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Abstract

A re-entry capsule encounters a high temperature and chéynieacting flow during the re-
entry phase. Computational Fluid Dynamics is extensivebdu® simulate these flows, as
high enthalpy and low density associated with the flight d@ooras are difficult to reproduce in
wind tunnels or shock tunnels at each re-entry trajectomgtp&lowfield solution and surface
predictions, such as surface heat flux and pressure, attbesiions are sensitive to chemi-
cal reaction rate constants used in the simulation. Uniogytan the rate constants, which is
inherent in their measurement, induces correspondingyesan the surface properties. Under-
standing the role of rate constants on the flow solution aac$#sociated surface predictions is
important.

The present thesis investigates the effect of variatiorhenacal reaction rate constants
on aero-thermal predictions at flight conditions. With irstecope, numerical simulations are
performed by varying the reaction rate constants over th@ertainty range. Freestream con-
ditions at 35 km, 62 km and 70 km condition are chosen as thecés®s. They represent
typical low, intermediate and high altitude flight in the thaatmosphere. These conditions are
chosen so that the effects of freestream density and stagrithalpy on the heating rate vari-
ations can be examined. The computations are performedanith-house CFD code and the
aero-thermal predictions are validated against availigle data. Flowfield solutions are com-
puted by altering the reaction rates from their baselineasind they are carefully analyzed
to understand the physical effects that influence the seirffeat transfer rate. A controlled
zonal analysis is performed to isolate the effects of sHagkr and boundary-layer chemistry
on heat flux variations. The analysis is performed at diffepgints along the vehicle forebody,
afterbody and shoulder.

It is found that the dominant chemical reactions in the gadune; chemical state of the
gas, i.e. equilibrium, frozen and non-equilibrium; and &xtent of recombination reactions

at the vehicle surface are the critical factors that infleeth® heat flux variations due to the



uncertainty in the reaction rate constants. The stagnaiitimalpy of the flow determines the
dominant reactions to which the surface heating rate isitsensOn the other hand, the gas
density determines the chemical state of the gas, whichrinaffiects the magnitude of heating
rate variations. In general increasing the reaction ratbarmces the recombination reactions in
the boundary layer that leads to higher surface heat flux. gxosite effect is observed when
the rate constants are decreased. When the gas is in chenudé@reum state, increasing the
rate constants further has a small effect on the surfacéeniggate. On the other hand, when the
gas is in non-equilibrium state, increase or decrease efc@istants can lead to large changes
in the heat flux predictions. These trends are studied intteettest cases outlined above. The
results are then extrapolated to cover the entire range wh@entry trajectory points with
stagnation enthalpy between 2 MJ/kg and 32 MJ/kg.

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

Chemical reaction rate constants.
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Chapter 1

Introduction

The quest to explore outer space and the need to have fastetiig vehicles for military
and space transport has led to the development of hypergehicles, which travel at a speed
greater than five times the speed of sound. While cruising pgtspnic speeds, the vehicles
are enveloped by a strong bow shock. The large kinetic enefdlge flow, relative to the
vehicle, is converted into internal energy across the sh@le. The gas in the region between
the shock wave and the vehicle surface, referred to as thek $ager, is therefore extremely
hot. The gas temperatures are often high enough to initiagodation of the gas molecules.
A thick boundary layer forms on the vehicle surface, andauscdissipation in the boundary
layer can elevate the gas temperatures further. Thus, $yypiervehicles are exposed to severe
aero-thermodynamic environment.

For the past three decades there have been intensive esearcevelopmental efforts
to understand hypersonic flows. This has resulted in theloleweent of sophisticated high-
enthalpy wind tunnels, shock tunnels, and ComputationaldHynamics (CFD) methods.
Wind and shock tunnel tests are difficult and are costly todoeh at high enthalpy condi-
tions. CFD is a much more economical approach for studying fliows. Therefore CFD is
extensively used as an analysis tool in the design of hyparsehicles [1]. CFD is also used
as a research tool to understand the complicated hyperstieats [2].

In this chapter, a brief description of the hypersonic flolgfiever a re-entry capsule is
presented. Physical processes associated with re-entry 8e explained. It is followed by
literature review on CFD predictions of re-entry flows ddsicig their potential and limitations.
Motivation and objectives of the thesis are presented ri@rally, 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: stréaslare superimposed on tempera-

ture contours to highlight the main features of the flowfield.

1.1 Background

Re-entry capsules are used for space exploration applsatioe to their ability to withstand
high heating loads during the re-entry phase [3]. A re-ecéysule or planetary probe consists
of a blunt forebody, followed by a conical afterbody withastyht or rounded base. A generic
re-entry flowfield over a capsule is shown in Fig. 1.1 in terrhshe temperature contours.
Streamlines are superimposed to show the flow direction ecidculation bubble. Prominent
features such as bow shock, flow expansion at the cornela, lstyer and recirculation bubble
are identified. Detached bow shock ahead of the forebodylefates the flow to a subsonic
Mach number and causes sudden rise of temperature at thie. sHagh temperature effects
and thermo-chemical non-equilibrium determine the gapgmees in the shock layer. Flow
expansion around the shoulder accelerates the gas to sojpekéach numbers.

The boundary layer separates on the afterbody and forms-apgeed recirculation region
which is referred to as the near-wake. The recirculatiorblibften consists of a single toroidal
vortex. A free shear layer originates from the separationt@nd separates the inner recircula-

tion region from the outer inviscid expansion region. Thevfls turned to freestream direction



by a recompression shock at the neck. Re-compression shatkiagreases the temperature
of the gas. Hence, the neck is characterized by maximum textyses in the afterbody region.
Flowfield after the neck region is referred to as the far-wake

Hypersonic flows are characterized by high temperaturesarshock layer. These high
temperatures, excite the internal energy modes and chiemaions. Depending on the shock
layer temperature, internal energy excitation can con$igitational and vibrational relaxation
and ionization. Usually internal energy excitation andmotwal reactions are referred to as
thermo-chemistry. This phenomenon is associated withggretchange mechanisms such as
a transfer- of translational energy to internal energy msaaled to chemical enthalpy. Under
these conditions, a fluid deviates from the perfect gas hehakherefore appropriate physico-
chemical models should be used to account for the energyaagehmechanisms. The effect
of thermo-chemistry is to lower post-shock temperature r@aiice shock stand-off distance
compared to that of a perfect gas simulation. Hence reagtsgsimulations will predict less
thermal load to the vehicle. Although pressure is not infbgghsignificantly by the chemical
reactions, the pitching moment coefficient increases ajgisly due to the reactions [3]. If
temperatures are high enough, air ionizes and results imeomncation block out of the vehicle
with the ground.

Thermo-chemical processes require a finite number of mizigatomic collisions to reach
equilibrium. At flight conditions, the density is usuallyottow to induce sufficient collisions
to reach equilibrium while the gas passes through the stayel. The chemical time scales are
often comparable to the fluidynamic times scales, leadirsigiaificant non-equilibrium effects
in the flowfield. Therefore appropriate non-equilibrium ratsdshould be used to compute the
aero-thermal loads.

As the Mach number increases, the shock comes closer to tidesbody and can inter-
act with the boundary layer. High temperature prevails & hlipersonic boundary layer due
to viscous dissipation, which transfers the kinetic enerfgie fluid to thermal energy. Hence,
viscous effects should be properly modeled to accurategiptr aerodynamic and thermal co-
efficients. Shock waves generated from the wing or contndésas can interact with the bow
shock of the vehicle. Such interactions can lead to comptexfiglds and highly localized
heating rates. For example, severe damage to the vehictagtiqally observed in the flight
test of X-15 [3]. Similarly impingement of shear layer on #feerbody portion of a capsule can

result in highly localized surface loads [4]. The preseniceigcous interaction, shock-shock



interaction and high temperature effects result in comfilex physics. Predicting re-entry
flowfields using numerical simulation is, therefore, a adadjing task.

Thermal Protection System (TPS) is used to protect a vebiclgapsule from the sur-
rounding hot gas. Material selection and thickness of th& @&Re important elements in the
design of a re-entry vehicle. TPS is usually designed baseakeoothermal predictions such
as heat flux, surface pressure and total integrated heat ©BD simulations are extensively
used to predict the above properties. Therefore the nuaigniedictions need to be thoroughly
validated for different phenomena occurring at re-entnyditions. 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 capalbditye-entry flows since the Apollo
era. In the early 1960s, Fay and Riddell correlation [5] wagebiged to calculate the stag-
nation point heating rate, which is required for sizing tHeSTof a vehicle. Different levels
of approximation to the Navier-Stokes equations, such iaspus shock layer, thin layer ap-
proximation and parabolized Navier-Stokes equations wexeloped overs the years. Simi-
larly, approximate methods were developed to model thertbezhemical phenomena with the
equilibrium assumption. However, these approximationsaloprovide accurate information
about the flowfields over re-entry vehicles [3]. This is dughe strong inviscid-viscous in-
teractions, high-temperature and non-equilibrium effewhich are associated with high Mach
number flows. This necessitated coupled solutions to thee&tokes equations and the equa-
tions governing the thermo-chemical non-equilibrium. He tate 1980s, many researches, in-
cluding Pratt [6], Candler [7], Josyula [8], Park [9], TirgKil0], and Grasso [11] obtained
solutions to the complete set of Navier-Stokes and therh@wrical equations. In these meth-
ods, the thermo-chemical and Navier-Stokes equationgrargty coupled to account for non-
equilibrium effects.

CFD predictions need to be validated against experimentiibbt measurements to as-
sess the assumptions made in the physical modeling and mameethod. Shock stand-off
distance, surface pressure and heating rate are frequesetti/to validate the thermo-chemical
models used in the CFD formulation. Olejniczak and Candle}f ¢bthputed the vibrationally

excited N flow over a blunt body with different vibrational non-egbiium models. The



predicted shock stand-off distance and shape were compattedhe experimental measure-
ments. They find that shock stand-off distance is relatiuvetgnsitive to the vibrational non-
equilibrium models, where-as the shape of the shock waveeattioulder region is sensitive to
the thermal relaxation rates. Josyula and Shang [13] stulleeffect of vibrational relaxation
in re-entry flows for Mach numbers ranging from 10 to 18. Thag that heating rate computed
with the vibrational non-equilibrium model is nearly 10 1392 higher than that obtained with
the vibrational equilibrium assumption.

Candler [7] presented the computation of hypersonic regdlinvfields over spheres and
cones considering thermo-chemical non-equilibrium ¢fedhe predicted shock detachment
distance is found to be in good agreement with the expermh@m¢asurements. Tchuen and
Zeitoun [14] studied the effect of chemical reactions foamage of- freestream Mach numbers,
densities, and stagnation enthalpies. They employedréifteate constants for chemical re-
actions available in the literature to simulate the higthealpy test cases. The shock stand-off
distance, peak translational temperature and speciesfraatien in the shock layer are found
to be sensitive to the reaction rates used in the simulatidriee stagnation point heat flux
computed using various reaction rates differs by up to 60%.

High-enthalpy flow over double-cone involves complex floattees such as shock-shock
and shock-boundary layer interactions, flow separationclasinical reactions in the separa-
tion region. The inviscid shock structure, the size of theasation bubble, and the associated
surface properties are highly sensitive to numerical nebttrad thermo-chemical rate constants
used in the CFD. Nompelig al. [2, 15, 16] studied this flowfield extensively to investigtte
different aspects of CFD of hypersonic flows. They reportegdaumber of experiments with
stagnation enthalpy ranging from 3 MJ/kg to 15 MJ/kg. The ¢geses considered in these ex-
periments were pure oxygen, nitrogen and air. The flowfieldseveomputed at test conditions
and the predicted shock pattern, surface pressure anch@eates were compared with exper-
imental measurements. They find that at low enthalpigsN1J/kg), where chemical reactions
do not occur, the heating rate predictions compared well thié experimental measurements.
However, at higher enthalpies-b MJ/kg), when there is significant chemistry in the flowfield,
the agreement between the predictions and experimentsns to be poor.

The heating rates on the afterbody are lower compared te thidbe forebody. However,
predicting the surface heating and pressure loads is autiffask due to the presence large

separated regions on the afterbody. The flow separationhengbsulting re-circulation bubble
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Figure 1.2: Uncertainty in the measurement gf dssociation rate constant. The collision

partners are @ N, and O. The figure is reproduced from Ref. 9.

have a significant effect on the static and dynamic stabdftyhe entry capsules [4]. This
has necessitated characterization of the afterbody fladgfier the design of space capsules;
hence, many studies have been performed in this directidmesder [4] reviewed experimental
studies performed on the afterbody flows in the Apollo and Geera.

Dograet al. [17] investigated the effect of chemical reactions on tharsveake flowfield
over 70 blunt cone numerically. The reacting gas computationslgigbh 25% larger separation
bubble compared to that obtained with the perfect gas méttalis [18] conducted experiments
to investigate the wake flowfield over MP-1 configuration, evhcorresponds to the scaled
model of the Mars Pathfinder space capsule. Numerical gredsccompared well with the
measured heating rates on the forebody. However, signifitii@rences were noticed near the
re-attachment point on the afterbody. Grassal. [19] analyzed the hypersonic near-wake
flows over sharp-nosed and blunt-nosed bodies using CFD. dinputed temperature profile
along the wake axis compared well with that obtained fromsussments. The effect of nose
bluntness, Mach number, and Reynolds number on the nearfleakieeld was investigated.
They found that near-wake flow properties depend on the IBegholds number along the

re-circulation dividing streamline.



The physical models of the thermo-chemical phenomena nse@FD simulation are de-
veloped based on experimentally determined thermal retaxeates and chemical reaction rate
constants. These parameters are commonly referred to etsckitata. High-enthalpy impulse
facilities i.e. shock tunnels are used to measure thesecosgtants. Hence, there is always
certain amount of uncertainty in the measurement of thdsecanstants. Figure 1.2, which is
reproduced from Ref. 9 shows the uncertainty in the detertioimaf dissociation rate constant
for molecular oxygen. The rate coefficient for the reactiggr@,—0O+0+0, is measured at
10*/T, ~ 1.25 and 2.75 and the corresponding uncertainty in the measutésalso marked.
It is observed that the uncertainty in the measurement ef caefficient is an order of one
magnitude. Similarly, the uncertainty in the rate constanthe reaction @+N,—O+O+N, is
shown for10*/T, ~ 1.5 and 2.1. The uncertainty in these rate parameters leadsi&ion in
the computed surface heat flux. Thus, the accuracy of the atatipnal predictions of re-entry
flowfields and the associated aero-thermal loads dependcumade modeling of these high-
temperature phenomena. For reliable and safe design ghestiicles, the uncertainty margins
on the predicted heating rate need to be estimated.

In the early 2000s, the Monte Carlo sensitivity and uncetyaanalysis was developed to
determine the uncertainty in the predicted heating rateseBad Wright [20] used these anal-
yses to study the effect of thermo-chemical modeling patarsen the stagnation point heat
transfer rate. The freestream conditions correspond tpéha& heating condition of the Mars
pathfinder vehicle. They varied several parameters, imofugeaction rate constants, diffusion
coefficients and surface catalysis parameters, and peztbararge number of simulations to
guantify the effect of these parameters on the heating Tatey studied different flow regimes
based on the wall catalytic behavior and identified the damiparameters affecting the heating
rate. For super-catalytic surfaces, the stagnation peiat tnansfer rate is primarily sensitive to
the diffusion parameter, whereas the oxygen atom recortibimeate is found to be the dom-
inant parameter in the weakly catalytic regime. A similacenainty analysis was performed
by Palmer [21] for Crew Exploration Vehicle at conditionsmegentative of low earth orbit and
lunar return entries. The study included radiative effaataddition to convective heating, and
it was found that changes in radiative heating are less thasetin convective heating due to

variation in key input parameters.



1.3 Motivation and Objectives

The chemical reactions occurring in a high-temperaturengiature have a dominant effect
on re-entry flow features and associated surface propettieat released or absorbed during
chemical reactions affects the temperature of the gas hahiturn affects the surface heat flux.
The chemical reactions also alter the gas composition amcskociated properties such as
conductivity and viscosity of the gas mixture. Changes irdemtivity of the fluid medium have
additional effects on the heat transfer rates. Variatiotisiid viscosity affect the local Reynolds
number. This can alter the boundary layer and the flow sapareharacteristics. Changes in
the separation and reattachment locations alter the atedshock structure, affecting surface
pressure and heat flux distribution significantly. Thus,naital reactions affect re-entry flows
in multiple ways and a detailed understanding of the cheynind its effects on flowfield
predictions is important.

The gas phase chemistry at re-entry conditions usuallyisisne multiple dissociation/rec-
combination and exchange reactions. The rates of theseaesdepend on the temperature
and pressure of the gas mixture, and therefore varies front fmopoint in a re-entry flowfield.
The reaction rates are also functions of the molar concgmtraf different species in the gas
mixture. The gas dynamic and diffusion processes in the fleterchine the local gas prop-
erties. They play a major role in determining the chemicélvayg in a region. The chemical
reactions, on the other hand, alter the local gas propediesthus can have a significant effect
on the gas dynamics and heat transfer. Thus, there is a twontexaction between the flow
processes and the chemical reactions occurring in a rg-gody.

The effect of chemical reactions on the flowfield predictiafs depends on the degree
of chemical non-equilibrium. This, in turn, is a functiontbe local gas density, which varies
over a large range in the flow around a re-entry capsule. Thelgasity increases by an order
in magnitude across the shock wave and further increasée ivicinity of an isothermal cold
wall. On the other hand, flow expansion around the shoulderitein very low density on the
afterbody. Therefore the local chemical state of the gadimetion of not only the nature of
a chemical reaction, but also the extent of chemical nonlibgum at a given thermodynamic
condition of the gas. Studying the effects of multiple pagsers, like temperature, density and
gas composition, that vary from point to point in a re-entoyfis necessary for understanding

the effect of chemical reactions on the flow prediction.



The thesis presents a study of the chemical reactions acgurr a re-entry flowfield
around a capsule geometry. Controlled numerical expersre@ performed by varying the
chemical reaction rates and studying the flowfield solutiondetail. The focus is on under-
standing the physical mechanisms through which the chgnaet the gas dynamics influence
each other. The analysis is performed at flight conditionsesponding to different points

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

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

effect on the aero-thermodynamics of a re-entry capsule.
2. Investigate the sensitivity of heat flux to the variationthe chemical rate constants.

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

sitivity to the variation in reaction rates.

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

points along a re-entry trajectory.

1.4 Scope of Thesis

The thesis describes the effect of variation in chemicaltrea rates on heating rate predictions
at three re-entry conditions. The freestream parameterslasen such that they represent
low, medium and high altitude conditions in an earth entgjetttory. The three test cases
vary significantly in terms of freestream density, veloatyd Mach number. The freestream
temperature is found to vary by a small amount among the ttagtecases. Identical wall
temperature is used in each simulation at the three conditidhe geometry corresponds to
FIRE Il re-entry capsule at zero angle of attack for all theldations.

Numerical simulations are performed using an in-housellphi@FD code, which ac-
counts for finite rate thermo-chemistry occurring in higmperature air. The code is based
on the implicit DPLR [22] algorithm and has been applied teesal hypersonic configura-
tions. The flowfield over FIRE Il re-entry capsule at 35 km cdindiis chosen for validating
the CFD code predictions. A careful grid-convergence stsdyerformed to assess the grid-
independence of computed surface properties. Nose stag@atd afterbody heating rates are

compared with in-flight measurements. The details are pteden Chapter 3.



The solutions computed at a chosen freestream conditicenalgzed in detail in terms of
the variation in gas temperature, density and compositen the entire flowfield. The manner
in which these gas properties determine the local chemastdythe degree of non-equilibrium
is studied. The rates of different chemical reactions aeddisulting species source terms are
compared to identify the dominant chemical reactions aadtren mechanisms occurring in
the flow. Next, controlled numerical experiments are penkal by varying the reaction rates
and studying their effect on the flow processes. The flow swiatcomputed by altering the
reaction rates are carefully analyzed to understand theigdiyeffects that influence the surface
heat transfer rate. By comparing the altered reactivitytgmig with the baseline solution, rate
limiting steps in the reaction mechanisms are identified.

A zonal analysis is performed to understand the effects otlsttayer chemistry and
boundary-layer chemical reactions on the heating rateigireds. The factors contributing
to the heat flux variations are studied in detail, and theyaimls carried out at different points
on the vehicle surface. The zonal analysis gives insigbttim interaction between the chem-
ical reactions and gas dynamics. In particular, the effédloa separation on the afterbody
and flow expansion around the shoulder on the aerothermgictions is presented. The above
mentioned study at the three trajectory points is presant€thapter 4, 5, and 6, respectively.

As the altitude of the flight decreases the density of the gagases and stagnation en-
thalpy of the flow decreases. The above three trajectorytpaire chosen such that the effect
of variation in altitude.e. changes in freestream density and stagnation enthalpyedmetiting
rate sensitivity can be investigated. The heat flux vametiat the nose stagnation point for the
three altitudes is critically analyzed and presented in @rapp The rate constants of domi-
nant chemical reactions for which heat flux is sensitive atttiree trajectory points are also

identified.
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Chapter 2

Simulation Methodology

The details of simulation methodology used in the thesiskvawe presented in this chapter.
First governing equations for non-equilibrium viscous ilaan flows are explained. RANS and
turbulence model equations for reacting flows are given.nEixtally description of the finite
volume method is presented.

Navier-Stokes equations represent the conservation of,mmasmentum and energy in the
presence of dissipative effects. Thus, NS equations arneadehoice for computing the com-
pressible laminar flows. However for computing the re-eflows, high temperature effects
should be considered. For example, if the temperature o&ithexceeds 800 K, vibrational
modes excite, above 2000 K dissociation of the oxygen m#eanccurs and above 4000 K
dissociation of Nitrogen molecules begins. For such highpeerature flows, perfect gas equa-
tion of state is not valid. Hence additional thermo-chemezpuations which account for the
above mentioned high-temperature phenomena need to bidessts

Vibrational excitation and chemical reactions are callisinduced phenomena. Hence
they require finite time to approach corresponding equiliorstates. At low densities and
high velocities, typical of re-entry conditions, the tinwake at which vibrational excitation and
chemical reactions occur is, of the same order of fluidynamie scales. In such conditions,
gas does not approach equilibrium state corresponding#btioermodynamic condition. Thus,
gas is in a thermo-chemical non-equilibrium state. Henceupled solution of NS equations

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

In the present work we assume that rotational modes of thargas equilibrium with the trans-
lational modes where as the vibrational modes are in nofHegum. Further we assume that
the vibration-vibration transitions are fast enough toildojuate with each other so that a single
vibrational temperature is sufficient to describe the \tibraal state of the gas. The translational
temperature defines the translational-rotational statbefjas. At the range of temperatures
considered in the present work (below 10000 K), ionizatiadhmwot occur. Hence air is treated
as a neutral mixture of molecular nitrogen,jNmolecular oxygen (§), nitric oxide (NO),
atomic nitrogen (N) and atomic oxygen (O). Each of theseispas individually treated as a
perfect gas. Thermo-chemical equations described hergpaages continuity equations and
conservation equation for mixture vibrational energy.

With these assumptions, we present the governing equdtohgh-temperature viscous
flows in conservation form using tensor notation . For a mixtof ns species, the species

continuity equation is given by

dps O )
— I D) = 2.1
at 833] (psu]) 8$j (IOSUS]> ws ( )

wherep, is the density of the species v; is the mixture velocity in the direction, v,; is
the diffusion velocity, due to mass diffusion. The souragente, represents, construction and
destruction of species due to non-equilibrium chemicattiens. The expressions for source
term are presented in Section 2.1.4.
The mixture momentum equation is same as that of the pergecflgws and is given
below.
0

0 0
5 (Pua) + a—xj(Puin + pdij) + a—%(ﬂ'j) =0 (2.2)

wherep is the mixture pressuré,; is kronecker delta and;; is viscous stress tensor. Using

Stokes hypothesis for a Newtonian fluigl, is given by

2 Ou

Wherey is mixture viscosity and;; is strain rate tensor and is given by

1 auz an
=g (axj * ax,-) (2:4)

The procedure for the calculation of mixture viscosity isggnted in Section 2.1.2.

12



The conservation equation for mixture total energy is givgn

OE 0 0 4 N
E + 8_1‘]((E +p)Uj) + a_xj(Qj + QUj) + a_:E](TUUZ) + ; a_:Ej(hSUSj) =0 (2.5)

whereh, is the species enthalpy per unit volumg,andg,; are translational and vibrational
heat conduction. Both heat conduction terms are evaluatesing the Fourier’s law of heat

conduction

oT oT,
L= — K — i = — v 26
wherex andk, are mixture thermal conductivities as defined in the Se@iarP.

The conservation equation for mixture vibrational enegygiven by

aEU 9 9 nd o
5 + a_xj(EvuJ') + a_xj(%j) + Z a_xj(psevsvsy'> = Wy (2.7)

s=1

where E, is mixture vibrational energy per unit volume,, is the vibrational energy per unit
mass of the speciesandw, is the source term for vibrational energy, which is expldiine
Section 2.1.5. The derivation of the vibrational energyatiun from kinetic theory of the gas,

is given by Olejniczalet al. in Ref. 12.

