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Abstract-The large-scale coherent structure in a density-stratified turbulent flow under strongly unstable 
conditions is investigated experimentally by using some conditional sampling techniques. An array of the 
large-scale longitudinal vertical rolls can be recognized by using the new conditional sampling technique, 
that is, the thermal-plume (TP) detecting one to single out the hot or cold thermal plume at the boundary 
of ordered turbulent rolls. The conditional sampling measurements provide the detailed knowledge of the 

fine structure of turbulence and the mechanics of turbulent heat and momentum transfers. 

1. INTRODUCTION 

EXPERIMENTAL studies on the organized structure of 
the intermittent ‘bursting’ phenomenon, which is a 
main contributor to all turbulence production near 
the wall, have been carried out by a number of investi- 
gators from visual observations [l-4] and from con- 
ditionally sampled measurements [5-lo]. Recently, 
many numerical analyses of a large eddy simulation 
(LES) and a direct numerical simulation (DNS) of 

the Navier-Stokes equation have been successfully 
applied to a variety of turbulent flows. These exper- 
imental and numerical studies have contributed sig- 
nificantly to recent studies on the turbulent structure 
of neutral flows without buoyancy effects. In the pres- 
ence of density variation in a fluid layer, it is con- 
sidered that the buoyancy force or stratification effect 
causes the essential changes of turbulence structure 
and also of turbulent transport mechanics. 

The stratified turbulent flows have been studied 
extensively by many meteorologists and ocean- 
ographers on the basis of field observations. Some 
laboratory studies have been carried out using 
specially-designed wind tunnels and other facilities 
[l l-l 51 to obtain reliable data and to understand in 
more detail the stratification effects on turbulence 
structure. As to the unstably-stratified flow, Nicholl 
[14] measured the instantaneous velocity and tem- 
perature in the fully-turbulent boundary layer over a 
heated horizontal floor and examined the dynamical 
buoyancy effects of a sudden increase in the floor 
temperature on turbulent structure. He suggested that 
a strong discontinuity in the floor temperature caused 
the fine-scale motion of convective columns, which 

were organized at the interface between the hot and 
cold fluid layers. Since the fine-scale convective col- 
umns violently rose, the mean pressure near the wall 
was significantly reduced and then a local wall jet was 
generated immediately downstream of the surface 
temperature discontinuity. Townsend [ 151 also ex- 
amined the turbulent boundary layer over a heated 
horizontal plane and proposed the similarity of mean 
velocity and temperature profiles, together with 
turbulent intensity profiles on the basis of his concept 
of the viscous-conduction layer. He also tried to 
explain the validity of the similarity, based upon the 
situation that the nearly two-dimensional plumes in 
the form of long eddies, with axes aligned in the flow 
direction ejected from the viscous layer in the vicinity 
of the floor, losing heat to the surrounding fluid, and 
the emergent plume were broken up in the transition 
region by general turbulent motion. 

The new similarity of velocity, temperature and 
turbulent intensities was proposed in refs. [16,17], 
where the ‘local gradient model’, which was ensured 
from the measurements established in a fully- 
developed stratified flow by using a long rectangular 
duct with large aspect ratio. The results, based on 
the local gradient model, agreed with observations by 
Businger et al. [18]. As to a similarity of turbulent 
diffusion of passive-scalar quantity, the present 
authors [19] also showed that the ratio of lateral and 
vertical eddy diffusion coefficients could be correlated 
by only the Monin-Obukhov length. Using condi- 
tional sampling measurements of turbulent quan- 
tities, the remarkably different effects of unstable 
stratification on turbulent structure in the wall and 
outer regions were shown [20], and the correlation 
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NOMENCLATURE 

9 gravitational acceleration [m s- ‘1 24 longitudinal velocity fluctuation [m s ‘1 
H threshold [-] u’ intensity of u [m s ‘J 
h height of duct [m] 1’ vertical velocity fluctuation [m s _ ‘1 
R, auto-correlation coefficient [-J 1” intensity of z’ [m s ‘1 
R, space-correlation coefficient [-_I W’ spanwise velocity fluctuation [m s- ‘1 
Re Reynolds number, 2U,,h/v [-] 
Ri t 

intensity of M’ [m s ‘1 
bulk Richardson number, gflATh/(2UzJ coordinate in the streamwise direction 

s f.mm sorting function of thermal-plume bl 
method I-] i coordinate in the vertical direction 

& sorting function of it--~’ quadrant method normal to the cooled wall [m] 

I-] Z coordinate in the spanwise direction [ml. 
T time-averaged temperature [K] 

