inter-

act with the boundary layer. High temperature prevails in the hypersonic boundary layer due

to viscous dissipation, which transfers the kinetic energyof the fluid to thermal energy. Hence,

viscous effects should be properly modeled to accurately predict aerodynamic and thermal co-

efficients. Shock waves generated from the wing or control surfaces can interact with the bow

shock of the vehicle. Such interactions can lead to complex flowfields and highly localized

heating rates. For example, severe damage to the vehicle is practically observed in the flight

test of X-15 [3]. Similarly impingement of shear layer on theafterbody portion of a capsule can

result in highly localized surface loads [4]. The presence of viscous interaction, shock-shock
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interaction and high temperature effects result in complexflow physics. Predicting re-entry

flowfields using numerical simulation is, therefore, a challenging task.

Thermal Protection System (TPS) is used to protect a vehicleor capsule from the sur-

rounding hot gas. Material selection and thickness of the TPS are important elements in the

design of a re-entry vehicle. TPS is usually designed based on aerothermal predictions such

as heat flux, surface pressure and total integrated heat load. CFD simulations are extensively

used to predict the above properties. Therefore the numerical predictions need to be thoroughly

validated for different phenomena occurring at re-entry conditions. A brief review of literature

on the re-entry flow predictions is given below.

1.2 Review of Literature

There had been a thrust to improve the predictive capabilityfor re-entry flows since the Apollo

era. In the early 1960s, Fay and Riddell correlation [5] was developed to calculate the stag-

nation point heating rate, which is required for sizing the TPS of a vehicle. Different levels

of approximation to the Navier-Stokes equations, such as, viscous shock layer, thin layer ap-

proximation and parabolized Navier-Stokes equations weredeveloped overs the years. Simi-

larly, approximate methods were developed to model the thermo-chemical phenomena with the

equilibrium assumption. However, these approximations donot provide accurate information

about the flowfields over re-entry vehicles [3]. This is due tothe strong inviscid-viscous in-

teractions, high-temperature and non-equilibrium effects, which are associated with high Mach

number flows. This necessitated coupled solutions to the Navier-Stokes equations and the equa-

tions governing the thermo-chemical non-equilibrium. In the late 1980s, many researches, in-

cluding Pratt [6], Candler [7], Josyula [8], Park [9], Tirskiy [10], and Grasso [11] obtained

solutions to the complete set of Navier-Stokes and thermo-chemical equations. In these meth-

ods, the thermo-chemical and Navier-Stokes equations are strongly coupled to account for non-

equilibrium effects.

CFD predictions need to be validated against experimental orflight measurements to as-

sess the assumptions made in the physical modeling and numerical method. Shock stand-off

distance, surface pressure and heating rate are frequentlyused to validate the thermo-chemical

models used in the CFD formulation. Olejniczak and Candler [12] computed the vibrationally

excited N2 flow over a blunt body with different vibrational non-equilibrium models. The

4



predicted shock stand-off distance and shape were comparedwith the experimental measure-

ments. They find that shock stand-off distance is relativelyinsensitive to the vibrational non-

equilibrium models, where-as the shape of the shock wave at the shoulder region is sensitive to

the thermal relaxation rates. Josyula and Shang [13] studied the effect of vibrational relaxation

in re-entry flows for Mach numbers ranging from 10 to 18. They find that heating rate computed

with the vibrational non-equilibrium model is nearly 10 to 20% higher than that obtained with

the vibrational equilibrium assumption.

Candler [7] presented the computation of hypersonic reacting flowfields over spheres and

cones considering thermo-chemical non-equilibrium effects. The predicted shock detachment

distance is found to be in good agreement with the experimental measurements. Tchuen and

Zeitoun [14] studied the effect of chemical reactions for a range of- freestream Mach numbers,

densities, and stagnation enthalpies. They employed different rate constants for chemical re-

actions available in the literature to simulate the high-enthalpy test cases. The shock stand-off

distance, peak translational temperature and species massfraction in the shock layer are found

to be sensitive to the reaction rates used in the simulations. The stagnation point heat flux

computed using various reaction rates differs by up to 60%.

High-enthalpy flow over double-cone involves complex flow features such as shock-shock

and shock-boundary layer interactions, flow separation andchemical reactions in the separa-

tion region. The inviscid shock structure, the size of the separation bubble, and the associated

surface properties are highly sensitive to numerical method and thermo-chemical rate constants

used in the CFD. Nompeliset al. [2, 15, 16] studied this flowfield extensively to investigatethe

different aspects of CFD of hypersonic flows. They reported large number of experiments with

stagnation enthalpy ranging from 3 MJ/kg to 15 MJ/kg. The test gases considered in these ex-

periments were pure oxygen, nitrogen and air. The flowfields were computed at test conditions

and the predicted shock pattern, surface pressure and heating rates were compared with exper-

imental measurements. They find that at low enthalpies (<5 MJ/kg), where chemical reactions

do not occur, the heating rate predictions compared well with the experimental measurements.

However, at higher enthalpies (>5 MJ/kg), when there is significant chemistry in the flowfield,

the agreement between the predictions and experiments is found to be poor.

The heating rates on the afterbody are lower compared to those of the forebody. However,

predicting the surface heating and pressure loads is a difficult task due to the presence large

separated regions on the afterbody. The flow separation and the resulting re-circulation bubble
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Figure 1.2: Uncertainty in the measurement of O2 dissociation rate constant. The collision

partners are O2, N2 and O. The figure is reproduced from Ref. 9.

have a significant effect on the static and dynamic stabilityof the entry capsules [4]. This

has necessitated characterization of the afterbody flowfields for the design of space capsules;

hence, many studies have been performed in this direction. Schneider [4] reviewed experimental

studies performed on the afterbody flows in the Apollo and Gemini era.

Dograet al. [17] investigated the effect of chemical reactions on the near-wake flowfield

over 70◦ blunt cone numerically. The reacting gas computations yielded a 25% larger separation

bubble compared to that obtained with the perfect gas model.Hollis [18] conducted experiments

to investigate the wake flowfield over MP-1 configuration, which corresponds to the scaled

model of the Mars Pathfinder space capsule. Numerical predictions compared well with the

measured heating rates on the forebody. However, significant differences were noticed near the

re-attachment point on the afterbody. Grassoet al. [19] analyzed the hypersonic near-wake

flows over sharp-nosed and blunt-nosed bodies using CFD. The computed temperature profile

along the wake axis compared well with that obtained from measurements. The effect of nose

bluntness, Mach number, and Reynolds number on the near-wakeflowfield was investigated.

They found that near-wake flow properties depend on the localReynolds number along the

re-circulation dividing streamline.
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The physical models of the thermo-chemical phenomena used in a CFD simulation are de-

veloped based on experimentally determined thermal relaxation rates and chemical reaction rate

constants. These parameters are commonly referred to as kinetic data. High-enthalpy impulse

facilities i.e. shock tunnels are used to measure these rateconstants. Hence, there is always

certain amount of uncertainty in the measurement of these rate constants. Figure 1.2, which is

reproduced from Ref. 9 shows the uncertainty in the determination of dissociation rate constant

for molecular oxygen. The rate coefficient for the reaction O2+O2→O+O+O2 is measured at

104/Ta ≈ 1.25 and 2.75 and the corresponding uncertainty in the measurement is also marked.

It is observed that the uncertainty in the measurement of rate coefficient is an order of one

magnitude. Similarly, the uncertainty in the rate constantfor the reaction O2+N2→O+O+N2 is

shown for104/Ta ≈ 1.5 and 2.1. The uncertainty in these rate parameters leads to variation in

the computed surface heat flux. Thus, the accuracy of the computational predictions of re-entry

flowfields and the associated aero-thermal loads depend on accurate modeling of these high-

temperature phenomena. For reliable and safe design of entry vehicles, the uncertainty margins

on the predicted heating rate need to be estimated.

In the early 2000s, the Monte Carlo sensitivity and uncertainty analysis was developed to

determine the uncertainty in the predicted heating rates. Bose and Wright [20] used these anal-

yses to study the effect of thermo-chemical modeling parameters on the stagnation point heat

transfer rate. The freestream conditions correspond to thepeak heating condition of the Mars

pathfinder vehicle. They varied several parameters, including reaction rate constants, diffusion

coefficients and surface catalysis parameters, and performed a large number of simulations to

quantify the effect of these parameters on the heating rate.They studied different flow regimes

based on the wall catalytic behavior and identified the dominant parameters affecting the heating

rate. For super-catalytic surfaces, the stagnation point heat transfer rate is primarily sensitive to

the diffusion parameter, whereas the oxygen atom recombination rate is found to be the dom-

inant parameter in the weakly catalytic regime. A similar uncertainty analysis was performed

by Palmer [21] for Crew Exploration Vehicle at conditions representative of low earth orbit and

lunar return entries. The study included radiative effects, in addition to convective heating, and

it was found that changes in radiative heating are less than those in convective heating due to

variation in key input parameters.
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1.3 Motivation and Objectives

The chemical reactions occurring in a high-temperature gasmixture have a dominant effect

on re-entry flow features and associated surface properties. Heat released or absorbed during

chemical reactions affects the temperature of the gas, which in turn affects the surface heat flux.

The chemical reactions also alter the gas composition and the associated properties such as

conductivity and viscosity of the gas mixture. Changes in conductivity of the fluid medium have

additional effects on the heat transfer rates. Variations in fluid viscosity affect the local Reynolds

number. This can alter the boundary layer and the flow separation characteristics. Changes in

the separation and reattachment locations alter the associated shock structure, affecting surface

pressure and heat flux distribution significantly. Thus, chemical reactions affect re-entry flows

in multiple ways and a detailed understanding of the chemistry and its effects on flowfield

predictions is important.

The gas phase chemistry at re-entry conditions usually consists of multiple dissociation/rec-

combination and exchange reactions. The rates of these reactions depend on the temperature

and pressure of the gas mixture, and therefore varies from point to point in a re-entry flowfield.

The reaction rates are also functions of the molar concentration of different species in the gas

mixture. The gas dynamic and diffusion processes in the flow determine the local gas prop-

erties. They play a major role in determining the chemical activity in a region. The chemical

reactions, on the other hand, alter the local gas properties, and thus can have a significant effect

on the gas dynamics and heat transfer. Thus, there is a two-way interaction between the flow

processes and the chemical reactions occurring in a re-entry flow.

The effect of chemical reactions on the flowfield predictionsalso depends on the degree

of chemical non-equilibrium. This, in turn, is a function ofthe local gas density, which varies

over a large range in the flow around a re-entry capsule. The gas density increases by an order

in magnitude across the shock wave and further increases in the vicinity of an isothermal cold

wall. On the other hand, flow expansion around the shoulder results in very low density on the

afterbody. Therefore the local chemical state of the gas is afunction of not only the nature of

a chemical reaction, but also the extent of chemical non-equilibrium at a given thermodynamic

condition of the gas. Studying the effects of multiple parameters, like temperature, density and

gas composition, that vary from point to point in a re-entry flow is necessary for understanding

the effect of chemical reactions on the flow prediction.
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The thesis presents a study of the chemical reactions occurring in a re-entry flowfield

around a capsule geometry. Controlled numerical experiments are performed by varying the

chemical reaction rates and studying the flowfield solutionsin detail. The focus is on under-

standing the physical mechanisms through which the chemistry and the gas dynamics influence

each other. The analysis is performed at flight conditions corresponding to different points

along a re-entry trajectory. The specific objectives of the thesis are as follows:

1. Analyze the chemical reactions occurring in a high-enthalpy flowfield and study their

effect on the aero-thermodynamics of a re-entry capsule.

2. Investigate the sensitivity of heat flux to the variationsin the chemical rate constants.

3. Identify the underlying processes and the critical factors that influence the heat flux sen-

sitivity to the variation in reaction rates.

4. Study the chemical reactions and their effect on the flowfield predictions at different

points along a re-entry trajectory.

1.4 Scope of Thesis

The thesis describes the effect of variation in chemical reaction rates on heating rate predictions

at three re-entry conditions. The freestream parameters are chosen such that they represent

low, medium and high altitude conditions in an earth entry trajectory. The three test cases

vary significantly in terms of freestream density, velocityand Mach number. The freestream

temperature is found to vary by a small amount among the threetest cases. Identical wall

temperature is used in each simulation at the three conditions. The geometry corresponds to

FIRE II re-entry capsule at zero angle of attack for all the simulations.

Numerical simulations are performed using an in-house parallel CFD code, which ac-

counts for finite rate thermo-chemistry occurring in high-temperature air. The code is based

on the implicit DPLR [22] algorithm and has been applied to several hypersonic configura-

tions. The flowfield over FIRE II re-entry capsule at 35 km condition is chosen for validating

the CFD code predictions. A careful grid-convergence study is performed to assess the grid-

independence of computed surface properties. Nose stagnation and afterbody heating rates are

compared with in-flight measurements. The details are presented in Chapter 3.
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The solutions computed at a chosen freestream condition areanalyzed in detail in terms of

the variation in gas temperature, density and composition over the entire flowfield. The manner

in which these gas properties determine the local chemistryand the degree of non-equilibrium

is studied. The rates of different chemical reactions and the resulting species source terms are

compared to identify the dominant chemical reactions and reaction mechanisms occurring in

the flow. Next, controlled numerical experiments are performed by varying the reaction rates

and studying their effect on the flow processes. The flow solutions computed by altering the

reaction rates are carefully analyzed to understand the physical effects that influence the surface

heat transfer rate. By comparing the altered reactivity solutions with the baseline solution, rate

limiting steps in the reaction mechanisms are identified.

A zonal analysis is performed to understand the effects of shock-layer chemistry and

boundary-layer chemical reactions on the heating rate predictions. The factors contributing

to the heat flux variations are studied in detail, and the analysis is carried out at different points

on the vehicle surface. The zonal analysis gives insight into the interaction between the chem-

ical reactions and gas dynamics. In particular, the effect of flow separation on the afterbody

and flow expansion around the shoulder on the aerothermal predictions is presented. The above

mentioned study at the three trajectory points is presentedin Chapter 4, 5, and 6, respectively.

As the altitude of the flight decreases the density of the gas increases and stagnation en-

thalpy of the flow decreases. The above three trajectory points are chosen such that the effect

of variation in altitudei.e. changes in freestream density and stagnation enthalpy on the heating

rate sensitivity can be investigated. The heat flux variations at the nose stagnation point for the

three altitudes is critically analyzed and presented in Chapter 7. The rate constants of domi-

nant chemical reactions for which heat flux is sensitive at the three trajectory points are also

identified.
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Chapter 2

Simulation Methodology

The details of simulation methodology used in the thesis work are presented in this chapter.

First governing equations for non-equilibrium viscous laminar flows are explained. RANS and

turbulence model equations for reacting flows are given next. Finally description of the finite

volume method is presented.

Navier-Stokes equations represent the conservation of mass, momentum and energy in the

presence of dissipative effects. Thus, NS equations are obvious choice for computing the com-

pressible laminar flows. However for computing the re-entryflows, high temperature effects

should be considered. For example, if the temperature of theair exceeds 800 K, vibrational

modes excite, above 2000 K dissociation of the oxygen molecules occurs and above 4000 K

dissociation of Nitrogen molecules begins. For such high temperature flows, perfect gas equa-

tion of state is not valid. Hence additional thermo-chemical equations which account for the

above mentioned high-temperature phenomena need to be considered.

Vibrational excitation and chemical reactions are collision induced phenomena. Hence

they require finite time to approach corresponding equilibrium states. At low densities and

high velocities, typical of re-entry conditions, the time scale at which vibrational excitation and

chemical reactions occur is, of the same order of fluidynamictime scales. In such conditions,

gas does not approach equilibrium state corresponding to local thermodynamic condition. Thus,

gas is in a thermo-chemical non-equilibrium state. Hence a coupled solution of NS equations

and thermo-chemical equations is required to simulate the non-equilibrium flows.
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2.1 Non-equilibrium Viscous Laminar Flows

In the present work we assume that rotational modes of the gasare in equilibrium with the trans-

lational modes where as the vibrational modes are in non-equilibrium. Further we assume that

the vibration-vibration transitions are fast enough to equilibriate with each other so that a single

vibrational temperature is sufficient to describe the vibrational state of the gas. The translational

temperature defines the translational-rotational state ofthe gas. At the range of temperatures

considered in the present work (below 10000 K), ionization will not occur. Hence air is treated

as a neutral mixture of molecular nitrogen (N2), molecular oxygen (O2), nitric oxide (NO),

atomic nitrogen (N) and atomic oxygen (O). Each of these species is individually treated as a

perfect gas. Thermo-chemical equations described here arespecies continuity equations and

conservation equation for mixture vibrational energy.

With these assumptions, we present the governing equationsfor high-temperature viscous

flows in conservation form using tensor notation . For a mixture of ns species, the species

continuity equation is given by

∂ρs
∂t

+
∂

∂xj

(ρsuj) +
∂

∂xj

(ρsvsj) = ws (2.1)

whereρs is the density of the speciess, uj is the mixture velocity in thej direction,vsj is

the diffusion velocity, due to mass diffusion. The source term ws represents, construction and

destruction of species due to non-equilibrium chemical reactions. The expressions for source

term are presented in Section 2.1.4.

The mixture momentum equation is same as that of the perfect gas flows and is given

below.
∂

∂t
(ρui) +

∂

∂xj

(ρuiuj + pδij) +
∂

∂xj

(τij) = 0 (2.2)

wherep is the mixture pressure,δij is krönecker delta andτij is viscous stress tensor. Using

Stokes hypothesis for a Newtonian fluid,τij is given by

τij = −µ2sij +
2

3
µ
∂uk

∂xk

δij (2.3)

Whereµ is mixture viscosity andsij is strain rate tensor and is given by

sij =
1

2

(
∂ui

∂xj

+
∂uj

∂xi

)
(2.4)

The procedure for the calculation of mixture viscosity is presented in Section 2.1.2.
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The conservation equation for mixture total energy is givenby

∂E

∂t
+

∂

∂xj

((E + p)uj) +
∂

∂xj

(qj + qvj) +
∂

∂xj

(τijui) +
ns∑

s=1

∂

∂xj

(hsvsj) = 0 (2.5)

wherehs is the species enthalpy per unit volume,qj andqvj are translational and vibrational

heat conduction. Both heat conduction terms are evaluated byusing the Fourier’s law of heat

conduction

qj = −κ
∂T

∂xj

, qvj = −κv
∂Tv

∂xj

(2.6)

whereκ andκv are mixture thermal conductivities as defined in the Section2.1.2.

The conservation equation for mixture vibrational energy is given by

∂Ev

∂t
+

∂

∂xj

(Evuj) +
∂

∂xj

(qvj) +
nd∑

s=1

∂

∂xj

(ρsevsvsj) = wv (2.7)

whereEv is mixture vibrational energy per unit volume,evs is the vibrational energy per unit

mass of the speciess andwv is the source term for vibrational energy, which is explained in

Section 2.1.5. The derivation of the vibrational energy equation from kinetic theory of the gas,

is given by Olejniczaket al. in Ref. 12.

2.1.1 Equation of State

We require equations relatingT , Tv andp to conserved variables. These equations are described

below. The total energy of the gas per unit volume can be defined as

E =
ns∑

s=1

ρscvsT +
1

2
ρuiui + Ev +

ns∑

s=1

ρsh
0
s (2.8)

wherecvs is the translational-rotational specific heat of speciess, given by

cvs = cv tra s + cv rot s (2.9)

wherecv tra s andcv rot s are the translational and rotational specific heats given by

cv tra s =
3

2

ℜ
Ms

, cv rot s =
ℜ
Ms

, s ≤ nd (2.10)

ℜ andMs are the universal gas constant (=8.314 kJ/kg-mol-K) and species molecular weight

respectively andnd is number of diatomic species in the mixture. Thus the first term in the Eq.

2.8 represents the energy due to the translational and rotational modes of the molecules. The

second term represents the kinetic energy of the gas mixtureand third term represents energy
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Table 2.1: Characteristic harmonic oscillator vibrationaltemperatures (K)

Species θvs

N2 3395

O2 2239

NO 2817

Table 2.2: Heats of formation (J/kg)

Species h0
s

N2 0

O2 0

NO 2.996123× 106

N 3.362161× 107

O 1.543119× 107

due to vibrational modes of the gas . If we assume that the molecules of the gas are in Boltzmann

distribution [3], then the vibrational energy per unit volume of the species (Evs), is given by

Evs = ρs
ℜ
Ms

θvs
exp(θvs/Tv)− 1

(2.11)

Whereθvs is the characteristic temperature of the vibration for species s and are presented

for five species air in Table 2.1. Now the mixture vibrationalenergy is obtained by summing

vibrational energy of the diatomic species

Ev =
nd∑

s=1

Evs (2.12)

For a gas mixture with two or more diatomic species (nd ≥ 2), Tv cannot be calculated

directly fromEv and an iterative procedure is required. The last term in the in Eq. 2.8 represents

the heat of formation of each species.h0
s is known as the heat of formation. The values of the

h0
s for each species are presented in the Table 2.2.

The mixture pressure can be obtained by using the Dalton’s law. Hence sum of the partial

pressures of the individual species will give mixture pressure. Partial pressure of the species

can be determined from the perfect gas law.
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Table 2.3: Viscosity coefficients for Blottner model

Species As Bs Cs

N2 0.0268142 0.3177838 -11.3155513

O2 0.0449290 -0.0826158 -9.2019475

NO 0.0436378 -0.0335511 -9.5767430

N 0.0115572 -0.6031679 -12.4327495

O 0.0203144 0.4294404 -11.6031403

p =
ns∑

s=1

ps, ps = ρs
ℜ
Ms

T (2.13)

2.1.2 Species and Mixture Transport Properties

In this section, procedure for calculating the mixture viscosity, thermal conductivity and species

diffusion coefficients is presented. The viscosity of the each species is determined using curve

fit data of Blottneret al. [23], which is given below

µs = 0.1 exp[(Asln T +Bs)ln T + Cs] (2.14)

whereAs, Bs andCs are curve fit constants. The values of these constants for each species are

listed in the Table 2.3. This curve fit data is valid up to the10000K, which is much higher than

the temperatures encountered in the present work. Viscosity coefficient of the species, which

are not mentioned in the Blottneret al. curve fit data, or beyond10000 K can be computed

from kinetic theory using cross section data [24], [25].

The thermal conductivities for the translational and rotational energy modes are deter-

mined using the Eucken relation [26], which correlates thermal conductivity for individual en-

ergy mode to corresponding specific heat and viscosity of thespecies. Thus we have

κtra s =
5

2
µscv tra s, κrot s = µscv rot s (2.15)

Now the mixture viscosity and thermal conductivity are computed using the Wilke’s mixing

rule [27]

µ =
∑

s

Xsµs

φs

κ =
∑

s

Xsκs

φs

(2.16)
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where

Xs =
csM

Ms

, M = (
∑

s

cs
Ms

)
−1

, (2.17)

φs =
∑

r

Xr

[
1 +

√
µs

µr

(
Mr

Ms

)1/4
]2[√

8

(
1 +

Ms

Mr

)]−1

(2.18)

Mixture vibrational thermal conductivity is given by

κv = 1.2µ
nv∑

s=1

ρs
ρ

(2.19)

Where the summation is over all the vibrational modes.

2.1.3 Species Diffusion Coefficients

In the present work, mass diffusion due to concentration gradient is considered. The diffusion

due to pressure and temperature gradients are neglected as their contribution to total mass diffu-

sion is relatively small. Using Fick’s law, the diffusion term in the species continuity equation

(Eq. 2.1) can be written as

ρsvsj = −ρDs
∂cs
∂xj

(2.20)

whereDs is the diffusion coefficient of speciess. In the present work we assume that, diffusion

coefficient is same for all the species. The value ofD is obtained by assuming a constant Lewis

number,Le, defined by

Le = D
ρcp
κ

(2.21)

wherecp is constant pressure translational-rotational specific heat. For air, the Lewis number

assumed to be1.4. Multi component diffusion coefficientDs can be obtained from curve fit data

of Blottneret al. [23]. However it was shown for air flows that the multi component diffusion

data has little effect on the computed flowfield [28].

2.1.4 Chemical Source Terms

Species continuity equation has a source term, due to production and destruction of species,

caused by the non-equilibrium chemical reactions. The specific expressions for the each species

source term are presented in the present section.

In high temperature non-ionized air, the following five reactions are important.
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N2 +M ⇀↽ 2N +M

O2 +M ⇀↽ 2O +M

NO+M ⇀↽ N+O+M

N2 + O ⇀↽ NO+N

NO+O ⇀↽ O2 +N

(2.22)

In the above reactions, the bidirectional arrows indicatesthat the reaction can proceed

in both directions. In the present work, a forward directionindicates, the direction in which

reaction is endothermic. The first three reactions represent the dissociation of N2, O2 and NO

molecules respectively. In the dissociation reactions,M is collision partner, which provides the

required energy, to break the chemical bond. The collision partner can be any of the five species,

and it is unaltered in the reaction. The reverse of the dissociation reactions is a recombination

reaction, in which, the atomic species releases chemical energy and the collision partner is

energy absorber. The last two reactions are the Zeldovich exchange reactions. These Zeldovich

reactions govern the concentration of NO in hypersonic flows.

Now the forward and backward reaction rates for the above fivereactions are given by

R1 =
∑5

m=1

[
kb1m

ρN
MN

ρN
MN

ρm
Mm

− kf1m
ρN2

MN2

ρm
Mm

]

R2 =
∑5

m=1

[
kb2m

ρO
MO

ρO
MO

ρm
Mm

− kf2m
ρO2

MO2

ρm
Mm

]

R3 =
∑5

m=1

[
kb3m

ρN
MN

ρO
MO

ρm
Mm

− kf3m
ρNO

MNO

ρm
Mm

]

R4 = kb4
ρNO

MNO

ρN
MN

− kf4
ρN2

MN2

ρO
MO

R5 = kb5
ρO2

MO2

ρN
MN

− kf5
ρNO

MNO

ρO
MO

(2.23)

In the above equationskf andkb are forward and backward reaction rate constants. Suffixm
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indicates collision partner.ρi andMi represent theith species density and molecular weight

respectively. The species source term can be represented interms of the reaction rates as shown

below.
wN2

= MN2
(R1 +R4)

wO2
= MO2

(R2 −R5)

wNO = MNO (R3 −R4 +R5)

wN = MN (−2R1 −R3 −R4 −R5)

wO = MO (−2R2 −R3 +R4 +R5)

(2.24)

Note that sum of the source terms for elemental species is identically zero, as required by the

global conservation of mass in the system.