2.1.1 Equation of State

We require equations relatiig 7, andp to conserved variables. These equations are described

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

ns 1 ns
E = Z pscvsT + ipuzuz + Ev + Z pshg (28)

s=1 s=1

wherec,, is the translational-rotational specific heat of spesjagven by
Cys = Cytras T Cyrot s (29)
wherec, ., s andc, . s are the translational and rotational specific heats given by

3 R R
Cy tTaS:§E7 Cvrots:M> Sénd (210)

R and M, are the universal gas constant (=8.314 kJ/kg-mol-K) andiepanolecular weight
respectively anad is number of diatomic species in the mixture. Thus the firshte the Eq.
2.8 represents the energy due to the translational andadhimodes of the molecules. The

second term represents the kinetic energy of the gas miandehird term represents energy
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Table 2.1: Characteristic harmonic oscillator vibratioreamhperatures (K)

Species 0,
N, 3395
O, 2239
NO 2817

Table 2.2: Heats of formation (J/kg)

Species h
N, 0
O, 0
NO 2.996123 x 10°
N 3.362161 x 107

1.543119 x 107

due to vibrational modes of the gas . If we assume that thequl@s of the gas are in Boltzmann

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

R O,
— P M exp(0,s/T,) — 1
Whered,, is the characteristic temperature of the vibration for ggsee and are presented

By (2.11)

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

vibrational energy of the diatomic species

nd
E, =Y E. (2.12)
s=1

For a gas mixture with two or more diatomic specied ¢ 2), T, cannot be calculated
directly from E, and an iterative procedure is required. The last term inrliggi 2.8 represents
the heat of formation of each speciéd.is known as the heat of formation. The values of the
hY for each species are presented in the Table 2.2.

The mixture pressure can be obtained by using the Daltow'sHiznce sum of the partial
pressures of the individual species will give mixture poess 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 Ay By Cs
N 0.0268142 0.3177838 -11.3155513
0, 0.0449290 -0.0826158 -9.2019475
NO 0.0436378 -0.0335511 -9.5767430
N 0.0115572 -0.6031679 -12.4327495

0.0203144 0.4294404 -11.6031403

ns T

p= ;ps, ps=psyr T (2.13)

2.1.2 Species and Mixture Transport Properties

In this section, procedure for calculating the mixture g&ty, thermal conductivity and species
diffusion coefficients is presented. The viscosity of thehegpecies is determined using curve

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

ps = 0.1 exp[(Asin T + Bs)in T + C4] (2.14)

whereA,, B, andC, are curve fit constants. The values of these constants forsgamries are
listed in the Table 2.3. This curve fit data is valid up to th800 K, which is much higher than
the temperatures encountered in the present work. Vigcoséfficient of the species, which
are not mentioned in the Blottnet al. curve fit data, or beyond0000 K can be computed
from kinetic theory using cross section data [24], [25].

The thermal conductivities for the translational and iotel energy modes are deter-
mined using the Eucken relation [26], which correlatesrtt@rconductivity for individual en-

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

>

Rtra s = é,uscv tra s, Rrot s = WUsCy rot s

(2.15)

Now the mixture viscosity and thermal conductivity are canga using the Wilke’s mixing
rule [27]

= X¢M (2.16)

=X
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where

x, =M M= (> (217)

1+\/%(%:>”‘T[ 8<1+%i>]1 (2.18)

Mixture vibrational thermal conductivity is given by

Qbs:ZXr

Ky = 1.2/LZ% (2.19)
s=1

Where the summation is over all the vibrational modes.

2.1.3 Species Diffusion Coefficients

In the present work, mass diffusion due to concentratiodigrd is considered. The diffusion
due to pressure and temperature gradients are neglectesirasontribution to total mass diffu-
sion is relatively small. Using Fick’s law, the diffusiorrte in the species continuity equation
(EQ. 2.1) can be written as

dc,
PsVsj = _st% (220)
J

whereD; is the diffusion coefficient of specias In the present work we assume that, diffusion
coefficient is same for all the species. The valu®as obtained by assuming a constant Lewis
number,Le, defined by

Le = DY (2.21)

K

wherec, is constant pressure translational-rotational specifat.hEor air, the Lewis number
assumed to be.4. Multi component diffusion coefficien®, can be obtained from curve fit data
of Blottneret al. [23]. However it was shown for air flows that the multi compondiffusion

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

2.1.4 Chemical Source Terms

Species continuity equation has a source term, due to ptiodugnd destruction of species,
caused by the non-equilibrium chemical reactions. TheiBpegpressions for the each species
source term are presented in the present section.

In high temperature non-ionized air, the following five réags are important.
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No+M=2N+M

O +M+=20+M

NO+M=N+0+M
(2.22)

N+ O=NO+N

NO+O=0;+N

In the above reactions, the bidirectional arrows indicales the reaction can proceed
in both directions. In the present work, a forward directindicates, the direction in which
reaction is endothermic. The first three reactions reptakerdissociation of B O, and NO
molecules respectively. In the dissociation reactidrdgs collision partner, which provides the
required energy, to break the chemical bond. The collisatner can be any of the five species,
and it is unaltered in the reaction. The reverse of the diaion reactions is a recombination
reaction, in which, the atomic species releases chemiaggrand the collision partner is
energy absorber. The last two reactions are the Zeldovichamge reactions. These Zeldovich
reactions govern the concentration of NO in hypersonic flows

Now the forward and backward reaction rates for the abovedigetions are given by

_ 5 [ PN PN Pm  __ PNo Pm_
Ry = Zm:l kblm N Mx M, kf1m My, Mm

3

_\ [ PO PO Pm POy pm |
RQ - Zm:l kam o fe) A kaWL J\ﬂo2 M,

5 [ m LNO Fm ]
Ry=3% 0 _kbgm%p_%&_m = kfan Mo z@_m_ (2.23)

_ PNO PN __ PNy po
Ry = ks, Mxo My kf4 My, Mo

PO
R =k 2 PN _ [ PNO PO
5 bs Mo, Mn 5 Mo Mo

In the above equatiors; andk, are forward and backward reaction rate constants. Suiffix
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indicates collision partnerp; and M; represent theé!” species density and molecular weight
respectively. The species source term can be representunis of the reaction rates as shown

below.
’LUN2 = ]\/[N2 (Rl -+ R4)

wOQ - M02 (R2 - R5)

wno = Mo (Rs — Ry + Rs) (2.24)

WN = MN (—2R1 — Rg - R4 - R5)

wo = MO (—2R2 - Rg + R4 + R5)

Note that sum of the source terms for elemental species ngicddly zero, as required by the
global conservation of mass in the system.

Now we require expressions for forward and backward reagtide constants, to close
the chemical source terms. These reaction rates shoultleorise chemical non-equilibrium
effects. The important mechanism that needs to be considewdefining the non-equilibrium
reactions rates is physical coupling between the vibratebexation process and dissociation
and recombination reactions. The effect of this couplingpiseduce the dissociation reac-
tion rate for non-equilibrium state, until equilibrium isached. Many models are proposed to
account for this vibration-dissociation coupling effeatk as coupled vibration-dissociation-
vibration model [29], Macheret-Rich model [30] and Park nidgd@g].

Of all the models, most extensively used one is Park modeis frfodel is relatively
easy to implement in CFD codes. Also for many hypersonic teydtows, Park model is
shown to give satisfactory results [9]. In the present wokk vave employed Park model.
In this model reaction rates are evaluated at an effectivpéeature 7, which is a function
of translational and vibrational temperature. The forwagaction rates are expressed using a

modified Arrhenius form, as given below.
kfm(Ta) = Cfngmemp (_edm/Ta) (225)

whereC/,,, n,, andd,,, are experimentally determined curve fit data over a giverptgature

range [9].m is a index notation for reactions. The backward reactioa isabbtained using the
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principle of detailed balance
kbm (Ta)
Keq m

whereK,, is equilibrium constantk, is function of temperature only, and expression is given

by

Fom(T0) = (2.26)

Keq m = Cmexp (Alm + AQmZ + A3mZ2 + A4mZ3 + A5mZ4) (227)

whereZ = 10,000/T. The constant§’,,, A, are curve fit to the experimental data [9].
Now the effective temperature for dissociation is takenh@sgeometric average of the

translational-rotational and vibrational temperature.
Ta = (TTU) (228)

However the backward reaction rates (recombination reactre function ofl” only. The
reaction rates for exchange reactions are also calculatédas these reactions depends only

on the relative speed of the collision which depends uparstational temperature.

2.1.5 Vibrational Source Term

In this section, the expression for the vibrational enemgyrse term in Eq. 2.7 is presented.
This source term represents the gain or loss in the vibraltienergy due to exchange of en-
ergy among the translational, rotational and vibrationades and chemical reactions. The
important energy exchange mechanisms are V-T (Vibratidnahslational), V-R (Vibrational-
Rotational) and V-V (Vibration-Vibration) transitions. Asated earlier, V-V transitions equilib-
riate with each other, so that single vibrational tempegatiniquely defines vibration state of
all diatomic molecules in the gas. V-T and V-R can be clublogédl @ne exchange rate, referred
to asQ7_y . With the above assumption@;-_ can be defined by using Landau-Teller model.
[26]

*

evs - 6’L}S

- 2.29
pE—— (2.29)

Qva L-T = Ps

wheree’ is the vibrational energy per unit mass of speagiealculated at the local translational
temperature, and 7, ,_ > is the molar averaged Landau-Teller relaxation time, giwehee
[32]

> Xr
r 2.30
Zr Xr/Tsr L-T ( )
wherer,, _7 is the Landau-Teller inter-species relaxation time, gigMillikan et al. [33],

< Ts[—T >=

which is reproduced below
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Tor 11 = Leap [Asr (T—1/3 - 0.015Mi£4) . 18.42] (pin atm)
A, = 1.16 x 107322030, (2.31)

frsr = MM, [ [Ms + M,]

The second contribution to the vibrational source term s wuchemical reactions. The
dissociation of a molecule results in drain of vibrationaérgy and a recombination reactions
results in the increase of the vibrational energy of the §d&e amount of energy removed or
added during chemical reactions depends upon the vibrdigsociation model used. In the
present work we assume that, the diatomic molecules aréedreadestroyed with vibrational
energy, defined at the local valueBf. Hence the rate of vibrational energy production due to
chemical reactions is

Qus che = Ws€ps (2.32)

The total source term due to chemical reactions is obtairyedunming over all diatomic

species.
Qv che — Z Ws€ys (233)

Now the the total source term for the vibrational energy msliQr_v 7 and@, cpe.

Wy = Qr—v -7 + Qu che (2.34)

2.2 Governing Equations for Turbulent Flows

Turbulent flow is a randomly fluctuating flow. These fluctuatiadesult in enhanced mixing
and diffusion compared to those of laminar flow, which leathtweased heat transfer and skin
friction at the wall boundaries and delayed separation. éhgiineering predictions, Reynolds
averaging is the most widely employed method to accountteretfect of these fluctuations
and is explained below.

For a statistically stationary turbulent flow the instamtamns variable can be written as
the sum of time averaged quantity and fluctuating quantitgt us considet;(x,t) as the
instantaneous velocity. The time averaged velocity is kmaesmean velocity and is defined as

follows.
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1 t+T
u;(x) = lim —/ w;(zx, t)dt (2.35)
t
whereT is time period of averaging. The time period should be setéstich that it is larger
than fluctuations and less than the mean flow variations. Mevinstantaneous velocity can be
written as
ui(x,t) = W(x) + ul(,t) (2.36)

whereu)(z,t) represents the fluctuations over the mean velocity. In dtemtd notation Eq.

2.36 is written as, = uw + «’. Similarly instantaneous density and pressure can be dexsed

into mean variable and fluctuating variable and shown below.

=040
p=pre (2.37)
p=p+p
To consider the effect of density fluctuations in comprdssilows, Favre or mass-weighted

averaging is employed. The Favre averaged velodifyi¢ defined as follows.
1 t+T
t;i(r) = = lim — / p(x, t)u;(z, t)dt (2.38)
t

Now the instantaneous velocity is written@as= @ + «”. Similarly instantaneous temperature,

energy and enthalpy can be written as

T=T+T"
e=¢e+e" (2.39)
h=h-+h"

The convention used in the Reynolds averaging is an overdipesents averaged quantity and
a single prime represents its fluctuating part. SimilarlyFavre averaging a tilde represents

averaged quantity and a double prime represents its fluctupart.

2.2.1 Favre Averaged Equations

Now consider the species continuity equation Eq. 2.1 ptegan Section 2.1.

aps 0 9 acs —
T TG L e (PDaxj) = U

Favre averaged species continuity equation is obtaineddrnaging each term.

aﬁs 8 — o~ 5’ _ 865 8 _ aés L

J
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whereu; is Favre-averaged velocity componepy,is averaged species density= ), p, is

average mixture density amglis Favre-averaged mass fraction defined as

g =" (2.41)

P
The first and second terms in Eq. 2.40 represent unsteadyamdation terms respectively and
third term represents species diffusion due to conceatragiadients. The last term represents
species diffusion due to turbulent mixing of the fluid. In #gpuationD is turbulent diffusivity

and is calculated as follows.

pPrr
K

where . is turbulent viscosity,Pr is turbulent Prandtl number anice is turbulent Lewis

LeT = DT

(2.42)

number. Procedure to calculate these turbulent quant#tiegplained in the subsequent sec-
tions. The mean source term ) in Eq. 2.40 is calculated using the relations given in Secti
2.1.4 evaluated using mean flow variables.

The Favre averaged momentum equations are

apu; o . o 0 , r
ey N Y=y Yoy 2.4
5 + oz, (pu;t; + pois) + s (Tij) + oz, (1::) =0 (2.43)

whereT; ; is mean viscous stress tensor aﬁgis the Reynolds stress tensor which represents

the momentum exchange due to turbulent fluctuationsis given by

- 0w, Ou;\ 2 Oy
L= — — =0, 2.44

The Favre averaged total energy equation is

OE 0 , — ) ) oT
- E+9)i) — — [(7.. "ol — — | (7 Bl 2.4
0t 8&6] (( + p)uj) ax] [(Tl] + T’Lj )U'L] a{ﬂ] (K; + K:T) axj ( 5)
0 _upr\ Ok 0 8ev 0 803
Ox; (<,u + ak) (’3@) Ox; {(% o) x]} 81’] Sz: pb Z P Th

The first term represents the transient variations in theagesl total energy. The second term
represents the convection of mean energy and mean pressik.eMae third term represents the

work done by the viscous and Reynolds stress. The fourth tepmresents the mean molecular
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heat conduction and transport of the energy due to turbuhetion. The fifth term represents
the molecular and turbulent diffusion of the turbulent kie@nergy, which is defined below.
The sixth term represents the molecular and turbulent trdral energy conduction. The last
two terms represents energy transfer due to the viscoussdifi and turbulent diffusion of
species. In the above equatiéhis Reynolds averaged total energy and is given below.

o ns 5 1 o ns

E=)Y p.coT + =pi;t; + E, p.hY + pk 2.46

;psc + it + +;p58+p (2.46)

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

Lpud” 1 —

In Eq. 2.45«r andk, ¢ are turbulent translational and vibrational thermal cantigity of
mixture and are given by

/’LTCP S ps
= — o1 = 1.2 E — 2.48
K1 Pry’ Kv T KT 2 — ( )

where the summation is over all the vibrational modes.

The Favre averaged vibrational energy equation is giveowbel

0E, & — _ o [ _ 0,1 o< . 9e,.
5 + a_xj(Evuj) — G_:E] [(liv + Ky T)a_x]:| - 6_91:, ;(PeysDa—%) = W, (2.49)

The first two terms represents the unsteady and convectithreafibrational energy. The third
term represents the mean and turbulent conduction of woimi@tenergy. The last term repre-
sents the transport of the vibrational energy due to the cotde diffusion of the species. The
effect of the turbulent fluctuations on the this term are eeigld.w, is mean source term for vi-
brational energy and is calculated using the relationsngiection 2.1.5 evaluated using mean
flow variables.

In Favre averaged equations the Reynolds stresﬁgﬁdre calculated using Boussinesq
assumption, which states that the Reynolds stresses arerpool to mean velocity gradients
and turbulent viscosityi(;). The turbulent viscosity is also known as the eddy visgosience

7/, is given by

. 2 Oy, 2_
Tg = —ur |:3ij + ga—%(gw] — gpk@] (250)
Wheres;; is mean strain rate tensor given by
10w Ouj
5 = = 2.51
%3 2 {&Uj * 8$1:| ( )



In the present work, we assume constant turbulent Prandtbeu (Pr7) of 0.9 and constant
turbulent Lewis numberl{er) of 1.

Now specification ofur is required to close the above Favre averaged equations. Tur
bulence models are employed to compute Turbulence models are classified based upon
the number of equations that are solved to calcylateOne equation models solve one extra
transport equation to compute the eddy viscosity. In twoaéiqn models two extra transport
equations are solved to compute the eddy viscosity. In teggmt 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], kinema&tildy viscosity k- = ur/p) is

calculated using the following relation.
vr =Ufu (2.52)

wheref,; is damping function and is flow dependent variable, for which the following trans-
port equation is solved.

% + djg—xyj = 1SV — Cofu (g) 2 + % V. (v 4+ 2)VD) + c1a(Vi)?)] (2.53)
First term and second terms on right hand side (RHS) of Eq. r2@@sent the production and
destruction of the eddy viscosity. The last term represtémgurbulent diffusion of the eddy
viscosity. The wall damping functiofi,, f,; and.S are defined as follows.

w = el fa=1— | =], = o | —= 2.54
d g [96 + 0161)3:| fu {Xg + Cil =5+ f K2d? ( )

where

14

SK2d?’

g:r+cw2(r6—r), r = X =

R

1 X

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

B 1 [/0q 04
sovamm, o-l(2)-(2)] s

Where(),; is the rotation tensor. The closure constants:gre- 0.1355, ¢, = 0.622, ¢,; = 7.1,

o=2/3, k=041, c, = 2 + T2 ¢ o — 0.3 ande,; = 2. The boundary conditions for

g

arev,, = 0—%& in the freestream, and),, = 0 at the wall.

24



2.3 Finite Volume Method

Finite volume methods (FVM) are based on integral form ofdflflow equations and hence
capable of capturing the shock waves and contact discotisiuThe basic concept of FVM is
to divide the domain into finite number of grid cells and apgmate the total integral of con-
served quantitiesi . mass, momentum and energy) over the grid cell divided byvodlime
as the cell average of conserved quantity and these valeesatified in each time step by flux
through the cell edges. Cell-averaged values are used farlatihg fluxes.

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

ous section can be written in conservation form as follows.

ou 0F; 0G; 0F oG
I 1, ofv oGy

Y =W 2.57
ot T or T oy T ox T oy (2.57)

WhereU is the vector of conserved variables.
U= (p17p27"'7pn87puapvuEU7E>T (258)

F andG are flux vectors in x and y directions respectively. The stptc/ andV represent

inviscid and viscous fluxes respectively. The flux terms arergby

p1u p1U
p2u P2V
Fr = G = ' (2.59)

Pl PnsV

puv +p puv
poU pvu+p
E,u Ev

| (E+pu | | (E+pv |
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Figure 2.1: A typical quadrilateral finite volume cell. Cedirters and nodes are marked with

filled symbols.
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| =t Qu, — (7a), + ZZil(rshSUS) 1 | Tyt v, — <%ﬁ)y + E?il(rshSUS) i

(2.60)

The source term vectd# is given byU = (wy, ws, ..., wys, 0,0, w,, 0)T. The Eq. 2.57 can be

represented in compact form as follows

%—[t] +y.F=W (2.61)

WhereF is the flux vector and is given by
F=(Fi+F)i+ (G +Gy)) (2.62)

Integrating the Eq. 2.61 over a finite voluni&, shown in Fig. 2.1

ou

——dQ + ]f (v.F)dQ = 7{ WdoQ (2.63)
Q; ot Q; Q;
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Using Gauss divergence theorem and assuming that bounddryodumes of the discretized

cells do not change with time, we get

0 UdQ+ 7{ (F.0)dS = f{ WdS (2.64)
ot o0 o

Wheren is surface normal andsS is surface area of the cell. Assuming U to be an averaged

value which is constant with in the finite volume cell, thestfintegral can be written as

0 dU
0=V 2,
5 /Q UdQ = Viy—r (2.65)

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

4
?{ Fonds = 3 (Fa)Sy (2.66)
0% k=1
(ﬁ ﬁ) 1 ]Sz+2 \J (ﬁ‘ﬁ)i—%,gsi—g (F n)zy+lsz]+2 ,J (ﬁ'ﬁ)i,j—%si,j—%

The expressiorF.fz represents the normal flux through the face under consideréds indi-
cated by subscripts) anfl is area of the corresponding face. Time derivative in Eg5 2s6
discretized using backward Euler time integration

r n+1 n
d_U _ UZJJ’_ - Ul,]

2.67
dt At (2:67)

Substituting the above approximated integrals in Eq. 2i&lget the discretized form of the

finite volume approach

vrt U 4 [(ﬁ A)iis S (FA),_1.S ] n
* = 3 )iy L i+ i—1 i—1
At 1V ) +5.0" it 500 R (2.68)
v [+(F'n>u+75’i,j+é i 'n)ivﬂ'*%s %] +W

WherelV is averaged source term over the é&lIFinite volume method requires the integration

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

2.3.1 Integration of the Inviscid Fluxes

In the present work, modified stegar-warming flux vectortspt [35] approach is used to
evaluate the inviscid fluxes. Brief details of the method avergbelow.

consider the inviscid normal flux through the face
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,u

p2U

Fl =F.p= ' (2.69)

Prstt!
pui’ + ps),
pou’ + ps,,

B

| (E+pu

Whereu' = us), + vs, is velocity normal to the faceg, ands; are direction-cosines of the

surface normal vectai. The inviscid flux terms can be written as
Fi =AU (2.70)

WhereA' is jacobian of flux vecto#’; and it is diagonalized as follows

_OFr _

A= =
ou

S1C-IA\CS (2.71)

Where\ = diag(v/, v/, v/, v — a,u' + a) is a diagonal matrix whose elements are eigen values.
The flux vector is now splitted into positive and negativetpaepending on the sign of eigen
values.

F =F. +F (2.72)
F+ — A+U F_ — A_U (273)

Now the flux at cell boundary,+ 3, j can be evaluated using Egs. 2.71 and 2.74

F;/—l—%,j - SC)\JFC’ilSilUZ‘,j —|— SC)\,CilsilUidH’j (274)

Where)\, and)\_ consist of positive and negative eigen values respectivalyhe above ex-
pression the jacobians are calculated based on the cefigegralues which was proposed by
stegar-warming. However it is found to result in excessigsigation in the boundary layer.
Candler and Mac-Cormack proposed a low-dissipation sche&jeiBere the jacobian matri-
ces are evaluated at the cell interface. This is found toaedoe numerical dissipation. The

fluxes in the modified steger-Warming method are calculas€dlbows
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/ _
FLoo=A Uiy
itz 2 (2.75)
F’ =A_ Uit
it i+ha T

Average of; ; andU;4,; will be used for evaluatingl. ,
3 7,]
1
z4:|:i+1/2 = Ai |:§(Uz + Ui+1):| (276)

2.3.2 Second Order Spacial Accuracy

The finite volume scheme said to be first order accurate whenface fluxes are calculated
using cell averaged value#/(;), on the other hand, if one uses point valueg/oét the cell

boundary, then the scheme said to be higher order schemeeldet averaged values need to
be reconstructed to cell edges, to obtain the point valudseanterface. A scheme said to be
second order spacial accurate, when liner interpolatiosésl in the reconstruction of solution.

The flux expressions for second order spacial accuracy are

F/ — A L 1 .
+i+%7j +i+%7j UH’i’J (277)
F' =A Uk

i+ Titdg o i+5.d
Where the superscripts L and R refers to cells on left and sigle ofi + % face respectively,
and the corresponding state vectors are evaluated as $ollow
U,Ll .= %UZ - %Ui—l

e (2.78)

R _ 3 . 1
U7,+%,j - 2U7,+1 ZUZ+2

2.3.3 Evaluation of the Viscous Fluxes

The viscous normal flux across a cell face in the finite voluorentilation is given by (from
Egs. 2.60 and 2.62)
Y, = Fys, + Gys, (2.79)

The vectorsly, andGy, contain shear stress and heat flux terms (see Eq. 2.60) wiadhrac-

tion of velocity and temperature gradients. Due to ellipiture these terms, a central differ-
ence approximation can be used to calculate the gradientgever co-ordinate transformation
Is required to compute these derivatives on arbitéarycoordinate system. Now consider the

velocity derivative
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Ju  OQudg 8u@

— ==+ = 2.80
0r  0E0x | omox (2.80)
The derivatives irf-n co-ordinates are given by
ou Uiy1,5 — Uiy
ou Uit1/2,54+1 — WUit+1/2,5—1
— = ’ ’ 2.82

The valuesi; ;1,2 ;41 andu; 1/, ;1 are obtained by averaging the adjacent cells of facé /2

atj + 1 andj — 1 (see Fig. 2.1). Hence

ou 11 1
=33 (tigr + i1 1) = 5 (Uigor + Uivr 1) (2.83)

The other parameters in the shear stress and heat éluxscosity,« and thermal conductivity
x need to be evaluated at the cell face. For examp#hould be calculated at temperature that
is obtained by averaging across the cell face.

The turbulent fluxes are also evaluated in a similar methbé.sburce terms are computed
at the cell centers and the derivatives required to caleula source terms are evaluated using

central differences.

2.3.4 Time Integration

Advancing the solution from current iteration to next iteya is referred to as time integration.
In explicit formulation, the solution is advanced in timengsthe update function Eq. 2.68. The

flux and source terms in this equation are evaluated fromdhgisn of n'* iteration.

