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ABSTRACT 

Free and mixed convection in a strongly-heated rectangular open cavity 

have been invest i gated experi menta 11y, to observe the effects of ca \Ii ty shape 

and inclination, and of ambient 'Nind, on the velocity and temperature distri-

butinn. 

The long edges (c = 0.533 m) of the cavity were horizontal, and parallel 

to an axis around which the cavity could be rotated. The aperture plane was 

either vertical (0 = 0°), or inclined downl'lard at 0 = 20° or 0 = 45°. The 

height of the aperture, b, was always 0.0947 m, while the depth of the cavity~ 

a, was set so that alb = 0.5, 1.0, or 1.46. The bottom and back walls were 

electrically heated - the top wall was indirectly heated by conduction, 

radiation and convection. The average wall temperature, Tc ' and the ambient 

temperature T were used to defined the dimensionless overheat and Grashcf 
= 

numbers, typical values of which were (Tc - T lIT = 1.21, = = 

G r = g (T - T l b 3/v 2T 
Coo 0000 

= 4.2 x 10 7• The Prandtl number was that of air, 

Pr" 0.7. 

In the studies of mixed convection, the axis of rotation was horizontal 

and normal to the ambient wind. When the aperture faced directly upstream. 

o = 0°. The Reynolds number, Re ,. bU Iv , was varied from Re = 120 - 1100, in .,. co 

which range free convection was dominant, to Re = 2000 - 8740, in which range 

forced convection was dominant. 

For both free and mixed convection, wall and gas temperature were 

measured with thermocouples, and shadowgraph pictures were taken. For pure 

free convection, three time-averaged velocity components, the corresponding 

normal Reynolds stress components, and one off-diagonal Reynolds stress com

ponent were measured with a two-color laser-Doppler velccimeter. The LDV 

operated in the backscatter, counter mode, and was mounted on a motorized tr.a-
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versing table. A PDP-11134 minicomputer controlled the sequence of automatic 

data acquisition, the statistical data reduction and its storage. Statistical 

results are presented numerically and graphically for two averaging proce

dures. Physical interpretations and computed rates of heat transfer are based 

on the procedure which seems to us most likely to remove "velocity bias" from 

the averages. 

The principal quantitative result for free convection is that the rate of 

convective heat loss across the cavity aperture plane is reduced both by 

increasing alb and by increasing ex. When ex = 0°, the Nusselt number, 

Nu = Qbl(k""c(Tc - Too))' is reduced from 54 to 27 as alb is increased from 0.5 

to 1.0. If, with alb = 1.0, ex is increased to 45°, the Nusselt number drops 

a ga in, to 17. 

A wealth of qualitative observations is recorded and discussed. The 

most striking observation was the appearance of a periodic oscillation of fre

quency 2-5.5 Hz, which appeared when Gr/Re2 ) 200, ex = 0-20°, alb = 0.5 and 

1.0. Other observations document some of the complexities that must be 

accounted for in any attempt to construct a successful theoretical model of 

the time-averaged flow. 
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FOREWORD 

Problem Motivation and Research Goals 

The study of convective heat losses from central solar energy receivers 

was instituted by the Department of Energy when it was concluded (1) that 

there was no practical way to eliminate these losses (for example, by 

admitting the sunlight to the energy absorbing surface through a totally 

transparent window enclosing an evacuated space), and (2) that the losses 

could be economically significant. 

vii 

A survey of the technical literature and of expert opinion revealed that 

very little was known about free convection from such large and very hot 

bodies. Prototype Grashof numbers, based on ambient temperature properties, 

would far exceed values readily obtainable in model studies which employ air, 

and the dimensionless surface overheat, ~T/T~, would greatly exceed the values 

typical of most previous controlled experiments. The modification of strong 

free convection by ambient winds, and by the configuration of the solar 

receiver, are likewise subjects on which little past experience can be brought 

to bear. 

Research sponsored under the Convective Loss Program, and related 

research concerned with natural and man-made fires, is beginning to elucidate 

these unfamiliar phenomena and to develop tools for experimental observation 

and theoretical description. However, as was clearly revealed at the July 

1982 Natural Convection Workshop sponsored by NSF, the body of relevant 

knowledge is still small and the knowledgeable workers are few. To some 

extent, particularly in programs of experimental observation, recent work has 

identified difficulties without as yet showing how to circumvent them. 