Now we require expressions for forward and backward reaction rate constants, to close

the chemical source terms. These reaction rates should consider the chemical non-equilibrium

effects. The important mechanism that needs to be considered in defining the non-equilibrium

reactions rates is physical coupling between the vibrationrelaxation process and dissociation

and recombination reactions. The effect of this coupling isto reduce the dissociation reac-

tion rate for non-equilibrium state, until equilibrium is reached. Many models are proposed to

account for this vibration-dissociation coupling effect such as coupled vibration-dissociation-

vibration model [29], Macheret-Rich model [30] and Park model [31].

Of all the models, most extensively used one is Park model. This model is relatively

easy to implement in CFD codes. Also for many hypersonic re-entry flows, Park model is

shown to give satisfactory results [9]. In the present work we have employed Park model.

In this model reaction rates are evaluated at an effective temperature,Ta, which is a function

of translational and vibrational temperature. The forwardreaction rates are expressed using a

modified Arrhenius form, as given below.

kfm(Ta) = CfmT
ηm
a exp (−θdm/Ta) (2.25)

whereCfm, ηm andθdm are experimentally determined curve fit data over a given temperature

range [9].m is a index notation for reactions. The backward reaction rate is obtained using the

18



principle of detailed balance

kbm(Ta) =
kbm(Ta)

Keq m

(2.26)

whereKeq is equilibrium constant.Keq is function of temperature only, and expression is given

by

Keq m = Cmexp
(
A1m + A2mZ + A3mZ

2 + A4mZ
3 + A5mZ

4
)

(2.27)

whereZ = 10, 000/T . The constantsCm, Anm are curve fit to the experimental data [9].

Now the effective temperature for dissociation is taken as the geometric average of the

translational-rotational and vibrational temperature.

Ta =
√
(TTv) (2.28)

However the backward reaction rates (recombination reaction) are function ofT only. The

reaction rates for exchange reactions are also calculated at T , as these reactions depends only

on the relative speed of the collision which depends upon translational temperature.

2.1.5 Vibrational Source Term

In this section, the expression for the vibrational energy source term in Eq. 2.7 is presented.

This source term represents the gain or loss in the vibrational energy due to exchange of en-

ergy among the translational, rotational and vibrational modes and chemical reactions. The

important energy exchange mechanisms are V-T (Vibrational-Translational), V-R (Vibrational-

Rotational) and V-V (Vibration-Vibration) transitions. Asstated earlier, V-V transitions equilib-

riate with each other, so that single vibrational temperature uniquely defines vibration state of

all diatomic molecules in the gas. V-T and V-R can be clubbed into one exchange rate, referred

to asQT−V . With the above assumptions,QT−V can be defined by using Landau-Teller model.

[26]

QT−V L−T = ρs
e∗vs − evs

< τs L−T >
, (2.29)

wheree∗vs is the vibrational energy per unit mass of speciess calculated at the local translational

temperature, and< τs L−T > is the molar averaged Landau-Teller relaxation time, givenby Lee

[32]

< τs L−T >=

∑
r Xr∑

r Xr/τsr L−T

(2.30)

whereτsr L−T is the Landau-Teller inter-species relaxation time, givenby Millikan et al. [33],

which is reproduced below
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τsr L−T = 1
p
exp

[
Asr

(
T−1/3 − 0.015µ

1/4
sr

)
− 18.42

]
(p in atm)

Asr = 1.16× 10−3µ
1/2
sr θ

4/3
vs ,

µsr = MsMr/ [Ms +Mr]

(2.31)

The second contribution to the vibrational source term is due to chemical reactions. The

dissociation of a molecule results in drain of vibrational energy and a recombination reactions

results in the increase of the vibrational energy of the gas.The amount of energy removed or

added during chemical reactions depends upon the vibration-dissociation model used. In the

present work we assume that, the diatomic molecules are created or destroyed with vibrational

energy, defined at the local value ofTv. Hence the rate of vibrational energy production due to

chemical reactions is

Qvs che = wsevs (2.32)

The total source term due to chemical reactions is obtained by summing over all diatomic

species.

Qv che =
nd∑

s=1

wsevs (2.33)

Now the the total source term for the vibrational energy is sum ofQT−V L−T andQv che.

wv = QT−V L−T +Qv che (2.34)

2.2 Governing Equations for Turbulent Flows

Turbulent flow is a randomly fluctuating flow. These fluctuations result in enhanced mixing

and diffusion compared to those of laminar flow, which lead toincreased heat transfer and skin

friction at the wall boundaries and delayed separation. Forengineering predictions, Reynolds

averaging is the most widely employed method to account for the effect of these fluctuations

and is explained below.

For a statistically stationary turbulent flow the instantaneous variable can be written as

the sum of time averaged quantity and fluctuating quantity. Let us considerui(x, t) as the

instantaneous velocity. The time averaged velocity is known as mean velocity and is defined as

follows.
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ui(x) = lim
T→∞

1

T

∫ t+T

t

ui(x, t)dt (2.35)

whereT is time period of averaging. The time period should be selected such that it is larger

than fluctuations and less than the mean flow variations. Now the instantaneous velocity can be

written as

ui(x, t) = ui(x) + u′

i(x, t) (2.36)

whereu′

i(x, t) represents the fluctuations over the mean velocity. In shorthand notation Eq.

2.36 is written asu = u+ u′. Similarly instantaneous density and pressure can be decomposed

into mean variable and fluctuating variable and shown below.

ρ = ρ+ ρ′

p = p+ p′
(2.37)

To consider the effect of density fluctuations in compressible flows, Favre or mass-weighted

averaging is employed. The Favre averaged velocity (ũi) is defined as follows.

ũi(x) =
1

ρ
lim
T→∞

1

T

∫ t+T

t

ρ(x, t)ui(x, t)dt (2.38)

Now the instantaneous velocity is written asu = ũ + u′′. Similarly instantaneous temperature,

energy and enthalpy can be written as

T = T̃ + T ′′

e = ẽ+ e′′

h = h̃+ h′′

(2.39)

The convention used in the Reynolds averaging is an over line represents averaged quantity and

a single prime represents its fluctuating part. Similarly inFavre averaging a tilde represents

averaged quantity and a double prime represents its fluctuating part.

2.2.1 Favre Averaged Equations

Now consider the species continuity equation Eq. 2.1 presented in Section 2.1.

∂ρs
∂t

+
∂

∂xj

(ρsuj)−
∂

∂xj

(
ρD

∂cs
∂xj

)
= ws

Favre averaged species continuity equation is obtained by averaging each term.

∂ρs
∂t

+
∂

∂xj

(ρsũj)−
∂

∂xj

(
ρD

∂c̃s
∂xj

)
− ∂

∂xj

(
ρDT

∂c̃s
∂xj

)
= ws (2.40)
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whereũj is Favre-averaged velocity component,ρs is averaged species density,ρ =
∑

s ρs is

average mixture density and̃cs is Favre-averaged mass fraction defined as

c̃s =
ρs
ρ

(2.41)

The first and second terms in Eq. 2.40 represent unsteady and convection terms respectively and

third term represents species diffusion due to concentration gradients. The last term represents

species diffusion due to turbulent mixing of the fluid. In theequationDT is turbulent diffusivity

and is calculated as follows.

LeT = DT
ρPrT
µT

(2.42)

whereµT is turbulent viscosity,PrT is turbulent Prandtl number andLeT is turbulent Lewis

number. Procedure to calculate these turbulent quantitiesis explained in the subsequent sec-

tions. The mean source term (ws) in Eq. 2.40 is calculated using the relations given in Section

2.1.4 evaluated using mean flow variables.

The Favre averaged momentum equations are

∂ρũi

∂t
+

∂

∂xj

(ρũiũj + pδij) +
∂

∂xj

(τ ij) +
∂

∂xj

(τTij ) = 0 (2.43)

whereτ i,j is mean viscous stress tensor andτTi,j is the Reynolds stress tensor which represents

the momentum exchange due to turbulent fluctuations.τ i,j is given by

τ ij = −µ

(
∂ũi

∂xj

+
∂ũj

∂xi

)
+

2

3
µ
∂ũk

∂xk

δij (2.44)

The Favre averaged total energy equation is

∂E

∂t
+

∂

∂xj

((E + p)ũj)−
∂

∂xj

[
(τ ij + τTij )ũi

]
− ∂

∂xj

[
(κ+ κT )

∂T̃

∂xj

]
− (2.45)

∂

∂xj

((
µ+

µT

σk

)
∂k

∂xj

)
− ∂

∂xj

[
(κv + κv T )

∂ẽv
∂xj

]
− ∂

∂xj

ns∑

s=1

ρDh̃s
∂c̃s
∂xj

− ∂

∂xj

ns∑

s=1

ρDTh
0
s

∂c̃s
∂xj

= 0

The first term represents the transient variations in the averaged total energy. The second term

represents the convection of mean energy and mean pressure work. The third term represents the

work done by the viscous and Reynolds stress. The fourth term represents the mean molecular
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heat conduction and transport of the energy due to turbulentmotion. The fifth term represents

the molecular and turbulent diffusion of the turbulent kinetic energy, which is defined below.

The sixth term represents the molecular and turbulent vibrational energy conduction. The last

two terms represents energy transfer due to the viscous diffusion and turbulent diffusion of

species. In the above equationE is Reynolds averaged total energy and is given below.

E =
ns∑

s=1

ρscvsT̃ +
1

2
ρũiũi + Ev +

ns∑

s=1

ρsh
0
s + ρk (2.46)

wherek is turbulent kinetic energy (TKE) as defined below.

k =
1

2

ρu′′u′′

ρ
=

1

2
ũ′′
i u

′′
i (2.47)

In Eq. 2.45κT andκv T are turbulent translational and vibrational thermal conductivity of

mixture and are given by

κT =
µT cp
PrT

, κv T = 1.2µT

nv∑

s=1

ρs
ρ

(2.48)

where the summation is over all the vibrational modes.

The Favre averaged vibrational energy equation is given below

∂Ev

∂t
+

∂

∂xj

(Evũj)−
∂

∂xj

[
(κv + κv T )

∂ẽv
∂xj

]
− ∂

∂xj

nd∑

s=1

(ρẽvsD
∂c̃s
∂xj

) = wv (2.49)

The first two terms represents the unsteady and convection ofthe vibrational energy. The third

term represents the mean and turbulent conduction of vibrational energy. The last term repre-

sents the transport of the vibrational energy due to the molecular diffusion of the species. The

effect of the turbulent fluctuations on the this term are neglected.wv is mean source term for vi-

brational energy and is calculated using the relations given Section 2.1.5 evaluated using mean

flow variables.

In Favre averaged equations the Reynolds stresses (τTi,j) are calculated using Boussinesq

assumption, which states that the Reynolds stresses are proportional to mean velocity gradients

and turbulent viscosity (µT ). The turbulent viscosity is also known as the eddy viscosity. Hence

τTi,j is given by

τTij = −µT

[
s̃ij +

2

3

∂ũk

∂xk

δij

]
− 2

3
ρkδij (2.50)

Wheres̃ij is mean strain rate tensor given by

s̃ij =
1

2

[
∂ũi

∂xj

+
∂ũj

∂xi

]
(2.51)
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In the present work, we assume constant turbulent Prandtl number (PrT ) of 0.9 and constant

turbulent Lewis number (LeT ) of 1.

Now specification ofµT is required to close the above Favre averaged equations. Tur-

bulence models are employed to computeµT . Turbulence models are classified based upon

the number of equations that are solved to calculateµT . One equation models solve one extra

transport equation to compute the eddy viscosity. In two equation models two extra transport

equations are solved to compute the eddy viscosity. In the present thesis, one equation Spalart-

Allmaras model is used and its details are described below.

2.2.2 Spalart-Allmaras Model [34]

In Spalart-Allmaras (SA) one equation model [34], kinematic eddy viscosity (νT = µT/ρ) is

calculated using the following relation.

νT = ν̃fv1 (2.52)

wherefv1 is damping function and̃ν is flow dependent variable, for which the following trans-

port equation is solved.

∂ν̃

∂t
+ ũj

∂ν̃

∂xj

= cb1S̃ν̃ − cwfw

(
ν̃

d

)2

+
1

σ

[
∇.

(
((ν + ν̃)∇ν̃) + cb2(∇ν̃)2

)]
(2.53)

First term and second terms on right hand side (RHS) of Eq. 2.53represent the production and

destruction of the eddy viscosity. The last term representsthe turbulent diffusion of the eddy

viscosity. The wall damping functionfw, fv1 andS̃ are defined as follows.

fw = g

[
1 + c6w3

g6 + c6w3

]
, fv1 = 1−

[
χ3

χ3 + c3v1

]
, S̃ = S + fv2

(
ν̃

κ2d2

)
(2.54)

where

g = r + cw2(r
6 − r), r =

ν̃

S̃κ2d2
, χ =

ν̃

ν
, fv2 = 1−

[
χ

1 + χf1

]
(2.55)

d is distance from the wall andS is vorticity magnitude, given by

S =
√
2ΩijΩij , Ωij =

1

2

[(
∂ũi

∂xj

)
−
(
∂ũj

∂xi

)]
(2.56)

WhereΩij is the rotation tensor. The closure constants arecb2 = 0.1355, cb1 = 0.622, cv1 = 7.1,

σ = 2/3, κ = 0.41, cw1 =
cb1
κ2 + (1+cb2)

σ
, cw2 = 0.3 andcw3 = 2. The boundary conditions for̃ν

areν̃∞ = 0.1µ∞

ρ∞
in the freestream, and(νT )w = 0 at the wall.
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2.3 Finite Volume Method

Finite volume methods (FVM) are based on integral form of fluid flow equations and hence

capable of capturing the shock waves and contact discontinuities. The basic concept of FVM is

to divide the domain into finite number of grid cells and approximate the total integral of con-

served quantities (i.e. mass, momentum and energy) over the grid cell divided by cellvolume

as the cell average of conserved quantity and these values are modified in each time step by flux

through the cell edges. Cell-averaged values are used for calculating fluxes.

Let us consider this approach in more detail. The governing equations presented in previ-

ous section can be written in conservation form as follows.

∂U

∂t
+

∂FI

∂x
+

∂GI

∂y
+

∂FV

∂x
+

∂GV

∂y
= W (2.57)

WhereU is the vector of conserved variables.

U = (ρ1, ρ2, ..., ρns, ρu, ρv, Ev, E)T (2.58)

F andG are flux vectors in x and y directions respectively. The subscripts I andV represent

inviscid and viscous fluxes respectively. The flux terms are given by

FI =




ρ1u

ρ2u

.

.

.

ρnsu

ρuv + p

ρvu

Evu

(E + p)u




GI =




ρ1v

ρ2v

.

.

.

ρnsv

ρuv

ρvu+ p

Evv

(E + p)v




(2.59)
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Figure 2.1: A typical quadrilateral finite volume cell. Cell centers and nodes are marked with

filled symbols.

FV =




ρ1u1

ρ2u2

.

.

.

ρnsuns

−τxx

−τxy

qvx +
∑nd

s=1(rsevsus)

qx + qvx − (τ̃~u)x +
∑nd

s=1(rshsus)




GV =




ρ1v1

ρ2v2

.

.

.

ρnsvns

−τyx

−τyy

qvy +
∑nd

s=1(rsevsvs)

qy + qvy − (τ̃~u)y +
∑nd

s=1(rshsvs)




(2.60)

The source term vectorW is given byU = (w1, w2, ..., wns, 0, 0, wv, 0)
T . The Eq. 2.57 can be

represented in compact form as follows

∂U

∂t
+▽. ~F = W (2.61)

Where~F is the flux vector and is given by

~F = (FI + FV )̂i+ (GI +GV )ĵ (2.62)

Integrating the Eq. 2.61 over a finite volume,Ωi shown in Fig. 2.1

∫

Ωi

∂U

∂t
dΩ +

∮

Ωi

(▽. ~F )dΩ =

∮

Ωi

WdΩ (2.63)
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Using Gauss divergence theorem and assuming that boundary and volumes of the discretized

cells do not change with time, we get

∂

∂t

∫

Ωi

UdΩ +

∮

∂Ω

(~F .n̂)dS =

∮

Ωi

WdΩ (2.64)

Wheren̂ is surface normal anddS is surface area of the cell. Assuming U to be an averaged

value which is constant with in the finite volume cell, then first integral can be written as

∂

∂t

∫

Ωi

UdΩ = Vi,j
dŪ

dt
(2.65)

For a typical quadrilateral cell shown in Fig. 2.1 the secondintegral can be written as

∮

∂Ω

~F .n̂dS =
4∑

k=1

(~F .n̂)kSk (2.66)

= (~F .n̂)i+ 1

2
,jSi+ 1

2
,j − (~F .n̂)i− 1

2
,jSi− 1

2
,j + (~F .n̂)i,j+ 1

2
Si,j+ 1

2
,j − (~F .n̂)i,j− 1

2
Si,j− 1

2

The expression~F .n̂ represents the normal flux through the face under consideration (as indi-

cated by subscripts) andS is area of the corresponding face. Time derivative in Eq. 2.65 is

discretized using backward Euler time integration

dŪ

dt
=

Un+1
i,j − Un

i,j

△t
(2.67)

Substituting the above approximated integrals in Eq. 2.64,we get the discretized form of the

finite volume approach

Un+1
i,j −Un

i,j

△t
= 1

V

[
(~F .n̂)i+ 1

2
,jSi+ 1

2
,j − (~F .n̂)i− 1

2
,jSi− 1

2
,j

]
+

1
V

[
+(~F .n̂)i,j+ 1

2
Si,j+ 1

2
,j − (~F .n̂)i,j− 1

2
Si,j− 1

2

]
+ W̄

(2.68)

WhereW̄ is averaged source term over the cellΩ. Finite volume method requires the integration

of the fluxes at the cell interfaces, and these details are explained next.

2.3.1 Integration of the Inviscid Fluxes

In the present work, modified stegar-warming flux vector splitting [35] approach is used to

evaluate the inviscid fluxes. Brief details of the method are given below.

consider the inviscid normal flux through the face
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F ′

I = ~F .n̂ =




ρ1u
′

ρ2u
′

.

.

.

ρnsu
′

ρuu′ + ps′x

ρvu′ + ps′y

Evu
′

(E + p)u′




(2.69)

Whereu′ = us′x + vs′y is velocity normal to the face;s′x ands′y are direction-cosines of the

surface normal vector̂n. The inviscid flux terms can be written as

F ′

I = A′U (2.70)

WhereA′ is jacobian of flux vectorF ′

I and it is diagonalized as follows

A′ =
∂F ′

I

∂U
= S−1C−1λCS (2.71)

Whereλ = diag(u′, u′, u′, u′ − a, u′ + a) is a diagonal matrix whose elements are eigen values.

The flux vector is now splitted into positive and negative parts depending on the sign of eigen

values.

F ′ = F ′

+ + F ′

−
(2.72)

F+ = A+U F− = A−U (2.73)

Now the flux at cell boundary,i+ 1
2
, j can be evaluated using Eqs. 2.71 and 2.74

F ′

i+ 1

2
,j
= SCλ+C

−1S−1Ui,j + SCλ−C
−1S−1Ui+1,j (2.74)

Whereλ+ andλ− consist of positive and negative eigen values respectively. In the above ex-

pression the jacobians are calculated based on the cell averaged values which was proposed by

stegar-warming. However it is found to result in excessive dissipation in the boundary layer.

Candler and Mac-Cormack proposed a low-dissipation scheme [35], where the jacobian matri-

ces are evaluated at the cell interface. This is found to reduce the numerical dissipation. The

fluxes in the modified steger-Warming method are calculated as follows
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F ′

+
i+1

2
,j
= A+

i+1
2
,j
Ui,j

F ′

−
i+1

2
,j
= A−

i+1
2
,j
Ui+1,j

(2.75)

Average ofUi,j andUi+1,j will be used for evaluatingA±
i+1

2
,j

A±i+1/2
= A±

[
1

2
(Ui + Ui+1)

]
(2.76)

2.3.2 Second Order Spacial Accuracy

The finite volume scheme said to be first order accurate when interface fluxes are calculated

using cell averaged values (Ui,j), on the other hand, if one uses point values ofU at the cell

boundary, then the scheme said to be higher order scheme. Hence cell averaged values need to

be reconstructed to cell edges, to obtain the point values atthe interface. A scheme said to be

second order spacial accurate, when liner interpolation isused in the reconstruction of solution.

The flux expressions for second order spacial accuracy are

F ′

+
i+1

2
,j
= A+

i+1
2
,j
UL
i+ 1

2
,j

F ′

−
i+1

2
,j
= A−

i+1
2
,j
UR
i+ 1

2
,j

(2.77)

Where the superscripts L and R refers to cells on left and rightside ofi + 1
2

face respectively,

and the corresponding state vectors are evaluated as follows

UL
i+ 1

2
,j
= 3

2
Ui − 1

2
Ui−1

UR
i+ 1

2
,j
= 3

2
Ui+1 − 1

2
Ui+2

(2.78)

2.3.3 Evaluation of the Viscous Fluxes

The viscous normal flux across a cell face in the finite volume formulation is given by (from

Eqs. 2.60 and 2.62)

F ′

V = FV s
′

x +GV s
′

y (2.79)

The vectorsFV andGV contain shear stress and heat flux terms (see Eq. 2.60) which are func-

tion of velocity and temperature gradients. Due to ellipticnature these terms, a central differ-

ence approximation can be used to calculate the gradients. However co-ordinate transformation

is required to compute these derivatives on arbitraryξ-η coordinate system. Now consider the

velocity derivative
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∂u

∂x
=

∂u

∂ξ

∂ξ

∂x
+

∂u

∂η

∂η

∂x
(2.80)

The derivatives inξ-η co-ordinates are given by

∂u

∂ξ
=

ui+1,j − ui,j

1
(2.81)

∂u

∂η
=

ui+1/2,j+1 − ui+1/2,j−1

2
(2.82)

The valuesui+1/2,j+1 andui+1/2,j−1 are obtained by averaging the adjacent cells of facei+1/2

at j + 1 andj − 1 (see Fig. 2.1). Hence

∂u

∂η
=

1

2

[
1

2
(ui,j+1 + ui+1,j+1)−

1

2
(ui,j−1 + ui+1,j−1)

]
(2.83)

The other parameters in the shear stress and heat fluxi.e. viscosity,µ and thermal conductivity

κ need to be evaluated at the cell face. For example,κ should be calculated at temperature that

is obtained by averaging across the cell face.

The turbulent fluxes are also evaluated in a similar method. The source terms are computed

at the cell centers and the derivatives required to calculate the source terms are evaluated using

central differences.

2.3.4 Time Integration

Advancing the solution from current iteration to next iteration is referred to as time integration.

In explicit formulation, the solution is advanced in time using the update function Eq. 2.68. The

flux and source terms in this equation are evaluated from the solution ofnth iteration.

△Un
i,j =

△t
Vi,j

[
(~F .n̂)i+ 1

2
,jSi+ 1

2
,j − (~F .n̂)i− 1

2
,jSi− 1

2
,j

]n

+ △t
Vi,j

[
(~F .n̂)i,j+ 1

2
Si,j+ 1

2
,j − (~F .n̂)i,j− 1

2
Si,j− 1

2
+ W̄

]n (2.84)

Where△Un
i,j = Un+1

i,j − Un
i,j is the residual or correction factor. Starting with an initial guess,

the solution is iteratively updated until the solution converges when theL2 norm of the residual

becomes small compared to its initial value.

The stability criteria restricts the time step to lower values in the explicit methods. There-

fore with the lower time steps, many iterations are requiredto obtain a steady state solution.

This is much more severe when computing the non-equilibriumreacting flows. To alleviate
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time step restriction, implicit methods are developed. In these methods large time steps can

be taken. As a result, a steady state solution can be obtainedwith lesser number of iterations

compared to those of the explicit method.

In the implicit method, solution at a point depends on the solution of its neighboring points

at the same time level. This requires the fluxes at the cell interfaces in Eq. 2.68 to be evaluated

at the(n+ 1)th level. Following linearization is used to obtain the implicit fluxes at(n+ 1)th

level.

F ′

I
n+1

= F ′

I
n
+

[
∂F ′

I

∂U

]n (
Un+1 − Un

)
≈ F ′

I
n
+ A′nδUn (2.85)

whereδUn = Un+1 − Un. The viscous fluxes are linearized as follows.

F ′

V
n+1

= F ′

V
n
+ δF ′

V
n (2.86)

The correction termsδF ′

V
n is calculated using thin layer approximation [3],i.e. only derivatives

in the normal direction are retained.

δF ′

V
n ≈ Mη

∂V

∂η
= MηN

∂U

∂η
(2.87)

WhereV = (ρ1, ρ2, ..., ρns, u, v, Tv, T )
T andN = ∂V/∂U is the corresponding jacobian. The

matricesMη andN are given Ref. 7. The final form of the viscous flux at(i, j + 1
2
) is given by

F ′

V
n+1
i,j+ 1

2

= F ′

V
n
i,j+ 1

2

+ (MηN)ni,j+ 1

2

(
δUn

i,j+1 − δUn
i,j) (2.88)

Additional details about the linearization of the viscous fluxes can be found in [7]. substitution

of jacobians given by Eqs. 2.85 and 2.88 in Eq. 2.68 gives the following implicit formulation

for the update function.

Âi,jδU
n
i,j + B̂i,jδU

n
i,j+1 + Ĉi,jδU

n
i,j−1 + D̂i,jδU

n
i+1,j + Êi,jδU

n
i−1,j = △Un

i,j (2.89)

where△Un
i,j is the explicit residual given by Eq. 2.84. In the above equation the coefficients

are given by

Âi,j =
Vi,j

△t
I + (A′n

+i+ 1

2
,jSi+ 1

2
,j − A′n

−i− 1

2
,jSi− 1

2
,j

+B′n
+i,j+ 1

2

Si,j+ 1

2
−B′n

−i,j− 1

2

Si,j− 1

2
)− Vi,jC

n
i,j

B̂i,j = B′n
−i,j+ 1

2

Si,j+ 1

2

Ĉi,j = B′n
+i,j− 1

2

Si,j− 1

2

D̂i,j = A′n
−i+ 1

2
,jSi+ 1

2
,j

Êi,j = A′n
+i− 1

2
,jSi− 1

2
,j

(2.90)

WhereCn
i,j is the jacobian ofW with respect toU .
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2.3.5 Solution Procedure

A solution can be obtained by applying the implicit update function Eq. 2.89 at all the grid points

in the computational domain. This results in a system of liner equations, which can be solved

by matrix inverse methods. However the resulting matrix is alarge banded matrix, and inverting

the matrix for each iteration is computationally intensivetask. Therefore approximate methods

are developed to reduce the computational time, without losing accuracy. In the present work,

Data Parallel Line Relaxation method [22] is used to obtain a approximate solution to Eq. 2.89.