AU, = £ [(ﬁ.ﬁ)i%yjsw%’j — (F)i 1,81, .80
L [(Fi), gy Sigyy — By Sy + W]
Where AU, = UZ";L - U?; is the residual or correction factor. Starting with an aliguess,
the solution is iteratively updated until the solution cerges when thé, norm of the residual
becomes small compared to its initial value.
The stability criteria restricts the time step to lower \edun the explicit methods. There-
fore with the lower time steps, many iterations are requicedbtain a steady state solution.

This is much more severe when computing the non-equilibneatting flows. To alleviate
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time step restriction, implicit methods are developed. hese methods large time steps can
be taken. As a result, a steady state solution can be obtuaiilledesser number of iterations
compared to those of the explicit method.

In the implicit method, solution at a point depends on thetsmh of its neighboring points
at the same time level. This requires the fluxes at the caifates in Eq. 2.68 to be evaluated
at the(n + 1) level. Following linearization is used to obtain the imjilituxes at(n + 1)"

level.

OF]
oU
wheresU"™ = U™t — U™, The viscous fluxes are linearized as follows.

FM ="+ { } (U™ —U™) = F" + A"6U" (2.85)

FL" = B4 6F" (2.86)

The correction term&Fy," is calculated using thin layer approximation [8%. only derivatives

in the normal direction are retained.

W _ U
on " on
WhereV = (p1, po, ...,pns,u,v,Tv,T)T andN = 0V/dU is the corresponding jacobian. The

SF," ~ M, (2.87)

matrices)M, andN are given Ref. 7. The final form of the viscous fluxatj + 1) is given by

it Vij+s ij+3
Additional details about the linearization of the viscousxéls can be found in [7]. substitution
of jacobians given by Eqgs. 2.85 and 2.88 in Eq. 2.68 givesdhewing implicit formulation

for the update function.

A; UL, + By j0UY sy + CiyUY,_y + DijoU? j + EiyoUT | = AU, (2.89)

% i—1,7

where AU, is the explicit residual given by Eqg. 2.84. In the above eiguathe coefficients

are given by
N _ %,j m m
A= El + (A +i+%,jsi+%,j —A —z’—%,jsi—%,j
m m n
+ B 1Sy — BL18i-1) — Via Gl

~ _ pm
B@j - B 1S-7j+%

—t,J+35 1
CAM - B/iz‘,j—ési,j—%
Di,j = A”—LH-%,]' it1.,j
EAM = Alii—%,jsi—%,j

(2.90)
WhereCY; is the jacobian oV with respect td/.
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2.3.5 Solution Procedure

A solution can be obtained by applying the implicit updatedtion Eq. 2.89 at all the grid points
in the computational domain. This results in a system ofrleguations, which can be solved
by matrix inverse methods. However the resulting matrixieagge banded matrix, and inverting
the matrix for each iteration is computationally intengiask. Therefore approximate methods
are developed to reduce the computational time, withoudoaccuracy. In the present work,
Data Parallel Line Relaxation method [22] is used to obtaip@m@ximate solution to Eq. 2.89.
A brief description of the method is given below.

In case of external flows, gradients in the body-normal dimacare larger than those in
the body-parallel direction. Therefore, the physical peabis strongly coupled in the body-
normal direction. This fact is used to obtain a solution @ Hug. 2.89. Onlyj terms are solved

by movingi + 1 and: — 1 terms to the right hand side. The resulting equation is
Ai’jéU + Bi’jéUiJJrl —|— Cyi,jéUi,jfl — AUi,j — Di7]’(5U@'+17]‘ + Ei,deifl,j (291)

The above equation is solved for gdlpoints at a fixed- location. Therefore the method is fully
coupled inj- direction. The above equation is solved along eadime in alternating forward

and backward sweeps through the flowfield in ¢hdirection.

2.4 Summary

In this chapter, governing equations for thermo-chemicalaquilibrium flows and numerical
details of the in-house CFD code are presented. Air is trest@dmixture of five perfect species:
Ny, Oy, NO, N and O. A single vibrational temperature defines thetunéxvibrational energy.
Blottner model is used to calculate the viscosity of indiatspecies. Wilke’s mixing rule is
used to calculate the mixture transport properties. Thheéius rate constants for the chemical
reactions are evaluated using curve fits to experimentalmaPark. Landu-Teller model is used
to calculate the vibrational relaxation rate. The axisyririodorm of the governing equations
is discretized using the finite-volume method. Inviscid ésyare computed using a modified
(low-dissipation) form of the Steger-Warming flux spligiapproach. The implicit data parallel

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

Aero-heating Predictions at Flight

Condition

The chapter addresses the computation of re-entry flowftdlayat condition considering the
finite rate thermo-chemistry. Simulations are performeer ®IRE 1l re-entry capsule at 35 km
altitude trajectory point. The chosen capsule is a prdd®ametry of the vehicle that was flight
tested. The computations are performed on the entire eethalt includes afterbody portion
also. The computed surface properties are validated agams$light data. The capability of

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

3.1 FIRE Il Configuration

Project FIRE (Flight Investigation Reentry Experiment) ftgli36] were conducted to
investigate the heating environment on a blunt-nosed, l8gs¥laped vehicle entering the earth’s
atmosphere at a velocity in excess of the escape velocity. Fil(a) and 3.1(b), taken from
Ref. 36, show a schematic of the FIRE Il vehicle. The sphermalfody consisted of a multi-
layer configuration made of three protective phenolic asisdseat shields sandwiched between
three beryllium calorimeters. The first two calorimeterd #meir associated heat shields were
jettisoned during the flight at predetermined decelerdbaals. The third heat shield was not
ejected and this gives the shape of the vehicle through tkee part of the re-entry that is of
interest in this work. The outer mold line used in the curgamulations is shown in Fig. 3.1(c).
The vehicle diameter is 58.79 cm with a nose radius of 70.2Tdme. shoulder/corner radius is

0.61 cm and the base radius is 4.2 cm. The afterbody is conittab 66° included angle, and
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Table 3.1: Freestream conditions at the 35 km altitudedtayg point.

Free-stream Conditions

Time from launch (sec) 1652.75

oo (KgIM?) 0.0082
Us (M/s) 4950

Tw (K) 237

Mo 16

Rep 1.76 x 106
Hy (MJ/kg) 12.42

the C-band antenna at the base is replaced by a flat base fdicg#iynplso, geometrical details

at the heatshield-aftshell junction and the ring-like stinoe at the base are not considered in the
outer mold line presented in Fig. 3.1(c). Their effect onftber structure is studied separately
in section IV D.

The FIRE Il vehicle entered earth atmosphere at 11.2 km/®cktldrated to a velocity of
4950 m/s (Mach 16) at 35 km altitude. Slocumb [36] preserdgdithe history of altitude and
velocity over the entire descent. We simulate the condstidisted in Table. 3.1) at the 35 km
trajectory point, which corresponds to one of the lowegiales and highest Reynolds numbers
for which measurements are available. The Reynolds numisexdban freestream conditions
and body diameter i$.76 x 10°. Blunt body separation shear layer and inner wake transition
correlations are presented by Lees [37]. A transition kate defined in terms of the Reynolds
number computed using local flow properties outside the wake distance measured along
the shear layer, starting from the separation point, is asdtle relevant length scale to identify
the physical location where the Reynolds number approachesitional range. Based on these
correlations and data from preliminary simulations of thRE 1l configuration, the wake is
expected to transition upstream of the neck.

The vehicle afterbody was instrumented for pressure anfdc@itemperature measure-
ments. Pressure was measured at a single location and tgalyealorimeters were placed
at four axial locations along three circumferential rays=¢ 0, 120 and 240 degs). Hers,
denotes the azimuthal angle around the vehicle, as showig.ir8A.(b). The system accuracy,

including that of sensors and telemetry system, was apmiately+20% for the pressure data
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Figure 3.1: FIRE Il re-entry vehicle with afterbody instrumtion’? (a) side view (b) rear view.
-+, A and® represents gold calorimeters, pressure sensor and ragiomespectively. (c) Outer
mold line used for the current simulations. All dimensiorsia cm. Critical geometrical points
are (1) fore stagnation point/ D = 0 (2) fore shoulders/D = 0.51 (3) heatshield-backshell
interface,s/D = 0.64 (4) aft shoulders/D = 1.42 (5) aft stagnation point/D = 1.49.
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and aboutt28° K for the temperature measurements. The correspondingiarneat transfer
measurement is estimated tob&5% [38]. The surface temperature measured by the calorime-
ters is presented as a function of re-entry elapsed timan fEnes temperature-time history, an
average wall temperature 853.3 K is taken at35 km altitude. In the later part of the trajectory
the vehicle has periodic motion about its axis, resultingsaillations in the effective angle of
attack. However, there is negligible effect of angle of@tteariation on the afterbody measure-
ments, with no appreciable difference between the headites ralong the three circumferential

rays [36]. The angle of attack is therefore assumed to beiaéhe current simulations.

3.2 Simulation Methodology

The chemically reacting turbulent hypersonic flow arourel RiRE Il re-entry configu-
ration is simulated by solving the Reynolds-averaged N&Stekes (RANS) equations along
with a finite rate chemistry model. The details of the RANS amelgistry model are presented
in Chapter 2. The freestream total enthalpy at the currentditon (12.73 MJ/Kg) is similar
to that of Apollo AS-202 computations in Ref. 39, where iotima is found to be negligible.
Hence air is modeled as a neutral mixture of five perfect gge@h, O, NO, N and O) with
three dissociation and two exchange reactions. The Spallararas (SA) model [34] is used
for turbulence closure. The standard form of the turbulemoelel, without compressibility
corrections, is used in the present work. Chemical and vdrat source terms are evaluated
using mean flow properties, such that effect of turbulerfearustry interaction is neglected.

No-slip, non-catalytic and isothermal boundary condgiamne specified at the wall. The
boundary conditions for turbulent quantities ate, = 0.1/ /p~ andvr,, = 0 as given in
Ref. 34. Freestream conditions are applied at the outer lzoyrathd extrapolation boundary
condition is imposed at the exit station. The simulatiomltssare found to be insensitive to the

specific values of; prescribed in the freestream.

3.2.1 Computational Grid

A typical grid used in the simulations is shown in Fig. 3.2.eTéuter boundary follows the
shape of the bow shock and extends up to 2.5 diameters deanswof the vehicle base. The
flow at this point is found to be supersonic and therefore dlcation of the exit boundary is

not expected to alter the flow solution in the vicinity of thehicle. A typical grid consists of
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Figure 3.2: Computational domain and a typical grid usedasimulations. The inset shows a

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

about 160 points in the wall parallel directioi) &nd 150 points in the wall normal direction

(7). Grids with larger number of points are also used in somesas

The forebody grid in theé-direction is designed such that points are clustered imtise
stagnation region and at the shoulder expansion corner.giitien the j-direction is refined
both in the vicinity of the shock wave as well as in the neai wegion. In addition, the outer
boundary is carefully tailored to the bow shock wave. Thelbody grid refinement follows
the same procedure as delineated in Ref. 40 and details attedifiar the sake of brevity. The
current paper is focussed on the afterbody solution andedidagrid refinement in the afterbody
region is presented below.

A careful grid refinement study was undertaken for the aftdytflowfield by identifying
the critical regions, where the flow solution is most sewsitb the computational mesh. The
grid is successively refined with a focus on the critical zomed the grid lines are adapted to the
prominent flow features like the free-shear layer enclosivegrecirculation bubble. The effect
of grid changes on the afterbody surface pressure and beatiis studied, and a tolerance of
2% of the base stagnation point value is taken as the grid-enmidgnce criterion. Figures 3.3
and 3.4 show the results from the grid refinement study usiags turbulence model, where
pressure, normalized by its freestream value, and heatfénarate are plotted as a function of
the normalized arc-lengtfs/ 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 transferaathe afterbody computed using

successively refined grids in wall-parallel direction.

10+ -
iﬂ Base s0F
| i 40 B
6 I 160x150 N L oo 160x150
o 160x171 Esol ———— 160x171
g | . 160x220 s | . 160x220
4 o [ =
i 20
2+ i
3 10 C
L L1 . L1 L1 i
06 08 1 12 14 1 T L1 L1 L1
D
s/ 0.6 0.8 1gp 12 1.4
(@) (b)

Figure 3.4: (a) Normalized pressure and (b) heat transferarathe afterbody computed using

successively refined grids in wall-normal direction.

Afterbody flowfield is sensitive to the distribution of grisbipts and the quality of the
computational mesh in regions where the flow gradients aye. tin the wall parallel direction,
for example, these correspond to the geometric cornergnatian point at the base, and the
separation point on the conical frustum. Zonal grid refinetme these regions is done to

identify the most critical requirements. It is found that refigrid near the separation point
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Figure 3.5: Effect of wall normal grid refinement on veloatgtribution 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 éc@ssary for grid convergence.
The results are however not so sensitive to the grid spatitigeaear stagnation point and the
expansion corner at the base. Three grids with success$imemeent along the conical frustum,
especially near the separation point, are used to competioils and the results are presented
in Fig. 3.3. The two finer grids2¢0 x 171 and280 x 171) yield practically identical (within
1%) pressure and heat transfer results on the afterbody. 24Gpo the wall-parallel direction
is therefore taken to be adequate for a grid-independeunticol

In the wall-normal direction, special attention is giventh@ accurate resolution of the
free shear layer enclosing the recirculation bubble. Tigregds (160 x 150, 160 x 171, and
160 x 220) with successive refinement in thiedirection are used to compute the flow. Majority
of the refinement is localized in the free shear layer andeh&aulation bubble. The velocity
distribution across the shear layer (see Fig. 3.5) showsstloverlapping results from the two
finer grids. Also the pressure and heating rates obtainedeothtee grids are comparable, with
negligible difference between the two finer grids (Fig. 3M4)1 points are therefore taken to be
adequate in the wall-normal direction.

Further, the computational mesh in the near wake is modifieth $hat the grid lines

are parallel to the shear layer. This is done by identifyirggparate grid block enclosing the
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Figure 3.6: Grid point distribution in the baseline grid ffoon half) and a modified grid that
Is adapted to the shear layer (top half). White line identifiess 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 transferaathe afterbody computed using

the baseline grid and a modified grid that is adapted to thardager.

recirculation bubble and the shear layer (see Fig. 3.6)canefully controlling the distribution
of points along the block boundaries. The shear-layer adagtid yields practically identical

size of separation bubble and shear layer location compartheé baseline grid (bottom half of
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Figure 3.8: Residual history for a typical simulation. ‘Fddmain’ indicates the rms residual
in the entire computation domain, ‘afterbody’ refers totims residual in the afterbody domain
and ‘wake’ residual corresponds to the afterbody regioh@fjrid downstream of the separation

point.

Fig. 3.6). The surface pressure and heating rate show itdglidjfference between the results
computed on the two grids (see Fig. 3.7).

Based on the foregoing study, tBe0 x 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 wallabispacing ofl0~¢ m on
the entire vehicle. This is equivalent4o of 0.9 or less along the forebody attached boundary
layer and0.02 or less on afterbody. Further refinement is found to haveigietg (less than

0.2%) effect on the heat transfer rate obtained using the Sdemn

3.2.2 lterative Convergence

The flowfield is initialized to freestream values, exceptdasmall region next to the conical
afterbody and flat base, where the velocity is set to zero. ahvancement of the solution
Is studied in terms of flow feature development and the cpmeding residual history. The
rms density residual, normalized by its initial value, istp#d in Fig. 3.8 as a function of the

number of time steps. The corresponding physical time, abred by7;, is discussed below.
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Figure 3.9: Afterbody heat transfer rate after differemdisteps.

The characteristic flow time; is defined as; = D/U., and is1 x 10~* s for the current
configuration.

There is a rapid drop in the residual for the first 20,000 tsteps. This corresponds to
the development of the bow shock and the boundary layer ofotebody, and the expansion
fans at the shoulder. The flow on the forebody reaches staateyduring this period, which
corresponds to about 2. The separation bubble starts forming at this time and iwgno its
full size by about 46-. The recirculating flow in the near wake shows a very slow eagence
to the steady state and it take uRte 10° 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 flugtuzetweer2 x 10~° and
10~%. These fluctuations correspond to a grid point located atbadow shock near the first
expansion corner on the shoulder. This may be caused byrd slig-alignment of the shock
with the grid lines. There is, however, no noticeable chaingihe shock location or shape
at this point, and the large value of the local residual dadsappear to affect the rest of the
flowfield.

The high local residual value at the bow shock mis-alignnpenmnt masks the iterative
convergence of the afterbody flowfield after the first 50,00@tsteps. A second rms residual is

therefore computed in the region downstream of the shoudaeris referred to as the afterbody
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Figure 3.10: Mach number distribution in the turbulent (SAdual) flowfield around the FIRE
Il re-entry capsule at Mach 16 and 35 km altitude. Represgatatreamlines are shown to

identify the recirculation bubble.

residual in Fig. 3.8. Compared to the full-domain residuag afterbody residual drops to a
lower value, but oscillates arourdds x 10~7. The origin of these oscillations is traced to the
separation point on the conical frustum. In the vicinity eparation point, all the flow variables
are found to fluctuate with very small amplitude (less th&@%0% of the mean). The location of
the separation point is however not altered and therefesetbscillations have negligible effect
on the remainder of the flowfield. This can be seen from thevescomputed only in the region
downstream of the separation point, denoted by the wakdualsin Fig. 3.8. This includes
majority of the recirculation bubble, the neck region arelftér wake. The wake residual shows
a steady drop to about x 10~ after2.5 x 10° time steps. The iterative convergence of the
afterbody heating rate to its steady-state value is showfign3.9. There is no noticeable
difference between the heat transfer rates obtained aftet(0® and2.5 x 10° time steps, and
this is taken as an indicator for terminating the time-itieraprocess.

Overall, it typically requires computing over 220 to reach the final steady state solution
for the current FIRE Il flowfield. For @40 x 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 SAitenize model in terms
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Figure 3.11: Normalized eddy viscosity distribution cortgeliby turbulent (SA model) simu-

lation. Representative streamlines are shown to identdyeirculation bubble.

of the Mach number contours. The prominent features like flovck and flow expansion at the
corners can be easily identified. The flow on the entire fadgh® subsonic with Mach number
approaching unity close to the first expansion corner. Thenbary layer remains attached
through the two successive expansions, and separates toeamsf the second corner. Flow
separation on the conical frustum is found to generate a hpildhock. The recirculation
bubble on the afterbody is characterized by a single totemtdex that extends up to about 0.36
diameter downstream of the base. The shear layer encldsngctirculation region coalesce at
the neck and a recompression shock wave is generated. This 8odysonic in the recirculation
bubble, and it expands to supersonic Mach numbers downswéthe neck.

The post-shock temperature in the fore stagnation regi@batit 5700 K and it varies
less than 5% on the forebody. At this temperature oxygenngpbetely dissociated, whereas
nitrogen is mostly in its molecular form. There is a small amoof NO formed in this region.
Isothermal condition drops the temperature to 553.3 K atwhk causing recombination of
oxygen atoms in the boundary layer. Rapid drop in fluid deressociated with the expansion
process leads to a frozen thermo-chemical state of the g@sgas composition on the afterbody
is approximately same as that in the forebody inviscid negio

Figure 3.11 shows the distribution of eddy viscosity noimea by the local molecular
viscosity. This ratio quantifies the effect of turbulenceeath point in the domain. Eddy
viscosity is negligible compared to molecular viscositytie nose stagnation region. The
boundary layer is initially laminar, and it becomes trainsi&l with /1 ~ 5 just upstream

of the first corner. Strong flow expansion at the shouldemmelarizes the boundary layer.
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Figure 3.12: Surface properties obtained using the SA tenoe model on the forebody: (a)
normalized pressure, and (b) heat transfer rate. Geomeintspl and 2 are identified in
Fig. 3.1(c).

Subsequently, there is a build-up of turbulence in the slagar. . > 204 in the recirculation

region, and its value increases through the neck up to &soutin the wake.

3.3.1 Description of the Surface Properties

Figure 3.12 presents the computed surface properties ebddy of the vehicle. The wall
pressure follows a parabolic profile with maximum at nosgrsa¢éion point §/D = 0) and a
rapid drop due to expansion at the shouldgil{ = 0.52). Heat transfer rate varies gradually
on the forebody with a maximum value of 2¥9/cm? at the nose. The stagnation point heating
rate matches well with the theoretical estimate of Fay and®&idb] and flight data [41] (shown
by symbols in Fig. 3.12(b)). At the expansion corner the ingatate has a local peak followed
by a sharp decrease as the gas temperature drops due to flansexp

The pressure and heating rate on the afterbody surface esemied in Fig. 3.13. The
vertical scales are magnified as compared to Fig. 3.12 tdigighhe low afterbody levels. The
extent of the conical frustum and flat base are identifiedeérfitjure. Flow expansion on to the
conical afterbody results in a sharp decrease in pressuyéat- 0.65. A similar pressure drop
due to the expansion of the reversed flow at the base cornéseed as/D ~ 1.42. The

pressure at the base stagnation point is aboutp,23vhich is about 2% of the nose stagnation
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Figure 3.13: Surface properties obtained using the SA terime model on the afterbody: (a)
normalized pressure, and (b) heat transfer rate. Geomeinysp3, 4 and 5 are identified in

Fig. 3.1(c).

point value. The expansion corners are also marked by l@a{gin the heat transfer rate. In
between the two expansion corners, the afterbody presadrbeating rate show a monotonic
increase from the separation point at the shoulder to the d@mer. The base stagnation point
heating rate is 22.487 /cm?, which is 10.3% of the corresponding nose stagnation pailiey
The afterbody heating rate predicted by the SA model is fdorekhibit small waviness
along the conical frustum. This waviness occurs when theevaf the damping functior, in
the eddy viscosity equation drops below zero. The modeltemuaith the damping function
limited to non-negative values results in a smooth vanatibthe afterbody heating rate, which
is shown in Fig. 3.13(b). This modification to the SA turbudermodel does not affect any

other part of the flow solution.

3.3.2 Effect of Geometric Simplifications

The FIRE Il vehicle geometry has ring like structures at that$t@eld-aftshell interface and at
the base corner. The simplified geometry presented abowerduenclude these details. An
updated outer mold line is simulated to study the effect e§éhadditional geometrical features,
if any, on the computed flow predictions. The exact dimersiohthese ring-like structures

could not be found in the literature. Their sizes are appnaxed from geometry sketches given
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Figure 3.14: Comparison of temperature contours and sepataibble between baseline ge-

ometry (top half) and modified geometry (bottom half) using/-w model.
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Figure 3.15: Enlarged view of secondary flow separatiororegin the flowfield over modified

geometry model (a) heatshield-aftshell interface (b) lbegp

in Ref. 41 and they are modeled as finite height steps at thectgp locations (see Fig. 3.14).
The finite step at the beginning of the conical afterbody rsdbe separation point up-
stream to the corner location. A small secondary vortex K$g€e3.15(a)) is formed close to the
separation point. Secondary separation is also observbe &tase ring (see Fig. 3.15(b)). In
spite of these changes, the overall size of the recircuidtidble and the shear layer angle are

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



10

T
=

Baseline geometry 40

————— Modified geometry

Baseline geometry
————— Modified geometry K»
-

q, Wicnf

- ——_—_—

s/D

(@) (b)

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

normalized pressure (b) heat transfer rate.

The surface pressure and heat transfer rates computedthsimgodified geometry are
close to that of the baseline geometry over majority of th@aa frustum (Fig. 3.16). The only
differences are localized in the regions of geometry viamatThe finite step at the heatshield-
aftshell interface is found to increase the surface pressguthis region. On the other hand,
the secondary vortex at the base corner reduces the surizggupe and heating rate. There is
negligible effect of the geometry variations on the heatgfar prediction in the range7 <

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 areazechpo the different computa-
tional results in Fig. 3.17. Pressure is measured/ & = 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 circumfereitightions. Therefore the heat transfer
rates along the three circumferential rays= 0°, 120° and240°) are not distinguished in Fig.
3.17(b).

Experimental measurements in turbulent base flow yieldamifpressure in the separation
bubble [43]. This may be because of the unsteady turbulexingin the core flow that helps

in equalizing the pressure on the base, and thus yield aramigarface pressure in the time-
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Figure 3.17: Comparison of computed afterbody (a) surfaesgure and (b) heat transfer rate

with in-flight measurements [36] for flow over FIRE Il capsute3a km altitude.

averaged solution. Similar trend is expected to be valichenturbulent recirculation bubble
at the current conditions, and therefore the single pressata point is taken as representative
of the entire conical frustum. This is indicated by the ddtiae in Fig. 3.17(a). The in-flight
measurement is lower than the CFD prediction.

There is large scatter in the pressure measurement betheearnge 1651.75 to 1655.75
sec which brackets the current trajectory point. This isabee the afterbody pressure levels
during this period are close to upper operating limit of thesgure sensing system. The actual
afterbody pressure may therefore be higher than the vahaoetesl in Ref. 36. A higher in-flight
pressure level is expected to improve the comparison beta@@putation and measurement.

