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Spatially correlated temperature fluctuations in turbulent convection
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By measuring the degree of spatial correlation in temperature fluctuations at two points separated by a
distance perpendicular to the mean flow, we are able to determine the viscous boundary layer thickness in
turbulent convection. We demonstrate this method using water as the working fluid and find excellent agree-
ment with directly measured results. Furthermore, from the most probable delay time for a thermal disturbance
to successively pass the two temperature probes, we deduce the width of the mixing zone and again find very
good agreement between the value obtained and that predicted by theory.
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l. INTRODUCTION highest Ra reached in the experiment {0'Y). In a later
experiment using a direct light scattering techni¢ég we
One central focus in studies of turbulent convection is tofound that in watews,~ Ra € which holds in four convec-
determine how the efficiency of heat transp@e., the Nus-  tion cells with a combined range of Ra spanning from t0
selt number Nudepends on the Rayleigh number Ra, which10' [7,8]. So within a substantially overlapping range of Ra
measures the relative strength of buoyancy to dissipatiorthe two experiments give quite different results &, albeit
More importantly, the main question has been: What is thdor systems with different Prandtl numbers. Because the co-
real mechanism that dictates heat transport, or the Nu and Racidence between the peak position of the cutoff frequency
relationship, in the turbulent state of thermal convectionZand that of the velocity was observed at a single Rayleigh
The discovery of the hard turbulence state is a major develnumber in watef5], when BTL applied it to a gas they made
opment in the studies of thermal convectidr. A defining  two implicit but important assumptiongl) this coincidence
feature of hard turbulence has been the power law deperis valid for other values of Ra, an®) it holds for other
dence Nu-R&’ with the exponenB=2/7. This result is now Prandtl numbers (P¢7 in water and=0.7 in ga$. Since this
being challenged both experimentally and theoretically.‘power spectra method” was introduced, it has been used in
Questions arise as to whether the valueBols 2/7[2], or  many different fluids with Pr ranging from-0.025 (mer-
even whether there should be a single power[law. In our  cury) to ~10° (glycero) [9,10], and without explicit experi-
view, the verdict is still out at the moment. One thing is mental verification.
clear, however; these studies have made it more apparent that We have recently tested the power spectra method in wa-
global measurements, such as NuRs, PJ, are not enough ter for a range of Rayleigh numbers that span almost two
for a full understanding of the turbulent convection problem.decades and found that the length scale determined by this
Rather, one needs to make quantitative measurements of thgethod indeed agrees well with the directly measured
local properties of the temperature and velocity fields, sucthoundary layer thickness. But our test was inconclusive be-
as boundary layer thickness and shear rate, and test someguse a major justification given for this method was not
the specific predictions and assumptions concerning locddorne out in watef11]. Since this justification places spe-
quantities made in the various theoretical models. cific requirements on the properties of thermal plumes, our
The thermal and viscous boundary layers in the convecresult raises questions about the validity of generalizing the
tion cell play key roles in determining the efficiency of heat power spectra method to fluids of different Prandtl numbers.
transport and the various scaling and statistical properties. Another motivation for developing a technique to deter-
The first experimental study that systematically measured thmine the viscous boundary layer thickness in nonaqueous
Ra dependence of the viscous boundary layer in the harfluids is related to the search for the ultimate state in turbu-
turbulence state was carried out by Belmonte, Tilgner, andent convection, which has attracted much attention in recent
Libchaber(BTL) [5]. Using an indirect technique—the coin- years[12]. As predicted by Kraichnan in the 1960s, at very
cidence between the peak position of the cutoff frequenchigh Rayleigh numbers turbulent convection will enter an
(the highest excitation frequency above noise lpwélthe  asymptotic state in which NuRa"? [13]. Thus heat is trans-
temperature power spectrum and that of the velocity in theiported more efficiently in this ultimate state than in the hard
respective profiles with distance from the boundary—theseurbulence state where NuR&'”. More recently, Shraiman
authors found that in pressurizedg3fas the thickness of the and Siggia also suggested the existence of this asymptotic
viscous boundary layerd) follows the thermal boundary state in their model for turbulent convectifid]. Although
layer for 10<Ra<10’, remains more or less constant for the two models are based on somewhat different arguments,
10’<Ra<10°, and scales as R&** (which the authors ap- both place explicit requirements on the behavior of the vis-
proximate as Ra’% for Ra=2x 10’ all the way to the cous boundary layer. In an experiment conducted in mer-
cury, Glazieret al. reported that this ultimate state does not
exist[15], thus contradicting an earlier claim for its existence
*Email address: kxia@phy.cuhk.edu.hk by Chavannest al.[16]. One of the arguments used by Gla-
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zier et al. to dismiss the ultimate state is that their viscous
boundary layer became thinner than the thermal one and yet
they still observed NuR&'". However, their viscous bound-
ary layer thickness was obtained by using the power spectra
method[17]. Since mercury and helium are perhaps the most
promising fluids with which to search for the asymptotic
state, it is important that a viable technique suitable for these
fluids be developed for determining the viscous boundary
layer thickness. This would enable one to verify some of the
specific predictions about the ultimate state, in addition to
the important Nu measurements.

