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Abstract

This paper discusses two methods of developing models for the rapid pressure-strain correlation
term in the Reynolds stress transport equation using direct numerical simulation (DNS) data. One
is a perturbation about isotropic turbulence, the other is a perturbation about two-component
turbulence — an extremely anisotropic turbulence. A model based on the latter method is proposed
and is found to be very promising when compared with DNS data and other models.

1. Introduction

Transport equation models for second moments such as the Reynolds stresses are gradually
being accepted as advanced tools for studying complex turbulent flows. This is due to the fact
that important turbulent physics can be represented by the terms in the second moment equations,
e.g., the pressure-strain correlation tensor, the dissipation rate tensor, etc. The correct modeling
of these terms will enable us to capture important turbulent physics and to improve the prediction
of complex turbulent flows.

Over the past several years, considerable attention!=7 has been directed towards the develop-
ment of models for the pressure-strain correlation term which is considered to be one of the most
important terms in the second moment equations. Many attractive models have been developed
by using a variety of theories and principles, such as invariant theory, rapid distortion theory and
realizability, etc. The present paper will concentrate on the rapid part of the pressure-strain corre-
lation term. We will first describe some of these models and related theories. Then we will explore
whether or not the intended behavior of the models is possible by examining the results of direct
numerical simulations (DNS) of homogeneous turbulence®. By analysing these models using DNS
data, we are able to identify the deficiencies of the models and the sources of the deficiencies. We
are also able to identify the applicable range of flows for each model and provide the direction for
improving the model’s performance. For example, in the Launder, Reece and Rodi model, we
are able to suggest a function form for their model coefficient C; which leads to good agreement
with the most important shear component for all available DNS shear flows. In this paper, a rapid
pressure-strain correlation model based on Shih and Lumley’s method® has been developed using
a perturbation series about a two-component turbulence state.

2. Modeling of the pressure-strain correlation
The Reynolds stress equation for homogeneous turbulence in terms of the anisotropy tensor
b., can be written as
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where b,, = 4,1,/2k — 6., /3 is the anisotropy tensor, U, , is the mean velocity gradient, k¥ and € are
the turbulent kinetic energy and its dissipation rate. II,, and €, are the pressure-strain correlation
tensor and the dissipation rate tensor, respectively. The latter are the new unknown terms in the
Reynolds stress equation and must be modeled. In this paper we only consider the rapid part of

. . 1 .
the pressure-stain correlation term Hf]) . Its exact expression is

HEJI) = 2Up,q(Xpth + szqJ) (2)

where
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2.1 Phenomenological modeling of the rapid pressure-strain correlation

Equation (1) indicates that the relationship between the pressure-strain correlation II,, and the
anisotropy tensor b,, should in general be nonlinear due the nonlinear term 2&,,b,,U, 4. Equation
(2) reveals that modeling of the rapid pressure-strain correlation requires a model of the fourth
order rank tensor X,,q.. In the literature, X;,s is assumed to be a function of b,,. However,
Eq. (1) indicates that Xp,q. should at least be a functional of b,,, i.e., it should depend on the
history of b,, in the whole flow field. Therefore, the real problem is quite complicated. Here,
as an engineering approximation, we will assume, like most other researchers, that X, is only
a function of b,, at local point in space and time. We notice that this assumption will at least
lose the effect of dimensionality on X5,,,, and may cause the problem in modeling of rapid rotating
turbulence as pointed out by Reynolds®. However, in practice, this assumption is quite appropriate
for many turbulent shear flows. Furthermore, we expect that X, should at least be a quadratic
function of b,, because of the nonlinearity between IL,, and b,;. In fact, from a method of invariant
theory of rational mechanics we may find that the most general tensorial function form for X,
in terms of b,, is®®

Xpyge
21’;: = 016808, + @2(dpqbuy + 8g;0p:) + @3baibp; + 2abpybg

+ 05 (Bpgbsy + G1ybpg + 83qbpy + Gpubyy ) + 066,03, + 76,02,
+ 05 (6pgbZ, + 61,02, + 6,902, + 6pub2,) + obg:by,

+ a10(bpgbs; + bgybps) + 11bg:b2, + 12bp,b2,

+ 013 (BpgbZ, + by b2, + by, b2, + bpb2)

+ a14b§,bf,] +oas (bzzaqbfa + bgz bz2n) (4)