TC temperature at cooled wail [K] Greek symbols 
r, temperature at heated wall [K] 
AT temperature difference, r, - T, [K] ! 

thermal expansion coefficient [K- ‘1 
temperature fluctuation ]K] 

f time [s] n intensity of 0 [K] 
u time-averaged velocity [m s- ‘1 V kinematic viscosity [m’ s- ‘1. 
U,V velocity averaged over the fluid layer 

[m s- ‘] Other symbol 
Li,,, maximum velocity [m C ‘] ( > conditionally-averaged value. 

between bursting period and strati~~tion degree was 
also proposed. On the viewpoint of structural change 
of turbulence, however, these results should be dis- 
cussed in more detail because the turbulent transport 
processes depend significantly on the organized or 
large-scale turbulent motion. 

On the other hand, it has been well known for a 
long time that the so-called Bcnard cells are formed 
in the fluid layer heated from below between parallel 
plates. In the presence of a forced flow, the cells change 
into Iongitudinal vortex roils with their axes in the 
forced-flow direction (e.g. Mori and Uchida (211). 
At relatively low Rayleigh number, less than about 
five times the critical one under the super-critical 
condition, the vortex rolls maintain their shape in 
stable and regular form [22,23]. These longitudinal 
vortices have been observed in a laminar flow at low 
Reynolds number. Even in turbulent flows at high 
Reynolds number, the evidence of occurrence of tur- 
bulent longitudinal vortices in considerably large scale 
was also reported in the previous paper at very high 
Rayleigh number [24]. This showed that the vertical 
motion, which was formed intermittently, was the main 
contributor for vertical transport of momentum and 
heat. Knowledge of the inner structure of the tur- 
bulent lon~tudina~ vortices is required to understand 
the transport mechanics of unstably-strati~ed flows, 
e.g. environmental turbulent-diffusion mechanics in 
the atmospheric boundary layer, and also to establish 
the numerical modeling of the stratified turbulent 
flows. 

In the present work, three components of velocity 
fluctuation and temperature fluctuation are measured 
in strongly-unstably stratified turbulent flows between 

horizontal parallel plates, in which the flow and tem- 
perature fields are fully developed. The aims of the 
paper are to investigate the conditional-sampling tech- 
niques to detect the large-scale turbulent longitudinal 
vortex, and to discuss its fine structure and the mech- 
anics of heat and momentum transfers on the basis of 
the conditional measurements. 

2. EXPERIMENTAL 

The facility used in the present study consists of a 
long rectangular duct ori~nally designed in ref. [16]. 
The main features of the apparatus will be described 
here. A rectangular duct used as the test section is 0.5 
m wide, 0.065 m high and 8.0 m long. Two parallel 
plates as heat-transfer surfaces, which are made of 
polished brass, can be controlled at uniform but 
different temperatures by flowing constant-tem- 
perature water or steam through the jackets attached 
behind each plate. In the present study, the tem- 
perature of the upper heat-transfer surface was main- 
tained lower than that OF the lower surface in order 
to establish the unstably-stratified condition. Tripping 
the boundary layer at the entrance of the test section 
facilitates the development of flow and temperature 
fields. The fluid used here was air. 

Measurements were made 7.2 m downstream from 
the entrance of the duct, where the Row and tem- 
perature fields could be fully developed, so that the 
heat flux at the measuring section was constant 
throughout the fluid layer between the heat transfer 
surfaces. Three components of instantaneous velocity, 
u in the streamwise direction X, u in the direction 
normal to the upper cold surface y, and w in the 
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(b) 

FG 1. Schematic of the hot and cold wire probe arrange- 
ment : (a) top view; (b) side view. 

spanwise direction z, were measured with a X-hot 
wire probe (KANOMAX MODEL 124%T1.5) op- 
erated by a constant-temperature anemometer 
(KANOMAX MODEL 1010) and the temperature 
with an I-cold wire probe (DISA 55PO5) operated by 
a constant-current anemometer (DISA 55M20). The 
probe assembly used is shown diagrammatically in 
Fig. 1. The I-cold wire was set 0,7 mm upstream of 
the center of the X-hot wire and perpendicular to the 
plane of the X probe. Two components of velocity (U 
and v, or u and w) and temperature were measured 
simultaneously. The frequency response of the cold 
wire was estimated to be about 200 Hz from the power 
spectra of the temperature fluctuation, which was 
suflicient for the measurements. The temperature 
could be measured with a resolution up to 0.01 K. 
Experimental errors were estimated to be about ~fr 2 % 

for the mean velocity and temperature, and less than 
rfI 3 % for r.m.s. values of turbulent fluctuations. Two 
hot/cold wire arrangements were used. One of them 
was used as a reference probe which was fixed, in most 
cases, at ~2 = 0.004 m (y/h = 0.0615), where the origin 
of the z-coordinate was set, and the other as the 
sampling probe. The sampling probe position was 
traversed in the x-, y- and z-directions. 