We present here a method for determining the viscous
boundary thickness that utilizes the variation of the spatial

correlations between temperature fluctuations at different lo- Thermistors
cations in the convection cell. In addition, we also study the By
interplay between coherent thermal structu¢glimes and —

thermals and large-scale flow by investigating the behavior
of the most probable time delay in the cross-correlation func-
tion of temperature fluctuations between two spatial points.
From the profile of the delay time with height, we identify a
length scale and associate it with the width of the mixing
zone. The concept of a mixing zone was first proposed by
Castainget al. in their model for hard turbulent convection ~ FIG. 1. Schematic diagram of the convection cell with two mov-
[18]. It is a key ingredient in that model and specific predic-able thermistors.

tions for both its Ra dependence and its magnitude have been

made[18,19. But to the best of our knowledge no quantita- into a resistance and then a temperature series, using cali-

tive measurements have been done on the width of the mi@rated conversion curves. From the temperature-time series,
ing zone. the cross-correlation function between the two thermistors is

computed.

Il. EXPERIMENT
Ill. RESULTS AND DISCUSSION

The convection cell used in the experiment has been de-
scribed in detail previously20]; we mention here only its
key features. As shown in Fig. 1, it is a vertical cylinder of  Cross-correlation flowmeters are commercially available
height 19.6 cm and of inner diameter 19 cm. The top andndustrial instruments that find wide applications in fluid
bottom plates are made of copper and the sidewall is made @peed measuremeri2]. The basic principle of such instru-
Plexiglas. The control parameter in the experiment is thements is simply to measure the time delay for a disturbance
Rayleigh number RaagL3A/vk, with g being the gravita- to successively pass two poirgpaced along the flow direc-
tional accelerationl. the height of the cell, and, v, andx,  tion. With respect to turbulent convection, the two-
respectively, the thermal expansion coefficient, the kinematitemperature-probe cross-correlation technique has been ap-
viscosity, and the thermal diffusivity of water. The varying plied by many groups to measure the velocity of the large-
range of Ra in the experiment was fronx20® to 2x10'°.  scale circulation near thsidewall of the convection cell
During our experiment, the average temperature of the watd23,16,4. Because of the presence of strong temperature
in the convection cell was kept near room temperature anéluctuations, however, the delay time and velocity are not
only the temperature difference across the cell was changeeklated in any simple way near the conducting top and bot-
In this way, the variation of the Prandtl number=Rf/x is  tom plates. Thus the time-delay method cannot be used to
kept at a minimum (Re7). obtain velocity near these regions.