Equation (4) already satisfies the symmetry properties of X, g, = X, pq. and Xy, = Xp,.q Tequired
by Eq. (3). The number of coefficients in Eq. (4) can be reduced to nine by the following basic
mathematical properties required also by Eq. (3):

1
Xppg: = 2k(bg, + g‘sqt), Xpygy = 0. (5)

When the term (Xp,q, + Xpug;)Up,q is formed, the coefficients will be further reduced to seven as
shown by Johansson and Hallbick” because of the following tensorial identity relations’:7:

1
(2,6,q + b2pbig — buybpg + bighyp — B2.6,) — 5116:p6,9 )Spq =0 (6.1)
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(02,b,q + b2big — buyb2, — B2 bpg + 31118565 )Spg =0 (6.2)
[ 82,62, + b2 b2, — 262 b2 — II(byybpg — bughyp)
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+ §III(b1P5.M +b1pbig — bpgbi;) [Spg =0 ) (63)

2.2 Truncated anisotropy power series models

The seven undetermined coefficients in Eq. (4) are in general functions of the invariants of
byy: II = —b,,b,,/2 and III = b,,b,rbr./3. Because the absolute values of IT and IIT are always
less than unity, one may expand the coefficients in a power series of IT and III%":

o =CY+0® 11+0® 111+ ¥ 112
+CO T rrr+c® 1+ (i=1,15) (7)

The coefficients in Eq. (7) are independent of IT and III hence are considered to be constant.
Therefore, if their values are determined by using a particular flow, then the values should be valid
for other flows as well. That is, Eq. (7) (with an infinite number of terms) will provide us with
a universal rapid pressure-strain correlation model. However, in practice, we must truncate the
series to a certain power of II and III and use certain flows and constraints (such as homogeneous
flows and realizability) to determine the coefficients in Eq. (7). Having done that, we then must
verify if such determined coefficients are constant and are valid for other flows as well.

A first order power truncation model — LRR model
If we decide to only keep the terms in Eq. (4) which are of up to order O(b) (the norm of &;)
and note that IT = O(#?) and III = O(b®), then the coefficients as,- - -, 15 must be set to zero

and in Eq. (7) we only need to keep the first term Cfl)(i =1,5) which are constant. In this case,
Eq. (4) becomes

Xpiqr
2k

= 164.6p; + @2(bpgbsy + 8g;0p) + 36005, + 40p;bs
+ aS (6qu1,] + 61,1qu + 6]qbp1 + 6p1bq1)

Using the properties in Eq. (5), there will be only one undetermined coefficient left and the
corresponding rapid pressure-strain correlation model Eq. (2) becomes

H(l)
41'2: = 0.25,, + —— 902 + 6 (bszJk + kaS k= —6,kalSkl) (8)
10 - 7C
+ —2—2-(b,k9 &+ byxhk)

where S,, = 3(U,,, + U,,.) and Q,, = 3(U,, — U,,). Equation (8) is the Launder, Reece and Rodi
(LRR) model'. The undetermined coefficient C; is taken to be constant and was set at a value of
0.4.

Now, we may use DNS data of turbulent shear flows® to examine the coefficient C; in Eq. (8).
For homogeneous turbulent shear flows, there are only three independent components Ik, Ils
and II;,. From Eq. (8), each component of II,, can be used for determining C,. Figure 1 shows the
values of C, deduced from the DNS data of II11, IIo2 and II;2 for the case of C128W. Apparently,
C: is not a constant. Different component gives a different value of C,. This situation is also ture



for other flows (C128U, C128V, and C128X). The above result indicates that the first order power
truncation model can not be expected to work for all the turbulent components. However, Figure
1 shows that for the 1-2 component, C; = 0.4 is indeed a good approximation. This indicates that
LRR model is probably good for two dimensional turbulent shear flows since the 1-2 component
dominates the flow. However, if the flow is dominated by normal components, then we cannot in
general expect LRR model to give a good prediction.

In order to improve the model performance, a natural way is to pursue a higher order power

truncation.

