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Abstract

In this paper, a pressure-based coupled computational fluid dynamics algorithm for numerical analysis of all Mach num-
ber region flow is developed. For this purpose, an enhanced pressure based coupled algorithm was developed through
the pressure—velocity coupled algorithm and the pressure-enthalpy coupled algorithm were combined. In additional, the
Kurganov—Tadmor flux splitting scheme, which is mainly used in density-based solvers, was applied to a developed pressure-
based coupled solver. To confirm the analytical ability of developed solver, the variety of Mach number flow problems were
performed using the developed solver. It was confirmed that the developed solver had the similar analytical ability with that
of the other numerical codes through the analysis of the shock tube problems. In order to verify the analytical ability for the
variety Mach number flow region of the developed solver, 2D bump and nozzle problems and 3D missile and wing problems
were analyzed and compared with results of experiments and other numerical analysis codes. It is confirmed that the analytical
ability of developed solver in the all speed flow region is somewhat improved than the commercial analysis package and is

similar to the density based in-house CFD code.

Keywords Finite volume method - Pressure-based solver - Coupled algorithm - Numerical method - OpenFOAM

1 Introduction

Pressure-based computational fluid dynamics analysis is
applied as a major analysis method in most commercial anal-
ysis packages, and is widely used in research and industries
because it is appropriate for analyzing incompressible flow or
applying various physical models. In pressure-based compu-
tational fluid dynamics, the pressure—velocity coupled algo-
rithm is used to convert a continuity equation to a pressure
equation. The Rhie—-Chow interpolation scheme is one of the
most widely used pressure—velocity coupling methods [1].
The Rhie—Chow interpolation scheme converts a continu-
ity equation to a pressure-based equation using the velocity
and pressure values in the intermediate step, which are cal-
culated in the momentum equation using the pressure value
of the previous step in a pressure-based segregated analysis
algorithm, and determines the velocity and pressure values
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of the final step through an analysis of this pressure-based
equation. This segregated algorithm is widely used because
it can save the computation resources and is highly efficient
for analysis of an incompressible region with little change
in density.

In spite of these advantages, there are limitations in apply-
ing this analysis algorithm to compressible flow with large
variations in density, flow inside a combustor with sudden
changes in pressure, and flow of expanding high-pressure
gas. Various studies are being conducted to improve these
limitations.

Kim and Gill [2] and Kraposhin et al. [3] analyzed a flow
phenomenon with shock waves by applying flux splitting,
which is used in a density-based solver, to the pressure-based
segregated algorithm. Darwish and Moukalled [4] proposed
the pressure-based pressure—velocity coupled algorithm and
confirmed that the convergence of the analysis improves at
various Mach number. Mangani et al. [5] applied the pres-
sure—velocity coupled algorithm in a steady state to the Open-
FOAM, which is an open-source-based computational fluid
dynamics platform. Mangani et al. [6] had improved their
previous research to analyze incompressible transient flows.
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An analysis thatincludes the energy conservation equation
in this pressure—velocity coupled algorithm has the disadvan-
tage that the variation of the continuity equation by enthalpy
must be corrected by performing internal iterative calcula-
tions. To efficiently calculate the variations of the continuity
equation by enthalpy, Emans et al. [7, 8] proposed an algo-
rithm that analyzes flows with large variations in pressure
and enthalpy by coupling pressure and enthalpy. Xiao, Den-
ner and co-researchers [9, 10] had developed a fully-coupled
algorithm which combines pressure—velocity—enthalpy in a
single matrix.

This study developed an algorithm that can robustly ana-
lyze flows with large variations in pressure and enthalpy
such as compressible flow by combining the pressure—en-
thalpy coupled algorithm with the pressure—velocity coupled
algorithm proposed in previous studies. Furthermore, the
flux splitting method for analyzing the discontinuous phe-
nomenon of flows such as shock waves was applied. Then,
a solver was developed by applying the above analysis algo-
rithm to the extended version of OpenFOAM, which is an
open source-based computational fluid dynamics analysis
platform, and applied to various discontinuous flow phe-
nomena cases. This study verified the possibility of analysis
by applying the developed algorithm to various shock wave
phenomena, rather than verifying the convergence of the
developed algorithm.