The local temperatures are measured using two ther- In our method(which does not measure velogitywe
mistors 300 um in size with a time constant of 10 na1]. measure the cross-correlation function of temperature fluc-
The thermistors are mounted on a syringe needle of 0.5 mnuations at two pointspaced perpendicular to the mean flow
in diameter which in turn is solderecha 1 mmdiameter direction The principle of the technique is based on the fol-
stainless steel tube. The thermistors traverse together vertbwing observations. Near the top and bottom conducting
cally along the central axis of the cell during measurementsurfaces, the large-scale circulation acts like a horizontal
Each of the thermistors and three other resistors form an awmind that sweeps across the surface and creates the viscous
Wheatstone bridge that is modulated by a sinusoidal signddoundary layer. Because of the presence of strong shear
of 1 kHz. The output of each bridge is fed to a lock-in am-within the viscous layer, temperature fluctuations or inhomo-
plifier for demodulation and then sent to a dynamical signalgeneitiegsuch as coherent thermal objeatsll have a much
analyzerfHP35670A with four channeldor digitization and  reduced probability of propagating straight upward and,
recording. The voltage time series obtained is first convertetherefore, of being detected at locations directly above where

A. Determination of the viscous boundary layer thickness
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thermistors at different vertical positions with separatigh 1 2
=5.0 mm and Ra 2.2x10°. Solid line represents the upper probe
temperature and dashed line that of the lower probe. of the lower probe temperaturg;(t) and that of the upper

probeT,(t). Figure 3 shows two cross-correlation functions
h ininate. In oth ds. if we h ir of t measured at Ra2.2x 10° with z= (a) 1.2 mm and(b) 5.0
€y originate. 1n other words, It we have a pair ot tlempera-,, , 1+ 5 clear from the figure that the amplituée(indi-

ture probes, one within the viscous layer and the other d'?;ated by the arropincreases with increasing probe distance

rectly above the first one but outside the viscous layer, g the lower plate. Note also from the figure that the peak
correlation in temperature fluctuations at the two probe popgsition r,, which represents the most probable delay time,
sitions will be less than it would be if both were outside thejg negative. This will be addressed in Sec. IllB. Figure 4
viscous boundary layer where viscous sh@ar horizontal  shows a profile of the correlation coefficieR{z) with the
velocity gradientis much smaller. To test this idea, we con- gistancez, measured at Ra7.1x 10°. It is seen clearly that
duct our experiment in water for which directly measuredRr(z) increases monotonically with and as the probes move
velocity boundary layer data are available for comparison. further away from the surfac® starts to level off. The
Figure 2 shows time series of the normalized temperatureturning point” in the profile is an indication that the lower
fluctuations, 8T(t)/{(sT)?)Y2 [8T(t)=T(t)—(T)], mea- probe (T,) has emerged from the shear layer and this posi-
sured by the two probes at various heighfsom the lower tion may be used as a measure of the viscous layer thickness.
probe to the bottom plate of the cell. The displayed timeOutside the viscous boundary layer, the mean horizontal ve-
series are 2 min segments 1fio2 h long recordings, with locity decreases and eventually becomes zero at the cell cen-
probe separatior’=5.0 mm and at Ra2.2x10°. These ter. But it does so gradually such th@t each heighg) its
time series clearly show that the degree of correlation bevariation over a distance of the order of the probe separation
tween temperature fluctuations at the two probe positiong” is small, and this is why the two-probe correlation retains
increases as they move away from the boundary. A measuits maximum value in this region.
of this degree of correlation is the cross-correlation coeffi- It is also interesting to note that near the plR{g) has a
cientR(z) = C,(7y), whereC,(7p) is the amplituddor maxi-  linear dependence an(inset of Fig. 4. This can be under-
mum value of the cross-correlation function stood as follows. Inside the viscous boundary layer, the
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FIG. 4. The profile oR vs z at Ra=7.1x 10°. The inset shows tained by the light scattering technique. The thermal boundary layer
an enlarged portion near the boundary. iy (triangles is shown for comparison.

