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Abstract 

and 0 2 M 2  shows that the evolution of all layers is characterized by the formation of high-density-gradient magnitude 
(HDGM) regions. Due to the specified, smaller initial density stratification, the C7H16/N2 layers display higher growth 
and increased global molecular mixing as well as larger turbulence levels than comparable 0 2 / H 2  layers. However, the 
0 2 k I 2  layer exhibits an enhanced local mixing resulting from the increased mixture solubility and from mixture near- 
ideality. These thermodynamic features lead to a larger irreversible entropy production (dissipation) in 0 2 / H 2  versus 
C,H16/& layers. The largest 0 2 / H 2  dissipation is concentrated in HDGM regions that are distortions of the initial density 
stratification boundary, whereas the largest C7H16/N2 dissipation is located in HDGM regions resulting from fluid mixing. 

Analysis of Direct Numerical Simulations (DNS) transitional states of temporal, supercritical mixing layers for C&6/N2 

Introduction 

Past the critical point of a fluid (where material liquid- 
vapor surfaces no longer exist), jets injected through an 
orifice no longer atomize as in sprays [l] but instead dis- 
integrate and assume the aspect of what Chehroudi et 
al. [2] call ‘fingers’, or ’comb-like structures’ at transcriti- 
cal conditions, having an increasingly gaseous appearance 
with increasing pressure p; these experiments were con- 
ducted with N2M2, N2/(CO+N2), HelN2 and OZMZ. Sim- 
ilar experimental observations were reported by Mayer et 
al. [3, 41 for 0 2  disintegration. Raman scattering mea- 
surements of the radial density in free N2 jets at 4 MPa 
by Oschwald and Schik [5] showed sharp profiles inde- 
pendent of the injection temperature, indicating the occur- 
rence of sharp density gradients. Regions of high density- 
gradient-magnitude (acronym HDGM) were also shown to 
exist in Direct Numerical Simulations (DNS) of both pre- 
transitional 161 and transitional [7, 81 supercritical binary- 
species mixing layers. These HDGM regions were found to 
be the venues for high dissipation (irreversible entropy pro- 
duction) [7,8], with most of the dissipation due to species- 
mass flux and minimal dissipation from viscous effects. 
The location of the highest dissipation in the HDGM re- 
gions was attributed to the sharp density stratification being 
very effective at damping turbulent eddies [9, 101, because 
it is qualitatively similar to a rigid flat plate. However, there 
is still uncertainty about how these features, separately ob- 

tained for two different binary-species systems, compare 
on a non-dimensional basis. The comparison of these fea- 
tures for the two binary-species systems is the subject of 
this study. 

Highlights of the supercritical DNS 
The conservation equations originate in Keizer’s [ll] 

fluctuation-dissipation theory which is consistent with non- 
equilibrium thermodynamics, converges to kinetic theory 
in the low-pressure limit and relates fluxes and forces from 
first principles. There are three primary differences be- 
tween existing mixing-layer low-pressure equations and the 
equations used to generate the present database: (1) The 
flux matrix here contains Soret and Dufour effects in the 
species-mass and heat fluxes, respectively, in addition to 
Fick’s diffusion and Fourier terms. This means that both 
of these fluxes contain terms that are proportional to VT 
(where T is the temperature), VY (where Y is the species 
mass fraction), and Vp (see details in 17, 81). (2) p is cal- 
culated from the well-known Peng-Robinson equation of 
state (EOS). Consistently, all thermodynamic quantities are 
calculated from the EOS, including the important mass dif- 
fusion coefficient, OD. which measures the mixture non- 
ideality. CYD multiplies the diffusivity D in the Fick’s term, 
thereby modifying the species diffusivity; for ideal mix- 
tures C ~ D  = 1 and the low-pressure perfect-gas situation is 
recovered, however, for non-ideal mixtures 0 ,< CYD < 1, 
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which means that species diffusion is impeded compared 
to perfect gases. (3) The viscosity p, the Schmidt number 
and the Prandtl number were calculated from high-pressure 
single-species transport properties using mixing rules, as in 
Harstad and Bellan [12]. The calculated values were cor- 
related as functions of the thermodynamic variables, and 
these correlations were then used to compute the transport 
properties D and A. 