Comparison of the computed heating rate with the flight dapamesented in Fig. 3.17(b).
The predicted heating rate is lower than measurement aketjiaring of the recirculation bub-
ble. Due to monotonic increase, the computed heat flux esdbedlight data in the later part
of the conical frustum. The predicted heat fluxsgD = 0.96, 1.13 and1.27 is within the
flight measurement uncertainty. Overall, the computed fieaicompares well with the flight

data.
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3.4 Summary

Hypersonic turbulent flow around the FIRE Il re-entry modul&% km altitude condition is

computed using Reynolds-averaged Navier Stokes metho@ dpecies air chemistry and a
two-temperature vibrational relaxation model is used sgimulations. Turbulence closure is
achieved using the one-equation Spalart-Allmaras (SA)ehdtffects of geometric simplifica-

tions made in approximating the outer mold line of the capswé studied. The computations
found to predict the in-flight heating rate measurementsehbse stagnation point and on the
conical frustum reasonably well. The in-flight measurenwmiressure 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 aeatiing predictions have been investi-
gated. Numerical simulations are performed by varying gaetion rate constants on the FIRE
capsule at the freestream conditions corresponding togken3rajectory point. CFD solutions
obtained by altering the rate constants are carefully aealyo understand the physical effects
that influence the surface heat transfer rate. Initiallg, ftbwfield solutions are computed by
varying the rate constants only in the boundary layer. Sylsatly, simulations are performed
by varying the rate constants in the entire domain. This kesals to isolate the effects of
shock layer chemistry from those of the boundary layer ckggnon the flowfield and surface

properties.

4.1 Simulation Methodology

The re-entry flowfield at 35 km altitude is simulated by sofythe Reynolds-averaged Navier-
Stokes (RANS) equations along with a finite rate chemistryehadd the procedure is identical
to that presented in Sec. 3.2. A separate grid convergeandg kas not been performed as the
test case chosen is same as that presented in Chapter 3. orbegf0Ox 171 is used for the
altered reactivity simulations (see Sec. 3.2.1). The moefor altered reactivity simulations

Is explained below.

4.1.1 Chemical Reaction Kinetics

The rates of chemical reactions are function of conceoimatof participating species, temper-

ature and rate constants. The details are given in Sec. &itl.4re repeated below. The rate
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constants:;, andk; are given by
]{Zf" (Ta) = C’fnTg"eXp(Odn/Ta) (n =1,.., 5) (41)

whereCy,,, n, andd,, are experimentally determined curve fit data for tie reaction over

a given temperature rangé, is the effective temperature and for dissociation reasti@n=

1, 2, 3) itis taken as the geometric average of the translatiastational and vibrational tem-
perature.e. T, = \/TT,. For exchange reactiol§ = 7. The backward reaction rate constant

Is obtained using the principle of detailed balance

ky, (T) = k[f("—(T) 4.2)

whereK., ,, is the equilibrium constant given in Ref. 9.

The above set of equations define the chemical kinetics ndéé current CFD algorithm.
The data presented in Ref. 9 show that the uncertainty in tlesunement of rate constants is
about one order of magnitude. Hence simulations are peddioy increasing and decreasing
the chemical reaction rate constants @nd ;) by ten times compared to the baseline val-
ues. We change the rate constants for both the forward ardvbat reactions so that the
equilibrium constant remains the same for the given locaittodynamic conditions. Similar
procedure is used in Ref. 43. Rate constants are altered foreateactions simultaneously.

In the CFD algorithm, the reaction rates are altered by myitig the rate constants by
a reaction scaling factor (rsf). The modified forward ratestant at each point is given by
rsfxky, , whereky, is calculated using Eq. 4.1. The backward reaction ratealacemultiplied
by the same factor. Hence a value of rsf=10 corresponds thitjiner reactivity case, where
reaction rate constants are increased by ten times. Onliee lo&nd, rsf=0.1 represents lower
reactivity case where reaction rate constants are deddnsten times, and rsf=1 indicates
baseline simulation. Note that the chemical source ternal ithe simulations are evaluated
using mean flow properties, such that the effect of turbulentuations on the reaction rates is
neglected. The interaction of turbulence and chemistrylead to additional variation in the
reaction rates, which is beyond the scope of the present.pape

The surface heat transfer rate is directly influenced by #eapmposition and tempera-
ture in the thermal boundary layer adjacent to the wall. Ta® groperties in this region are
primarily determined by the exothermic recombination teas caused by the isothermal cold

wall condition. The thermo-chemical reactions at the sheake and in the inviscid post-shock
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region affects the flow properties at the boundary layer edige thermo-chemistry at the shock
wave is predominantly endothermic and variation in theesponding reaction rates can alter
the boundary layer edge conditions and therefore the lgeedte predictions.

We first study the changes in surface heat flux due to the atieria reaction rates only
in the boundary layer. In the baseline simulation, the maxmboundary layer thickness is
found to be 2.6 mm, which corresponds to about 80 wall-nopoéaits in the computational
grid. In this region, the reaction rates are altered by rsgtisf # 1. Outside the boundary
layer, a value of rsf = 1 is used, such that the reaction ratgshnhe baseline values. This
results in boundary layer edge conditions that are idelittdhe baseline solution. Variation in
fluid properties at the boundary layer edge caused by thenthehemistry at the shock wave
are subsequently studied by altering the reaction ratdsramly over the entire computational
domain. A controlled study of this nature allows us to iseldtte physical effects in different

parts of the flowfield.

4.2 Results

A brief description of the computed FIRE 1l re-entry flowfielddasurface properties are
given below. Next, the details of the thermo-chemical stdithe gas and chemical reactions
in the boundary layer are presented. The effect of variahahe chemical reaction rates on
heating predictions is explained subsequently.

Main features of the flowfield are shown in Fig. 4.1 in termshef Mach number contours.
The prominent features like bow shock and flow expansioneattiiners can be easily identi-
fied. The flow on the entire forebody is subsonic with Mach nerdpproaching unity close
to the first expansion corner. The post-shock temperatuteeinose stagnation region is about
5700 K and it varies less than 5% on the forebody. Flow exparesi the first corner results in
decrease of temperature to 4100 K. Further expansion arbensecond corner decreases the
temperature to about 1800 K.

The boundary layer remains attached through the two sugeesgansions, and separates
downstream of the second corner. The recirculation bubbtb® afterbody is characterized by
a single toroidal vortex that extends up to about 0.36 diam#dwnstream of the base. Flow
in the separation bubble is subsonic with vortex core teatpeg of about 4000 K. The shear

layer enclosing the recirculation region coalesce at tloi,rend a recompression shock wave
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Figure 4.1: Mach number distribution in the flow around FIREeHentry capsule at Mach 16.

Representative streamlines are shown on the afterbodyntfidéhe recirculation bubble.
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Figure 4.2: Distribution of the gas density, normalized ektream density, in flow around

FIRE Il re-entry capsule.

is formed. The temperature of the gas in the neck region gedi® 4900 K. The temperature in
the inviscid region outside the wake is about 2000 K and theiMaumber there is about 3.5.
Figure 4.2 shows normalized density distribution in the fleld. Density of the gas in-
creases across the bow shock to 11 times the freestreantydi@rtsie nose stagnation region.
Rapid expansion at the shoulder reduces the density of thieimito 0.2—0.4., on the after-
body. At the boundary layer (not visible on the scale of Fig)4as temperature decreases
to the cold wall value, which increases the mixture densitathout 100, at the wall. The
density of the gas in the afterbody near-wall region is at&aut. Overall the density of the

gas changes by three orders of magnitude in the computhtionzain, and it determines the
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Figure 4.3: Gas properties at the shock wave along the diagrsdreamline: (a) translational-

rotational and vibrational temperatures and, (b) specessrfractions.

degree of thermo-chemical activity in the different parftthe flowfield. The thermo-chemical
state of the gas has an important influence on the surfacegeate as explained below.

The variation in the gas temperatures and composition aslibek wave are shown in
Fig. 4.3. The data is plotted along the stagnation strea@slirch that the flow is in the positive
x-direction and the nose stagnation point istaD. The translational-rotational temperature
peaks at about 8500 K immediately downstream of the shock wallowed by rapid decrease
due to transfer of translational energy into vibrationall @hemical energies. The vibrational
temperature shows a gradual rise to about 6200 K. As the claéneiactions progress, there is
a drain of translational and vibrational energies. Thisiitesn decrease of both temperatures
to a equilibrium value of 5700 K in the post-shock region.

Oxygen molecules are mostly dissociated in the post-shegikm with an atomic oxygen
mass fraction 06.22. NO is formed behind the shock to a maximum level of 8%. It dases
to 2% in the post-shock region. The exchange reactionstresah increase o¥y up to 0.05
and decrease ofy, to 0.71. The gas composition in the majority of the foreboaliscid
region is close to the post-shock values in Fig. 4.3(b). Toe #xpansion at the shoulder
results in a slight increase Iri, andY, with a corresponding decreaseli andYxo. The
gas composition in the afterbody inviscid expansion reggqurimarily composed of Nand O

with mass fraction of 0.75 and 0.23 respectively. Minor aemin the mass fraction ofJNN
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Figure 4.4: Translational-rotational and vibrational pEratures of the gas along a streamline
(identified as streamline ‘AB’ in Fig. 4.2) that passes thitotige bow shock wave, forebody

and afterbody inviscid regions.

and NO are observed in the separation bubble due to chera@etions in the hot vortex core.

The thermal state of the gas in the flowfield is explained withaid of Fig. 4.4, which
plots the translational-rotational and vibrational tenaperes along a stream line (identified as
streamline ‘AB’ in Fig. 4.2) passing through the bow shock #reinviscid regions on the fore-
body, shoulder and afterbody. The two temperatures aréigdém the post-shock region on the
forebody. A high fluid density in this region equilibratestbthe translational and vibrational
temperatures leading to a thermal equilibrium state. Agyieexpands around the shoulder,
a low density in the afterbody flowfield freezes the energyharge between the translational
and vibrational modes, resulting in a thermally frozenestat the afterbody. The vibrational
temperature freezes at about 5000 K, whereas the trams&tiotational temperature drops to
values lower than 2000 K. The transition between the theenalilibrium on forebody and
frozen state on afterbody occurs through a thermal nonlibum state in the shoulder region.
Chemical state of the gas follows a trend similar to that otlieemal state. The gas approaches
a chemical equilibrium state in the nose stagnation regibin &non-equilibrium state on the
shoulder. The chemistry is in a frozen state in the afterlyedion.

Figure 4.5(a) shows the variation of the two temperaturabenthermal boundary layer
at the nose stagnation point. Local boundary layer thickessed to non-dimensionalize the
wall normal distance, such thgtd = 0 represents the wall location ahd = 1 corresponds to

the thermal boundary layer edge. Both the translationaltimtal and vibrational temperatures

56



6000F 3 0.8

0.6 4
4000 | ]

T.T,K
o
i

— T
1

Mass fractions

2000

0.2F Y

o 0z ‘0-4‘"5 06 08 1 0 02 04 06 08 1
(a) (b)

Figure 4.5: Boundary layer profiles of (a) translationahtimnal and vibrational temperatures

and (b) species mass fractions at the nose stagnation point.

IN
o
T

|
|
|
|
|
N

Reaction rates, kg-mol/hsec
N
o
T

e Y —
116

Figure 4.6: Rates of the different chemical reactions oaegiin the thermal boundary layer at

the nose stagnation point.

of the gas decrease from 5700 K in the outer inviscid flow to.5%3at the isothermal wall. In
the boundary layer mass fraction of atomic speciesO and N decrease, and a corresponding
increase in mass fractions o, @nd N, can be noticed in Fig. 4.5(b)xo also increases from
0.02 at edge of boundary layer t05 at wall.

Figure 4.6 depicts the rate of the different chemical reastin the boundary layer. In the
immediate vicinity of the wall, recombination of O is predimnt and this leads to an increase
in Yo,. The rate of the exchange reactioits, (@nd R5) have non-negligible values fox2 <

/6 < 0.4 and they increase the mass fractions efddd NO with a corresponding decrease in
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Yn. However these changes are smaller compared to the changeggen mass fractions. In

the outer portion of the boundary layéyd > 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 olotdoperarying the reaction rate con-

stants with those of the baseline simulation (rsf=1). Lomgethe reaction rates in the boundary
layer (rsf=0.1) decreases the heating rate and enhanangeéttion rates (rsf=10) results in
an increase in the heat transfer rate. Also, the heatingots#tegned by altering only the rate

constant of oxygen recombination reaction are identic#thia when all the five reactions rates
are changed simultaneously. Therefore at the chosenreaestonditions, the surface heating
rate is primarily influenced by the rate of oxygen recombargtwhich is the dominant reaction

in the near wall region (see Fig. 4.6).

As noted earlier, the cold wall condition favors recombimatreactions in the boundary
layer. Increasing the reaction rates therefore enhanee®timation of diatomic species. Fig-
ure 4.8 shows that in the boundary layer, the mass fractiamxygen molecules increases for
the higher reactivity case compared to the baseline simualaand vice-versa. The recombi-
nation reactions are exothermic, and higher reactivityltesn higher heat release. The gas
temperature is therefore elevated in the rsf=10 simulaBoompared to baseline case. Oppo-
site is true for lower reactivity simulation. This trend ispicted 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 recombinationioeadeads to change in the
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tion point.

mixture conductivity. For the current range of thermodyimaoonditions, the relative magni-

tude of thermal conductivity among the species is
KN > KOy, = KNO > KN, > RO (43)

As molecular oxygen has higher thermal conductivity thamatbmic counterpart, the rsf=10
case has higher thermal conductivity of the gas mixture B8ge4.9(b)). An elevated gas
temperature and mixture conductivity in the higher redigtivase leads to the higher heating
rate. The reverse is true for the lower reactivity simulatio

The heat flux to the wall can be written as

or  T—T,

q= —/{a—n = —K An (4.4)

where the mixture conductivity is a function of its compmsitand local thermodynamic condi-
tion. The wall-normal temperature gradient is discretiretrms of the gas temperature at the
first cell next to the wall, the wall temperature, and the wmaltmal distance/\n. The change
in heat flux due to varying reaction rates can therefore beesspd in terms of changedrand

T5. The quantitied’, and An remain fixed in all the three simulations.

Ng Ak N AV
q B Kk TQ - Tw
where higher-order terms are neglected. A quantitativéyaisaof the changes in heat transfer

(4.5)

flux due to the varying reaction rates at different locationghe body is given below.
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Figure 4.9: Changes in (4}, and (b) mixture conductivity on forebody due to variation i

reaction rates.

4.2.2 Nose Stagnation Point

Table 4.1 shows a budget of Eq. 4.5 at the nose stagnatiohfpoitme higher and lower reac-
tivity cases, where the changes are calculated with respéoe baseline solution. The positive
values listed for rsf=10 represent increase in the mixtorelactivity and the gas temperature.
The negative values, on the other hand, correspond to atredurc the respective values when
the reaction rate constants are decreased. The heating eatleanced by 2.4% for rsf=10 and
reduced by 8.5% for rsf=0.1. Note that the stagnation poaaiting rate is more sensitive to
lowering the reaction rates than to increasing the reagtivh similar trend in heat transfer
rate variations is seen all along the forebody boundaryrlgsge Fig. 4.7). The reason for this
trend in heating rate can be explained in terms of the chdmiate of the gas (equilibrium,
non-equilibrium or frozen) and the extent of the recomborateactions.

In the forebody shock layer, the gas is in chemical equiitoiiz.c. asT — T, the gas
composition approaches its equilibrium value given by teal thermodynamic conditions.
Hence increasing the reaction rates does not alter the gapasition significantly. In the
baseline simulations, majority of the atomic species rdmamto form diatomic molecules. At
the wall, the mass fraction of Qs close to its maximum achievable freestream value. Hence
enhancing the recombination reactions further increases&ss fraction by a small amount
(0.02) (see Fig. 4.8), which has minimal effect on the heatate. When reaction rates are

decreased, recombination reactions are suppressed aad$ttio an appreciable change in O
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Table 4.1: Contribution of\x/x andAT, /(1> — T,,) to Agq/q at the nose stagnation point.

% change rsf=10 rsf=0.1
NI 1.91 -4.61
ATy /(Ty —T,) 0.48  -4.08
Nq/q 2.40 -850

concentration in the boundary layer compared to the basalatution. 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 heatingdageto the alterations in reaction rate
constants increases as we go from the stagnation pgifit<0) to the shoulders(/ D=0.51).
Similar trends can be observedinandx in Fig. 4.9. This is because of flow expansion along
the forebody, which is characterized by a decrease in presgmperature and density with
increasing distance from the stagnation point.

As the density decreases from the stagnation region to tbelddr, the reactions get
slower and the chemical state of the gas changes from equiticco non-equilibrium. The
gas composition does not approach equilibrium values spomding to local thermodynamic
condition at the cold wall temperature, and an apprecialletibn of the gas is in its atomic
state. The extent of recombination is lower than that at treerstagnation point and the mass
fraction of O, molecules is not recovered to its freestream value. For pigrats/D = 0.52
located at the first expansion corngs, 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) takesdbeclgpser to the chemical equi-
librium state. It increases the extent of recombinatioe (Sg.4.10) appreciably, which in turn
results in an appreciable increase in the mixture condbctwnd the gas temperature. Table 4.2
shows the contribution ahx andAT; to the overall heating rate enhancement at the expansion
corner. Increased mixture conductivity (due to the addéldD, recombination), and increased
gas temperature (due to the exothermic reactions) resalit18% enhancement in the surface

heating rate. Decreasing the reaction rate constant(igfhas the opposite effect. It results
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Figure 4.10: Change iF, in the boundary layer at/ D = 0.52 (first expansion corner) due to

variations in reaction rates.

Table 4.2: Contribution of\x/x andATy /(1> —T,,) to Aq/q in the shoulder expansion corner

(s/D=0.52).

% change rsf=10 rsf=0.1
AN 392 -555
ATy/(Ty —T,) 12.38 -10.22
Aq 16.80 -15.20

in a significant decrease inyMnass fraction. The corresponding changeainand AT, are

listed in Table 4.2 and they add up to a 15.2% decrease in tfecstheating rate.

4.2.4 Afterbody

The changes in surface heat flux along the afterbody frustusnbase due to changes in the

reaction rate constants are shown in Fig. 4.11. The chargfteirbody heating rate is much less

than that observed on the forebody. Increasing the reacites results in only two appreciable

changes in heat flux distribution. First, there is a rise anlitAse heating value as compared to

the baseline simulation. Second, the location of the séparpoint (ats/D ~ 0.7) changes,

resulting in a corresponding variation in heating rate is tegion. We study the flow solution

at the base stagnation poiry/ O = 1.5) in detail.

The lower changes in the afterbody heat flux to the variatioreaction rates is due to
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Figure 4.11: Effect of variation in reaction rates on thedfody heating rate.

Table 4.3: Contribution of\x/x andAT, /(1> — T,,) to Aq/q at base stagnation point/(D =
1.5).

% change rsf=10 rsf=0.1
AK/K 2.38 -1.46
AT)(Ty—T,) 232 177
Aq 476  0.27

a frozen chemical state of the gas in this region. This infit@combination reactions in the
boundary layer as evident in Fig. 4.12(a). Oxygen is mostlgs atomic form in the baseline
(rsf=1) simulation, withY,, = 0.02 at the wall.Y, increases to 0.05 for rsf=10, and decreases
below 0.01 for rsf=0.1. Unlike the forebody and shoulderrmtary layers, the changes Y,
observed in Fig. 4.12(a) are not entirely because of vanat reaction rate constants in the
near-wall region. There is a noticeable difference betwke,, values computed at the edge
of the boundary layer in the three simulations. The reaspthis is explained below.

The gas that is trapped in the recirculation bubble origisétom the forebody boundary
layer. Changes in the gas composition in the forebody boyridger caused by the variation
in reaction rates is convected into the vortex core and fnearslayer on the afterbody. This
results in an appreciable variation¥@, at the boundary layer edge between the three simula-
tions. Changes in the mixture composition at the boundamrlagige and increased reactivity

in the boundary layer lead to an increase in the mixture coindty by about 2.4% in the
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Figure 4.12: Profiles of (&), and (b) temperature in the thermal boundary layer at the base

stagnation point.

rsf=10 simulation. The conductivity decreases by aboutalirbthe lower reactivity case (see
Table 4.3).

Similar to the mixture conductivity, the gas temperaturgeeht to the wall is also deter-
mined by a combination of the boundary layer edge effect hactchanges caused by altering
the reaction rates in the near-wall region. Figure 4.12(ows that the boundary layer edge
temperature is lower for rsf=10 compared to the baselinalsition and it counteracts the in-
crease irl; due to enhanced exothermic reactions in the boundary |ayer.opposite is true
for rsf=0.1 solution. The net effect is an increas&irby 2.3% in the higher reactivity case and
an increase of 1.8% in the lower reactivity simulation (sabl& 4.3). For rsf=10 case, changes
in gas temperature add to the changes in the mixture condydgading to a 4.8% increase
in the base heating rate. On the other hand, changesimd7; due to reduced reaction rates

cancel each other to yield a negligible effect on the basargeeate for rsf=0.1.

4.2.5 Increased Reactivity in the Entire Domain

Figure 4.13 compares the flowfield solutions obtained froentthseline simulation (top half)

and a higher reactivity simulation in which the rate conttame increased (rsf=10) uniformly
over the entire computational domain. The shape of the bawekstvave, the shock stand-off
distance and the temperature of the gas in the inviscid slayek are essentially same in the

two solutions. However the afterbody flowfield shows somekarchanges. In the higher
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Figure 4.14: Effect of increasing the reaction rates in tht@@® domain on gas temperature and

Yno along the stagnation streamline.

reactivity simulation, the separation point shifts doweat compared to that of the baseline
case, resulting in a significant reduction in the separdiidble size. A lip shock originating at
the separation point can be clearly seen in the higher xigatase, and the shear layer angle
Is lower by 2.32 as compared to the baseline simulation.

The variation of gas temperature ahid, along the stagnation stream line is shown in
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Fig. 4.14. Increased reactivity (rsf=10) at the shock waveaeces the dissociation of,nd
0., leading to a higher level of NO formation. As the dissociatis an endothermic process,
higher dissociation at the shock wave leads to a lower teatyer (by about 1000 K) than the
baseline solution. Downstream of the shock wave, the twatieols are identical in terms af
andYxo. This corresponds to the thermo-chemical equilibriumaegiwherel” = T, and all
the species concentrations attain their equilibrium \&luehis gives identical solution at the
boundary layer edge in the baseline and higher reactiviybsitions. Further changes in the
thermal boundary layer in the higher reactivity case matdsé obtained (see Fig. 4.8) when
the reaction rates are enhanced only in the near-wall regiois is reflected in the overlapping
heat transfer predictions obtained from the two rsf=10 &tns in Fig. 4.15.

The gas approaches thermo-chemical equilibrium in theeengigion between the bow
shock and the spherical forebody. As a result, the chang&sand Yy induced by higher
reactivity at the shock (see Fig. 4.14) have a negligibleatfbn the shape and location of
the bow shock. Also, the changes at the shock wave have nct effethe surface heating
augmentation on the entire forebody, up to the first expansioner (see Fig. 4.15).

Increasing the reaction rates outside the boundary layeahmauch larger effect on the
surface heat flux at the shoulder. Flow expansion in thisoregnd the associated temperature
drop causes recombination and exchange reactions. The gas istate of thermo-chemical
non-equilibrium, so that increasing the chemical rate tants results in a higher degree of

these reactions. The gas chemistry in this zone is exotbeend therefore a higher reactivity
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Figure 4.16: Effect of increasing the reaction rates on gagperature: (a) along the streamline
AB shown in Fig. 4.2, and (b) across the boundary layer at¢bersd expansion corney/D =

0.64.

results in a hotter gas in the outer inviscid flow than in thedliae simulation. Figure 4.16(a)
shows this effect in terms of the temperature distributiongthe streamline AB that spans the
inviscid region on the forebody, shoulder and afterbody.

An elevated gas temperature in the rsf=10 simulation irs@e#he surface heating rate on
the shoulder(.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 raactiates are altered only in the near-
wall region. The gas chemistry is frozen in the later partqfamsion, leading to heating rates
comparable to the baseline predictions. By comparison, \inemeaction rates are altered in
the entire domain, its effect is carried further by the inidsflow outside the boundary layer.
The resulting increase in gas temperature at the boundgey &ige (see Fig. 4.16(b)) has a
major effect. The heating rate in this case is enhanced beegritire shoulder region, up to the
second expansion corner. Table 4.4 shows the contributignwoand AT; to the heating rate
increment ats/ D = 0.64 obtained from the two higher reactivity simulations. Thamhe in
the mixture conductivity is similar in the two cases. The dwant effect is the increase {7,
when rsf=10 in the entire domain and it raises the surfacefhieaby 32%.

The effect of increased reactivity on surface pressureKgged.17(b)) is similar to that
observed for the heat flux. Compared to the baseline valuegréssure level on the shoulder

is elevated when the reaction rates are enhanced by a fd¢tar.o
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Figure 4.17: Effect of increasing the reaction rates in thiéé&re domain on afterbody surface

properties: (a) heat transfer, and (b) normalized pressure

Table 4.4: Contribution of\x/xk and ATy /(T — T,) to Agq/q at the second expansion corner

(s/D = 0.64) in the two higher reactivity simulations.

% Change Boundary layer Entire domain
N 3.22 3.02
ATy /(Ty — T,,) 2.37 27.37
Ag 5.70 32.01

On the conical frustum, heating rates predicted by the thimelations follow the same
trend (see Fig. 4.17(a)). There is a rapid drop in heat tearafthe expansion corner, followed
by a local minimum at the separation point. The heating natecases along the separation
bubble, with a relatively high value at the base stagnatiointp Enhanced reactivity in the
entire domain shifts the separation point downstream (s¢sFig. 4.13). There is a slight
increase in the heat flux on the later part of the conical firmsand a relatively larger increase
in the base heating rate compared to the baseline simulagmilar trends, but smaller in
magnitude, are also observed when the reaction rates aredtinly in the near-wall region.

