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ABSTRACT:
the three-dimensional natural gas-air mixing in a rectangular
The lOWer

and upper decomposition method was employed to obtain the

This study presents the numerical results for
subsonic channel under the standard datum state.

solutions of the full Navier-Stokes equations capable of deseri-
bing compressible {luid mixing. Grid was generated by the ar-
ea orthogonal technique. The results indicate that three-di-
mensional mixing between Natural Gas (NG) and air has more
complicated compressible waves around the injection nozzle.
The presence of injection with large speed can suppress the
boundary separation happened occurring at the top wall due to
the channel expansion, but makes the near-wake flow more
complicated. The mixing region can be widened by increasing
the injection speed. The recurrence of the vortex structure and
the coherent structure can be found {rom the full Navier-
Stokes simulation, It can be concluded that the increase in the
injection velocity can improve the effectiveness of mixing of

NG and air in the near wake of the injectors.
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1. INTRODUCTION

In the recent decades. to meet the require-
ment of environmental protection, NG has been
used extensively as engine fuel in gas pipeline
transmission and, more recently, as a fuel for
transportation including both light- and heavy-duty
vehicles '*. It was found that the Compressed
Natural Gas (CNG) has a number of advantages o-

ver gasoline especially for low pollutant emission
vehicles'* .

The objective of the numerical experiments is
to comparatively study the effect of NG injection
on the mixing patterns in the near wake of the NG
nozzle. as shown in Fig. 1. The flow is considered
to be fully compressible, so that its flow field can
be evaluated by solving the full Navier-Stokes e-
quations that are compatible to most actual flows.
To present the results in an apparent manner, and
for the convenience of comparison, a two dimen-
sional benchmark flow case is studied to precede
the numerical experiment for the three-dimension-
al NG-air mixing.

There are a number of numerical methods a-
vailable for the solution of the Navier-Stokes equa-
tions. For instance, Patankar™ has presented the
series of SIMPLE method for heat and fluid flow,
Brown et al.'™ have presented the accurate projec-
tion methods for the Navier-Stokes equations,
which has been used to study the laminar natural
convections in a tall cavity'’, Le Quere and
Roquefort™ have presented a Chebyshev polyno-
mial method which has now been used effectively
for the analysis of bifurcation of double-diffusive
convection with opposing horizontal thermal so-

lutal gradient™ . For circular cylinder wake flows
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in the sub-critical regime when the Reynolds num-
ber Re ranges from 107 to 10'. three-dimensional
numerical simulation with the CFX-4 simulator was

r1o1

carried out by Wang. Liu and Miao
found that at high Reynolds number the effect of
three-dimensionality is significant, and three-di-

It was

mensional simulation outputs smaller hydrodynamic
force coefficients. However. in the present study
of NG-air the method proposed by
Shuen' ! is appreciated the more and employed to-

mixing.,

gether with the grid generation technique-Area Or-
thogonal (AO) developed by Knupp''. The meth-
od of Shuen is grounded on the upwind differen-
cing Lower and Upper (LU) factorization., which
was found to be also available in capturing the so-
lutions for supersonic reactive flows'”*’. It should
be noted the LU implicit scheme was first used by
Yoon and Jameson for high speed inlet analysis''"'
[151 . EVi-

dently, the NG mixing has been involved with tur-

and for the solution of Euler equations

bulence. Instead of large eddy simulation of turbu-
lent flow, we select Direct Navier-Stokes (DNS)
simulation for the sake of computational cost. The
advantage of DNS is its more convenience to cap-
ture the instantaneous motion of vortices near the
wake of the NG nozzle.

N
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1—Vacuum manometer. 2— Vacuum pump, 3— Vacu-
um valve. 4—Throttle valve, 5—Natural gas nozzle.
6—Channel of air inflow.7—Mercury manometer,8—
10—The first

window of visualizatjon,11— The second window of vi-

Vacuum tank., 9—The second throat,

sualization, 12--The first throat, 13—Natural gas

manifold. 14—Natural gas storage tank

1(a) Chart view

The following part of the paper contains the
section about governing equations. which is fol-
lowed by the section about numerical method.
Then the results and discussion are presented that
are prior to the final conclusions.
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Test section

1(h)
Fig.1 Test rig of NG-air mixing
2. GOVERNING EQUATIONS

The numerical experiments should be able to
cxplore the mixing characteristics between NG and
air. But the irregular boundaries of the physical
geometry as well as the requirement of multi-spe-
cies field evaluation have made it difficult for the
treatment of the mixing simulation.