Analog signals from instruments were directly digi- 
tized with a 12 bit A/D converter and stored on mag- 
netic tape. The sampling interval and recording dur- 
ation were 0.0025 and 300 s, respectively, so that 
the sampling size for each signal was 120000. Cal- 
culations of velocity components and temperature 
and statistical processing were carried out using a 
FACOM M-760 computer system at the Data Pro- 
cessing Center of Himeji Institute of Technology. 

3. CONDITIONAL SAMPLING METHODS 

It was expected that the ordered and large-scale 
motions even in the turbulent flow could be detected 
under the strongly unstable condition if the order 

motions were kept considerably steady in space and 
time. To gain further insight into the coherent struc- 
ture of unstably-stratified turbulent flow, three con- 
ditional sampling techniques were adopted as follows. 

The buoyancyeffects on the turbulent structure in 
the thermally stratified flows are closely correlated 
with temperature fluctuation. The flow instability 
under unstable conditions should enhance the gen- 
eration of the thermal plume like the Benard convec- 
tion. It is considered that the thermal plume occurs 
near the wall and then causes, intermittently, the large- 
scale turbulent thermal convection. With increasing 
the thermal instability, the violent thermal convection 
causes the structural change of the turbulence, and 
becomes the main contributor to organize the tur- 
bulence structure. The conditional sampling method, 
which is adopted here, at first intends to detect the 
coherent turbulence which is ordered because of the 
turbulent thermal plume. The signal from the sam- 
pling probe is sampled when the reference probe 
detects the hot or cold plume. The the~al-plume 
(TP) detecting method is defined by 

where the symbol e denotes the instantaneous lluc- 
tuations of velocity and temperature, and other arbi- 
trary turbulent quantities at the sampling position. 
S, and S_ are the sorting functions in order to detect 
the hot and cold plumes, respectively, given by 

1; 
s, = 

iflU”l>HB’* and 8>0 

0 ; otherwise (3) 

-1; 
s_ = 

if(82(>NO’2 and f3<0 

0 ; otherwise (4) 

where @ is the temperature fluctuation at the reference 
position, 8’ its intensity and Hthe threshold level. The 
terms in angular brackets in equations (1) and (2) 
denote the average values of the sorted samples. 

The second method was a u-v plane quadrant tech- 
nique which was first used by Kibens [25] and 
extended by Willmarth and Lu [S] in a study of the 
mechanics of turbulence production, namely the 
structure of the Reynolds stress. The signal from the 
sampling probe is conditionally sampled and sorted 
into four quadrants of the U-U plane. The method is 
defined as follows : 

where 
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FIG. 2. Distributions of Cm&averaged velocity and temperature against JJ/!I : 0, I% = -0.003. Rc = 6900 : 
~,Ri=-0.111,Re=6700;~,Ri=-0.341,Re=3800. 

(a: 

1 ; if ]ut’ji > Hu'a' and the point (u, u) in the 

S, = u--t’ plane belongs to the ith quadrant 

0 ; otherwise. 
(5) 

The third method is the variable interval time aver- 
aging (VITA) method which many investigators have 
used to infer the average bursting period. For a Auc- 
tuating quantity e the localized VITA variance is 
defined as 

var (e) = (e’)-(Z)* (7) 

4. RESULTS AND DISCUSSION 

4.1. Time-averaged properries 
Dimensioniess values of time-averaged velocity li 

and temperature T without conditional sampling are 
plotted against dimensionless distance y/h, 4’ being the 
distance from the upper plate, as shown in Fig. 2. 
Open circles show the results for very weakly unstable 
flow (an approximation to neutral flow). Increasing 
the degree of unstable stratification, the profiles in 
the outer region of y/h > 0.25 become flatter and the 
gradients of the profiles near the wall become larger, 
so that heat and momentum are transferred more 

where the variable interval time average of the fluc- actively than those in the quasi-neutral case. 

tuation is given by Figure 3 shows the distributions of li. T and the 
intensities of velocity and temperature fluctuations 

Smoothing time At was selected as A&/v = 10 I&9], 
where u, is the friction velocity. The sorting function 
was not given, because the VITA signal was not used 
to detect the ordered motion but only to compare the 
other signals. 