The pressure data shown in Fig. 4.17(b) shows a similarrpatiene pressure rise at the
separation point is shifted downstream for higher reagtoases. As expected altering the rate

constants only in the near wall region has negligible eféecthe pressure distribution. On the
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Table 4.5: Contribution ofAx/x and AT, /(1> — T,,) to Aq/q at the at base stagnation point

(s/D = 1.5) in the two higher reactivity simulations.

% Change Boundary layer Entire domain
AK/K 2.38 2.51
ATy /(Ty —T,) 2.32 16.89
Aq 4.76 18.23

other hand, enhanced reactivity in the entire domain chaiigesize and shape of the separation
bubble, resulting in a higher pressure on the afterbodydmsand base.

Note that enhancing the reaction rate constants in theeetimain increases the base
heating rate by about 18.2% of the baseline value. Tablaststhe contributions of increased
mixture conductivity and gas temperature to the rise inasgrtheating. The change in mixture
conductivity and therefore the extent of recombinatiorhis tase are similar in magnitude to
that obtained when the chemical rate constants are altaigaxthe boundary layer. However,
the gas temperature in the immediate vicinity of the walligangicantly higher for the case
of enhanced reactivity in the entire domain. As discusselieedsection Ill. 4.2.4), the gas
temperature and the mixture composition at the base stagnaiint are determined by a com-
bined effect of their boundary layer edge values and by theneéxf exothermic recombination
reactions in the boundary layer. The effect of enhancedivégan the outer flow on boundary
layer edge values is the dominant factor in raising the hgatte. The chemical reactions in
the near-wall region has a minor effect on the surface heat This is due to the low density

and consequently a frozen thermo-chemical state of thenghssiregion.

4.2.6 Decreased Reactivity in the Entire Domain

Figure 4.18 compares of non-dimensional temperature aesi8nd separation bubble stream-
lines obtained from the baseline case (top half) and the rlge&ctivity simulation (bottom
half) in which rate constants are decreased (rsf=0.1) tmifpin the entire computational do-
main. In the lower reactivity case, the gas temperatureeabtiw shock wave is higher, and
the shock stand-off distance marginally increases condp@aréhe baseline simulation. Loca-

tion of the separation point and the shear layer angle amgjppately same in both solutions.
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Figure 4.18: Comparison of non-dimensional temperaturkiloligion and separation bubble

between the baseline (top half) and lower reactivity (battalf) simulations.

The separation bubble is, however, slightly larger in tiveeioreactivity case than the baseline
simulation.

The variation of gas temperature al@o along the stagnation stream line (Fig. 4.19)
shows that the shock wave moves slightly upstream when thetioa rates are reduced. A
decrease in reaction rates suppresses the dissociationawfd\N3. This leads to lower level of
NO and a higher peak temperature at the shock. The trendaél\yerpposite to that observed in
the higher reactivity case (cf. Fig. 4.14). A lower readtialso results in a slower approach to
the thermo-chemical equilibrium state downstream of tliekhAs expected, the gas properties
in the equilibrium region are identical in the two solutiofi$iis results in identical values at the
boundary layer edge. Further changes in the thermal bowvihager in the lower reactivity case
match those obtained (in Fig. 4.8) when the reaction raes@ppressed only in the near-wall
region. The heat transfer rates predicted by the lower ikgigctentire domain) simulation is
same as the rsf=0.1 values presented in Fig. 4.7 over mygditihe forebody surface and hence
not repeated here.

A lower reactivity suppresses the recombination and exghaeactions in the shoulder
expansion region. This results in a lower mass fraction®htiolecular species and a lower gas

temperature. Both lead to a reduction in surface heat fluxKgget.20(a)) on the shoulder, as
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Figure 4.20: Effect of decreasing the reaction rates in tit#eedomain on afterbody surface

properties: (a) heat flux, and (b) normalized pressure.

explained in Section 4.2.3 Once again, the effect is loedlin the vicinity of the first expansion
corner when the reaction rate constants are decreasechdhky boundary layer region. For the
case with reduced reactivity in the entire domain, the sertaeating rate is reduced over the
entire shoulder regiord(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 gimaareduction in heating
rate when the rate constants are decreased in the entireslidwfhe base heat flux is lower than

the baseline value by 6.5%. The pressure predictions shelately larger deviation from the
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baseline values, with a 16% reduction at the base stagnaoion when the rate constants are
lowered in the entire domain. The surface pressure is foor tmore sensitive than the heat

transfer rate to variation in separation bubble size, rtegan Fig. 4.18.

4.3 Summary

Thermo-chemical state of the gas in the re-entry flowfieldr &M&E 1l re-entry capsule at
35 km altitude is studied. Next, sensitivity of the aerothppredictions is investigated by
changing the chemical reaction rate constants from theielivee values reported in the liter-
ature. Reaction rate constants (both forward and backwaedhareased by a factor of ten
and then decreased by a factor of ten, while keeping theibquih constant same. The flow
features such as shock stand-off distance, structure aaaftthe afterbody separation bubble;
gas temperature and conductivity in the near-wall regianpated from the altered reactivity
simulations are compared with those obtained from the lesedte constants. This compari-
son provides insight into the physical mechanism that léatise variation in the heat flux. The
contributions of the near-wall gas temperature and thecaradluctivity to the heating rate vari-
ations are analyzed at nose stagnation point, shoulderas®ldtagnation point. At the current
freestream conditions, typical of a low altitude re-entjectory point, surface heat transfer
rate is mainly affected by the variations in oxygen atom nelgsimation rate in the boundary
layer. Increasing the reaction rate enhances the heatiegamad vice versa. Nose stagnation
point heat flux is found to be relatively insensitive to ana@&mtement in rate constants, on the

other hand a higher sensitivity is observed at the shouktgon.
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Chapter 5

Heating Rate Variations at 70 km Altitude

The changes in the heat flux due to the variation in reactitesrat a typical high altitude
condition is examined in this chapter. 70 km altitude poimA8-202 re-entry trajectory [39] is
chosen as a higher altitude condition and the corresporidéegtream conditions are listed in
Table. 5.1. The stagnation enthalpy at this condition ibéighan that of the 35 km case where
as the density is two orders orders of magnitude lower. Tghk freestream Mach number at
this condition leads to a non-smooth variation in the heat dluthe nose stagnation point. A
method to alleviate this irregularity in the computed hea f& explained. Thermo-chemistry
of the flowfield is studied in detail to understand the effefthigher total enthalpy and lower

density of the freestream.

5.1 Simulation Methodology

The procedure followed to study the heating rate variatounes to the uncertainty in reaction
rates is similar to that presented in Sec. 4.1.1. Initiadiierconstants are varied only in the
boundary layer to study the local chemistry effects of baupdayer. Subsequently simulations
are performed by varying the rate constants in the entireaitoto study the effects of chemical
reactions occurring in the shock layer. The grid topologgdus these simulations is similar to
that used at 35 km condition. However the outer boundary idifiedl according to the shock
location at this condition.

No-slip, non-catalytic and isothermal boundary condgiame specified at the wall. The
temperature of the wall is assumed to be 553.3 K, and is satatissed in the lower altitude

simulations. The vibrational temperature is assumed tdibgate with the translational tem-
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Table 5.1: Freestream conditions at 70 km altitude trajgqtoint.

Free-stream Conditions

oo (Kg/M?) 0.000152
Us (M/s) 7920

Tw (K) 227

M, 26.2
Reoop 4.79 x 10
H, (MJ/Kg) 31.53

perature at the wall. Freestream conditions are applidteabtiter boundary and extrapolation
condition is imposed at the exit station. A grid convergesitgly is performed to find out the

minimum requirements of grid-point density and is expldibelow.

5.1.1 Grid Convergence

Simulations are performed on successively refined gridssess the sensitivity of the com-
puted solution to the grid-point density. Grid independeigevaluated in terms of the pre-
dicted surface heat flux, which is found to be most sensiov¢ variation in computational
mesh. Tolerance levels for grid independence are repoetivb First, grid convergence of
the forebody solution is presented. Next, sensitivity @f tlose stagnation-point heating to the
shock-grid misalignment is described. Finally, the aftelyogrid-refinement study is discussed.

Figure 5.1 shows the forebody surface heat flux computed r@e thuccessively refined
meshes. The 120101 grid has 50 wall-parallel points on the forebody, while 240<171 and
400x 241 grids have 100 and 160 forebody points. In the wall-nbdiraction the three grids
have 101, 171 and 241 points respectively. The surface heafplotted as a function of the
normalized arc lengths( D) measured from the nose stagnation point. There is notieetib
ference between the first two grid solutions, both on thelfody and shoulder. By comparison,
the heat transfer rates obtained from the two finer grids X240 and 40& 241) are almost
identical, except for the nose stagnation regiof/{ < 0.1).

All the grids show a dip in the heating rate neg@iD = 0. This non-physical effect is due

to the numerical errors caused by a mis-alignment of thelgrés to the bow shock contours.
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Figure 5.2: Effect of aligning the grid lines to the shock wann the stagnation point heating

Saunders:t al. [45] propose an algorithm to tailor the grid lines to the bdvock in order
to eliminate the irregularities in the predicted heat fluxarng with an initial grid and the
corresponding solution, the algorithm generates a newtyrieck-distributing the points so that
the grid lines are better aligned to the bow shock. Simulatiare performed on the modified

grid, and the alignment procedure is repeated until theptgrsical variation in heating rate is

We use the above algorithm to rectify the heat flux variatiothe nose stagnation region.
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Figure 5.3: Heat transfer rate obtained on successivelya@fyrids on the afterbody: (a) wall-

parallel, and (b) wall-normal directions.

Repeated application of the algorithm on the 2401 grid presented above leads to a relatively
monotonic variation of heating rate in the stagnation negand the corresponding solution is
marked as the grid-aligned solution in Fig. 5.2. Furthermorpment in the stagnation point heat
flux prediction is achieved by additional grid refinement ébfactor of two in thei-direction

on the forebody) and repeated alignment to the bow shock.obihe best results from the fine
mesh simulations is presented as the benchmark solutiois arsed for further comparison.

For all the grids presented above, the wall-parallel graitspg at the nose stagnation point
is about 0.1 cm. It is found that a mesh with much larger gracspy (approximately 0.9 cm)
at nose results in a lower sensitivity of the computed sotuto the grid-shock misalignment.
Heating rate obtained from such a coarse grid simulatiotin, %8 wall-parallel grid points on the
forebody, is shown in Fig. 5.2. It is fairly monotonic in thagnation regionq/ D < 0.1), even
without extensive grid alignment. The coarse mesh heagitegprediction compares reasonably
well with that of the benchmark solution, with a maximum &gn of about 2.5% at the
stagnation point.

Next, grid sensitivity of afterbody solution is studied.aBing with the 24& 171 grid
presented above, successive refinement ir-thieection is performed without altering the grid-
point distribution in thej-direction. The four grids presented in Fig. 5.3(a) have, 124D,
300 and 360 wall-parallel points on the afterbody. The fosbis spanned by 100 points in
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each case. All the solutions show similar heat flux variaabong the afterbody. There is
a converging trend in the heating values with successiveefent, and the two finest grids
(400x171 and 46&171) predict practically the same heat transfer rate ondheal frustum.
Maximum deviation between the two solutions occurs at thse Iséagnation point and is about
2.8%. Hence, 400 points in the wall-parallel direction v800 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 wadrmal direction, while keep-
ing the wall-parallel grid unchanged. Three grids with 17471 and 311 wall-normal points are
considered. Heating rate successively reduces with reénesuch that minimal changes are
observed between the two finer grids (341 and 40&311). Once again, maximum differ-
ence in heat flux is observed at the base stagnation poinisaimbut 4%. Further refinement
in the j-direction is expected to give even smaller variation irfae heat flux. Hence, a total
of 311 points in the wall-normal direction is taken to be adsg to obtain a grid-converged
solution.

Based on the above study, a 40811 grid with 100 points on the forebody and 300 points
on the afterbody in the wall-parallel direction is selectedfurther simulations. The grid has
a wall-normal spacing of 0:610~% m and cell Reynolds number of 0.4 or less. Afterbody heat
transfer rate obtained from this grid is shown in Fig. 5.3(Hpwever, as depicted in Fig. 5.2,
a solution obtained on a mesh with 100 wall-parallel grichg®bn the forebody is sensitive to
grid-shock mis-alignment, which causes irregularity ia tomputed heat flux. The grid-shock
mis-alignment does not have an effect on afterbody sol#imhassociated surface properties.
Hence afterbody surface heat flux and wall pressure praséetew are obtained from the full
body simulations performed on the 40811 grid.

Achieving a smooth variation in heating rate at the nosenstagn point on 40311
mesh requires many grid-alignment iterations. This preéesumbersome and highly time
consuming, when applied for all the altered reactivity datians planned in this work. As an
alternative, we use the coarse mesh (1208) shown in Fig. 5.2 for further forebody simula-
tions due to its robustness, and the results are expectedaodurate with in the limit specified
above. The wall-normal spacing in the coarse meshxi$0L® 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 andface properties is given be-
low. Next, the details of the thermo-chemical state of the gad chemical reactions in the
boundary layer are presented. The effect of variation irctte@mical reaction rates on heating
predictions is explained subsequently.

Figure 5.4 shows the computed flowfield in terms of Mach nurabertemperature distri-
bution. The prominent features like bow shock and flow exjgenat the corners can be easily
identified. The flow on the forebody is subsonic with Mach nemdpproaching unity close to
the first expansion corner. The post-shock temperatureeimtise stagnation region is about
7000 K. Flow expansion at the first corner reduces the temper&au@0 K. Further expansion
around the second corner decreases the temperature totabdut

The boundary layer remains attached on the forebody andddrpand separates imme-
diately downstream of the second corner. The recirculdiidsble on the afterbody is charac-
terized by a single toroidal vortex that extends up to 1.28mditer downstream of the base. In
a majority of the separation bubble, the flow is subsonic wittiex core temperature of about
1800 K. The shear layer enclosing the recirculation region sxeat the neck and a recom-
pression shock wave is formed. The temperature of the gd®ineck region is close 500
K. The temperature in the inviscid region outside the sdjmardubble is about000 K and
the Mach number is about 4.5. The reversed flow along the a=ishes a supersonic Mach
number of 1.16. A normal shock is formed at the base (see F{p) to decelerate the flow to
a subsonic Mach number.

Figure 5.5(a) shows the computed heat transfer rate on tebddy surface as a function
of the normalized arc-lengtts (D) measured from the nose of the vehicle. The heat transfer
rate gradually decreases on the forebody from a maximunewafi®0.49 W/crh at the nose
stagnation point. The heating rate falls rapidly at the espm corner {/D = 0.52) as the
gas temperature drops due to flow expansion. The afterboalytrensfer rate is shown in
Fig. 5.5(b), where the extent of the conical frustum and teehare identified. The expansion
corners are marked by local peaks in the heat flux. In betwe=ihato expansion corners, the
heating rate increases from the separation point at thelddoto the base corner. The base
stagnation point heat flux is 2.08 /cm?, which is 2.7% of the nose stagnation point value.
The minimum heat transfer rate observed on the conicalunugt- 0.15 W/cn?) is close to

that measured on the Apollo afterbody 0.2 W/cm?) at identical freestream conditions. [39]
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Figure 5.4: Computed flowfield around a re-entry capsule athvgg2: (a) Mach number
and (b) non-dimensional temperature distribution. Reprasee streamlines are shown on the

afterbody to identify the recirculation bubble.

It is difficult to compare the computed and measured basefhe@s 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 boundasr lat the nose stagnation point is
presented in Fig. 5.6(a). Local boundary-layer thicknessed to non-dimensionalize the wall-
normal distance. Hendgé = 0 represents the vehicle surface dpél = 1 corresponds to the

boundary-layer edge. Flow is in thermal equilibriumh £ T,) at the edge of the boundary layer,

with both translational and vibrational temperatures atb6560 K. In the boundary layer, both
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Figure 5.5: Heat transfer rate obtained from the baselmailsition (rsf = 1): (a) forebody, and
(b) afterbody. Geometry points 1, 2, 3, 4 and 5 are identifigfig. 3.1(c).

temperatures decrease monotonically to reach the wak\afl653.5 K.

The freestream gas is composed of oxygen and nitrogen meseuth mass fractions of
0.233 and 0.767 respectively. The high temperature of tsargthe shock layer causes com-
plete dissociation of the oxygen molecules and a partigbdigtion of the nitrogen molecules.
As a result, mass fraction ofjNN and O species attain values of 0.23, 0.54 and 0.23 regphcti
at the boundary-layer edge (see Fig. 5.6(b)). Concentabdbthe remaining two species are
negligible. The decrease of gas temperature in the bouraley initiates chemical reactions.
As a result, mass fraction ofJNncreases to 0.52 at the wall with a corresponding decrease i
Yx. However,Ys, Yo, andYyo remain constant throughout the boundary layer. The change i
gas composition across the boundary layer is explainedweith the aid of Fig. 5.7, which
depicts the chemical reaction rates and the species s@rms in the boundary layer.

The chemical reactions and associated source terms acé\effim the vicinity of the walll
(1/6 < 0.05, i.e. 5% of the boundary-layer thickness). However, the conegéiotis of N
and N change throughout the boundary layer due to mass idifftug he largest reaction rate

corresponds to NO recombination (see Fig. 5.7(a)).
Rs >0 N+O+M—NO+M

The newly created NO molecules collide with the availabletdbires to form N molecules
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Figure 5.6: Distribution of (a) temperatures and (b) spemass fraction in the thermal bound-

ary layer at the nose stagnation point.

through exchange reaction (4)
Ry >0 NO+ N —=Ny;+0

Forl/é > 0.005, itis seen tha?; ~ R,, and therefore the net effect of the above two reactions
is 2N — N, with negligible influence on @ O and NO. This results in equal and opposite
source terms for Nand N (see Fig. 5.7(b)), and the other source terms (f¢\00and NO) are
approximately zero. The reaction ratBs and R, attain peak value dt/§ ~ 0.004 leading to
maximum¥y, and minimumi¥y at this location. A local peak in the source term gfiblalso
observed at/§ ~ 0.012, which is due to non-zer&; in this region.

Availability of NO molecules is critical for continuatiorf the exchange reaction. A3
drops to negligible values fdry§ < 0.004, the magnitude ofz, decreases (see Fig. 5.7(a)).
For0 < [/6 < 0.004, R, and R; attain non-negligible values and provide the NO required fo
reaction (4). The resulting reaction mechanism that leatise recombination of N atoms is as

follows. First, the recombination of oxygen atoms occues Vi
Ry >0 O+0+M—=0,+M

The newly formed oxygen molecules collide with N atoms, asreaction (5), resulting in the

formation of NO and O atoms
R5>0 02+N—>NO+O
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Figure 5.7: Variation of (a) reaction rates and (b) speaesce terms in the thermal boundary

layer at the nose stagnation point.

The newly created NO molecules collide with the availabletdires to form N molecules via

reaction (4)

Ry >0 NO+N—= N+ 0O

The two exchange reactions (5) and (4) together result ifottmeation of N, and O while
consuming N atoms. The newly formed O atoms again recomiipefareaction (2) to form O
molecules, which initiates reaction (5). Thus, the abovedmeactions constitute a chain mech-
anism, where @molecules act as a catalyst in the conversion of N atoms tm®ecules with
no net effect on @and O concentration. This reaction mechanism is similahab described
by Park [?] for expanding nozzle flows. The chain reactions will ceadenvnitrogen recom-
bination is complete. In the absence of N atoms, only recoatlzin of oxygen will occur. At
the current conditions, N atoms are not completely dep)etad therefore the concentrations
of O, and O do not change. Note thBt # R; # Rs5, with R, and R; attaining large local
values in the immediate vicinity of wall. An imbalance in seethree reactions produces local
peaks in the source terms of O; @&1d NO in the regiof < [/6 < 0.004. However, there is no
appreciable effect of these locally high values of the seteems on the corresponding species
mass fractions (see Fig. 5.6(b)).

The conversion of N atoms to;Nmolecules in the boundary layer occurs via the two

competing reaction mechanisms described above. The ficdtanesm {3-R,) comprises re-
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Figure 5.8: Comparison of baseline rate constant fpa@l NO recombination.

actions (3) and (4), and is initiated by NO recombinatione $econd mechanisnk{- R5-R,),
consisting of reactions (2), (4) and (5), is initiated by olecules. The majority of the N
recombination occurs via the first mechanism. A preferencéhie R3;- R, mechanism can be
explained by comparing the rate coefficients of NO and€xombinations. The primary col-
lision partners for these two reactions arg Nl and O. The rate constants shown in Fig. 5.8
correspond to the case where the collision partner is an,anththe temperature range spans
the present boundary-layer conditions. The rate coefi@dENO recombination is higher than
that of O, recombination, which indicates that NO recombination osai a faster rate than
the latter. Hence, th&;- R, mechanism initiated by NO molecules has a dominant cortioibu

to N, formation. As N recombination progresses, the concentration of N atom®dses and
leads to a sudden reductionity at//é = 0.004 (see Fig. 5.7(a)). When NO molecules are not

produced through reaction (3) @combination initiates th&,- R5- R, mechanism.

5.2.2 Altered Reactivity in the Boundary layer

Numerical simulations are performed by changing the ratestamts of the five reactions in-
dividually and in groups to study their effect on the surfaeat transfer rate. Magnitude of
reaction rates, source terms and extent effbémation obtained in the new simulations are
compared with those in the baseline solution presentedeabbive reaction rate constants are
first altered only in the boundary layer to study their lodé¢&s. Solutions are then computed

by changing the rate constants in the entire domain.
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The rate constants ofGand NO recombination are varied initially as these two lieast
initiate the two competing Nrecombination mechanisms. The corresponding forebody he
transfer rates are plotted in Figure 5.9. It is found thataaase in the rate constant of NO
recombination significantly enhances the heating rate emttire forebody. Lowering the rate
constants of this reaction decreases the surface heat fluincéease in the Orecombination
rate constants also leads to enhanced heating rate. Howlesdreat flux increment is lower
than that obtained when NO recombination is enhanced. &urdlecreasing the rate constant
of O, recombination has minimal effect on the surface heat fluxe difanges in gas chemistry
due to altered reactivity in the boundary layer and the cgmeet variation in gas properties
and surface heating rate are explained below.

Figure 5.10(a) shows the magnitude of reaction rates whenlf@ for NO recombination.
The reaction rates qualitatively match those observederbtiseline simulation, as shown in
Fig. 5.7(a). TheRs;-R, mechanism is dominant, and the corresponding rates areased
over their baseline values. An enhanced production of NCemudés leads to an increase in
magnitude of the exchange reaction r&tg The rates of other reaction&{ and R5) remain
relatively unchanged from their respective values in theebae simulation. The associated
changes inYy, andYy are shown in Fig. 5.10(b). Formation of, \h the boundary layer is
enhanced due to an increased magnitudg-0and R,. Mass fraction of N reaches a value of

0.68 at the wall, whereds; decreases to 0.08.
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Figure 5.11: Magnitude of reaction rates when rsf = 0.1 forfd@mbination.

Figure 5.11 shows the reaction rates obtained for the cabersii= 0.1 for NO recombi-
nation. The magnitude aR; is greatly reduced compared to the baseline simulationredse
the magnitude of?, is approximately equal to its baseline value. Note that dukiced NO
recombination rate constant (&&;,,) is lower than the @ recombination rate constai,
(Fig. 5.12). Q recombination therefore proceeds faster than NO recortibméor this case,
and formation of N primarily occurs via theR,- R5- R, mechanism throughout the boundary

layer. The reaction ratel3, and R5 are also found to be lower in this case than their respective
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15

efs
ey
o
—

Reaction rates, kg-mol

\ 0\ \ 0'01\ - 0.02\ - \0.03\ - \0'04

Figure 5.13: Magnitude of reaction rates when rsf = 10 forézombination.

baseline values. Overall ,Normation in the boundary layer is suppressed. Mass fractidN,
attains a value of 0.36 at the wall, as compared to the basedilue of 0.49.

Figure 5.13 presents the magnitude of reaction rates @atanhen rsf = 10 for Qre-
combination. An increase ik, makes the @recombination proceed at a faster rate than NO
recombination (see Fig. 5.12). Thus, the second mecharisni{- R,) is favored for the for-
mation of N, molecules in this case. The reaction rates R; and R, increase by a factor
of ten, as compared to their respective baseline values.hifjiner reaction rates enhance N

formation near the wall, and result in a higher concentratibN, in the boundary layeri(,
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Figure 5.14: Magnitude of reaction rates when (a) rsf = O, () rsf = 10 for all reactions.

= 0.63 at the wall). On the other hand, whie) is decreased, the magnitude ®f decreases
by ten times and this results in suppressionpfR5- R, mechanism in the vicinity of wall.
Compared to thé?;- R, mechanism, which has a dominant contribution tofdfmation in this
case, suppression &%- R5s- R, mechanism has negligible effect on the extent of recomioinat
Mass fraction of N approaches 0.48 at the wall, as compared to 0.49 in the basaliution.

Altering the rate constants of exchange reactions (4) apcf(@ N, recombination reac-
tion (1) independently has negligible effect on the staigngpboint heating rate. The essential
species required for Nformation are @ or NO. The reactions (1), (4) and (5) do not produce
the above two species in the boundary layer. Hence, chanigengeactivity of these three re-
actions does not alter the,Normation process. On the other hand, increasing (decrggsi
the reactivity of either @ or NO recombination enhances (suppresses) the respeativieam
nisms of N production. Thus, we can say thai @hd NO recombination reactions are the rate
limiting steps in the N recombination process.

