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CHAPTER I
INTRODUCTION

1.1 Statement of the Problem

This is a study of a particular form of thermal convection
in which a horizontal layer of water is confined between a heated lower
plate and an insulated upper plate and the turbulent Reynolds number
is large. The flow can be used to model many aspects of convection in
the planetary boundary layer and is perhaps the simplest form of turb-
ulent convection. |

Thermal convection is important in atmospheric modeling and
also in engineering systems. This work provides direct empirical data
on the behavior of such systems. In addition, the data can be used in
the development and testing of calculational models of turbulent flows in
which buoyant production of energy is significant. The emphasis in the
study has been on the structure of turbulent flows, especially measure-
ments of the higher order moments and their relationship to lower order
 quantities.

Measurements of the local, instantaneous values of the temper-
ature, the vertical wvelocity and horizontal velocity were performed
using a scanning thermocouple probe and a laser Doppler velocimeter. The
various terms in the equations for kinetic energy, thermal variance and
kinematic heat flux were calculated and flow visualization and conditional
averaging teclniques were employed to infer certain properties_ of the
active fluid transport mechanisms. Power laws in a possible equilibrium

layer were calculated and power spectrum estimates were used to evaluate



the rate of dissipation functions when inertial subranges existed

in the wave number space.

1.2 Retrospective Theoretical Ahalysis

From dimensional analysis, it is found that the non-dimensional
heat flux is proportional to Rayleigh mumber to the 1/3 power, provided
that the Prandtl number is irrelevant and that the boundary temperature
gradient is independent of the distance between plates. Measurements of
Silveston (1958), Globe and Dropkin (1959), Chu and Goldstein (1973)
and Goldstein and Chu (1969), support this analysis for Ra > 10°, though
a Prandtl number dependence has Been found. The same conclusions were
obtained by long (1976), by assuming a buoyancy defect law in the interior
of the layer analogous to the velocity defect law in pipe and charmel
flows.

Theoretical studies of turbulent thermal convection can
probably be classified into four categories:

In one category are similarity and mixing length studies in
which maximm use is made of experimental results and minimum use is
made of the important differential equations. Examples are the similarity
theory of Priestley (1954), and mixing length theory of Kraichnan (1962).

The similarity theory of Priestley (1954) predicts that in
the region where the direct influence of molecular viscosity is wn-
important and the turbulent heat flux is constant with height, and where
the effect of an upper boundary is not felt relative to the mﬂuenée of
a lower boundary, the mean temperature gradient has a-4/3 power law and

the RMS temperature and vertical wvelocity fluctuations have a -1/3 and



1/3 power laws respectively. Thomas and Townsend (1957) and Townsend

(1959) found a (z-z) dependence for 3T/ 3z which Bryson (1955)got a
(2-3/2

entraining symmetric . plumes.

) profile based on 'an essentially kinematic analysis of non-

Kraichnan's work (1962) is a generalization of the mixing
length theory which attempted to explain Prandtl number effects in turb-
. ulent thermal convection. The heat flux and vertical profiles of mean
temperature, temperature variance and vertical wvelocity variance are
predicted for certain heights and for either large or small Prandtl
numbers. The mixing length is taken as the vertical distance from a
boundary. Such theories have only limited regions of validity arising
from the limited regions where the important assumptions are valid.

In a second category of theories, the hierarchy of relevant
non-linear equations deécribing averéged properties of the turbulence,
and containing usually several more wnknowns than equations, is closed
by suitable assumptions. The theory of Malkus (1954) can be included
into this category although the only second order moment equations
utilized were those for wvelocity and temperature variances.

The theory of Malkus sought to provide the magnitude of the
heat flux transfer relation and to describe the mean temperature profile
for fully ﬁn‘bulent convection. Malkus found a (-2) power law. for the
gradient of the mean temperature. |

Following the same line as Malkus, Howard (1964) solwved the
variationai problem for the heat flux through a hérizontally infi’nite

layer of fluid heated from below by maximizing the heat flux subject to



two integral constraints derived from tﬁe equations of motion and
continuity.

A slight different approach but following the same lines of
thé second category are the works of Lundgren (1967), (1969). Instead of
dealing with moment equations, the equations governing the .probability
density functions for turbulent wvelocities in isothermal turbulence were
derived. This approach camnot avoid the closure problem, because the
equation for fl (probability density for wvelocities at one point) in the
flow, contains the two point probability density f2. Certain class of
flows with isothermal turbulence, where dissipation function could be
elinﬁ.nated, had the f1 equations closed. Generally good results were
obtained as pointed out by Adrian (1972).

In a third category are numerical integrations with reépect to
time of the basic hydrodynamic and thermodynamic equations. Arbitrary
initial conditions are imposed and the integration is continued wntil a
statistically steady state is obtaiﬁed. This approach seems promising
if the main interest is with those features of the turbulence which
depend most strongly upon the larger scales of the motion. One simplifica-
tion of this category consists in discarding all non-linear terms in the
equations except the vertical transport of horizontally averaged mean
temperature and the vertical diwvergence of large scale eddy heat
flux. Following this line are the works of Herrmg (1963), (1964),
(1966), (1969) and Elder (1969).

A second example in this category is the quasi-normal approxima-
tion of Millionshchikov (1941), Proudman and Reid (1954) and Tatsumi (1957)

in which the fourth order correlations are related to second order



correlations by assuming that wvelocity is a Gaussian random variable.
The quasi-normal approximation leads to the non-physical development of
negative energy as pointed out by O'Brien and Francis (1962) and Ogura
(1962a), (1962b), (1963).

The clipping approximation of Andre et al. (1975a), (1975b)
is a modification of the quasi-normal approximation which enforces re-
alizability conditions for third order correlations between velocity
and/or temperature théreby insuring positive values of enefgy.

An alternative method which partially avoids the use of a
higher o1.:der closure technique is the so-called sub-grid theory,
Dearaorff (1972), in which the closure assumption is less crucial since
the grid size is then sufficierﬁ:ly small to allow explicit description
of most of the energy containing turbulent structures. This requires a
3-D simulation and the memory capacity of the computer restricts cons-
iderably the size of the domain which can be simulated.

In a fourth category the convective plumes are studied separate-
ly and with mutual interactions and mixing in a convective field. The
study does not start from the hydrodynamic and thermodynamic equations,
but sets up the hypothesis that a plume element with a sharp boundary
and a statisi:ically wmiform interior is anadequate basis for a mathematical
description of real convection. Examples of this category are the works
by Telford (1967), Turner (1963), (1969), Manton (1975) and many others.

Table 1 presents some of the more important theoretical works
in each category of the previous classification that, in some way,

followed, contributed or confirmed some of the results in each line.



Table 1
Some of the Works in Each Theoretical Category

I IT IIT v

Priestley (1953) Malkus (1954a) Herring (1962)  Turner (1963)
Priestley (1954) Malkus (1954b)  Herring (1964)  Telford (1966)
Kraictnan (1962) Spiegel (1962) | Deardorff ('19'64) Telford (1967)
Townsend (1962) Deardorff (1965) Warner and
Howard (1964) Herring (1966) Telford (1967)
Lundgren (1967) Herring (1969)  Turner (1969)
Lundgren (1969) Elder (1969) Manton (1975)
Adrian (1972) Deardorff (1970) Manton and
Mellor (1973) Deardorff (1972) Cotton (1977)
Zeman and ' Deardorff (1974)
Lumley (1976) Wyngaard and
Zeman and Cote” (1974)
Tennekes (1977) Andre’et al (1975)
Petersen (1976)




1.3 Experimental Studies
As all theories of turbulent thermal convection have been
concerned with statistically steady, horizontally homogeneous convec-
tibn, it is worthwhile to briefly mention the few pertinent laboratory
- studies in which the investigators have gone beyond the relatively
simple measurements of the mean heat flux. Table II summarizes the
measured and calculated quantities and the different features in each
experimental study, with respect to the following characteristics:
1. Mean heat flux.
Mean temperature profile.
Gradient of the mean temperature.

RMS of temperature fluctuations.

2
3
4
5. RMS of velocity fluctuations.
6. Kinetic energy budget.
7. Thermal variance budget.
8. Kinematic heat flux.
9. Power laws in the convective layer.
10. Viscous dissipation.
11. Thermal dissipation. -
12. Spectral and/or correlation fumction analysis.
 13. Mean density deficit profile
14. Probability denéity function for temperature signal.
15. Probability density finction for welocity signal.
16. Horizontal scales of the flow.

Some of the experimental measurements performed in the atmos-

phere are reported by Telford and Warner (1964), Lenschow and Johnston



aayjexrsuad - aIIM "ISTSAY  197EM Tx6'¢ X X X X (9261)
~uou Apeo3siy) apdnooamiayy, Saoqog
ydyetey  uicwsun-Y BB e 1 x¢ X X X X X X (9461)
unugIe]d preaxefzipg
y3re1dey - a1dnooouttany], a1 x¢g X X X X (9261) 1o13T)
anjieaouad  sapopdasd aydnodauaatyl,  Iajem 1xX¢2 X X X XX X X X X X X (4267) 33acpaesq
Apeoasuy)  popusdsng pue SIITIN
ydretiey - ‘woasjrajul  asjem Tx6'1 X X X (€EL6D) ur=ISp1od
pue nyh
Brotdey ATl - awien 1X ¢ X X (€L6T) U1835p10D
: ) pue_uaie)
0¥ AQl adnooaiiayy,  333tM 1XLT X X X X X X X (SL61) pw
1900 X33eM . (TL6 D) \elapy
ydraidey - s1dnodauxayy, s{JO TX 4y X X X (696T) EpzeH
QUUDTTIS - _____ % BI]EOSI2WLOS
aaTI8I33ued - apdnooauwayy,  I9jem 1X6°'1 - X X (696T) ‘1®
Lpwalsuy M "ISYSTY pue jjaopaesq
ydre1iny - BXM i® 1 X¢g : X X X (£961) sTTIIM
a0uUR39Y59Y pue Jjaopaexg
ydiardey  woamuz-y sydnoocuay], e 1xg X XX X X X X X X (£961) syiIm
—— 3 _Jropae
yretkey . - sydnodawrxy,  s[J0 [ X & X X x  {(s961) upidaig
QUODIL I8 X §OTEOFIMMOS
807  sayoplaed JojsjuIayy,  Ionem ITx71 X X X (Hy961) puasumoy,
Jan0 adjes  pepuadsng
ydratley - ardnodauary], SNOTALA - X {6567) umdaig
pue 99019
20BJaNs - ESEFSER e - X X X {(8%61) 33019
pajeay ySpoyhey ,
do3y wado - FERC GG T aye Tx /(" X X X X X (8561) puasumo],
__y31oqdey s0uysIsaY
ydrerioy - A3]ananagy, 1pe L R X X X X x (£561) puosuoy,
VUL [EIY pUB_ SRWMLY,
y3ya1hey  sa79131ed -~ 193eM - X X (7561) ST
popuadsnsg
NOLLDJANCO = 390ud 90U aIVid  OLLVM, 9T ST VT ECT ZLIT 0T 6 8 £ 9 S ¥ € T 1 YVIR
40 ddAL ALIDOEA TUNIVIEAGL Rl ch Y SOLISYLIOVIVID

AWHIVASTY

SHI0M ﬁmugum&ﬁ £103e10qET] JUBDTITUSIS IO - ¢ 91qe]



(1968), Lenschow (1970), Warner (1972), Hall, Edinger and Neff (1975),
Benech (1976) and Kaimal et al. (1976). For a variety of reasons, not -
least of which is the difficulty in performing such measurements, atmos-

pheric data do not correlate very well with laboratory experiments.

1.4 Motivations

This work encompasses the study of the turbulent thermal
convection in a layer of water between a large, horizontal, umiformly
heated surface and a horizontal, thermally insulating upper plate. The
mean temperature of the convective layer increases with time at a constant
rate. The investigations concentrated on the properties of a buoyancy
driven flow that is generated by a large upward heat flux at the lower
boundary and a small or vanishing heat flux at the upper boundary, which
is referred as unsteady, non-penetrative convection. Unsteady because
the temperature is steadly increasing, non-penetrative because the flow
is bounded by rigid surfaces. Although the temperature is uhsteady, the
dynamics of the flow are steady, that is, tﬁe fluctuating moments of the
turbulence are statistically stationary in time and (ideally) in horizontal
planes. |

The motivations for studying such a flow are as follows:

1. The structure of the atmospheric boundary layer can be
illuminated by a simplified laboraﬁory model where the boundaxry conditions
could be controlled and the experiment could be repeated as often as
necessary in order to obtain good wvertical profile resolution and to

reduce the experimental uncertainty.
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Some of the important applications of this type of flow are:
i) Dispersion of particles in atmospheric pollution.
ii) Formation of clouds. |
iii) Prediction of optical information loss generated by
the turbulent temperature fluctuations in areas such as solar observation
and aerial reEonnaissance.
iv) Convection in lakes and oceans.

2. Available data need to. be supplemented in order to validate
the conjectures and hypothesis of theoretical studies or numerical models.
As this is a simple flow, without mean motion, methods of study Which
fail to predict or explairi ﬁhis simple type of turbulence cannot be
e}qaeéted to explain atmospheric turbuleﬁt convection.

3. Despite for the qualitative description of Elder (1969)
and Foster (1965) of the structuré of the convective elements and the
laboratory experiments of Deardorff and Willis (1967), Adrian (1972),
Willis and Deardorff (1974) and Fitzjarrald (1976), and the atmospheric
measurements of Telford and Warner (1964), Lenschow and Johnston (1968),
Lenschow (1970), (1974), Warnmer (1972), Hall et al. (1975) and Kaimal
et al. (1976), it is still wnclear how ' closely unsteady thermal
convection in the laboratory can similate convection in the atmosphere.
However, it seems that a method which could adequately describe the
important features of parallel éonvection might be gradually extended
to explain much of the amnspherié case. |

4, A parallel numerical investigation was carried out by
Mr. M. K. Chung (TAM Dept.) a*ﬁd the data was also intended tb provide

information for his numerical analysis.
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5. This experiment was the first étep m a series of three
basic laboratory experimental coﬁfiguration:
a) Convection with zero entraimment, b) convection with
a finite entraimment, and c) convectJ:.on under a stable layer. Data from

this work will provide basic information to study the more complicated

models.
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CHAPTER II

GOVERNING EQUATIONS AND SCALING

2.1 Governing Equations

The governing equations follow the Boussinesg approxj_;nation
as the variations of velocity were small compared with the speed of
sound and variations of density were also small conpared with the
average density.