2 Analysis Method
2.1 Pressure-Velocity Coupled Algorithm

The pressure-based coupled algorithm that combines veloc-
ity and pressure was researched by Darwish and Moukalled
[4]. This method acquires the velocity and pressure values by
simultaneously updating the pressure gradient of the momen-
tum equation and the flux value of the continuity equation.
The following shows a pressure—velocity coupled matrix
equation:

L o)l7)-[0]

where A is a matrix related to convection and diffusion, and
B and BT are arranges about gradient and divergence. Fig-
ure 1 shows a flowchart of the pressure—velocity coupled
algorithm.

ey

2.1.1 Discretization of Momentum Equation
The momentum equation of the finite volume method (FVM)

that is discretized using the Rhie—~Chow interpolation scheme
can be expressed as follows:
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Fig. 1 Original pressure based p—U coupled algorithm

acuc+ Y asjuy+VeVpe = b, )

F=nb(C)

where f is face value and c is cell center value. The above
equation can be simplified as follows:

uc + He(u)+ DeVpe = be. 3)

2.1.2 Discretization of Continuity Equation

The FVM-type discretization equation of the continuity
equation can be expressed as follows:

pc — po

7 “

+ Z pruyg-Sy=0.
f=nb(C)

By applying the Newtonian linearization to the p u ¢ term
in this equation, it can be changed as follows:
pfuf:p?uf+pfu'}—p;’cu'}. ®)
When the above equation is substituted in Eq. (4) and the

newly calculated density value is replaced with a pressure
value, the following equation is obtained:
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Cppc — p2 v
At ¢

+ Z (,O?uf-Sf+pfu’} - S —p?u'}'Sf) =0,
f=nb(C)

(6)

where C, is compressibility. Compressibility rewrite as
1/RT.

The newly calculated u ¢ can be expressed as follows using
the Rhie—Chow interpolation scheme and Eq. (3): Where
overbar is interpolation value.

uf:W—D_f<fo—Vp’}). @)

By substituting Eq. (7) in Eq. (6), the continuity equation
in which velocity is implicitly applied can be expressed as
follows:

C,V
ar et 2 (Corerty-sy)
f=nb(C)

+ Z (p;’puf — p}’«D_prf) - Sy
f=nb(C) 8)
NS

+ 3 (opuyes)) - Y

f=nb(C)

When the pressure term in Eq. (3) and the velocity term in
Eq. (8) are implicitly processed and expressed as one matrix
equation as shown below. The elements of the matrix are
generally composed of coefficients derived by discretizing
the convection, diffusion, and divergence terms.

a al’ M uc a' o’ \Tuy
a? a7 || pc + Z aﬁu a7 || p
c “c fenb ey L O f

=[]
bC

2.2 Pressure—Enthalpy Coupled Algorithm

&)

Unlike the above-mentioned pressure—velocity coupled algo-
rithm, the pressure—enthalpy coupled algorithm is appropri-
ate for flows with large variations in pressure and enthalpy. In
case of typical internal combustion or high-temperature and
high-velocity flows, large variations in internal energy appear
together with variations in velocity. Therefore, a change
of the continuity equation by internal energy needs to be
predicted. Emans et al. [6, 7] introduced a method of implic-
itly coupling pressure and enthalpy, which represent internal
energy. Figure 2 shows an illustration of this coupled algo-
rithm. This uses a general SIMPLE algorithm for obtaining

I l Original Comp. ph Coupled loop l |

Calculate rho field
(Continuity Eqn.)

v

Calculate temporary velocity field
(Momentum Eqn.)

v

Calculate pressure, temperature field
(Continuity Eqn. & Energy Eqn.
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v

I Flux correction by pressure

v

‘ Velocity correction

v

| Turbulence Eqn. |

v

I Density field update |
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<

new

new

)
—

new

Break loop

Fig. 2 Original pressure based p—h coupled algorithm

a intermediate velocity from the momentum equation, after
which the continuity equation and the energy equation are
coupled.