Next, we alter the rate constants of all five chemical reast&dmultaneously in the bound-
ary layer, and the corresponding reaction rates are showigirb.14. In case of the reduced
reactivity (rsf=0.1), the Bl recombination process is similar to that observed in thelbees
simulation (Fig. 5.7(a)), but the magnitude of all reactiates is lower than their correspond-
ing baseline values. The majority of recombination occuastie Rs- Rk, mechanism, and the

Rs-R5- R4 mechanism is active in the immediate vicinity of wall. The leéement in the above
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Figure 5.15: Variation oYy, across the boundary layer for the baseline and the alteaetvity

cases.

chain reactions is availability of either NO or, @olecules. A decrease in the rate constants
of O, and NO recombination reduces the formation gfadd NO molecules respectively, and
this leads to a reduction of the exchange reaction r&teand R5. Thus, there is a marginal
recombination of N atoms across the boundary layer (se&Fi§), withYy, = 0.3 at the wall.
Figure 5.14(b) plots the reaction rates across the bourdgey for the higher reactivity
simulation (rsf = 10 for all reactions). The reaction medblanR,-R5-R, is preferred in this
case for the recombination of N atoms. The rates of the tleaetions are enhanced signifi-
cantly. An increase in the rate constants gfr@combination results in a higher availability of
O, molecules. This, along with an increased rate constantnhances the magnitude Bf
more than ten times, as compared to its baseline value. Aehighincreases the production
of NO and O, which in turn leads to an increase in the magnitide,. This results in higher
level of N, and O. The newly created O atoms again recombine to fosrm@lecules, which
accelerate the loop reactions further. Thus, the preseneddmbination is a chain mechanism
and an increase in one reaction rate recursively enhaneestbr dependent reactions. The net
effect is a large increase in theevel in the boundary layer (see Fig. 5.15). The mass fracti

of N, reaches a value of 0.76 at the wall, which is 55% higher tharb#seline value.
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Figure 5.16: Effect of simultaneous alteration of rate ¢ants on forebody heat transfer rate.

5.2.3 Effect on Surface Heat Flux

Increasing and decreasing the rate constants of five reacimultaneously result in a stagna-
tion point heating rate of 117.87 and 44.20 Wfcraspectively (see Fig. 5.16). The heating-
rate enhancement obtained when all the reaction rates@eased is higher than that obtained
when rate constants of;@@r NO recombinations are increased individually (see Fi@).5his
is because all reactions in the boundary layer proceed iexbinermic direction and they favor
the recombination process. An increase in the rate conefaam individual reaction there-
fore enhances Nformation, and increasing the rates of all five reactionsutemmeously leads
to the formation of N to the highest extent. The corresponding heat release estigvhen
all the reaction rates are increased and it enhances trecsuréat flux. On similar lines, the
heat released due to exothermic reactions is minimum wieeraths of all five reactions are de-
creased. The corresponding heat flux is lower than thoséeltay reducing the rate constants
of individual reactions.

The heat flux to the vehicle surface is a function of near-gall temperature and the
mixture conductivity. The change in the heat flux due to vagyieaction rates can, therefore, be
expressed in terms of the changes in the thermal condycainid the gas temperature adjacent

to wall 75,.

AV RVAV N NTy
q N Kk T2 - Tw
where higher-order terms are neglected. A quantitativéyaiseof the changes in heat flux, due

(5.1)
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Table 5.2: Contribution of\x/x andAT, /(T —T,,) to Agq/q in the higher (rsf = 10) and lower

(rsf = 0.1) reactivity cases at the nose stagnation point.

% change rsf=10 rsf=0.1
AkK/K -16.79 9.42
ATy/(Ty —T,) 76.00 -49.85
Aq/q 46.46  -45.08

to varying reaction rates at different locations is givelohe

Nose stagnation point

A budget of Eq. (5.1) for the stagnation point heat flux for thgher and lower reactivity
simulations is shown in Table 5.2, where the changes arelesd with respect to the baseline
simulation values. Enhancing the reactivity (rsf = 10) @ages the gas temperature in the near-
wall region by 76%, and the gas temperature decreases by 80%uwhen the reaction rates
are reduced (rsf = 0.1).

At the current boundary-layer conditions, the relative magle of thermal conductivity
among the species is:

KN > KOy = KNO > KNy > KO (52)

Molecular nitrogen has lower thermal conductivity thanaitsmic counterpart. Increasing (de-
creasing) the reaction rates results in a higher (lower)snrastion of N, thereby reducing
(enhancing) the overall mixture conductivity. It decresabg 16.79% for the higher reactivity
simulation and increases by 9.42% in the lower reactivisecarhe changes in conductivity
are opposite to those in the near-wall gas temperature. &aerblease or the temperature ef-
fect is found to be the dominant contribution to the surfaeattiransfer rate. The net effect
is an enhancement in the stagnation point heating rate I#A6%6when the rate constants are
increased, and a reduction in the heat flux by 45.08% whenatigeconstants are decreased.
Note that the changes in thermal conductivity and tempegata not match the net change in
q as per Eq. (7.5), because of the contributions of higheeraietms that are neglected in the
analysis.

The equilibrium gas composition for the prescribed wall penature and the computed
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Table 5.3: Contribution of\x/x andAT,/(T, — T,,) to Ag/q at the shoulders/ D = 0.52).

% change rsf=10 rsf=0.1
AK/K -10.87 6.14
AT /(Ty—T,) 57.14 -26.53
Aq/q 41.65 -21.25

wall pressure iy, = 0.767,Yp, = 0.233 andvno = Yn = Yo = 0.0. In the present compu-
tations with the baseline rate constants, andYy, values are 0.492 and<&0~° respectively

at the nose stagnation point. The gas composition is far ftedocal equilibrium state. An
increase in chemical rate constants takes the gas closee tequilibrium state by promoting
the recombination reactions. The mass fraction §fdd the higher reactivity case is 0.76 (see
Fig. 5.15),i.e. N, recombination is almost complete. On the other harg, approaches a
value of 0.002 at the wall in the higher reactivity simulatid’'here is negligible @formation

in spite of the enhanced reactivity. This is because anynGlecule formed is used up by the
subsequent reactions in tli&- R5- R, mechanism leading to Nformation. Any change in ©

Is expected to be seen only when M:combination 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 reactes is highest at the nose stagna-
tion point, and it decreases along the forebody and shaoutderexample, the stagnation point
heat flux decreases by about 36 W#cim the lower reactivity solution presented in Fig. 5.16,
where as the variation is less than 17 W/cnear the shoulders(D = 0.5). Similar trends
are observed in the gas composition across the boundany [Bye changes ifry, at the nose
stagnation point (see Fig. 5.15), due to variations in the canstants, are higher than those
at the shoulder location. This is because the gas is in a daémon-equilibrium state at the
stagnation point, and approaches a frozen state as the flzandg along the body. The degree
of non-equilibrium progressively decreases from the noské shoulder.

Table 5.3 shows a budget of Eq. (5.1) at the first expansiomecds/ D = 0.52) for the
higher and lower reactivity cases, when all the reactiotesrare altered simultaneously. The

changes are calculated with respect to the baseline soldttte mixture conductivity decreases
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Figure 5.17: Effect of alteration of reaction rates in thehdary layer on DMrecombination at
the shoulder{/D = 0.52).

Table 5.4: Contribution ofAxk/xk and ATy /(T — T,,) to Ag/q at the base stagnation point
(s/D = 1.5).

% change rsf=10 rsf=0.1
NI -7.52 4.39
ATy /(Ty—T,) 1538  -7.69
Aq/q 10.55 -5.96

by 10.87 % in the higher reactivity solution. This is becaaka higher N concentration and
a lower amount of N in the rsf = 10 solution. This is countergdab increase in near-wall
gas temperature (by 57.14 %) due to enhanced recombinaamtions. The net effect is an
increase in heating rate by 41.65% when the rate constamia@eased. Opposite trends are
observed in case of lower reactivity simulation. The migtaonductivity increases by 6.14 %
and the near-wall gas temperature decreases by 26.53 %ting$ua net reduction in heating
rate by 21.25 %. At this location also the changes in the takoonductivity and temperature
do not add up to the net changejias per Eq. (7.5), because of the contributions of higheerord

terms that are neglected in the analysis.
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Afterbody

Figure 5.18 depicts changes in the afterbody heat trarefewhen the rate constants are altered
for the five reactions in the boundary layer. The locatiorhef $eparation point on the conical
frustum differs slightly among the three simulations. Detwveam of the separation point the
heating rate computed from the higher reactivity simutagoadually increases above the base-
line heating rate. Maximum enhancement is observed at teedtagnation poing(D = 1.5),
which is about 10.55% of the baseline value.

The changes in the afterbody heating rate due to the reaetiewariation are much lower
than those observed on the forebody. This is due to the lowityenf the gas on the afterbody
that results in a frozen chemical state. This inhibits tleenebination reactions in the near-wall
region, and a constant value Bf, is observed throughout the boundary layer in all the three
simulations. Thus, altering the rate constants in the thebuundary layer on the afterbody
surface has negligible effect on the surface heat flux. Thatian in the afterbody heating rate,
observed in Fig. 5.18, is primarily because of changes ooguat the edge of the boundary
layer. In the baseline simulation, the edge valu&@f is 0.344, whereas itis 0.487 and 0.254
in higher and lower reactivity simulations respectivelyheTreason 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 beibbiginates from the forebody

boundary layer, where the gas composition is affected bygésin the reaction rates. Hence,
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appreciable changes i\, are observed in the vortex core and free shear layer, alththey
reaction rates are not altered in these regions. This dhergas composition at the edge of the
afterbody boundary layer. Similar to the gas compositiemperature of the gas also differs
at the boundary-layer edge among the three simulations. ciiaeges in the boundary-layer
edge values of composition and temperature alter the suhfeat flux. The percentage change
in x and7; at the base stagnation point are listed in Table 5.4. For itjieeh reactivity case,
conductivity decreases by 7.52% dhidncreases by 15.38%, which result in a net enhancement
of heating rate by 10.55%. Opposite effect is observed for 8.1 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 cnstants in the entire domain.
This is to study the effect of shock layer thermo-chemisimyflow predictions. Figure 5.19
compares the flowfield solutions obtained from the baselmelation (top half) and a higher

reactivity simulation in which the rate constants are iasesl (rsf = 10) for all five reactions
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Figure 5.20: Changes in (&) and7, and (b)Y, on the stagnation streamline due to variation

in rate constants. The flow is from left to right and the walbisated atz: = 0.0 m.

uniformly over the entire computational domain. The twaisiohs are almost identical, except
for a smaller stand-off distance (by 7.69%) in the highectigdy case. The difference in the
shock location can be clearly seen in Fig. 5.20(a), whiclspglband T, along the stagnation
streamline for the two cases. This is due to the higher amafudissociation at the shock wave
in the higher reactivity simulation. The enhanced rate tants also result in reduced peak
values of7" andT, by about 3600 and 6600 K respectively compared to the basstilution.

Comparing the translational temperatures given by the twulsitions in Fig. 5.20(a),
a large difference is noticed in the vicinity of the shock wand the difference reduces as
we go downstream. Both solutions approdch= 6300 K close to the boundary-layer edge.
Comparison of vibrational temperatures obtained from the ¢ases show a similar trend. In
both the baseline and higher reactivity solutions, the gasa thermal non-equilibrium state in
majority of the shock layer, and it reaches thermal equilior(7” = T,) close to the boundary-
layer edge. Thus, all the temperatures plotted in Fig. &)28ftain a value of 6300 K at the
edge of the thermal boundary layer.

Figure 5.20(b) comparés,, along the stagnation streamline for the two solutions. Bimi
to the temperature plot, there is a noticeable differentedrn thery, values obtained from the
two simulations in the post-shock region. In the higher tigdg case, the chemical reactions

equilibriate immediately downstream of the shock at -0.03 m, and the composition remains
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Figure 5.21: Effect of increasing the rate constants in tit@eedomain on heating rate: (a)

forebody, and (b) afterbody.

constant thereafter. By comparison, there is a slower dsered, behind the shock in the
baseline simulation, and the gas approaches chemicaltequih close to boundary-layer edge
(z ~ -0.008 m). Overall, the gas composition and temperaturtsraa using higher reaction
rate constants match those in the baseline simulation ddbadary-layer edge, in spite of
large differences in the vicinity of the shock wave.

The variation ofYy, in the thermal boundary layer is also shown in Figure 5.20¥k),
obtained from the higher reactivity case reaches a higheea the wall compared to the base-
line simulation. This is similar to that observed when thacten rate constants are increased
only in the boundary layer (see Fig. 5.15). The wall valu&’jef obtained from the two higher
reactivity simulations (entire domain and boundary layee) almost identical. The concentra-
tion of nitrogen atoms show a similar trend. The mass fraatibother speciesyo,, Yo and
YNo, remain constant across the boundary layer, as observikd baseline solution.

Figure 5.21(a) presents forebody heat flux obtained fronb#&seline and the two higher
reactivity simulations. The heating rate enhancement duecreased reactivity in the entire
domain is identical to that obtained when the reaction ratestants are altered only in the
boundary layer. This is due to identical gas compositiontantperatures across the boundary
layer in the two higher reactivity simulations, as desatibbove.

Comparison of afterbody heat transfer rate obtained fromabioee three simulations is

96



1
ooq 15k Base. -

b Conical frustum i
800

S Baseline i
10k . rsf =10, Entire domain i

600

o o
= =
400 . ] |
| Baseline
rsf = 10, Entire domain 51 n
200f
0 = 1 1 0 - 1 1 1 1 =
0 0.2 0.4 0.6 0.6 0.8 1 1.2 1.4
s/D s/D

(@) (b)

Figure 5.22: Effect of increasing the rate constants in titeeedomain on normalized surface

pressure: (a) forebody, and (b) afterbody.

presented in Fig. 5.21(b). On the conical frustum, the higkactivity simulations predict
higher heating rate compared to the baseline solution aré th negligible difference between
the two higher reactivity solutions. At the basg D = 1.5), the simulation with enhanced
reactivity in the entire domain predicts higher heat transfite among the three solutions. As
explained in Sec. 5.2.3, variation in the base heat flux isrdehed primarily by the boundary-
layer edge conditions. Enhancing the reactivity in therendiomain significantly alters the
boundary-layer edge values of gas composition and temperand results in higher heating
rate by 16% as compared to the respective baseline valudaBeéfiect, but to a smaller extent,
is also observed when the rate constants are altered oriig indundary layer (see Sec. 5.2.3).
The boundary-layer edge effect can be clearly noticed ashbelder §/D = 0.64). The
enhancement in heating rate when reactivity is increastietiantire domain, is higher than that
obtained when rate constants are increased only in the boyfayer. Flow expansion around
the shoulder causes exothermic recombination reactiotieiouter inviscid flow. Therefore,
an increased reactivity outside the boundary layer resultigher amount of heat release,
elevating the boundary-layer edge temperature and thueeirtg the heat flux at the shoulder.
The wall pressure variations due to the changes in reactienconstants are lower than
those of the surface heat flux. The forebody pressure is ftumdgrease marginally by about 50

Pa over the baseline value, when the reactivity is enhamcedtire domain (see Fig. 5.22(a)).
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This is due to a greater amount of dissociation in the shop#r|deading to a smaller shock
stand-off distance in the higher reactivity simulation.eTlargest variation is observed at the
shoulder §/D = 0.62) and is about 14.18%. This is due to the additional recontioinaeac-
tions occurring in the inviscid region at the shoulder inéh&@anced reactivity solution. Increas-
ing the rate constants also yields a higher surface pressuitee afterbody (see Fig. 5.22(b)).
It also results in a small delay in flow separation, as idesttifiy the separation shock pressure
rise ats/ D ~ (.7. Altering the reaction rate constants only in the boundayet does not affect

the surface pressure distribution, and hence the corrdgpgpdata 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 lowactréty simulation is compared

to the baseline results in Fig. 5.23. The data in the lowerikalbtained using reduced rate
constants (rsf=0.1) for all five reactions in the entire camapional domain, while the upper half
corresponds to the baseline simulation. The lower reagtsrimulation yields a larger shock

stand-off distance (by 34%) due to suppression of chemezadtions in the shock layer. The
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Figure 5.24: Changes in (&k, and (b)7" and7, along the stagnation streamline due to de-

creasing rate constants in the entire domain.

afterbody flow pattern looks similar in both cases. The voct@e temperature differs by about
260 K.

The N, mass fraction and temperature along the stagnation streaark plotted in Fig. 5.24.
The reduced rate constants decrease the amount of dissoctthe shock wave. This results
in a slower decrease iri, at the shock and a higher peak translational temperatur2qog
K). The peak vibrational temperature also increases by 800mpared to the baseline simu-
lation. The lower reactivity solution has a higher gas terapge (by 1500 K) and an increased
level of Yy, (by 0.06) at the boundary-layer edge compared to the ragpdiaseline values.

A comparison oly, across the thermal boundary layer of the two solutions (Be&R24(a))
show significant differences. With the reaction rates reduover the entire domairyy,
reaches a value of 0.31 at the wall, and is lower than the sporeding baseline value of
0.49, but close to th&y, obtained when the reactivity is decreased only in the boynldster
(Fig. 5.24(a)). This is due to a compensating effect of lodissociation at the shock and a
lower degree of recombination in the boundary layer, whemréaction rates are altered in the
entire domain.

The forebody heat transfer rate obtained (see Fig. 5.28(agn the rate constants are
decreased in the entire domain is lower than that of the in@sellue. The heat flux at the

surface is determined by the amount of heat release in thedaoy layer due to recombination
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Figure 5.25: Effect of decreasing the rate constants in tiieeedomain on heating rate: (a)

forebody, and (b) afterbody

reactions and the boundary-layer edge temperature. Thedboglayer heat release is the
dominant factor in this case. A lower heat release due tocestlexothermic reactions leads to
a lower heat flux compared to the baseline value. On the otedt,lthe boundary-layer edge
temperature plays a dominant role while comparing the twefaeactivity simulations, which
have comparable amount of recombination in the boundarmrlaj higher boundary-layer
edge temperature obtained when the reaction rate constenteduced in the entire domain
results in higher heating rate compared to that obtainedhwb&ctions are suppressed only in
the boundary layer.

The afterbody heating rate (see Fig. 5.25(b)) shows aneistieg effect. Reducing the
rate constants results in a large increase in the afterbedt/flux compared to baseline value.
The heating rate increases by upto 78% ab = 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 eavlere reducing the
reactivity leads to lower heat flux. The enhancement in therladdy heating rate is because
of changes in the forebody shock layer, where reduced ratstaots leads to lower degree of
dissociation and a higher gas temperature. This relativeter gas convects into the afterbody
separation bubble resulting in a higher vortex core tentpegaompared to the baseline simu-
lation. Hence the gas temperature at the edge of the theouatlary layer is higher, leading to

an enhanced heat flux to the afterbody surface. The afterealyflux is primarily determined
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Figure 5.26: Effect of decreasing the rate constants inlkieeedomain on normalized surface

pressure: (a) forebody, and (b) afterbody

by the boundary-layer edge temperature, as there is nieiglighemical activity in the vicinity
of the wall on the conical frustum and base. A similar enharer& in heating rate (by 17.35%)
is also observed at the shouldey D = 0.64).

Figure 5.26 shows the surface pressure obtained from therloeactivity and baseline
simulations. There is a small reduction in the forebody wadissure when the reaction rates
are decreased. This corresponds to a lower degree of diisodn the shock layer and a larger
shock stand-off distance in the reduced reactivity sinmutat By comparison, the reduced-
reactivity simulation yields significantly higher pressum the afterbody. The base stagnation
point pressure is elevated by 58% as compared to the basalime, and the pressure on the
conical frustum is increased by about 50%. This is primatig to the higher gas temperature
in the separation bubble, as pointed above; the two sokihiame comparable gas density in the
vortex core. Reducing the reaction rate constants also nhevedgparation point upstream.

The variations in the afterbody heat transfer rate due taeedse in reaction rate constants
is much higher than those observed on the forebody and thidgroEven though the afterbody
density is low and the chemistry is frozen, flow separationth@nafterbody plays a dominant
role in determining the surface heat flux. Changes in gas piiepén the forebody shock layer
due to reduced reactivity is convected around the vehiddrapped in the recirculation vortex.

This non-local effect results in a large increase in the treatsfer rate on the conical frustum

101



and the base. Note that an increase in the afterbody heanfthisicase is opposite to the trend
that is usually observed when the reaction rate constaateeduced. The afterbody pressure

shows a similar variation.

5.3 Summary

A re-entry flowfield at Mach 26.2 and 70 km altitude conditismumerically simulated, and
the thermo-chemistry is analyzed along the stagnatioamstiene. At this condition, dissocia-
tion of N, and G occurs in the shock layer, with a partial recombination efagien atoms at
the wall. Mass fractions of other species remain constatitarboundary layer. Rate limiting
steps in the Nrecombination process are identified. Numerical experisare performed by
systematically varying the reaction rates and studying #féect on the computed flowfield
and associated surface properties. The heat flux is mogtigens the rate-limiting reactions,
namely, the NO and ©recombination rates. The heat flux variations are highetarstagna-
tion region, and they decreases with flow expansion alon{ptiedody and shoulder. Variation
of reaction rates in the shock layer has a significant effadhe afterbody surface properties.
On the afterbody, the aerothermal predictions are primarfluenced by the gas properties in
the separation bubble. The changes occurring on the foyetlad to variation in rate constants,
are convected into the recirculation region, which in tutarahe surface properties. Most no-
tably, the reduced dissociation rates in the shock layeltseis 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 variationa &itarmediate altitude flight con-
dition. A typical re-entry flight at intermediate trajecgopoint consists of moderately high
stagnation enthalpy and relatively low density. The fressh conditions at 62 km point along
AS-202 [39] re-entry trajectory are chosen as the interatediltitude case for the present anal-
ysis; the corresponding values are listed in Table. 6.1.Sthgnation enthalpy at this condition
is higher than that of the 35 km condition, but lower than tfat0 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 usedsanilar to that presented in
Sec. 4.1.1 and hence not repeated here. Since the freest@arolds number based on body
diameter is 6.40<10%, laminar simulations are performed. The grid convergenadysper-
formed at this condition is presented below.

A fine grid spacing at the nose stagnation point is found te gregularities in the heat
flux. This is similar to that observed at 70 km altitude coiotit Therefore, the coarse grid
58x108, that is used at 70 km condition is chosen to allevi@i@smooth variation in the
heat transfer rate. Even with the above coarse mesh irmgigsdan the heat flux at the nose
stagnation point are found to persist. Hence grid-aligrtraggorithm presented in Sec. 5.1.1 is
used to smoothen the heat flux on the coarse mesh. The forsbddge properties presented
here, are obtained on the coarse grickd88. A separate grid-convergence study is performed

to resolve the heat flux gradients on the afterbody. A brigfrsary of the same is given below.
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Table 6.1: Freestream conditions at 62 km altitude trajgqtoint.

Free-stream Conditions

oo (KgIM?) 0.000281
Us (M/s) 5970
M., 19.2
Reop 6.40 x 10*
Hy (MJ/kg) 18.06
4_

e 240x171
i 320x241 L/
| 400x311

b5

=

s/D

Figure 6.1: Effect of successive grid refinement on the aftdy heat flux.

6.1.1 Grid Convergence

Figure 6.1 shows afterbody heating rates obtained on threeessively refined grids. The
three grids shown in the figure have 100 wall-parallel pooristhe forebody with identical
distribution, and they spanned by 140, 220 and 300 pointe@afterbody. In the wall-normal
direction the three grids have 171, 241 and 311 points réispBc The heat transfer rate is
plotted as a function of the normalized arc lengti/{) measured from the nose stagnation
point. The heat flux obtained on the 24071 grid shows a monotonic variation frospiD =
0.77 to 1.39. Solutions obtained on the other two grids shdifferent trend. The heating rates
are marked by local peaks and dips on the conical frustum.

The afterbody flowfields obtained on the 24071 and 326241 grids are shown in Figure
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Figure 6.2: Comparison of afterbody flowfields obtained or2@)x 171 and 326241 grids,
and (b) 32x241 and 406311 grids.

6.2(a). Significant differences can be noticed betweenlesplutions. The coarser grid
solution is characterized by a single toroidal vortex arnemas upto 0.56 times diameter of the
vehicle along the axis. On the other hand, the afterbody fedavbbtained from the fine mesh,
has multiple vortices. The separation bubble extends ugtdirhes diameter of the vehicle.
These multiple vortices lead to the local peaks and dipsarafterbody heating rate as shown
in the Fig. 6.1.

The grid is further refined to study the sensitivity of mukiyortices to the grid point
density. The solutions obtained from the two finer grids am@gared in the Fig. 6.2(b). The
location and number of vortices donot change with grid refieet. The afterbody flow pattern
Is approximately same in both the cases. As a result, thebaflg heating rates obtained from
the two grids are approximately same (see Fig. 6.2(b)). Taemum deviation between the
two solutions is about 5% and it is observedab ~ 1.35. Hence 320 and 241 points in the
wall-parallel and wall-normal directions respectivelg @aaken 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 andface properties is given below.

Next, the details of the thermo-chemical state of the gashrchical reactions in the boundary
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Figure 6.3: Computed flowfield around a re-entry capsule athMi:2: (a) Mach number
and (b) non-dimensional temperature distribution. Reprtasiee streamlines are shown on the

afterbody to identify the recirculation bubble.

layer are presented. The effect of variation in the chemmezdtion rates on heating predictions
is explained subsequently.

The computed flowfield in terms of Mach number distributiorsiimwn in Fig. 6.3(a).
The prominent features such as bow shock and flow expansitre atorners can be easily
identified. The flow on the entire forebody is subsonic withdM@aumber approaching unity
close to the first expansion corner. The post-shock temjoerat the nose stagnation region is
about5800 K. Flow expansion at the first corner results in decreasempérature t@500 K.
Further expansion around the second corner decreasesithertgure to about000 K.