To describe the mixing process more accurate-
ly, the full N-S equations can be employed to de-
scribe the NG-air mixing process in the three- di-
mensional subsonic rectangular channel. Using the
Cartesian coordinate system. the N-S equations for
the multi- species system can be written as
JU | aF

3G | 3H _ IF,

at Jdx dy dz Jdx +
9G, | IH,
9y + Iz (1

7 is used for viscous terms.

where the subscript * v
With the superscript “T” denoting the transpose of
any matrix, the variable vector and the flux can be

written as

U=[p o o puspvsgw g T" (2a)
F = [mY'smY? o smY™ s p+ m* /s
mn/psmk /o m(oE + p)/p]" (2
G = [aY' . nY? oo nY” com/p. p+n'/p,
nk/p.n(pE + p)/p]" (2¢)
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H = [kY) 1kYi "t qu"\ qk’n/quﬂ/pq
pt B ok CpE + p) /o] 2d)

which is accompanied by the viscous flux terms giv-

en by
aYy'! aY? Y™
Fo=[pD 5 eD Goommeel 5
Tir oTar 2 Tiz +UT e + v, +
W s —f‘q,]r (3a)
_— ay" ay’ ay"
G. = [pD R D 7y oD 3y
Ty aTos o T 2 lUT, T VT T
wr. +q.]" (3b)
aY! Y- ay™
H. = LoD d= oD Jdz <t pD dz °
Tar #Tes A Toe 1 UTo T vTo T
wr.. +q.]" (3e)

where we have defined thatp = Ep' s m=pu.n=
pu. k= pw . withY' = p'/pbeing the mass fraction

of i -th species. e =— P£ + ZY‘h, is the total ener-

=1
gy per unit mass, and the total energy plus the ki-
nematic energy of motion per unit volume can be

given by

m 4+ nt + kP

4
2p 4)

pE = pe F
The enthalpy per unit mass for the i -th species is

h, :J-:’L‘,”dT+h0, (5
where the superscript “ 0” denotes the standard
datum state whose temperature and pressure are re-
spectively 298. 1K and latm. Assume the NG-air
mixture can be viewed as ideal gas, and the univer-
sal gas constant, the i -th species molecular weight
can be denoted by R,, w, respectively, then from
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the ideal gas law. we have

_RTD0
p - Zuvl

while the heat flux term in the x direction can be

written as

(6)

~ w aYl
qr:%%%‘-F;pDh,j; <)
Note that similar expressions can be given for the
heat flux in the y and z directions. If the Lewis
number for the gas mixture is unity. using Pr as the
Prandtl number. we have the mass diffusion coeffi-
cient oD = p/Pr . The dynamic viscosity can be e-
valuated by using the Sutherland expression. with
the viscous stress written as

u _

. = %?F(z gf‘“’%%f“%f) (8b)
r::=-§p(2%%——%§-—%§) (80)
rm::uzy@§ 2 (8d)
e =y = #(;—Z %") (8e)
Ty = To = p(g—z %U) (8hH

The governing equations can be normalized by
using the scales for length. velocity. temperature
and dynamic viscosity defined by the characteristic
length L, . the sound speed a, , temperature T »
and the dynamic fluid viscosity of the inflow air. If
the normalized labels for each variable can be re-
moved, the governing equations remains its origi-
nal form.

To improve the resolution of the solutions in
the regions with larger gradients of variables and
to deal with the complex geometry, special coordi-
nate transformations¢t = r, x = (&, . . y =
y(& 70 Dy =z = z(& 5, { have been employed in
the numerical experiments. In the transformed


http://www.cqvip.com

curvilinear coordinate system. the dimensionless

governing equations can be written as

A N A A
U |, aF L 2G  9H _ 1

(7‘[ TE ()77 ()C B R(}
)F. G, | oH
IF, | 9G. | 9H, 9)
( ¢ (777 (7§ ) ¢

where J =1 9(§.9,0)/I¢x, y. =) | is the determi-
nant of the Jacobian matrix for the coordinate

A
transformation.and U = J7'U .

F=J'F &G +eH),

A
F.=J"&F.+eG.+eH) {10a)
A

G = ]_l(r],,F +7.G +4.H>.