2.2.1 Modification of Continuity Equation

For the continuity equation in the pressure—enthalpy coupled
algorithm, the change of density from preface gas is repre-
sented by a change of pressure and enthalpy as in Eq. (10)
where pis Cpp and kis —p/c,T.

B a
dp = 9 dT + » dp = C,dp + kdh, (10)

oT P 3}7 T
(Cppc +khe — khi.) — pg

At
(11)
£ Y (c,, ppkhy — khf;)u; .Sy =0.
f=nb(C)

Equation (11) is a modification of the continuity equation
to implicitly consider enthalpy, where u"} is an intermediate
velocity calculated by the momentum equation. The conti-
nuity equation is obtained when the value at the calculation
cell face through the Rhie—-Chow interpolation scheme.
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2.2.2 Modification of Energy Equation

The basic equation of the enthalpy-based energy equation is
as follows:
a(ph oipK 0
M L5 ouny+ 2K 1 v puk) — 2P

at ot ot (12)
=—-V.-q+V-(t-u)+pr+aqn,

where K denotes 0.5u%, which is calculated explicitly and
the source or radiation terms is considered as needed. For the
conventional energy equation, the pressure change term over
time is calculated explicitly. However, the pressure—enthalpy
coupled algorithm processes this term implicitly and uses the
pressure calculated in the continuity equation.

When the continuity equation and energy equation are
discretized in accordance with each term, they are expressed
as a 2 x 2 matrix as shown in Eq. (13). The pressure and
enthalpy values are calculated using this matrix equation. The
element terms of the matrix consist of coefficients generally
derived by discretizing convection, diffusion, and divergence
terms.

2.3 Pressure-Velocity—Enthalpy Coupled Algorithm

The above-mentioned two coupled algorithms modify each
equation so that the momentum equation or energy equation
is calculated simultaneously with the continuity equation.
These coupled algorithms have disadvantages because diver-
gence of computation occurs when analyzing flows with large
simultaneous variations of velocity and energy or an internal
iterative calculation loop must be performed to derive accu-
rate results for one time-advancing analysis. To overcome
these disadvantages, this study developed a simultaneous
pressure—velocity—enthalpy coupling method for one time
advancing analysis.

Figure 3 illustrates the coupling method proposed in this
study. The pressure—velocity—enthalpy coupled algorithm
first obtains the velocity value by analyzing the pressure—ve-
locity coupling method and then uses the obtained velocity
in the discretization of the continuity equation of the pres-
sure—enthalpy coupled algorithm in Eq. (12). This method
can robustly perform analysis even when discontinuous flows
are predicted such as shock waves in supersonic external or
internal flows with large variations in velocity, pressure, and
energy. The inner iteration was employed to perform with
large CFL number simulation.

@ Springer
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Fig. 3 Pressure based U-p—h coupled algorithm

Furthermore, this study applied the flux-splitting tech-
nique suggested by Kim and Gill [2] to flux calculation to
more accurately predict discontinuous flow phenomena. This
method was introduced by Kraposhin et al. [3] and was devel-
oped to apply the central flux splitting method at pressure
based algorithm.

3 Results
3.1 One-Dimensional Euler Problem

To verify the analysis ability of the solver to which the
developed pressure—velocity—enthalpy coupled algorithm
has been applied, three one-dimensional Euler problems
were selected. The Sod [11], Lax [12], and Shu [13] prob-
lems, which are used for verification of discretization and
higher-order methods, were applied to the developed solver.
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Fig.4 Sod problem pressure distribution

The OpenFOAM performs dimensional analysis unlike the
dimensionless in-house solver. Therefore, the results were
compared with those of the dimensionless in-house solver
by assuming the reference temperature (288 K) and refer-
ence pressure (101,325 Pa).