A fourth order power truncation model — JH model
Now if the terms in Eq. (4) are retained up to order (b*), then it will require the following

truncated power series in Eq. (7):
0, =CY+c® 11+c® 111+c® 1 (:=1,2)
a,=CH+C® 11+c® 111 (1=3,4,5)
a=cP+c® 11 (i=6,7,8,9,10)
a,=CY  (i=11,12,13,14,15)

In this truncation form, there are 32 ”constants” C‘fl), C,(z), 0(4) need to be determined. Using
the constraints in Eq. (5) and (6), and the condition of reahzab1hty3

UpgXpaga =0 if w2 =0, (9)

Johansson and Hallback’ found that there are only four undetermined constants left and the rapid
pressure-strain correlation model becomes

Hsl) 2
= %S,, + %(bzksjk + b5k Sk — 55,kasz1)
1
-+ Q3bk[S}clsz + Q4(bk.7 thkl - §bilSk151J)
2
+2 Qsb%;Skibsy + (2Q5bk1 Sk + 4Q6b%, ki) (B2, + §H6U)

+ &(b,kaJ + b,6Q%.) + Qs(bfkﬂk, + b?kaJ)
+ 2Qo (02011 + b5 b,1Q1) (10)

where 4 48 304
Q1=- + —(432 +15B3) II — ——Bs IIT - —B; II?

55
Q2= —12B1 +4Bs IT - 12Bs 111
28

Q = —8B, +36B3 - i—B6 II

Qs =968, ~ 368 + 22 By II

Qr=-%- 2?831 _(2134 — By) IT — 4B, II1
12

Qs = —16B, + 2883 — HBG II
Qs =DB5, Q¢=DBs, Qg9g=DBy



and

By = 1 —8B4II + 2467111, By =2 —8FsI]

B3 =3 —80gII, By=pfs, Bs=ps Bs=Ppw
and

3 3 2
Ps = —ITO(s + 600, + 480, —408;), fs= 3~ 1326, + -3-,310

B =5 +60(Ba+s), Br = ghi— 36+ o)
By =S+ 218 +1085 + pr0), fo =555

The coefficients £;1,02,0; and (19 are undetermined constants. To determine these constants,
Johansson and Hallbick’ used rapid distortion theory to analyze an irrotational strain imposed
on initially isotropic turbulence and a pure rotation imposed on anisotropic turbulence . They
suggested that

(% + 2105, + 1053)

By = _%, B2 = 00295, [ =—0.0484, fro=14

This fourth order power truncation model Eq. (10) was shown to be in excellent agreement with
irrotational RDT results. The result indicates that for the RDT irrotational flows, the fourth
order power truncation is appropriate and the truncation error is quite small. This model is also
in excellent agreement with DNS data of axisymmetric contraction flows shown in Figure 8.

Now let us use DNS data of turbulent shear flows® to examine the “constants” of £, 52,083
and (. Since only three components of II,, are independent, Eq. (10) can determine only three
coefficients. We set §; = —1/7 and use the DNS data of II;;, II;2 and II;2 to deduce the coefficients
B2, B3 and B1o. Figures 2 shows the values of 3, 3 and f19 deduced from the DNS flows of C128U,
C128V, C128W and C128X. Apparently, these coefficients are still not constant. If we believe that
the DNS data are realistic and that the formulation of Eq. (10) is correct, then the above result
indicates that the fourth order power truncation still have too large of a truncation error for the
flows considered above. No constant values of these coefficients can ensure that the model will
have good performance. To overcome this problem a much higher order truncation then must be
retained to reduce the truncation error. However, at the present time, it is not clear what order of
truncation is needed for a realistic turbulent flow. In addition, it is noticed that the values of 3, 3
and B9 deduced from RDT results’ are very different from those deduced from DNS flows®. This
inconsistency raises a question as to which of these flows are more realistic and can be considered
as benchmark for turbulence model development?

2.3 Truncated F power series model

Here we discuss another truncation method which is a perturbation about the two-component
(2-C) turbulence state. The deviation from the 2-C state can be measured by a parameter F which
was introduced by Lumliey?:

F=1+9II+27IIT (10)

From the definition, F' will vanish if turbulence is 2-C (in which the turbulence becomes extremely
anisotropic) and F will equal unity if the turbulence is isotropic For a realizable turbulence, F is
always positive and varies between zero and one.

In modeling the rapid pressure-strain correlation term, the focus should be directed towards sit-
uations where the turbulence anisotropy is strong (F << 1) rather than cases where the anisotropy
is weak. This is because the Reynolds stress transport equation mainly emphasizes the effect of



anisotropy. For a flow with strong shear, F could be driven to zero while b is about 1/3. Based on
the above consideration, we propose to expand the coefficients in Eq. (4) in a power series of F:

a, =) + MIIN F+ DU F2+--- (i=1,15) (12)

where the coefficients cfo), cfl),cfz), -+« are functions of the third invariant III of b,, and they can
be expanded in a power series of I11:

D (IID) = o + &) 111+ &2 1IP + - - (120)

For small III, as a first order approximation they can be considered as constant. We will examine
the behavior of the corresponding rapid pressure-strain model.