z (mm)

horizontal velocity increases linearly with a large gradients|ightly larger than the viscous layer thickness. So tis
(large shear raje whereas outside it the velocity decays taken as the optimum value. In fact, the various points in Fig.
much more slowly(and can even be approximated as a cont were obtained with several values 4f i.e., larger/ for
stant over a distance of the order of the boundary layer thickiywer Ra and smaller’ for higher Ra, but’ is fixed for the
ness [24,7]. Because one probe is inside and the other isgme Ra.

outside the boundary layer, as the two traverse upward to- |t js clear from the above discussion that our method re-
gether the difference in horizontal velocities at the two prObequires only the existence of a mean flow that is dominant in
positions decreases linearly. This leads to a linear increase We horizontal direction near the conducting surfaces, which
the degree of correlation in temperature fluctuations betweeg 5 well-established feature of high Rayleigh number con-
the two positions. This feature prompted us to operationally,ection. And no assumptions are made about the properties
define a length scaléi similar to the definition for the vis-  of the thermal plumes, which may behave differently under
cous boundary layer thicknesg using a true velocity profile  gifferent Prandtl numberf9]. Hence, this technique should
[24]: we simply extrapolate the linear part B(z) near the  apply to any fluid in the turbulent convection regime regard-
surface and the horizontal line far away from the boundaryjess of the value of the Prandtl number. It should be noted
and denote the intersection point &s. This procedure es- that this method is different in principle from most in-line
sentially allows one to determine the above-mentioned turngross-correlation flowmeters and does not measure the value

ing point in a consistent way. For the profile in Fig. & of the velocity either directly or indirectly.
=2.66 mm, which is in excellent agreement with,

=2.65 mm measured by the light scattering technifjtle
We show in Fig. 5 the dependence & on Ra, along with
that for §, from direct measurement. It is clear from the We discuss now the interaction between the thermal
figure that, within the range of Ra spanned in the presenplumes and the large-scale circulation. As shown in Fig. 3,
cell, 6g obtained using the two-thermistor method can bethe peak positiorr, of the correlation function is negative.
used as an alternative measure for the viscous boundary layeg represents the most probable delay time for a temperature
thickness. In Fig. 5 we also plot the thermal boundary layedisturbance to pass the two probes in succession. According
thicknesséy;, for comparison. to the definition of the cross-correlation functi@y(7), a
From the principle of the technique, it should be obviousnegativer, implies that most “thermal objects” passed the
that the separatior” of the two probes has no quantitative upper probe before they reached the lower one, even though
bearing on the measuregk as long as it is larger than the our measurements were conducted near the bottom plate.
viscous layer thickness, and not too large so that the correFhis can be understood as follows. Because of the horizontal
lation of the two signals will still have a reasonable level of velocity gradient near the boundary, the top part of a thermal
signal to noise ratio. To verify this, we varietdbetween 1.7 plume that is detached from the thermal boundary layer
and 7 mm and found that a$ is decreased the correlation moves faster than the lower part. Therefore, the plumes are
between the two probes is increased so fRét) profiles  tilted while being advected downstream horizontally. In fact
such as the one shown in Fig. 4 become smoaofless data this has been observed previously in shadowgraph visualiza-
scattering, and that the best result is achieved wheis just  tions by Zocchiet al. [25]. We depict this in the cartoon in