The temporally developing mixing layer is depicted in 
Fig. 1 for 02/Hz, as an example, showing the stream- 
wise (q), cross-stream ( ~ 2 )  and spanwise (33) coordi- 
nates. The layer is not z2-sy"etric in extent so as to 
accommodate the larger growth in the lighter fluid (H2 or 
N2) side. The free-stream density (p1 or pz) is calculated 
for each pure species at its free-stream temperature (T' or 
Tz) and at the initial uniform pressure (PO).  The vorticity 
thickness is defined as 6, (t)  = Avo/ (8 ( ~ 1 )  / 8 ~ 2 ) , ~ ~  
where (u1) is the (21,323) planar average of the stream- 
wise velocity, and AVO = U1 - U2 is the velocity dif- 
ference across the layer. The simulations were initiated 
with four streamwise and spanwise vortices, and a vortic- 
ity perturbation of wavelength X1 and of amplitude FZD 
in the streamwise direction and F~D in the spanwise di- 
rection induced two pairings to produce an ultimate vor- 
tex. Ul and U2 are functions of the ratio of the speeds 
of sound of the free streams, of p1/p2, possibly of 21 /22  
where 2 = p /  (pT&/m) is the compression factor which 
indicates departures from perfect gas (2 = 1) behavior 
(R, is the universal gas constant and m is the mixture 
molar weight), and of the convective Mach number MC,o 
whose specification therefore determines Avo. Given the 
initial streamwise velocity profile u1 based on U1 and U2, 
(a (UI) /8z2)muz and hence 6,,0 = 6, (0) are calculated. 
The specified value of the initial flow Reynolds number, 
Reo = [0.5 (p1 + pz)  AUo6,,oJ/ps, is then used to cal- 
culate p ~ .  Careful considerations regarding matching of 
the initial conditions between the two binary-species sys- 
tems while still addressing regimes of practical interest [ 131 
leads to the matching of the reduced pressure p ,  = p /pc  of 
the heavier fluid and of the momentum ratio of the layers 
as shown in Table 1 listing all simulations considered. The 
layers were perturbed either at the incompressible most un- 
stable wavelength A1/6,,0 = 7.29, or at the compressible 
most unstable wavelength (10.61 or 10.35), or at the es- 
timated smallest unstable wavelength (4.57), all obtained 
from an inviscid linear analysis. 

The conservation equations were numerically solved 
using fourth-order explicit Runge-Kutta time integration 
and a sixth-order compact scheme with eighth-order filter 
for spatial derivatives; for numerical stability, filtering is 
applied at interior points only. The computations were par- 

allelized using threedimensional domain decomposition 
and message passing, and an efficient parallel tridiagonal 
solver. 

Global Growth and Mixing 
A fundamental characteristic of mixing layers is their 

growth, which can be measured using the momentum thick- 
ness, here defined as 

6, = -' J (62 + (p.1)) (61 + (p.1)) dz2 

with e1 = (pul)zz=Lz,,,, and 02 = (P1)z2=L2,mi"' 

L2,max 

(01 - 6212 -Lz,min 

(1) 

where L2,min = -&/3 and L2,max = 2L2/3. While 
the growth is mostly a consequence of entrainment, the 
product thickness defined as bp = / 1 Jv pY,dV in mass 
units, where Yp = 2 min (Y1, f i ) ,  is a direct consequence 
of molecular mixing. 6m/6,,o is illustrated as a function of 
the non-dimensional time t* = tAUo/6,,0 in Fig. 2(a) for 
all simulations. All layers roll up and pair twice, however, 
the C7H16m2 layers display a drastic increase in ~5,/6,,~ 
after the first pairing, whereas their %/H2 counterpart tend 
to grow more slowly. The drastic growth of the C7H16/N2 
layers compared to the %/H2 ones is attributed to the 
smaller initial density stratification of the former. Not sur- 
prisingly, 6 p / 6 p , ~ ,  depicted in Fig. 2(b) displays a much 
larger growth for C7H16m2 than for 02/Hz as a function 
oft*, meaning that global molecular mixing is much more 
intense. Illustrated in Fig. 2(c) is the non-dimensional pos- 
itive spanwise vorticity, ( (w:))  (6,,o/AUo), which is in- 
dicative of small turbulent scale formation considering that 
due to the initial mean velocity profile, the initial span- 
wise vorticity is negative. The non-dimensional enstrophy, 
((wiwi)) (Sw,o/AFo)2, where (0) denotes duiiie averag- 
ing, is shown in Fig. 2(d) and is a manifestation of stretch- 
ing and tilting, which is the mechanism primarily respon- 
sible for the formation of small scales. For all simulations, 
( ( w g ) )  (6,,o/AUo) increases from the null value once the 
layer roll-up is completed; for each of the set of species, 
the layer perturbed at the shortest wavelength exhibits the 
earliest roll-up and highest ( (w:))  (6,,0/AUo) maximum 
growth. Noticeably, the two 0 2 4 3 2  layers perturbed at the 
most unstable wavelength and having a smaller Reo display 
a delayed roll-up with respect to all other layers. Compar- 
ing the 0 2 k I 2  and C7H16/N2 layers, one observes a dras- 
tically reduced ( (w$))  (6,,o/AVo) augmentation rate for 
the former compared to the latter (with particular signifi- 
cance for the OH500 and HN500 layers, which have the 
same Reo) indicating a reduced layer growth rate. All 
curves exhibit local peaks at the first pairing; however, 
( (w$) )  (6,,o/AUo) increases following the first pairing of 
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the c7H16/N2 layers but decreases for the 02/H2 layers. 
Moreover, ((w$)) (6,,o/AUo) is considerably smaller for 
the 02/H2 layer compared to the equivalent C7H16/N2 
ones, indicating that turbulence for the former is substan- 
tially reduced with respect to the latter. The enstrophy vari- 
ation is consistent with this physical picture, displaying re- 
duced levels for the 02/H2 layers when compared to the 
C7H16/N2 ones. The largest enstrophy among 02/H2 lay- 
ers corresponds to the one exhibiting the earliest roll-up and 
maximum positive spanwise vorticity. 