Following Townsend (1976), the momentum equation is

2
au! su! 3 “ul
i i l1ap!
—_— gt —= = - L - Bg.6 + v , (2.1)
at d X, J X, 1 3 X.9 X,
JO%y PoFy i
The enthalpy equation, neglecting viscous heating, is
3T T 3 2‘1"
a_tl+uiaxl=°‘a$<ai ’ (2.2)
i 373
and the continuity equation is
auj'_
—= =0, (2.3)
Bxi

where Py is the mean density of the fluid, v is its kinematic
viscosity, o is the thermometric cond\ictivity, 9; is the gravitational
vector (0,0,-9), B is the volumetric coefficient of thermal expansion
of the water and p' is the total pressure minus the mean hydrostatic
_ pressure. |

Separating the total dependent variables into its mean and

fluctuating parts,
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|
ui = Ui + ui ’ (2.4a)
p'=P+p, _ (2.4b)
V-
Tl Tl + 8, . (2.4c)

suwstituting (2.4a), (2.4b) and (2.4c) into eguations (2.1), (2.2)

and (2.3), and ensenble averaging, gives

2
3 U, U, 3 U. '
5‘1?1'+Uj5—xi+a%<—ﬁiuj>='pi'aa>f+"axa>l< ' (2.5)
3 J U 373
BTl BTl 5 82Tl
7t T Uiax T W% T esgx (2.6)
1 1 J 3
3 U, ,
l —
Tals 0. (2.7)
i .

The equations governing the fluctuations are obtained by
subtracting the equations for the ensenble averages from the
instantaneous governing equations

o u, au au, a0
1 1 1 1 3 _
5t T Yax T YR T YR, ax MYy T
J J J
82u
1l 3p i
= - - bl Bg 8 v ’ (2.8)
3 X, i 3 X.d X,
°0 %1 %57
2
aT 3 8
98 30 36 1 3 _
8—t+U]3_—X-+u]3—X +uja—'—-—a—£_— <u]9>—a3X.3X- ’ (2.9)
J J J
5% = 0. (2.10)



14

Equations for the mean kinetic energy of the turbulent
velocity fluctuations and the mean square temperature fluctuations
(thermal variance) are obtained by multiplying equations (2.8) and

(2.9) by Uy and 6 respectively, and ensemble awveraging,

. U,
3 1 2 3 1.2 .5 1.2 °Y _
5t 39) U5 G iy 79> wup s
J J J
21 2
BT E e e S A T (2.1
073 773
where 2—<x;xu>
q = ll ’
and
du, 3u
€ =V <al—i'->.
X. 9 X
Ja]
The equation for thermal variance is
3T
3 L2 5 1.2 .5 1.2 1_
8t<§'e>+Uj8X. <2‘8>+3x- <uj 2e>+ <uje>8'x. =
J J J
32<%-92>
=g ——— g, ; ’ (2.12)
9 X.0 X, )
J 3
. s <28 28
where eq = o < 5%,
i 71

The main assumptions governing the present flow situation are:
i) There is no mean flow inside the layer.
ii) Mean quantities depend only on the vertical direction,

that is, the flow is statistically homogeneous in horizontal planes.
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iii) There is a statistically steady state in which all
moments except the mean temperature % independent of time, aside
from slow variatians due to the Prandtl number changing with mean
tamperature.

iv) Ensembles can be formed such that ensemble averages are

equivalent to averages over horizontal planes or horizontal lines.

Therefore, equation (2.6) yields

3T 32T

S By S

When the statistically steady state is achieved,

dT' (t)

Tl(t,Z) = T(Z) + ——d-_—t——

(t-to) , (2.14)

where T~ is the temperature of the core of the fluid layer.
Performing a themmal energy balance on the layer and assuming

that the top plate is perfectly insulated

H
0 dlo
= = g% (2.15)
% 505 3
where HO is the mean heat flux throuch the lower boundary of the

fluid and z* is the depth of the layer.
Using equation (2.15) and integrating equation (2.13) with

respect to z, one has a
—_ ar Z

Equation (2.11) for the mean kinetic energy of the fluctuation

reduces to
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In thermal convection, the major contributor for those
pressure fluctuations is the temperature fluctuation effect, which
has its main influence close to<the lower boundary extending over
the conduction layer up to 0.10 z*. Therefore, in analyzing the
terms of equations (2.17), (2.18) and (2.19) in the convective
region, the terms involving pressure fluctuations will be neglected
from the equations, hoping they are small compared to the others.

The kinetic energy equation (2.17) is a balance of transport
of turbulent kinetic energy plus turbulent pressure energy by vertical
velocity fluctuations, gain of energy through production by the
buwyancy forces and transformationof fluctuation energy to heat plus
a smaller amount of energy diffusion by the viscous stress fluctua-
tions.

Equation (2.18) represents the balance of the production of
mean square temperature fluctuations by turbulent flux of heat along
the gradient of mean temperature, the vertical turbulent convection
of mean square temperature fluctuations, the diffusion of mean square
temperature fluctuations and the destruction of the temperature
fluctuations by heat conduction down local temperature gradients.

The rate of change of convective heat flux in equation (2.19)
is a balance between transport by the vertical velocity fluctuations,
generation due to the vertical wvelocity flﬁctuating along the mean
tenperature gradient, transport of the pressure fluctuations, buoyant
generation in the gravitational field and the dissipation by viscous

and thermal effects.
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2.2 Scaling

In order to correlate data obtained under different conditions,
the appropriate scales must be used.

The convective process developed between rigid boundéries
show a layered type structure characterized by different scales of
length, welocity and temperature. In the region close to the lower
plate, molecular transport is important and the temperature gradient
shows very high values, on the order of (-Qo/a) . This is referred
as the conduction layer. In the central region, molecular transport
is wimportant and the buoyancy forces generate energy at a local
rate on the order 'of BgQ, where Q, is the local cohvective heat flux.
In this so called convective region, the wvelocity fluctuations reach
a maximum, the mean temperature gradient is negligible and the
temperature fluctuations are small. The geometry of the boundaries
determine the large scales of the flow, and, in particular, the layer
depth z, determines the scale of the turbulent motions.

Deardorff (1970) proposed the following set of length,

velocity and temperature scales for the convection layer:

z, (2.21a)
w, = (890, 2,07, (2.21b)
6, = QO/W* . (2.21c)

These scales are derived from dimensional analysis on the
assumption that the important external parameters are the flux of

buoyancy, BgQO and the length scale z, imposed on the large scale
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motions by the layer depth. The molecular diffusivities v and a are
excluded on the basis that Reynolds number and the Peclet number are
large in the convection layer. There is now considerable evidence
to show that Deardorff's convection scales do correlate the
turbulence moments in high Reynolds number convection layers after
the studies of Willis and Deardorff (1973), Adrian (1975) , Fitzjarrald
(1976) , Baberg (1977) and many others.

Townsend (1959) proposed the following scales for the wall
layer region:

174 (2.22a)

OSI
i

(BgQOa)

N
o
n

cx/wo (2.22b)
90 = QO/V:TO (2.22¢c)

The assumptions underlying the development of these scales
are that the wall layer is independent of z*, but dependent on BIY,
and the thermal diffusivity o. Townsend's scales are not the only
possible scales for the wall layer. In fact, when the Prandtl
mmber is different from unity there are an infinite number of scales
that can be defined by multiplying the factor « in equation (2.22a),
(2.22b) and (2.22c¢c) by various powers of Pr. For example, Kraichnan
(1962) defines a set of viscous scales by replacing o with v in
equations (2.22a-c). Also Chung (1978) has shown that the following
mixed diffusion scales can be used to correlate mean temperature

profiles for various fluids with Prandtl nurbers greater than 0.7:
Wq = (Bngaz/v) 1/4 ;’ (2.23a)

)

-
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z3 = oc/wd (2.23)

64 = Qo/wd (2.23¢)

There exist in the literature numerous sets of wall layer scales that
are defined differently from those cited above, as reported in
Kraichnan (1962), Sommerscales and Gazda (1969), Chu and Goldstein
(1973), Fitzjarrald (1976), but they are often essentially, albeit
indirectly, related to w,, 097 2y by simple factors of Prandtl
number to some power.

Kraichnan's (1962) analysis and recent work by Adrian and
Chung (1978) suggested that in addition to the wg,, 9yr 2Zg scales, at
least two other sets of molecular scales, the viscous scales and the.
mixed diffusion scales may be needed to describe campletely all of
the swblayer regions of the wall layer. . Thus, a full understanding
of the wall layer may réquire a complicated analysis of the data.
However since the present experiments deal primarily with the
convective layer,' and noreover, since they are performed at nearly
constant Prandtl number, it will suffice to use Wor 2 8y to

characterize the wall layer.

It is customary to use the Rayleigh number

3

Ra = 89 2" AT (2.24)
[oAY]

the Prandtl number

Pr = v/o (2.25)



and the Nusselt number

QOZ*
Nu = —= (2.26)

to describe the state of convection over horizontal surfaces. However,
since the Rayleigh number is more pertinent to the stability problem
than to the dynamics of buoyancy driven turbulence, it has been
suggested by Adrian (1975), that a more appropriate parameter would - )

be the turbulent Reynolds number

Re, = L% (2.27)

and the Prandtl number, or equivalently the turbulent Reynolds number

and the turbulent Peclet nurber

Pe, = A (2.28)

The relationship between these parameters are:

w, = 2 (errave) /3, (2.29)
*

21/3

By = AT (g (2.30)
1/3

re, = A (2.31)

Pr
. . . . 1/3
Using the empirical relationship Nu«Ra™ =, one sees that

re, = ra?/mr?/3,

The relationship between the convection layer scales and the

conduction layer scales are
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%; = (re,pr) /4 (2.32a)
= (Nurapr) /4 (2.320)
_%: (Re,Pr) /4 (2.33a)
= (.zz.ga) 1/3 (2.33b)
= (Nurapr) /12 (2.330)
-g-; = (Re,pr) /% (2.34a)
- (%)-1/3 | (2.34b)
= (Nurapr) 1/12 (2.34c)

A number of useful results can be obtained by examining the
dimensionless governing equation in this limit of asymptotically
large turbulent Reynolds number and Peclet number. In this limit,
equation (2.32a) imples that Zg <<< z%.

Using the molecular scales to non—-dimensionalize equation (2.16)

one gets
ar

m_ . _ -3/4
emwm - E; =1 Pe* Zm (2.35)

where em = 6/60, W= w/w0 and'zm = z/zo.
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In the limit when Pe, is large emouch and z = 0(1) (very

close to the lower wall):
L dI‘m

Hence, in the wall layer, the total heat flux is essentially
constant and the mean temperature must obey the following law of the

wall:

T -T‘
LA £(2/z) (2.37)

%
where £ is a wniversal function and Tw is the wall temperature.

Similarly, using convective scales, yields

0

ar
l = -
-ech - 55—*- a;;' =1 Zc » (2.38)

where 8 = 8/04r W, =w/w, and z_ = 2/Z4. In the limit when Pe, is

large enough and z_ = 0(1)

Bw =1-2 (2.39)
cc c

This equation states that the convective heat flux is linearly
decreasing in the layer and the conductive heat flux is O(Pe*-l)
outside the wall region.

Since all the terms in (2.39) depend only on Z the following

"M aw of the core" can be stated:

T-T

<]

= g(z/z,)  for z_ = 0(1), (2.40)
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where g is a universal function within a given class of flows and
T_ is the nearly constant temperature in the convection layer.

The large difference between the length scales z, and z, in
the limit Re, - » is reminiscent of a singular perturbation problem
and suggests the use of asymptotic matching techniques as suggested
by Adrian (1977). Less mathematically, there should exist a matching
layer between the low Reynolds number in the conduction layer and the
high Reynolds number in the convection layer in which the turbulent
motions make an adjustment from the very small length Z and the
much larger length scale z,. Th:Ls layer should exist for heights
such that z, <« z << z,. The structure is very similar to that in
turbulent boundary layers wherein the log law region pfovides a
matching between the viscous wall layer and the outer wakelike layer
as presented in White (1974).

Adrian (1977) has shown that in thermal convection the
Priestley similarity laws can be obtained by regquiring the gradientl
of the mean temperature profiles given by eguations (2.37) and (2.40)
to match for arbitrary large values of Re,Pr.

The gradient matching gives

dg _ _ (244/3 df
== (Ex) = (2.41)
c 0 m

where (z,L/ZO)‘l/3 = Re,Pr from equation (2.32a). In order to achieve
matching independent of Re,Pr, equation (2.41) must be rearranged to

read

(Zy43d9 _ (5—)4/3%—=-§-c (2.42)



where C is a constant. Therefore,

2 ~1/3

o + A4,

g=-¢C

25

(2.43a)

(2.43)

The gradient matching technique can also be extended to other

moments of the velocity and temperature fields. For the RMS vertical

velocity, O and the RMS temperature o 6

Adrian (1977) obtained the Priestley power laws,

o, =C, 6, (2/2,) 1/3 4 const.

9 )
= -1/3
=Cy 8 (z/zo) , + const.
and
0 = Gy Wi (z/z,) /3 4 const.
_ 1/3
=C, % (z/zo) + const.

(2.44a)

(2.44b)

(2.45a)

(2.45D)
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. CHAPTER III
DESCRIPTION OF THE FACTLITIES, EXPERIMENTAL PROCEDURES AND DATA AMALYSIS

3.1 Description of the Facilities

3.1.1 Test Section

The test section was a box filled with water, heated from
below with insulating side walls and upper boundary c.f. Figure 3.1. The
main points to be achieved by the test section were:

a) Aspect ratio of infinity, i.e., negligible effects of the
lateral walls in generating mean flow circulations.

b) Uniform temperature of the lower plate, or inexistence of
cold and hot spots that could generate recirculating cells.

¢) A constant mean heat flux through the lower plate.

d) Negligible heat losses through the top and side walls of
the test section.

e) Parallel and horizontal plates.

The accomplishment of those requirements would reinforce the
validity of the hypothesis of horizontal homogeneity in the flow.

There existed a compromise between a deep convective layer of
fluid, that would produce high values of Reynolds number, with a favor-
able width-height aspect ratio that would awoid any influence of f:he
lateral walls on the flow. The minimm aspect ratio employed in the
present experiments was 7.2 x 1, a much higher value than other labor-

atory thermal convection experiments.
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Boberg (1977) conducted tests to check the magnitude of surface
temperature variations over the entire lower boundary using a chromel-
constatan thermocouple probe. A maximm value of 0.5° C peak-to-peak was
observed and from this, at least 507 was due to the fluid-lower plate
interactions, in the form of time variations. The standard deviation of
the rrmltj.po:’nt temperature measurements at the upper surface of the
aluminum lower plate averaged 0.09° C while the surface-to-mixed layer
temperature difference had an average value of 2° C.

Calibration tests to determine the heat flux through the lower
boundary by measuring the rate of the temperature rise in the convective
region showed a constant slope after the warm-up period (first 15-20
minutes) indicating a constant supply of heat flux with respect to time.
The heater stability was monitored by checking the Thermac voltage before
and after each set of runs.A By set it is understood the group of indiv-
idual runs at a certain height from the lower plate, a certain heat flux
and a certain layer thickness.

Measurements of the heat losses through the top and side walls
done by Boberg (1977) and measurements of the mean temperature profile
in the water close to the upper plate indicated less than 57 heat 1os§s.
through the boundaries for the worst situation.

The lower and upper plates are parallel within 1.5 mm or at most
1.257% of the layer depth. The mean slope of the upper plate due to warp-
age is 0.021 to 1.

Therefore, based on those evaluations, the test section was
found adequate to produce data comparable with the theoretical assumpt-

ions.
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The test section consisted of a 162 em x 152 em x 2.5 cm
lower aluminum plate, two plane 10 mm thick glass front and back walls
and two 6 mm thick plexiglass side walls of 47 cm height. The interior
dimensions of the test section were 150 cm x 145 cm - length x width.

