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ABSTRACT
The compressible two-dimensional planar and axisgtnimNavier-Stokes equations are solved in geizewl
curvilinear coordinates to simulate non-reactingl @hemical equilibrium nozzle flows. A zonal turbote model of

K-« is used in the simulations to compute the eddgogsy. A numerical method is developed to diszeetihe

governing equations using the finite differencehtégue. The convective terms in the governing éqoatare solved
numerically using a second order flux differencittipg method of Roe while a second order cerditierence is used for
the viscous terms. The discretized equations asgrated implicitly in time to increase the stakilof the numerical
scheme. The flow solver is coupled with a chemezglilibrium module to compute the composition o$ gaixture of

known enthalpy and pressure. Few test cases daped to illustrate the capabilities of the flomheer to predict nozzle
flow with and without chemical equilibrium. The s are compared with the published data andehelts are in good
agreement with those published simulations of #mestest cases.

Keywords: nozzle flow, chemical equilibrium, turbulent flowpwind schemes, roe scheme.

Nomenclature performed using the assumption of the chemical

C Speed of sound equilibrium assumption have the potential of yietdi

Din Throat diameter results at a fraction of the computational cosbeisged

h Enthalpy with an equivalent finite rate calculation. A flosolver

p Pressure based on chemical equilibrium requires solving otfig

P, Prandtle number four basic flow equations in two dimensions instedd

P Turbulent Prandtle number N+3 that are necessary for a finite rate solveren@N is

Ru Universal gas constant the number of chemical species. Moreover, the

Re Reynolds number equilibrium composition of a mixture of gases isllwe

t Physical time known from classical thermodynamics, and the

T Temperature thermodynamic data for gaseous species are will

u Velocity ing-direction established. Unfortunately, chemical equilibriunoidy a

% Velocity in-direction limiting case of real life finite rate chemistry,itiv the

U Fluid viscosity limit taken for reactions rates going to infinitgnd the
accuracy of its predictions should be investigdtedeach

2" Turbulent eddy viscosity class of problems of interest. Nevertheless, the

aforementioned numerical and physical difficulties

¢ D|s§|pat|on term associated with finite rate simulations render deam
¢ Equivalence ratio equilibrium a very attractive tool for the scientiand
Ps Stoichiomertric mixture ratio engineer, in particular when the driving considerais a
: : relative inexpensive inclusion of real gas effects.
P Fluid density : , ) .
Numerical simulation of high-speed,

compressible, turbulent and reacting coaxial jewvflis

1. INTRODUCTION ﬁerformed by Mehta [2]. Numerical analysis has been

In recent years, there has been a renewed intere

in hypersonic 9as _dynamics and supersonic_ t_urbulen iscretization in conjunction with three-stage Rifigta
reacting flows. In this context, flow problems itviag

chemical activity of fuel and oxidizer mixtures leav time stepping scheme. Turbulence is described ky &

received widespread attention. Finite rate chegnistr two equations model. The eddy break-up model idiegbp
calculations have been successfully attempted kgrae  for turbulent diffusion flames. A considerable ambof
investigators such as Cinnella [1]. computational time is saved in the evaluation oé th
The actual expansion process in a rocket orViscous flux vectors using a simple structured grid
ramjet nozzle is intermediate between the extresfes arrangement. The numerical algorithm has beenddste
frozen and equilibrium flow, with the latter prodng  the well-documented supersonic burner problem. _
higher performance due to recovery of some of the Westmoreland and Cinnella [3] focused their
chemical energy tied up in the decomposition of plem work on the development of robust and efficient etioal

molecular species in the chamber. Flow simulationstechniques for the calculation of equilibrium corsition
and thermodynamic properties of mixtures of thelynal

erformed wusing a cell-centered finite volume
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perfect gases. The approach chosen lends itsethdo [ ap ap |
utilization as a Black-Box for the simulation ofating P 0 0 anh PV
flows of interest to the applied aerodynamics. Tloav 30 ap uv
solver interacts with the chemical equilibrium smlv u—— p 0 u—— | H :l P
through the exchange of inputs, such as densitgrrial r,= oP oh y ,0V2
energy, and initial guesses for temperature and V‘Lﬂ 0 p V‘LO
composition, and output, such as speed of sound, oP doh phtV
isentropic index, pressure, and transport coefiisie op 2p