Using the sorting function defined by equations (3) 
and (4), we introduced the correlation coefficients of 
the fluctuations as follows. The time auto-correlation 
coefficient at the measuring position is defined by 

R,,,(z) = (e(r)e(t+t))/(e(f)‘>. (9) 

The longitudinal spatial correlation coefficient of the 
turbulent quantities between the reference position 
(X = 0) and the sampling position x, which is the 
distance from the reference point, is defined by 

R,,,(x) = <e(O)e(x))&(O)‘>. (10) 

The spanwise spatial correlation coefficient can be 
defined in the same way. 

FIG. 3. Distributions of time-averaged values against span- 
wise direction at y/h = 0.28 for Ri = -0.111 and Re = 6700 : 
0, U/U,,; 0, (T-TJAT; 0, u’/U.wx 10; AL, ~‘/ri,,x 10; 

a, w’/(l,, x 10; v, O’jATx 10. 
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obtained at y/h = 0.28 against the spanwise direction results reveal that the turbulent motion is remarkably 
z/h. It can be seen that these time-averaged properties ordered and that the ordered motion is stable during 
have no periodic behavior with respect to the z- the period A. Furthermore, its structure keeps its form 
direction. for a considerably long time, about 1 s. 

Comparison between two signals from the reference 
4.2. Relations between conditional techniques and and sampling probes is needed to understand the 
ordered motions characteristics of the TP method and to discuss the 

The following discussions are carried out on the fine structure of detected-ordered motion later. Figure 
basis of the measurement for Ri = -0.111 and 5 represents the time records of the signals from the 
Re = 6700. Transient values of the velocity and tem- reference probe fixed at y/h = 0.0615 (y = 0.004 m) 
perature fluctuations and their conditional signals, and from the sampling probe at y/h = 0.5 and 
which are measured by the reference probe fixed at z/h = 0.0. It should be noted here that the &signal 
y/h = 0.0615 (yu,/v = 14.8) under the unstably-strati- is obtained from the conditional signal of sampling- 
fied condition, are shown in Fig. 4. The period probe measurement, however, 0, and (S+,_), are 
assigned by A in the figure denotes the large positive obtained from the reference-probe measurements. 
fluctuation of temperature which can be detected con- The third quadrant S, (u < 0 and v < 0) is observed 
tinuously during the period, so that the condition of most frequently and continuously during the period 
S, = 1 is observed intermittently but very frequently. when S, = 1. The time-record signals from two 
Therefore, the temperature signal measured at the probes when the sampling probe is set at z/h = 1.38, 
reference position shows that during the A period the far away from the reference probe, are shown in Fig. 
hot fluid, that is, hot plume, comes up continuously 6. As seen in the figure, the first quadrant S, (U > 0 
from the lower hot fluid layer near the heated wall and L’ > 0) is detected frequently. Consequently, the 
in the period. By using the TP method defined by &signal from the sampling probe is found to be sig- 
equations (1) and (3) the transient data are averaged nificantly dependent on the sampling position. It can 
conditionally during this period when S, = 1. During also be expected that the order motion detected by the 
this period, the transient signal u is seen to be held TP technique is large scale in space. 
positive and o negative, and no large time variations The TP conditional sampling was applied to detect 
of velocity and temperature are observed, so that the the ordered turbulent motion. The conditionally- 
signal levels of var (u) and var (0) are held almost at averaged vector fields of (v+)-(w,) (when 0, > 0) 
zero. As can be seen from the Si signal obtained by and (v_)-(w_) (when 0, < 0) with threshold level 
using the u-v quadrant technique defined by equations H = 2 is shown in Fig. 7. The reference probe is set 
(5) and (6) only the fourth quadrant (U > 0 and v < 0) at y/h = 0.0615 and the sampling probe is traversed 
can be detected most frequently in the period. These in the y-z plane, where the total number of traversing 

positions is 144. The solid circle in the figure represents 
the position where the reference probe is fixed. A 

A 1 
H=2 

‘_ + 
n I 

-1 
-1 J Y i=l 

i=l ,_i=2 
i=2 * i=3 

IR n, 
H=l 

tKi=g i =4 
lJLU+l ‘LII 

II r R 
i-4 

0 4 8 16 20 24 
I 

, 28 
0 4 8 12 16 20 24 28 t.E&l 

t4J.d h 

FIG. 4. Time records of velocity and temperature fluctuations 
FIG. 5. Time records of velocity and temperature fluctuations 

and sorting functions at y/h = 0.0615. 
and sorting functions. U, a, (9 and S, at y/h = 0.5; 0, and 

(S+,J, at y/h = 0.0615. 
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in i=j 
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0 4 a ‘6 20 24 28 