3.1.1 Sod Problem

The dimensionless initial conditions of the Sod [11] standard
shock wave tube problem are as follows.

(1,0,1)ifx <0
(0., p) = { (0.125,0,0.1) ifx > 0

The extrapolation condition was given as the output
boundary condition at both ends x = 0.5 m. The dimen-
sionless calculation time is fy = 0.14 (8.23 x 10* s for
dimensional calculation time), and the number of used grids
is N = 100.

Figure 4 shows the analysis results by the developed
solver and the in-house solver at the dimensionless calcu-
lation time ¢y = 0.14 together with the exact solution. The
second-order accuracy analysis result of the developed solver
(present) shows higher agreement with the exact solution in
the expansion zone and contact face than the Roe 1st (1st
order accuracy of Roe FDS and MUSCL), and is similar to
the Roe 3rd (Roe FDS, MUSCL 3rd order accuracy).

3.1.2 Lax Problem

The Lax [12] problem is similar to the Sod [11] standard
shock wave tube problem, but there is a difference of 6 times
between the pressure conditions at both ends, and the dimen-
sionless initial condition is as follows:

(0.445,0.698, 3.528) ifx <0

(p,u, p) = { (0.5,0,0.571)ifx > 0

Fig.5 Lax problem pressure distribution

The extrapolation condition was given as the output
boundary condition at both ends x = 0.5 m. The dimen-
sionless calculation time is ty = 0.13 (7.64 x 107* s for
dimensional calculation time), and the number of used grids
is N = 100.

As with the result of the Sod problem, in the Lax problem
applying the developed solver, the developed solver shows
better gradient capture ability than the Roe 1st and the result
is similar to results of the Roe 3rd, which is the third order
accuracy as shown in Fig. 5.

3.1.3 Shu Problem

This is an interaction problem with the density field where the
shock waves are distributed as the sine waves [13], and the
flow field is created in continuous and discontinuous sections.
The given dimensionless condition is as follows:

(3.857,2.629,10.33)if -5 <x < —4
(p.u, p) = { (1+0.2sin5x,0, if —4 <x <5

The extrapolation condition was given as the output
boundary condition at both ends x = 0.5 m. The dimen-
sionless calculation time is 7y = 1.8 (5.29 x 1073 s for
dimensional calculation time), and the number of used grids
is N = 400. Since no exact solution to this problem is known,
the calculation result using Roe FDS with 1600 grid points
was regarded as the exact solution.

Figure 6 shows a graph representing the result of the Shu
problem that applies the solver developed at the dimension-
less calculation time of #y = 1.8, the result of the in-house
solver, and the exact solution. It seems that each solver
derives a similar result as the exact solution. However, all
the solvers cannot accurately capture the exact solution in
the sharp gradient that occurs at the beginning of the sine
wave region, but after the shock wave has passed and the
sine wave is restored, all the solvers follow the exact solu-
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Fig.6 Shu problem pressure distribution
Present

tion well. It can be seen that the developed solver matches
better with the exact solution than Roe 1st.

3.2 Inviscid Flow of Two-Dimensional Circular Bump

The bump flow is generally used to examine the accuracy
and convergence of a preconditioning matrix. The devel-
oped solver is a pressure-based solver and has been modified
to be suitable for low-speed and high-speed flows. There-
fore, the inviscid flow of a two-dimensional circular bump
was analyzed to verify the ability of the solver in various
Mach number regions. The tests were performed for the flow
velocities of subsonic, transonic, and supersonic regions with
Mach numbers of 0.01, 0.1, 0.675, and 2.0. In the subsonic
and transonic regions, the zero gradient condition (Neumann
condition) was applied for the outlet velocity and tempera-
ture boundary conditions, and the fixed boundary condition
(Dirichlet condition) applied for pressure. In the supersonic
region, the zero gradient condition was applied for all the
outlet velocity and temperature, and pressure.