The objective of the current study is to develop a ht? —1 up vp htﬁ +p
numerical tool that can be used to simulate fllbav§ in B B
rocket engines with the assumption of chemical _
equilibrium. The unsteady, turbulent and comprdssib 0 0
Navier-Stokes equations are coupled with a set of I I
chemical equilibrium equations to estimate the flow F = i E = X
variables and the concentration of the products of " T, Y Ty
combustion. The chemical reactions are assumee to b
chemical equilibrium at every grid point in the Uz, +vr a, UTy +VT Ox
computational domain. The fluid flow equations are
discretized on a structured grid using the finitéedence I 0
method. The convection term is discretized usinging 7, —%lai(yl)
differencing scheme that has uniformly high accuyrac 1 ZyRe ’;yya v
throughout the interior grid points. The viscousxéls are vy Ty —Tse—gyv—ggafy( ;)
differenced using second-order accurate central 2 u VP 32 V. ya,2 w
differences. A two-equatiok — & model is used for the 7urxy+vryy—qy SRE(y) E@% 7) K&% 7)

turbulence closure. The model is a modified versibthe

model used by Rogers [4] to compute single-phasewnhere Q is the solution vector, E and F are catiedflux
compressible flows. This model has different caéfits, vectors, and H is the source term.

depending on the region of solution, to reduce ftee

stream dependency of the model. The model switchesg =1 for axisymmetric flow

from the K — & model near the wall to thi& — & model a =0 for planar flow

away from the wall. The variation of the mixturendiy is

implemented in the current model as explained byisOw u is the velocity component in axial direction, s/ the
[5]. Finally, the results of the non-reactive arehative  velocity component in radial direction, p is thegsureh

flows are compared with published test cases. is the enthalpyp is the density, ank, is the total enthalpy.
Where the shear stressesand the heat flux q can be
2. GOVERNING EQUATIONS expressed as follows:
The unsteady, compressible two-dimensional
Navier-Stokes equations are used in the simulatiohs U+, 0u dv L+ o0V Ou
governing equations for axisymmetric and planavfiare *( R )(2 x 0 *) *( )2— 3 07)
written in the following form: 3 6 Re y
+ vV 0u
0Q , A(E-E,) , 0(F-F) ‘(#REM)( ox "oy tomERECE R Y
re %2 Y +a(H-H,)=0 () A
ot 0x ay "
q, :_(L_FL)C_ q‘ = —(L )_
Where p.R, pR. & p. R, . Oy
o p ou The governing equations can be rewritten in the
) generalized curvilinear coordinates as follows:
. puv _lu E- puU +p
OVZ+p v pouv r @+6(E_Ev)+6(F'FV)+a(ﬁ—ﬁv)=o o)
phyv h ph.u ot 0¢ 0
Where
—~ 0Q_1
Q====(puy,h)
J J
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=1 [ o o
E =5(pU,puU +p&,, pvU +pg,, phU)' P Pl Py an"
&y +3—’Suu pU +ué,) péyu Z—’suu
=_1 A=l 9 9
F=(pV,ouV +pi, oW +pr,, phV)' EHEW pE pEND) ;ﬁvu
0
a{)’htu PLEM +UU)  p(Eyh +WU)  pU + un
U=45u+éyv ﬁ—H -
= + ’ R) i 2 7
V=nu+nyv J 5 £ p? Eyp .
- 9p , ,0p 0P, 0P
WhereEy,Fv and Hy are the viscous fluxes in the dh dp  dh ap
generalized curvilinear coordinates. f_x U 0 0
aA=| P
3. TURBULENCE MODELING A= {y
A two-equation K —c& model is used for the — 0 U 0
turbulence closure. The model is a modified versibthe p ) 5
model used by Rogers [4] to compute single-phase 0 $xpP 5yp U
incompressible flows. This model has different 6,0 o0p 0,0 o0p
coefficients, depending on the region of solutiormeduce I ah e ap  oh e ap |

the free stream dependency of the model. The model

switches from thek —¢& model near the wall to the A={U,U,U - C'U + C}

k —& model away from the wall. The variation of the

mixture density is implemented in the current moddie Where A is the eigenvalues of the matriz\

model is defined as follows:

Where c is the speed of sound for compressible,flow

c=c /&2 + &2
Ak T =p- ok O Gty
Aoe) pk e (4) which can be expressed as:
x o 9 (o arw+crwu)—) yPu=hpc + 2= A% o 3
1 _op N 1dp
=y
P, = 14,Q% P,=Q2 c© dp poh

) ] The right eigenvector and the inverse of the right
Where p, and p,, are the production terms arfd is eigenvector matrices are given by:

the magnitude of the vorticity.