A

G.=J]"'"(qF.+96.+9.HD (10h)
A

H=]J"(¢F+tG+¢.H),

A

H. =] '"(F.+ .G, +HY (100)

[t should be noted that the thermodynamic proper-
ties of the mixture can be found from the JANAF
table'®’, according to which. the specific heat and
the enthalpy for each species can be evaluated by
using the following expressions:

K, i .
ﬁ: Z,:]a”_j_\/J_*_gl?,s (11)

For which the JANAF table has shown the correla-
tion coefficients used above for specific heat at
constant pressure and the enthalpy per unit mass of
the mixture.

3. NUMERICAL METHOD

It was reported that LU decomposition meth-
od is very effective for the solution of the muiti-
species non-equilibrium reactive flows™! 37, Thus it
shall be employed in the present numerical experi-
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ments for the NG-air mixing process.

Generally. the spatial intervals A&, Ap. AL are
all set as unity. For the Right-Hand Side (RHS)
terms, the convection and diffusion parts were
treated explicitly. The explicit convective terms
were differenced by the second order Total Varia-
ble Diminishing (TVD) scheme!'”’ . with the diffu-
sion terms differenced by the second order central
scheme. However. the first order upwind scheme
was used in the treatment of the implicit convective
terms. The numerical experiments are character-
ized by the LU (lower and upper matrix) decom-
position for the solution of the variable increment
between two temporal steps. In this section. the
solution method was briefly described. Details can
be found in Ref.[11].

For convenience, we define the three Jacobian
matrices associated with the convections in the
three directions in the N-S equations as A . B, and
C ., thus

A A A
A= g3 28 (12>
U U U

Their spectral radii are represented by 2.+ s Ae
respectively. Suppose ¥4, ¥s. ¥c can take their val-
ues with respect to the constraint: y4 == Aas ¥ =
Ap+ Yo = A¢ » and [ is the unit matrix, let D, , D,
D; represent the backward finite differences in the
direction given by their subscripts, with D; . D;,
D, denoting forward differences in the relevant di-
rection, by splittingA , B.CasA=A"4+A ,B=
B™+ B ,C=C"+C . For time step Ar » we have

[I+ 4Ac(D;A™+ DA+ D,B*+ D; B+

A
D;C*+ D;C)]AU = Ac « RHS

(13)
A A A
where, AU = U™ —U" , and
oF 3G oM
J 1
RHS ={-2£ _¢C_ 917 .
=5 2y 9t Re
oF,  2G,  oH
Y . | 0H,
( + + )y (14)

€ 2y ot

Using the LU method to the left hand side of Eq.
(13), we have
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INT' —[N—Ar « (AL, Bl e+

A
C..,.1)]AU = Ar -« RHS,

L= [N"—AT * (A.:].J.k + Bij*].k +C:)Jz+1 )]
(15)

where, N = diag{1 + Ar(ys+ 75 + 7)1} « is diago-
nal. and

1

A= = %(Aix,l). B = By,
C= = %(Cin” (16>

Equation (15) can be solved iteratively by with the
following procedure:

A
(1) Evaluate (AU) " by solving

A
LAUY" = Ar » N » RHS

(17a)
/\ .
(2) Evaluate (AU) by solving
[fV+AT ° (Ar:l.J.k + B:ﬁl.k +
A A
C.,.e)]AaU = AU” A7)

Note that the grid was generated by virtue of the
Area Orthogonal (AO) technique'?.

The initial and boundary conditions are given
as follows:

For initial flow field, it is assumed as uni-
form, or read from an intermediate data file set as
specified value corresponding to an engine cylin-
der. the downstream
pressure was used to interpolate the variable values
at the exhaust section, the variables at inlet section
were interpolated with respect to the isentropic
flow theory, for grid on the injectors, the interpo-

lation was also used to define the velocity and den-

For boundary conditions.

sity, on walls, non-slip condition was given, while
on the symmetrical plane, slip condition was cho-
sen. The details can be found in Ref.[18].

4. RESULTS AND DISCUSSION
Numerical experiments were conducted for
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two situations: The first was to explore the mixing
patterns between the NG and air in a duct simpli-
fied by the two dimensional analysis. a semi-circu-
lar cylinder was used to approximate the NG injec-
tion nozzle in order to decrease the computational
amount. The second was used for the simulation of
the NG-air mixing patterns in the thrce-dimension-
al channel where its cross sectional area is variable
along the stream-wise direction. The first situation
can be seen as a benchmark problem for which the
NG injection velocity has been studied.