The results of the developed solver were compared with
the previous analysis results of the preconditioned compress-
ible solver [15] using the preconditioning matrix of Choi and
Merkle [14] and the compressible solver using a low Mach
number modification method with no preconditioning matrix
[16, 17]. The methods used in the analysis are outlined in
Table 1. The meshes using at both solvers were shown in
Fig. 7.

3.2.1 Mach number 0.01

As shown in the results of Mach number 0.01 in Fig. 8, the
Mach number distribution around the bump shows a sym-
metrical characteristic for preconditioned in-house solver
(Precon. Roe) and present solver (present), but is biased to
the right side for LM Roe. However, for the developed solver,
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Fig. 7 Meshes of both solver for circular bump

Precon. Roe Mach: 0.007 0.008 0.009 0.010 0.011 0.012
LM Roe

w
Present

—_—

- -

Fig. 8 Mach distribution at Mach 0.01 case

the flow is distorted in the downstream. The energy equation
in the present solver was not performed in this case.

To examine the bottom wall pressure distribution in Fig. 9,
for all solvers, the pressure increases in front of the bump,
drops to the maximum at the peak of the bump, and then
restores toward the downstream. However, for Present, the
spatial discretization updates the pressure with the central
difference, and the characteristics of a checkerboard appear
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Fig. 9 Bottom wall pressure distribution at Mach 0.01 case

in the sections near bottom wall boundary condition. This
seems to be a numerical vibration generated when the lim-
iter, which is applied to the flux-splitting method used in the
developed solver, is applied to a low-velocity flow. Some
limiters have a tendency to oscillation at low speed flow.
Therefore, a care should be taken when selecting a limiter of
the flux-splitting method to analyze a very low velocity flow
with little pressure gradient. The pressure difference at the
corners of bump seems to be caused by difference in mesh
density at the bump corners.

3.2.2 Mach Number 0.1

As shown in the results of Mach number 0.1 in Fig. 10, the
Mach number distribution around the bump shows symmet-
rical characteristics for Precon. Roe and present solvers, but
is biased to the right side for LM Roe, as with Mach number
0.01. Furthermore, as shown in Fig. 11, the bottom wall pres-
sure distributions are similar for all the solvers. In this case,
even if the central difference method is used for present, the
characteristics of a checkerboard do not appear.

3.2.3 Mach Number 0.675

In the transonic region, as shown in Fig. 12, all solvers cap-
ture the shock wave well after the bump peak. The overall
flow shapes are similar for Precon. Roe and LM Roe, but
somewhat different for present. This is because the developed
solver is a pressure-based solver, whereas the Precon. Roe
and LM Roe solvers are density-based compressible solvers,
and there is a difference in the flux method between them.
Figure 13 shows that in spite of the differences in the solvers,
the bottom wall pressure distributions are very similar.

Mach: 0.070 0.081 0.092 0.103 0.114 0.125

Precon. Roe

Present

d—

Fig. 10 Mach distribution at Mach 0.1 case
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L
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L L L L L 1 n L L 1
100000 5 -

Fig. 11 Bottom wall pressure distribution at Mach 0.1 case

3.2.4 Mach Number 2.0

In the supersonic region, the Precon. Roe and LM Roe,
which are density-based compressible solver, capture the
oblique shock waves in front of the bump very sharply as
shown in Fig. 14. However, the pressure-based present solver
captures them somewhat thickly. Furthermore, in the bump
wake flow, the density-based and pressure-based solvers cap-
ture the recompression waves well. For the density-based
solver, in the top and bottom boundary conditions, the veloc-
ity was extrapolated for the inviscid wall condition, and for
the pressure, density, and temperature. However, although
the unattached wall condition provided by the OpenFOAM
was applied to developed solver, reflection waves were gen-
erated from the bottom in the bump downstream as shown

@ Springer
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Fig. 12 Mach distribution at Mach 0.675 case
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Fig. 13 Bottom wall pressure distribution at Mach 0.675 case

in Fig. 14. This reflection wave was occurred by the strong
shock wave than that of density-based solvers. In Fig. 15, the
pressure after the oblique shock wave in the present solver
is overestimated by approximately 5% compared with the
density-based solver. This caused a phenomena of the above-
mentioned.