0 0 pc O
4. NUMERICAL SCHEME _E, & —&. 0
Upwind difference schemes are used to compute X ; = y X X
the convective flux derivatives. The flux differenc $x  —éy ¢y O
splitting of Roe [6] scheme is used to discretibe t 0 0 c 1
convective terms. In order to use the upwind flux
differencing schemes, the Jacobian matrices offltine - £ -
vectors are required in addition to their eigersystThe 0 - y ¢
convective flux is linearized as explained by Of&lks i+ &2 (£ + &)
. _ i _ Ex _ gz)’
- 2 2 2 2
ro 9., A%Q, BaQ+a(H—HV):O Xt=| AE (Ee+dy) &+ dy)
ot ¢ on - 0 0 0
pc
1
whereA=T 1A, B=T;'B, A—Z—g B—a—F p 0 0 1_

00 -

The details of the numerical
explained in Owis [5], Roe [6] and Chakravarthy.[7]

scheme are
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5. IMPLICIT SCHEME
The time derivatives in the governing equations [C]C[D]d
are integrated implicitly with the time as explainby Kp :—(p)C+d_a_b
Owis [5], barth [8], and Yee [9], Chakravarthy [18hd [A]"’I[B]b
Kwak [11].

_ _ _ _ _ Where p is the pressure and [C] is the concentrabio
My @ ml E)ml+(aj)ml+a@n+1=(aj)ml+(@)ml+a(ﬁv)ml SpeCie [C] :nclnt )
ot 0¢ on 0¢ on Such a system can be solved by trial and error. It
can be linearized by choosing arbitrary values tfue
Application of a first order backward Euler
formula to this system of equations yields thedwihg
delta form equation: writing:

numbers of molesnio.if fio is sufficiently small, then by

Te | 4 (OR\nAG = _R" n =n [1+&°)
A +(05) 1AQ=-R

. 0 )
. . =~ . + &
Where R is the residual vector. We obtain:In(m; ) = In(n") + ¢

6. THERM OCHEWST.RY MODEL. This system is linear with respect tﬁo and can
A thermochemical module is developed based on

the assumption of chemical equilibrium of the digation be solved by the standard methods. The valuefi8f
reactions. This module is used to evaluate thehbqum obtained from this system provides new values far t
composition and the temperature of the gases avem g species number of moles as follows,
enthalpy and pressure. The flow variables suchhas t
pressure and enthalpy are computed using numerical 1 o o
solution of the Navier-Stokes equations as desdribehe n-=n 1+ f, )
previous sections. The chemical equilibrium module
assumes conservation of elements and chemicairhe convergence of the system is given by the sspe:
equilibrium between the different species.

There are several methods used to determine the

equilibrium composition including the method of  _ _ AO &

equilibrium constants and the Gibbs function. Ire th C_‘Al Ay +| """"" + In(g) +| """" |

current study, the method of equilibrium constaigs 1

adopted to calculate the chemical composition af th

exhaust gases. The system used to determine the And the system is solved when c¢ becomes
equilibrium composition at given pressure and dpthis  sufficiently small.

formed by a set of linear equations representing th Then at certain pressure and enthalpy computed

conservation of the species and by the equatiomshvean ~ from the solution of Navier-Stokes equations, wen ca
be written linearly in logarithmic form and reprasgehe  calculate the temperature using the following eiguaof
equilibrium between the various species. state:

Conservation equations can be written for the
various elements in the gas mixture such as carbon, n T
hydrogen, oxygen and all other chemical elementthén H = Zni (Qf + J'C _dT)
gases as follows: = 4 Pi

Dan = A

Where H is the enthalpy,ni is the number of moles of

where i is the number of species in the gases arid the ~ SPecies i.Q; is the heat of formatioﬁ;,p is specific heat
chemical content of element k in the fuel and @edi

For every equilibrium reaction of the following at constant pressure of species i, afig is standard

form: temperature. The specific heat of the mixturg,@pd gas
properties are calculated for the equilibrium floas
ok follows:
aA+bB o cC+dD
Cpn =Cp; *Cp,