Although the LU approximation has improved
the computational efficiency obviously, the numer-
ical experiments accomplished on a Pentium IV
personal computer for three-dimensional simula-
tion still require the running time of about one
week. The objective of the numerical experiment
using the full N-S model described in Section 2 is to
further explore the intrinsic physical and fluid me-
chanical mechanism of the NG-mixing for the opti-
mal design of the mixer of NG fueled engines.

Table 1 Parameters used in the numerical experiments

Case 1(2D) Case I1(3D)

Grid: 301 X 101 Grid: 171 X 31 X 65

T =268, 15K T =298. 15K
p =latm p = latm
U =50m/s Ve =50m/s

U, =0, 50, 100m/s v, =0.100m/s

4.1 Parameters used in the numerical ex periments
As mentioned in Section 3, the grid generation
for the mixing problem is given with the AO tech-
nique'’?’. The parameters for the numerical experi-
ments are given in Table 1. It is seen that for the
two cases the pressure and temperature are the
same as what defined for the standard datum state,
i. e. latm pressure with the absolute temperature
set as 298. 15K. The approaching flow velocity is
set as 50m/s. The grid number is 301 X 101, with
301 denoting the grid number in the stream-wise
direction. On the other hand. the grid number is
chosen as 171 X 31 X 65, with 31 and 65 denoting

the girds in the y and z direction respectively. The
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grids used have been shown in Figs. 2(a) and 2(b)
schematically.

Two-dimensional mixing

2(a)

2(b)
Fig.2 The computational grids

Three-dimensional mixing

4.2 Solutions with 2D approximation

For the case without injection. Figs. 3(a) and
3(b) has presented the streamlines for two in-
stants: z =517.50, and 539.04. It is seen that the
vortex separated from the semi-cylinder has deve-
loped a re-circulation zone. in which flow pressure
is lower. The zonal structure is clearly time-de-
pendent.

However. when the NG injected at a velocity
of 100m/s. the flow field near the wake of the
nozzle has been significantly changed. Fig.4 shows
the schematic of the injection position considered
in the numerical experiment with NG injection.
Fig.5 shows the contours of the mass fraction of
natural gas for 3 instants. Owning to the interfer-
ence between the NG jets and the air vortices shed
from the surface of the NG injectors, the flow pat-
terns have been changed greatly. Recurrence phe-
nomena of the wake flow emerge, and the jets
have forced the vortices to move along the down-
stream direction. During the downstream propaga-
tion of vortices. there are the breaking-up and rec-
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reation of vortices. which promotes the NG-air
mixing.

Correspondingly, the contours of pressure
field for the 6 instants are exhibited in Fig. 6. It is
seen that the presence of a vortex causes the larger
pressure gradient in the wake flow field.

40
{=517.50, 1=25000

| REER

>>>

30

20

10

055 0

~

w

w
=]
~
“w

3(a) Without NG injection

40

£=539.04 , n =26000
20F

10

0

125 9 25 50 75
3(b) With NG injection
Fig.3 The streamlines in the near wake of the injection

nozzle for two-dimensional mixing

Nevertheless, the detailed flow field is closely
related with the injection velocity, which means
that the mixing pattern between the natural gas
and air may appear to dramatically change as soon
as the injection velocity is varied. This is con-
firmed by the comparison of the mixing pattern
shown in Fig. 5 and Fig. 7. In Fig. 7. since the
NG injection velocity is 50m/s, the penetration of
NG jet in the wake flow becomes shorter than what
can be seen in case of 100m/s for the same ap-
proaching flow velocity ( =50m/s). Thus the force
of displacing the separated vortices decreases, and
the NG-air mixing region becomes narrow as com-
pared to the mixing belt seen in Fig. 5. The rele-
vant pressure field for the injection at velocity
50m/s is illustrated in Fig. 8. The comparison of
the results obtained with different injection veloci-
ties has indicated that the interference between the
injection and the wake flow is a key feature in de-
termining the effectiveness of the NG-air mixing.
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Fig.4 Schematic of injector at an angle of 45°respected 10

the horizontal one

(a) £=276.19

(b) £ =284 46

(c)t =29213

Fig.5 Mixing patterns shown by density conturs of NG at

AT EAE!