3.3 Inviscid Flow of Two-Dimensional JPL Nozzle

The flow of the NASA JPL transonic nozzle was analyzed to
verify the flow of the developed solver. The nozzle used for
this verification is a contraction—expansion nozzle with a con-
traction angle of 45° and an expansion angle of 15°. It is used
to verify the axisymmetric flow and the transonic flow near
the nozzle neck [18]. For inlet conditions, the experimen-
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Fig. 14 Mach distribution at Mach 2.0 case
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Fig. 15 Bottom wall pressure distribution at Mach 2.0 case

tal conditions of Cuffel et al. [18], that is, the pre-pressure
of 4.826 x 105 Pa (= 70 psia) and the pre-temperature of
300 K (= 540°R) were applied. Figure 16 shows the Mach
number and pressure. It correctly shows the characteristics
of nozzle flow that the pressure decreases as the flow is grad-
ually accelerated through the contraction part and the flow is
further accelerated through the expansion part.

The inviscid flow analysis results show that the Mach num-
bers at the nozzle neck wall and centerline near the transonic
region are 1.248 and 0.806, respectively. These values are
similar to the Mach number of the nozzle neck wall obtained
by the isentropic calculation of Cuffel et al. [18] and the
Mach number of the centerline obtained by measurement,
which are 1.4 and 0.8, respectively.
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Fig. 17 Wall and centerline pressure distribution

Figure 17 compares the distributions of the pressure ratio
(static/total pressure) at the nozzle centerline and wall among
measured data obtained by Cuffel et al. [18], previous anal-
ysis results [15], and the developed solver. It seems that
the experimental results, previous analysis results, and the
present results agree well.

3.4 Viscous Flow of Three-Dimensional Missile

To verify the viscous flow analysis ability of the developed
solver, the aerodynamic coefficient of a short-range air-to-air
missile was analyzed. Menter’s 2-equation k—w SST RANS
turbulence model was used for viscous flow analysis. Graves
and Fournier experimented for the aerodynamic character-
istics of a short-range air-to-air missile for various Mach
numbers [19]. Their report shows the aerodynamic coeffi-
cient values according to the shape, dimension, and maneuver
of air-to-air missiles.

Figure 18 shows a visualization of the pressure distribution
on the surface of the missile and the flow field around the

Fig. 19 Axial force coefficient at AOA sweep, Mach 1.2

missile as interpreted at an angle of attack of 25° and a Mach
number of 1.2.

The aerodynamic coefficients obtained by analyzing the
flight conditions of the missile for various angles of attack
at a Mach number of 1.2, a roll angle of 0° (¢: roll angle)
and a canard deflection angle of (§: canard deflection angle)
were compared with the calculations and experiment results
of previous researchers. The comparison results of the axial
direction, normal direction, and pitching moment coefficient
are shown in Figs. 19,20,21, respectively.

The axial force coefficient in Fig. 19 shows much higher
performance at angles of attack between — 5° and 15° than
the missile design tools AP09 [20] and DATCOM. However,
in terms of the overall tendency, the present solver overesti-
mates the values at higher angles of attack, but the values are
similar to the level of the missile design tools.

The normal force coefficient in Fig. 20 matches well with
the missile design tools and experiment values in the entire
range of angle of attack. Furthermore, the pitching moment
coefficient in Fig. 21 shows much higher performance than
those of the missile design tools AP09 and DATCOM at
the angles of attack between — 5° and 15° similarly to the
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Fig. 21 Pitching moment at AOA sweep, Mach 1.2

axial force coefficient results in Fig. 18. However, the present
developed solver underestimates the values compared with
APOQ9 and experiment at the angle of attack above 20°.