A brief description of the method is given below.

In case of external flows, gradients in the body-normal direction are larger than those in

the body-parallel direction. Therefore, the physical problem is strongly coupled in the body-

normal direction. This fact is used to obtain a solution to the Eq. 2.89. Onlyj terms are solved

by movingi+ 1 andi− 1 terms to the right hand side. The resulting equation is

Âi,jδU + B̂i,jδU i,j+1 + Ĉi,jδU i,j−1 = △U i,j − D̂i,jδU i+1,j + Êi,jδU i−1,j (2.91)

The above equation is solved for allj- points at a fixedi- location. Therefore the method is fully

coupled inj- direction. The above equation is solved along eachi- line in alternating forward

and backward sweeps through the flowfield in thei- direction.

2.4 Summary

In this chapter, governing equations for thermo-chemical non-equilibrium flows and numerical

details of the in-house CFD code are presented. Air is treatedas a mixture of five perfect species:

N2, O2, NO, N and O. A single vibrational temperature defines the mixture vibrational energy.

Blottner model is used to calculate the viscosity of individual species. Wilke’s mixing rule is

used to calculate the mixture transport properties. The Arrhenius rate constants for the chemical

reactions are evaluated using curve fits to experimental data by Park. Landu-Teller model is used

to calculate the vibrational relaxation rate. The axisymmetric form of the governing equations

is discretized using the finite-volume method. Inviscid fluxes are computed using a modified

(low-dissipation) form of the Steger-Warming flux splitting approach. The implicit data parallel

line relaxation method is used to obtain steady-state solutions.
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Chapter 3

Aero-heating Predictions at Flight

Condition

The chapter addresses the computation of re-entry flowfield at flight condition considering the

finite rate thermo-chemistry. Simulations are performed over FIRE II re-entry capsule at 35 km

altitude trajectory point. The chosen capsule is a practical geometry of the vehicle that was flight

tested. The computations are performed on the entire vehicle that includes afterbody portion

also. The computed surface properties are validated against the flight data. The capability of

CFD in predicting the afterbody separated flows is shown through this case study.

3.1 FIRE II Configuration

Project FIRE (Flight Investigation Reentry Experiment) flights [36] were conducted to

investigate the heating environment on a blunt-nosed, Apollo-shaped vehicle entering the earth’s

atmosphere at a velocity in excess of the escape velocity. Fig. 3.1(a) and 3.1(b), taken from

Ref. 36, show a schematic of the FIRE II vehicle. The spherical forebody consisted of a multi-

layer configuration made of three protective phenolic asbestos heat shields sandwiched between

three beryllium calorimeters. The first two calorimeters and their associated heat shields were

jettisoned during the flight at predetermined decelerationloads. The third heat shield was not

ejected and this gives the shape of the vehicle through the later part of the re-entry that is of

interest in this work. The outer mold line used in the currentsimulations is shown in Fig. 3.1(c).

The vehicle diameter is 58.79 cm with a nose radius of 70.2 cm.The shoulder/corner radius is

0.61 cm and the base radius is 4.2 cm. The afterbody is conicalwith a 660 included angle, and
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Table 3.1: Freestream conditions at the 35 km altitude trajectory point.

Free-stream Conditions

Time from launch (sec) 1652.75

ρ∞ (kg/m3) 0.0082

U∞ (m/s) 4950

T∞ (K) 237

M∞ 16

Re∞D 1.76× 106

H0 (MJ/kg) 12.42

the C-band antenna at the base is replaced by a flat base for simplicity. Also, geometrical details

at the heatshield-aftshell junction and the ring-like structure at the base are not considered in the

outer mold line presented in Fig. 3.1(c). Their effect on theflow structure is studied separately

in section IV D.

The FIRE II vehicle entered earth atmosphere at 11.2 km/s. It decelerated to a velocity of

4950 m/s (Mach 16) at 35 km altitude. Slocumb [36] presents the time history of altitude and

velocity over the entire descent. We simulate the conditions (listed in Table. 3.1) at the 35 km

trajectory point, which corresponds to one of the lowest altitudes and highest Reynolds numbers

for which measurements are available. The Reynolds number based on freestream conditions

and body diameter is1.76 × 106. Blunt body separation shear layer and inner wake transition

correlations are presented by Lees [37]. A transition criteria is defined in terms of the Reynolds

number computed using local flow properties outside the wake. The distance measured along

the shear layer, starting from the separation point, is usedas the relevant length scale to identify

the physical location where the Reynolds number approaches transitional range. Based on these

correlations and data from preliminary simulations of the FIRE II configuration, the wake is

expected to transition upstream of the neck.

The vehicle afterbody was instrumented for pressure and surface temperature measure-

ments. Pressure was measured at a single location and twelvegold calorimeters were placed

at four axial locations along three circumferential rays (φ = 0, 120 and 240 degs). Here,φ

denotes the azimuthal angle around the vehicle, as shown in Fig. 3.1(b). The system accuracy,

including that of sensors and telemetry system, was approximately±20% for the pressure data
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Figure 3.1: FIRE II re-entry vehicle with afterbody instrumentation32 (a) side view (b) rear view.

+,△ and⊙ represents gold calorimeters, pressure sensor and radiometer respectively. (c) Outer

mold line used for the current simulations. All dimensions are in cm. Critical geometrical points

are (1) fore stagnation point,s/D = 0 (2) fore shoulder,s/D = 0.51 (3) heatshield-backshell

interface,s/D = 0.64 (4) aft shoulder,s/D = 1.42 (5) aft stagnation point,s/D = 1.49.
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and about±28◦ K for the temperature measurements. The corresponding error in heat transfer

measurement is estimated to be±15% [38]. The surface temperature measured by the calorime-

ters is presented as a function of re-entry elapsed time. From this temperature-time history, an

average wall temperature of553.3 K is taken at35 km altitude. In the later part of the trajectory

the vehicle has periodic motion about its axis, resulting inoscillations in the effective angle of

attack. However, there is negligible effect of angle of attack variation on the afterbody measure-

ments, with no appreciable difference between the heating rates along the three circumferential

rays [36]. The angle of attack is therefore assumed to be zeroin the current simulations.

3.2 Simulation Methodology

The chemically reacting turbulent hypersonic flow around the FIRE II re-entry configu-

ration is simulated by solving the Reynolds-averaged Navier-Stokes (RANS) equations along

with a finite rate chemistry model. The details of the RANS and chemistry model are presented

in Chapter 2. The freestream total enthalpy at the current condition (12.73 MJ/kg) is similar

to that of Apollo AS-202 computations in Ref. 39, where ionization is found to be negligible.

Hence air is modeled as a neutral mixture of five perfect species (N2, O2, NO, N and O) with

three dissociation and two exchange reactions. The Spalart-Allmaras (SA) model [34] is used

for turbulence closure. The standard form of the turbulencemodel, without compressibility

corrections, is used in the present work. Chemical and vibrational source terms are evaluated

using mean flow properties, such that effect of turbulence-chemistry interaction is neglected.

No-slip, non-catalytic and isothermal boundary conditions are specified at the wall. The

boundary conditions for turbulent quantities areνT∞ = 0.1µ∞/ρ∞ andνT,w = 0 as given in

Ref. 34. Freestream conditions are applied at the outer boundary and extrapolation boundary

condition is imposed at the exit station. The simulation results are found to be insensitive to the

specific values ofνT prescribed in the freestream.

3.2.1 Computational Grid

A typical grid used in the simulations is shown in Fig. 3.2. The outer boundary follows the

shape of the bow shock and extends up to 2.5 diameters downstream of the vehicle base. The

flow at this point is found to be supersonic and therefore the location of the exit boundary is

not expected to alter the flow solution in the vicinity of the vehicle. A typical grid consists of
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D/2

Figure 3.2: Computational domain and a typical grid used in the simulations. The inset shows a

magnified view of the grid near the vehicle, where every second point is shown in each direction.

about 160 points in the wall parallel direction (i) and 150 points in the wall normal direction

(j). Grids with larger number of points are also used in some cases.

The forebody grid in thei-direction is designed such that points are clustered in thenose

stagnation region and at the shoulder expansion corner. Thegrid in thej-direction is refined

both in the vicinity of the shock wave as well as in the near wall region. In addition, the outer

boundary is carefully tailored to the bow shock wave. The forebody grid refinement follows

the same procedure as delineated in Ref. 40 and details are omitted for the sake of brevity. The

current paper is focussed on the afterbody solution and a careful grid refinement in the afterbody

region is presented below.

A careful grid refinement study was undertaken for the afterbody flowfield by identifying

the critical regions, where the flow solution is most sensitive to the computational mesh. The

grid is successively refined with a focus on the critical zones and the grid lines are adapted to the

prominent flow features like the free-shear layer enclosingthe recirculation bubble. The effect

of grid changes on the afterbody surface pressure and heating rate is studied, and a tolerance of

2% of the base stagnation point value is taken as the grid-independence criterion. Figures 3.3

and 3.4 show the results from the grid refinement study using the SA turbulence model, where

pressure, normalized by its freestream value, and heat transfer rate are plotted as a function of

the normalized arc-length(s/D) measured from the nose of the vehicle. The extent of conical

frustum and flat base are marked by vertical lines.
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Figure 3.3: (a) Normalized pressure and (b) heat transfer rate on the afterbody computed using

successively refined grids in wall-parallel direction.
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Figure 3.4: (a) Normalized pressure and (b) heat transfer rate on the afterbody computed using

successively refined grids in wall-normal direction.

Afterbody flowfield is sensitive to the distribution of grid points and the quality of the

computational mesh in regions where the flow gradients are high. In the wall parallel direction,

for example, these correspond to the geometric corners, stagnation point at the base, and the

separation point on the conical frustum. Zonal grid refinement in these regions is done to

identify the most critical requirements. It is found that a fine grid near the separation point
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Figure 3.5: Effect of wall normal grid refinement on velocitydistribution across the free shear

layer. Data is plotted along the line shown in the inset.

along with a low stretching factor on the conical frustum is necessary for grid convergence.

The results are however not so sensitive to the grid spacing at the rear stagnation point and the

expansion corner at the base. Three grids with successive refinement along the conical frustum,

especially near the separation point, are used to compute the flow and the results are presented

in Fig. 3.3. The two finer grids (240 × 171 and280 × 171) yield practically identical (within

1%) pressure and heat transfer results on the afterbody. 240 points in the wall-parallel direction

is therefore taken to be adequate for a grid-independent solution.

In the wall-normal direction, special attention is given tothe accurate resolution of the

free shear layer enclosing the recirculation bubble. Threegrids (160 × 150, 160 × 171, and

160× 220) with successive refinement in thej-direction are used to compute the flow. Majority

of the refinement is localized in the free shear layer and the recirculation bubble. The velocity

distribution across the shear layer (see Fig. 3.5) shows almost overlapping results from the two

finer grids. Also the pressure and heating rates obtained on the three grids are comparable, with

negligible difference between the two finer grids (Fig. 3.4). 171 points are therefore taken to be

adequate in the wall-normal direction.

Further, the computational mesh in the near wake is modified such that the grid lines

are parallel to the shear layer. This is done by identifying aseparate grid block enclosing the
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Figure 3.6: Grid point distribution in the baseline grid (bottom half) and a modified grid that

is adapted to the shear layer (top half). White line identifiesthe boundary of the grid block

enclosing the shear layer and separation bubble.
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Figure 3.7: (a) Normalized pressure and (b) heat transfer rate on the afterbody computed using

the baseline grid and a modified grid that is adapted to the shear layer.

recirculation bubble and the shear layer (see Fig. 3.6), andcarefully controlling the distribution

of points along the block boundaries. The shear-layer adapted grid yields practically identical

size of separation bubble and shear layer location comparedto the baseline grid (bottom half of
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Figure 3.8: Residual history for a typical simulation. ‘Fulldomain’ indicates the rms residual

in the entire computation domain, ‘afterbody’ refers to therms residual in the afterbody domain

and ‘wake’ residual corresponds to the afterbody region of the grid downstream of the separation

point.

Fig. 3.6). The surface pressure and heating rate show negligible difference between the results

computed on the two grids (see Fig. 3.7).

Based on the foregoing study, the240 × 171 baseline grid was finalized and all results

using SA model presented below are computed on this grid.

All the grids presented above for the SA model have a wall-normal spacing of10−6 m on

the entire vehicle. This is equivalent toy+ of 0.9 or less along the forebody attached boundary

layer and0.02 or less on afterbody. Further refinement is found to have negligible (less than

0.2%) effect on the heat transfer rate obtained using the SA model.

3.2.2 Iterative Convergence

The flowfield is initialized to freestream values, except fora small region next to the conical

afterbody and flat base, where the velocity is set to zero. Theadvancement of the solution

is studied in terms of flow feature development and the corresponding residual history. The

rms density residual, normalized by its initial value, is plotted in Fig. 3.8 as a function of the

number of time steps. The corresponding physical time, normalized byτf , is discussed below.
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Figure 3.9: Afterbody heat transfer rate after different time steps.

The characteristic flow timeτf is defined asτf = D/U∞, and is1 × 10−4 s for the current

configuration.

There is a rapid drop in the residual for the first 20,000 time-steps. This corresponds to

the development of the bow shock and the boundary layer on theforebody, and the expansion

fans at the shoulder. The flow on the forebody reaches steady state during this period, which

corresponds to about 12τf . The separation bubble starts forming at this time and it grows to its

full size by about 46τf . The recirculating flow in the near wake shows a very slow convergence

to the steady state and it take up to2×105 iterations at a Courant-Friedrichs-Levy (CFL) number

of 100 to arrive at the final solution.

Beyond the initial drop, the rms residual continues to fluctuate between2 × 10−5 and

10−4. These fluctuations correspond to a grid point located alongthe bow shock near the first

expansion corner on the shoulder. This may be caused by a slight mis-alignment of the shock

with the grid lines. There is, however, no noticeable changein the shock location or shape

at this point, and the large value of the local residual does not appear to affect the rest of the

flowfield.

The high local residual value at the bow shock mis-alignmentpoint masks the iterative

convergence of the afterbody flowfield after the first 50,000 time steps. A second rms residual is

therefore computed in the region downstream of the shoulder, and is referred to as the afterbody
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Figure 3.10: Mach number distribution in the turbulent (SA model) flowfield around the FIRE

II re-entry capsule at Mach 16 and 35 km altitude. Representative streamlines are shown to

identify the recirculation bubble.

residual in Fig. 3.8. Compared to the full-domain residual, the afterbody residual drops to a

lower value, but oscillates around2.5 × 10−7. The origin of these oscillations is traced to the

separation point on the conical frustum. In the vicinity of separation point, all the flow variables

are found to fluctuate with very small amplitude (less than 0.05 % of the mean). The location of

the separation point is however not altered and therefore these oscillations have negligible effect

on the remainder of the flowfield. This can be seen from the residual computed only in the region

downstream of the separation point, denoted by the wake residual in Fig. 3.8. This includes

majority of the recirculation bubble, the neck region and the far wake. The wake residual shows

a steady drop to about3 × 10−9 after 2.5 × 105 time steps. The iterative convergence of the

afterbody heating rate to its steady-state value is shown inFig. 3.9. There is no noticeable

difference between the heat transfer rates obtained after2 × 105 and2.5 × 105 time steps, and

this is taken as an indicator for terminating the time-iteration process.

Overall, it typically requires computing over 220τf to reach the final steady state solution

for the current FIRE II flowfield. For a240× 171 grid, this takes about 230 cpu-hours on a 2.6

GHz Intel processor based machine.

3.3 Results

Figure 3.10 shows the RANS solution computed using the SA turbulence model in terms
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Figure 3.11: Normalized eddy viscosity distribution computed by turbulent (SA model) simu-

lation. Representative streamlines are shown to identify the recirculation bubble.

of the Mach number contours. The prominent features like bowshock and flow expansion at the

corners can be easily identified. The flow on the entire forebody is subsonic with Mach number

approaching unity close to the first expansion corner. The boundary layer remains attached

through the two successive expansions, and separates downstream of the second corner. Flow

separation on the conical frustum is found to generate a mildlip shock. The recirculation

bubble on the afterbody is characterized by a single toroidal vortex that extends up to about 0.36

diameter downstream of the base. The shear layer enclosing the recirculation region coalesce at

the neck and a recompression shock wave is generated. The flowis subsonic in the recirculation

bubble, and it expands to supersonic Mach numbers downstream of the neck.

The post-shock temperature in the fore stagnation region isabout 5700 K and it varies

less than 5% on the forebody. At this temperature oxygen is completely dissociated, whereas

nitrogen is mostly in its molecular form. There is a small amount of NO formed in this region.

Isothermal condition drops the temperature to 553.3 K at thewall causing recombination of

oxygen atoms in the boundary layer. Rapid drop in fluid densityassociated with the expansion

process leads to a frozen thermo-chemical state of the gas. The gas composition on the afterbody

is approximately same as that in the forebody inviscid region.

Figure 3.11 shows the distribution of eddy viscosity normalized by the local molecular

viscosity. This ratio quantifies the effect of turbulence ateach point in the domain. Eddy

viscosity is negligible compared to molecular viscosity inthe nose stagnation region. The

boundary layer is initially laminar, and it becomes transitional with µT/µ ≃ 5 just upstream

of the first corner. Strong flow expansion at the shoulder relaminarizes the boundary layer.
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Figure 3.12: Surface properties obtained using the SA turbulence model on the forebody: (a)

normalized pressure, and (b) heat transfer rate. Geometry points 1 and 2 are identified in

Fig. 3.1(c).

Subsequently, there is a build-up of turbulence in the shearlayer.µT ≥ 20µ in the recirculation

region, and its value increases through the neck up to about360µ in the wake.

3.3.1 Description of the Surface Properties

Figure 3.12 presents the computed surface properties on forebody of the vehicle. The wall

pressure follows a parabolic profile with maximum at nose stagnation point (s/D = 0) and a

rapid drop due to expansion at the shoulder (s/D = 0.52). Heat transfer rate varies gradually

on the forebody with a maximum value of 219W/cm2 at the nose. The stagnation point heating

rate matches well with the theoretical estimate of Fay and Riddell [5] and flight data [41] (shown

by symbols in Fig. 3.12(b)). At the expansion corner the heating rate has a local peak followed

by a sharp decrease as the gas temperature drops due to flow expansion.

The pressure and heating rate on the afterbody surface are presented in Fig. 3.13. The

vertical scales are magnified as compared to Fig. 3.12 to highlight the low afterbody levels. The

extent of the conical frustum and flat base are identified in the figure. Flow expansion on to the

conical afterbody results in a sharp decrease in pressure ats/D ≃ 0.65. A similar pressure drop

due to the expansion of the reversed flow at the base corner is observed ats/D ≃ 1.42. The

pressure at the base stagnation point is about 7.23p∞, which is about 2% of the nose stagnation
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Figure 3.13: Surface properties obtained using the SA turbulence model on the afterbody: (a)

normalized pressure, and (b) heat transfer rate. Geometry points 3, 4 and 5 are identified in

Fig. 3.1(c).

point value. The expansion corners are also marked by local peaks in the heat transfer rate. In

between the two expansion corners, the afterbody pressure and heating rate show a monotonic

increase from the separation point at the shoulder to the base corner. The base stagnation point

heating rate is 22.48W/cm2, which is 10.3% of the corresponding nose stagnation point value.

The afterbody heating rate predicted by the SA model is foundto exhibit small waviness

along the conical frustum. This waviness occurs when the value of the damping functionfw in

the eddy viscosity equation drops below zero. The model equation with the damping function

limited to non-negative values results in a smooth variation of the afterbody heating rate, which

is shown in Fig. 3.13(b). This modification to the SA turbulence model does not affect any

other part of the flow solution.

3.3.2 Effect of Geometric Simplifications

The FIRE II vehicle geometry has ring like structures at the heatshield-aftshell interface and at

the base corner. The simplified geometry presented above does not include these details. An

updated outer mold line is simulated to study the effect of these additional geometrical features,

if any, on the computed flow predictions. The exact dimensions of these ring-like structures

could not be found in the literature. Their sizes are approximated from geometry sketches given
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Figure 3.15: Enlarged view of secondary flow separation regions in the flowfield over modified

geometry model (a) heatshield-aftshell interface (b) basering.

in Ref. 41 and they are modeled as finite height steps at the respective locations (see Fig. 3.14).

The finite step at the beginning of the conical afterbody moves the separation point up-

stream to the corner location. A small secondary vortex (seeFig. 3.15(a)) is formed close to the

separation point. Secondary separation is also observed atthe base ring (see Fig. 3.15(b)). In

spite of these changes, the overall size of the recirculation bubble and the shear layer angle are

found to be comparable to the baseline geometry (Fig. 3.14).

47



s/D

p w
/p

∞

0.6 0.8 1 1.2 1.4

2

4

6

8

10
Baseline geometry
Modified geometry

(a)

s/D

q,
W

/c
m

2

0.6 0.8 1 1.2 1.4

10

20

30

40 Baseline geometry
Modified geometry

(b)

Figure 3.16: Effect of heatshield-aftshell interface and base ring on surface properties: (a)

normalized pressure (b) heat transfer rate.

The surface pressure and heat transfer rates computed usingthe modified geometry are

close to that of the baseline geometry over majority of the conical frustum (Fig. 3.16). The only

differences are localized in the regions of geometry variation. The finite step at the heatshield-

aftshell interface is found to increase the surface pressure in this region. On the other hand,

the secondary vortex at the base corner reduces the surface pressure and heating rate. There is

negligible effect of the geometry variations on the heat transfer prediction in the range0.7 <

s/D < 1.3, where comparison is made with the in-flight measurements.

3.3.3 Comparison with Flight Data

The pressure and heating rate measured during flight are compared to the different computa-

tional results in Fig. 3.17. Pressure is measured ats/D = 1.27 and surface heating values are

available ats/D = 0.77, 0.96, 1.13 and1.27. For a fixed axial station, there is little varia-

tion between the heating data at different circumferentiallocations. Therefore the heat transfer

rates along the three circumferential rays (φ = 0o, 120o and240o) are not distinguished in Fig.

3.17(b).

Experimental measurements in turbulent base flow yield uniform pressure in the separation

bubble [43]. This may be because of the unsteady turbulent mixing in the core flow that helps

in equalizing the pressure on the base, and thus yield a uniform surface pressure in the time-
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Figure 3.17: Comparison of computed afterbody (a) surface pressure and (b) heat transfer rate

with in-flight measurements [36] for flow over FIRE II capsule at 35 km altitude.

averaged solution. Similar trend is expected to be valid in the turbulent recirculation bubble

at the current conditions, and therefore the single pressure data point is taken as representative

of the entire conical frustum. This is indicated by the dotted line in Fig. 3.17(a). The in-flight

measurement is lower than the CFD prediction.

There is large scatter in the pressure measurement between the range 1651.75 to 1655.75

sec which brackets the current trajectory point. This is because the afterbody pressure levels

during this period are close to upper operating limit of the pressure sensing system. The actual

afterbody pressure may therefore be higher than the value reported in Ref. 36. A higher in-flight

pressure level is expected to improve the comparison between computation and measurement.

Comparison of the computed heating rate with the flight data ispresented in Fig. 3.17(b).

The predicted heating rate is lower than measurement at the beginning of the recirculation bub-

ble. Due to monotonic increase, the computed heat flux exceeds the flight data in the later part

of the conical frustum. The predicted heat flux ats/D = 0.96, 1.13 and1.27 is within the

flight measurement uncertainty. Overall, the computed heatflux compares well with the flight

data.
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3.4 Summary

Hypersonic turbulent flow around the FIRE II re-entry module at 35 km altitude condition is

computed using Reynolds-averaged Navier Stokes method. Five species air chemistry and a

two-temperature vibrational relaxation model is used in the simulations. Turbulence closure is

achieved using the one-equation Spalart-Allmaras (SA) model. Effects of geometric simplifica-

tions made in approximating the outer mold line of the capsule are studied. The computations

found to predict the in-flight heating rate measurements at the nose stagnation point and on the

conical frustum reasonably well. The in-flight measurementof pressure is higher than that of

the computed values.
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Chapter 4

Heating Rate Variations at 35 km Altitude

In this Chapter effects of chemical reaction rates on aero-heating predictions have been investi-

gated. Numerical simulations are performed by varying the reaction rate constants on the FIRE

capsule at the freestream conditions corresponding to the 35 km trajectory point. CFD solutions

obtained by altering the rate constants are carefully analyzed to understand the physical effects

that influence the surface heat transfer rate. Initially, the flowfield solutions are computed by

varying the rate constants only in the boundary layer. Subsequently, simulations are performed

by varying the rate constants in the entire domain. This enables us to isolate the effects of

shock layer chemistry from those of the boundary layer chemistry on the flowfield and surface

properties.

4.1 Simulation Methodology

The re-entry flowfield at 35 km altitude is simulated by solving the Reynolds-averaged Navier-

Stokes (RANS) equations along with a finite rate chemistry model and the procedure is identical

to that presented in Sec. 3.2. A separate grid convergence study has not been performed as the

test case chosen is same as that presented in Chapter 3. Therefore, 240× 171 is used for the

altered reactivity simulations (see Sec. 3.2.1). The procedure for altered reactivity simulations

is explained below.

4.1.1 Chemical Reaction Kinetics

The rates of chemical reactions are function of concentrations of participating species, temper-

ature and rate constants. The details are given in Sec. 2.1.4and are repeated below. The rate
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constantskb andkf are given by

kfn(Ta) = CfnT
ηn
a exp(θdn/Ta) (n = 1, ..., 5) (4.1)

whereCfn, ηn andθdn are experimentally determined curve fit data for thenth reaction over

a given temperature range.Ta is the effective temperature and for dissociation reactions (n =

1, 2, 3) it is taken as the geometric average of the translational-rotational and vibrational tem-

peraturei.e. Ta =
√
TTv. For exchange reactionsTa = T . The backward reaction rate constant

is obtained using the principle of detailed balance

kbn(T ) =
kfn(T )

Keq,n

(4.2)

whereKeq,n is the equilibrium constant given in Ref. 9.