I’urbulence and Dissipation 
Depicted in Fig. 3 is jVpl S,,o/Apo for the layers listed 

in Table 1, in the braid planes at the respective transitional 
times. All contour plots depict only the significant portion 
of the computational domain in the IC:! direction and the 
lVp[ 6,,0/Apo contour levels range from 10% to 90% of 
the highest value in the domain. Species-system-dependent 
aspects can be discerned by comparing HN600 (Fig. 3(d)) 
and OH750 (Fig. 3(e)), which have a similar magnitude of 
Remtt,. and are excited with the same X1/6,,0 and F ~ D  (see 
Table 1). Although the OH750 layer is initiated with about 
the same (Vp( S,,o/Apo value (albeit with about twice the 
density stratification) of HN600, IVp( S,,o/Apo at transi- 
tion is about a factor of 2 smaller than that of HN600. The 
larger lVpl S,,o/Apo value for the HN600 layer is due to 
the increased non-ideality of the C7H16/N2 mixture (i.e. 
0.5 < QD < 1 [7]), which impedes molecular mixing 
when compared to the 02/H2 mixture (i.e. CYD N 1 [SI). 
Independent of the initial conditions, individual HDGM re- 
gions in the 02/H2 layers exhibit a greater spatial extent 
than their C7H16/N2 counterpart, which results from the 
combined effect of the much larger solubility of H2 into 
0 2  than of N2 into C7H16 and of the much better moiec- 
ular mixing of 02/H2. Thus, non-ideality manifests itself 
both through increased value of (Vpl6,,o/Apo (labelled 
‘stronger’ HDGM regions) and through narrower individ- 
ual HDGM regions, Comparing the other layers in Fig. 3, it 
is apparent that lVpl S,,o/Apo increases with Reo at oth- 
erwise similar initial conditions (HN500 versus HN600; 
OH500 versus OH550). For same C7H16/N2 initial condi- 
tions (HN500 versus HN600), the HDGM regions are dis- 
tributed over a larger portion of the domain with increas- 
ing Reo. The much larger JVpl b,,o/Apo values of the 
€IN800 layer are attributed to the decreased characteristic 
time of the flow, induced by the larger Reo, which leads 
to a reduced ratio of the distortion time to the molecular 
mixing time. The more convoluted structure of the HN.500 
layer compared to the HNSOO layer, despite being the same 
species at similar Rem,tr, results from the relative ease in 
distorting the weaker HDGM regions in the former simula- 

tion. 
Okong’o and Bellan [14] have shown that if g denotes 

the rate of irreversible entropy production for a single- 
phase binary-species flow devoid of sources or sinks, then 
9 = gvisc + Stemp + gmass ,where the three contributions 
stem from viscous, Fourier heat and species-mass fluxes. 
Plots of g at the respective transitional times (illustrated in 
[ 131) show that all layers display localized regions of high 
dissipation which are located in the HDGM regions. How- 
ever, whereas the highest g magnitude regions are observed 
in the lower stream for the OH layers, the HN layers exhibit 
the highest g magnitude regions in the upper stream. That 
is, for the HN layers, the largest dissipation occurs in the 
upper stream, which has lighter fluid, within HDGM re- 
gions originating from fluid mixing rather than the original 
density stratification and therefore have high IVY I but rela- 
tively low IVpJ ; therefore, this mechanism can be partially 
attributed to the mixture non-ideality, which is a thermo- 
dynamic effect. Although this mechanism is also active in 
the OH layers, it is no longer the dominant one. Because 
the 02432 mixture is very nearly ideal, the major contribu- 
tion to the dissipation is there from the lower layer regions, 
located in the heavier fluid, which originate from the distor- 
tion of the initial density stratification boundary and have 
high JVp( but low IVY 1; therefore, this mechanism is dy- 
namic in origin. 