FIG. 6. Time records of velocity and temperature fluctuations 
and sorting functions. U, V, 0 and S, at y/h = 0.5 and 

r/h = 1.38; 0, and (S+,_), at y/l? = 0.0615 and z/h = 0.0. 

large-scale vertical structure is found to be formed 

between paratlel plates. One of the boundaries 
between a pair of vortices in Fig. 7 is located in the 
.v-J~ plane at 2 = 0 where the reference probe has been 
set. At the boundary in the (Lo+>-(IV+) vector field, 
the hot plume rises up from the lower plate and 
spreads in the spanwise direction near the wall. In the 

(L.. )-(M._) field, the cold plume starts to flow down 
from the upper cold wall near the region where the 
reference probe is located. The width-to-height ratio 
of the vortices is about 1.3. The flow patterns which 
were extracted for different values of threshold level 
H, which ranged from I .O to 4.0, were the same as the 

ones depicted in Fig. 7 except for some differences in 
fine structure. Hence, the threshold level for the TP 
method was chosen as H = 2. Figure 8 represents the 
(u+)-(c,) vector field plot against the _r-direction. 

At y/h = 0.5. the conditional averages show that 

.- 

(u+) < 0 and (c,) < 0 at -jh = 0.0 and (u,) > 0 
and (c’,.) > 0 at z/H = I .3X, corresponding to the 
third and first quadrants on the (u+)-(z.,) plane, 

respectively. These quadrant numbers are in agree- 
ment with the ones which are observed most frc- 

quently during the period when S, = 1, respectively, 
as seen from the S,-signals in Figs. 5 and 6, at ,-/}I = 0 

and 1.38. 

The conditionally-averaged patterns of the Z~-W 

vectors were obtained using the u--o quadrant method 
defined by equations (5) and (6) with the threshold 
level H = I. The results are shown in Fig. 9. The 

vortex rolls are similar in shape to ones obtained by 

using the TP method. The width-to-height ratio ofthc 
vortex for different events agrees with each other and 

is I.3 approximately. As compared with the results 
under higher (Ri = -0.341) and lower stratification 

(Ri = -0. I I l), the ratio was almost the same. Hence, 

WC expect that if the vortex rolls were organized. by 
buoyancy force, sufficiently to remain stable in space 
and time, the width-to-height ratio of vortex roll may 

appear independent of the sorting technique and 

stratification degree. From the previous study [23] on 
the laminar duct-flow heated from below and under 

super-critical conditions, the roll width was equal to 
the duct height at low Raylcigh number but decreased 

with increasing Rayleigh number (the ratio was 0.8 at 
the Rayleigh number five times the critical one). In 

the present study, the roll width is larger than the duct 
height although the Grashof number is very large. ic. 

1031 times the critical Rayleigh number. This result 

reveals that roll width depends on flow configuration, 
i.e. whether flow is laminar or turbulent. 

Although the locations of the vortices, which are 

detected using the u--l’ quadrant technique, depend on 

the quadrant of the point (u,c) in the U--C plane. the 
vortices have almost the same shape. This indicates 

that the turbulent structure both near the wall and 
also the outer region is organized considerably by 
thermal plumes and that the main contributor to pro- 

duce ordered turbulent motion is buoyancy force. 

Accordingly, using the u--l‘ quadrant technique. wc 

0 
z/h 

:a) 

:b) 

FIG. 7. Velocity vector fields, obtained with the TP method : (a) (v+)-(M., >: (b) (z*_ >-(K >. 
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/ 
/ 

: 

\ 
(c) 1 I- 

U 

V 

FIG. 8. Velocity vectors of (a,) and (a,), obtained with the TP method: (a) z/h = 0.0; (b) z/h = 0.615; 
(c)z/h = 1.38. 

can detect the ordered motion which has already been 
organized in the large-scale vertical structure by ther- 
mal plume, i.e. buoyancy effect. The TP conditional 
technique can be applied successfully to detect the 

thermal plume, so that the TP method is more suitable 
to understand the turbulent structure of strongly and 

unstably stratified flow as compared with the u-v 
quadrant technique. In comparison the u-v quadrant 
technique has been useful to examine the ‘bursts’ 
mechanics near the wall under the neutral condition. 

As seen in Figs. 4-6, the signals from VITA processing 
represent that very small level in the period when the 
turbulence is organized in a vertical structure and that 
the intermittent high level is observed only at the 
beginning of the formation and destruction of the 
vortex rolls, so that the VITA technique is not 

adequate to detect the ordered motion described 
above and to discuss the turbulent mechanics in the 
strongly-unstably stratified turbulent flows. 