3.5 OneraMé Three-Dimensional Wing

To verify the developed solver, the Onera M6 wing case was
employed. The flow conditions and base mesh were obtained
from NASA NPARC website [21]. The coarse mesh was
generated by converting the PLOT3D format mesh to Open-
FOAM mesh. Figure 22 is coarse mesh obtained from NASA
NPARC. The fine mesh was obtained by splitting cells of the
coarse mesh by 2 times along each i.j.k directions of PLOT3D
format. The fine mesh cells number is 2.4 million. The char-
acteristic boundary condition was adopted to far boundary

@ Springer

Fig. 22 NASA presented mesh of Onera M6 wing

and Spalart—Allmaras turbulence model was employed. The
freestream Mach number is 0.84 and freestream Reynolds
number is 11.76 x 10%. The angle of attack is 3.06° and
freestream temperature is 460 R. The local time stepping
time integration scheme was used for steady state analysis.
The CFL number and inner iterative number were set up 5
and 2 respectively while the iteration number is 5000 for
coarse mesh and 10,000 for fine mesh.

Figure 23 shown the iterative residuals of both meshes.
Based on Fig. 23, it can be observed that the simulation head-
ing into a converged solution where the increasing frequency
at early iteration steps of each variable residual continually
trending towards steady state as the iterations progressed at
both meshes. Figure 24 shown the pressure coefficient results
around OneraM6 wing of both analysis meshes. As shown
as in these figure, the A shock on upper wing surface appears
at both meshes but more clearly at density mesh. Especially
the following shock of density mesh is captured better than
coarse mesh.

Figure 25 shown the pressure coefficients on wing surface
at specified position according to spanwise. Each positions
on spanwise were selected form the experiment. It indicated
that the calculated results from both meshes were seem as
like with other numerical and experiment data. However, the
pressure coefficients on leading edge were underestimated at
coarse mesh than other plotted results. As like Fig. 24, the
second shock of A shock on upper wing surface were weakly
estimated at coarse mesh. This phenomena was occurred
when the calculated node points were not sufficient to esti-
mate the discontinuous phenomenon as like shock. Whereas,
the calculated result with fine mesh were similar compared
with the experiment data. Therefore, it indicated that the
developed solver with suggested algorithm has the ability
to analyze the transonic region problem including the shock
phenomenon if proper mesh provided. In addition, it shown
that the problems with discontinuous flow could be calcu-
lated with high CFL number by the suggested algorithm.
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Fig. 23 Iterative residuals of coarse mesh (upper figure) and fine mesh
(lower figure)

4 Conclusions

To evaluate the analysis ability of the developed solver, the
one-dimensional Euler problem, the two-dimensional invis-
cid bump flow, the two-dimensional inviscid JPL nozzle flow,
and the three-dimensional missile aerodynamics were ana-
lyzed.

The analysis results of the two-dimensional inviscid bump
flow show that the checkerboard characteristics appear at
very low velocities, but similar results to those of the com-
pressible solver that applied preconditioning were obtained at
higher velocities. Furthermore, the results in the overall flow
field were better than the low Mach number modification

1.200e+00
LILI|I

-1.000e+00
PUL L L

Fig. 24 Pressure coefficient around wing with coarse mesh (upper fig-
ure) and fine mesh (lower figure)

method. Therefore, the developed solver could be applied in
a wide velocity range although there are some limitations in
the low velocity range. In particular, the developed solver
demonstrated an ability to simulate a contraction—expansion
flow around the nozzle neck such as the two-dimensional JPL
nozzle problem in the transonic range.

For viscous flow, when the developed solver was applied to
the aerodynamic analysis of a three-dimensional missile, the
results matched with the experiment values better than those
of missile design programs. For wing case, the developed was
able to analyze at the transonic flow with high CFL numbers.

The solver was developed on the basis of OpenFOAM,
which is an open-source CFD code, so as to use it as a basic
aerodynamic solver for analysis of rocket engine combustion
flow field. It will be applied to the analysis of rocket engine
turbulence combustion flow field in combination with the
flamelet model that is under development. In additional, it
will be performed to a quantitative error analysis at vari-
ous cases to confirm the performance estimation abilities of
solver.
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