The upper plate was constructed of wood and plywood and filled
with 15 cm thick slabs of styrofoam. Two U-shaped steel bars-resting on
the side walls held the upper plate in position. By rotating four
threaded long rods the top could be adjusted to produce the necessary
depth in the horizontal layer of deaerated tap water and keep it parallel
to the lowér plate as well. |

| Both lower and upper plates were painted with Pratt and
Lambert Yellow Palgard epoxy paint. Due to the adverse envirorment of
water and relatively high temperatures, the lower plate shdwed some im-
perfections in the paint due to plate roughness and dirty particles.
Fortunately those defects were not concentrated in certain regions nor
encountered too often that would change the conditions of the lower plate
to a rough surface. The effect of the roughness' was considered negligible
as the maximum height of the surface irregularities was of the order of
25 \m.

Due to the constant contact with the water, the upper plate
warped slightly, showing 1.5 mm difference between the heights from the
lower plate measured in the center and close to the lateral walls.

All lateral walls were externallj insulated by 15 cm thick
panels of styfofoam and the plexiglass walls were insulated by 2.5 cm
thick plates of styrofoam on the interior sides in order to minimize lat-

eral heat transfer. A thin window 10 cm x 120 cm - height x length, was
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cut in the external styrofoam panel of the front glass wall to provide
access for the laser beams and collection of the scattered light. The
upper plate had a 80 cn x 2 cm slot situated 42 cm from the front glass
wall which was used to insert the thermocouple probe into the fluid in
order to measure the temperature fluctuations during the scans and a cire-
ular hole ¢2 cm used to introduce the mercury-in-glass thermometer to
measure the-mean core temperature of the layer.

In order to awoid reflections of the light at the‘ glass water
interface of the back wall, a thin curtain of black plastic was’; hung from
the upper platé down to the lower plate.

The thermal energy to the test section was supplied by nine
50 cm x 50 cm Ohmweave, 402 nominal, electrically insulated heating
mats in parallel arrangement. As measured by Boberg (1977), the mats
showed a mean resistance of 38.46Q * 0.220Q at 25° C and an equivalent'
value of 4.00 when comnected in parallel. The mats were positioned direct-
ly below the lower plate and insulated underneath with 15 cm slabs of
styrofoam in order to increase the efficiency of the heating process. The
pov&er controller used to supply the heating mats was a RI Research, Inc.,
Thermac model 5212 with an output wvoltage controlled up to 165 V that
corresponded to a maximum heat flux of 2.6 kW/mz. A thermistor probe
series 400 and a proportional controller Versa-Therm model 2156 produced
by Cole-Parmer Instrument Co. were used to shut the power down when the
test section achieved its maximm design temperature of 43° C.

Four jack screws were used to adjust the lower plate to a horiz-
ontal plane to within 0.03° of horizontal by measuring the water layer

depth at each corner.
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3.1.2 Temperature Measurements

3.1.2.1 Vertical Temperature Profile
The mean temperature of the fluid at different heights was

measured utilizing a teflon coated Alumel wire (Omega Engineering, Inc.)
strung across a stainless steel ring as shown in Figure 3.2. The wire
had the following characteristics: length = 3200 mm, diameter of wire =
0.0762 mm, thickness of the insulation = 0.0762 mmn, resistance = 188 ohms
at 25° C, sensitivity = 0.370 olm/°C. A Wheatstone bridge amplifier was
used to convert the resistance variations with temperature into voltage.
‘All the measurements were performed with a fixed gain of 200 and a cut off
frequency of 100 Hz. The combined probe and bridge amplifier sensitivity
was 2.28 OC/V, obtained by caiibration. The time constant of the resist-

ance wire was 228 + 24 ms for a vertical scan rate of 0.478 cm/s in water.

3.1.2.2 Instantaneous Temperature

The thermocouple probe used to measure the fluctuating temper-
ature signal was constructed from a Omegaclad Chromel-Constantan duplex
wire (Omega Engineering Inc.). The hot junctién was spot welded. The

characteristics of the probe were: resistance = 440 ohms at 25° C, diameter

of wires = 0.0381 mm, sheat material = type 304 stainless steel, sheat
diameter = 0.254 mm. Figure 3.3 shows the upper plate and the lower plate
probes.

The reference junction was established in the ambient room air
because only the rapid fluctuating part of the temperature signal was of

interest.
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Figure 3.2 - Mean temperature probe. Dimensions in mm.
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The amplifier used was an Ectron 560 operating with a gain of
1000, AC mode, i.e., the input signal is capacitively coupled with a
time constant of 31.83 s + 0.64s, and a cut off frequez_icy of 100 Hz
The time constant of the thermocouple was 3.2 ms + 0.3 ms for a scan
rate of 0.478 cn/s, corresponding to 49.7 Hz. As the scamning speed used
in the experiments was 5 times that of for ;:alibration, it was expected
a frequency response for the probe greater than 50 Hz, The sensitivity
of the amplifier probe was 16.15 OC/V in the range of 25 to 45° C.

3.1.2.3 Core Temperature

The test section core temperature was measured with a mercury-
in-glass thermometer Sargent model S-80 210-B with an accuracy up to 0.05°C.
Those measurements were taken before and after each set of runs at certain
conditions. The mean core temperature was used to evaluate the physical
properties of the fluid. .

The kinematic heat flux through the lower boundary was calculat-
ed by measuring the core temperature variation with time. The curves

presented in Figure 3.4 are ensemble averages of three different runs each

one.
As can be easily seen, an energy balance over the whole layer
produces
=z T G.1)
dt

for the steady state condition in which dT» /dt is constant.
For the same setting in the power supply of the heating mats,

z* dTe/dt should be constant for different layer depths.
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Measurements with 20 cm and 12 cm layer depths were generally consistent
with this situation but z* dT»/dt was approximately 107 lower in the
| latter case.

In order to see if the slot in the upper plate was producing
cold region in the water layer, the heating experiments were run with the
thermometer placed under the slot. The resulting kinematic heat fluxes
were reproduced within 1% of the values obtained with the thermometer far

i

from the slot.

3.1.3 Velocity Measurements

The u and w components of the instantaneous velocity were
measured with a two component, fringe mode, laser Doppler velécimeter.
When two coherent waves intersect, they interfere to generate fringes in
the volume defined by their intersection. The plane of the fringes is
perpendicular to the plane of the intersecting beams and parallel to the
line bisecting the angle between the beams. A particle passing through
this vwlume with a certain wvelocity V will alternately cover and uncover
bright and dark fringes. When the light scattered from such a particle
is observed in any direction, its intensity will oscillate sinusoidally
with a frequency equal to the component of the velocity perpendicuiar to
the fringes v, divided by the fringe spacing.

The spacing d f between these fringes is given by

d (3.2)

= ) 1
£ 2' sin K

Where A is the wavelength of the light in the fluid and 2 k is

the angle between the beams.
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v.= 2 Y5 sink (3.3)
X

The geometry of the illuminating beams in the present fringe
mode LDV is the three beam configurations reported in Adrian (1975)
and shown in solid lines in Figure ‘3.5. The frequency of the beams
V,, Vz and v; were different, but all beams were plane polarized in
the same direction, resulting in three distinct signals from the inter-
ference fringe pattems produced by each pair of beams.

The light scattered from a stationary particle residing at the
 intersection of a pair of\ beams with frequencies v, and v,, would consist
of a wave of frequency v, and another at frequency v,. The mixing of
the waves at a photodetector then produced a sinusoidal photo-current
having frequencies (v , - \)1') and a positive or negative motions of the
particle appeared as positive or negative Doppler shift relative to
(\)2 - v,). The frequilcy v, was the characteristic frequency v, of the
laser light (583 x 10 = Hz) and this beam will be called main beam here-
after. The frequencies v, and v, of the other two beams were obtained
from the main beam by using an accousto optic modulator or Bragg cell
which shifted the main beam to 30 and 40 M , respectively, and generat-
ed the so-called 30 and 40 MHz beams.

From the standard Doppler shift formula, and reported by Adrian

(1975), the signal frequencies were given by



38

*s93e1d aaddn pue aemoy oy o3 95070 sjuaumansesn 10y Lxjawosd supag

» G'¢ 2an3Ty




39

v = v - v =-u, &k -k) (3.5a)
21 2 1 ol 2 1 ’

A P

v = v - v -u & -k) (3.5b)

31 3 1 -~ 3 1 '

' A A

v = Vv - v -u &k -k) (3.5¢)

23 2 3 2 3 :

where u = (u, v, w) is the vector wvelocity of the fluid and ki is the

-1
wave mumber vector of the ith beam ( | ki | =21 ), and Vi is the
frequency of the signal derived from the i-j pair of beams. Vhen x =
1
K =1k =k, as shown on Figure 3.5, the frequencies are given by
2 3
v = v - v + sink (u-w (3.6a)
21 2 1 A :
v = v = v + sink (-u-w (3.6b)
31 3 1 A
v = v - v + 2 sink u (3.6c)

23 2 3 A

By summing and subtracting v and v , the normal components,
u and w, could be calculated. 2 -

The light source was an Argon. Ia laser (Coherent Radiation
Model CR-2) which nominally produced 1500 mi¥ multimode and 600 mlv in the
single frequency mode at 514.5 nm. The laser power decreased with age. The
best output power of the iaser was achieved at the beginning of the
experiment being 750 miW multimode and 300 miW single mode at 514.5 nm.
Fifty percent of this power reached the measurement volume. As the

collection of the light was made in off-axis back scatter mode, (30° with

respect to the y-axis as shown in Figure 3.6), high power was needed to
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produce adequate SNR (signal-to-noise ratio) therefore the single
frequency mode operation of the laser was abandoned. At the end of the
experiment thé output power of the laser was 380 miW multimode.

Details of the optical system and a functional diagram of the
signal processing system are shown in Figures 3.6 and 3.7 respectively.

As previously mentioned the 30 and 40 MHz beams were generated
by diffraction in a Bragg cell (Zenith M40-R) that was driven by the sum
of sinusoidal outputs of separated 30 MHz and 40 MHz quartz crystal
oscillators. x Tﬁe Bragg cell was oriented at an angle that was intermediate
to the Bragg angles for these frequencies (4.05 mrd for the 30 MHz and
5.4 ﬁrrd for the 40 MHz), and its output consisted of the undiffracted

mam beam at frequency v, two primary diffracted beams, 30 and 40 MHz

o?
beams, with frequencies 30 + v, Miz and 40 + Vv, MHz respectively, and a
series of much weaker diffracted beams spaced at 10 MHz intervals. The
intensity of the three primary beams were not equalized because the RF
power amplifier (Larkton MP-100) did not have enough gain (only 10 dB).
The power of each one of the shifted beams was approximately 50% of the
main beam.

As the angle between adjacent beams is about 1.25 mrd for a
10 MHz spacing, long path lengths were needed to separate the beams
spatially. A 622 mm lens lo, placed shead of the Bragg cell and a set of
‘apertures Ap, located at the focal plane of 1o separated the three beams
from the subsidiary diffracted ones. The beams separator is located 762

mn away from the spacial filter which permitted adequate beam isolation.

The beams are then recollimated by 865 mm lenses L;, Ly and Ly and
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focused to a common intersection by Ly, a 628 mm focal length objective.
Six micrometers acting on the lenses Lj, 12 and Ly permitted fine ad-
justments of the beam positions at the intersectio.

Back scattered light is collected by Ls a 870 mm lens, focus-
ed onto aperture A, by a 350 mn lens L, and detected by the photo-
miltiplier tube (RCA 8645). A, is a 0.35 mm pinhole which limits the
field of view to a region slightly smaller than the beamvintersection.
The light collection is off-axial to reduce flare from the lens L, and
the test section windows.

After amplification by a photomultiplier amplifier (TSI model -
962 E with a gain of 1500 V/A and bandwidth over 100 MHz and an amplifier
Hewlett- Packard model 462 A operating at a gain of 40 dB and bandwidth
of 50 MHz, the signal from the PM tube wés separated into two channels
that are bandpass filtered at 30 MHz and 40 MHz by TTE miniature filters
(Model K10A). The maximum measurable Doppler shift is limited by the
30 MHz filter which had a bandwidth of + 1.5 MHz corresponding to u =
2.8 m/s for a typical angle of « = 6° and a wavelength of 514.5 mm, which
is a much higher value for the typical velocities in this experiment as
reported by Adrian (1975).

The carrier frequencies on each chamnel are shifted down to an
intermediate frequency v, = 25 kiz by mixing the respective signals with -
local oscillators at 39.975 MHz and 30.025 MHz by using TSI 985C-2 and
TSI 985C-1 frequency shifters. The éigrmal frequencies are subsequently
converted to voltages by signal processors' of the frequency iocked loop
‘type TSI 1090. The center frequency of the FLL trackers was set at
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25 kHz and its sensitivity is 10V/50 kHz. The net frequency drift of
the local oscillators and the Bragg cell is less than * 500 Hg.

After the voltages from the frequency trackers output had been
added and subtraqted together in a TSI 1063 Sum and Difference rfndule,
the sum voltage is lewvel shifted to remove the DC component associated
- with the scanning speed and the intermediate frequencies using a TSI
1057 Signal Conditioner. |

Appendix A-1 shows the calculation of the scaling factor
converting volts to cn/s for three different situations of the geometry
of the beams.

| Appendix A-2 contains the calculations of the parameters of the
measurement volume.

The particles used to seed the flow in order to generate good
Doppler signals were Dow Saran microspheres or thermoplastic vinylidene
chloride acrylonitrile copolymer monocells with average diameter of 5-8
ym and specific gravity of 1.333.

Those particles produced good signals, fo~llowed the flow well
as shown in Appendix A-3, were cheap, non-corrosive, non-abrasive, and

chemically inactive.

3.1.4 Digitizer and Data Storage Equipment

| All velocity and temperature data were digitized by a 9 bit
resolution, Four Chammel Signal Digitizer (Nicolet model SD-72/44).
The horizontal sweep was controlled by a Wide Range Sweep Control Nicolet
model SW-71B, and the memory and display control was done by a Display

Control Nicolet NIC 1074. The data was stored in a memory with a capacity
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of 4096 points. The display unit was a Tektronix 5103 N Power Supply/
Amplifier, a D10 Single Beam display and two 5A24N utility plug-in
units that provided simple access to either the vertical or horizontal
deflection system.

A Magnetic Tape Coupler model NIC-283A interfaced the digitizer
memory and the magnetic tape, which was recorded by a Kemmedy model 9700
tape recorder. The Magnetic Tape Coupler generated two tag words used'
to identify the record.

The tapes used to record the data were 7' white reel, 1/2" x 600',
9 track magnetic tapes.

The same equipment mentioned above was used to record the mean
temperature profiles but instead of the Four Charmel Signal Digitizer
SD-72/AA, a Single Chamnel 12 Bit Digitizer SD-71B was utilized.

3.2 Experimental Procedures

The following quantities were measured: (i) vertical velocity
_ fluctuations, (ii) horizontal wvelocity fluctuations using the laser Doppler
anemometer, (iii) temperature fluctuations using the thermocouple probes,
and (iv) mean temperature profiles close to the upper and lower plates
using the resistance wire probes.