4.3. Structure of turbulent roll vortex and turbulent 
transport mechanics 

Figure 10 shows the spanwise spatial correlation 
of the v-component along the centerline between the 
upper and lower plates. The reference probe was set 
at y/h = 0.5 where z/h = 0.0 and the sampling probe 
was traversed horizontally in the spanwise direction 
at y/h = 0.5. It was confirmed that the three vortices 
exist between the side wall and the center of the duct, 
so that six vortices are formed in the whole region of 
the duct and the flow pattern detected here is an array 
of longitudinal vortices. The apparent flow pattern 

- 

d) 

-115 -i -65 6 
z/h 

FIG. 9. Velocity vectors of (a,) and (w,), obtained with the u--t’ quadrant method: (a) u, > 0 and v, > 0; 
(b)u,<Oandu,>O;(c)u,<Oandv,<O;(d)u,>Oandv,<O. 
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-0.5: 
I -3 -2 -1 

Sldr WIllI 
=/h 

1 

FIG. 10. Conditional space-correlation with respect to the 
spanwise direction of o. Reference probe is fixed at y/h = 0.5. 

observed here is very similar to the longitudinal vortex 
alignment which occurred in the laminar flow between 
parallel plates heated from below at Rayleigh numbers 
above the critical value [22,23]. However, the details 
of velocity and temperature profiles and the transport 
mechanics are significantly different from the ones 
in the laminar flow. The correlation values rapidly 
decreased near the side wall. This suggests that the 
effects of the aspect ratio of the duct are so small that 

the vortices near the side wall have no significant 

-021 
0 4 0 12 16 20 

t.U/h or -x/h 

FIG. 11. Conditional auto- and space-correlations at 
v/h = 0.0615 : ~~ -, auto-correlation ; 0, space-correlation. 

influence on the structure of the vortices which are 
detected near the reference probe. 

The time auto-correlation and the spatial cor- 
relation in the x-direction which are calculated at 

y/h = 0.0615 and z/h = 0 from equations (9) and (10) 
are compared in Fig. I I. It can be seen that the longi- 
tudinal spatial correlation compares well with the 
auto-correlation. The reductions of the two cor- 
relations with -x/h or tU/h are considerably slow, 
so that those correlation levels are observed to be 

relatively high even at -x/h = 6 or tU/h = 6. It is 

FIG. 12. Velocity vectors of (u,) and (w,), obtained with the TP method:,(a) y/h = 0.12; (b) y/h = 0.28 ; 
(c) y/h = 0.5 ; (d) y/h = 0.62. 
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-1 - 

X/h 
FIG. 12 (Continued). 

expected that the vertical flow pattern can be recog- 
nized in the upstream and downstream region from 
the reference point, when the large-scale turbulent 
vortex rolls have been detected at the reference point 
of y/h = 0.0615 using the TP method. The so-called 
Taylor hypothesis is adopted here to investigate the 
streamwise structure of the turbulent vortex roll since 
a good agreement between space- and auto-cor- 
relations was observed. Figures 12 and 13 depict the 
(u+)-(w+) and (E+)-(L‘+) vector fields, respec- 
tively, which are calculated by the TP method in the 
case of S, = 1 at the reference point of y/h = 0.0615. 
As discussed above, the streamwise distances from 
the reference point were not measured directly but 
estimated from the data at x/h = 0.0 by using Taylor’s 
hypothesis, i.e. by converting time-lag into the stream- 
wise distance by means of local time-mean velocity 
without conditional sampling U. Although the appli- 
cation of this hypothesis to this type of flow con- 
figuration is debatable, it might only be said that a 
similar flow pattern existed up- and downstream when 
such a pattern was detected at x/h = 0.0. These longi- 
tudinal vortex rolls were recognized in the stream- 
wise extent of -6<x/h < 5 at Ri= -0.111 and 
-9 < x/h < 7 for strongly stratified flow at E = 
-0.341. 

The detailed structure of the turbulent longitudinal 

vortex which has been detected using the TP method 
is discussed as follows. Figure 14 shows the contour 
plots of the conditional averages of the three velocity 
components and temperature in the case of S, = 1 
with H = 2. The velocity components were non- 
dimensionalized by the cross-sectional mean velocity 
.!.Ja, and the temperature by the temperature difference 
of the upper and lower plates AT. As seen in the (v,) 
contour plot, the negative peak is observed at the 
upwelling boundary of vortices, namely z/h = 0.0, 

where the hot plume heated at the lower hot wall flows 
upwards to the upper cold plates. The positive peak 
exists at the downwelling boundary, z/h = + 1.3, 

where the cold plume cooled at the upper plate flows 
downwards to the lower plate. The feature of the hot 
and cold plume motions can be also seen in the (0,) 
contour plot. Near the upper wall, the (u,) contour 
has a positive peak at the upwelling boundary, and 
on the right-hand side of the upwelling boundary the 
(w,) contour has positive and on the left-hand side 
negative peaks. Near the upwelling boundary, accord- 
ingly, the hot plume from the lower plate impinges 
upon the upper plate and spreads laterally. It also 
accelerates the primary flow ((a,) > 0) near the 
upper wall. At the other boundaries (i.e. z/h = &1.3), 
the cold plume from the upper plate blocks the 
primary flow ((a,) < 0). 
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4 -5 -i -i 
x/h 