Nevertheless, considerable relevant progress has been made, and this report 

provides an extensive description and evaluation of our contribution to this 

progress. 
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Our overall goals have been to develop computational methods appropriate 

for laminar and turbulent buoyant flow, in situations to which neither the 

boundary-layer approximation nor the Boussinesq approximation apply, and to 

perform small-scale laboratory experiments involving a simple heated cavity 

configuration in both free and mixed convection. The computational study is 

being documented in detail in a separate report. The experimental aspects of 

the research program are presented here. 

The direct objectives of the experimental work were two: 

1) to begin to develop a useful taxonomy of buoyant cavity flows, iden

tifying characteristic phenomena which may be expected to appear in 

recognizable form whenever certain ranges of dimensionless parameters 

and geometrical configurations are encountered, 

2) to provide data adequate for testing computational methods under 

varied and relevant circumstances. 

The experimental work has had the necessary concomitant objective of 

advancing the art of measurement of flows that are: 

1) easily disturbed by intrusive techniques. 

2) highly unsteady, turbulent and non-uniform. 

3) thermodynamically complex and, to a degree, hostile. 

Measurement Techniques and Errors 

Our selection of quantities to be measured, and of techniques of measure

ment, represents a compromise between the desire to establish a data base which 

would be maximally helpful to our efforts in theoretical modeling of buoyant 

turbulent flows, or which would be most revealing for taxonomical purposes, 

and the costs and development time of promising techniques for which we were 

not already equipped and experienced. 

1 • I" 



ix 

Wishing to establish a correspondence between quantitative local measure

ments and the corresponding synoptic picture, we have made extensive use of 

shadowgraph photography, obtaining high-speed (10- 3 sec) snapshots, movies 

and, for periodically oscillating flows, stroboscopically "frozen" time 

exposu res. 

For local velocity measurements, we rely on laser Doppler veloc;metry 

(LDV), operating in the "single-particle" or "counter" mode. This work 

constitutes an application of LDV to a task of unprecedented complexity, 

because four difficulties must be simultaneously confronted. These are: 

1) A very low data rate (10 - 100 Hz), arising from the difficulty of 

introducing a high density of uniformly sized scattering particles 

without disturbing the flow. This results in very sparse sampling of 

the history of velocity in the measuring volume, and raises difficult 

questions concerning how well the mean and other low moments of the 

sample represent the corresponding properties of the complete 

history. Studies of the "velocity bias" which may originate in this 

sparse sampling are proceeding in several laboratories, but no defi

nitively optimal "correction" for the bias has been found, or is 

likely to be found until the statistics of the flow, which the 

measurements are supposed to reveal, become known. 

2) Proportionally very large velocity fluctuations, with frequent rever

sals of the measured component of velocity. This difficulty is 

largely circumvented by shifting the frequency of one of the laser 

beams. 

3) Difficulty in achieving uniform seeding of all air within the cavity, 

where the seeding source ,rust of necessity be kept far from the 

cavity and we must trust to luck that particles so introduced are 
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uniformly distributed. If the seeding is non-uniform, the LDV can 

record an unintended "conditional average" at a point visited inter

mittently by seeded and unseeded flow. 

4) Relatively large variations of index of refraction in the non

uniformly heated air. These can cause both uncertainty in the exact 

mean location of the measuring volume, and a spurious indication of 

1 oca 1 velocity fl uctuati ons due to "danci ng" and the consequent phase 

shift between a pair of laser beams. 

Because of their possible detrimental impact on the quality of the LDV 

measurements obtained in this study, the above and related sources of error 

are discussed, and when possible estimated, in the report. 

For local temperature measurements, we use an intrusive technique, intro

ducing relatively fine (75 11m dia) chromel-alumel thermocouple wires in the 

flow. Actually, the disturbance of the flow by these wires, which typically 

have a Reynolds number less than I, is certain to be negligible, but the 

information that can be gained from the thermocouple signals is limited by the 

relatively low rates of convective heat transfer between the wire and the air. 

In addition, positioning error, conduction end losses and radiation heat 

transfer all affect the quality of the measurements. These error sources and 

estimates of their respective magnitudes are evaluated in the report. 

Impact of this Study 

While this investigation has proceded in parallel with several other 

recent studies on buoyancy-affected cavity flows (appropriately referenced in 

the report), it differs markedly from all of them in various respects. 