Let us now start with the most general form, Eq. (4). Using the conditions in Eq. (5) we may
obtain six relations between the fifteen coefficients which will reduce the number of coefficients to
nine. As a result, we obtain

2 II III
o ==+ ?(4a6 —20) + T(an + a12 — 6ay3)
1 II IIT
Qs I (o — 3ag) 0 (3a11 + 312 + 213)
1 11 II IIT
a3 = —§ - —3-(15 + —3—(011 + 3012 + 8a13) - —3—(3&14 + 0!15)
1 4 2I1 2
@ =2 — a5+ —3—(0111 +2013) — §11I0115
ar=—-a —4a +2H(a + a15)
7= 3 10 3 8 3 14 15
11 1 IT
Qg = —?ag - §a10 - ag -+ ?(am + Taus) (13)

Equation (13) will ensure the rapid pressure-strain correlation model to satisfy the basic mathe-
matical conditions in Eq. (5) while the values of the nine coefficients: o3, ag, as, @10, @11, @12,
a13, 014 and g5 can be arbitrary. In addition, the realizability condition of Eq. (9) will provide
three additional relations for the /s at the 2-C state, i.e., F = 0. They lead to

1 1
as =——+ %(an + 12 + 4013 — 10015/9)

10
II
+ E(?)Otu + 302 + 8ai13 — 2015 — Bag)
8 — 3 13 9 15
Qg = — > + ! (9011 + 9012 + 6613 — 1035)
10 — 10 20 11 12 13 15
II
+ 1—6(9011 + 9a12 + 24013 — 65 — 18a6) (14)

Equation (14) is valid only at the 2-C turbulence state and will ensure the rapid pressure-strain
correlation model satisfies the necessary realizability condition of Eq. (9). Therefore, we conclude
that Egs (13) and (14) will ensure the model satisfies the conditions in both Eq. (5) and Eq.
(9) with arbitrary values of the six coefficients: o4, 11, 12,013,214 and a;5 This will allow us
to set any of these coefficients to zero in order to simphfy the model while maintaining its basic
properties described by Egs (5) and (9)



Tensorially quadratic model
Here we will set all the six undetermined coefficients o5, - -+, 15 t0 zero to obtain the most

simplified model. The necessity of retaining these coefficients will be left for a future study. Under
this consideration, Eq. (13) becomes

w2210 _L 3l m
IS ™75 % BT T T W BTT3T W
a—1—4a a——2a —4a a——-l—la—la (15)
4= 3~ 3%, O7= 3010~ 303 Q=308 0.
and Eq. (14) becomes
1 3 _
a5 = —75> 08 = 0, @10 = ~75 if F=0 (16)

For F # 0, the coefficients a5, g and ;9 could in general be a function of F' and I7I. We propose
to expand these coefficients in a power series of F and determine them by using DNS data of
turbulent shear flows®. Figure 3 shows the values of the a5, as and a;¢ versus the parameter F
corresponding to the DNS data The scatter is small that indicates that for the above turbulent
shear flows the III is small such that the coefficients c (’ ) in Eq. (12) are approximately constant.

Finally, the coefficients a5, ag and a9 can be approxlmately expressed by a truncated fourth order
power series of F:

as =-0.1-0.5 F+157 F?2 -2.22 F3 +1.07 F*
ag =—1.6 F+4.69 F?2 —5.92 F3 +2.62 F*

3 (17)
a1 = -3 (0.2+2.59 F — 7.4 F? +8.86 F° — 3.73 F*)
Using Eq. (15) the rapid pressure-strain correlation model becomes
oy 2
2qi2 = gSzg —3a5 (b Syk + b3 Suk — §5ngklskl)
22 2
+ ag(262,5116,, + b Sk + o bk:,Sk1 - —?)—bk,szskz + -gII S.;)
2
- galﬂ(bflsjl + 12,5y — 2k, b1 Skt — 3by, b1 Sk1)
1 4 .2
+ -3-(2 + 7o) (0625 k + byehx) — (§as + §a10)(bf,Q,z + b?lﬂzz) (18)

Figures 4, 5, 6 and 7 show the direct comparisons between different rapid models and DNS data.
As shown in figures, the models based on the truncated F power series are very encouraging.
However, it should be pointed out that the model (18) with Eq. (17) is good for the cases where
[II1| is small. For the cases where |III| is not negligible, for example, a turbulence undergoes a
rapid axisymmetric expansion, the coefficients in Eq. (17) must depend on the third invariant I11.
This explains the poor comparison between the model and DNS datal® for axisymmetric strain
and plain strain turbulence shown 1n Figures 8, 9 and 10.