There is an equation for the equilibrium constant
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Where The Mach number and the static pressure at the
inlet are assumed to be ;#0.14, R=11.03 bar,
N respectively. Therefore, Reynolds number is taleioe
Cpf =D nicp, /ng R.=10.37x16. The nozzle back pressurg{f is assumed
i=1 to be 1.0 bar and;292 K. The inlet conditions of the
nozzle and the back pressure are selected sucththadst
H; (Dr); case is shock free. The contours of the non-direasi
T static pressure, Mach number and static temperattee
introduced in Figure-1, Figure-2 and Figure-3. T&haal
T velocity profile at the nozzle exit is compared hwihat
H, =(Q;); + J‘(C ). dT obtained by Eggers [12] as shown in Figure-4 ara th
! F 7 results are in good agreement. Similar observat®on
obtained by comparing the axial velocity-densityfipe
n with the profile of Eggers [12] as clear from FigtB.
My = Z—'Mi Good agreement is observed except near the waltaue
N different turbulence model adopted by Eggers [1Bjctv
is Spalart-Allmaras turbulence model.
Rm =Ru/M,, Grid sensitivity analysis is introduced in Figure-7
where the variation of the nozzle Mach number @& th
B centerline is computed at two different grid sizése
Vs = 2 results indicate that for the coarse grid of sis@®xb0, a
Cp, @=Dp)—n  Ru (1+Dy) value of 2.15 Mach number is obtained at the eNiis
result is less than that computed by Eggers which.25
while for a fine grid of size 180x50; an exit Machmber
)p of 2.21 is obtained. Therefore, the grid size o®xED is
oInT considered to be enough for accurate simulatiore Th
simulations of this non-reactive and shock free ztez
Where G is specific heat for frozen flow, [Cis the flow are performed for different accuracies of tipwind
contribution of the chemical reaction at equililniuRu is scheme as shown in Figure-6. Comparison of the Mach
the universal gas constaMyw is the molecular weight of number along the centerline for first order anddturder
the mixture and [} Dy are coefficients which express the upwind flux difference scheme indicates that oatidin at

Cpr =Z(ni /nt)

Ts

Cc

alnn,

_Olnn. _
DIO_(6Inp)T and Dr =(

variation in composition around a mean value. the exit is observed for third order upwind fluxXfeience
scheme due to lack of enough dissipation. Therefost
7. BOUNDARY CONDITIONS order upwind flux difference scheme is adopted he t

Different boundary conditions are used in the current study.
simulations, including inflow, outflow, symmetry dumo-
slip boundary conditions. All of the boundary cdralis 35

are treated implicitly in the code to reduce thstrietion
on the time step and to increase the stabilithefdode. 3
25
8. RESULTS
= g . j924
8.1. Transonic and non-r eactive nozzle flow g 15 o
An axisymmetric convergent-divergent £ 503
axisymmetric nozzle with a subsonic inlet and sspeic . pl
outlet is simulated numerically. The fluid is assdio be % ﬁ 453
air and nozzle flow is computed in this case with n 35 0 \\Lf— [ o
chemical reactions. The current results of this reattive s I 248
nozzle flow are compared with the same case preddint y 440
Eggers [12]. In the simulation of this case, Regsol
number is computed based on the inlet flow condiitiand 14
the exit diameter as follows, -2
25
R = yP M;D, 35 3 25 -2 1'ixi;| diuréctigm?'s 1 16 2 25
a Hi ) Figure-1. Contours of the non-dimensional static pressure
Where @ the speed of sound at the inlet, (P/Pi) in the nozzle.

y=14 , 4 =184X107°,D, =0302M.
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Figure-2. Mach number contours.
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Figure-3. Contours of the static temperature (J/T
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8.2. Reactive flow space shuttle main engine nozzle 4

The flow in the nozzle of the space shuttle main
engine with chemical reactions is simulated nunadsic 3 " T
The geometry of this case and the grid used in the
simulations are shown in Figure-8. A grid size &k51 | 2
used in the simulations. This test case is alswesoby
Cinnella [1] using chemical equilibrium. The inlet
conditions at the nozzle are assumed to be Machhaum
M;=0.5, static pressure;#202.4 bar, static temperature
T;=3639 K, and oxygen/hydrogen ratio of 6.0 (fuehjic
The contours of the Mach number for the chemical
equilibrium are presented in Figure-9 where a sioot
variation of the Mach number in the axial directien
obtained without shock waves. The variation of Mech
number along the nozzle centerline with two diffaére
assumptions for the chemical reactions is introduire
Figure-10. The chemical equilibrium assumption dsel N 0
lower exit Mach number than the frozen flow. The
chemical equilibrium assumption produces greateusth Figure-8. 51x51 Grid points for SSME nozzle.
force than the frozen flow.