From the start, emphasis was placed on understanding the effects which 

changes in cavity cross-section and orientation would produce in free or mixed 

convection flows. In this respect, the flow visualization observations and 
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corresponding temperature measurements, have/proved invaluable. Earlier 

attempts by others to use the LOV technique for measuring air flows in heated 

cavities were limited to low temperature differences and laminar flow regime, 

and were poorly documented. This study demonstrates and carefully documents 

the applicability of the technique to high temperature differences in the tur

bulent flow regime. The quality of the measurements obtained for mean ve10-

city and turbulent stress components makes the data base very useful for 

advancing and testing new concepts in turbulence modeling. 

The need to accomplish the objectives of this investigation in a reason-

able amount of time and at affordable cost dictated the construction of a 

cavity test section which would fit in the plenum chamber of the subsonic wind 

tunnel of the Department of Mechanical Engineering, University of California, 

Berkeley. The test section was designed to emphasize the mean two-dimensional 

features of the flow. Because the Grashof number in the experiment reported 

here is only Gr ~ 107, compared to Gr - 1014 in projected solar receiver 

applications, emphasis must be placed on qualitative uses of the present 

results when seeking analogies between configurations. In the two cavity stu

dies known to us where relatively large Grashof numbers have been attained, no 

information was obtained concerning the influence of cavity aspect ratio or 

turbulence on the flow. In neither of these studies were detailed LDV 

measurements obtained nor was the mixed convection regime investigated. To a 

large extent then, the Grashof number limitation in the present work is offset 

by the more detailed nature of the information obtained, which is lacking in 

the other investigations. 
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NOTATION 

A area; generally of the cavity aperture plane 

a cavity depth (y-di rection in Fig. 1) 

b cavity height (x-di rection in Fig. 1) 

Ct terminal velocity of a spherical particle falling in a fluid at rest 

c cavity width (z-direction in Fig. 1) 

cp specific heat at constant pressure 

Cv specific heat at constant volume 

f pulsation frequency of air in the cavity 

fd Doppler-shifted frequency of a moving particle 

g magnitude of gravity vector 

Gr ~= g(Tc - To) b
3

) 
- 2 

\) T 
00 00 

cavity Grashof number for the configuration of 

Fig. 1; alternative definitions given in text 

h ( 
Qb/C) = cavity aperture plane heat transfer coefficient; also 

b (T c - Too) 

denotes enthalpy 

k thermal conductivity; k at ambient conditions 
00 

L characteristic length; in the cavity L = b (Fig. 1) 

M Mach number 

~b mass flow of air 

N number of measurements in a population sample 

Nf number of interference fringes crossed by a particle . 
Nu 

(, hb Qb/c ~ 
~ koo = koo (T c - Too lj 

aperture plane Nusselt number 

p pressure 
J.l c 

Pr (= ~) Prandtl number 
. 
Qb aperture plane heat flow due to convection 

Ow heat flow from walls to air within cavity 
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xiii 

9 conductive heat flux vector 

R wind tunnel contraction ratio; also perfect gas constant 

Ra (= Gr Pr) Rayleigh number 

Re ~ bv~ao) cavity Reynolds number 

r particle radius 

St particle Stokes number; also Strouhal number; both defined in text 

T temperature; generally an average value; T at ambient conditions ao 

Tbac average temperature of cavity back wall 

Tbot average temperature of cavity bottom wall 

Tc characteristic cavity wall temperature (defined in text) 

Ttop average temperature of cavity top wall 

Tw wall temperature 

AT (= Tc - Tao) difference between cavity and ambient temperatures 

t time 

U x-direction velocity component in Fig. 1; mean value defined in text 

U mean velocity of wind approaching cavity 
ao 

Ui ith realization of U in a measurement sample 

~ velocity vector 

u characteristic velocity; also denotes instantaneous value of velocity 

uf(t) fluid velocity at time t 

up(t) particle velocity at time t 

uv x-y shear stress component; notation U'V' also used in 

some fi gu res 

~ x-direction normal stress; notation u'2 also used in some figures; 

u' denotes fluctuation 

V y-direction velocity component in Fig. 1; mean value defined in text 

Vf speed of frequency-shifted probe volume fringes 

Vi ith realization of V in a measurement sample 
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xiv 

v2 y-direction normal stress; notation v'2 also used in some figures; 