The wall close to the measurement line and parallel to the
scanning direction is called the front wall and all the references ares
made from an observer outside the test section looking at the front wall.

| A 167.6 em.x 91.4 cm x 2.5 cm table containing the laser, the
optical components of the system and a support for the thermocouple probe

was rigidly mounted on the cross-slide of the carriage of a lathe-and
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driven by a monophase electric motor (1/4 HP, 3450 rpm) and a Boston
gear reductor with a 10:1 reducti& ratio through the original lead screw
of the lathe.

The data was taken along a line, 50 cm long and parallel to the
front wall, by scanning the table horizontally from right to left at
a speed of 2.36 cm/s.

Several test scans at different heights and different dist-
ances from the front wall were performed to check for any dependence of
the statistics of the siénal on the Y direction as defined in Figure 3.6,
No trend was observed beyond the normal scatter of the data. |

| Preliminary data was taken in order to determine the ensemble
size and the performance of the system. By calculating the RMS values
of the signals, an ensemble of 10 scans at each height with 90% of
confidence interval was encugh to collapse the data very well. Therefore,
at the beginning of the experiment smaller ensembles we're used. When
the higher order moments were calculated, a need for larger ensembles was
evident and then 15 scans were taken at each height. .

Vibrations of the optical wnits and variations in the table
speed caused small spurious fluctuations in the velocity signals. In-
stallation of a - universal coupling between the reduction wnit and the
lead screw and stiffening the prism assembly reduced the RMS equivalent
input velocity noise due to vibrations to 1 mm/s, typically.

The digitization rate of the data was set at 5000 us for a four
chanmel module, corresponding to an interval between points of 0.02 s

and a Nyquist frequency of 25 Hz. The time constant of the filters was

10 ms corresponding to a cut-off frequency of 16 Hz.
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Those settings were a compromise between measuring over 50 cm
long lines in order to get good horizontal averages and a reasonable
frequency response that would enable power spectrum analysis.

The data was taken only when the carriage, moving to the left,
had a constant speed of 2.36 cm/s which was achieved in less than 2 s
after the start of each scan. The digitizer was timed to complete the
recording prior to the traverse shutdown. The use of only one direction
to take the data was dictated mainly by the positioning of the thermo-
couple with respect to the measurement volume. In order to minimize
probe interference the thermocouple junction was located 2.0 mm to the
right of the center of the measurement volume, on the same line used to
get the wvelocity data and no interference was desired in the velocity
measurements. When scarming the table to the right, the crossing volume
of the beams would be located in the wake of the thermocouple wires.

The Reynolds number based on the doqble diameter of the wires and the
scarming speed was 2.25 which corresponded to a region of influence of
50.8 um ahead of the probe.

The positioning of the probe with respect to the measurement
volume was done by first placing the hot junction gf the thermocouple at
the center of the intersection of the three beams, which was visually
checked with the aid of a 15X microscope eyepiece and a reticle mounted
on the photomultiplier base, and then moved back horizontally using a

precise translation device.
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The aligmment of the beams was the most important factor in the
process of getting good signals. For this reason, the procedure used -
is summarized in the following steps:

1) With the Bragg cell, beam splitter and objective removed,
adjust the laser beam to propagate horizontally with respect to the
table. The mirrors ML, M2 and M3 are adjusted to maintain horizontal
propagation and direct the beam perpendicularly to the test section. The
lens Lo is then inserted and adjusted to reproduce the previous conditions.

2) Introduce the Bragg cell in the circuit and adjust its
proper angle with respect to the incoming beam in order to produce the
30 Mz and 40 MHz beams with equal intensity. Position the spatial
filter at the focal point of Lo and get three clean beams with no genera-
tion of interference or reflection fﬁngeé.

3) Introduce the beam splitter unit into the optical circuit
and position the prism assembly to produce good separation of the beams.
There is a small (less than 37) leakage of the light from one beam to the
other. The leaking light intensity should be about the same in both
beams. This is checked by turning altematively the 30 and 40 MHz crystal
oscillators off.

4) Measuring the heights and distances of the beams across the
test section, the table is then adfusted in a plane parallel to the lower
plate of the test section (which should already be horizontal) keeping
the beams perpendicular to the front wall.

5) Place the objective 14 in the circuit and position it in
order to introduce no deflection in the horizontal beams. |

6) As the beams will not cross at one single point, adjust the
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position of the lenses Lj, Ly and L3 using the micrometers and cross
the beams at their waists generated by the objectiwves. This is most
easily accomplished by placing a target in the focal plane of 14. The
fringes generated at the waist of the beams are equally spaced..

7) With the target at the crossing point rotate lenses L5 and
Lg about a vertical axis in order to compensate for refraction at the —
air-glass-water interface. Optimal compensation is achieved when the
target has least distortion.

8) Position the photomultiplier base such that the pinhole
is centered on the image of the target. When focused, the pinhole should
be located in a position corresponding' to the circle of least confusion
of the image.

9) Take ‘;:he target out of the test section and seed the flow
with particles. If the alignment of the beams and collection of the
scattered light are good, the particles can be seen passing through the -
measurement volume when observed through the eyepiece microscope set at
the PM base.

10) Set the ™ tube in its base and turm it on. If signal is
received by looking at the output of the mixers, loose the locking screws
of the PM tube and finely adjust its position in order to receive the
highest rate of signals.

11) Very fine adjustments of the position of the beams may be
made at this stage in order to get the highest and equal rate of signals
in both chamnels.

12) Repeat steps 6 to 1l as many times as necessary to get the

best signal. Normmally long periods were spent in this operation.
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It is difficult to get and distinguish a good signal at the
beginning. A good indication can be giwven by rates of 3 to 4 bursts per
second for fluid velocities of 1 cm/s and Saran microspheres k(5-8 ﬁm) at
normal concentration and amplitudes of 30 to 40 mV peak-to-peak. By
normal concentration it is meant a concentration such that scanming the
table 400-500 samples per second were received at the meter of TSI-1090.

Good‘performmce.of the LDA also requires small hum pick up in
the form of interferences in the electronic equipment due to ground loops,
electromagnetic fields, electromagnetic radiation, reflections, eﬁc. The
FLL trackers do not track the signal if the peak-to-peak woltage at the
‘ output of the TSI mixers is greater than 2.5 mV. In order to keep this
hum picked up at low values (less than 1.0 mV p.p. is recommended) some
points should be verified:

1) The case of the PM tube should be capacitively grounded to
the table (0.1 pF).

2) The racks containing the electronic equipment, the lathe
bed and the test section should be comected to a common ground.

3) The case of the photomultiplier amplifier TSI 962 E should
be grounded to the table by direct contact.

4) The oscillator crystals and the RF amplifier should be set
up in a single rack close to the Bragg cell.

5) The braided shield of the thermocouple extension wires
should be grounded at the rack.

6) By moving and making loops in the cables commecting the Bragg
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cell and the RF amplifier and the PM amplifier and the HP amplifier,
the signal pick up can be decreased considerably.

The gain of the signal input in the FLL trackers should be set
such that the indicating light just flashes. This procedure avoids the
FLL to lock in the hum. |

- All electronic equipment was carefully tested and calibrated
before it was used. Description of such calibrations will not be present-
ed as they followed the normal prbced'ures indicated by the menufacturer's
manuals. |

After each scan, the data was visually inspected and if any
unlock transient or drop out could be detected, the data was rejected
and not transferred to the magnetic tape. By this means, about 807 of
the imperfections with the data acquisition process could be eliminated.

The mean temperature scans were made using a wvertical constant
speed traverse of 0.475 cm/s. The starting transient was minimized by
letting the motor reach the operating speed before the probe began to
move. This was accomplished by using a spring-slide system designed and
described by Boberg (1977). The spring-slide system enabled the traverse
to travel beyond the point of plate-probe contact. After starting the
motor, the resistance wire remained in contact with the plate until )
previously compressed helical springs were completely released, at which
point the whole system abruptly moved upwards. This procedure reduced
the effects of the starting transient to acceptable levels. Prior to the
probe lift off, a microswitch was used to trigger the digitizing wmit.

By increasing the gain of the horizontal and vertical displays of the
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signal, the zero position could be very well identified. And yet by
knowing the traverse speed and the digitization rate the vertical
position could be well defined.

The time constant of the resistance wire probe was determined
by two methods:

i) Passing the probe and a thermocouple with much smaller
time constant (~ 5 ms) through a temperature discontinuity, at a
constant speed of 0.475 cm/s.

ii) Moving the resistance wire and the thermocouple in a
constant temperature gradient medium.

| Sixteen scans of each method yielded an average time constant

of 0.228 ¥ 0.024 s. |

The test section had to be cleaned once a month so the use of
distilled water was not feasible. After one month of use, the viscosity
of the water of the test section was measured at two different temperatures
and excellent agreement was found with the values given in the handbooks.
Therefore the tabulated values for the physical properties were used in
the data reduction. |

When the test section was cleaned the operating fluid was
changed. Before taking the data, the water in the test section was complete-
ly deaerated by repeatedly warming up the test section and scraping the
air bubbles from the lower plate. Six to seven repetitions of this pro-
cedure were normally needed.

In order to accelerate the cooling of the test section after

each day of: tests, the upper plate was lifted 3 cm above the water level
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and the insulating panels were removed. The next day the height of
the layer of the fluid was checked with the upper plate in position and
refilled if necessary.

Prior to injecting the Saraﬁ microspheres into  the test section,
the larger particles were removed by allowing 10% of the suspension of
particles to settle in a beaker for 30 minutes. The parti.clés were then
injected through the slot on the upper plate and equally distributed
along its whole length 10 minutes after the heat had been turned on, in
order to achieve a good mixing and rapid diffusion through the water.
After injecting the particles,10 minutes were required to achieve uniform
dispérsion. When new particles were injected during the tests, a minimum
of five minutes was allowed before resuming the measurements.

The first solution was made with 15 g of particles in 800 ml
of tap water. After 30 minutes, 107 of the so.lids settled down and the
rest was used to inject in the flow. From one day of tests to the next,
the particles remaining in the flow settled down and new ones needed to be
injected. The first injection each day was about 100 ml of the solution
for 20 om layer of water. When correction in the particle concentration
was needed, 25 ml of the solution was spread along the slot each time.

As mentioned before, the good concentration was determined when about
400 samples of signal per second were obtained in the TSI 1090 in both
charmels when scamning the table.

All the data were digitized and stored on a 9-traél< magnetic
tape. Each data record was recorded under a filing scheme using the

octal tagword settings on the Nicolet Coupler unit. For each different
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condition of height in the layer and heat flux at the lower plate, the
tagword 1 was changed. The tagword 2 changed automatically at each scan.
For different conditions the tagword 2 was reset to start from 1. Tag-
word 1 was selected by turning 6 thumbwheels in an octal base. The
assignment of a file was done based on the following convention. The
first digit on the left identified the person responsible for the data,
the next three digits referred to the day of the year in which the data
had been taken, in octal, and the last two digits indicated the order of
the file in that specific day. For example: Tj = 122503 refers to the
author (1), to data taken on the 149th day of the year (May 29) and this
was the third set of data taken that day. The general thought behind
labelihg subsequent da‘tta récords was to increment T2 for each scan and
change Ti only when a new con&ition began.

The stored data was easily retrieved for playback by selecting
the display mode of operation on the digitizer unit and the appropriate
tagword 1 to identify the record.

The tapes containing the data were analyzed using IBM 360/75
and the respective Fortran IV and Assembler programs that will be

discussed later.

3.3 Data Analysis
All data records from horizontal scans were used to calculate

the following mean central moments: < w2 >, < 02 >, < & >, < W >,

<T>, <@, <W >, <05, <uS >, <>, <wE >, <WO >, <u >

< @4 >, <u4 > where the bar indicates temporal averaging over
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the whole scan length and the brackets indicate mean ensemble average
over all the scans at certain conditions. That is, for each run the
time average was calculated and then all the time averages of one set,
representing a certain height above the lower plate, a certain heat
flux at the lower boundary and a certain depth of the water layer, were
ensemble averaged to produce one point in the vertical profile of the
considered central moment. The standard deviation of the time averages
was also calculated representing a measure of the variability at each
condition.

‘ In order to transform the finite record of one rn to calculate
the émtral moments, ‘a new mean of the record had to be defined. AS.
each one of the means for the same variable weré different from run to
rumn, corrections were applied to the moment calculations as follows.
Define Em as the mean of the record for one run, E the ensemble average
of the set of runs, e’y the total signal of one run, e, the fluctuation
with respect to Ej and e the fluctuating signal with respect to the

ensemble average of the E's. Therefore,

e = e'y -E (3.7a)
em = ey ~ Ep. (3.7b)
The calculation of the ensemble of the mean square value of the signal

is giveén by

<e? > = < (‘e"nl—}i‘,)2 > (3.8)
Adding and subtracting E, ‘to ( 3.8 ), one has



<e2>=<em2> +-<(Em-E)2> . (3.09)
because < e, >=0 by definition.

For the higher order moments one has
<e3>=<em3>+3<(Em'E)'>"~-=:*'-<em2>+<CEm'E)3> . (3.10)

<e4>

<em4>+4<_(}=_‘m-E) >.<em3>+6<(Em-E)2>’.<em2>+

+< (By - B)* > (3.11)

and for the cross moments, calling the other signal a'p = aj + Ay (3.12)
<ea>=<epa,>+< (E, -E . Q-4 > (3.13)

<e2a>=<e2mam>+2<emam>.< (Ep - E) > + < (Em-E)z(Am-A)>(3.l4)

The first three quarters of the memory for each run were
filled with the vertical velocity (Channel A), the temperature (Charmel B)
and the horizontal wvelocity (Chamnel C) data.
The ldata reduction was done using the IBM 360/75 A.digital
- computer of the Digital Computer Laboratory of the University of Tllinois.
The Assembler program used to read the tape and convert the
data into machine language was available from Boberg (1977).
The flow chart diagram of the program used to calculate the
moments is shown in Figure 3.8.
No corrections for noise or other sources of errors were applied

to the data due to the uncertainty of their values at each different
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situation. Appendix.A-Z presents a discussion of the estimated noise
in those experiments.

Sampling errors probably represented the largest single source
of error in the experiments. Estimates of the sampling errors required
reasonably accurate knowledge of the auto-covariance function over long
time delays (Bendat and Piersol, 1971, p. 172-4), and this quantity
itself could not be obtained due to the short sampling periods (w~20s ).

The selection of which moments to calculate was determined by
the terms involved in the kinetic energy, kinematic heat flux and temp-
erature variance governing equations, previously presented in Chapter 2.

| The vertical scans of mean temperature close to the upper and
lower boundaries were processed in the IBM 360/75 computer. The der-
ivative of each raw temperatﬁre profile was calculated and after being
multiplied by the time constant, the pmduct was added to the value of
the raw profile in each point, as discussed in Appendix A-4.

Eight scans were used to produce the ensemble averaged temp-
erature profile. The flow chart diagram of the computer program is
shown in Figure 3.9. |

The harmonic analysis of the data - power spectrum and auto-
correlation finction, was done on the horizontal records of w, © and u.
The Fast Fourier Transform subroutine used was a 4 + 2 radix and was
reparted by Brumbach (1968).