FIG. 13. Velocity vectors of (u,) and (u,}, obtained with the TP method: (a) z/h = -0.15; (b) 
z/h = -0.46; (c)z/h = -0.77; (d) z/h = - 1.08: (c)z/h = - 1.38. 

0 
z/h 

FIG. 14. Contours of (u+>. (D+), (MS+) and <e+). obtained with the TP method: (a) <u+)/U,, x 
<v+)/Usia,x 100; (c) (M’+)/U,,X 100 and <@+>jATx 100. 

100; (b) 
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0 
z/h 

(b) 

1.5 

FIG. 15. Contours of conditional turbulent transfer rates of momentum and heat, obtained with the TP 
method: (a) (ur+)/u’r’; (b) (t+I+)/c’O’. 

This secondary flow caused by the regular plume 
alignment constitutes the longitudinal-vortex pairs. 

Figure 15 shows the contours of turbulent trans- 
fer rates of momentum ((uv+)/u’c’) and heat 
((vO+)/zW). At the boundary of z//t = 0, the values of 
(ut:+),Wt~ are positive near the center of the duct, 
however, they become negative in the vicinity of the 
upper wall. As seen in the (u,) and (t’+) contour 
plot in Fig. 14, the sign of (u,) changed from plus to 
minus in the y-direction at that boundary, but the sign 
of (L)+) was unchanged, i.e. minus, due to the upward 
active convection caused by the buoyancy force. The 
characteristics of (uv+)/u’v’ are dependent essentially 
on the longitudinal vertical structure. The values of 
(vO+)/L~‘O’ are negative in a whole region. A negative 
peak was observed nearby at y/h = 0.5 and z/h = 0 where 
the heated fluid is transferred upward violently. The 
absolute values of {~~~+)~z~‘~~ are smah at the center 
of the vortex roll, approximately y/h = 0 and z/h = 
t-0.6, so that the thermal hot plume at the boundary 
is the main contributor to turbulent heat transfer. 

Dimensionless velocity and temperature profiles 

(a) 

I 
0.25 

Y/h 

obtained from conditional averages using the TP 
method are plotted against dimensionless distance y/h 
in Fig. 16, where the conditional averages have been 
carried out at z/h = 0.0,0.615 and 1.38, considered as 
at two boundaries and the center of the vortex rolls, 
respectively. In the region of 0.25 <y/h < 0.4 at 
z/h = 0 (at the upwelling boundary) the counter- 
gradient turbulent diffusion of momentum occurs, 
because in this region the velocity gradient is positive, 
while (uc’+)/u’c’ is also positive (see Fig. 15). In the 
region nearby at y/h = 0.5 and z/h = 0 where 
(uu+)j~b’ is positive, however, no counter-gradient 
diffusion can be observed since the velocity gradient 
is negative. In the region of 0.4 <y/h < 0.5 at 
y/h = 0.615 (near the center of the vortex), both the 
temperature gradient and (~0 +)/a’O’ are negative, so 
that in this region the counter-gradient diffusion of 
heat occurs. Incidently, in Iaminar longitudinal 
vertical flow at low Reynolds number, the counter- 
gradient profile of temperature was observed near the 

center of the vortex under considerably high Rayleigh 
number [22]. 

a75 I 
(b) - 

a250--I 0.5 
Y/h 

FIG. 16. Distributions of (U,} and (T,), obtained with the TP method : 0, z/h = 0.0; 0, z/h = 0.615; 
A, z/h = 1.38. 



5. CONCLUSIONS 

The large-scale coherent structure in fully- 
developed stratified turbulent flow in a duct with an 
aspect ratio of 7.7 under the unstable condition, has 
been experimentally investigated by using both the 
conditionally-averaging and two-point measuring 
techniques. Correlations between conditionally-aver- 

aging techniques and the detected coherent structures 
have been discussed. The main results obtained from 
the present work are summarized as follows. 