Improvement of LRR model

The Launder, Reece and Rodi’s model, Eq. (8), is tensorially linear in b, which satisfies the
basic conditions in Eq. (5), but does not satisfy the realizability condition in Eq. (9). In this
model, there is only one undetermined coefficient C; which is shown to be not a constant. We



may consider it to be a function of F and then use DNS data to determine its function form. For
turbulent shear flows, the most important component is the 1-2 component. Therefore, we use
DNS data of II;; to deduce the coefficient C;. A simple quadratic function is found as follows

C; =0.38—0.6 F+0.5 F?

The LRR model with the new coefficient & leads to excellent agreement with all DNS data for
the 1-2 component (see Figures 4, 5, 6, 7). However, other components are unable to be predicted
very well. For comparison, another tensorially linear model in &, proposed by Speziale, Sarkar
and Gatski!? (SSG) is also included in Figures 4-10. The behavior of the rapid part of SSG model
is similar to LRR model.

References

1

10

11

Launder, B.E., Reece, G.L. and Rodi, W., 1975, “Progress in the development of a Reynolds-
stress turbulence closure,” J. Fluid Mech. 68, pp. 537-566.

Lumley, J.L. 1978, “Computational modeling of turbulent flows, ” in Advances in Appled
Mechanics, Vol. 18, Academic Press, New York, pp.123-176.

Shih, T.-H. and Lumley, J.L., 1985, “Modeling of pressure correlation terms in Reynolds—
stress and scalar flux equations,” Rept. FDA-85-3, Sibley School of Mech. and Aerospace
Eng., Cornell University.

Fu, S., Launder, B.E. and Tselepidakis, D.P., 1987, “Accommodating the Effects of High Strain
Rates in Modeling the Pressure-Strain Correlation,” UMIST Technical Report, TFD/87/5
(1987).

Ristorcelli, Jr. J.R., 1987, “A realizable rapid pressure model satisfying two dimensional frame
indifference and valid for three dimensional three component turbulence,” Rept. FDA-87-19,
Sibley School of Mech. and Aerospace Eng., Cornell University.

Reynolds, W.C., 1987., “Fundamentals of turbulence for turbulence modeling and simulation,”
Lecture Notes for Von Karman Institute, AGARD-CP-93, NATO.

Johansson, A.V. and Hallbdck, M., 1994, “Modelling of rapid pressure-strain in Reynolds-
stress closures,” J. Fluid Mech. 269, 143-168.

Rogers, M.M., Moin, P. and Reynolds, W.C., 1986, “The structure and modeling of the
hydrodynamic and passive scalar fields in homogenous turbulent shear flow,” Dept. Mech.
Engng. Rep. TF-24, Stanford University, Stanford, California.

Reynolds, W.C., “Effects of rotation on homogeneous turbulence, ” Proc. 10th Astralasian
Fluid Mechanics Sonf., Melbourne, December 1989, Paper KS-2.

Lee, M.J. and Reynolds, W.C., 1986, “Numerical experiments on structure of homogeneous
turbulence,” Dept. Mech. Engng. Rep. TF-24, Stanford University, Stanford, California.
Speziale, C.G., Sarkar, S. and Gatski, T.B., “Modeling the pressure-strain correlation of turbu-
lence: an invariant dynamical systems approach,” J. Fluid Mech. (1991) vol. 227, pp.245-272.



C2

-~
e

——— — = — e .
— ——— T e M e e e T e e -
-

-—--- based on Pi_22 of C128W
based on Pi_12 of C128W

10 20
St

Figure 1. The model constant C2 of LRR model
deduced from the DNS of turbulent shear flow C128W.

30



llll*llf]llll|I‘[lllT||lll‘lTll‘ﬁ

L. 1 -
C128U

4 l. ........... C128V ]

L\ | ——-crsw B3 o -

i | — - — C128X LT

N B

-2 I U BRI EPEPETEPI BRI BV BT

0 5 10 15 20 25 30

1000 Trr T rrryrryrsr e e et

500

_500 NI ST SRR T RV ST BN S R
0 5 10 15 20 25 30

St

Figure 2. The model constants b, b3 and byp in JH model
deduced from the DNS data of turbulent shear flows.