Conclusions 
Databases obtained from DNS of binary-species su- 

percritical temporal mixing layers were compared at the 
respective transitional states to investigate the species- 
dependent aspects of supercritical turbulence. The analy- 
sis involved comparisons among six simulations, three of 
which were for 02i’E2 and three oaers for c7iI16/w2 lay- 
ers; in all cases the heavier fluid was in the lower stream. 
All simulations were performed at similar reduced pres- 
sure and layer initial momentum ratio. For these condi- 
tions, the initial density stratification of the 02/H2 layers 
was almost twice that of the C7H16/N2 layers. Global 
characteristics of the six layers showed that the momen- 
tum thickness and product thickness growth is substantially 
reduced for the 02M2 layers compared to the C7H16/N2 
ones, and that the levels of the positive spanwise vorticity 
and the enstrophy for the 02/H2 layers were also dimin- 
ished, indicating less turbulence activity. These results are 
attributed to the much larger initial density stratification 
of the 02/H2 layers, which delays entrainment and pair- 
ing. All layers displayed high density-gradient magnitude 
regions at transition, which form due both to the distor- 
tion of the initial density stratification boundary and to the 
mixing of the species, and all layers exhibited high mass- 
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fraction gradient regions. Most of the dissipation activity 
occurred in these high density-gradient magnitude and high 
mass-fraction gradient regions; however, the largest dissi- 
pation is located for the 02/H2 layers within regions origi- 
nating from the distortion of the original density stratifica- 
tion boundary, and for the C7H16/N2 layers within regions 
created through mixing. The maximum dissipation level is 
larger for the 02/H2 layer, consistent with the lower tur- 
bulence levels detected from the global analysis. Thus, for 
supercritical mixing layers, we identified structures (high 
density-gradient and high mass-fraction-gradient regions) 
and thermodynamic processes (solubility and mixture ide- 
ality) that affect turbulence development. 
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Run Reo P2IP1 XI/&J,O F3D L1 x L2 x L3 N x N2 xN3 R%,tr t& CPU@) 
OH500 500 24.51 10.61 0.025 0.291 x0.291 x0.1746 352x352~208 1772 290 14557 ~ ~~ 

OH550 550 24.40 10.35 0.025 0.284~0.284~0.17 352x352~208 1907 270 14497 
OH750 750 24.40 7.29 0.05 0.2x0.2x0.12 352x352~208 1507 150 10349 
HN500 500 12.88 7.29 0.05 0.2~0.232~0.12 240x288~144 1250 155 1714 
HN600 600 12.88 7.29 0.05 0.2~0.232~0.12 288x336~176 1452 135 5156 
HN800 800 12.88 4.57 0.05 0.125~0.148~0.075 240x272~144 1258 100 1916 

Table 1: Listing of the simulations and associated resolution for 0 2 H 2  (OH) and C7H16/N2 (HN) mixing layers. Li 
is in meters. For all layers, Mc,o = 0.4, L1=4A1, 6,,0=6.859~10-~ m and F 2 ~ d . 1 .  The other initial conditions are: 
po=lOOatm (OH), 60atm 0; p,=2.01 (02), 2.22 (C7H16); T1=287K (OHSOO), 600K (OH550,OH750), l00OK 0; 

5.276 0. The subscript tr denotes the transitional time. The CPU time is based on an SGI Origin2OOO 3ooMHz 
R12000 processor. 

T’=235K (OHSOO), 400K (OH550, OH750), 600K 0; IpzV21/ (p1u11d.951 (OHSOO), 5.001 (OH55O,OH750), 
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Figure 1 : Sketch of the 02/H, mixing layer configuration. 
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Figure 2: Non-dimensionalized (a) momentum thickness, (b) product thickness, (c) global positive spanwise vorticity, and 
(d) enstrophy, all versus t* = t/(AUo/6,,0). 
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Figure 3: Density gradient magnitude for (a) OH500, (b) HN500, (c) OH550, (d) H”, (e) OH750 and (0 HN800: in 
the braid plane (23 = L3/l6). 
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