(c) t=292.13

Fig. 6 Pressure contours atV,,, =100m/s

4.3 Solutions for three-dimensional mixing
Using the parameters given in the second col-
umn of Table 1, the flow field associated with the
natural gas-air mixer has been numerically simula-
ted. Fig.9(a) shows the pressure contours in the
three- constant = (see left part) and three-constant
y planes (see right part). It is seen that as the re-
sult of channel section area variation, for the case
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(a) ¢ =796.76

(c) +=81331

Fig. 7 Mixing patterns shown by density conturs of NG at
V. =50m/s

(a) t =796.76

| Venh [

(b) £=80497
\7

Loki@ue N

(c) ¢ =813.31

Fig.8 Pressure contours atV, =50m/s

of zero injection, in each of the plane illustrated in
Fig.9(a), the distribution of pressure seems to be
apparently distinct. For instance, on the upwind
surface of the injection nozzle, and on the top wall
near the channel convergence portion. there exist
dense compressible waves. In particular, larger
pressure gradient region has formed by the com-
pressible waves occurred near the stagnation point
of the injection nozzle. Compared with the two-di-
mensional results discussed in the preceding subsec-
tion, the pressure waves appearing in the three-di-
mensional subsonic channel are more complicated.
Figure 10(a) presents the contours of the den-
sity field of the NG-air mixed flow in the channel.
It is seen that. in the ncar wake of the injection
nozzle and in the channel expansion section, there
appear different vortex structures. These vortices
are three-dimensional. and hence it is really dift-
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pressure

(a) Yithout injection

z

(b) ¥With injection

Fig.9 The pressure contours for three-dimensional flow-fielt atV,, =100m/s

icult to present quantitative description. It appears
that in the channel expansion section, the vortices
are resulted from the boundary separation, which,
may be caused to the presence of the adverse pres-
sure gradient due to channel expansion. Similar to
what has been explored in the two-dimensional sit-
uations. on the backwind surface of the injection
nozzle, vortex shedding happens. the separated
vortices propagate downward during their mutually
interaction and evaluation, and coherent structures
and recurrence phenomena can be observed.

On the other hand, the presence of the NG in-
jection certainly changes the NG-air mixing and
the flow field significantly, as shown in Fig.9(b).
At first, it can be seen that the injection has weak-
ened the compressible waves appearing on the top
wall, and it also suppresses the boundary layer sep-
aration which may affect the NG-air mixing nega-

tively. Secondly, due to interaction between the
vortex shedding process and the NG jets from the
three column multi-hole nozzle (the total number
of holes is 18, with 6 holes per column). the near-
wake flow has become more complicated. and so
are the compressible waves around the nozzle.
These effects from the NG injection can also be
seen from the density contours shown in Figs. 10
(b).

Figure 11 depicts the distribution of the equiv-
alence ratio of the NG-air mixed flow for the in-
stant ¢ = 767.86 at the exhaust section. Apart from
in the right bottom corner region, the NG has dis-
persed in the remained portion of the channel sec-
tion. However, the emergence of the sufficiently
mixed region is closely related with the vortex mo-
tion in the NG-air mixed flow.
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density
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density

(a) Without injection

(b) With injection

density

Fig. 10 The density contours for three-dimensional flow-field at V,,, =100m/s

5. CONCLUSIONS

This paper has presented the numerical experi-
ments with the full N-S model for the three-dimen-
sional NG-air mixing in subsonic channel under the
standard datum state. It indicates that the model is
capable of providing physically true mixing pat-
terns not only in the case of the benchmark prob-
lem for which two-dimensional approximation was
employed. but also in the case of real three-dimen-
sional NG-air mixed flow in the subsonic channel
under the conditions close to the case visualized by
Schlieren method.

The numerical method in these experiments
has combined the LU decomposition with the AO
grid generation. The results based on this method
have indicated that three-dimensional mixing be-
tween NG and air has more complicated compressi-
ble waves around the injection nozzle. The pres-

equivalence rutio

40
35 08
0.7

30
0.6
25 05
E 20 04
~ 03
15 02
0 01
1 Vo

s

0

0 10 20 30 40
X /mm

Fig. 11

Contours of NG-air equivalence ratio in the ex-
haust at r = 767. 86

ence of injection with large speed can suppress the
boundary layer separation happening at the top
wall due to the channel expansion. but makes the
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near wake flow more complicated. The mixing re-
gion can be widened by increasing the injection ve-
locity.

The recurrence of the vortex structure and the
coherent structure can be found from the full N-S
simulation. It can be concluded that increasing the
injection velocity can improve the effectiveness of
mixing of NG and air in the near wake of the injec-
tors.
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