The above set of equations define the chemical kinetics used in the current CFD algorithm.

The data presented in Ref. 9 show that the uncertainty in the measurement of rate constants is

about one order of magnitude. Hence simulations are performed by increasing and decreasing

the chemical reaction rate constants (kf andkb) by ten times compared to the baseline val-

ues. We change the rate constants for both the forward and backward reactions so that the

equilibrium constant remains the same for the given local thermodynamic conditions. Similar

procedure is used in Ref. 43. Rate constants are altered for allfive reactions simultaneously.

In the CFD algorithm, the reaction rates are altered by multiplying the rate constants by

a reaction scaling factor (rsf). The modified forward rate constant at each point is given by

rsf∗kfn , wherekfn is calculated using Eq. 4.1. The backward reaction rates arealso multiplied

by the same factor. Hence a value of rsf=10 corresponds to thehigher reactivity case, where

reaction rate constants are increased by ten times. On the other hand, rsf=0.1 represents lower

reactivity case where reaction rate constants are decreased by ten times, and rsf=1 indicates

baseline simulation. Note that the chemical source terms inall the simulations are evaluated

using mean flow properties, such that the effect of turbulentfluctuations on the reaction rates is

neglected. The interaction of turbulence and chemistry canlead to additional variation in the

reaction rates, which is beyond the scope of the present paper.

The surface heat transfer rate is directly influenced by the gas composition and tempera-

ture in the thermal boundary layer adjacent to the wall. The gas properties in this region are

primarily determined by the exothermic recombination reactions caused by the isothermal cold

wall condition. The thermo-chemical reactions at the shockwave and in the inviscid post-shock
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region affects the flow properties at the boundary layer edge. The thermo-chemistry at the shock

wave is predominantly endothermic and variation in the corresponding reaction rates can alter

the boundary layer edge conditions and therefore the heating rate predictions.

We first study the changes in surface heat flux due to the alteration in reaction rates only

in the boundary layer. In the baseline simulation, the maximum boundary layer thickness is

found to be 2.6 mm, which corresponds to about 80 wall-normalpoints in the computational

grid. In this region, the reaction rates are altered by setting rsf 6= 1. Outside the boundary

layer, a value of rsf = 1 is used, such that the reaction rates match the baseline values. This

results in boundary layer edge conditions that are identical to the baseline solution. Variation in

fluid properties at the boundary layer edge caused by the thermo-chemistry at the shock wave

are subsequently studied by altering the reaction rates uniformly over the entire computational

domain. A controlled study of this nature allows us to isolate the physical effects in different

parts of the flowfield.

4.2 Results

A brief description of the computed FIRE II re-entry flowfield and surface properties are

given below. Next, the details of the thermo-chemical stateof the gas and chemical reactions

in the boundary layer are presented. The effect of variationin the chemical reaction rates on

heating predictions is explained subsequently.

Main features of the flowfield are shown in Fig. 4.1 in terms of the Mach number contours.

The prominent features like bow shock and flow expansion at the corners can be easily identi-

fied. The flow on the entire forebody is subsonic with Mach number approaching unity close

to the first expansion corner. The post-shock temperature inthe nose stagnation region is about

5700 K and it varies less than 5% on the forebody. Flow expansion at the first corner results in

decrease of temperature to 4100 K. Further expansion aroundthe second corner decreases the

temperature to about 1800 K.

The boundary layer remains attached through the two successive expansions, and separates

downstream of the second corner. The recirculation bubble on the afterbody is characterized by

a single toroidal vortex that extends up to about 0.36 diameter downstream of the base. Flow

in the separation bubble is subsonic with vortex core temperature of about 4000 K. The shear

layer enclosing the recirculation region coalesce at the neck, and a recompression shock wave
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Representative streamlines are shown on the afterbody to identify the recirculation bubble.
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Figure 4.2: Distribution of the gas density, normalized by freestream density, in flow around

FIRE II re-entry capsule.

is formed. The temperature of the gas in the neck region is close to 4900 K. The temperature in

the inviscid region outside the wake is about 2000 K and the Mach number there is about 3.5.

Figure 4.2 shows normalized density distribution in the flowfield. Density of the gas in-

creases across the bow shock to 11 times the freestream density in the nose stagnation region.

Rapid expansion at the shoulder reduces the density of the mixture to 0.2–0.4ρ∞ on the after-

body. At the boundary layer (not visible on the scale of Fig. 4.2) gas temperature decreases

to the cold wall value, which increases the mixture density to about 100ρ∞ at the wall. The

density of the gas in the afterbody near-wall region is about2ρ∞. Overall the density of the

gas changes by three orders of magnitude in the computational domain, and it determines the
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Figure 4.3: Gas properties at the shock wave along the stagnation streamline: (a) translational-

rotational and vibrational temperatures and, (b) species mass fractions.

degree of thermo-chemical activity in the different parts of the flowfield. The thermo-chemical

state of the gas has an important influence on the surface heating rate as explained below.

The variation in the gas temperatures and composition at theshock wave are shown in

Fig. 4.3. The data is plotted along the stagnation stream line such that the flow is in the positive

x-direction and the nose stagnation point is atx=0. The translational-rotational temperature

peaks at about 8500 K immediately downstream of the shock wave, followed by rapid decrease

due to transfer of translational energy into vibrational and chemical energies. The vibrational

temperature shows a gradual rise to about 6200 K. As the chemical reactions progress, there is

a drain of translational and vibrational energies. This results in decrease of both temperatures

to a equilibrium value of 5700 K in the post-shock region.

Oxygen molecules are mostly dissociated in the post-shock region with an atomic oxygen

mass fraction of0.22. NO is formed behind the shock to a maximum level of 8%. It decreases

to 2% in the post-shock region. The exchange reactions result in an increase ofYN up to 0.05

and decrease ofYN2
to 0.71. The gas composition in the majority of the forebody inviscid

region is close to the post-shock values in Fig. 4.3(b). The flow expansion at the shoulder

results in a slight increase inYN2
andYO with a corresponding decrease inYN andYNO. The

gas composition in the afterbody inviscid expansion regionis primarily composed of N2 and O

with mass fraction of 0.75 and 0.23 respectively. Minor changes in the mass fraction of N2, N
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and NO are observed in the separation bubble due to chemical reactions in the hot vortex core.

The thermal state of the gas in the flowfield is explained with the aid of Fig. 4.4, which

plots the translational-rotational and vibrational temperatures along a stream line (identified as

streamline ‘AB’ in Fig. 4.2) passing through the bow shock andthe inviscid regions on the fore-

body, shoulder and afterbody. The two temperatures are identical in the post-shock region on the

forebody. A high fluid density in this region equilibrates both the translational and vibrational

temperatures leading to a thermal equilibrium state. As thegas expands around the shoulder,

a low density in the afterbody flowfield freezes the energy exchange between the translational

and vibrational modes, resulting in a thermally frozen state on the afterbody. The vibrational

temperature freezes at about 5000 K, whereas the translational-rotational temperature drops to

values lower than 2000 K. The transition between the thermalequilibrium on forebody and

frozen state on afterbody occurs through a thermal non-equilibrium state in the shoulder region.

Chemical state of the gas follows a trend similar to that of thethermal state. The gas approaches

a chemical equilibrium state in the nose stagnation region with a non-equilibrium state on the

shoulder. The chemistry is in a frozen state in the afterbodyregion.

Figure 4.5(a) shows the variation of the two temperatures inthe thermal boundary layer

at the nose stagnation point. Local boundary layer thickness is used to non-dimensionalize the

wall normal distance, such thatl/δ = 0 represents the wall location andl/δ = 1 corresponds to

the thermal boundary layer edge. Both the translational-rotational and vibrational temperatures

56



l/δ

T
,T

v
(K

)

0 0.2 0.4 0.6 0.8 1

2000

4000

6000

T
Tv

(a)

l/δ

M
as

s
fr

ac
tio

ns

0 0.2 0.4 0.6 0.8 1

0

0.2

0.4

0.6

0.8
YN2

YO

YO2

YNYNO

(b)
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l/δ

R
ea

ct
io

n
ra

te
s,

kg
-m

ol
/m3 .s

ec

0 0.2 0.4 0.6 0.8 1

0

20

40

R1

R2

R3

R4

R5
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the nose stagnation point.

of the gas decrease from 5700 K in the outer inviscid flow to 553.3 K at the isothermal wall. In

the boundary layer mass fraction of atomic speciesi.e. O and N decrease, and a corresponding

increase in mass fractions of O2 and N2 can be noticed in Fig. 4.5(b).YNO also increases from

0.02 at edge of boundary layer to0.05 at wall.

Figure 4.6 depicts the rate of the different chemical reactions in the boundary layer. In the

immediate vicinity of the wall, recombination of O is predominant and this leads to an increase

in YO2
. The rate of the exchange reactions (R4 andR5) have non-negligible values for0.2 <

l/δ < 0.4 and they increase the mass fractions of N2 and NO with a corresponding decrease in
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YN. However these changes are smaller compared to the changes in oxygen mass fractions. In

the outer portion of the boundary layer (l/δ > 0.5), the reaction rates are approximately zero.

4.2.1 Effect of Reaction Rates Variation on the Heating rate

Figure 4.7 compares the forebody heat transfer rate obtained by varying the reaction rate con-

stants with those of the baseline simulation (rsf=1). Lowering the reaction rates in the boundary

layer (rsf=0.1) decreases the heating rate and enhancing the reaction rates (rsf=10) results in

an increase in the heat transfer rate. Also, the heating rateobtained by altering only the rate

constant of oxygen recombination reaction are identical tothat when all the five reactions rates

are changed simultaneously. Therefore at the chosen freestream conditions, the surface heating

rate is primarily influenced by the rate of oxygen recombination, which is the dominant reaction

in the near wall region (see Fig. 4.6).

As noted earlier, the cold wall condition favors recombination reactions in the boundary

layer. Increasing the reaction rates therefore enhances the formation of diatomic species. Fig-

ure 4.8 shows that in the boundary layer, the mass fraction ofoxygen molecules increases for

the higher reactivity case compared to the baseline simulation, and vice-versa. The recombi-

nation reactions are exothermic, and higher reactivity results in higher heat release. The gas

temperature is therefore elevated in the rsf=10 simulationas compared to baseline case. Oppo-

site is true for lower reactivity simulation. This trend is depicted in Fig. 4.9(a) which shows the

gas temperature at the first cell next to the wall.

The change in the gas composition due to recombination reactions leads to change in the
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mixture conductivity. For the current range of thermodynamic conditions, the relative magni-

tude of thermal conductivity among the species is

κN > κO2
> κN0 > κN2

> κO (4.3)

As molecular oxygen has higher thermal conductivity than its atomic counterpart, the rsf=10

case has higher thermal conductivity of the gas mixture (seeFig. 4.9(b)). An elevated gas

temperature and mixture conductivity in the higher reactivity case leads to the higher heating

rate. The reverse is true for the lower reactivity simulation.

The heat flux to the wall can be written as

q = −κ
∂T

∂η
= −κ

T2 − Tw

△η
(4.4)

where the mixture conductivity is a function of its composition and local thermodynamic condi-

tion. The wall-normal temperature gradient is discretizedin terms of the gas temperature at the

first cell next to the wall, the wall temperature, and the wall-normal distance,△η. The change

in heat flux due to varying reaction rates can therefore be expressed in terms of change inκ and

T2. The quantitiesTw and△η remain fixed in all the three simulations.

△q

q
=

△κ

κ
+

△T2

T2 − Tw

(4.5)

where higher-order terms are neglected. A quantitative analysis of the changes in heat transfer

flux due to the varying reaction rates at different locationson the body is given below.
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Figure 4.9: Changes in (a)T2, and (b) mixture conductivity on forebody due to variation in

reaction rates.

4.2.2 Nose Stagnation Point

Table 4.1 shows a budget of Eq. 4.5 at the nose stagnation point for the higher and lower reac-

tivity cases, where the changes are calculated with respectto the baseline solution. The positive

values listed for rsf=10 represent increase in the mixture conductivity and the gas temperature.

The negative values, on the other hand, correspond to a reduction in the respective values when

the reaction rate constants are decreased. The heating rateis enhanced by 2.4% for rsf=10 and

reduced by 8.5% for rsf=0.1. Note that the stagnation point heating rate is more sensitive to

lowering the reaction rates than to increasing the reactivity. A similar trend in heat transfer

rate variations is seen all along the forebody boundary layer (see Fig. 4.7). The reason for this

trend in heating rate can be explained in terms of the chemical state of the gas (equilibrium,

non-equilibrium or frozen) and the extent of the recombination reactions.

In the forebody shock layer, the gas is in chemical equilibrium, i.e. asT → Tw, the gas

composition approaches its equilibrium value given by the local thermodynamic conditions.

Hence increasing the reaction rates does not alter the gas composition significantly. In the

baseline simulations, majority of the atomic species recombine to form diatomic molecules. At

the wall, the mass fraction of O2 is close to its maximum achievable freestream value. Hence

enhancing the recombination reactions further increases O2 mass fraction by a small amount

(0.02) (see Fig. 4.8), which has minimal effect on the heating rate. When reaction rates are

decreased, recombination reactions are suppressed and it leads to an appreciable change in O2
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Table 4.1: Contribution of△κ/κ and△T2/(T2 − Tw) to△q/q at the nose stagnation point.

% change rsf=10 rsf=0.1

△κ/κ 1.91 -4.61

△T2/(T2 − Tw) 0.48 -4.08

△q/q 2.40 -8.50

concentration in the boundary layer compared to the baseline solution. The heating rate is

therefore altered significantly for lower reactivity case.

4.2.3 Expansion Region

Figure 4.7 shows that the variations in surface heating ratedue to the alterations in reaction rate

constants increases as we go from the stagnation point (s/D=0) to the shoulder (s/D=0.51).

Similar trends can be observed inT2 andκ in Fig. 4.9. This is because of flow expansion along

the forebody, which is characterized by a decrease in pressure, temperature and density with

increasing distance from the stagnation point.

As the density decreases from the stagnation region to the shoulder, the reactions get

slower and the chemical state of the gas changes from equilibrium to non-equilibrium. The

gas composition does not approach equilibrium values corresponding to local thermodynamic

condition at the cold wall temperature, and an appreciable fraction of the gas is in its atomic

state. The extent of recombination is lower than that at the nose stagnation point and the mass

fraction of O2 molecules is not recovered to its freestream value. For example, ats/D = 0.52

located at the first expansion cornerYO2
reaches a value of 0.13 at the wall, as compared to a

maximum possible value of 0.22 (see Fig. 4.10).

Increasing the reaction rate constants (rsf=10) takes the gas closer to the chemical equi-

librium state. It increases the extent of recombination (see Fig.4.10) appreciably, which in turn

results in an appreciable increase in the mixture conductivity and the gas temperature. Table 4.2

shows the contribution of∆κ and∆T2 to the overall heating rate enhancement at the expansion

corner. Increased mixture conductivity (due to the additional O2 recombination), and increased

gas temperature (due to the exothermic reactions) result ina 16.8% enhancement in the surface

heating rate. Decreasing the reaction rate constants (rsf=0.1) has the opposite effect. It results
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Table 4.2: Contribution of△κ/κ and△T2/(T2−Tw) to△q/q in the shoulder expansion corner

(s/D=0.52).

% change rsf=10 rsf=0.1

△κ/κ 3.92 -5.55

△T2/(T2 − Tw) 12.38 -10.22

△q 16.80 -15.20

in a significant decrease in O2 mass fraction. The corresponding changes in∆κ and∆T2 are

listed in Table 4.2 and they add up to a 15.2% decrease in the surface heating rate.

4.2.4 Afterbody

The changes in surface heat flux along the afterbody frustum and base due to changes in the

reaction rate constants are shown in Fig. 4.11. The change inafterbody heating rate is much less

than that observed on the forebody. Increasing the reactionrates results in only two appreciable

changes in heat flux distribution. First, there is a rise in the base heating value as compared to

the baseline simulation. Second, the location of the separation point (ats/D ≃ 0.7) changes,

resulting in a corresponding variation in heating rate in this region. We study the flow solution

at the base stagnation point (s/D = 1.5) in detail.

The lower changes in the afterbody heat flux to the variation in reaction rates is due to
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Figure 4.11: Effect of variation in reaction rates on the afterbody heating rate.

Table 4.3: Contribution of△κ/κ and△T2/(T2−Tw) to△q/q at base stagnation point (s/D =

1.5).

% change rsf=10 rsf=0.1

△κ/κ 2.38 -1.46

△T2/(T2 − Tw) 2.32 1.77

△q 4.76 0.27

a frozen chemical state of the gas in this region. This inhibits recombination reactions in the

boundary layer as evident in Fig. 4.12(a). Oxygen is mostly in its atomic form in the baseline

(rsf=1) simulation, withYO2
= 0.02 at the wall.YO2

increases to 0.05 for rsf=10, and decreases

below 0.01 for rsf=0.1. Unlike the forebody and shoulder boundary layers, the changes inYO2

observed in Fig. 4.12(a) are not entirely because of variation in reaction rate constants in the

near-wall region. There is a noticeable difference betweentheYO2
values computed at the edge

of the boundary layer in the three simulations. The reason for this is explained below.

The gas that is trapped in the recirculation bubble originates from the forebody boundary

layer. Changes in the gas composition in the forebody boundary layer caused by the variation

in reaction rates is convected into the vortex core and free shear layer on the afterbody. This

results in an appreciable variation inYO2
at the boundary layer edge between the three simula-

tions. Changes in the mixture composition at the boundary layer edge and increased reactivity

in the boundary layer lead to an increase in the mixture conductivity by about 2.4% in the
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Figure 4.12: Profiles of (a)YO2
and (b) temperature in the thermal boundary layer at the base

stagnation point.

rsf=10 simulation. The conductivity decreases by about 1.5% in the lower reactivity case (see

Table 4.3).

Similar to the mixture conductivity, the gas temperature adjacent to the wall is also deter-

mined by a combination of the boundary layer edge effect and the changes caused by altering

the reaction rates in the near-wall region. Figure 4.12(b) shows that the boundary layer edge

temperature is lower for rsf=10 compared to the baseline simulation and it counteracts the in-

crease inT2 due to enhanced exothermic reactions in the boundary layer.The opposite is true

for rsf=0.1 solution. The net effect is an increase inT2 by 2.3% in the higher reactivity case and

an increase of 1.8% in the lower reactivity simulation (see Table 4.3). For rsf=10 case, changes

in gas temperature add to the changes in the mixture conductivity leading to a 4.8% increase

in the base heating rate. On the other hand, changes inκ andT2 due to reduced reaction rates

cancel each other to yield a negligible effect on the base heating rate for rsf=0.1.

4.2.5 Increased Reactivity in the Entire Domain

Figure 4.13 compares the flowfield solutions obtained from the baseline simulation (top half)

and a higher reactivity simulation in which the rate constants are increased (rsf=10) uniformly

over the entire computational domain. The shape of the bow shock wave, the shock stand-off

distance and the temperature of the gas in the inviscid shocklayer are essentially same in the

two solutions. However the afterbody flowfield shows some marked changes. In the higher
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YNO along the stagnation streamline.

reactivity simulation, the separation point shifts downstream compared to that of the baseline

case, resulting in a significant reduction in the separationbubble size. A lip shock originating at

the separation point can be clearly seen in the higher reactivity case, and the shear layer angle

is lower by 2.32◦ as compared to the baseline simulation.

The variation of gas temperature andYNO along the stagnation stream line is shown in
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Fig. 4.14. Increased reactivity (rsf=10) at the shock wave enhances the dissociation of N2 and

O2, leading to a higher level of NO formation. As the dissociation is an endothermic process,

higher dissociation at the shock wave leads to a lower temperature (by about 1000 K) than the

baseline solution. Downstream of the shock wave, the two solutions are identical in terms ofT

andYNO. This corresponds to the thermo-chemical equilibrium region, whereT = Tv and all

the species concentrations attain their equilibrium values. This gives identical solution at the

boundary layer edge in the baseline and higher reactivity simulations. Further changes in the

thermal boundary layer in the higher reactivity case match those obtained (see Fig. 4.8) when

the reaction rates are enhanced only in the near-wall region. This is reflected in the overlapping

heat transfer predictions obtained from the two rsf=10 simulations in Fig. 4.15.

The gas approaches thermo-chemical equilibrium in the entire region between the bow

shock and the spherical forebody. As a result, the changes inT andYNO induced by higher

reactivity at the shock (see Fig. 4.14) have a negligible effect on the shape and location of

the bow shock. Also, the changes at the shock wave have no effect on the surface heating

augmentation on the entire forebody, up to the first expansion corner (see Fig. 4.15).

Increasing the reaction rates outside the boundary layer has a much larger effect on the

surface heat flux at the shoulder. Flow expansion in this region and the associated temperature

drop causes recombination and exchange reactions. The gas is in a state of thermo-chemical

non-equilibrium, so that increasing the chemical rate constants results in a higher degree of

these reactions. The gas chemistry in this zone is exothermic, and therefore a higher reactivity
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Figure 4.16: Effect of increasing the reaction rates on gas temperature: (a) along the streamline

AB shown in Fig. 4.2, and (b) across the boundary layer at the second expansion corner,s/D =

0.64.

results in a hotter gas in the outer inviscid flow than in the baseline simulation. Figure 4.16(a)

shows this effect in terms of the temperature distribution along the streamline AB that spans the

inviscid region on the forebody, shoulder and afterbody.

An elevated gas temperature in the rsf=10 simulation increases the surface heating rate on

the shoulder (0.54 < s/D < 0.64), as can be observed in Fig. 4.17(a). The effect is localized

in the vicinity of the first expansion corner, when the reaction rates are altered only in the near-

wall region. The gas chemistry is frozen in the later part of expansion, leading to heating rates

comparable to the baseline predictions. By comparison, whenthe reaction rates are altered in

the entire domain, its effect is carried further by the inviscid flow outside the boundary layer.

The resulting increase in gas temperature at the boundary layer edge (see Fig. 4.16(b)) has a

major effect. The heating rate in this case is enhanced over the entire shoulder region, up to the

second expansion corner. Table 4.4 shows the contribution of △κ and△T2 to the heating rate

increment ats/D = 0.64 obtained from the two higher reactivity simulations. The change in

the mixture conductivity is similar in the two cases. The dominant effect is the increase of△T2

when rsf=10 in the entire domain and it raises the surface heat flux by 32%.

The effect of increased reactivity on surface pressure (seeFig. 4.17(b)) is similar to that

observed for the heat flux. Compared to the baseline values, the pressure level on the shoulder

is elevated when the reaction rates are enhanced by a factor of ten.
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Figure 4.17: Effect of increasing the reaction rates in the entire domain on afterbody surface

properties: (a) heat transfer, and (b) normalized pressure.

Table 4.4: Contribution of△κ/κ and△T2/(T2 − Tw) to △q/q at the second expansion corner

(s/D = 0.64) in the two higher reactivity simulations.

% Change Boundary layer Entire domain

△κ/κ 3.22 3.02

△T2/(T2 − Tw) 2.37 27.37

△q 5.70 32.01

On the conical frustum, heating rates predicted by the threesimulations follow the same

trend (see Fig. 4.17(a)). There is a rapid drop in heat transfer at the expansion corner, followed

by a local minimum at the separation point. The heating rate increases along the separation

bubble, with a relatively high value at the base stagnation point. Enhanced reactivity in the

entire domain shifts the separation point downstream (alsosee Fig. 4.13). There is a slight

increase in the heat flux on the later part of the conical frustum and a relatively larger increase

in the base heating rate compared to the baseline simulation. Similar trends, but smaller in

magnitude, are also observed when the reaction rates are altered only in the near-wall region.

The pressure data shown in Fig. 4.17(b) shows a similar pattern. The pressure rise at the

separation point is shifted downstream for higher reactivity cases. As expected altering the rate

constants only in the near wall region has negligible effecton the pressure distribution. On the
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Table 4.5: Contribution of△κ/κ and△T2/(T2 − Tw) to △q/q at the at base stagnation point

(s/D = 1.5) in the two higher reactivity simulations.

% Change Boundary layer Entire domain

△κ/κ 2.38 2.51

△T2/(T2 − Tw) 2.32 16.89

△q 4.76 18.23

other hand, enhanced reactivity in the entire domain changes the size and shape of the separation

bubble, resulting in a higher pressure on the afterbody frustum and base.

Note that enhancing the reaction rate constants in the entire domain increases the base

heating rate by about 18.2% of the baseline value. Table 4.5 lists the contributions of increased

mixture conductivity and gas temperature to the rise in surface heating. The change in mixture

conductivity and therefore the extent of recombination in this case are similar in magnitude to

that obtained when the chemical rate constants are altered only in the boundary layer. However,

the gas temperature in the immediate vicinity of the wall is significantly higher for the case

of enhanced reactivity in the entire domain. As discussed earlier (section III. 4.2.4), the gas

temperature and the mixture composition at the base stagnation point are determined by a com-

bined effect of their boundary layer edge values and by the extent of exothermic recombination

reactions in the boundary layer. The effect of enhanced reactivity in the outer flow on boundary

layer edge values is the dominant factor in raising the heating rate. The chemical reactions in

the near-wall region has a minor effect on the surface heat flux. This is due to the low density

and consequently a frozen thermo-chemical state of the gas in this region.

4.2.6 Decreased Reactivity in the Entire Domain

Figure 4.18 compares of non-dimensional temperature contours and separation bubble stream-

lines obtained from the baseline case (top half) and the lower reactivity simulation (bottom

half) in which rate constants are decreased (rsf=0.1) uniformly in the entire computational do-

main. In the lower reactivity case, the gas temperature at the bow shock wave is higher, and

the shock stand-off distance marginally increases compared to the baseline simulation. Loca-

tion of the separation point and the shear layer angle are approximately same in both solutions.
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Figure 4.18: Comparison of non-dimensional temperature distribution and separation bubble

between the baseline (top half) and lower reactivity (bottom half) simulations.

The separation bubble is, however, slightly larger in the lower reactivity case than the baseline

simulation.