The main steps of the power spectrum and autocorrelation funct-
ions calculation were:

i) Taper the records with a cosine taper finction with a cosine
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bell at one tenth the length of the data at the begiming and end of
the record.
For data stretching from t = 0 to t = T-1, the expressions of

such a taper window would be

1 - It |

5 <1 cgs 01T ) for O‘< t < 0.1T (3.15a)
1 for 0.1T <t < 0.9T (3.15b)

%—- {1 - cos E%—ETE)] for 0.9T <t < T (3.15¢)

ii) Add N zeros to the record in order to separate the
calculated circular autocorrelation function where N is the number of
data points.

iii) Fourier transform the sequence using FFI24 subroutine,

Brumbach (1968) and get

2N-1
% = Z x_ exp [_ i'zlqum ] (3.16)
=0 k=0,1.... 281
iv) Compute the raw estimate of the power spectrum for k = 0,1
«...N-1, .
G- vhe | % ,2 (3.17)
. N At

v) Adjust these estimates for the scale factor due to tapering,
e.g., by replacing Ek by 1.14286 Ek s
vi) Compute the inverse FFT of ‘51{= Ezk___ to obtain RCX (zh)
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forr=0,1, .... 2N-1.
vii) Discard the last half of Rx to obtain results for r =
0,1. .... N-1.

viii) Multiply the Ry by the scale factor NAt .
N-r

ix) Smooth the raw estimates of the power spectrum by averaging
in blocks of 19 consecutive pomté.
| Power spectrum and autocorrelation function calculated here
follow the same definitions presented in Bendat and Piersol (1971).

The flow chart diagram of this computer program is shown .in
Figure 3.10.

Analyzing the results of the convective heat tramnsfer, < wo >
showed lower values than the expected theoretical values based on mean
rate of temperature increase measured directly.

In order to search for the reasons of this anomalous beh-
avior, the joint probability functions and conditional averages of
the signals w-0, u~0 and u-w were calculated.

The flow chart of this computer program is shown in Figure
3.11.

The conditional averaging teclniques were the same used by
Adrian (1975) in analyzing water over ice convection.

Two types of‘ conditional averages were calculated:

Type 1 - Given any finction R@w, 0), the conditional aver_age?i was

the mean value of R for points belonging to the i?h group.



Read mumber of
files, tagword 1,

rumber of runsA_ 4;<Z>

Read conditions
of the rm

y

Calculate conductive
and convective scales

y

Search the tape for
tagword 1 and then
convert the data

[ 4

Apply corrections
due to recording
format

\

Compute mean value
of the signals

Y

Obtain the fluctuat-
ing signals

V

Taper the data using
cosine taper window

[

Add N zeros to the
original record

y

Fast Fourier transform
the record plus zeros

4

Calculate raw power
spectrum function

®

Y

62

Fast Fourier transform
power spectrum values

Y

Compute autocorrelation
function

{

Scale autocorrelation
with mean square value -

Is this
the last run .in™
is tagword
1?

Yes

Compute ensemble average
of power spectrum and
autocorrelation

Frequency smooth power
spectrum in blocks

{

Calculate frequency and
time separation

'

Write and plot power
spectrum and auto-
correlation fimction.

, Is this
the last set to be >%
alculated?

Figure 3.10 - Flow chart diagram for power spectrum and auto-
correlation functions calculation.




Read mumber of
files, tagword 1,
mumber of runs

—0

Read conditions
of the rim

Search the tape for
tagword 1 and then
corvert the data

4

Apply corrections
due to recording
format -

y

P

63

Calculate the value of
the probability function
in each cell

4

Compute conditional aver-

ages in each quadrant

4

Write ca.lculated. values
of PDF and conditional

\g&verages

I

Calculate probability
density function for
each variable

7

Compute mean value
of the signals

Using countour subroutine,

plot joint probability

. density finctions

Calculate RMS value
of the signals

1

Classify each point
within 0.1 xRMS value

Flgure 3.11 - Flow chart diagram for Jomt PDF and conditional

averages ca.lculat:.on




64

Ri='1]\:l— E R (Ya, %) i=1,....V
i

a€1l (3.18)

where data points in the'w-0 plane were classified into five groups

according to the following inequalities

¢y w > 0 , 6 >0

II : o, o .

() v : > 0 and [we| > 0.1 og o,
(I1I) w < 0 , @ < 0

aw w > 0 , . @& < 0

W) [we| < 0.1 ayoq 3.19)

where o and og are the RMS values of the vertical velocity and temper-
ature fluctuations respectively.

Type 2 - The second type of average represented the fractional contribu-
tion made by the fluctuations in a given class of fluid to the ﬁotal mean

value of the fluctuation. It was related to the conditional average by

1 E:R (wy, ) N Ry i=1 IL....V
NR - ‘
a€ei (3.20)

Using just w and © signals, for w> 0, @ > 0 and |w0| > 0.1 c‘;vc@ :

conditional averages of types 1 and 2 are

) % % {1\ 0 (321
Il=_N_W NIZ<%><35) | @20
a

N/ ac€l
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We) = 1 . W O (3.22)
Tl Tre 'Z<QW>a (ge )a'

a€l

where L o 1is the correlation coefficient of that rum.

Separated horizontal runs using half of the memory for w signal
and the other half for © signal were performed in order to calculate the
space-time correlation functions for w-© for different separations of the
thermocouple probe and the wvelocity measurement volume.

Those runs intended to produce a correction factor for the
convective heat flux calculation due to the spatial separation of the
probes. The flow chart diagram of the computer program is presented in
Figure 3.12.

The main points of the program are:

i) In order to save computer time, two records x(n) and y(m)

were Fourier transformed at a time and separated by

X -z ¢ Z k) (3.23
. o
Y& = Z (k) -Z @N-k) (3.24)
A k=01 .... N1
where z@m) = x@) + iy @) (3.25)
Z =) z@ exp [12_@] ' (3.26)
o N

N .
and Z (k) is the complex conjugate of Z(k). This teclnique is explained
in Bendat and Piersol (1971 - p. 308).
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i1) As suggested by Brumbach (1968), a faster method to

compute the cross-correlation function of two records is used.

By definition
Ry =
v T
and
By 1) =

Multiply (3.28) by i

Ryy (1) +1Rgy (-1)

i

N-1

; X® Y K ex [Zﬂikr] (3.27)
N

t=0,1... M

N-1

XYM e [ 21kt

k=0 N :| (3.28)

V-1 and adding it to (3.27)

N-1
1 i{x ® Y &) +1i Y(k)X*(k)}exp[Zﬂik'r:I
T L N

(3.29)

Equation (3.29) shows that only one Fourier transformation produces both

sides of ny (7).
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CHAPTER IV
RESULTS

4.1 Flow Visualization
Flow visualization was performed in an auxiliary rectangular

small test section 510 mm x 510 mm x 560 mm (width x length x height)
filled up to 200 mm with deaerated tap water land electrically heated
from below. The lower plate was a 12 mm thick aluminum plate and uppef
_ boundary was made of plywood and. filled with 15 cm slabs of styrofoam.
The lateral walls were 10 mm thick plexiglass and externally insulated
with 15 cm thick panels of stymfoarﬁ. The kinematic heat flux used to
visualize the Flow was 0.038 OKem/s, in a 20 cm layer. Two windows 100
X 150 mm were made in two adjacent lateral panels. One w:inaow was/used
to illuminate the test section with a 1000 W Sylvania CIT and the other,
situated 90° with respect to the illuminating window, was used to observe
the flow. Pictures were taken using a Tri-X - 400 ASA Kodak filtﬁ and a
Vivitar N/AI 75-205 mm £ 3.8 close focusing mode and mounted on a tripod
at an angle of 15 - 20° with respect to the horizontal plane. Dow
plastic pigment 722 - Polysterene latex with specific gravity of 1.05
was used as fhe dye tracer for .visuavlization purposes. After initially
filling the test section with water and letting it still completely, a
thin layer of the pigment (0.5 mm thick) was carefully introduced into
the tank to cover the central region of the lower plate. The pigment was
slightly heavier than the water and it was not completely tfarisported
into the convective region by éhe initial motions, but remained for a

time on the bottom, serving as a contimuous source of flow tracer.
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Sufficient pigment remains along the bottom plate to allow
detailed observations of the convective patterns for about 20 minutes
after the onset of motion. It is expected that the turbulence and
convective patterns have reached a statistically quasi-steady state
well within this time interval.

The main characteristics. of the flow observed in the thermal
convection experiment are related as follows:

i) When the thermal convection starts, the latex on the
lower plate initially forms stationary ridges due to the accumulation
of dye in regions of flow convergence. As the t;Ln:btllent Reynolds
mumber increases, those fidges start wandering about the surface in a
random fashion. When enough hot fluid is accumilated in a ridge, it
breaks away from the horizontal lower boundary as a long sheet of buoyant
fluid. The sheets are less than 1 mm thick and about 0.5-1 layer
ciepth long. The ridges are good indicators of the action of the cold
ﬂuid over the horizontal lower plate.

ii) When kinks aré_ formed along the front, more tracer is
ejected from the boundary layer and long colums of hot fluid‘could be
devised, as reported by Townsend (1959) and (1976). dnly at the begin-
ning of the experiment (about 4 minutes after the heat had been turned
on) could individual' ﬁhe‘nnals, as fep'orted by Sparrow, Husar and
Goldstein (1970) be identified. Individual thermals were not observed
at any other time. The intersection of two or more ridges detached
large amomts of hot fluid in columar forms that were eroded by contact
with the surrounding water which was in vigorous turbulent motion.

iii) There .existed ébout 10 ridges in half of the area of
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. the lower plate, where the latex pigment was accumilated. Contrary to
observations reported by Willis and Deardorff (1977), the ridges were
not comnected together in one region showing horizontal planforms with
dendritic shapes. The method of illuminating the flow may not have
permitted this observation.

iv) The motion of the hot fluid from the lower plate was not
always ezéctly vertical. There was a tendency to upward movement
generated by the buoyancy forces. The cold fluid, acting on the hot
fluid sheets, deflected them to the sides showing occasionally inclina-
tions up to 60° from the vertical direction.

v) In the central third of the fluid layer, the upward
motion of the hot fluid followed an irregular path. In the upper third
of the fluid layer, the verticai motion was greatly decelerated and
the flow was dominated by large horizontal motions. Some of the hot
masses of fluid had so much inértia that they could not be decelerated
during their approach to the uppér boundary Upon hitting the .upper
plate, they were deflected to the sides. If the upper plate showéd' any
imperfection, mean motions could be easily set up. -

vi) There were no preferential directions for the movement
of the ridges .cn the lower plate, nor did the release of thermals ocecur
at specific points. (By thermal, it is understood a mass of fluid,
driven by buoyancy, that moves away from a bounding surface into the
bulk of the fluid layer ). At high Reynolds number, the mass flux of
hot fluid from the lower boundary still showed a nearly intermittent,
rather than steady, pattern. Occasionally, there were e#trenely active

periods corresponding to the bursting away of a thermal.
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vii) As é rule, the ascending hot fluid was deflected by
the cold descending fluid and had to find out new paths in its way up.
When the hot fluid was maBle to penetrate cold regions, it spread
horizontally to the sides until enough fluid accumilated to owvercome the
imposed cold fluid resistance. .

Many of the observations ‘reported above cannot.be perfectly
seen in the sequence of prints taken 2 seconds éparf: and shown in Figures
4.1 and 4.2, because as the tracer spread rapidly over  the layer.

Figure 4.1 shows the flow 6 minutes after the onset of convection. ihe
detachment of a thermal from the lower boundary is shown by the sequence

of photographs in Figure 4.2, taken 2 seconds apart.

4.2 Mean 'I'em‘peraturé

The mean temperature of the layer was measured using the
alumel resistance wire probes described in section 3.1.2.1. The mean
teuperaturé profiles in Figures 4.3 and 4.4 show the ensemble averages
of eight independent runs close to the lower and upper plates respectively,
for different conditions of layer depths and heat flux at the lower plate.

The convention for labelling the conditions is

Label Zs {cm} Q@ {%Kem/s} Z./7d Pes

1 20 0.0153 452 6090
IT 20 0.0330 566 7840
III 20 0.0568 = 676 9370
W 15 0.0450 bt 6000

For all the runs, one can observe in Figure 4.3 that 957 of
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Figure 4.1-E i
volution of the thermal convection flo
. w
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Fig.4;l(cut.)-Eml.utin.m of the thermal convection flow.



Figure 4.2 —Development of a thermal

e P Pr—
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the total temperature difference (Tw-Tx)occurs in the first 5 mm of
the layer. Close to the upper plate, due to the small heat loss, the
- gradients extended up to 8 mm inside the layer. The heat losses through

the upper plate were

Condition Q loss {®Kem/s} Q loss/Q x 1‘00°/°v
I 0.000061 0.40
IT 0.000179 0.54
IIT 0.000326 0.57
v 0.000268 6.60

The temperature difference between the core and the upper |
plate is less than 0.12°_C for the worst case (IIT), demonstrating the
adequacy of the insulation on the upper plate.

The change in the gradient of the temperature profile close
to the upper plate in Figure 4.4 may have been caused by inadequate
spatial averaging. Figure 4.5 shows the temperature profile close to
the lower plate scaled by the convective scales for the same layer depth
Z* = 20 cm.

Using the scales defined in equations (2.23a) through (2.23c),
the log-log graphs of the ensemble averaged temperature profiles shown
in Figure 4.5 correlated very well up to Z/Zd‘= 8. Beyond that point,
each profile showed a slightly different behavior.

| The digitization settings for the mean temperature profile
s were: |
Resplution -~ 12 bits

Vertical Display - T 1/2V and ¥ 1V £ull scale
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Low Pass Filter - 100 Hz.
Dwell Time - 16 667 us
Three other sets of data for the 20 am layer depth were taken
with dwell time of 2000 ﬁs and were scaled usmg equations (2.23a)
through (2.23c). They showed the same behavior as presented in Figure 4.5.
The asymptotic values of the graphs after z/zj = 50 are lower
than the values reported by Chu and Goldstein (1973) and Goldstein and
Chu (1969) when the same écales were employed. This difference may be
due to the factvbthat a different kind of flow is .being analyzed and the
constant heat flux in Rayleigh convection is not encowntered in the wn-
steady non-penetrative convection. | _
One can define an equivalent Rayleigh number that permits the
comparison between Rayleigh convection and unsteady non-penetrative

thermal conwvection, as

Ra _ Bg (24T)(2zs)3 “.1)
eq oV '

The following equivalent Rayleigh numbers have been calculated

Condition Equivalent Rayleigh Number

I 4.55 x 10°
II 7.22 x 10°
III 1052 x 10°
v 3,98 x 100

Records of the spatially averaged mean temperature furnished
by the resistance wire probe sitting still 1 mm from the lower plate are

presented in Figure 4.6. These discouraged any attempt to measure the
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temperature profile by gradually moving the probe and waiting a certain

time interval until the temperature stabilized at that height.

4.3 Joint Probability Density Function

The joint probability density fumction (JPDF) of the records
w-0, u~-0, and w-u were calculated. ‘I‘yi:ical contours of equal probability
at three different heights are shown in Figures 4.7 through 4.18.