B. Measurement of the mixing zone
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FIG. 6. A cartoon depicting
the interaction between thermal
plumes and the large-scale mean
flow in the boundary layer region.
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Fig. 6, where the tilted plumes are seen to reach the uppeXfter =, has reached its maximum value, it starts to decrease
probe before the lower one and thus give rise to a negativagain, reflecting the fact that both the vertical and horizontal
delay time in the cross-correlation function. Because theomponents are decreasing in this region but the horizontal
mean flow is predominantly along the horizontal direction inone is always largef26] (this is also the reason why,
the boundary layer region, the tilt of the plumes is mostnever becomes significantly positive
severe in this region, which means thgtis most negative The position of the maximunr, defines a length scale
there. d4- As &4 corresponds approximately to the position of the
In Fig. 7 we show a profile of, vszat Ra=7.1x10°. It  maximum vertical velocity, it may be associated with the
is seen clearly from the figure thag is smallesfmost nega- upper boundary of the mixing zone first proposed by Casta-
tive) near the bottom plate, increases to about zero with ining et al. for the hard turbulence staf&8]. In their original
creasing, and then decreases again.®t=0 the profile has model, the authors argued that the mixing zone is where the
a well-defined peak and this is found to be the case for al{vertical) velocity of the fluid is accelerated to its value in the
Rayleigh numbers measured. The behaviorgp€tan be un- central region. The existence of a mixing region has been
derstood as follows. Near the boundary the vertical compoeonfirmed by visualization studid®5], but to our knowl-
nent of the velocity is negligible, so the average tilt of theedge its width has not been quantitatively measured. If the
plumes is largely determined by the horizontal velocity gra-length scales; can be used to indicate the top boundary of
dient. Outside the boundary layer, the vertical velocity startthe mixing zone, then we can define the width of the zone as
to increase while the horizontal one decreases; this results i6,= d4— 6, , wheredy, is the thermal boundary layer thick-
an increase inry. Finally, the vertical velocity reaches its ness. Figure 8 shows,, as a function of Rdsolid circles
maximum value and starts to decay along with the horizontalogether with the theoretical predictidp=2L x Ra *" by
one, at which pointry reaches its maximum value=(Q).

50 1 T L | T 1 LR | T
1 I8d v T 1 1 T 1 7 I_ 40 4
0.0 ‘ﬁ.. — 30 |
- ®e o o @
e o ) ~_
’ I E 201 ? f\\
7 ‘ : Fia
2 02 7 (,QE é\
g -
0.3 . ok
04 - 81 1
T 1 L1l 1 Lol 1
0.5 | 1 | 1 1 ) 1 1 1 1 1 108 10° 1010
0 20 40 60 80 100
Ra
z (mm)
FIG. 8. 6, as a function of Ra. The dashed line is the theoretical
FIG. 7. The profile ofry vs z at Ra=7.1x 10°. prediction| ,=2L X Ra ¥" for the width of the mixing zone.
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Procacciaet al. [19]. It is remarkable that the two agree so ent Prandtl numbers are under way.

well without any fitting parameter. Note also th&t is much By studying the most probable delay time for a thermal
larger than any boundary layer length scales measured in thdisturbance to pass the two probes in succession, we obtain
convection cell(see Fig. 5, for exampleWe would like to  information about the interplay between coherent thermal
caution, however, that, since the prefactor determined in Rektructures(plumes and thermalsand the large-scale flow.
[19] is for a fluid with P=1 whereas in our experiment Pr We further identify a length scale from the profile of the
=7, the almost perfect agreement could be accideffl delay time as measured by the correlation function. We as-
course, it could also mean that the width of the mixing zonesociate this length with the width of the mixing zone and find

is not sensitive to Br excellent agreement with theoretical predictions.
Through the determination of the above two length scales,
IV. CONCLUSION it is seen that much can be learned by studying the properties

of spatial correlation in temperature fluctuations, which are

By measuring the spatial correlation of temperature fluchanifestations of the interplay between coherent thermal ob-
tuations between two thermistor probes spaced perpendiculgdcts and the large-scale circulation in the convection cell.
to the flow direction, we are able to determine the viscousyjith this contribution, we hope to stimulate more multipoint

boundary layer thickness in a Rayleighsed convection measurements to probe the spatial structures in turbulent
cell in water. The results obtained are in excellent agreemerignvection.

with those measured by the direct light scattering technique.
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