The variation of gas temperature andYNO along the stagnation stream line (Fig. 4.19)

shows that the shock wave moves slightly upstream when the reaction rates are reduced. A

decrease in reaction rates suppresses the dissociation of N2 and O2. This leads to lower level of

NO and a higher peak temperature at the shock. The trend is exactly opposite to that observed in

the higher reactivity case (cf. Fig. 4.14). A lower reactivity also results in a slower approach to

the thermo-chemical equilibrium state downstream of the shock. As expected, the gas properties

in the equilibrium region are identical in the two solutions. This results in identical values at the

boundary layer edge. Further changes in the thermal boundary layer in the lower reactivity case

match those obtained (in Fig. 4.8) when the reaction rates are suppressed only in the near-wall

region. The heat transfer rates predicted by the lower reactivity (entire domain) simulation is

same as the rsf=0.1 values presented in Fig. 4.7 over majority of the forebody surface and hence

not repeated here.

A lower reactivity suppresses the recombination and exchange reactions in the shoulder

expansion region. This results in a lower mass fraction of the molecular species and a lower gas

temperature. Both lead to a reduction in surface heat flux (seeFig. 4.20(a)) on the shoulder, as
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Figure 4.20: Effect of decreasing the reaction rates in the entire domain on afterbody surface

properties: (a) heat flux, and (b) normalized pressure.

explained in Section 4.2.3 Once again, the effect is localized in the vicinity of the first expansion

corner when the reaction rate constants are decreased only in the boundary layer region. For the

case with reduced reactivity in the entire domain, the surface heating rate is reduced over the

entire shoulder region (0.52 < s/D < 0.64). A similar reduction in the surface pressure on the

shoulder can be seen in Fig. 4.20(b).

The afterbody surface data presented in Fig. 4.20 shows a marginal reduction in heating

rate when the rate constants are decreased in the entire flowfield. The base heat flux is lower than

the baseline value by 6.5%. The pressure predictions show a relatively larger deviation from the
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baseline values, with a 16% reduction at the base stagnationpoint when the rate constants are

lowered in the entire domain. The surface pressure is found to be more sensitive than the heat

transfer rate to variation in separation bubble size, reported in Fig. 4.18.

4.3 Summary

Thermo-chemical state of the gas in the re-entry flowfield over FIRE II re-entry capsule at

35 km altitude is studied. Next, sensitivity of the aero-heating predictions is investigated by

changing the chemical reaction rate constants from their baseline values reported in the liter-

ature. Reaction rate constants (both forward and backward) are increased by a factor of ten

and then decreased by a factor of ten, while keeping the equilibrium constant same. The flow

features such as shock stand-off distance, structure and size of the afterbody separation bubble;

gas temperature and conductivity in the near-wall region computed from the altered reactivity

simulations are compared with those obtained from the baseline rate constants. This compari-

son provides insight into the physical mechanism that leadsto the variation in the heat flux. The

contributions of the near-wall gas temperature and thermalconductivity to the heating rate vari-

ations are analyzed at nose stagnation point, shoulder and base stagnation point. At the current

freestream conditions, typical of a low altitude re-entry trajectory point, surface heat transfer

rate is mainly affected by the variations in oxygen atom recombination rate in the boundary

layer. Increasing the reaction rate enhances the heating rate, and vice versa. Nose stagnation

point heat flux is found to be relatively insensitive to an enhancement in rate constants, on the

other hand a higher sensitivity is observed at the shoulder region.
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Chapter 5

Heating Rate Variations at 70 km Altitude

The changes in the heat flux due to the variation in reaction rates at a typical high altitude

condition is examined in this chapter. 70 km altitude point of AS-202 re-entry trajectory [39] is

chosen as a higher altitude condition and the correspondingfreestream conditions are listed in

Table. 5.1. The stagnation enthalpy at this condition is higher than that of the 35 km case where

as the density is two orders orders of magnitude lower. The high freestream Mach number at

this condition leads to a non-smooth variation in the heat flux at the nose stagnation point. A

method to alleviate this irregularity in the computed heat flux is explained. Thermo-chemistry

of the flowfield is studied in detail to understand the effectsof higher total enthalpy and lower

density of the freestream.

5.1 Simulation Methodology

The procedure followed to study the heating rate variationsdue to the uncertainty in reaction

rates is similar to that presented in Sec. 4.1.1. Initially rate constants are varied only in the

boundary layer to study the local chemistry effects of boundary-layer. Subsequently simulations

are performed by varying the rate constants in the entire domain to study the effects of chemical

reactions occurring in the shock layer. The grid topology used in these simulations is similar to

that used at 35 km condition. However the outer boundary is modified according to the shock

location at this condition.

No-slip, non-catalytic and isothermal boundary conditions are specified at the wall. The

temperature of the wall is assumed to be 553.3 K, and is same asthat used in the lower altitude

simulations. The vibrational temperature is assumed to equilibriate with the translational tem-
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Table 5.1: Freestream conditions at 70 km altitude trajectory point.

Free-stream Conditions

ρ∞ (kg/m3) 0.000152

U∞ (m/s) 7920

T∞ (K) 227

M∞ 26.2

Re∞D 4.79× 104

H0 (MJ/kg) 31.53

perature at the wall. Freestream conditions are applied at the outer boundary and extrapolation

condition is imposed at the exit station. A grid convergencestudy is performed to find out the

minimum requirements of grid-point density and is explained below.

5.1.1 Grid Convergence

Simulations are performed on successively refined grids to assess the sensitivity of the com-

puted solution to the grid-point density. Grid independence is evaluated in terms of the pre-

dicted surface heat flux, which is found to be most sensitive to the variation in computational

mesh. Tolerance levels for grid independence are reported below. First, grid convergence of

the forebody solution is presented. Next, sensitivity of the nose stagnation-point heating to the

shock-grid misalignment is described. Finally, the afterbody grid-refinement study is discussed.

Figure 5.1 shows the forebody surface heat flux computed on three successively refined

meshes. The 120×101 grid has 50 wall-parallel points on the forebody, while the 240×171 and

400×241 grids have 100 and 160 forebody points. In the wall-normal direction the three grids

have 101, 171 and 241 points respectively. The surface heat flux is plotted as a function of the

normalized arc length (s/D) measured from the nose stagnation point. There is noticeable dif-

ference between the first two grid solutions, both on the forebody and shoulder. By comparison,

the heat transfer rates obtained from the two finer grids (240×171 and 400× 241) are almost

identical, except for the nose stagnation region (s/D < 0.1).

All the grids show a dip in the heating rate nears/D = 0. This non-physical effect is due

to the numerical errors caused by a mis-alignment of the gridlines to the bow shock contours.
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Figure 5.1: Effect of successive grid refinement on forebodyheat flux.
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Figure 5.2: Effect of aligning the grid lines to the shock wave on the stagnation point heating

rate.

Saunderset al. [45] propose an algorithm to tailor the grid lines to the bow shock in order

to eliminate the irregularities in the predicted heat flux. Starting with an initial grid and the

corresponding solution, the algorithm generates a new gridby re-distributing the points so that

the grid lines are better aligned to the bow shock. Simulations are performed on the modified

grid, and the alignment procedure is repeated until the non-physical variation in heating rate is

completely eliminated.

We use the above algorithm to rectify the heat flux variation in the nose stagnation region.
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Figure 5.3: Heat transfer rate obtained on successively refined grids on the afterbody: (a) wall-

parallel, and (b) wall-normal directions.

Repeated application of the algorithm on the 240×171 grid presented above leads to a relatively

monotonic variation of heating rate in the stagnation region, and the corresponding solution is

marked as the grid-aligned solution in Fig. 5.2. Further improvement in the stagnation point heat

flux prediction is achieved by additional grid refinement (bya factor of two in thei-direction

on the forebody) and repeated alignment to the bow shock. Oneof the best results from the fine

mesh simulations is presented as the benchmark solution andis used for further comparison.

For all the grids presented above, the wall-parallel grid spacing at the nose stagnation point

is about 0.1 cm. It is found that a mesh with much larger grid spacing (approximately 0.9 cm)

at nose results in a lower sensitivity of the computed solution to the grid-shock misalignment.

Heating rate obtained from such a coarse grid simulation, with 58 wall-parallel grid points on the

forebody, is shown in Fig. 5.2. It is fairly monotonic in the stagnation region (s/D < 0.1), even

without extensive grid alignment. The coarse mesh heating rate prediction compares reasonably

well with that of the benchmark solution, with a maximum deviation of about 2.5% at the

stagnation point.

Next, grid sensitivity of afterbody solution is studied. Starting with the 240×171 grid

presented above, successive refinement in thei-direction is performed without altering the grid-

point distribution in thej-direction. The four grids presented in Fig. 5.3(a) have 140, 240,

300 and 360 wall-parallel points on the afterbody. The forebody is spanned by 100 points in
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each case. All the solutions show similar heat flux variationalong the afterbody. There is

a converging trend in the heating values with successive refinement, and the two finest grids

(400×171 and 460×171) predict practically the same heat transfer rate on the conical frustum.

Maximum deviation between the two solutions occurs at the base stagnation point and is about

2.8%. Hence, 400 points in the wall-parallel direction with300 points on the afterbody is taken

to be sufficient to obtain a grid-independent solution.

Figure 5.3(b) shows the effect of refining the grid in the wall-normal direction, while keep-

ing the wall-parallel grid unchanged. Three grids with 171,241 and 311 wall-normal points are

considered. Heating rate successively reduces with refinement such that minimal changes are

observed between the two finer grids (340×241 and 400×311). Once again, maximum differ-

ence in heat flux is observed at the base stagnation point, andis about 4%. Further refinement

in thej-direction is expected to give even smaller variation in surface heat flux. Hence, a total

of 311 points in the wall-normal direction is taken to be adequate to obtain a grid-converged

solution.

Based on the above study, a 400×311 grid with 100 points on the forebody and 300 points

on the afterbody in the wall-parallel direction is selectedfor further simulations. The grid has

a wall-normal spacing of 0.5×10−6 m and cell Reynolds number of 0.4 or less. Afterbody heat

transfer rate obtained from this grid is shown in Fig. 5.3(b). However, as depicted in Fig. 5.2,

a solution obtained on a mesh with 100 wall-parallel grid points on the forebody is sensitive to

grid-shock mis-alignment, which causes irregularity in the computed heat flux. The grid-shock

mis-alignment does not have an effect on afterbody solutionand associated surface properties.

Hence afterbody surface heat flux and wall pressure presented below are obtained from the full

body simulations performed on the 400×311 grid.

Achieving a smooth variation in heating rate at the nose stagnation point on 400×311

mesh requires many grid-alignment iterations. This process is cumbersome and highly time

consuming, when applied for all the altered reactivity simulations planned in this work. As an

alternative, we use the coarse mesh (120×108) shown in Fig. 5.2 for further forebody simula-

tions due to its robustness, and the results are expected to be accurate with in the limit specified

above. The wall-normal spacing in the coarse mesh is 1×10−6 m and the corresponding cell

Reynolds number is 0.83 or less.
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5.2 Results

A brief description of the computed re-entry flowfield and surface properties is given be-

low. Next, the details of the thermo-chemical state of the gas and chemical reactions in the

boundary layer are presented. The effect of variation in thechemical reaction rates on heating

predictions is explained subsequently.

Figure 5.4 shows the computed flowfield in terms of Mach numberand temperature distri-

bution. The prominent features like bow shock and flow expansion at the corners can be easily

identified. The flow on the forebody is subsonic with Mach number approaching unity close to

the first expansion corner. The post-shock temperature in the nose stagnation region is about

7000 K. Flow expansion at the first corner reduces the temperatureto 1000 K. Further expansion

around the second corner decreases the temperature to about800 K.

The boundary layer remains attached on the forebody and shoulder, and separates imme-

diately downstream of the second corner. The recirculationbubble on the afterbody is charac-

terized by a single toroidal vortex that extends up to 1.53 diameter downstream of the base. In

a majority of the separation bubble, the flow is subsonic withvortex core temperature of about

1800 K. The shear layer enclosing the recirculation region coalesce at the neck and a recom-

pression shock wave is formed. The temperature of the gas in the neck region is close to2500

K. The temperature in the inviscid region outside the separation bubble is about1000 K and

the Mach number is about 4.5. The reversed flow along the axis reaches a supersonic Mach

number of 1.16. A normal shock is formed at the base (see Fig. 5.4(b)) to decelerate the flow to

a subsonic Mach number.

Figure 5.5(a) shows the computed heat transfer rate on the forebody surface as a function

of the normalized arc-length (s/D) measured from the nose of the vehicle. The heat transfer

rate gradually decreases on the forebody from a maximum value of 80.49 W/cm2 at the nose

stagnation point. The heating rate falls rapidly at the expansion corner (s/D = 0.52) as the

gas temperature drops due to flow expansion. The afterbody heat transfer rate is shown in

Fig. 5.5(b), where the extent of the conical frustum and the base are identified. The expansion

corners are marked by local peaks in the heat flux. In between the two expansion corners, the

heating rate increases from the separation point at the shoulder to the base corner. The base

stagnation point heat flux is 2.08W/cm2, which is 2.7% of the nose stagnation point value.

The minimum heat transfer rate observed on the conical frustum (∼ 0.15 W/cm2) is close to

that measured on the Apollo afterbody (∼ 0.2 W/cm2) at identical freestream conditions. [39]
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Figure 5.4: Computed flowfield around a re-entry capsule at Mach 26.2: (a) Mach number

and (b) non-dimensional temperature distribution. Representative streamlines are shown on the

afterbody to identify the recirculation bubble.

It is difficult to compare the computed and measured base heatfluxes because of a non-zero

angle of attack during flight.

5.2.1 Boundary Layer Thermo-Chemistry

The variation of gas temperatures in the thermal boundary layer at the nose stagnation point is

presented in Fig. 5.6(a). Local boundary-layer thickness is used to non-dimensionalize the wall-

normal distance. Hencel/δ = 0 represents the vehicle surface andl/δ = 1 corresponds to the

boundary-layer edge. Flow is in thermal equilibrium (T ≃ Tv) at the edge of the boundary layer,

with both translational and vibrational temperatures around 6560 K. In the boundary layer, both
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Figure 5.5: Heat transfer rate obtained from the baseline simulation (rsf = 1): (a) forebody, and

(b) afterbody. Geometry points 1, 2, 3, 4 and 5 are identified in Fig. 3.1(c).

temperatures decrease monotonically to reach the wall value of 553.5 K.

The freestream gas is composed of oxygen and nitrogen molecules, with mass fractions of

0.233 and 0.767 respectively. The high temperature of the gas in the shock layer causes com-

plete dissociation of the oxygen molecules and a partial dissociation of the nitrogen molecules.

As a result, mass fraction of N2, N and O species attain values of 0.23, 0.54 and 0.23 respectively

at the boundary-layer edge (see Fig. 5.6(b)). Concentrations of the remaining two species are

negligible. The decrease of gas temperature in the boundarylayer initiates chemical reactions.

As a result, mass fraction of N2 increases to 0.52 at the wall with a corresponding decrease in

YN. However,YO, YO2
andYNO remain constant throughout the boundary layer. The change in

gas composition across the boundary layer is explained below with the aid of Fig. 5.7, which

depicts the chemical reaction rates and the species source terms in the boundary layer.

The chemical reactions and associated source terms are effective in the vicinity of the wall

(l/δ < 0.05, i.e. 5% of the boundary-layer thickness). However, the concentrations of N2

and N change throughout the boundary layer due to mass diffusion. The largest reaction rate

corresponds to NO recombination (see Fig. 5.7(a)).

R3 > 0 N + O +M → NO+M

The newly created NO molecules collide with the available N atoms to form N2 molecules
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Figure 5.6: Distribution of (a) temperatures and (b) species mass fraction in the thermal bound-

ary layer at the nose stagnation point.

through exchange reaction (4)

R4 > 0 NO + N → N2 +O

For l/δ > 0.005, it is seen thatR3 ≃ R4, and therefore the net effect of the above two reactions

is 2N → N2 with negligible influence on O2, O and NO. This results in equal and opposite

source terms for N2 and N (see Fig. 5.7(b)), and the other source terms (for O2, O and NO) are

approximately zero. The reaction ratesR3 andR4 attain peak value atl/δ ≈ 0.004 leading to

maximumWN2
and minimumWN at this location. A local peak in the source term of N2 is also

observed atl/δ ∼ 0.012, which is due to non-zeroR1 in this region.

Availability of NO molecules is critical for continuation of the exchange reaction. AsR3

drops to negligible values forl/δ < 0.004, the magnitude ofR4 decreases (see Fig. 5.7(a)).

For 0 < l/δ < 0.004, R2 andR5 attain non-negligible values and provide the NO required for

reaction (4). The resulting reaction mechanism that leads to the recombination of N atoms is as

follows. First, the recombination of oxygen atoms occurs via

R2 > 0 O + O+M → O2 +M

The newly formed oxygen molecules collide with N atoms, as per reaction (5), resulting in the

formation of NO and O atoms

R5 > 0 O2 +N → NO+O
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Figure 5.7: Variation of (a) reaction rates and (b) species source terms in the thermal boundary

layer at the nose stagnation point.

The newly created NO molecules collide with the available N atoms to form N2 molecules via

reaction (4)

R4 > 0 NO + N → N2 +O

The two exchange reactions (5) and (4) together result in theformation of N2 and O while

consuming N atoms. The newly formed O atoms again recombine as per reaction (2) to form O2

molecules, which initiates reaction (5). Thus, the above three reactions constitute a chain mech-

anism, where O2 molecules act as a catalyst in the conversion of N atoms to N2 molecules with

no net effect on O2 and O concentration. This reaction mechanism is similar to that described

by Park [?] for expanding nozzle flows. The chain reactions will cease when nitrogen recom-

bination is complete. In the absence of N atoms, only recombination of oxygen will occur. At

the current conditions, N atoms are not completely depleted, and therefore the concentrations

of O2 and O do not change. Note thatR2 6= R4 6= R5, with R4 andR5 attaining large local

values in the immediate vicinity of wall. An imbalance in these three reactions produces local

peaks in the source terms of O, O2 and NO in the region0 < l/δ < 0.004. However, there is no

appreciable effect of these locally high values of the source terms on the corresponding species

mass fractions (see Fig. 5.6(b)).

The conversion of N atoms to N2 molecules in the boundary layer occurs via the two

competing reaction mechanisms described above. The first mechanism (R3-R4) comprises re-
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Figure 5.8: Comparison of baseline rate constant for O2 and NO recombination.

actions (3) and (4), and is initiated by NO recombination. The second mechanism (R2-R5-R4),

consisting of reactions (2), (4) and (5), is initiated by O2 molecules. The majority of the N2

recombination occurs via the first mechanism. A preference for theR3-R4 mechanism can be

explained by comparing the rate coefficients of NO and O2 recombinations. The primary col-

lision partners for these two reactions are N2, N and O. The rate constants shown in Fig. 5.8

correspond to the case where the collision partner is an atom, and the temperature range spans

the present boundary-layer conditions. The rate coefficient of NO recombination is higher than

that of O2 recombination, which indicates that NO recombination occurs at a faster rate than

the latter. Hence, theR3-R4 mechanism initiated by NO molecules has a dominant contribution

to N2 formation. As N2 recombination progresses, the concentration of N atoms decreases and

leads to a sudden reduction inR3 at l/δ = 0.004 (see Fig. 5.7(a)). When NO molecules are not

produced through reaction (3), O2 recombination initiates theR2-R5-R4 mechanism.

5.2.2 Altered Reactivity in the Boundary layer

Numerical simulations are performed by changing the rate constants of the five reactions in-

dividually and in groups to study their effect on the surfaceheat transfer rate. Magnitude of

reaction rates, source terms and extent of N2 formation obtained in the new simulations are

compared with those in the baseline solution presented above. The reaction rate constants are

first altered only in the boundary layer to study their local effects. Solutions are then computed

by changing the rate constants in the entire domain.
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bination. The baseline result (from Fig. 5.5(a) is reproduced for comparison.)

The rate constants of O2 and NO recombination are varied initially as these two reactions

initiate the two competing N2-recombination mechanisms. The corresponding forebody heat

transfer rates are plotted in Figure 5.9. It is found that a increase in the rate constant of NO

recombination significantly enhances the heating rate on the entire forebody. Lowering the rate

constants of this reaction decreases the surface heat flux. An increase in the O2 recombination

rate constants also leads to enhanced heating rate. However, the heat flux increment is lower

than that obtained when NO recombination is enhanced. Further, decreasing the rate constant

of O2 recombination has minimal effect on the surface heat flux. The changes in gas chemistry

due to altered reactivity in the boundary layer and the consequent variation in gas properties

and surface heating rate are explained below.

Figure 5.10(a) shows the magnitude of reaction rates when rsf = 10 for NO recombination.

The reaction rates qualitatively match those observed in the baseline simulation, as shown in

Fig. 5.7(a). TheR3-R4 mechanism is dominant, and the corresponding rates are increased

over their baseline values. An enhanced production of NO molecules leads to an increase in

magnitude of the exchange reaction rateR4. The rates of other reactions (R2 andR5) remain

relatively unchanged from their respective values in the baseline simulation. The associated

changes inYN2
andYN are shown in Fig. 5.10(b). Formation of N2 in the boundary layer is

enhanced due to an increased magnitude ofR3 andR4. Mass fraction of N2 reaches a value of

0.68 at the wall, whereasYN decreases to 0.08.
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Figure 5.10: Variation of (a) reaction rates and (b) gas composition in the boundary layer, when

rsf = 10 for NO recombination.
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Figure 5.11: Magnitude of reaction rates when rsf = 0.1 for NOrecombination.

Figure 5.11 shows the reaction rates obtained for the case with rsf = 0.1 for NO recombi-

nation. The magnitude ofR3 is greatly reduced compared to the baseline simulation, whereas

the magnitude ofR2 is approximately equal to its baseline value. Note that the reduced NO

recombination rate constant (0.1×kb3) is lower than the O2 recombination rate constantkb2

(Fig. 5.12). O2 recombination therefore proceeds faster than NO recombination for this case,

and formation of N2 primarily occurs via theR2-R5-R4 mechanism throughout the boundary

layer. The reaction ratesR4 andR5 are also found to be lower in this case than their respective
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Figure 5.13: Magnitude of reaction rates when rsf = 10 for O2 recombination.

baseline values. Overall, N2 formation in the boundary layer is suppressed. Mass fraction of N2

attains a value of 0.36 at the wall, as compared to the baseline value of 0.49.

Figure 5.13 presents the magnitude of reaction rates obtained when rsf = 10 for O2 re-

combination. An increase inkb2 makes the O2 recombination proceed at a faster rate than NO

recombination (see Fig. 5.12). Thus, the second mechanism (R2-R5-R4) is favored for the for-

mation of N2 molecules in this case. The reaction ratesR2, R5 andR4 increase by a factor

of ten, as compared to their respective baseline values. Thehigher reaction rates enhance N2

formation near the wall, and result in a higher concentration of N2 in the boundary layer (YN2
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Figure 5.14: Magnitude of reaction rates when (a) rsf = 0.1, and (b) rsf = 10 for all reactions.

= 0.63 at the wall). On the other hand, whenkb2 is decreased, the magnitude ofR2 decreases

by ten times and this results in suppression ofR2-R5-R4 mechanism in the vicinity of wall.

Compared to theR3-R4 mechanism, which has a dominant contribution to N2 formation in this

case, suppression ofR2-R5-R4 mechanism has negligible effect on the extent of recombination.

Mass fraction of N2 approaches 0.48 at the wall, as compared to 0.49 in the baseline solution.

Altering the rate constants of exchange reactions (4) and (5), and N2 recombination reac-

tion (1) independently has negligible effect on the stagnation point heating rate. The essential

species required for N2 formation are O2 or NO. The reactions (1), (4) and (5) do not produce

the above two species in the boundary layer. Hence, changingthe reactivity of these three re-

actions does not alter the N2 formation process. On the other hand, increasing (decreasing)

the reactivity of either O2 or NO recombination enhances (suppresses) the respective mecha-

nisms of N2 production. Thus, we can say that O2 and NO recombination reactions are the rate

limiting steps in the N2 recombination process.

Next, we alter the rate constants of all five chemical reactions simultaneously in the bound-

ary layer, and the corresponding reaction rates are shown inFig. 5.14. In case of the reduced

reactivity (rsf=0.1), the N2 recombination process is similar to that observed in the baseline

simulation (Fig. 5.7(a)), but the magnitude of all reactionrates is lower than their correspond-

ing baseline values. The majority of recombination occurs via theR3-R4 mechanism, and the

R2-R5-R4 mechanism is active in the immediate vicinity of wall. The key element in the above
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Figure 5.15: Variation ofYN2
across the boundary layer for the baseline and the altered reactivity

cases.

chain reactions is availability of either NO or O2 molecules. A decrease in the rate constants

of O2 and NO recombination reduces the formation of O2 and NO molecules respectively, and

this leads to a reduction of the exchange reaction ratesR4 andR5. Thus, there is a marginal

recombination of N atoms across the boundary layer (see Fig.5.15), withYN2
= 0.3 at the wall.

Figure 5.14(b) plots the reaction rates across the boundarylayer for the higher reactivity

simulation (rsf = 10 for all reactions). The reaction mechanismR2-R5-R4 is preferred in this

case for the recombination of N atoms. The rates of the three reactions are enhanced signifi-

cantly. An increase in the rate constants of O2 recombination results in a higher availability of

O2 molecules. This, along with an increased rate constantkb5 , enhances the magnitude ofR5

more than ten times, as compared to its baseline value. A higherR5 increases the production

of NO and O, which in turn leads to an increase in the magnitudeof R4. This results in higher

level of N2 and O. The newly created O atoms again recombine to form O2 molecules, which

accelerate the loop reactions further. Thus, the present N2 recombination is a chain mechanism

and an increase in one reaction rate recursively enhances the other dependent reactions. The net

effect is a large increase in the N2-level in the boundary layer (see Fig. 5.15). The mass fraction

of N2 reaches a value of 0.76 at the wall, which is 55% higher than the baseline value.
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Figure 5.16: Effect of simultaneous alteration of rate constants on forebody heat transfer rate.