The non-dimensional static temperature contours 4
of the chemical equilibrium flow are presented igure- /
11. The results indicate that static temperaturethat W o
nozzle exit is decreased to 0.3 of the nozzle istatic 5 i e B ESPE
temperature for the chemical equilibrium while lovesit & 2800
temperature is obtained with the frozen flow assionp 2417

. . - . 2175
as clear from Figure-12. The chemical equilibrium EED/‘ \ 1933
assumption yields accurate results for the nozzle 5 [ i T TT I
simulations than the frozen flow. Contours of thatis }

Radial direction r

15 3 45 B 75
Axial direction x

tionr

Irec

1.208
0967

0725
0.483
0.242

IR iR W W

Radial d

1.450

pressure are introduced in Figure-13 where smooth
variation of the static pressure along the nozlebtained :
and no shock waves exist in the flow. -
The chemical composition of the exhaust gasesis .3 :

computed using the chemical equilibrium assumpéiod

the results are compared with those obtained byelliz 45 5 TE 3 1E x 7e
[1] for the same case as indicated in Figure-1éufh Axdal direction x
Figure-19. The numerical results obtained in theent Figure-9. Mach number distribution for SSME.
study are in good agreement with the results coetpbby
Cinnella [1]. The results indicate that the concatign of 5
the hydrogen (B in the exhaust gases is very high
because the propellant is fuel rich. The conceptrabf 5 Chemical Equiibium // -
the hydrogen in the gases is about 80%. The datsoci =
of the chemical species is reduced as the flow rdpén / -
the nozzle and the temperature is reduced. Thexefar /
dissociation is observed after x=2.0 in the divatgert of 3 /‘/
the nozzle as shown in the Figures 16, 17, 18 8nd 1 //f/‘
=

2

1

s 0 3 45 B 75

15
Axial direction x

Figure-10. Comparison of the centerline Mach number
computed using frozen flow and chemical
equilibrium flow.



VOL. 8, NO. 5, MAY 2013 ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

S
©2006-2013 Asian Research Publishing Network (ARPN). All rights reserved. P N
By
www.arpnjournals.com
4 10°E P e T arara———
3 /, :
/f"f: . 1.000 | —=—— Present resuks
04975 ——— REF 1
2 .......... 0929 101
- ( 0883 F
0838 [
g [ o A - 079z N
E=] 0746 -
g W \ \ \ 0.700 X
= il 0655 o
o 0609 R
o 0563 = F
T 0517 F
= R e s A S nar2 [a] -
: I
o I 0426 3
0.380 5
-2
T 107k
[Rc ) "SR S WU ——. = Sy [
) i [
15 0 16 3 45 B 75
Axial direction x 102
-145 0 15 3 4.5 5] 75

Figure-11. Static temperature (T/Ti) distribution. Axial direction x

Figure-14. H, Mole fraction comparison with REF 1.
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. Figure-15. H,O Mole fraction comparison with REF 1.
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Figure-17. O, Mole fraction comparison with REF 1.
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Figure-18. OH Mole fraction comparison with REF 1.
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Figure-19. O Mole fraction comparison with REF 1.

9. CONCLUSIONS

A two-dimensional compressible Navier-Stokes
solver is developed to simulate reactive flow witie
assumption of chemical equilibrium. The code isdute
compute nozzle flows with and without reactive flohe
governing equations are solved numerically on a
structured grid using the finite difference techugqFlux
difference splitting scheme of first or third ordsacurate
is used for the discretization of the convectiveng while
second-order central difference is used for the
discretization of the viscous terms. A chemical
equilibrium module is developed using the method of
equilibrium constants and the module is coupledh fidw
solver to compute the temperature and the thermardim
properties of the exhaust gases. The code is vetiday
comparing the results of non-reactive and reaativezle
flows with the published data and the current itsssthow
excellent agreement with the published simulations.
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