The JPDF analysis helps to visualize and calculate the distribu-
tion of the signal with respect to their mean values. The axes extend 5
standard deviations to each side. and the minimm discrete dimension of
each cell was 0.1 standard deviations. Each plot calculation of the
JPDF uses all the runs (typically 14,r'1:ns) in one set.

- Close to the lower boundary, most of the points. for w-©
records concentrate in the first and third quadrants resulting a net
positive kinematic heat flux. .

The joint distribution of u-w is nearly symmetric in all quad-
rants resulting an overall balance close to zero and a small correlation
of both components  of the velécity.

| With respect to the © axis, u is distributed syﬁme‘trically in
the u~-0 joint distribution and-O ‘st_ill shows the long tail in the positiwve
side (high ténper@ture skewness) of the © axis. The maximum of the ©
distribution happens at éppromately one standard deviation to the neg-
ative side, indicatiﬁg the value shown by the temperature signal most of
the time during the scans. Typical record of simultaneous w, © and u
are shown in Figures 4.19 to 4.24. o

At higher levels, for example z/z" = 0.5, the destruction of
the w-0.correlation by the highly turbulent field produces smaller
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Figure 4.10 - w-6 joint probability density function, z/z
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Figure 4.14 - w-u joint probability density function, z/z = 0.960.
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Figure 4.16 - w-6 joint probability density function, z/z* = 0.0175.

Condition I.
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Figure 4.17 - w - u joint probability demsity function, z/z = 0.0175.

Condition I.
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Figure 4.18 - u - 8 joint probability demsity ﬁmction,. z/z = 0.0175.

Condition I.
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transport of kinematic h_ea't flux. The asymmetry of the temperature
density finction is diminished but vertical velocity fluctuations continue
to have high values. The w-u and u-© distributions show essentially the
same features as was previously vpointed' out.

Close to the upper plate, w-0 JPDF is almost circular showing
a little eccentricity in the positive heat flux direction (lst and 3rd
quadrants), and u-0© also show a positive net balance in the same direc-
tion.

As the heat flux is increased, the joint probability density
finction at the same heights shows features similar to those previously

described.

4.4 Central Moments |

All the data used to compute the central moments are related
in Appendix A-5 with the specification of the main parameters of the rums,
tagword 1, number of runs and ﬁape in which it is recorded.

Besides giving information about the shape of the distribution
and dén'sity functions, the moments ére‘used to evaluate the terms of
the kinetic and thermal energy equations. |

Table 3 shows the important parameters of the different condi-
tions under which the measurements were performed, the turbulent Reynolds
mumber and the symbols representing each condition in the vertical profile
of the central moments. |

Figures 4.25 through 4.41 show the vertical profiles of some of

the moments scaled by the convective scales and RMS values.
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Figure 4.25 - Profile of RMS wvertical velocity fluctuations.
O - Pey = 6090, o- Pey = 7840, A - Pey = 9370,
O- Pey = 6000, ¥ - Pe, = 2950.
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Figure 4.26 - Profile of RMS temperature fluctuations. Symbols
defined in Figure 4.25.
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Figure 4.27 - Profile of RMS horizontal velocity fluctuations.
Symbols defined in Figure 4.25.
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Figure 4.28 - Kinematic heat flux - Symbols defined in Figure 4.25.
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Figure 4.29 - Cross-moment of horizontal and vertical wvelocities.
Symbols defined in Figure 4.25.
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Figure 4.30 - Third order moment of vertical wvelocity.
Symbols defined in Figure 4.25.
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Figure 4.32 - Fourth order moment of vertical velocity.
Symbols defined in Figure 4.25.
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Figure 4.33 - Fourth order moment of horizontal wvelocity.
Symbols defined in Figure 4.25.
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F:Lgure 4.34 - Vertical transport of kinematic heat flux. Synbols defined
in Figure 4.25.
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Figure 4.35 - Vertical transport of temperature fluctuations.
Symbols defined in Figure 4.25.
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Figure 4.37 - w~0 correlation coefficient. Symbols defined
in Figure 4.25.
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Figure 4.39 - Skewness of vertical welocity fluctuations.
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Analyzing the vertical profiles of the central moments, three
distinct regions can be identified in the convective layer:

Region I - Accelerating Region - This region extends from
the lower boundary, or better, from the edge of the conduction layer up
to z/z¥ = 0.2. It is dominated by elevated exchanges of heat and
momentum between the plumes and the cold fluid. The hot parcel has
temperature excess substantially decreased, as they rise in the region,
while its positive vertical wvelocity is increased. The upward motion of
high wvelocity hot fluid is accompanied by the downward displacement of
large amounts of low velocity cold fluid. | As the hot elements go .up
they carry surrounding cold fluid along resulting a continuous thickening.
Due to the higher efficiency in the momentum transfer compafed with the
thermal transfer, the hofizontail dimensions of the rising elements are
bigger in the vertical velociFy, trace than in the temperature trace.

Region IT ~ Central Reglon - The central region is characterized
by small variations in the vertical profile of almost all the moments and
it extends from ébout z/z* = 0.2 up to 0.6. Due to the destrqction of
the plumes by the highly turbulent field, the kinematic heat flux (w0)
and its vertical transport are linearly decreasing in this region. The
upward and downward movements of hot and cold fluids réspectively are
well balanced resulting in vertical velocites of the same ordér of magnit--
ude up and down.

Region III - Decelerating Région - This region extends from
z/z" = 0.6 to the upper plate and it is characterized by the gradual

diminution of all the moments involving the wvertical wvelocity. - The
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moments involving the horizontal wvelocity show maximm values there
indicéting the conversion of the vertical velocitjr to the horizontal
movement, due to the presence of the upper boundary.

The existence of a non-zero third order moment bf the horiz-
ontal wvelocity in the accelerating and decelerating regions indicate
the predominance of the horizontal flow in certain directions . This
is consistent with the non-zero cross-correlation of the horizontal and
vertical velocities. A kinematic heat flux lower than the expected
theoretical value can also be associated with a mean flow circulation.
If a mean flow exists, its contribution to the turbulence is wvery
small. Its estimation is difficult but as all moments were calculated
from fluctuations about the ensemble avei'aged mean, it is reasonable to
affirm that only the mean temperature and velocity values were influenced.

Instead of using Qo for the calculation of the convective
scales, using the kinematic heat flux at the lower boundary resulted in
much better collapse of the data as‘ shown in Figures 4.42 ﬁhr'ough 4.44,

In order to calculate '@o’ a straight line parallel to the
theoretical prediction was adjusted to each set of data and the ijoint
where it crossed the horizontal axis at z/z"c = 0 was ﬁsed td compute

the convective scales. Values are shown below:

Condition Qo {®Keny/s } z* {cm} (W@)O/Qo :
I 0.0153 20 0.82
IT 0.0330 20 0.77
I1T 0.0568 20 0.70
v 0.0450 15 0.84
v 0.0141 12 0.95
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Figure 4.42 - Vertical transport of wvertical velocity fluctuations
using (wO) to compute the convective scales. ~Symbols
defined in® Figure 4.25.
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Figure 4.43 - Vertical transport of kinematic heat flux using ( Wb )
compute the convective scales. Symbols defined in Flgure 4 25.
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Figure 4.44 - Vertical transport of temperature fluctuations

‘using (WO) . to compute the convective scales. -
Symbols defined in Figure 4.25.
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4.5 Power Laws

Power law behavior of the moments in the matching region was
investigated by plotting the data up to z/z* = 0.35 on log-log graph
paper. As pointed out by Townsend (1976), the thickness of the
equilibrium layer is a small fraction of the total depth of the
t@dmt flow; and consequently the variation of kinematic heat
flux across the layer is small compared with the heat flux at the wall.

In the equilibrium layer, both z,; and z, scaling must match so

0
g
0 _ z,n
s =C (z*) (4.2a)
*
% z.n
0 0
O Z,m
* 1 'z,
c’wt Z . m
Yy 1 Z4
Multiplying equation (4.2) by (4.3) yields
g.0 o,.0 )
0w 0w Z . ntHm Z , IHm
- =CC, (= = CC, (=) (4.4)
04wy = 8wy 1l "z, 1z,
Hence

z . ntm _ , z,.n4m
(-Z:) = (Z—O') (4..5)

BEquation (4.5) holds only when mtn = 0 or m = -n. From the relation

of convective and conduction scales defined in equations (2.21)and (2.22)
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z, 1/3
= (—) (4.6)

w*
A 2
0

0

Comparing equatjon (4.6) with the relation of (4.3b) and

(4.3a) one gets m = %and n=- % Hence

% z,1/3 ‘
I, (4.7)
0 -

m=c & 1/3 (4.8)

Similar argurrents applied to the other moments permit us to

write
—3‘ .
woo_ z,1
— = C2 (Z) (4.9)
Wy
_3‘ .
8~ _ . z,-1
== C3 (z*) 4 (4.10)
e*
;2; z,1/3
— =C, (=) (4.11)

QoW - T4 "z,

Nl

wl_ - o (i)'l/3

e 4.12
Qp8 5 'z, ( )

When the RMS values of temperature and velocity fluctuations scaled
by the convective scales were plotted against z/z,, a power law of
-1/2 was found for o,/8, and no characteristic power law was detected

for o w/w* as presented in Figures 4.45 and 4.46 respectively.
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Figure 4.45 - RMS temperature power law - no shift in the vertical
direction. Symbols defined in Figure 4.25.
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Figure 4.46 - RMS vertical wvelocity power law - no shift in the
vertical direction. Symbols defined in Figure 4.25.
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As suggested in Baberg (1977), a shift of (8 ZO/Z*) was applied
in the vertical dimension scale. The idea is t o scale the moments
with the distance to the edge of the conduction layer instead of with
the distance to the wall. The numerical factor of 8 has been
determined empirically by reference to the mean temperature data.‘
The flow constraint at the conduction layer prevents eddies from
having scales in the vertical direction that are larger than the
distance from the margin of the conduction layer to the eddies centre.
Figures 4.47 through 4.52 show the power laws of the central nomené;
with the shift in the height. |

The scatter in the data for the third order single and crossed
moments precludes accurate verification of the power laws in the
equilibrium layer but any change in the dependence can be clearly
detected.

From the graphs, the equilibrium layer extends up to

z-820

*

2 0.1 for each moment.

4.6 Conditional Averages

In an effort to understand the low values of kinematic heat
flux cbtained from the moments calculation, conditional averaging
techniques were used to examine the statistics of w and 6 more closely.

Data points in the w-8 plane were classified into fivé groups
as pointed out in section 3.3.

Plots of the conditional averaging results for the kinematic

heat fluxes are presented in Figures 4.53 through 4.60 for all runs.

Figures 4.53 through 4.56 show the conditionally averaged mean heat
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Figure 4.47

- RS vertical velocity power law with 8z, shift.

Symbols defined in Figume 4.25.



0.50 1

\
-1/2 | -1/6
\

0.10 —

(z - 8z0)/z*.

0.05 -

0.01
. 5 10
0'6/ )

Figure 4.48 - RMS temperature power law with 8z, shift. Symbols
defined in Figure 4.25.
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Figure 4.49 - Third order moment of vertical velocity power law with 8z
shift and scales_defined by kinematic heat flux at the

lower boundary (wO),. Symbols defined in Figure 4.25.
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Figure 4.54 - Conditionally averaged kinematic heat flux. Flow condition

II - Pe, = 7840.
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Figure 4.58 - Fraction of the kinematic heat flux associated with
groups I to V - Pey = 7840.
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fluxes in each quadrant, calculated according to

W g o !
1 -yt W, (8.
AR )[N Z G G ] (4.13)

i acEi wa 6 a

Figures 4.57 through 4.60 contain the'information about the
partial contribution of the points in each quadrant for the total
heat flux, or, in other words, the fraction of the kinematic heat
ﬂux associated with groups I-V. These are relatéd to the conditional

averages by

N 1 [lz & (2 } . (4.14)
N Wby Yo |[Na€i % a% a '

This analysis did not yield definite conclusions about the low
kinematic heat flux. However, the important point was the existence
of two gradients for the heat flux in the layer. Gene:fally speaking,
the fraction of the III quadrant nearly balances the negative contribu-
tions of the II and IV which a;re almost constants throughout the
layer. It appears that the contribution from the I quadrant should
have been bigger. The change in inclination of the heat flux moment
happens close to z/z, = 0.6, coinciding with the division of the

convective layer as presented in section 4.4

4.7 Energy Budget

Smooth curves faired through the graphs of the central .moments
in section 4.4 were used to evaluate all measurable terms in the
budget of kinetic energy, thermal variance and kinematic heat flux.

Neglecting the contribution of the terms involving the pressure
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fluctuations, the following dimensionless equations were used to

evaluate the rate of dissipation terms as residuals in the balances:

. — o+ + 2 — o+
1 2 — :
s [ R LRE] e
+ *52z
+
2,1 2.4+

S 1 |p GO) tort|_1 o |2 4.16
- _Pe 5 - | wb —I i-a—-z——(SW) (4.16)

6* * 32+ 32 +

WO + s ot —
—_— = aaT[wze ‘ +[w2 Q—] + [82 +] (4.17)
€ wo + )

All third order moments were non-dimensionalized using the kinematic
heat flux at the lower boundary in the scales.

Figures 4.61 through 4.63 show the variation of the various
terms of equations (4.16), (4.17) and (4.18) throughout the layer.
The important points to be emphasized are that the terms involving the
noleéular transport are only important close to the lower boundary,
tl;le terms involving the mean temperature gradient vanish around |
z/z, = 0.20 and the dissipation of kinetic energy is approximately
equal to the production term throughout the layer. The rate of
dissipation of kinetic energy and thermal variance calculated from
power spectrum analysis using the hypothesis of local isotropy are
presented in Figures 4.61 and 4.62 and the agreement with the values

calculated from energy budget is very good.
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Terms of kinematic heat flux equation
Figure 4.63 - Kinematic heat flux balance.
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4,8 Prandtl Number Dependence -

In order to check the calculated central moments for any
dependence with respect to the Prandtl nu&ber due to the variation
of the mean tenperatute from one set of data to the other, special

runs were taken with the following characteristics

z/z* = 0.070
z* = 200 mm
Q = 0.033 °K av/s
Number of runs
in each set = 16
Dwell time = 5000 us

Number of Channels = 4

Resolution = 9 bits

Vertical Display Settings

Channel Variable . Volts Full Scale LP Filter [ms]
A w +2 10
B 0 + 1/4 | 10
Cc u o+ 2 10

Six sets of independent runs were taken with mean core teamperatures
in each one ranging from 31.50°C up to 40.95°C as shown in Table 4.
The calculated central moments showed no evident Prandtl
number dependence. The calculated values varied within the normal
experimental uncertainty when campared with the results cbtained in

section 4.4.
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4.9 Power Spectrum Analysis

The power spectra of w, 8 and u signals of Vsome of the sets,
used to calculate the central moments, were camputed in order to
identify possible characteristic subranges in the wave number space
and, if an inertia subrange exists, to calculate the dissipation
function of thermal and kinetic energy. The graphs of the power
spectrum are shown in Figures 4.64 to 4.75. They represent the
average value of all the spectra in one set (typically 14 runs). The
calculation was done according to the description given in section 3.3.