5.2.3 Effect on Surface Heat Flux

Increasing and decreasing the rate constants of five reactions simultaneously result in a stagna-

tion point heating rate of 117.87 and 44.20 W/cm2 respectively (see Fig. 5.16). The heating-

rate enhancement obtained when all the reaction rates are increased is higher than that obtained

when rate constants of O2 or NO recombinations are increased individually (see Fig. 5.9). This

is because all reactions in the boundary layer proceed in theexothermic direction and they favor

the recombination process. An increase in the rate constantof an individual reaction there-

fore enhances N2 formation, and increasing the rates of all five reactions simultaneously leads

to the formation of N2 to the highest extent. The corresponding heat release is highest when

all the reaction rates are increased and it enhances the surface heat flux. On similar lines, the

heat released due to exothermic reactions is minimum when the rates of all five reactions are de-

creased. The corresponding heat flux is lower than those obtained by reducing the rate constants

of individual reactions.

The heat flux to the vehicle surface is a function of near-wallgas temperature and the

mixture conductivity. The change in the heat flux due to varying reaction rates can, therefore, be

expressed in terms of the changes in the thermal conductivity and the gas temperature adjacent

to wall T2.

△q

q
=

△κ

κ
+

△T2

T2 − Tw

(5.1)

where higher-order terms are neglected. A quantitative analysis of the changes in heat flux, due
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Table 5.2: Contribution of△κ/κ and△T2/(T2−Tw) to△q/q in the higher (rsf = 10) and lower

(rsf = 0.1) reactivity cases at the nose stagnation point.

% change rsf = 10 rsf = 0.1

△κ/κ -16.79 9.42

△T2/(T2 − Tw) 76.00 -49.85

△q/q 46.46 -45.08

to varying reaction rates at different locations is given below.

Nose stagnation point

A budget of Eq. (5.1) for the stagnation point heat flux for thehigher and lower reactivity

simulations is shown in Table 5.2, where the changes are calculated with respect to the baseline

simulation values. Enhancing the reactivity (rsf = 10) increases the gas temperature in the near-

wall region by 76%, and the gas temperature decreases by about 50% when the reaction rates

are reduced (rsf = 0.1).

At the current boundary-layer conditions, the relative magnitude of thermal conductivity

among the species is:

κN > κO2
> κNO > κN2

> κO (5.2)

Molecular nitrogen has lower thermal conductivity than itsatomic counterpart. Increasing (de-

creasing) the reaction rates results in a higher (lower) mass fraction of N2, thereby reducing

(enhancing) the overall mixture conductivity. It decreases by 16.79% for the higher reactivity

simulation and increases by 9.42% in the lower reactivity case. The changes in conductivity

are opposite to those in the near-wall gas temperature. The heat release or the temperature ef-

fect is found to be the dominant contribution to the surface heat transfer rate. The net effect

is an enhancement in the stagnation point heating rate by 46.46% when the rate constants are

increased, and a reduction in the heat flux by 45.08% when the rate constants are decreased.

Note that the changes in thermal conductivity and temperature do not match the net change in

q as per Eq. (7.5), because of the contributions of higher-order terms that are neglected in the

analysis.

The equilibrium gas composition for the prescribed wall temperature and the computed
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Table 5.3: Contribution of△κ/κ and△T2/(T2 − Tw) to△q/q at the shoulder (s/D = 0.52).

% change rsf = 10 rsf = 0.1

△κ/κ -10.87 6.14

△T2/(T2 − Tw) 57.14 -26.53

△q/q 41.65 -21.25

wall pressure isYN2
= 0.767,YO2

= 0.233 andYNO = YN = YO = 0.0. In the present compu-

tations with the baseline rate constants,YN2
andYO2

values are 0.492 and 5×10−5 respectively

at the nose stagnation point. The gas composition is far fromits local equilibrium state. An

increase in chemical rate constants takes the gas closer to the equilibrium state by promoting

the recombination reactions. The mass fraction of N2 for the higher reactivity case is 0.76 (see

Fig. 5.15),i.e. N2 recombination is almost complete. On the other hand,YO2
approaches a

value of 0.002 at the wall in the higher reactivity simulation. There is negligible O2 formation

in spite of the enhanced reactivity. This is because any O2 molecule formed is used up by the

subsequent reactions in theR2-R5-R4 mechanism leading to N2 formation. Any change in O2

is expected to be seen only when N2 recombination is complete and the chain mechanism is

disrupted because of non-availability of N atoms.

Forebody

Note that the changes in heat flux to the variation in reactionrates is highest at the nose stagna-

tion point, and it decreases along the forebody and shoulder. For example, the stagnation point

heat flux decreases by about 36 W/cm2 in the lower reactivity solution presented in Fig. 5.16,

where as the variation is less than 17 W/cm2 near the shoulder (s/D = 0.5). Similar trends

are observed in the gas composition across the boundary layer. The changes inYN2
at the nose

stagnation point (see Fig. 5.15), due to variations in the rate constants, are higher than those

at the shoulder location. This is because the gas is in a chemical non-equilibrium state at the

stagnation point, and approaches a frozen state as the flow expands along the body. The degree

of non-equilibrium progressively decreases from the nose to the shoulder.

Table 5.3 shows a budget of Eq. (5.1) at the first expansion corner (s/D = 0.52) for the

higher and lower reactivity cases, when all the reactions rates are altered simultaneously. The

changes are calculated with respect to the baseline solution. The mixture conductivity decreases
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Figure 5.17: Effect of alteration of reaction rates in the boundary layer on N2 recombination at

the shoulder (s/D = 0.52).

Table 5.4: Contribution of△κ/κ and△T2/(T2 − Tw) to △q/q at the base stagnation point

(s/D = 1.5).

% change rsf = 10 rsf = 0.1

△κ/κ -7.52 4.39

△T2/(T2 − Tw) 15.38 -7.69

△q/q 10.55 -5.96

by 10.87 % in the higher reactivity solution. This is becauseof a higher N2 concentration and

a lower amount of N in the rsf = 10 solution. This is countered by an increase in near-wall

gas temperature (by 57.14 %) due to enhanced recombination reactions. The net effect is an

increase in heating rate by 41.65% when the rate constants are increased. Opposite trends are

observed in case of lower reactivity simulation. The mixture conductivity increases by 6.14 %

and the near-wall gas temperature decreases by 26.53 %, resulting in a net reduction in heating

rate by 21.25 %. At this location also the changes in the thermal conductivity and temperature

do not add up to the net change inq as per Eq. (7.5), because of the contributions of higher-order

terms that are neglected in the analysis.
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separation point on the conical frustum (s/D = 0.69) is shown for the baseline case.

Afterbody

Figure 5.18 depicts changes in the afterbody heat transfer rate when the rate constants are altered

for the five reactions in the boundary layer. The location of the separation point on the conical

frustum differs slightly among the three simulations. Downstream of the separation point the

heating rate computed from the higher reactivity simulation gradually increases above the base-

line heating rate. Maximum enhancement is observed at the base stagnation point (s/D = 1.5),

which is about 10.55% of the baseline value.

The changes in the afterbody heating rate due to the reactionrate variation are much lower

than those observed on the forebody. This is due to the low density of the gas on the afterbody

that results in a frozen chemical state. This inhibits the recombination reactions in the near-wall

region, and a constant value ofYN2
is observed throughout the boundary layer in all the three

simulations. Thus, altering the rate constants in the thermal boundary layer on the afterbody

surface has negligible effect on the surface heat flux. The variation in the afterbody heating rate,

observed in Fig. 5.18, is primarily because of changes occurring at the edge of the boundary

layer. In the baseline simulation, the edge value ofYN2
is 0.344, whereas it is 0.487 and 0.254

in higher and lower reactivity simulations respectively. The reason for this is similar to that

reported in Sec. 4.2.4 and is described below.

The gas that is trapped in the afterbody recirculation bubble originates from the forebody

boundary layer, where the gas composition is affected by changes in the reaction rates. Hence,
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Figure 5.19: Comparison of Mach number distribution and separation bubble obtained from the

baseline (top half) and higher reactivity (bottom half) simulations. Streamlines are drawn to

demarcate the separation point and recirculation bubble size.

appreciable changes inYN2
are observed in the vortex core and free shear layer, although the

reaction rates are not altered in these regions. This altersthe gas composition at the edge of the

afterbody boundary layer. Similar to the gas composition, temperature of the gas also differs

at the boundary-layer edge among the three simulations. Thechanges in the boundary-layer

edge values of composition and temperature alter the surface heat flux. The percentage change

in κ andT2 at the base stagnation point are listed in Table 5.4. For the higher reactivity case,

conductivity decreases by 7.52% andT2 increases by 15.38%, which result in a net enhancement

of heating rate by 10.55%. Opposite effect is observed for rsf = 0.1 with a net decrease of

heating rate by 5.96%.

5.2.4 Increased Reactivity in the Entire Domain

Next, numerical simulations are performed by varying the rate constants in the entire domain.

This is to study the effect of shock layer thermo-chemistry on flow predictions. Figure 5.19

compares the flowfield solutions obtained from the baseline simulation (top half) and a higher

reactivity simulation in which the rate constants are increased (rsf = 10) for all five reactions
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Figure 5.20: Changes in (a)T andTv and (b)YN2
on the stagnation streamline due to variation

in rate constants. The flow is from left to right and the wall islocated atx = 0.0 m.

uniformly over the entire computational domain. The two solutions are almost identical, except

for a smaller stand-off distance (by 7.69%) in the higher reactivity case. The difference in the

shock location can be clearly seen in Fig. 5.20(a), which plots T andTv along the stagnation

streamline for the two cases. This is due to the higher amountof dissociation at the shock wave

in the higher reactivity simulation. The enhanced rate constants also result in reduced peak

values ofT andTv by about 3600 and 6600 K respectively compared to the baseline solution.

Comparing the translational temperatures given by the two simulations in Fig. 5.20(a),

a large difference is noticed in the vicinity of the shock wave and the difference reduces as

we go downstream. Both solutions approachT = 6300 K close to the boundary-layer edge.

Comparison of vibrational temperatures obtained from the two cases show a similar trend. In

both the baseline and higher reactivity solutions, the gas is in a thermal non-equilibrium state in

majority of the shock layer, and it reaches thermal equilibrium (T = Tv) close to the boundary-

layer edge. Thus, all the temperatures plotted in Fig. 5.20(a) attain a value of 6300 K at the

edge of the thermal boundary layer.

Figure 5.20(b) comparesYN2
along the stagnation streamline for the two solutions. Similar

to the temperature plot, there is a noticeable difference between theYN2
values obtained from the

two simulations in the post-shock region. In the higher reactivity case, the chemical reactions

equilibriate immediately downstream of the shock atx ≃ -0.03 m, and the composition remains
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Figure 5.21: Effect of increasing the rate constants in the entire domain on heating rate: (a)

forebody, and (b) afterbody.

constant thereafter. By comparison, there is a slower decrease inYN2
behind the shock in the

baseline simulation, and the gas approaches chemical equilibrium close to boundary-layer edge

(x ≃ -0.008 m). Overall, the gas composition and temperatures obtained using higher reaction

rate constants match those in the baseline simulation at theboundary-layer edge, in spite of

large differences in the vicinity of the shock wave.

The variation ofYN2
in the thermal boundary layer is also shown in Figure 5.20(b). YN2

obtained from the higher reactivity case reaches a higher value at the wall compared to the base-

line simulation. This is similar to that observed when the reaction rate constants are increased

only in the boundary layer (see Fig. 5.15). The wall value ofYN2
obtained from the two higher

reactivity simulations (entire domain and boundary layer)are almost identical. The concentra-

tion of nitrogen atoms show a similar trend. The mass fraction of other species,YO2
, YO and

YNO, remain constant across the boundary layer, as observed in the baseline solution.

Figure 5.21(a) presents forebody heat flux obtained from thebaseline and the two higher

reactivity simulations. The heating rate enhancement due to increased reactivity in the entire

domain is identical to that obtained when the reaction rate constants are altered only in the

boundary layer. This is due to identical gas composition andtemperatures across the boundary

layer in the two higher reactivity simulations, as described above.

Comparison of afterbody heat transfer rate obtained from theabove three simulations is

96



s/D

p w
/p

∞

0 0.2 0.4 0.6
0

200

400

600

800

1000

Baseline
rsf = 10, Entire domain

(a)

s/D

p w
/p

∞

0.6 0.8 1 1.2 1.4
0

5

10

15

Baseline
rsf = 10, Entire domain

Conical frustum

Base

(b)

Figure 5.22: Effect of increasing the rate constants in the entire domain on normalized surface

pressure: (a) forebody, and (b) afterbody.

presented in Fig. 5.21(b). On the conical frustum, the higher reactivity simulations predict

higher heating rate compared to the baseline solution and there is negligible difference between

the two higher reactivity solutions. At the base (s/D = 1.5), the simulation with enhanced

reactivity in the entire domain predicts higher heat transfer rate among the three solutions. As

explained in Sec. 5.2.3, variation in the base heat flux is determined primarily by the boundary-

layer edge conditions. Enhancing the reactivity in the entire domain significantly alters the

boundary-layer edge values of gas composition and temperature and results in higher heating

rate by 16% as compared to the respective baseline value. Similar effect, but to a smaller extent,

is also observed when the rate constants are altered only in the boundary layer (see Sec. 5.2.3).

The boundary-layer edge effect can be clearly noticed at theshoulder (s/D = 0.64). The

enhancement in heating rate when reactivity is increased inthe entire domain, is higher than that

obtained when rate constants are increased only in the boundary layer. Flow expansion around

the shoulder causes exothermic recombination reactions inthe outer inviscid flow. Therefore,

an increased reactivity outside the boundary layer resultsin higher amount of heat release,

elevating the boundary-layer edge temperature and thus enhancing the heat flux at the shoulder.

The wall pressure variations due to the changes in reaction rate constants are lower than

those of the surface heat flux. The forebody pressure is foundto increase marginally by about 50

Pa over the baseline value, when the reactivity is enhanced in entire domain (see Fig. 5.22(a)).
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Figure 5.23: Comparison of Mach number distribution and separation bubble obtained from

the baseline (top half) and lower reactivity (bottom half) simulations. Streamlines are drawn to

demarcate the separation point and recirculation bubble size.

This is due to a greater amount of dissociation in the shock layer, leading to a smaller shock

stand-off distance in the higher reactivity simulation. The largest variation is observed at the

shoulder (s/D = 0.62) and is about 14.18%. This is due to the additional recombination reac-

tions occurring in the inviscid region at the shoulder in theenhanced reactivity solution. Increas-

ing the rate constants also yields a higher surface pressureon the afterbody (see Fig. 5.22(b)).

It also results in a small delay in flow separation, as identified by the separation shock pressure

rise ats/D ≃ 0.7. Altering the reaction rate constants only in the boundary layer does not affect

the surface pressure distribution, and hence the corresponding data is not plotted in Fig. 5.22.

5.2.5 Decreased Reactivity in the Entire Domain

The Mach number distribution around the capsule in a lower reactivity simulation is compared

to the baseline results in Fig. 5.23. The data in the lower half is obtained using reduced rate

constants (rsf=0.1) for all five reactions in the entire computational domain, while the upper half

corresponds to the baseline simulation. The lower reactivity simulation yields a larger shock

stand-off distance (by 34%) due to suppression of chemical reactions in the shock layer. The
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Figure 5.24: Changes in (a)YN2
and (b)T andTv along the stagnation streamline due to de-

creasing rate constants in the entire domain.

afterbody flow pattern looks similar in both cases. The vortex core temperature differs by about

260 K.

The N2 mass fraction and temperature along the stagnation streamline are plotted in Fig. 5.24.

The reduced rate constants decrease the amount of dissociation at the shock wave. This results

in a slower decrease inYN2
at the shock and a higher peak translational temperature (by2000

K). The peak vibrational temperature also increases by 6300K compared to the baseline simu-

lation. The lower reactivity solution has a higher gas temperature (by 1500 K) and an increased

level ofYN2
(by 0.06) at the boundary-layer edge compared to the respective baseline values.

A comparison ofYN2
across the thermal boundary layer of the two solutions (see Fig. 5.24(a))

show significant differences. With the reaction rates reduced over the entire domain,YN2

reaches a value of 0.31 at the wall, and is lower than the corresponding baseline value of

0.49, but close to theYN2
obtained when the reactivity is decreased only in the boundary layer

(Fig. 5.24(a)). This is due to a compensating effect of lowerdissociation at the shock and a

lower degree of recombination in the boundary layer, when the reaction rates are altered in the

entire domain.

The forebody heat transfer rate obtained (see Fig. 5.25(a))when the rate constants are

decreased in the entire domain is lower than that of the baseline value. The heat flux at the

surface is determined by the amount of heat release in the boundary layer due to recombination
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Figure 5.25: Effect of decreasing the rate constants in the entire domain on heating rate: (a)

forebody, and (b) afterbody

reactions and the boundary-layer edge temperature. The boundary-layer heat release is the

dominant factor in this case. A lower heat release due to reduced exothermic reactions leads to

a lower heat flux compared to the baseline value. On the other hand, the boundary-layer edge

temperature plays a dominant role while comparing the two lower reactivity simulations, which

have comparable amount of recombination in the boundary layer. A higher boundary-layer

edge temperature obtained when the reaction rate constantsare reduced in the entire domain

results in higher heating rate compared to that obtained when reactions are suppressed only in

the boundary layer.

The afterbody heating rate (see Fig. 5.25(b)) shows an interesting effect. Reducing the

rate constants results in a large increase in the afterbody heat flux compared to baseline value.

The heating rate increases by upto 78% ats/D = 0.86 on the frustum and by about 60% at

s/D = 1.5 on the base. This is in contrast to the trends observed earlier, where reducing the

reactivity leads to lower heat flux. The enhancement in the afterbody heating rate is because

of changes in the forebody shock layer, where reduced rate constants leads to lower degree of

dissociation and a higher gas temperature. This relativelyhotter gas convects into the afterbody

separation bubble resulting in a higher vortex core temperature compared to the baseline simu-

lation. Hence the gas temperature at the edge of the thermal boundary layer is higher, leading to

an enhanced heat flux to the afterbody surface. The afterbodyheat flux is primarily determined
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Figure 5.26: Effect of decreasing the rate constants in the entire domain on normalized surface

pressure: (a) forebody, and (b) afterbody

by the boundary-layer edge temperature, as there is negligible chemical activity in the vicinity

of the wall on the conical frustum and base. A similar enhancement in heating rate (by 17.35%)

is also observed at the shoulder (s/D = 0.64).

Figure 5.26 shows the surface pressure obtained from the lower reactivity and baseline

simulations. There is a small reduction in the forebody wallpressure when the reaction rates

are decreased. This corresponds to a lower degree of dissociation in the shock layer and a larger

shock stand-off distance in the reduced reactivity simulation. By comparison, the reduced-

reactivity simulation yields significantly higher pressure on the afterbody. The base stagnation

point pressure is elevated by 58% as compared to the baselinevalue, and the pressure on the

conical frustum is increased by about 50%. This is primarilydue to the higher gas temperature

in the separation bubble, as pointed above; the two solutions have comparable gas density in the

vortex core. Reducing the reaction rate constants also move the separation point upstream.

The variations in the afterbody heat transfer rate due to a decrease in reaction rate constants

is much higher than those observed on the forebody and the shoulder. Even though the afterbody

density is low and the chemistry is frozen, flow separation onthe afterbody plays a dominant

role in determining the surface heat flux. Changes in gas properties in the forebody shock layer

due to reduced reactivity is convected around the vehicle and trapped in the recirculation vortex.

This non-local effect results in a large increase in the heattransfer rate on the conical frustum
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and the base. Note that an increase in the afterbody heat flux in this case is opposite to the trend

that is usually observed when the reaction rate constants are reduced. The afterbody pressure

shows a similar variation.

5.3 Summary

A re-entry flowfield at Mach 26.2 and 70 km altitude condition is numerically simulated, and

the thermo-chemistry is analyzed along the stagnation stream line. At this condition, dissocia-

tion of N2 and O2 occurs in the shock layer, with a partial recombination of nitrogen atoms at

the wall. Mass fractions of other species remain constant inthe boundary layer. Rate limiting

steps in the N2 recombination process are identified. Numerical experiments are performed by

systematically varying the reaction rates and studying their effect on the computed flowfield

and associated surface properties. The heat flux is most sensitive to the rate-limiting reactions,

namely, the NO and O2 recombination rates. The heat flux variations are highest inthe stagna-

tion region, and they decreases with flow expansion along theforebody and shoulder. Variation

of reaction rates in the shock layer has a significant effect on the afterbody surface properties.

On the afterbody, the aerothermal predictions are primarily influenced by the gas properties in

the separation bubble. The changes occurring on the forebody, due to variation in rate constants,

are convected into the recirculation region, which in turn alter the surface properties. Most no-

tably, the reduced dissociation rates in the shock layer results in a large increase in the afterbody

heat flux and pressure.
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Chapter 6

Heating Rate Variations at 62 km Altitude

The Chapter contains analysis of heating rate variations at an intermediate altitude flight con-

dition. A typical re-entry flight at intermediate trajectory point consists of moderately high

stagnation enthalpy and relatively low density. The freestream conditions at 62 km point along

AS-202 [39] re-entry trajectory are chosen as the intermediate altitude case for the present anal-

ysis; the corresponding values are listed in Table. 6.1. Thestagnation enthalpy at this condition

is higher than that of the 35 km condition, but lower than thatof 70 km altitude. The gas density

at 62 km altitude is comparable to that of 70 km condition.

6.1 Simulation Methodology

The simulation methodology and boundary conditions used are similar to that presented in

Sec. 4.1.1 and hence not repeated here. Since the freestreamReynolds number based on body

diameter is 6.40×104, laminar simulations are performed. The grid convergence study per-

formed at this condition is presented below.

A fine grid spacing at the nose stagnation point is found to give irregularities in the heat

flux. This is similar to that observed at 70 km altitude condition. Therefore, the coarse grid

58x108, that is used at 70 km condition is chosen to alleviatenon-smooth variation in the

heat transfer rate. Even with the above coarse mesh irregularities in the heat flux at the nose

stagnation point are found to persist. Hence grid-alignment algorithm presented in Sec. 5.1.1 is

used to smoothen the heat flux on the coarse mesh. The forebodysurface properties presented

here, are obtained on the coarse grid 58×108. A separate grid-convergence study is performed

to resolve the heat flux gradients on the afterbody. A brief summary of the same is given below.
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Table 6.1: Freestream conditions at 62 km altitude trajectory point.

Free-stream Conditions

ρ∞ (kg/m3) 0.000281

U∞ (m/s) 5970

T∞ (K) 239

M∞ 19.2

Re∞D 6.40× 104

H0 (MJ/kg) 18.06
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Figure 6.1: Effect of successive grid refinement on the afterbody heat flux.

6.1.1 Grid Convergence

Figure 6.1 shows afterbody heating rates obtained on three successively refined grids. The

three grids shown in the figure have 100 wall-parallel pointson the forebody with identical

distribution, and they spanned by 140, 220 and 300 points on the afterbody. In the wall-normal

direction the three grids have 171, 241 and 311 points respectively. The heat transfer rate is

plotted as a function of the normalized arc length (s/D) measured from the nose stagnation

point. The heat flux obtained on the 240×171 grid shows a monotonic variation froms/D =

0.77 to 1.39. Solutions obtained on the other two grids show adifferent trend. The heating rates

are marked by local peaks and dips on the conical frustum.

The afterbody flowfields obtained on the 240×171 and 320×241 grids are shown in Figure
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Figure 6.2: Comparison of afterbody flowfields obtained on (a)240×171 and 320×241 grids,

and (b) 320×241 and 400×311 grids.

6.2(a). Significant differences can be noticed between the two solutions. The coarser grid

solution is characterized by a single toroidal vortex and extends upto 0.56 times diameter of the

vehicle along the axis. On the other hand, the afterbody flowfield obtained from the fine mesh,

has multiple vortices. The separation bubble extends upto 1.4 times diameter of the vehicle.

These multiple vortices lead to the local peaks and dips in the afterbody heating rate as shown

in the Fig. 6.1.

The grid is further refined to study the sensitivity of multiple vortices to the grid point

density. The solutions obtained from the two finer grids are compared in the Fig. 6.2(b). The

location and number of vortices donot change with grid refinement. The afterbody flow pattern

is approximately same in both the cases. As a result, the afterbody heating rates obtained from

the two grids are approximately same (see Fig. 6.2(b)). The maximum deviation between the

two solutions is about 5% and it is observed ats/D ≈ 1.35. Hence 320 and 241 points in the

wall-parallel and wall-normal directions respectively are taken to be sufficient to obtain a grid

independent solution and it is used for the further analysis.

6.2 Results

A brief description of the computed re-entry flowfield and surface properties is given below.

Next, the details of the thermo-chemical state of the gas andchemical reactions in the boundary
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Figure 6.3: Computed flowfield around a re-entry capsule at Mach 19.2: (a) Mach number

and (b) non-dimensional temperature distribution. Representative streamlines are shown on the

afterbody to identify the recirculation bubble.

layer are presented. The effect of variation in the chemicalreaction rates on heating predictions

is explained subsequently.

The computed flowfield in terms of Mach number distribution isshown in Fig. 6.3(a).

The prominent features such as bow shock and flow expansion atthe corners can be easily

identified. The flow on the entire forebody is subsonic with Mach number approaching unity

close to the first expansion corner. The post-shock temperature in the nose stagnation region is

about5800 K. Flow expansion at the first corner results in decrease of temperature to2500 K.

Further expansion around the second corner decreases the temperature to about1000 K.

The boundary layer remains attached on the forebody and shoulder, and separates imme-

diately downstream of the second corner. The recirculationbubble extends up to about 1.45
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Figure 6.4: Variation of (a) temperatures and (b) mass fraction of species in the thermal bound-

ary layer at the nose stagnation point.

diameters downstream of the base. A secondary flow separation is observed on the conical

frustum. Hence a smaller separation bubble forms at the secondary flow separation point. The

gas temperature in the vortex core is about1800 K. The shear layer enclosing the recirculation

region coalesce at the neck, and a recompression shock wave is generated. The temperature of

the gas in the neck region is close to2500 K. The temperature in the inviscid region outside the

wake is about1100 K and the Mach number there is about 4.2. The reversed flow along the axis

becomes supersonic, and a normal shock is formed at the base (see Fig. 6.3(b)) to slowdown the

flow to a subsonic Mach number. Another supersonic pocket is also observed at the afterbody

expansion corner.