(1) Under the unstable condition, active generation 
of turbulent thermal plumes are caused by buoyancy 
force. The thermal plumes become the main con- 

tributors to organize the turbulent structure. Accord- 
ingly, the TP detecting technique is proposed in order 
to identify the coherent structure in the unstably- 
stratified flow and to investigate its turbulent 
mechanics. 

(2) The turbulent structure under the strongly 
unstable condition is essentially different from that in 
the neutral flow. Unstable buoyancy effects cause the 
large-scale coherent structure in the form of longi- 
tudinal vortex-roll array. The array fills the whole 
region in a duct. so that six vertical roils are formed 
in the duct. The observed vortex rolls are remarkably 
stable in space and time. The width of the vortex rolls, 

which are detected near the center of the duct, is I .3 
times the duct height. 

(3) The structure of the turbulent IongitLldinal vor- 
tex detected here as essentially different from the 
longitudinal vortex which, as well known, has been 
observed in laminar flow between parallel plates 
heated from below. The turbulent transports of heat 
and momentum are controlled by the coherent longi- 
tudinal vortices. because the vortices occur intcr- 
mittently but frequently and maintain their form for 
a long interval. When the turbulent structure is organ- 
ized in vertical form, the counter-gradient turbulent 
transport of heat and momentum is observed. 
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STRUCTURE COHERENTE DE TOURBILLONS LONGITUDINAUX TURBULENTS 
DANS UN ECOULEMENT STRATIFIE INSTABLE 

RCsume-La structure coherente a large echelle dans un tcoulement turbulent a densite stratifiee, soumis 
a des conditions fortement instables est ttudiee experimentalement en utilisant quelques techniques d’ech- 
antillonnage conditionnel. Un arrangement de rouleaux longitudinaux de grande echelle peut etre reconnu 
en utilisant la nouvelle technique d’tchantillonnage conditionnel. c’est le panache thermique detectant le 
sillage chaud ou froid a la front&e des rouleaux ordonnes turbulents. Les mesures donnent une con- 
naissance detaillie de la fine structure de la turbulence et des mtcanismes du transfert turbulent de chaleur 

et de quantitt de mouvement. 

DIE KOHARENTE STRUKTUR VON TURBULENTEN LANGSWIRBELN IN EINER 
INSTABIL GESCHICHTETEN TURBULENTEN STRdMUNG 

Zusammenfassung-Die makroskopisch koharente Struktur in einer dichtegeschichteten turbulenten Stro- 
mung wird unter stark instabilen Bedingungen experimentell untersucht. Unter Verwendung einer neuen 
Technik wird eine Anordnung von gro5raumigen, llngsgerichteten Wirbelwalzen entdeckt. Bei dem Ver- 
fahren wird die hei5e oder kalte Auftriebsfahne am Rande von geordneten turbulenten Walzen separiert. 
Das MeDverfahren liefert die detailherte Kenntnis der Feinstruktur der Turbulenz und der Mechanismen 

der turbulenten Wlrme- und Impulsiibertragung. 

KOFEPEHTHAJI CTPYKTYPA TYP6YJIEHTHbIX I-IPOAOJIbHbIX BMXPER B 
TYPISYJIEHTHOM HOTOKEC HEYCTOI?YMBOI?CTPATM~MKAHME~ 

AiwoTamn-c ~cnonb30~aH~e~~eToAoBycnoB~o~BbI6OpK~3Kcnep~~e~T~b~o riccnenyercn ~pyn~o- 

MacmTa6Han KOrepeHTHaK CTpyKTypa Typ6yneHTHOrO IIOTOKa CO CTpaTW$liKaUHefi IInOTHOCTH B ycno- 
BWIlX CHnbHOii HeyCTOiiWiBOCTH. PaCllOnO~eHSie KpynHOMaCLUTa6HbIX IIpOAOnbHbIX BUXpeBbIX BaJlOB 

MO)KeT 6bITb yCTaHOt3neHOC IIOMOIUbEO HOBOI'O MeTOAa yCAOBHOfi eb16OpKe,a WMeHHO,MeTOAa o6sapy- 
lenmr rennonbrx crpyii, ~0~0pblii n03BomeT nbrnenrirn HarpeTym ana tietiarpeTym Tennoeym c~pyh3 

Ha rpaHHUC ynOpKAO'ieHHbIX Typ6yneHTHbIX BaJIOB. MsMepeHEin, BbUlOnHeHHbIe C UCUOnb30BaHHeM 

MCTOAa yCnOBHOii Bb160pKH,AamT IIOApO6HyIO HH+OpMaUH,O 0 TOHKOi? CTpyKType Typ6yneHTHOCTU B 

MexaHHKeTyp6yneHTHoronepeHocaTenna~ xonmrecrnanmimenmr. 