The -5/3 region of the inertia subrange of hQrizorita;l and
vertical velocities is reasonably well defined in the sets located
away from the lower boundary. For largev Prandtl number liquids, the
temperature spectrum is expected to show a viscous-convective sub—-
range with a -1 power law after an inertia suwbrange with a -5/3
power law. In the visocous convective subrange the molecular viscosity
is important and the energy spectrum is dropping off sharply, while
molecular thermal diffusivity has not yet become effective. Scme
of the temperature spectra did not show the viscous-convective
subrange (-1) right after the inertial subrange and vice-versa.

The one-dimensional spectrum function was made dimensionless
using the convective scales and transformed from frequency spectfmn

to wave number spectrum using the scanning speed U. The vertical log
UFu(f) UF, () UFw(f)
axis in the graphs corresponds to 5— OF 5— Or 5— and
Y 2mw* "z 2m6,.2 2MW 2
rz*f * *%% *%%
5 where f is the frequency at which
1

the spectrum is calculated, and given by f = NAE where At is the

interval between points in the digitizer, and 1 < N <L/2 and L is

the horizontal log axis is
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Figure 4.66 - Power spectrum of the temperature fluctuations.
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the total number of points of the record.
The rate of dissipation functions were calculated using the

following expressions:

(4.18)

€ _
—- =

€ a

\:Fu(k) (kz,.)> 3]3/ 2

and

€ Fok) (s/e*)l/3(k2*) >/3

E% = £ (4.19)
8

where Fu and Fe: are the dimensionless spectra of horizontal velocity
and temperature and a and b are universal constants. The values

a =0.50 and b = 0.40 were used in the calculations. Table 5

compares the values ¢/c¢* and ee/a’é calculated from the energy speétrmn
using the data taken at 5.5 mm, 35 mm, 100.5 mm and 144.5 mm and

Qy = 0.0568°K cm/s, and the values computed from the energy balance

described in section 4.7.

. Table 5

Camparison of Rate of Dissipation Values

z Calculated from spectrum Calculated from energy balance
{rm] e/e* ee/e’e‘ g/e* ee/eg
5.5 0.654 211.6 0.763 180.2
35.0 07565 12.6 0.640 7.4
100.5 0.509 2.9 0.490 - 0.8

144.5 0.396 2.4 0.412 _ 0.5
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The agreement is very good for the dissipation of kinetic
energy. The differences in the dissipation of mean square tempera-
ture fluctuations may be due to the difficulty in identifying an
inertial and/or visoous-convective subrange. The values for ¢ e/e’e‘
away from the lower boundary are very small compared with the values
close to it, therefore the importance of the discrepancies in the
upper half of the layer is very small.

Figure 4.76 presents the power spectrum of the vertical
velocity at different heights from the lower plate and a heat flux
of 0.0153°K an/s for a layer depth of z* = 200 mm, and Figures 4.77
and 4.78 show the power spectrum of the horizontal and vertical
velocities at the same height and different heat fluxes.

The fluctuations of the horizontal velocity are generated by
a combination of motions of a turbulent nature and periodic
oscillations as could be expected fram the visualization studies.

The power spectrum of the horizontal camponent of the velocity
should exhibit peaks associated with the wave like motion of the
fronts sweepj.ng the lower plate.

The structure associated with the vertical component of the
velocity depends appreciably on the distance from the lower bouhdaxy ,
limiting the integral length scale of the flow. Therefore, the power
spectrum should have a maximum at the wave number corresponding to
this distance.

Unfortunately, due to the smoothing roi:tine, those features
are not well identified and yet if no smoothing routine weré used,
the scatter of the spectral estimates would swamp those character-

istics.
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4.10 Space-Time Cross Correlation

As pomted oﬁt in section 3.3, in order to generate a
correction factor for the convective heat flux calculation and 3rd
order cross moments, due to the horizontal spatial séparation of the
thermocouple probe and the measurement volume, special horizontal
scans using half of the memory fdr the vertical velocity trace and
the other half for the fluctuating temperature signal were performed
and the cross correlation function using the Fast Fourier techniques

was computed.

wo(t,R) = Nl- E :w(xl,xz,x3;t)6(x1+2,x2,x3;t+r)
, T !

Figures 4.79 to 4.8l show the plots of the cross correlation
against the horizontal separation using the scanning speed and Taylor's
frozen field hypothesis for this conversion.

It was expected that the locus of the maximum points of the
cross correlation was a slowly exponentially decaying curve as the
separation between prcbes increased. The existence of maxima at
larger separations greater than the\ maxima at small separations
prchibited the use of the correction factor for the cross moments
by extrapolating the envelope of the cfoss correlation curves wp to

the axis of ordinates.
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- CHAPTER V
COMPARISON OF THE RESULTS WITH EXPERIMENTAL AND NUMERICAL STUDIES

The vertical profile of some of the moments of the laboratory
experiment of Willis and Deardorff (1974), the aircraft measurements
of Lenschow (1970, 1974) and Telford and Warner (1964), the data from
the Minnesota experiment reported by Kaimal et al. (1977) and ﬁhe _
mumerical studies of Andre et al. (1977) and Zeman and Lumley (1976)
were used for comparison with the calculated moments of the present
study.

Flgures 5.1 to 5.6 present the vertical profile of the moments
for the different works. |

The same constants of the numerical studies reported in the

references, were used to compute the moments.

| As can be seen, the égreement of the atomospheric measurements
of the RMS values of the vertical velocity énd temperature fluctuations
with this study is very gobd. Beyond z/zy, = 0.1 the agreement is better
with the data from Telford and Warner (1964) and Lenschow (1970, 1974)
than with the data from the Minnesota experiment. Within the surface
layer, some differences would be expected due to the effects of the mean
wind. The laboratory ueastmeﬁmts of Willis and Deardorff are also in
good agreement for those moments up to z/zy = 0.8 or may be up to a
lower height in the layer due to the different upper boundary conditions.

The vertical profile of the RMS of the horizontal velocity
agreés well with Lenschow's data but Willis and Deardorff's results are

about 75% lower. This discrepancy may be due to the larger aspect ratio
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Figure 5.1 - Comparison of RMS vertical wvelocity with
experimental and numerical studies. Legend
presented in Table 5A.
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Figure 5.4 - Comparison of vertical transport of kinetic
energy with experimental and mumerical studies.
Legend presented in Table 5A..
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Figure 5.5 - Comparison of vertical transport of RMS temperature .
fluctuations with experimental and numerical studies.
Legend presented in Table 5A.
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of the test section in this experiment and/or ﬁo the accuracy of their
measuring method used to compute this moment. -

The third order moments, or better, the vertical transport
of kinetic and thermal energies do not agree as well with the at;msphéric
measurements. The vertical transport of kinetic energy compares well
- with Willis and Deardorff's measurements but are lower than Lenschow's
data. This discrepancy is due to the fact that the vertical contribution
to the turbulence of the horizontal velocity is bigger in the atmosphere
than in the laboratory. The existence of a mean wind generating turb-
ulence increases the amount of kinetic energy emerging from the surface
layer which has to be convected upwai‘ds in the convective region. The
shape of the vertical profiles is the same but the magnitude of the
laboratory experiments is about 307 lower.

The major discrepancy was found in the vertical transport of
mean square temperature fluctuations and of kinematic heat flux. Once
more, the forced convection of the atmosphere produced different lower
boundary conditions for the convective region. The measurements of
Telford and Warner (1964) agreed reasonably well with wunsteady turbulent
thermal convection experiment, .but the Mimnesota data is quite different
. for the vertical transport of kinematic heat flux.

The shape of the curves of the wvertical transport of the
temperature variance is about the same for the laboratory and atmos-
pheric case, but the magnitudes differ by about 1007 up to z/z, = 0.2.

The constants of both numerical studies need to be adjusted

in order to fit better the available data. It is hoped that this work
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produce enough information to test the planetary boundary layer
numerical models.
The reader is referred to the cited works for further details

on the calculations of the numerical and atmospheric studies.
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CHAPTER VI
CONCLUSIONS AND SUGGESTIONS

The main conclusions and suggestions obtained from this study
are related as follows:

i) It is feasible to use a laser Doppler wvelocimeter to
measure the instantaneous components of the wvelocity in a thermal convec-
tion exper:’ﬁxent, provided that the signal - to - noise ratio is high
(recommend ~ 5 or higher). Refractive index fluctuations are the most
restrictive factor for the welocity measurements close to the lower
plate. |

ii) Signal - to - noise ratio could be improved by

a) wusing a more powerful laser,

b) awoiding induced vibrations in the optical system by
isolatiflg the table from the vibrations coming through the floor; changing’
the mechanical drive to an hydraulic‘ drive, or using a 4-pole electric
motor to drive the »lead screw of the lathe and redesigning the coupling
carriage-lead screw and stiffening the prisms assembly mount,

c) proper grounding and shielding the electronic circuits
and cables in order to keep the hum pick up low.

iii) The vertical profiles of the central moments are in
good agreement with the atmospheric measurements, altfxo_ugh larger
ensenbles are required to compute the third and fourth order moments.

i\}) large turbulent Reynolds mumber are achieved in this
experiment and local isétropy hypothesis are valid in cerﬁain regions

of the spectrum. Therefore the rate of dissipation of kinetic energy,
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thermal variance and kinematic heat flux can be inferred from the
harmonic analyéis. It is recommended that a larger number of points
in the records be used for this type of analysis.

v) The atmospheric forced convection data can be reproduced
in the laboratory if the effects of the mean wind confined to the
surface layer are adeéuately taken into account. Cold and hot regions
can be easily gen'erated in the lower plate of the thermal convection
test section and the effects of the mean wind can be studied more in-
tensively. 7

vi) The hypothesis of horizontal homogeneity is valid in
this e}qzerment and the data reportéd here are valid for this situation.
The test section could be eafily tilted aﬁd t;he influence of inclined
gromd convection can be studied.

vii) The performance of the upéer plate as an insulated
boundary is very good but its warpage should be corrected in order to
reduce the possibility of mean flow generation.

viii) A more detailed_ noise study is desired in order to
quantitatively account forv the effects of the refractive index fluctua-
tions. Measurements of the cross-correlation of the noise generated by
the field of thermals and the temperature fluctuations at the measurement
volure indicated no correlation at all. Th:Ls was expected because the -
distortion of the beams at the measurement volume is dependent upon the
whole history of the disturbances along the beams. |

ix) The mean temperature measurements are in good agreement

with other laboratory eitperim'its; Beyond z/zy = 0.2, the layer is
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'e.ssentially isothermal. New measurements of mean temperature should

be performed in order to decrease the dependence of the mean temperature
profile on the time constant close to the lower ‘boundary, by using a
bare wire and a bigger supporting ring to produce better horizontal
averages. Ensemble averaging many independent mean temperature measure-
ments is the correct way to compute its vertical profile.

x) The kinetic energy, the temperature variance and the
kinematic heat flux budgets produced reasonably good results when the
terms containing the pressure fluctuations were neglected in regions
away from the lower boundary More investigations are needed to determine
the influence of those terms. |

xi) This experiment produced good experimental data that can
be used as a check for the mmerical models that try to study more
complicated flows where convection plays o inﬁportant role.

xii) The vertical profile of the central movements when scaled

by the convective scales revealed an equilibrium layer extending up to

(z - 82c
Zode

of 8z, in the height scale is used. |

)= 0.1, where the power laws are reasonably defined when a shift
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APPENDIX A-1

CONVERSION FACTORS FOR VELOCITY MEASUREMENTS

The calculation of the conversion factors for velocity
measurements refer to Figure 3.5 for the definition of the quantities
used. For the geometry used close to the lower boundary, the

frequency of the signal at the output of the radio frequency band

pass filters is given by

sin|<3 . COSK4=C0SK, sins<l
Vap T 30 - [A u + >‘H v + >‘H w] (1a)
H20 20 20
Sink COSK,—~COSK sink
v21=40-[-——-~2—u+ )\2 lv+ T lw] (1b)
H20 H20 H20

where the angles refer to those in water. The corresponding wvoltage
of the signal at the output of the signal processor TSI 1090 after

frequency mixing at 30.025 MHz and 39.975 MHz is

Van = VA = SA(30025—\)

30 3 =

= S{25 + r>‘_1 [(sim<3)u+(oos|< -COSKl) v +

3

+ (sinKl)w]} (2a)

v =VB

40 -39975) =

= SB(VZl

= S{25 + % [(SinKZ)U"(COSKZ-COSKl)V-(SinKl)W]} (2b)
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where S = SA = SB is the sensitivity scale c¢f the signal processor

and n is the refractive index of the water.

Adding and subtracting both signals

<
+
<
|

_ ns .. : _
508 + < [(smm3+sm»<2) u+(c051<3 OOSKZ)V] (3a)

_nS [ . _
Vy =V =+ [(San3 Sanz)LH‘(COSKB-l-CDSKZ Zcosxl)v +
+ 2(sins<l)w] (3b)

Using the signal conditioner TSI 1057 to suppress the DC
component of the sum of the signals, then

\ 1 CoSK 5=COoSKy
u =gz [V3#Vg=308] sinc¥sing, - sinc ¥sing, v (4a)

1 sim<3—s:1.n1<2
251m<l ZSJ_nlcl

= A v
W= == [V -V u

COsk 4+00S KZ_ZOOSKl R
- =1 A\ (4b)
- 2sinkg

The coefficients of the v component of the wvelocity are at
least one order of magnitude smaller than the other terms, therefore

the final expressions are

1

_ A - T S :
u=ng Va*Ve™®] gmcreing (5a)
_a 1 Sin|<3—Sin|<2 :
W= Va8l seing T T, ¢ (5b)
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At the beginning of the experiment, the angles of the beams

were x; = 4.1718°, ) = 4.3259°, «, = 3.8686° and S = 20V/100kHz,
resulting A |
u = 1.3505 [V,+V-10] (62)
and
w = 1.3264 [V,=V,] + 0.0739 [vAévB-lo] ) (6b)

Reassenbly of the prism beam splitter changed the angles to

Kj T Ky T K3 =k = 4,121, in water, resulting in

u = 1.3458 [VA+VB-10] ' _ (7a)
. .

w = 1,3458 [VA—VB] . (7o)

‘In order to measure the welocity components close to the
upper plate the beams are diffracted to the opposite side at the Bragg
cell and the prisms assembly is rotated 180° in a vertical plane.

The frequency shifts in the beams will be (\)0-30 MHz) and (vo-40 MHz) .
Following the same steps, equations (7a) and (7b) will apply for this

new configuration where the u and w coordinates are the same as before.
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APPENDIX A-2

CHARACTERISTICS COF THE LASER DOPPLER VELOCIMETER

Assuming that each beam is Gaussian, the nominal measurement
volure is the volume corresponding to e'-\2 dimensions. The dimensions

of the ellipsoid corresponding to e-2 contour of two beams inter-

section are given by

dm =4 _2/c054< (1)
e

Im=d _,/sin | (2)
e

hm=d _,
e

where dm is the transverse dimension in the plane of Ehe axis of the
two beams, hm is the height of the e-2 contour perpendicular to this
plane, at mid-point, Ilm is the length contained in the plane of the

axis of the two beams and 4 _, is the diameter of the beam at the
e
focal plane of the dbjective lens. It is given by

d_p= 1r4D>tf (4)
e -2
e

where f is the focal length of the lens and D _, is the diameter of
e
the beam ahead of the lens L4.
The esthnated diameters of the three beams ahead of lens L4

are D0 = D0 = DO = 2.1 mm. Therefore d 2= 147.3 um,
main 30 40 e

hm = 147.3 um, dm = 147.7 um and 1m = 2050 um, yielding a volume
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of 23.35 x 106 um3. The nuber of fringes is given by
42
N__ = (5)
FR df

Using equation (3.2), the distance between fringes is 2.47 um
and approximately 60 fringes are formed by .the' intersection of each
two beams.