v' denotes fluctuation 

W z-direction velocity component in Fig. 1; mean value defined in text 

Wi ith realization of W in a measurement sample 

w2 z-direction normal stress; notation w'2 also used in some figures; 

w' denotes fluctuation 

x x-coordinate direction in Fig. 1; also referred to as "longitudinal" 

or "streamwise" direction 

y y-coordinate in Fig. 1; also referred to as "transverse" direction 

z z-coordinate direction in Fig. 1; also referred to as "spanwise" 

di rect i on 

Greek Letters 

Cl cavity inclination angle with respect to vertical (gravity) direction 

in Fi g. 1 

e (= l) coefficient of volume expansion, in this study taken as (liT ); T 00 

also denotes wind orientation angle with respect to cavity in Fig. 1 

y (= cp/cv) specific heat ratio 

y/2 half angle between a pair of intersecting laser beams 

~ti particle residence time in optical probe volume 

o characteristic length for conduction and viscous dissipation 

Of fringe spacing in optical probe volume 

n index of refraction of air 

T-T 
e (= __ ~) dimensionless temperature 

c 00 

A laser beam radiation wavelength 

~ viscosity 

v kinematic viscosity; v at ambient conditions 
00 
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xv 

P dens ity; p at ambi ent condit ions 
'" 

Pp density of seeding agent particles 

cr standard deviation 

T characteristic time; also time constant of thermocouple wire 

41 viscous dissipation function 

w frequency 

Wi velocity weighting factor 

Subscri pts 

c cavity or cavity value 

ith realization of a statistical event 

in moving into the cavity 

o reference value 

out moving out of the cavity 

p particle phase 

w generally denotes wall value 

x x-coordinate direction 

y y-coordinate direction 

~ refers to ambient conditions 

Superscripts 

denotes fluctuating component (used mostly in figures) 

mean value or time average 

Symbols 

~ difference or increment 

I I absolute value 

vector quant ity 
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1. INTRODUCTION 

1.1 Problem Background and Research Objec~ives 

Natural or free convection flows are induced by the action of gravity on 

fluids of horizontally varying density. Most commonly, the density variations 

are associated with heat transfer. 

When the temperature variations that initiate and sustain the flow are 

sma 11 enough, the temperatu re dependence of transport propert i es and the 

divergence of the velocity field are negligible. Then the dimensionless para

meters that determine dynamic similarity are only two: the Grashof number and 

the Prandtl number. In particular, the transition between laminar and tur-

bulent flow is associated, for each boundary geometry and Prandtl number, with 

a critical range of the Grashof number. 

In the experiments reported here, the dimensionless overheat ratio, 

~T/T , is large enough so that the above-mentioned phenomena could be signi-
~ 

ficant. They are not expected to give rise to qualitative modifications of 

the flow or heat transfer, but may produce quantitatively important changes in 

critical Grashof numbers, or in the values of Nusselt number to be expected 

for given Grashof and Prandtl numbers. 

The fluid mechanics of buoyancy-affected flows has long been a subject .of 

interest to scientists and engineers; see Turner [1973J. In particular, the 

enhancement and suppression of flow instabilities by buoyant forces have 

interested meteorologists for decades, and environmental engineers more 

recently. In various fields of engineering there have been sustained efforts 

to measure, understand and make predictable the behavior of flows with buoyant 

effects. This is because many transport processes of engineering interest are 

influenced by buoyant forces, and frequentlY it is of special concern to 

control .the rat.es of thermal energy transport arising in them. Examples are: 
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air conditioning of buildings; fire spread in rooms and corridors; cooling of 

electronic components or of turbine blades in combustors. 

Solar central receivers have been proposed as potential energy conversion 

devices for large amounts of process heat, or for electric power generation; 

see Siebers et al [1979]. The concept underlying a solar receiver is the 

redirection of solar insolation to an absorbing heat transfer surface by means 

of a heliostat field. A working fluid is pumped through this surface to a 

desired location for further useful energy conversion. 

Central receivers can be broadly divided into two categories: the 

cavity-type receiver (internal receiver), and the external receiver. The 

external receiver collects radiation on surfaces directly exposed to the 

surroundings. By contrast, radiation to a cavity-type receiver is directed 

onto interior surfaces th.rough an opening or aperture. In either case, the 

thermal efficiency of a receiver will depend strongly on the receiver heat 

losses due to conduction along the receiver walls, free-forced convection to 

the ambient air, and reflection and re-radiation to the surroundings. Among 

these three modes of heat loss, conduction, reflection and radiation can (in 

principle) be adequately analyzed by current state-of-the-art knowledge. 