Figure 6.4(a) shows the computed heat transfer rate on the forebody surface as a function

of the normalized arc-length (s/D) measured from the nose of the vehicle. The heat transfer rate

gradually decreases on the forebody from a maximum value of 47 W/cm2 at the nose stagnation

point. The heating rate falls rapidly at the expansion corner (s/D = 0.52) as the gas temperature

drops due to flow expansion. The afterbody heat transfer rateis shown in Fig. 6.4(b), where the

extent of the conical frustum and the base are identified. Theexpansion corners are marked

by local peaks in the heat flux. The secondary flow separation causes a local minimum in the

heating rate ats/D ≈ 1. The base stagnation point heat flux is 3.02W/cm2, which is 6.42% of

the nose stagnation point value.
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Figure 6.5: Variation of (a) temperatures and (b) mass fraction of species in the thermal bound-

ary layer at the nose stagnation point.

6.2.1 Thermo-Chemistry

Figure 6.5(a) shows the variation of gas temperature in the thermal boundary layer at the nose

stagnation point. Local thermal boundary layer thickness is used to non-dimensionalize the wall

normal distance. Hencel/δ = 0 and 1 represent the wall and boundary-layer edge respectively.

Flow is in thermal equilibrium (T ≃ Tv) at the edge of the boundary layer with both translational

and vibrational temperatures around 5700 K. In the boundarylayer both temperatures decrease

to reach 553.5 K at the wall due to isothermal condition.

The freestream gas is composed of oxygen and nitrogen molecules with mass fractions of

0.23 and 0.77 respectively. The high temperature of the gas in the shock layer causes complete

dissociation of oxygen molecules and partial dissociationof nitrogen molecules. As a result,

mass fraction of N2, N and O species attain values of 0.57, 0.2 and 0.23 respectively at the

edge of the boundary layer (see Fig. 6.5(b)). Concentrationsof the remaining two species are

negligible. The decrease of gas temperature in the boundarylayer initiates chemical reactions.

ThereforeYN2
increases to 0.69 at the wall with a corresponding decrease inYN. However, mass

fractions of atomic and molecular oxygen and NO remain same throughout the boundary layer.

The above change in gas composition is due to N2 recombination throughR3-R4 and

R2-R5-R4 reaction mechanisms as identified in Sec. 5.2.1. Figure 6.6 depicts the chemical

reaction rates in the boundary layer. The first mechanism (R3-R4) consists of recombination

of NO molecules: N + O→ NO; and exchange reaction: NO + N→ N2 + O. It is active for
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Figure 6.6: Variation of reaction rates in the thermal boundary layer at the nose stagnation point

l/δ > 0.005. It is noticed thatR3 ≈ R4 in this region. Therefore the net effect of these two

reactions is 2 N→ N2. The reaction rateR2 has non-negligible values forl/δ ≤ 0.02 and

attains a peak value of 0.5 atl/δ = 0.04. The second mechanism (R2-R5-R4) is active in the

immediate vicinity of the wall.

TheR2-R5-R4 mechanism is initiated by oxygen recombination: O + O + M→ O2 +

M, and followed by the two exchange reactions: O2 + N → NO + O and NO + N→ N2 +

O. The overall effect is formation of N2. Thus, the two reaction sequences constitute chain

mechanisms, where O2 and NO molecules act as catalyst in the recombination of N atoms.

There is no significant effect on O2, O and NO mass fractions. The chain reactions will cease

when nitrogen recombination is complete. In the absence of Natoms, only recombination of

oxygen will occur. At the chosen conditions, N atoms are not completely depleted, and hence

the concentrations of O2, O and NO do not change.

6.2.2 Altered Reactivity in the Entire Domain

Simulations are performed by varying the rate constants in the boundary layer and in the entire

domain independently. The trends observed when the rate constants altered only in the boundary

layer are similar to those observed at the higher altitude condition. For the sake of brevity,

these results are not presented here. The results describedbelow are obtained from the altered

reactivity simulations, where the rate constants are varied in the entire domain.

Figure 6.7 compares the flowfield solutions obtained from thealtered reactivity simula-

tions with that of the baseline simulation. The forebody solutions are identical except for a
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Figure 6.7: Comparison of computed Mach number distributionaround the capsule obtained

from the baseline and (a) higher reactivity, and (b) lower reactivity simulations. Representative

streamlines are shown on the afterbody to identify the recirculation bubble.
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Figure 6.8: Variation ofYN2
along the stagnation streamline due to variation in rate constants.

The flow is from left to right and the wall is located atx = 0.

difference in the predicted shock stand-off distance. Increasing the reactivity reduces the shock

stand-off distance by 3%, on the other hand reducing the rateconstants increases the stand-off

distance by 23%. The pattern of afterbody flowfield in both thehigher and lower reactivity

solutions is similar to that of the baseline solution. That is, variations in the rate constants do

not alter the size and number of vortices on the afterbody at this condition.

Figure 6.8 plots variation ofYN2
along the stagnation streamline. Mass fraction of N2

obtained from the lower reactivity solution shows a different trend compared to those of the
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Figure 6.9: Variation of reaction rates at the nose stagnation point: (a) lower reactivity simula-

tion, and (b) higher reactivity simulation.

baseline and higher reactivity solutions. Rapid decrease ofYN2
is not observed at the shock

wave and its corresponding value is considerably higher than that of the baseline value. Hence

the degree of dissociation is significantly lower and this increases the shock stand-off distance

by 23%. FurtherYN2
decreases at a slower rate compared to the other two solutions in the

shock layer, and it doesn’t reach chemical equilibrium in the entire shock layer. Its value at

the boundary-layer edge is higher than that of the baseline solution. The higher reactivity and

baseline solutions show a sharp decrease inYN2
at the shock wave. However the reduction in

YN2
is marginally higher in rsf = 10 simulation. Hence the dissociation level is approximately

same in the both solutions. As a result, the difference between the shock stand-off distances

predicted from the two solutions is not significant. Mass fraction of N2 obtained from the

higher reactivity simulation approximately remains constant in the shock layer so that its value

matches with that obtained from the baseline solution at theboundary-layer edge.

Figure 6.8 shows variation ofYN2
in the boundary layer also. Mass fraction of N2 obtained

from the higher reactivity simulation increases at a fasterrate than the other two solutions. As a

resultYN2
reaches a higher value at the wall compared to that of the baseline value. An opposite

trend is observed in the lower reactivity simulation. Mass fraction of N2 increases by a small

amount, and its value at the wall is lower compared to that of the baseline value. The above

variations inYN2
is explained with the aid of Fig. 6.9 which shows the reactionrates in the

boundary layer, that is obtained from the altered reactivity simulations.
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The variation of reaction rates at the nose stagnation point, when the rate constants are

reduced in the entire domain is shown in Fig. 6.9(a). The variation of reaction rates is similar to

that observed in the baseline simulation (see Fig. 6.6). However the magnitude of all reaction

rates decreases significantly compared to their respectivebaseline values. BothR3-R4 andR2-

R5-R4 mechanisms contribute to N2 recombination. Amount of N2 formed in the near-wall

region is lower due to decrease in the magnitude of reaction rates. As a result, the wall value of

YN2
is lower than that observed in the baseline solution (see Fig. 6.8). As N2 recombination has

not approached completion, mass fractions of O2, NO and O do not vary in the boundary layer,

similar to that observed in the baseline simulation.

The reaction rate pattern in the higher reactivity simulation is different from that observed

in the baseline simulation. The magnitudes of reaction rates are higher compared to their re-

spective baseline values. The dominant N2 recombination mechanism isR5-R4, and it is active

for 0.025 < l/δ < 0.2. Both reaction rates have a peak value of about 0.38 kg-mole/m3.s at

l/δ ≈ 0.1. It can be noticed thatR5 ≈ R4 in this region, therefore the net effect is 2 N→ N2.

This mechanism leads to complete recombination of N2 as can be noticed from Fig. 6.10. The

mass fraction of N reduces to negligible values at the wall, and correspondinglyYN2
reaches a

value of 0.76 at the wall (see Fig. 6.8). Reaction 3 is not active in the entire boundary layer and

therefore contribution ofR3-R4 mechanism to N2 recombination is negligible.

Recombination of O2 is significant forl/δ < 0.07 and its rate attains a peak value of 3 kg-

mole/m3.s very close to the walll/δ ≈ 0.003. As N atoms are completely depleted, the newly

formed O2 molecules accumulates in the near-wall region, which result in increase ofYO2
. It

reaches a value of 0.05 at the wall (see Fig. 6.10). The newly formed O2 molecules diffuse away

from the wall. This diffusion process provides the necessary oxygen molecules required for

R5-R4 mechanism of N2 recombination in the region0.025 < l/δ < 0.2. The other difference

noticed is that, the reaction rates spreads over 20% of boundary-layer thickness, where as in

the baseline simulation the chemistry is confined to 5% of boundary-layer thickness. Thus the

increased reactivity results in recombination reactions to the larger extent than that observed

in the baseline simulation, and increases the wall values ofYN2
andYO2

compared to their

respective baseline values.

The effect of varying the rate constants on shock-layer gas temperature is shown in Fig. 6.11.

The difference in shock stand-off distance can be clearly noticed among the three solutions.

The peak temperature in the higher reactivity simulation islower by 1790 K compared to that
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Figure 6.10: Variation ofYO2
andYN at the nose stagnation point in the higher reactivity simu-

lation.
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Figure 6.11: Gas temperature along the stagnation streamline obtained from the baseline and

altered reactivity simulations.

of baseline value. The difference between the gas temperatures obtained from the two solutions

persist in the shock layer. However both the baseline and higher reactivity solutions approach

approximately same temperature value at the boundary-layer edge. The peak temperature ob-

tained from the lower reactivity simulation is higher by 615K compared to that of the baseline

value. This is essentially due to a lower amount of dissociation at the shock wave. The tem-

perature difference between the two solutions persist in the entire shock layer. The temperature

of the gas at the boundary-layer edge is higher by 604 K compared to the respective baseline

value. Thus the entire shock layer in the rsf = 0.1 solution ishotter than the other two solutions.
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Table 6.2: Contribution of△κ/κ and△T2/(T2−Tw) to△q/q in the higher (rsf = 10) and lower

(rsf = 0.1) reactivity cases at the nose stagnation point.

% change rsf = 10 rsf = 0.1

△κ/κ -3.50 5.70

△T2/(T2 − Tw) 38.10 -31.55

△q/q 33.40 -27.65

Forebody Heating Rate

Forebody heating rate computed from the baseline and altered reactivity solutions is shown in

Fig. 6.12. Increasing the reactivity leads to higher heating rate on the entire forebody compared

to the baseline prediction. As explained above, an increasein the rate constants promotes the

recombination reactions. The additional heat release due to exothermic reactions enhances the

surface heat flux. An opposite trend is observed in the reduced reactivity simulation. Lower

dissociation in the shock layer leads to a higher boundary-layer edge temperature compared

to the baseline value (see Fig. 6.11). This tends to enhance the surface heating rate, but is

countered by the more dominant boundary layer effect. The extent of recombination in the

boundary-layer is significantly lower. The heat release in the near-wall region is therefore lower

and it leads to a lower heating rate compared to the baseline value.

The change in the heat flux due to varying reaction rates can, be expressed in terms of the

changes in the thermal conductivity and the gas temperatureadjacent to wallT2.

△q

q
=

△κ

κ
+

△T2

T2 − Tw

(6.1)

where higher-order terms are neglected. A budget of Eq. (6.1) for the stagnation point heat

flux for the higher and lower reactivity simulations is shownin Table 6.2, where the changes

are calculated with respect to the baseline simulation values. Enhancing the reactivity (rsf = 10)

increases the gas temperature in the near-wall region by 38%, and the gas temperature decreases

by about 32% when the reaction rates are reduced (rsf = 0.1).

At the current boundary-layer conditions, the relative magnitude of thermal conductivity

among the species is:

κN > κO2
> κNO > κN2

> κO (6.2)
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Figure 6.12: Comparison of forebody heating rate obtained from the baseline and altered reac-

tivity simulations.

Molecular nitrogen has lower thermal conductivity than itsatomic counterpart, where as molec-

ular oxygen has higher thermal conductivity than atomic oxygen. An increase in the mass

fraction of N2 due to enhanced recombination reactions (rsf = 10) tends to decrease the mix-

ture conductivity. On the other hand, an increase inYO2
has tendency to increase the thermal

conductivity. These two effects compete each other resulting in a small decrease in the mix-

ture conductivity (≈ 4%). On the similar note, lowering reaction rates leads to increase in the

conductivity by 6%.

It is observed that the changes in conductivity counter those in the near-wall gas tempera-

ture. The heat release or the temperature effect is found to be the dominant contribution to the

surface heat transfer rate. The net effect is an enhancementin the stagnation point heating rate

by 33% when the rate constants are increased, and a reductionin the heat flux by 28% when

the rate constants are decreased. Note that the changes in thermal conductivity and temperature

do not match the net change inq as per Eq. (6.1), because of the contributions of higher-order

terms that are neglected in the analysis.

Afterbody Heating Rate

The afterbody heating rates obtained from the three simulations is shown in Fig. 6.13. In the

later part of the conical frustum (fors/D > 1) the heat flux obtained from the increased re-

activity solution is higher than that of the baseline solution. At the base stagnation point, the

heating rate is higher by 10%.
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Figure 6.13: Comparison of afterbody heat flux obtained from the baseline and altered reactivity

simulations.

The lower reactivity heating rate values are higher than those of the baseline and higher

reactivity values on the entire afterbody. The enhancementin the afterbody heating rate is be-

cause of the changes in the forebody shock layer, where the reduced rate constants leads to

lower degree of dissociation and a higher gas temperature. This relatively hotter gas convects

into the afterbody separation bubble, and results in a higher vortex core temperature compared

to the baseline solution. Hence, the gas temperature at the edge of the thermal boundary layer

is higher. In the absence of chemical reactions occurring inthe vicinity of the wall, the after-

body heat flux is primarily determined by the boundary-layeredge temperature. The higher

boundary-layer edge temperature in case of lower reactivity simulation, leads to an enhanced

heat flux to the afterbody surface. A similar enhancement in the heating rate is also observed at

the shoulder (s/D = 0.64).

Surface Pressure

The changes in the forebody surface pressure due to the variation in rate constants is much

lower than that of the forebody heat flux. Pressure obtained from the higher reactivity simu-

lation is approximately same as that of baseline value (see Fig. 6.14(a)). However lowering

the rate constants leads to a reduction in pressure by 211 Pa.This is due to a lower degree of

dissociation in the shock layer and a larger shock stand-offdistance. The variations in the after-

body surface pressure are shown in Fig. 6.14(b). The variations between the higher reactivity

and baseline solutions are lower than 4%. The reduced-reactivity simulation yields significantly
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Figure 6.14: Effect of varying the reaction rates on normalized surface pressure (a) forebody,

and (b) afterbody.

higher pressure on the entire afterbody. The base stagnation point pressure is elevated by 26%

as compared to the baseline value. This is primarily due to the higher gas temperature in the

separation bubble, as pointed above; the two solutions havecomparable gas density in the vortex

core.

6.3 Summary

The flowfield over FIRE II re-entry capsule at Mach 19.2 and 62 kmaltitude condition is com-

puted. Thermo-chemistry along the stagnation streamline is analyzed. The chemistry in shock

layer and boundary layer is similar to that occur at the 70 km altitude condition. Numerical

simulations are performed by varying the rate constants, tostudy their effect on the computed

flowfield and surface predictions. Similar to 70 km condition, at this trajectory point also, the

heat flux changes are influenced by the NO and O2 recombination rate constants. Enhancing the

reactivity leads to complete recombination of N atoms and partial recombination of O atoms in

the boundary layer. This increases the heat flux by 33% at the nose stagnation point. Lowering

the rate constants leads to significant enhancement in surface heating and pressure on the entire

afterbody.
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Chapter 7

Variation with altitude

The thermo-chemistry in the flowfields at 35, 62 and 70 km are critically analyzed in this Chap-

ter. This is to bring-out the effect of altitude on the thermo-chemistry and degree of non-

equilibrium in the flowfield. The heating rate variations at the nose stagnation point for the

three trajectory points are thoroughly analyzed to understand the role of density and stagnation

enthalpy on the heating rate variations.

7.1 Chemical Reactions

7.1.1 Shock-layer Chemistry

The onset temperature for O2 dissociation is around 2000 K. Post shock temperature of about

2000 K is observed for flight velocities near 2 km/s. At temperatures above 4000 K most of the

oxygen molecules are dissociated. This corresponds to a velocity of about 4 km/s. At the lowest

enthalpy condition, the freestream velocity is 5 km/s, and oxygen is completely dissociated in

the shock layer. The mass fractionYO2
is 1.16 × 10−3 at the edge of the boundary layer. At

higher enthalpies, the dissociation level of O2 is much higher. Its mass fraction is6.0 × 10−5

at the intermediate enthalpy condition, and decreases to1.0 × 10−5 in the highest enthalpy

simulation. Although the magnitude ofYO2
is negligible at these high enthalpy conditions, O2

plays a significant role in the boundary layer chemistry, as explained below.

Dissociation of N2 molecules begins at about 4000 K. Nitrogen dissociation canbe ob-

served in the shock layer for flight velocities above 4 km/s. Mass fraction of N atoms in the

shock layer for the 35km simulation in 0.05. It increases to 0.20 at the intermediate altitude
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Figure 7.1: Reaction rates at the shock wave along the stagnation streamline for (a) 70 km and

(b) 62 km.

condition and further to 0.54 at the highest altitude simulation. The corresponding N2 disso-

ciation levels for the three trajectory points are 6.5%, 25.97% and 70.13% respectively. The

dissociation level is calculated fromYN/YN2
× 100.

Dissociation of oxygen primarily occurs via reaction: O2 + M → 2 O+ M. The maximum

reaction rate at the shock wave corresponds toR2 in both the 70 km and 62 km altitude simu-

lations (see Fig. 7.1) and its magnitude is comparable at both the altitudes. Dissociation of N2

can happen through reaction (1), or (4), or both. The activation energy of Reaction (1) is higher

than that of Reaction (4). The corresponding characteristicreaction temperatures are 113200

K and 38400 K respectively. At moderate enthalpies, for example, at 62 km (18 MJ/kg), ma-

jority of N2 dissociation occurs through Reaction (4). This can be noted in Fig. 7.1(b), which

compares the reaction rates at the shock wave in the 62 km altitude solution. As the enthalpy

increases further,R1 contribution to N2 dissociation increases, as can be seen in the higher alti-

tude simulation (see Fig. 7.1(a)). For this condition, witha stagnation enthalpy of 32 MJ/kg, the

magnitude ofR1 is higher than that ofR4. This is opposite to that observed in the intermediate

enthalpy solution.

7.1.2 Temperature Variation with Altitude

The variation of gas temperature in the shock layer at the three altitudes is shown in Fig. 7.2(a).

As the altitude increases, the Mach number and stagnation enthalpy of the flow increases and
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Figure 7.2: Comparison of gas temperatures for the three altitudes in (a) shock layer and, (b)

boundary layer.

the shock stand off distance correspondingly decreases. The increase in freestream velocity also

results in a higher peak temperature at the shock wave (see Fig. 7.2(a)). The peak temperature at

the highest altitude condition, corresponding to a freestream velocity of 8 km/s is 24000 K. The

corresponding values for the intermediate and low altitudeconditions are 15000 K and 8500 K

respectively.

Temperature of the gas decreases rapidly due to endothermicdissociation reactions behind

the shock wave and approaches comparable values in the laterpart of the shock layer in the

three solutions. The boundary layer edge temperature in the70 km altitude simulation is 6556

K, where as it is 5715 K and 5726 K in the 60 km and 35 km altitude solutions respectively.

The temperature of the gas decreases in the boundary layer tothe isothermal wall value of

553.3 K. This initiates recombination of N and O atoms. The variation in gas temperature in

the boundary layer is comparable for the three cases (see Fig. 7.2(b)), but the boundary layer

chemistry is different due to differences in the gas composition at the edge of the boundary

layer. The concentrations of the species at the boundary layer edge is determined by the shock

layer chemistry, which is in turn a function of the stagnation enthalpy of the flow.

7.1.3 Boundary-layer Chemistry

The boundary layer chemistry is dominated by recombinationreactions, and the dominant re-

actions are identified for different altitudes and stagnation enthalpy conditions. Similar to N2
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Figure 7.3: Variation of reaction rates at the nose stagnation point (a) 70 km, (b) 62 km, and (c)

30 km.

dissociation, the recombination of N atoms can occur via backward reactions (1) and (4), and

their relative contributions are compared. In the 70 km simulation, we observe thatR1 and

R4 are of comparable magnitude in the boundary layer for temperatures above 1500 K (see

Fig.7.3(a)). On the other hand,R1 is much lower thanR4 for the same temperature range at 60

km altitude. The reasons for this trend are explained below.

The backward reaction (1) is a three body recombination: N + N+ M → N2 + M, with

N2, N and O as the primary collision partners. The reaction rateis approximated asR1 ≈

CNCNkb1CM, where the forward reaction rate is neglected. As the flight altitude and the stag-

nation enthalpy of the flow decreases, the N2 dissociation level in the shock layer is reduced.
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This results in a lower concentration of N atoms at the boundary layer edge. AsR1 ∝ C2
N,

a lower value ofCN leads to a decrease in the magnitude ofR1. The peak value ofR1 at 62

km altitude (0.02 kg-mole/m3.sec) is therefore much lower than the corresponding value (0.52

kg-mole/m3.sec) in the 70 km simulation. At 35 km altitude, reaction (1)is not active in the

boundary layer (see Fig. 7.3(c)).

The backward reaction (4) is N + NO→ N2 + O and the reaction rate can be approximated

asR4 ≈ CNCNOkb4 . As earlier, the contribution of the forward reaction is neglected in the

boundary layer. With a decrease in altitude and stagnation enthalpy, the level of N2 and O2

dissociation in the shock layer reduces. It is observed thatthis results in an increase ofCNO at

the boundary layer edge. AsR4 ∝ CNCNO, a decrease inCN due to lower enthalpy is countered

by an increase inCNO, resulting in comparable magnitudes ofR4 in the three simulations. The

peak values of the reaction rate are 1.7 kg-mole/m3.s, 1.2 kg-mole/m3.s and 2.0 kg-mole/m3.s

in the 70 km, 62 km and 35 km altitude simulations respectively.

The trends inR1 discussed above holds for temperature above 1500 K in the boundary

layer. This region corresponds tol/δ > 0.01 in the 70 km altitude solution (see Fig. 7.3(a)) and

l/δ > 0.02 in the 62 km altitude simulation (see Fig. 7.3(b)). In the immediate vicinity of the

wall (553.3 < T < 1500 K), R1 is not active. On the other hand,R4 attains large values in this

region and it is a major contributor to N2 recombination. Over all, the contribution of the three

body recombination of N atoms towards N2 formation in the boundary layer is negligible at all

the conditions studied in this work.

The sustainability of N2 recombination via reaction (4) depends on the availabilityof NO

molecules, which can be produced by either backward reaction (3): N + O + M→ NO + M

or backward reaction (5): O2 + N → NO + O. A preference for one of these reactions over the

other at different altitudes is explained by the following analysis. At 70 km altitude condition,

the gas in the boundary layer is mainly composed of N2, N and O; their concentrations are of the

order 10−4 kg-mole/m3 (see Fig. 7.4). The concentrations of the remaining two species, O2 and

NO are comparatively lower and they are around 10−7 kg-mole/m3. The above numbers are rep-

resentative of the gas composition in the majority of the boundary layer. Reaction (3) proceeds

primarily in the backward direction and its rate can be approximated asR3 ≈ kb3CNCOCM . As-

suming N2, N and O as the primary collision partners yieldsR3 ≈ kb310
−12. In a similar way,

the rate of reaction (5) can be approximated asR5 ≈ kb5CNCO2
≈ kb510

−11. The backward rate

constantkb3 ≈ 102kb5 for the range of temperatures observed in the boundary layer. This results
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Figure 7.4: Variation of concentration of the species in theboundary at (a) 70 km and (b) 62 km

altitude conditions.

in R3 being 10 times higher thanR5. Therefore, N2 recombination mechanism consisting of

reactions (3) and (4) is preferred at 70 km altitude condition as discussed in Sec. 5.2.1

It is observed that the magnitude ofR5 increases at lower altitudes and it is comparable to

R3 when

kb5CNCO2
≈ kb3CNCOCM (7.1)

At relatively high altitudes (62-70 km), the dominant species in the boundary layer are N2, N

and O, (see Fig. 7.4) and the changes in their concentration for varying altitudes are relatively

low. On the other hand, O2 is present at very low levels, and the changes inCO2
with altitude

are large compared to its magnitude. The variation in O2 concentration is found to affect the

magnitude ofR5 considerably (Eq. 7.1). It can be seen that

CO2
≈ kb3

kb5
COCM ≈ 102COCM (7.2)

results inR5 ≈ R3. This is observed at the 62 km altitude condition, where the concentrations of

N2, N and O in the boundary layer are comparable to those of the 70km case (of the order 10−4

kg-mole/m3). The concentration of O2 at 62 km altitude is of the order10−6 kg-mole/m3 (see

Fig.7.4(b)), and it satisfies Eq. 7.2. The rates of reaction (3) and (5) are therefore comparable;

bothR5-R4 andR3-R4 mechanisms contribute to N2 recombination in the boundary layer.

As shown above, the preference forR5 overR3 depends on the local concentration of O2

in the boundary layer. IfCO2
> 10−6 kg-mole/m3 thenR5 > R3. This is observed in the
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altered reactivity simulations, when the rate constant of O2 recombination is enhanced (rsf =

10 simulations at 70 km and 62 km). Similar observation is also made when the rate constants

of all five reactions are increased at the intermediate and higher altitude conditions. In these

simulations, concentration of O2 exceeds10−6 kg-mole/m3 andR5-R4 mechanism of N2 for-

mation is preferred overR3-R4 mechanism in the boundary layer. In the baseline simulationof

35 km altitude case,R3 is negligible in the boundary layer; N2 recombination occurs viaR5-R4

mechanism in the region0.24 < l/δ < 0.45 (see Fig.7.3(c)).

The above N2 recombination mechanisms can be summarized as follows. As the vehicle

descends into atmosphere the stagnation enthalpy of the flowdecreases. Hence the dissociation

level of N2 and O2 decreases;CO2
increases andCN decreases. This combination favors the

R5-R4 mechanism. Hence the contribution of this mechanism to the N2 recombination pro-

gressively increases as the altitude decreases. In the present study, at 70 km altitudeR5-R4

mechanism contributes very little to N2 formation where as at the lower altitude (35 km) only

R5-R4 mechanism results in the N2 recombination.