Using an aperture with ¢ = _0.35 mm and a magnification of the
oollecting lenses of 2.486, the pin hole will see 1.03 mm in the
transverse direction and 1.62 mm in the plane of the axis of the two
beams of the measurement volume for 32.5° off axis back scatter.

Assuming that all the particles in the suspension had the
same diameter of 5 um, for the ocondition of dillution used during
the measurements (c.f. Chapter 3), there was in average one particle
per measurement volume.

As reported by Durst et al (1976), the number of fringes seen

by the photodetector, , could be calculated by

Yh

N. = 2. d . ‘sink (6)
ph M "ph
where M is the magnitification of the collecting system and dph is
the diameter of the pinhole A2 Substituting the numerical values,
there were 52.3 fringes seen by the photodetector. -

With an average of one particle in the measurement volume,

the probability of signals from two or more particles overlapping is
significant. Since the particles arrive at random times, their

signals have random phases and the superposition of such signals
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creates a random frequency modulation of the instantaneous frequency
of the sum signal. Upon frequency Mdation, this appears as a
random noise in the output voltage of tﬁe frequency trackers referred
as "phase noise" or "Doppler ambiguity noise" after George and Lumley
(1973) .

For the case in which the mean number of particles in thé
measurement volume is much greater than wnity, the statistics of the
phase noise are well understood and given in George and Lumley (1973).
However, the signal in the present experiment does not correspond to
this condition, so the extent to which phase noise is a major contribu-
tor to the total noise in the output of the frequency trackers is not
clear. We shall, however, evaluate the phase noise for reference.

The RMS value of the equivalent input phase noise at the

frequency tracker output is

RIS (] = AEE | ()
where fc is the frequency of the low pass filter on the frequency
tracker output and AfD is the eml bandwidth of the power spectrum of
the photocurrent due to transit time broadeninge.

The equation for AfD is

Af

D _ 1.
B:—f-—:
D

[ee]

(8)

|

which gives approximately 3.5% bandwidth.
‘The low pass frequency used in the experiment was f_ = 16 Hz
so the RMS phase noise would be about 50 Hz for a speed of 2 aw/s,

corresponding to an equivalent input noise of 0.13 mmy/s.



199

APPENDIX A-3

ABILITY TO FOILLOWN THE FLOW

l'I'he motion of particles suspended in a moving fluid is mainly
affected by the particle shape, the particle size, the relative density
of particle and fluid, the ooncentration of the suspension and body
forces.

Assuming spherical particles with negligible effect on the ‘
fluid flow and applying D'Alembert's principle in a Lagranglan

coordinate system, the equation of motion for the particle can be

written as ‘ , A\
du_.
4 3 pi _
3T a pp e Fli(drag force) + F2i (Basset memory term) +

+ F3i(apparent mass acceleration) +
+ F 4i(loca_]. pressure gradient effect) +
+ Fsi(local velocity shear effect) +

+ F6i (body force due to gravity)

The force vector due to drag, using Oseen's approximation can be

expresse_d as

(F); = F o’ tugmu ) “E0(L + g5 Re) ] (22)

- or using Stokes approximation for creeping flow on a sphere

). = - 67 ua(upi—uf.) (2b)

(Fl i i

where
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a - particle radius

P f' - fluid density
u - fluid velocity
2(uf—u )a
Re = _.__L
v
p = fluid viscosity

The Basset memory term takes into account the effect of the deviation
in flow pattern from steady state and is the fluid resistance due to

relative acceleration of the particle. -

du_. du .
t (— fi _ 2
dr dt

vt-1

dt (3)

_ g2 —
(F2)i = 6a Pe YV L

0

The apparent mass acceleration is the force vector due to the
acceleration of the mass of fluid displaced by the particle relative

to the local fluid acceleration.
_2 3 d _
Y1737 2Ps e ) @

The local pressure gradient effect is the force vector due to

the local static pressure field around the particle.

4 3, 3
-§na(—a—%) (5)

(Fp);

In order to consider the force due to the local velocity shear
it is assumed that the particle is spinning due to the shear and then,

with this Magnus effect, it is possible to calculate the forces on

the particle. In general, the three camponents of the force due to
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the local shear effects are given by the cross product of the velocity

vector and the vorticity vector (Qi)

=_4 3 -
(Fgl; == 370 eijk(ufj upj) Qe (6)

The body force on the particle exerted by gravity is
_4 3

In a turbulent fiow, in order to draw some conclusions about
the behavior of the particles in representing the flow field, further
assurptions are necessary: hamogeneous and time invariant turbulence,
particles smaller than the turbulence microscale, Stokes drag law for
spherical particles, one particle is alwaysy sur;:ounded by the same
fluid molecules and no interaction between particles. .

Using the solution of eguation (1) derived by Chao (1964),
which was obtained by Fourier transform techniques, estimates of the
relation of the mean square velocity of the particle and the mean

square velocity of the fluid can be calculated by

NN .
Q(2)
0

H\GNI | CN'

where F(w) is the normalized Lagrangian energy spectrum density

function of the fluid motion,

3/2 ,1/2

O N N 9 4 VE (@
R (D = O T T 30 VB QT+ (9)
(2 w .., _ 1 w2, /6 w302 w, = w1/2
Q (E'B) = _65 D7+ z S +3() + /6 (a) +1 (10)
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a = ;—2- (11)

) P, +pf/2

p=-2_*< (12)
pp+pf/2

For Dow Saran particles of 5 um diameter and ;E = 1.33, at

- T = 30°C then ¢ = 9.768 x 104/s and g = 0.818. The mailmum frequency
of the fluctuations expected from the experiment is on the order of
200 s—l. For this range of frequencies Q(l)/Q(Z) = 1 and using the

definition of normalized power spectrum f Flw)dw = 1. Theréfore,
0

= 1 and the particles follow the turbulent flow continuously, and

HEnol b

the mean square particle velocity fluctuation is themean square
velocity fluctuation.

The terminal settling velocity calculated based on

a) Solid particles in a Newtonian fluid

b) No collision between the particles

c) Uniform, smooth, spheriéal particles of density P’

diameter d and fluid of density o £ and viscosity u

d) System in the gravitational field is given by

2
d (pp pf)g

R (13)

VvV =

Substituting the numerical values, V = 5.6 um/s which is very
small campared to the characteristic values encountered in the flow

(1.0 cw's).
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APPENDIX A4

TIME CONSTANT OF THE RESISTANCE WIRE PROBE

In order to correct the values indicated by the resistance
wire probe dve to its time lag, special calibrations to determine
the time constant were performed using two different methods:

i) Passing the probe and a thermooouple with much smaller
time constant (+5ms) through a temperature discontinuity, at a constant
speed of 0.475 c/s. |

ii) Moving the resistance wire and the thermocouple in a
constant temperature gradient medium. '

Assuming negligible spatial variations of temperature within
the sensor, neglecting lead wire conduction to or from the sensor and

neglecting viscous dissipation effects, an energy balance yields

e
e g - PA T TRy )

where mc is the capacitance heat mass of the sensor, As is the external
area, h is the mean heat transfer coefficient, T £ is the fluid temper-

ature and TFW is the temperature indicated by the resistance wire.

Considering a step change in the fluid temperature from T £0

to T £ then the response of the resistance wire is given by -

T Te -(hA/mt

RN .
=e a (2)
Tfo-‘I‘f .

For the case in which the fluid temperature increases linearly

with time
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Tf - Tfo = Bt (3)

Therefore the temperature difference of the fluid and resistance

wire will be, at any time

=g X =

T

where 1 = % is the time constant of the probe.
s
As the thermocouple pradbe, used to measure the instantaneous

temperature in the themmal convection experiment, has a frequency
response on the order of 50 Hz, its temperature indication was assumed
to be the fluid temperature. Therefore, having the records for T

2

and T_ at each time, t can be evaluated from equation (1) directly.

f

At the starting point, before the run has been initiated, both
resistance wire and thermocouple read the same temperature. Therefore
this is the reference temperature for both records. The problem is
if one considers the temperature just before entering the discontinuity,
as a reference, it will bé different for the thermocouple and
resistance wire.

Figures A4.1 and A4.2 show the typical indications of

temperature through a discontinuity and in a éonstant gradient medium.

The time constant calculation is

(Te~Teg) = (TrgyTrgeo)
T = d T (3)
W

dt

Sixteen scans of each method yielded an average time constant

of 0.228 + 0.24 s.
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APPENDIX A-5

NUMERICAL VALUES OF THE CALCULATED CENTRAL MOMENTS

All the data used to campute the central moments are related
in Table 6 with the specification of the main parameters of the runs,
tag word 1, number of runs and tape in which it is recorded. The mean
temperature is the temporal mean during the whole set of runs for a
certain condition. Close to the lower plate (up to z/z, = 0.10), the
temporal mean was added to half of the total spatial mean temperature »
drop to produce the mean temperature.

Tables 7 and 8 present the numerical values of the moments
resulting from ensemble averaging the spatial averages of the
independent runs and scaling them with respect to the convection
scales and to the RMS values respectively.

Table 9 presents the standard deviation of all the spatial

means of one set.
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100005

100007

Tag Word 1 - Number of Heat FJ,ux—QO Mean Temp. |
Tap Name Octal Decimal runs

151611
151612
152301
152302
153201
153301
153302
153401
153402
153501
153502
153503

152001
152002
152101
152102
152201
152202
153601
153602
153701
153702

100601
100602
100701
100702
100703
100704
101101
101102
101103
101104
101105
101106
101107
101110
101201
101202
101203
101204
101205

Main Characteristics of the Runs

54153
54154
54465

54466

54913
54977
54978
55041
55042
55105
55106
55107

54273
54274
54337
54338
54401
54402
55169
55170

55233

55234

33153
33154
33217
33218
33219
33220
33345
33346
33347
33348
33349
33350
33351
33352
33409
33410
33411
33412
33413

11
13
12
14
19
14
14
13
15
12
12
14

12
15
13
15
14
15
13
15
14
13

14
16
12
14
14
15
14
14
14
13
15
14
14
16
14
14
14

14

16

Table 6

[°K aw/'s] [°C]

0.0330 32.50
0.0568 38.50
0.0330 35.00
0.0568 39.50
0.0330 37.00
0.0330 33.00
0.0568 39.50
0.0330 34.00
0.0568 39.00
0.0330 31.00
0.0568 36.00
0.0568 39.00
0.0330 32.50
0.0568 $38.50
0.0330 32.50
0.0568 38.25
0.0330 34.25
0.0568 39.50
0.0330 33.50
0.0568 39.50
0.0330 32.50
0.0568 37.00
0.0330 33.00
0.0568 38.00
0.0153 31.50
0.0153 33.00
0.0330 36.50
0.0568 42.15
0.0153 27.75
0.0153 28.15
0.0153 29.65
0.0153 31.25
0.0153 32.75
0.0153 34.25
0.0153 36.00
0.0153 37.75
0.0153 33.50
0.0153 35.75
0.0153 38.00
0.0153 40.25
0.0153 41.75

*
2

(mm]

200
200
200
200
200
200
200
200
200
200
200
200

200
200
200
200
200
200
200
200
200
200

200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
200
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z
(rm]

19.0
19.0
35.0
35.0
47.5
60.0
60.0
80.5
80.5
100.5
100.5
111.0

12.0
12.0

. 15.0

15.0
27.5
27.5
126.5
126.5
144.5
144.5
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Tape Name Octal Decimal

100010

100011

100012

100013

Tag Word 1

112601
112602
112701
112703
113001
113002
113101
113102
113103
113201
113202

113601
113701
114001
114002
114101
114102
114103

115301
115302
115401
115402
115403
115404
115501
115502
115503
115504
115601
115602
115603
115701
115702
115703

117701
117702
117703
120001
120002
120003
120101
120102
120103
120201
120202

38273
38274
38337
38339
38401
38402
38465
38466
38467
38529
38530

38785
38849
38913
38914
38977
38978
38979

39617

39618
39681
39682
39683
39684
39745
39746
39747
39748
39809
39810
39811
39873
39874
39875

40897
40898
40899
40961
40962
40963
41025
41026
41027
41090
41153

Table 6 (cont.)

Number of Heat Flux Mean Temp.

rumns

15
15.
13
17
14
15
14
14
15
11
15

14
13
14
15
13
14
14

14
15
13
15
15
15
14
15
15
15
14
15
15
14
14
15

15
16
14
15
16
16
15
16
16
16
15

[°K an/s]

0.0450
0.0450
0.0153
0.0330
0.0568
0.0568
0.0153
0.0330
0.0330
0.0568
0.0153
0.0330
0.0568
0.0153
0.0330
0.0568

0.0141
0.0141
0.0141
0.0141
0.0141
0.0141
0.0141
0.0141
0.0141
0.0330
0.0330

[°C]

34.55
39.40
35.00
40.25
34.35
37.85
33.25
36.75
40.50
37.25
40.60

38.75
36.50
37.00
40.50
33.60
36.60
40.50

23.50
26.50
26.75
31.00
35.25
38.35
30.75
34.00
36.75
41.00
31.15
34.75
40.75
33.75
36.50
40.30

26.00
34.75
37.20
35.25
38.15
39.85
33.00
35.50
37.75
39.90
32.70

z*
(rmm]

150
150
150
150
150
150
150
150
150
150
150

150
150
150
150
150
150
150

150
150
200
200

200 -

200
200
200
200
200
200
200
200
200
200
200

120
120
120
120
120
120
120
120
120
200
200
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VITA

Rogerio Tadeu da Silva Ferreira was born in Lages, Santa
Catarina, Brazil, on May 20, 1946. Upon graduation from Colegio
Naval in 1964, he entered Escola Naval and in 1968 he changed his
major and entered the Universidade Federal de Santa Catarina. He
was awarded a Bachelor of Science degree in Mechanical Engineering
in 1970. He received his Master of Science degree in Mechanical
Engineering from the Universidade Federal de Santa Catarina in 1973.

In 1971 he joined the staff of the Mechanical Engineering
Department of the Universidade Federal de Santa Catarina as an
assistant professor being promoted to associate professor in 1977.

Since 1975, he has been in a leave of absence from the
Universidade Federal de Santa Catarina in order to pursue the
Doctor of Philosophy degree in Mechanical Engineering at the
University of Illinois, Urbana. He will resume his teaching
activities after the completion of the degree.

He currently is a member of the honorary society of Phi Kappa
Phi, the American Society of Mechanical Engineering - ASME and the
American Society of Heating, Refrigeration and Air Conditioning -

ASHRAE.
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