10



0.60 ’ I v T T | T T

Oc128U :
AC128V
o ©GC128W ]
* C128X

< 030 | Model -

®)
< |
1.0 T
00 02 04 06 08 1.0
2.0 ' 1 ' ! T T T T ]
= ' _'
< 3
@D ]
o ]
1.0 ¢ TP S S S
00 02 04 06 08 1.0
F

Figure 3. The model coefficients o5, ag and a0 in the present model
deduced from the DNS data of turbulent shear flows.

11



11

Pi

-100

-200

-300

200

150

33

| 100

P

50

Figure 4 Direct comparison betwenn the rapid models and the DNS data of C128U

¥ T T ] l L] ¥ ] L] l ¥ L4 ¥ ] I L ] T L
[ CIDNS C128U ]
B o 4
J—— LRR -
| — — — LRRmodfied ]
— - = FLT
- — — SSG 1
| 1 ] 1 1 l 1 1 L 1 ' L 1 1 1 ' 1 1 1 L |
0 5 10 15 20
St
LML LR DL BN | LA
-Al_l 1 l i 1 I 1 1 ' ] 1 J
0 5 10 15 20
St

80

gl 40
-

0

-40

150

100
A
|
-

50

L T 1 ¥ ] 1] L] 1 L I L L ¥ l‘[ L} 1] T LI
_ , i
/
! , )
| /
l‘ 1
- y ‘,-“.‘/’ -
, //,-" R d
| \--ole -
| - / ]
- / \\~ ///
Iy a = R a s =N ]
L 1 1 ' Il [ 1 1 I 1 1 1 L l 1 1 1 1
0 5 10 15 20
St
LI 1 L L
1
F i
PO a1l . Pl BT T T
5 10 15 20
St



50— 60

22

oz
7o
Pi
7
\
Y

Y . -
CIDNS G128V \ % [ ST

SL ¥, i X .
""""" LRR \\‘(\ 0k /\\ -
— — — LRR modified v w,gﬂﬂvm

— - —FLT \ - < 4

— — SSG v L ~

450 bt 20 o
0 10 20 30 0 10 20 30

St St

80 T 1000 ———————1—

_ /] 80.0 | /
60 li, - : '
| [1 eof '

33
12

40 | /7 a A 400 |

Pi
Pi

20.0 |

1 ' lng A

R N S | S S T | HY S S N | L | 2
0 10 20 30 00 10.0 20.0 300
St St

Figure 5 Direct comparison betwenn the rapid models and the DNS data of C128V.

13



O 1200 ' 1 T ¥ 1 L) ) ¥ T ] T T T
!
X !
A ;o
900 /I :‘,-‘ -
5 S 1
-1000 . A
i 600 T4
- & - s
[ | i s //’
o _ & Si7
i CIDNS C128W i 300 L7 ]
'2000 SL \"-“ N 3 //{,/ ’ T
T LAR \I.'- [ e = / b
| — — — LRR modified o 0 L7 y ]
— —— AT : m—%&q&%{ﬂ
- — — SSG : - 1
-3000 ol L 300 Pl L
0 10 20 30 0 10 20 30
St St
2000 F———7 7T 2200.0 - T - I —
i 1800.0
1500 - .
1400.0
2 l
| 1000 - 4 1 10000 }
o o i
i 600.0 |
500 -
i ] 200.0 |t
0 : -200.0 T HE S—
0 30 0.0 10.0 200 300

Figure 6. Direct comparison betwenn the rapid models and the DNS data of C128W.

14



11

Pi

20

15

_33

10

Pi

LIANEL S B N I S N S

]
- CIDNS C128X oo\
= SL \“\“ \ -
[ e LRR w o]
| — — — LRRmodified N
[ —-— AT Vo
L. — — sSG W
- N
[ -1 1. 1 1 | b 1 l 1 1 i

o

5 10

L L) L l L] LS L] < "lij*f

. -

- .

- -

i .

i i
1 1 1 1 I ] -1, -1 ] l 1 1 1 3

Figure 7. Direct comparison betwenn the rapid models and the DNS data of C128X.
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Figure 8. Direct comparison betwenn the rapid models and
the the DNS data of the axisymmetric contraction flow AXK.
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Figure 9. Direct comparison betwenn the rapid models and
the DNS data of the axisymmetric expansion flow EXO.
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