Recombination of O2 occurs in the boundary layer via backward reaction (2): O + O +

M → O2 + M at temperatures below 4000 K. O2 molecules act as a catalyst in the conver-

sion of N atoms to N2 via reaction (5). Therefore, accumulation of O2 is not observed until N

atoms are completely depleted from the gas mixture. At high and intermediate altitude simu-

lations presented here, recombination of N2 is not complete in the boundary layer. As a result,

mass fraction of O2 remains at negligible levels. At lower altitudes, for example, at 35 km

altitude condition, N2 recombination is mostly complete in the region0.24 < l/δ < 0.45 (see

Fig. 7.3(c)). Reaction (2) picks up forl/δ < 0.24 and reaches peak values very close to wall.

The rates of other reactions are small compared to reaction (2). As a result, O2 build up in the

near wall region andYO2
high values at the wall.

7.2 Degree of Non-equilibrium

7.2.1 Thermal Non-equilibrium

Across a shock wave, kinetic energy of the gas first converts into translational energy. Energy

exchange between the translational and vibrational modes results in an increase in the vibra-

tional energy. Thus vibrational temperature lags behind the translational temperature resulting
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Figure 7.5: Extent of thermal non-equilibrium along the stagnation streamline at 35 km, 62 km

and 70 km altitude conditions. (a) shock layer (b) boundary layer

in a thermal non-equilibrium state. Figure 7.5(a) shows thetemperature ratioT/Tv along the

stagnation streamline. It attains high values at the shock wave for all the three test cases. The

peak value of the temperature ratio is 2.95 at the 35km condition. At 62 and 70 km conditions,

peak values of the temperature ratio are 4.82 and 6.13 respectively. Thus, the degree of ther-

mal non-equilibrium, as indicated by the magnitude ofT/Tv, increases with altitude. This is

because of a decrease in the freestream density at higher altitudes (see Tables 3.1, 5.1 and 6.1).

Translational and vibrational temperatures attain comparable values downstream of the

shock wave. At the 35 km condition, the gas reaches equilibrium (T = Tv), immediately

behind the shock wave. At higher altitudes, it takes longer to reach thermal equilibrium. The

gas is in thermal non-equilibrium state (T 6= Tv) in majority of the shock layer. This is once

again due to the relatively low post-shock density at the high altitude conditions.

Decrease of gas temperature in the boundary layer increasesthe gas density by an order

of magnitude compared to the post shock value. Hence the degree of thermal non-equilibrium

in the boundary layer is lower than that in the shock layer (see Fig. 7.5(b)). At the lowest

altitude condition, the gas is in thermal equilibrium (T ≈ Tv) in the entire boundary layer.

Similarly, the degree of thermal non-equilibrium is negligible (T/Tv < 1.1) in the intermediate

altitude solution. On the other hand, at the highest altitude condition, the gas is in thermal non-

equilibrium state in a significant portion of the boundary layer. Local gas density in this case is

not high enough for adequate energy exchange between the translational and vibrational modes.
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conditions.

Note that the temperature ratio falls below 1 in the immediate vicinity of the wall. Recom-

bination reactions occurring in this region produce molecules with finite vibrational energy.

This increases the vibrational energy of the gas mixture, which results inTv > T . At the wall,

bothT andTv attain the isothermal wall temperature specified in the simulation.

7.2.2 Chemical Non-equilibrium

Similar to thermal non-equilibrium discussed above, the chemical state of the gas is also deter-

mined by its density. Figure 7.6 shows the variation ofYN2
along the stagnation streamline for

the three cases. In the 35 km solution, the mass fraction attains a value of 0.71 immediately

behind the shock wave and remains constant thereafter. The constant value corresponds to the

local equilibrium composition. Thus, the gas is in chemicalequilibrium in the entire shock

layer.

At 62 km, there is a rapid drop inYN2
at the shock wave followed by gradual decrease in

the mass fraction. It reaches a value of 0.56 at the boundary-layer edge, which is higher than

the local equilibrium value. Mass fractions of the other species follow identical trend. Variation

of gas composition at 70 km altitude is similar to that of 62 kmcase (see Fig. 7.6), as the gas

density is of the same order in the two simulations. However,the degree of dissociation is much

higher at the higher altitude condition due to the higher stagnation enthalpy. Mass fraction of

N2 drops to 0.22 at the boundary-layer edge, which is again higher than the local equilibrium

value. Hence, the gas is in chemical non-equilibrium state in majority of the shock layer at both
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62 km and 70 km altitude conditions.

Table 7.1: Gas composition and extent of recombination at the stagnation point for three altitude

conditions.

Altitude (YN2
)w (YO2

)w (YN2
)EQ (YO2

)EQ χ

35 km 0.74 0.18 0.767 0.233 0.92

62 km 0.69 1.7×10−4 0.767 0.233 0.69

70 km 0.49 6.0×10−4 0.767 0.233 0.49

Figure 7.6 also shows the variation ofYN2
in the near-wall region. The N2 mass fraction

increases in the boundary layer for all three cases. Same is true for O2 mass fraction. As

explained above, this is due to the recombination reactionsoccurring in the boundary layer.

Mass fractions of N2 and O2 at the wall are compared to their equilibrium values in Table7.1.

The equilibrium composition corresponds to the wall condition for the three test cases. The

degree of chemical non-equilibrium at the wall can be quantified as

χ =
(YN2

+ YO2
)wall

(YN2
+ YO2

)EQ

, (7.3)

which is the ratio of molecular mass fraction (N2 and O2) computed at the wall to the corre-

sponding equilibrium value.

The equilibrium composition corresponding to the specifiedisothermal cold-wall temper-

ature is identical to the freestream gas composition. It therefore represents maximum attainable

mass fractions of the molecular species. Thus, the parameter χ represents the extent of recom-

bination at the wall, and a value ofχ = 1 corresponds to complete recombination. At 35 km

condition, the computed values ofYN2
andYO2

are close to their equilibrium levels (see Table

7.1). For the 62 km case, oxygen is completely in its atomic state at the wall and recombination

of nitrogen atoms is partially complete. The mass fractionsof molecules are therefore far from

their equilibrium values. A similar trend is observed at 70 km condition. Note that the equilib-

rium composition for the specified wall temperature (Tw = 553.5 k) is independent of pressure

and therefore is same at the three cases.

The extent of recombination at the wall varies with altitude; χ values for the three cases are

listed in Table 7.1. At the lowest altitude condition, recombination of atoms is mostly complete,

as indicated by a high value ofχ. Therefore the gas is close to the chemical equilibrium state.
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This is because of a high gas density at the wall (1.07 kg/m3). On the other hand, the gas

density at the wall is 0.05 kg/m3 in the intermediate altitude simulation and it is about 20 times

lower compared to that at 35 km altitude. As a result, the recombination reactions are partially

complete and the gas is in chemical non-equilibrium state atthe wall. Similarly, boundary

layer chemistry is in non-equilibrium state at the 70 km condition. However, the degree of

non-equilibrium is the highest for this case, as indicated by a low value ofχ (see Table 7.1).

The flow expansion from the nose stagnation region to the shoulder and further to the af-

terbody is associated with decrease of pressure, temperature and density. The decrease of tem-

perature promotes recombination reactions in the outer inviscid flow. However the decrease of

density inhibits the chemical reactions to occur at a fasterrate. Thus degree of non-equilibrium

in the shock layer progressively increases from the nose stagnation point to the shoulder. A

similar effect is observed in the boundary layers which are located away from the nose stag-

nation region. Hence the extent of recombination at the wallprogressively decreases from the

nose stagnation point to the shoulder (see Sec. 4.2.3). On the afterbody, density of the gas is

one order of magnitude lower than freestream value (ρafbd = 0.1ρ∞). At these density levels,

chemical reactions occur at very slow rate and gas can be treated as in chemically frozen state.

Hence recombination reactions do not occur in the boundary layer and gas composition freezes

at the edge values (see Fig. 4.12(a)).

7.3 Heating Rate Variations

Heating rate to the vehicle surface can be written in terms ofthe temperature and thermal con-

ductivity of the gas adjacent to the wall.

q = −κ
∂T

∂η
= −κ

T2 − Tw

△η
(7.4)

whereT2 is the gas temperature at the first cell next to the wall,Tw is isothermal wall tem-

perature and△η is wall-normal distance. The thermal conductivityκ is function of the gas

composition next to the wall. The near-wall gas compositionand temperature are directly in-

fluenced by chemical reactions occurring in the boundary layer. They are also affected by the

gas temperature and composition at the edge of the boundary layer. The boundary-layer edge

conditions in turn depends on the shock-layer chemistry.

The shock-layer chemistry is dominated by dissociation of molecules and these are en-

dothermic in nature. On the other hand, boundary layer chemistry is dominated by exothermic
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Table 7.2: Contribution of△κ/κ and△T2/(T2 − Tw) to △q/q at the nose stagnation point for

the three altitudes.

35 km 62 km 70 km

% change rsf=10 rsf=0.1 rsf=10 rsf=0.1 rsf=10 rsf=0.1

△κ/κ 1.91 -4.61 -3.50 5.70 -16.79 9.42

△T2/(T2 − Tw) 0.48 -4.08 38.10 -31.55 76.00 -49.85

△q/q 2.40 -8.50 33.40 -27.65 46.46 -45.08

recombination reactions. These reactions are driven by thecold wall temperature specified in

the simulation. The boundary-layer chemistry is independent of variations in the wall tempera-

ture for values around 550 K. This is because of the fact that chemical activity in the gas mixture

ceases at such low temperatures.

The chemical reactions in the boundary layer are determinedby the gas composition at

the boundary-layer edge. For the conditions considered in this work, the edge temperature is in

the range of 5500 to 6500 K (see Fig. 7.2(b)). Majority of the recombination occurs in the near-

wall region (l/δ < 0.1), where the gas temperature is between 1000 and 2000 K. It is therefore

observed that boundary-layer chemistry is relatively insensitive to the edge temperature.

When the reaction rates are altered from their baseline values, the variation in heating rate

can be expressed as
△q

q
=

△κ

κ
+

△T2

T2 − Tw

(7.5)

The quantitiesTw and△η in Eq.7.4 are identical in the baseline and altered reactivity simula-

tions. The variation in the near wall gas temperature (△T2) depends on the heat release in the

exothermic recombination reactions. Mixture conductivity is determined by the gas composi-

tion in the near-wall region, which in turn depends on the extent of chemical reactions in the

boundary layer. The contribution of△T2 to the variation in surface heat flux is usually higher

compared to that of△κ (see Table. 7.2).

7.3.1 Critical Factors

The surface heat flux variations due to the uncertainty in reaction rates depends on the following

three factors: (1) the dominant chemical reaction(s) in thegas mixture; (2) the chemical state of
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the gas–equilibrium, non-equilibrium or frozen; (3) the extent of recombination in the boundary

layer. In the boundary layer, an increase in the rate constants enhances the recombination

reactions and it results in a higher heat release. This enhances the near-wall gas temperature,

which has a tendency to increase the surface heating rate over the baseline level. The higher

reaction rates also increase the molecular mass fractions in the gas, which may increase or

decrease the thermal conductivity at the wall. Opposite effects are observed when the rate

constants are decreased, leading to a decrease in the stagnation point heat flux (see Table. 7.2).

The effect of shock-layer chemistry on the surface heat flux exhibit a trend that is opposite

to the boundary-layer effect. A higher reactivity enhancesthe endothermic dissociation reac-

tions at the shock wave. This results in a lower gas temperature at the boundary-layer edge,

which tends to reduce the surface heat flux. Decreasing the reaction rates has an opposite ef-

fect. Altering the dissociation rate constants in the shocklayer affects the gas composition at

the boundary-layer edge. The resulting mass fractions of different species at the edge of the

boundary-layer has a significant effect on the surface heat flux, as mentioned above. It is ob-

served that the changes in the heating rate to the variation in rate constants is higher when the

gas is in chemical non-equilibrium state. On the other hand,if the gas is in chemical equilibrium

or frozen state, the changes in the heat flux are relatively less.

A brief summary of the variation in heating rate at the nose stagnation point for the 35 km,

62 km and 70 km is presented. The effect of above factors are highlighted at each trajectory

point. The specific rate constants to which the heating rate is sensitive to at the three conditions

are given below.

7.3.2 Heating Rate Variations at the Nose Stagnation Point

At 35 km altitude, the stagnation enthalpy and density of theflow is 12 MJ/kg and 0.0082

kg/m3. The dominant chemical activity in the shock layer is dissociation of oxygen molecules

and recombination of oxygen atoms in the boundary layer. Dueto high post-shock density,

thermo-chemistry in the shock layer approaches equilibrium. Increasing and decreasing the

rate constants doesn’t change the boundary-layer edge conditions. Thermo-chemical state of

the gas in the boundary layer is close to equilibrium with a high degree of recombination at

the wall (see Table. 7.1). The near-wall gas composition andtemperature change marginally

when the rate constants are increased and the resulting enhancement in surface heating rate is

small (see Table. 7.2). When the rate constants are decreased, recombination of oxygen atoms
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is suppressed. The corresponding variations inκ andT2 are given in the Table. 7.2. The overall

reduction in heating rate is relatively higher. Note that the heating rate is influenced by only

oxygen atom recombination rate,kb2 in the boundary layer.

At 62 km trajectory point, the stagnation enthalpy and density of the flow are 19.2 MJ/kg

and 0.000281 kg/m3. The primary chemical activity in the shock layer is partialdissociation of

N2 molecules along with a complete dissociation of O2 molecules. The chemistry is dominated

by forward reactions 2, 3 and 4 in the shock layer. Reaction 2 results in complete dissociation

of O2 molecules, and variation inkf2 has no appreciable effect on the flowfield solution. The

magnitude ofR3 andR4 determine the degree of N2 dissociation in the shock layer. Composi-

tion of the gas, specificallyYN andYN2
at the boundary-layer edge is sensitive to the variation in

kf3 andkf4 . In the boundary layer, partial recombination of N atoms is observed and reactions

2, 3, 4 and 5 participate in this process. Reactions 2 and 3 are rate limiting steps. Hence heating

rate is mainly affected by a variation in the corresponding rate constants,kb2 andkb3. Further

the gas is in non-equilibrium state in the shock layer as wellas in the boundary layer. Variations

in the rate constants therefore result in large changes in the near-wall gas temperature (see Ta-

ble. 7.2). The corresponding changes in the surface heat fluxare significantly larger than those

of the lower altitude case.

The stagnation enthalpy and density of the flow at 70 km altitude are 31.53 MJ/kg and

0.000152 kg/m3. Thermo-chemistry is similar to that of 62 km case, but the degree of N2 dis-

sociation in the shock layer is larger. Also reaction 1 has a major contribution at the shock

wave, that is not observed at the intermediate altitude condition. Shock-layer solution is there-

fore sensitive tokf1 , kf3 andkf4 . Boundary-layer chemistry is once again dominated by N2

recombination, with reactions 2 and 3 as rate limiting steps. Thus the heating rate changes are

influenced by the backward rate constantskb2 andkb3 . Trends in△κ and△T2 are similar to 62

km case, but higher heat flux variations are observed due to higher degree of non-equilibrium

(see Table. 7.2).

7.3.3 Effect of Stagnation Enthalpy

In summary, it is found that the changes in heating rate to thevariation in rate constants depends

on the stagnation enthalpy and density of the flow. As the vehicle descends into atmosphere its

velocity decreases consequently stagnation enthalpy of the flow decreases.H0 determines the

level of dissociation in the shock layer, which in turn determines the recombination process
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in the boundary layer. At lowH0, only recombination of O2 is observed. At intermediate

H0, recombination of O2 and N2 occur. At higherH0, only N2 recombination is observed.

The reaction mechanisms involved in the recombination process and the rate limiting steps are

enthalpy dependent. At low enthalpies (around 12 MJ/kg), heating rate is affected by onlykb2.

At intermediate and highH0 (between 19 and 32 MJ/kg), heat flux is influenced by bothkb2

andkb3 . Based on similar analysis, the shock layer chemistry at highH0 (around 32 MJ/kg) is

found to be sensitive tokf1 , kf3 andkf4 , which are involved in N2 dissociation. As the enthalpy

decreases, the contribution of reaction 1 to N2 dissociation decreases. Therefore the flowfield

solution in the shock layer is sensitive to onlykf3 andkf4 for flow enthalpies around 19 MJ/kg.

At low enthalpies (around 12 MJ/kg), the shock layer chemistry is sensitive tokf2 , rate constant

of oxygen dissociation. For the entire range ofH0 considered in this work the forward rate

constants of reaction 5 don’t alter the surface heat flux noticeably.

7.3.4 Effect of Density

The gas density determines the chemical state of the gas in the flowfield. When the gas is

in equilibrium state increasing the rate constants has a small effect on the gas properties and

the surface heat flux. On the other hand, decreasing the rate constants lowers the heating rate

significantly. Opposite is true when the gas is in frozen chemical state. Decreasing reaction

rates has a negligible effect here, whereas there is noticeable increase in heating rate when

the reaction rates are enhanced. When gas is in non-equilibrium state, both increasing and

decreasing the reaction rates have significant effect on thegas properties and on heat transfer

rate. Hence level of heat flux variations to the uncertainty in rate constants depends on density

of the gas.

7.4 Summary

The thermo-chemistry along the stagnation streamline of a re-entry flowfield is analyzed as a

function of the altitude. Dissociation of oxygen occurs viaReaction (2), on the other hand N2

dissociation can happen through Reactions (1), or (4), or both. As enthalpy of the flow increases

the contribution of Reaction (1) to the N2 dissociation increases. Recombination reactions occur

in the boundary layer, which are function of the gas composition at the boundary-layer edge.

First recombination of N atoms occurs through Reaction (4) which requires NO as a reactant.
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NO is produced by either Reaction (3) or (5). The concentration of oxygen molecules deter-

mine the preference for either of these two reactions. When the nitrogen atoms are completely

depleted from the gas mixture, oxygen recombination occursvia Reaction (2). The degree of

thermo-chemical non-equilibrium in the shock layer increases with the increase of altitude. The

degree of chemical non-equilibrium is quantified in terms ofextent of recombination at the wall.

A higher value of extent of recombination at the wall is observed at the 35 km condition due to

higher gas density. The heating rate is influenced by only oxygen atom recombination rate,kb2

in the boundary layer at the 35 km altitude condition. At higher altitude conditions, heating rate

is mainly influenced by the rate limiting steps in the N2 recombinationi.e. Reactions (2) and

(3). The heating rate variations are large at these conditions due to relatively low gas density,

where as at the low altitude condition, the changes in the heat flux are lower due to high gas

density.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

At high temperatures, the closure of species mass, vibrational and total energy conservation

equations require chemical reaction rate constants. Theseparameters are usually measured in

shock or ballistic tunnels. Hence, there is always some amount of uncertainty in their measure-

ment. Previous research has shown that uncertainty in the rate constants can lead to a significant

variation in the re-entry flow features and associated surface properties. In this thesis, an attempt

has been made to study the effects of variation in the rate constants on the computed flowfield

and associated surface properties at flight conditions. Theobjective is to understand the un-

derlying physical mechanisms and to identify the critical factors which influence the sensitivity

of aero-heating predictions to the variation in chemical reaction rate constants. The study is

performed at three trajectory points. These points represent low, intermediate and high altitude

conditions in an earth re-entry trajectory.

High enthalpy flowfield over a re-entry capsule is simulated by solving Navier-Stokes

equations along with the species conservation equations and a thermal non-equilibrium model.

Finite rate chemistry is considered with Arrhenius rate constants evaluated using curve fits of

Park to experimental data. An In-house CFD code based on finitevolume method is used to

compute the flowfields. Implicit time integration, along with a data parallel implementation, is

used to reach steady state results. The code has implicit andparallel capabilities and has been

applied to several hypersonic configurations. The re-entryflow computations are validated

against the FIRE II flight data at 35 km condition. The predicted heating rate at nose stagnation

point and on the conical frustum compare well with the in-flight measurements.
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The computed solutions are analyzed in detail in terms of thegas properties and chemical

activity in different parts of the flowfield. Increase of gas temperature across the shock wave

initiates endothermic dissociation reaction, where as thedecrease of gas temperature in the

thermal boundary layer adjacent to vehicle wall results in recombination reactions. Similarly

decrease of temperature due to flow expansion result in exothermic recombination reactions.

Thus, the nature of chemical reactions in a re-entry flowfieldis determined by the gas dynamic

processes. The energy released or absorbed in the chemical reactions in turn affects the local gas

temperature. The reactions also alter the gas composition which influences the mixture density,

viscosity and conductivity. Thus, there is a two-way influence between the gas dynamics and

chemical reactions in a re-entry flowfield. This mutual interaction plays an important role in

understanding the effect of varying reaction rates on aero-heating predictions.

The sensitivity of aero-heating predictions to the variations in reaction rate constants de-

pends on the dominant chemical reactions occurring in the flowfield. The stagnation enthalpy

of the flow determines the amount of dissociation in the shocklayer. At low enthalpy con-

dition, corresponding to 35 km altitude trajectory point, dissociation of oxygen molecules at

the shock wave and recombination of oxygen atoms in the boundary layer are the primary re-

actions. For higher altitude cases, dissociation of N2 is noticed in addition to dissociation of

oxygen molecules. Varying degree of nitrogen dissociationis observed depending on the total

enthalpy of the flow. The recombination reactions in the boundary layer depends on the gas

composition at the boundary-layer edge. In the presence of nitrogen atoms, nitrogen recombi-

nation occurs first, for example, at 62 and 70 km altitude conditions. When the nitrogen atoms

are completely depleted from the gas mixture, recombination of the oxygen atoms is observed.

Changes in aero-heating predictions are investigated by systematically varying the reac-

tion rates over their uncertainty range. The flow solutions computed by altering the reaction

rates are carefully analyzed to understand the physical effects that influence the surface heat

transfer rate. In general, an increase in rate constants increases the chemical activity in the

flowfield. Particularly, the recombination reactions in theboundary layer are enhanced. The

corresponding heat release enhances the near-wall gas temperature. This elevates the heat flux.

An opposite effect is observed when the rate constants are decreased.

The magnitude of the heating rate variation depends on the local chemical state of the gas

–equilibrium, non-equilibrium or frozen. This in turn is a function of the gas density which

varies by almost three orders of magnitude in a re-entry flowfield. When the gas is in chemical
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equilibrium state, the reactions are complete. Increasingthe rate constants further has a small

effect on the gas properties and the surface heating rate remains unaltered. This is observed at

the nose stagnation point of 35 km altitude solution. On the other hand, when the gas is in non-

equilibrium state, the recombination/dissociation processes is partially complete. An increase

in rate constants can therefore induce significant changes in the gas properties. This can lead

to large variation in the heat flux predictions. Similarly, decrease in rate constants suppresses

the recombination reactions and therefore heating rate decreases significantly. This trend is

observed at the shoulder region of 35 km condition, and at thenose stagnation points of the

higher altitude cases.

The gas is in chemical frozen state on the afterbody and the extent of recombination is

very low. However, the changes in the forebody shock layer, due to variation in rate constants,

convect into the afterbody separation bubble. This alters the separation bubble size and the

gas properties in the vortex core. The resulting changes in gas temperature and composition at

the boundary layer edge influence the surface predictions. For example, the reduced reactivity

simulation at 62 and 70 km altitude results in base pressure and heat flux that are much higher

than the baseline values. This is because of a hotter gas in the forebody shock layer, due to

reduced dissociation level, which is convected to afterbody and alters the surface predictions

significantly.

In summary, the analysis presented in the thesis identifies three critical factors that de-

termines the variation in aero-thermodynamic predictionsdue to changes in chemical reaction

rates.

1. The dominant chemical reactions occurring in the shock layer, the shoulder expansion

region and the thermal boundary layer on a re-entry capsule.

2. The local chemical state of the gas – equilibrium, non-equilibrium, frozen – in different

parts of the reentry flowfield.

3. The extent of recombination achieved at the isothermal wall boundary.

It is found that the stagnation enthalpy of the flow and the free-stream density are the parameters

which control the interaction between the gas dynamics and chemical reactions in the flow. The

variation of these two parameters at different flight conditions spanning a re-entry trajectory

and their influence on the heat flux prediction is discussed.
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Based on the analysis presented in the thesis and the specific conclusions drawn from the

work, the following directions of future work are envisaged.

8.2 Future Work

1. Catalysis of thermal protection system material is another important parameter which

affects the heat transfer rate. The catalysis promotes the recombination reactions at the

surface, thus providing another path for the formation of molecules on the surface. In this

way, catalysis affects the extent of recombination at the wall. Therefore, the heating rate

variations due to uncertainty in the rate constants with a catalytic wall will be different

than those obtained with a non-catalytic wall. Similar to the rate constants, there is an

uncertainty in the measurement of catalytic properties of the wall. Variation in the wall

catalycity changes the amount of recombination at the surface, and hence heating rate.

The present analysis can be extended to investigate the above catalytic effects on heat

flux variations.

2. Diffusion process has a significant effect on the boundary-layer gas composition. Molecules

(either N2 or O2) are created in close proximity to the wall due to the recombination

reactions, and the diffusion phenomena propagates or movesthe molecules from high

concentration region to low concentration regions. A variation in diffusion coefficients

can therefore alter the gas composition in the near-wall region. This can have a signif-

icant effect on the reaction mechanisms and heat flux. These variations could be much

higher if the surface is catalytic. An analysis similar to that presented in the thesis, can be

performed to understand the effects of diffusion on chemical reactions and heat flux on

catalytic and non-catalytic surfaces.

3. Stagnation enthalpy (HO) of the flow in a freestream determines the chemical kineticsat

the shock wave. For Earth entry, ifHO is above 30 MJ/kg, ionization of the species occur

in addition to chemical reactions at the shock wave. Depending on the level of ionization

air can be modeled as a mixture of seven species (N2, O2, NO, N, O, NO+ ande−) or

eleven species (N2, O2, NO, N, O, NO+, O+, N+, N+
2 , O+

2 and e−). Ionization process

posses many challenges to computational predictions. The energy exchange mechanisms

between electrons, atoms and molecules should be considered and appropriate energy ex-
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change terms should be included in the mixture vibrational and total energy equations.

The present procedure can be extended to identify the critical reactions affecting the elec-

tron number density and heat transfer rate at ionization conditions.
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