The boundary layer remains attached on the forebody andddrpand separates imme-

diately downstream of the second corner. The recirculdtigoble extends up to about 1.45
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Figure 6.4: Variation of (a) temperatures and (b) massifraaif species in the thermal bound-

ary layer at the nose stagnation point.

diameters downstream of the base. A secondary flow separatiobserved on the conical
frustum. Hence a smaller separation bubble forms at thenslacy flow separation point. The
gas temperature in the vortex core is abtiii0 K. The shear layer enclosing the recirculation
region coalesce at the neck, and a recompression shock svgeaerated. The temperature of
the gas in the neck region is close2@0 K. The temperature in the inviscid region outside the
wake is about 100 K and the Mach number there is about 4.2. The reversed flovgdlmnaxis
becomes supersonic, and a normal shock is formed at thedees€ify. 6.3(b)) to slowdown the
flow to a subsonic Mach number. Another supersonic pockdssabserved at the afterbody
expansion corner.

Figure 6.4(a) shows the computed heat transfer rate on tebddy surface as a function
of the normalized arc-length (D) measured from the nose of the vehicle. The heat transter rat
gradually decreases on the forebody from a maximum valu& W¥&ny at the nose stagnation
point. The heating rate falls rapidly at the expansion cofs)eD = 0.52) as the gas temperature
drops due to flow expansion. The afterbody heat transfeigateown in Fig. 6.4(b), where the
extent of the conical frustum and the base are identified. eéXdpansion corners are marked
by local peaks in the heat flux. The secondary flow separatoses a local minimum in the
heating rate at/ D ~ 1. The base stagnation point heat flux is 3W2cm?, which is 6.42% of

the nose stagnation point value.
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Figure 6.5: Variation of (a) temperatures and (b) massibadif 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 inlteental boundary layer at the nose
stagnation point. Local thermal boundary layer thicknessed to non-dimensionalize the wall
normal distance. Hend¢d = 0 and 1 represent the wall and boundary-layer edge resplgctive
Flow is in thermal equilibriumT’ ~ T;,) at the edge of the boundary layer with both translational
and vibrational temperatures around 5700 K. In the bounlkdamer both temperatures decrease
to reach 553.5 K at the wall due to isothermal condition.

The freestream gas is composed of oxygen and nitrogen meteaith mass fractions of
0.23 and 0.77 respectively. The high temperature of thergteeishock layer causes complete
dissociation of oxygen molecules and partial dissociatibnitrogen molecules. As a result,
mass fraction of Bl N and O species attain values of 0.57, 0.2 and 0.23 respictt the
edge of the boundary layer (see Fig. 6.5(b)). Concentratibtize remaining two species are
negligible. The decrease of gas temperature in the bounakey initiates chemical reactions.
ThereforeYy, increases to 0.69 at the wall with a corresponding decredse iHowever, mass
fractions of atomic and molecular oxygen and NO remain sdmuighout the boundary layer.

The above change in gas composition is due tor&combination throughRs-R, and
Ry-R5-R, reaction mechanisms as identified in Sec. 5.2.1. Figure &picts the chemical
reaction rates in the boundary layer. The first mechaniBgK,) consists of recombination

of NO molecules: N + O— NO; and exchange reaction: NO +N N, + O. It is active for
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Figure 6.6: Variation of reaction rates in the thermal bamdayer at the nose stagnation point

[/6 > 0.005. Itis noticed thatR; ~ R, in this region. Therefore the net effect of these two
reactions is 2 N— N,. The reaction raté?, has non-negligible values fdyé < 0.02 and
attains a peak value of 0.5 gt = 0.04. The second mechanismk{-Rs-R,) is active in the
immediate vicinity of the wall.

The R,-R5-R4 mechanism is initiated by oxygen recombination: O + O +MO, +
M, and followed by the two exchange reactions; ©N — NO + O and NO + N— N, +
O. The overall effect is formation of N Thus, the two reaction sequences constitute chain
mechanisms, where Cand NO molecules act as catalyst in the recombination of Mato
There is no significant effect on,OO and NO mass fractions. The chain reactions will cease
when nitrogen recombination is complete. In the absence afoshs, only recombination of
oxygen will occur. At the chosen conditions, N atoms are mobgletely depleted, and hence

the concentrations of O and NO do not change.

6.2.2 Altered Reactivity in the Entire Domain

Simulations are performed by varying the rate constantsarbbundary layer and in the entire
domain independently. The trends observed when the rat¢aias altered only in the boundary
layer are similar to those observed at the higher altitudelition. For the sake of brevity,
these results are not presented here. The results desbebmd are obtained from the altered
reactivity simulations, where the rate constants are gan¢he entire domain.

Figure 6.7 compares the flowfield solutions obtained fromatlered reactivity simula-

tions with that of the baseline simulation. The forebodyusohs are identical except for a
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Figure 6.7: Comparison of computed Mach number distribusicund the capsule obtained
from the baseline and (a) higher reactivity, and (b) lowect®ity simulations. Representative

streamlines are shown on the afterbody to identify the catation bubble.
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Figure 6.8: Variation of'y, along the stagnation streamline due to variation in ratetzons.

The flow is from left to right and the wall is located.at= 0.

difference in the predicted shock stand-off distance.dasing the reactivity reduces the shock
stand-off distance by 3%, on the other hand reducing thecratstants increases the stand-off
distance by 23%. The pattern of afterbody flowfield in both likgher and lower reactivity
solutions is similar to that of the baseline solution. Tlsatvariations in the rate constants do
not alter the size and number of vortices on the afterbodyigcbndition.

Figure 6.8 plots variation ofy, along the stagnation streamline. Mass fraction gf N

obtained from the lower reactivity solution shows a diffgreeend compared to those of the
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Figure 6.9: Variation of reaction rates at the nose stagnatoint: (a) lower reactivity simula-

tion, and (b) higher reactivity simulation.

baseline and higher reactivity solutions. Rapid decreasépis not observed at the shock
wave and its corresponding value is considerably higher that of the baseline value. Hence
the degree of dissociation is significantly lower and thig@ases the shock stand-off distance
by 23%. FurtherYy, decreases at a slower rate compared to the other two sautothe
shock layer, and it doesn’t reach chemical equilibrium i@ é&mtire shock layer. Its value at
the boundary-layer edge is higher than that of the basetihgian. The higher reactivity and
baseline solutions show a sharp decreasginat the shock wave. However the reduction in
Yx, is marginally higher in rsf = 10 simulation. Hence the disation level is approximately
same in the both solutions. As a result, the difference batvike shock stand-off distances
predicted from the two solutions is not significant. Masstin of N, obtained from the
higher reactivity simulation approximately remains camstn the shock layer so that its value
matches with that obtained from the baseline solution abthendary-layer edge.

Figure 6.8 shows variation afy, in the boundary layer also. Mass fraction of dbtained
from the higher reactivity simulation increases at a fasttr than the other two solutions. As a
resultYy, reaches a higher value at the wall compared to that of thdibas@lue. An opposite
trend is observed in the lower reactivity simulation. Masgfion of N, increases by a small
amount, and its value at the wall is lower compared to thahefliaseline value. The above
variations inYy, is explained with the aid of Fig. 6.9 which shows the reactiaies in the

boundary layer, that is obtained from the altered reagtsiitulations.
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The variation of reaction rates at the nose stagnation painén the rate constants are
reduced in the entire domain is shown in Fig. 6.9(a). Theatian of reaction rates is similar to
that observed in the baseline simulation (see Fig. 6.6). é¥ewthe magnitude of all reaction
rates decreases significantly compared to their respdudiseline values. BotR3;- R, and R;-
Rs-R, mechanisms contribute tooNecombination. Amount of Nformed in the near-wall
region is lower due to decrease in the magnitude of reacsitasr As a result, the wall value of
Yx, is lower than that observed in the baseline solution (seed=8). As N recombination has
not approached completion, mass fractions gf /0O 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 simolats different from that observed
in the baseline simulation. The magnitudes of reactiorsrate higher compared to their re-
spective baseline values. The dominaptrBlcombination mechanism i%-R,, and it is active
for 0.025 < 1/§ < 0.2. Both reaction rates have a peak value of about 0.38 kg-mble/an
/6 ~ 0.1. It can be noticed thaks; ~ R, in this region, therefore the net effect is 2-NN,.
This mechanism leads to complete recombination p&slcan be noticed from Fig. 6.10. The
mass fraction of N reduces to negligible values at the wall, @orrespondingly’x, reaches a
value of 0.76 at the wall (see Fig. 6.8). Reaction 3 is not agtithe entire boundary layer and
therefore contribution of?;- R, mechanism to Nrecombination is negligible.

Recombination of Qis significant for/ /6 < 0.07 and its rate attains a peak value of 3 kg-
mole/n¥.s very close to the wall/§ ~ 0.003. As N atoms are completely depleted, the newly
formed G molecules accumulates in the near-wall region, which tesuhcrease ofy,. It
reaches a value of 0.05 at the wall (see Fig. 6.10). The nesgdd Q molecules diffuse away
from the wall. This diffusion process provides the necessarygen molecules required for
Rs-R4 mechanism of Bl recombination in the regiof.025 < I/§ < 0.2. The other difference
noticed is that, the reaction rates spreads over 20% of l@oyddyer thickness, where as in
the baseline simulation the chemistry is confined to 5% ohldauy-layer thickness. Thus the
increased reactivity results in recombination reactianghe larger extent than that observed
in the baseline simulation, and increases the wall valuesypfand Y, compared to their
respective baseline values.

The effect of varying the rate constants on shock-layergyapérature is shown in Fig. 6.11.
The difference in shock stand-off distance can be clearticed among the three solutions.

The peak temperature in the higher reactivity simulatiolowger by 1790 K compared to that
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Figure 6.11: Gas temperature along the stagnation stre@rabtained from the baseline and

altered reactivity simulations.

of baseline value. The difference between the gas tempesatdbtained from the two solutions

persist in the shock layer. However both the baseline andehigeactivity solutions approach

approximately same temperature value at the boundary-&dge. The peak temperature ob-

tained from the lower reactivity simulation is higher by 84sompared to that of the baseline

value. This is essentially due to a lower amount of dissmriadt the shock wave. The tem-

perature difference between the two solutions persistdretitire shock layer. The temperature

of the gas at the boundary-layer edge is higher by 604 K coedpiar the respective baseline

value. Thus the entire shock

layer in the rsf = 0.1 solutidwiger than the other two solutions.
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Table 6.2: Contribution of\x/x andAT, /(T —T,) to Agq/q in the higher (rsf = 10) and lower

(rsf = 0.1) reactivity cases at the nose stagnation point.

% change rsf=10 rsf=0.1
AkK/K -3.50 5.70
ATy/(Ty —T,) 3810 -31.55
Aq/q 33.40 -27.65

Forebody Heating Rate

Forebody heating rate computed from the baseline and dlteeetivity solutions is shown in
Fig. 6.12. Increasing the reactivity leads to higher heatate on the entire forebody compared
to the baseline prediction. As explained above, an increatiee rate constants promotes the
recombination reactions. The additional heat release @egdthermic reactions enhances the
surface heat flux. An opposite trend is observed in the retlveactivity simulation. Lower
dissociation in the shock layer leads to a higher boundayg+l edge temperature compared
to the baseline value (see Fig. 6.11). This tends to enhdmcsurface heating rate, but is
countered by the more dominant boundary layer effect. Thenéxf recombination in the
boundary-layer is significantly lower. The heat releas@@értear-wall region is therefore lower
and it leads to a lower heating rate compared to the baseddine v

The change in the heat flux due to varying reaction rates @expressed in terms of the
changes in the thermal conductivity and the gas temperatijagent to walll;.

Aq_A/f_i_ AV D'
g k T-T,

(6.1)

where higher-order terms are neglected. A budget of Eq) (6rithe stagnation point heat
flux for the higher and lower reactivity simulations is shoiurTable 6.2, where the changes
are calculated with respect to the baseline simulationegl&Enhancing the reactivity (rsf = 10)
increases the gas temperature in the near-wall region by 88&¢he gas temperature decreases
by about 32% when the reaction rates are reduced (rsf = 0.1).

At the current boundary-layer conditions, the relative magle of thermal conductivity
among the species is:

KN > KOy = KNO > KNy = KO (62)
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Figure 6.12: Comparison of forebody heating rate obtainewh fihe baseline and altered reac-

tivity simulations.

Molecular nitrogen has lower thermal conductivity tharaitsmic counterpart, where as molec-
ular oxygen has higher thermal conductivity than atomicgexry An increase in the mass
fraction of N, due to enhanced recombination reactions (rsf = 10) tended¢oedse the mix-
ture conductivity. On the other hand, an increas&gn has tendency to increase the thermal
conductivity. These two effects compete each other resulti a small decrease in the mix-
ture conductivity & 4%). On the similar note, lowering reaction rates leads togase in the
conductivity by 6%.

It is observed that the changes in conductivity counterahioshe near-wall gas tempera-
ture. The heat release or the temperature effect is found tbdodominant contribution to the
surface heat transfer rate. The net effect is an enhancemting stagnation point heating rate
by 33% when the rate constants are increased, and a reductiba heat flux by 28% when
the rate constants are decreased. Note that the changesrnmatitonductivity and temperature
do not match the net changegras per Eq. (6.1), because of the contributions of higheetord

terms that are neglected in the analysis.

Afterbody Heating Rate

The afterbody heating rates obtained from the three simualsis shown in Fig. 6.13. In the
later part of the conical frustum (for/D > 1) the heat flux obtained from the increased re-
activity solution is higher than that of the baseline salti 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 fioettaseline and altered reactivity

simulations.

The lower reactivity heating rate values are higher thasehaf the baseline and higher
reactivity values on the entire afterbody. The enhancemnethie afterbody heating rate is be-
cause of the changes in the forebody shock layer, where theeed rate constants leads to
lower degree of dissociation and a higher gas temperatuhis. rélatively hotter gas convects
into the afterbody separation bubble, and results in a higbrtex core temperature compared
to the baseline solution. Hence, the gas temperature atltfeea the thermal boundary layer
is higher. In the absence of chemical reactions occurrirthervicinity of the wall, the after-
body heat flux is primarily determined by the boundary-lagdge temperature. The higher
boundary-layer edge temperature in case of lower reacsuulation, leads to an enhanced
heat flux to the afterbody surface. A similar enhancemertterhieating rate is also observed at

the shoulder{/D = 0.64).

Surface Pressure

The changes in the forebody surface pressure due to thdiearia rate constants is much
lower than that of the forebody heat flux. Pressure obtain@u the higher reactivity simu-
lation is approximately same as that of baseline value (sge6FlL4(a)). However lowering
the rate constants leads to a reduction in pressure by 21THais due to a lower degree of
dissociation in the shock layer and a larger shock standisince. The variations in the after-
body surface pressure are shown in Fig. 6.14(b). The vanaibetween the higher reactivity

and baseline solutions are lower than 4%. The reducedirasimulation yields significantly
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Figure 6.14: Effect of varying the reaction rates on norpelisurface pressure (a) forebody,
and (b) afterbody.

higher pressure on the entire afterbody. The base stagratiat pressure is elevated by 26%
as compared to the baseline value. This is primarily dueediigher gas temperature in the
separation bubble, as pointed above; the two solutionsd@mwparable gas density in the vortex

core.

6.3 Summary

The flowfield over FIRE Il re-entry capsule at Mach 19.2 and 62aimude condition is com-
puted. Thermo-chemistry along the stagnation streaméimmalyzed. The chemistry in shock
layer and boundary layer is similar to that occur at the 70 kitude condition. Numerical
simulations are performed by varying the rate constantstudy their effect on the computed
flowfield and surface predictions. Similar to 70 km conditiahthis trajectory point also, the
heat flux changes are influenced by the NO apdgdombination rate constants. Enhancing the
reactivity leads to complete recombination of N atoms antlagdaecombination of O atoms in
the boundary layer. This increases the heat flux by 33% atdke stagnation point. Lowering
the rate constants leads to significant enhancement irceuntzating 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 ateally analyzed in this Chap-

ter. This is to bring-out the effect of altitude on the therof@mistry and degree of non-
equilibrium in the flowfield. The heating rate variations la¢ those stagnation point for the
three trajectory points are thoroughly analyzed to undadsthe 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,@issociation is around 2000 K. Post shock temperature afitabo
2000 K is observed for flight velocities near 2 km/s. At tengperes above 4000 K most of the
oxygen molecules are dissociated. This corresponds tmaityebf about 4 km/s. At the lowest
enthalpy condition, the freestream velocity is 5 km/s, arggen is completely dissociated in
the shock layer. The mass fractid®p, is 1.16 x 102 at the edge of the boundary layer. At
higher enthalpies, the dissociation level of ® much higher. Its mass fraction6s) x 10~°
at the intermediate enthalpy condition, and decreasdsOtox 10~° in the highest enthalpy
simulation. Although the magnitude &%), is negligible at these high enthalpy conditions, O
plays a significant role in the boundary layer chemistryxgdagned below.

Dissociation of N molecules begins at about 4000 K. Nitrogen dissociationlb=anb-
served in the shock layer for flight velocities above 4 km/sasklfraction of N atoms in the

shock layer for the 35km simulation in 0.05. It increases.BO(at the intermediate altitude
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Figure 7.1: Reaction rates at the shock wave along the siagrsiteamline for (a) 70 km and
(b) 62 km.

condition and further to 0.54 at the highest altitude siriafa The corresponding Ndisso-
ciation levels for the three trajectory points are 6.5%92% and 70.13% respectively. The
dissociation level is calculated frol /Yy, x 100.

Dissociation of oxygen primarily occurs via reaction; ©M — 2 O+ M. The maximum
reaction rate at the shock wave correspondB4an both the 70 km and 62 km altitude simu-
lations (see Fig. 7.1) and its magnitude is comparable & thet altitudes. Dissociation of;N
can happen through reaction (1), or (4), or both. The actranergy of Reaction (1) is higher
than that of Reaction (4). The corresponding charactenistiction temperatures are 113200
K and 38400 K respectively. At moderate enthalpies, for gdamat 62 km (18 MJ/kg), ma-
jority of N, dissociation occurs through Reaction (4). This can be naiddg. 7.1(b), which
compares the reaction rates at the shock wave in the 62 kimdatsolution. As the enthalpy
increases furtherz; contribution to N dissociation increases, as can be seen in the higher alti-
tude simulation (see Fig. 7.1(a)). For this condition, veitstagnation enthalpy of 32 MJ/kg, the
magnitude ofR?; is higher than that oRR,. 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 theethltitudes is shown in Fig. 7.2(a).

As the altitude increases, the Mach number and stagnatitvaley of the flow increases and
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Figure 7.2: Comparison of gas temperatures for the threddss in (a) shock layer and, (b)

boundary layer.

the shock stand off distance correspondingly decreasesin€lease in freestream velocity also
results in a higher peak temperature at the shock wave (geé.E{a)). The peak temperature at
the highest altitude condition, corresponding to a freastr velocity of 8 km/s is 24000 K. The
corresponding values for the intermediate and low altittmladitions are 15000 K and 8500 K
respectively.

Temperature of the gas decreases rapidly due to endothéisaaxiation reactions behind
the shock wave and approaches comparable values in thekateof the shock layer in the
three solutions. The boundary layer edge temperature if@Hen altitude simulation is 6556
K, where as it is 5715 K and 5726 K in the 60 km and 35 km altituolat®ons respectively.
The temperature of the gas decreases in the boundary layke tisothermal wall value of
553.3 K. This initiates recombination of N and O atoms. Theaten in gas temperature in
the boundary layer is comparable for the three cases (se& Ridp)), but the boundary layer
chemistry is different due to differences in the gas contpwsiat the edge of the boundary
layer. The concentrations of the species at the boundaey Egge is determined by the shock

layer chemistry, which is in turn a function of the stagnatemthalpy of the flow.

7.1.3 Boundary-layer Chemistry

The boundary layer chemistry is dominated by recombinatactions, and the dominant re-

actions are identified for different altitudes and stagmagnthalpy conditions. Similar tosN
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Figure 7.3: Variation of reaction rates at the nose stagnauoint (a) 70 km, (b) 62 km, and (c)
30 km.

dissociation, the recombination of N atoms can occur vikWwacd reactions (1) and (4), and
their relative contributions are compared. In the 70 km $athon, we observe thak; and
R, are of comparable magnitude in the boundary layer for teatpsrs above 1500 K (see

Fig.7.3(a)). On the other han&; is much lower thar?, 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+ M — N, + M, with
N,, N and O as the primary collision partners. The reaction iatgpproximated afl; =
CnCxky, Cyi, Where the forward reaction rate is neglected. As the fligtide and the stag-

nation enthalpy of the flow decreases, thedissociation level in the shock layer is reduced.
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This results in a lower concentration of N atoms at the boontiyer edge. Ak, < C3,
a lower value ofCy leads to a decrease in the magnitudd?ef The peak value oR; at 62
km altitude (0.02 kg-mole/fsec) is therefore much lower than the corresponding vallse (
kg-mole/n¥.sec) in the 70 km simulation. At 35 km altitude, reactioni€liot active in the
boundary layer (see Fig. 7.3(c)).

The backward reaction (4) is N + NO N, + O and the reaction rate can be approximated
as R, ~ CnxCnoks,. As earlier, the contribution of the forward reaction is leeted in the
boundary layer. With a decrease in altitude and stagnatitimaépy, the level of N and GQ
dissociation in the shock layer reduces. It is observedthiatresults in an increase 6fyo at
the boundary layer edge. A%, o« CxCho, a decrease i@y due to lower enthalpy is countered
by an increase id'xo, resulting in comparable magnitudes®f in the three simulations. The
peak values of the reaction rate are 1.7 kg-motedpl.2 kg-mole/ms and 2.0 kg-mole/fs
in the 70 km, 62 km and 35 km altitude simulations respegctivel

The trends inR; discussed above holds for temperature above 1500 K in thedaoy
layer. This region corresponds#6) > 0.01 in the 70 km altitude solution (see Fig. 7.3(a)) and
[/6 > 0.02 in the 62 km altitude simulation (see Fig. 7.3(b)). In the iediate vicinity of the
wall (553.3 < T' < 1500 K), R; is not active. On the other han, attains large values in this
region and it is a major contributor to,NMecombination. Over all, the contribution of the three
body recombination of N atoms towards férmation in the boundary layer is negligible at all
the conditions studied in this work.

The sustainability of Mrecombination via reaction (4) depends on the availakolitft O
molecules, which can be produced by either backward rea¢Bp N+ O + M— NO + M
or backward reaction (5): O N — NO + O. A preference for one of these reactions over the
other at different altitudes is explained by the followingadysis. At 70 km altitude condition,
the gas in the boundary layer is mainly composed gfif¥Nand O; their concentrations are of the
order 104 kg-mole/n¥ (see Fig. 7.4). The concentrations of the remaining twoispe®, and
NO are comparatively lower and they are aroundly-mole/n¥. The above numbers are rep-
resentative of the gas composition in the majority of theratauy layer. Reaction (3) proceeds
primarily in the backward direction and its rate can be appnated ag?; ~ k;,,CnCoC)y. AS-
suming N,, N and O as the primary collision partners yields ~ k;,,10~'2. In a similar way,
the rate of reaction (5) can be approximated?as« k;,. CxCo, = ki, 1071, The backward rate

constant;,, ~ 10%k,, for the range of temperatures observed in the boundary. [@jés results
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Figure 7.4: Variation of concentration of the species inibendary at (a) 70 km and (b) 62 km

altitude conditions.

in R3 being 10 times higher thaRs;. Therefore, N recombination mechanism consisting of
reactions (3) and (4) is preferred at 70 km altitude condiéie discussed in Sec. 5.2.1

It is observed that the magnitude Bf increases at lower altitudes and it is comparable to
R; when

/€1,5C(NC'Q2 ~ kaCNCOCM (71)

At relatively high altitudes (62-70 km), the dominant s@scin the boundary layer are, NN
and O, (see Fig. 7.4) and the changes in their concentradiovafying altitudes are relatively
low. On the other hand, Os present at very low levels, and the change€'iy with altitude
are large compared to its magnitude. The variation jnc@ncentration is found to affect the

magnitude ofRR5 considerably (Eq. 7.1). It can be seen that

k
Co, ~ k_’;?’COCM ~ 102CoCy
5

(7.2)
results inR5 ~ R3. This is observed at the 62 km altitude condition, where tmeentrations of
N., N and O in the boundary layer are comparable to those of tken7€ase (of the order 10
kg-mole/n¥). The concentration of Dat 62 km altitude is of the ordei0—¢ kg-mole/n¥ (see
Fig.7.4(b)), and it satisfies Eq. 7.2. The rates of react®)ra(id (5) are therefore comparable;
both R5-R, and R3- R4 mechanisms contribute to,Mecombination in the boundary layer.

As shown above, the preference @ over k3 depends on the local concentration gf O

in the boundary layer. 1€, > 1075 kg-mole/nt then R; > R;. This is observed in the
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altered reactivity simulations, when the rate constant pf€aombination is enhanced (rsf =
10 simulations at 70 km and 62 km). Similar observation is alside when the rate constants
of all five reactions are increased at the intermediate aghehnialtitude conditions. In these
simulations, concentration of Gexceedsl0-% kg-mole/n¥ and R5-R, mechanism of N for-
mation is preferred oveRs- R, mechanism in the boundary layer. In the baseline simulation
35 km altitude caseR; is negligible in the boundary layer;;Necombination occurs Vi&s- R,
mechanism in the regiom24 < [/6 < 0.45 (see Fig.7.3(c)).

The above N recombination mechanisms can be summarized as followshé\sehicle
descends into atmosphere the stagnation enthalpy of thel#oreases. Hence the dissociation
level of N, and G decreases(o, increases and’y decreases. This combination favors the
R5-R, mechanism. Hence the contribution of this mechanism to theelombination pro-
gressively increases as the altitude decreases. In themprstsidy, at 70 km altitud®;- R,
mechanism contributes very little to,Normation where as at the lower altitude (35 km) only
Rs-R, mechanism results in the;Mecombination.

Recombination of @ occurs in the boundary layer via backward reaction (2): O + O +
M — O, + M at temperatures below 4000 K.,@olecules act as a catalyst in the conver-
sion of N atoms to M via reaction (5). Therefore, accumulation of {3 not observed until N
atoms are completely depleted from the gas mixture. At highiatermediate altitude simu-
lations presented here, recombination efidlnot complete in the boundary layer. As a result,
mass fraction of @ remains at negligible levels. At lower altitudes, for exde@mt 35 km
altitude condition, N recombination is mostly complete in the regi@g4 < [/§ < 0.45 (see
Fig. 7.3(c)). Reaction (2) picks up féfs < 0.24 and reaches peak values very close to wall.
The rates of other reactions are small compared to rea@jorA§ a result, @ build up in the

near wall region and, 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 convettstranslational energy. Energy
exchange between the translational and vibrational moeldts in an increase in the vibra-

tional energy. Thus vibrational temperature lags behiedthnslational temperature resulting
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Figure 7.5: Extent of thermal non-equilibrium along thegstation streamline at 35 km, 62 km
and 70 km altitude conditions. (a) shock layer (b) boundaygt

in a thermal non-equilibrium state. Figure 7.5(a) showstémeperature ratid’/T, along the
stagnation streamline. It attains high values at the shaokevior all the three test cases. The
peak value of the temperature ratio is 2.95 at the 35km condiAt 62 and 70 km conditions,
peak values of the temperature ratio are 4.82 and 6.13 iasggc Thus, the degree of ther-
mal non-equilibrium, as indicated by the magnitudergfr,, increases with altitude. This is
because of a decrease in the freestream density at higitededt (see Tables 3.1, 5.1 and 6.1).

Translational and vibrational temperatures attain comigarvalues downstream of the
shock wave. At the 35 km condition, the gas reaches equiliorfi’ = T'v), immediately
behind the shock wave. At higher altitudes, it takes longaetich thermal equilibrium. The
gas is in thermal non-equilibrium staté ¢ 7)) in majority of the shock layer. This is once
again due to the relatively low post-shock density at thé laijtude conditions.

Decrease of gas temperature in the boundary layer incrédasems density by an order
of magnitude compared to the post shock value. Hence thededthermal non-equilibrium
in the boundary layer is lower than that in the shock layee (Bgy. 7.5(b)). At the lowest
altitude condition, the gas is in thermal equilibriuffi & T.) in the entire boundary layer.
Similarly, the degree of thermal non-equilibrium is neddlg (7'/7, < 1.1) in the intermediate
altitude solution. On the other hand, at the highest akitcohdition, the gas is in thermal non-
equilibrium state in a significant portion of the boundanyda Local gas density in this case is

not high enough for adequate energy exchange between tiggttianal and vibrational modes.
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conditions.

Note that the temperature ratio falls below 1 in the immeiétinity of the wall. Recom-
bination reactions occurring in this region produce madleswvith finite vibrational energy.
This increases the vibrational energy of the gas mixturechvtesults in7,, > T'. At the wall,

bothT andT, attain the isothermal wall temperature specified in the Etran.

7.2.2 Chemical Non-equilibrium

Similar to thermal non-equilibrium discussed above, thengical state of the gas is also deter-
mined by its density. Figure 7.6 shows the variatiory'gf along the stagnation streamline for
the three cases. In the 35 km solution, the mass fractiomattavalue of 0.71 immediately
behind the shock wave and remains constant thereafter. dristant value corresponds to the
local equilibrium composition. Thus, the gas is in chemiequilibrium in the entire shock
layer.

At 62 km, there is a rapid drop iFy, at the shock wave followed by gradual decrease in
the mass fraction. It reaches a value of 0.56 at the bourldgey-edge, which is higher than
the local equilibrium value. Mass fractions of the othercsge follow identical trend. Variation
of gas composition at 70 km altitude is similar to that of 62 &ase (see Fig. 7.6), as the gas
density is of the same order in the two simulations. Howdherdegree of dissociation is much
higher at the higher altitude condition due to the highegrstdéion enthalpy. Mass fraction of
N, drops to 0.22 at the boundary-layer edge, which is againenititan the local equilibrium

value. Hence, the gas is in chemical non-equilibrium stateajority 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 recombinationeastiignation point for three altitude

conditions.

Altitude (V,), (Yoo)w (Mulwo (Youwo X
35km  0.74 0.18 0.767 0233 0.92
62km 069 1.7x10°* 0767  0.233 0.69
70km 049 6.0x10°* 0767 0233 0.49

Figure 7.6 also shows the variation ¥{, in the near-wall region. The Nmass fraction
increases in the boundary layer for all three cases. Samedsfdar O, mass fraction. As
explained above, this is due to the recombination reactmesirring in the boundary layer.
Mass fractions of Band G at the wall are compared to their equilibrium values in Table
The equilibrium composition corresponds to the wall caoditfor the three test cases. The

degree of chemical non-equilibrium at the wall can be qtiadtas

Y Y
Y= Yy, + O2)wall’ (7.3)
(YN2 + YO2)EQ

which is the ratio of molecular mass fractiony(ldnd G) computed at the wall to the corre-
sponding equilibrium value.

The equilibrium composition corresponding to the speciisethermal cold-wall temper-
ature is identical to the freestream gas composition. tetioge represents maximum attainable
mass fractions of the molecular species. Thus, the paramegpresents the extent of recom-
bination at the wall, and a value gf = 1 corresponds to complete recombination. At 35 km
condition, the computed values Bf, andY,, are close to their equilibrium levels (see Table
7.1). For the 62 km case, oxygen is completely in its atonaitesat the wall and recombination
of nitrogen atoms is partially complete. The mass fractmin®olecules are therefore far from
their equilibrium values. A similar trend is observed at 10 &ondition. Note that the equilib-
rium composition for the specified wall temperaturg & 553.5 k) is independent of pressure
and therefore is same at the three cases.

The extent of recombination at the wall varies with altitugealues for the three cases are
listed in Table 7.1. At the lowest altitude condition, redonation of atoms is mostly complete,

as indicated by a high value gqf Therefore the gas is close to the chemical equilibriunestat
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This is because of a high gas density at the wall (1.07 Kg/n®n the other hand, the gas
density at the wall is 0.05 kg/hin the intermediate altitude simulation and it is about 20ets
lower compared to that at 35 km altitude. As a result, themdaination reactions are partially
complete and the gas is in chemical non-equilibrium statihetwall. Similarly, boundary
layer chemistry is in non-equilibrium state at the 70 km a¢bod. However, the degree of
non-equilibrium is the highest for this case, as indicatgd bbw value ofy (see Table 7.1).

The flow expansion from the nose stagnation region to theldboand further to the af-
terbody is associated with decrease of pressure, tempeatd density. The decrease of tem-
perature promotes recombination reactions in the outésaid/flow. However the decrease of
density inhibits the chemical reactions to occur at a fastier. Thus degree of non-equilibrium
in the shock layer progressively increases from the nogmaten point to the shoulder. A
similar effect is observed in the boundary layers which atated away from the nose stag-
nation region. Hence the extent of recombination at the praijressively decreases from the
nose stagnation point to the shoulder (see Sec. 4.2.3). ©aftbrbody, density of the gas is
one order of magnitude lower than freestream vapg,{ = 0.1p,). At these density levels,
chemical reactions occur at very slow rate and gas can beedres in chemically frozen state.
Hence recombination reactions do not occur in the boun@amsrland 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 ternth@temperature and thermal con-

ductivity of the gas adjacent to the wall.
or  T,—T,

1y T A
whereT; is the gas temperature at the first cell next to the wi@ll,is isothermal wall tem-

(7.4)

perature and\7 is wall-normal distance. The thermal conductivityis function of the gas
composition next to the wall. The near-wall gas compositiod temperature are directly in-
fluenced by chemical reactions occurring in the boundargrlayhey are also affected by the
gas temperature and composition at the edge of the bouralgey. IThe boundary-layer edge
conditions in turn depends on the shock-layer chemistry.

The shock-layer chemistry is dominated by dissociation ofetules and these are en-

dothermic in nature. On the other hand, boundary layer céteyris dominated by exothermic
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Table 7.2: Contribution of\x/x and AT,/ (T, — T,,) to Ag/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
AK/K 191 -461 -3.50 5.70 -16.79 9.42
N /(T — Ty) 0.48 -4.08 38.10 -31.55 76.00 -49.85
Aq/q 2.40 -850 3340 -27.65 46.46 -45.08

recombination reactions. These reactions are driven bgdltewall temperature specified in
the simulation. The boundary-layer chemistry is indepahdévariations in the wall tempera-
ture for values around 550 K. This is because of the fact thenical activity in the gas mixture
ceases at such low temperatures.

The chemical reactions in the boundary layer are deterniyetthe gas composition at
the boundary-layer edge. For the conditions considereuisniork, the edge temperature is in
the range of 5500 to 6500 K (see Fig. 7.2(b)). Majority of theambination occurs in the near-
wall region (/6 < 0.1), where the gas temperature is between 1000 and 2000 Khilisfore
observed that boundary-layer chemistry is relatively ms@@ve to the edge temperature.

When the reaction rates are altered from their baseline sale variation in heating rate

can be expressed as

Aqg Ak N AT,
¢ K D-T,
The quantitiesl;,, andAn in EQ.7.4 are identical in the baseline and altered reagtsrmula-

(7.5)

tions. The variation in the near wall gas temperatuxd’y) depends on the heat release in the
exothermic recombination reactions. Mixture conducfivét determined by the gas composi-
tion in the near-wall region, which in turn depends on theeekbf chemical reactions in the

boundary layer. The contribution @75 to the variation in surface heat flux is usually higher

compared to that of\x (see Table. 7.2).

7.3.1 Ciritical Factors

The surface heat flux variations due to the uncertainty iotr@arates depends on the following

three factors: (1) the dominant chemical reaction(s) irgdemixture; (2) the chemical state of
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the gas—equilibrium, non-equilibrium or frozen; (3) theéemt of recombination in the boundary
layer. In the boundary layer, an increase in the rate cotstmhances the recombination
reactions and it results in a higher heat release. This eelsahe near-wall gas temperature,
which has a tendency to increase the surface heating ratdlw/éaseline level. The higher
reaction rates also increase the molecular mass fractiotisei gas, which may increase or
decrease the thermal conductivity at the wall. Oppositectdf are observed when the rate
constants are decreased, leading to a decrease in thetgiagrant heat flux (see Table. 7.2).

The effect of shock-layer chemistry on the surface heat thiniét a trend that is opposite
to the boundary-layer effect. A higher reactivity enhanitesendothermic dissociation reac-
tions at the shock wave. This results in a lower gas temperatuthe boundary-layer edge,
which tends to reduce the surface heat flux. Decreasing Hwioe rates has an opposite ef-
fect. Altering the dissociation rate constants in the shagkr affects the gas composition at
the boundary-layer edge. The resulting mass fractionsftdrdnt species at the edge of the
boundary-layer has a significant effect on the surface heat fis mentioned above. It is ob-
served that the changes in the heating rate to the variaticaité constants is higher when the
gas is in chemical non-equilibrium state. On the other hiitioe gas is in chemical equilibrium
or frozen state, the changes in the heat flux are relatively le

A brief summary of the variation in heating rate at the noagrsation point for the 35 km,
62 km and 70 km is presented. The effect of above factors gldiginted at each trajectory
point. The specific rate constants to which the heating sadensitive 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 offtoe is 12 MJ/kg and 0.0082
kg/m?. The dominant chemical activity in the shock layer is dissten of oxygen molecules
and recombination of oxygen atoms in the boundary layer. ©ugigh post-shock density,
thermo-chemistry in the shock layer approaches equilibridncreasing and decreasing the
rate constants doesn’t change the boundary-layer edgetiomsd Thermo-chemical state of
the gas in the boundary layer is close to equilibrium with ghhilegree of recombination at
the wall (see Table. 7.1). The near-wall gas compositiontamperature change marginally
when the rate constants are increased and the resulting@rhant in surface heating rate is

small (see Table. 7.2). When the rate constants are decreasethbination of oxygen atoms
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is suppressed. The corresponding variationsamd7; are given in the Table. 7.2. The overall
reduction in heating rate is relatively higher. Note that beating rate is influenced by only
oxygen atom recombination ratl,, in the boundary layer.

At 62 km trajectory point, the stagnation enthalpy and dgrefithe flow are 19.2 MJ/kg
and 0.000281 kg/f The primary chemical activity in the shock layer is partissociation of
N, molecules along with a complete dissociation gfrolecules. The chemistry is dominated
by forward reactions 2, 3 and 4 in the shock layer. Reactiors@li®in complete dissociation
of O, molecules, and variation ik, has no appreciable effect on the flowfield solution. The
magnitude ofRk; and R, determine the degree of;Mlissociation in the shock layer. Composi-
tion of the gas, specificallyy andYy, at the boundary-layer edge is sensitive to the variation in
ks, andky,. In the boundary layer, partial recombination of N atomslsesved and reactions
2, 3, 4 and 5 participate in this process. Reactions 2 and &eadéimiting steps. Hence heating
rate is mainly affected by a variation in the correspondaig constants;;,, andk,,. Further
the gas is in non-equilibrium state in the shock layer as ageih the boundary layer. Variations
in the rate constants therefore result in large change<indar-wall gas temperature (see Ta-
ble. 7.2). The corresponding changes in the surface heaafugignificantly larger than those
of the lower altitude case.

The stagnation enthalpy and density of the flow at 70 km dkitare 31.53 MJ/kg and
0.000152 kg/mh. Thermo-chemistry is similar to that of 62 km case, but thgréle of N dis-
sociation in the shock layer is larger. Also reaction 1 hasagomcontribution at the shock
wave, that is not observed at the intermediate altitude iiond Shock-layer solution is there-
fore sensitive tdky,, kr, andky,. Boundary-layer chemistry is once again dominated by N
recombination, with reactions 2 and 3 as rate limiting stéjsis the heating rate changes are
influenced by the backward rate constantsandk,,. Trends inAx and AT, are similar to 62
km case, but higher heat flux variations are observed duggttehidegree 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 tedhi@tion in rate constants depends
on the stagnation enthalpy and density of the flow. As theclelliescends into atmosphere its
velocity decreases consequently stagnation enthalpyedidiv decreasest, determines the

level of dissociation in the shock layer, which in turn detares the recombination process
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in the boundary layer. At lowH,, only recombination of @is observed. At intermediate
H,, recombination of @ and N, occur. At higherH,, only N, recombination is observed.
The reaction mechanisms involved in the recombinationgse@nd the rate limiting steps are
enthalpy dependent. At low enthalpies (around 12 MJ/kggtihg rate is affected by only, .

At intermediate and higl, (between 19 and 32 MJ/KQg), heat flux is influenced by bgih
andk,. Based on similar analysis, the shock layer chemistry at Biglaround 32 MJ/Kkg) is
found to be sensitive ty,, ks, andky,, which are involved in Ndissociation. As the enthalpy
decreases, the contribution of reaction 1 todisociation decreases. Therefore the flowfield
solution in the shock layer is sensitive to orly andky, for flow enthalpies around 19 MJ/Kg.
At low enthalpies (around 12 MJ/kg), the shock layer chemistsensitive td:,,, rate constant
of oxygen dissociation. For the entire rangeff considered in this work the forward rate

constants of reaction 5 don't alter the surface heat fluxceably.

7.3.4 Effect of Density

The gas density determines the chemical state of the gasifiawfield. When the gas is
in equilibrium state increasing the rate constants has d &ffect on the gas properties and
the surface heat flux. On the other hand, decreasing the sattants lowers the heating rate
significantly. Opposite is true when the gas is in frozen doahstate. Decreasing reaction
rates has a negligible effect here, whereas there is nbtea@acrease in heating rate when
the reaction rates are enhanced. When gas is in non-equilibstate, both increasing and
decreasing the reaction rates have significant effect ogdseproperties and on heat transfer
rate. Hence level of heat flux variations to the uncertaintsate constants depends on density

of the gas.

7.4 Summary

The thermo-chemistry along the stagnation streamline efentry flowfield is analyzed as a
function of the altitude. Dissociation of oxygen occurs Rieaction (2), on the other hand N
dissociation can happen through Reactions (1), or (4), dr. [ enthalpy of the flow increases
the contribution of Reaction (1) to the;Mdissociation increases. Recombination reactions occur
in the boundary layer, which are function of the gas compwsiat the boundary-layer edge.

First recombination of N atoms occurs through Reaction (digwhequires NO as a reactant.
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NO is produced by either Reaction (3) or (5). The concentnadboxygen molecules deter-
mine the preference for either of these two reactions. Whemitnogen atoms are completely
depleted from the gas mixture, oxygen recombination oceiar&keaction (2). The degree of
thermo-chemical non-equilibrium in the shock layer inse=awith the increase of altitude. The
degree of chemical non-equilibrium is quantified in termexiént of recombination at the wall.
A higher value of extent of recombination at the wall is obsérat the 35 km condition due to
higher gas density. The heating rate is influenced by onlgeryatom recombination rate,,

in the boundary layer at the 35 km altitude condition. At leigaltitude conditions, heating rate
Is mainly influenced by the rate limiting steps in the iécombination.c. Reactions (2) and
(3). The heating rate variations are large at these comdititue to relatively low gas density,
where as at the low altitude condition, the changes in thé fheaare 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, vil@tiand total energy conservation
equations require chemical reaction rate constants. Tperseneters are usually measured in
shock or ballistic tunnels. Hence, there is always some ataiwncertainty in their measure-
ment. Previous research has shown that uncertainty intheoastants can lead to a significant
variation in the re-entry flow features and associated sanf@operties. In this thesis, an attempt
has been made to study the effects of variation in the ratstaots on the computed flowfield
and associated surface properties at flight conditions. ofijective is to understand the un-
derlying physical mechanisms and to identify the critieatbrs which influence the sensitivity
of aero-heating predictions to the variation in chemicalkct®n rate constants. The study is
performed at three trajectory points. These points reptdse, intermediate and high altitude
conditions in an earth re-entry trajectory.

High enthalpy flowfield over a re-entry capsule is simulatgdsblving Navier-Stokes
equations along with the species conservation equatiaha éimermal non-equilibrium model.
Finite rate chemistry is considered with Arrhenius ratestants evaluated using curve fits of
Park to experimental data. An In-house CFD code based on fioitene method is used to
compute the flowfields. Implicit time integration, along kvd data parallel implementation, is
used to reach steady state results. The code has implicpanadiel capabilities and has been
applied to several hypersonic configurations. The re-efitty computations are validated
against the FIRE Il flight data at 35 km condition. The predidieating rate at nose stagnation

point and on the conical frustum compare well with the inHtigneasurements.
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The computed solutions are analyzed in detail in terms ofjfseproperties and chemical
activity in different parts of the flowfield. Increase of gasnperature across the shock wave
initiates endothermic dissociation reaction, where asdinerease of gas temperature in the
thermal boundary layer adjacent to vehicle wall resultsekombination reactions. Similarly
decrease of temperature due to flow expansion result in exatb recombination reactions.
Thus, the nature of chemical reactions in a re-entry flowiglietermined by the gas dynamic
processes. The energy released or absorbed in the cheesicabns in turn affects the local gas
temperature. The reactions also alter the gas compositichvinfluences the mixture density,
viscosity and conductivity. Thus, there is a two-way infloemetween the gas dynamics and
chemical reactions in a re-entry flowfield. This mutual iat#on plays an important role in
understanding the effect of varying reaction rates on aewting predictions.

The sensitivity of aero-heating predictions to the vaoiasi in reaction rate constants de-
pends on the dominant chemical reactions occurring in thefitd. The stagnation enthalpy
of the flow determines the amount of dissociation in the sHagkr. At low enthalpy con-
dition, corresponding to 35 km altitude trajectory poingstciation of oxygen molecules at
the shock wave and recombination of oxygen atoms in the kawyrdyer are the primary re-
actions. For higher altitude cases, dissociation gfis\noticed in addition to dissociation of
oxygen molecules. Varying degree of nitrogen dissociasarbserved depending on the total
enthalpy of the flow. The recombination reactions in the loaup layer depends on the gas
composition at the boundary-layer edge. In the presencdrofjen atoms, nitrogen recombi-
nation occurs first, for example, at 62 and 70 km altitude @@ . When the nitrogen atoms
are completely depleted from the gas mixture, recombinaifdhe oxygen atoms is observed.

Changes in aero-heating predictions are investigated kgreggically varying the reac-
tion rates over their uncertainty range. The flow solutioosputed by altering the reaction
rates are carefully analyzed to understand the physicattsfthat influence the surface heat
transfer rate. In general, an increase in rate constanteases the chemical activity in the
flowfield. Particularly, the recombination reactions in ttmundary layer are enhanced. The
corresponding heat release enhances the near-wall gasrime. This elevates the heat flux.
An opposite effect is observed when the rate constants areaked.

The magnitude of the heating rate variation depends on ta thhemical state of the gas
—equilibrium, non-equilibrium or frozen. This in turn is ariction of the gas density which

varies by almost three orders of magnitude in a re-entry fedd:ifiwhen the gas is in chemical
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equilibrium state, the reactions are complete. Increasiagate constants further has a small
effect on the gas properties and the surface heating rateimemnaltered. This is observed at
the nose stagnation point of 35 km altitude solution. On therhand, when the gas is in non-
equilibrium state, the recombination/dissociation psses is partially complete. An increase
in rate constants can therefore induce significant chamgtseigas properties. This can lead
to large variation in the heat flux predictions. Similarlgcdease in rate constants suppresses
the recombination reactions and therefore heating rateedses significantly. This trend is
observed at the shoulder region of 35 km condition, and ahtse stagnation points of the
higher altitude cases.

The gas is in chemical frozen state on the afterbody and ttenesf recombination is
very low. However, the changes in the forebody shock layeg,td variation in rate constants,
convect into the afterbody separation bubble. This alteesseparation bubble size and the
gas properties in the vortex core. The resulting changeasrgmperature and composition at
the boundary layer edge influence the surface predictiooise¥ample, the reduced reactivity
simulation at 62 and 70 km altitude results in base pressutéaat flux that are much higher
than the baseline values. This is because of a hotter gag ifotbbody shock layer, due to
reduced dissociation level, which is convected to afteybanad alters the surface predictions
significantly.

In summary, the analysis presented in the thesis identtiies tcritical factors that de-
termines the variation in aero-thermodynamic predictidns to changes in chemical reaction

rates.

1. The dominant chemical reactions occurring in the shogkr|athe shoulder expansion

region and the thermal boundary layer on a re-entry capsule.

2. The local chemical state of the gas — equilibrium, nondaagium, frozen — in different

parts of the reentry flowfield.
3. The extent of recombination achieved at the isothermilbwandary.

Itis found that the stagnation enthalpy of the flow and the-B#eam density are the parameters
which control the interaction between the gas dynamics aechical reactions in the flow. The
variation of these two parameters at different flight cdndg 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 specititisions drawn from the

work, the following directions of future work are envisaged

8.2 Future Work

1. Catalysis of thermal protection system material is anoitimg@ortant parameter which
affects the heat transfer rate. The catalysis promotesettmmbination reactions at the
surface, thus providing another path for the formation ofeiales on the surface. In this
way, catalysis affects the extent of recombination at thik Waerefore, the heating rate
variations due to uncertainty in the rate constants withtalgiac wall will be different
than those obtained with a non-catalytic wall. Similar te tate constants, there is an
uncertainty in the measurement of catalytic propertiehefwall. Variation in the wall
catalycity changes the amount of recombination at the seyfand hence heating rate.
The present analysis can be extended to investigate thes afadalytic effects on heat

flux variations.

2. Diffusion process has a significant effect on the boundkygr gas composition. Molecules
(either N, or O,) are created in close proximity to the wall due to the recoration
reactions, and the diffusion phenomena propagates or ntbeesiolecules from high
concentration region to low concentration regions. A waiain diffusion coefficients
can therefore alter the gas composition in the near-walbregThis can have a signif-
icant effect on the reaction mechanisms and heat flux. Thasations could be much
higher if the surface is catalytic. An analysis similar tattpresented in the thesis, can be
performed to understand the effects of diffusion on chehmeactions and heat flux on

catalytic and non-catalytic surfaces.

3. Stagnation enthalpyH;) of the flow in a freestream determines the chemical kinetics
the shock wave. For Earth entry,fif, is above 30 MJ/kg, ionization of the species occur
in addition to chemical reactions at the shock wave. Dependn the level of ionization
air can be modeled as a mixture of seven specigs @, NO, N, O, NO" ande™) or
eleven species (N O,, NO, N, O, NO-, O, N*, N, O; and €). lonization process
posses many challenges to computational predictions. fiéwgg exchange mechanisms

between electrons, atoms and molecules should be condidedeappropriate energy ex-
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change terms should be included in the mixture vibrationdl @tal energy equations.
The present procedure can be extended to identify thealrmgeactions affecting the elec-

tron number density and heat transfer rate at ionizationlitions.
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