However, convecti on losses, especi ally in cavity flows, are very poorly docu

mented; see the revi ew by Humphrey, et al [1980]. 

In particular, little is known about the effects of relatively complex 

boundary geometries, large overheat ratios, extremely high Grashof numbers, 

and the interactions between the buoyancy-driven flow and naturally occuring 

winds. 

The great cost and difficulty of field experiments, in which all compli

cating factors could be simultaneously present, motivates an effort to improve 
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our understanding of basic transport mechanisms in somewhat simplified cir

cumstances. Thus, in this study, the shape and orientation of the heated 

cavity are designed to encourage a flow that is two-dimensional in a time

averaged sense, and to provide surroundings that are either quiescent or in 

steady uniform motion, while the dimensionless overheat ratio is allowed to be 

large enough to be independently important. 

The specific objectives of the work are two: (1) to explore and document 

phenomena related to the cavity geometry and to a limited class of interac

tions between free- and forced flows; and, (2) to establish a data base of 

velocity and temperature measurements, which could serve simultaneously to 

guide and to test the development of improved numerical models of this class 

of flows. 

1.2 Literature Review 

There is an abundance of literature on the topics of free and mixed con

vection. A substantial portion of this information deals with the flat plate 

configuration (vertical, horizontal or inclined) and the enclosure con

figuration for different orientation angles. A recent review of the litera

ture corresponding to these two shapes has been tabulated by Humphrey et al 

[1980J. Their main observations are summarized below. 

The bulk of the studies are for two-dimensional (2-D) laminar and/or tur

bulent flows, but 3-D flows and transition to turbulence have also been docu

mented. In various studies due consideration has been given to the relative 

influence on flow stability of the heated surface orientation with respect to 

gravity. 

With few exceptions, the analytical, numerical and experimental investi

gations deal with ci rcumstances well described by the Boussinesq approxima-

25 
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tion. (See, for example, Gray and Giorgini [1976J for a detailed discussion 

of this approximation.) 

Since the pioneering analysis of laminar free convection past a vertical 

plate, (Ostrach [1953J), considerable progress has been made in the numerical 

description of laminar flows past plates and within enclosures. Progress has 

been made, too, in the computational modeling and empirical representation of 

buoyant turbulent flows. (See, for example, George and Capp [1979J.) 

1.2.1 Forced convection in the cavity configuration 

High Reynolds number flows in the cavity configuration, induced by the 

shear of an externally applied flow field over the cavity opening, have been 

of considerable interest for some time, particularly in aeronautical engi

neering applications. Many of the studies address high Mach number conditions 

(M > 1.5), in which pressure fluctuations and cavity resonance effects were 

the issues of main concern. In this regard, the following are noteworthy 

contributions: Larson [1959J, Charwat et a1 [1961-a,bJ, Nicoll [1964J, 

Rossiter [1964J. Hahn [1969J, McGregor and White [1970J, White [1971J. At low 

Mach numbers (M.;; 0.3) there have been a corresponding number of contribu

tions. These include the notable flow visu.a1ization study by Maull and East 

[1963J, the experimental and analytical studies by Haugen and Dhanak [1966, 

1967] on cavity size effects on heat transfer and fluid flow, the heat 

transfer and ai r flow transverse rectangu1 ar notch study by Fox [1965J, the 

turbulent flow and heat transfer predictions by Chin et al [1972J, and the 

laminar flow heat transfer predictions of Humphrey and Jacobs [1981J for 

inclined channels with cavities of different orientation. 

A review of separated and reattaching flows with heat transfer has been 

made by Chilcott [196.6J. More recent topics on heat transfer in reci rculating 
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flows are contained in launder and Humphrey [1980J. The problem of obtaining 

numerical solutions of laminar separated flows has been addressed by Roache 

and Muller [1970J, while the more general problem of assessing numerical sche

mes for predicting recirculating flows in cavities has been reviewed by Olson 

and Tuann [1978J. 

1.2.2 Free and mixed convection in the cavity configuration 

In contrast to the above, free and mixed convection flows in the cavity 

configuration have received sparse attention. Laminar flow free convection in 

very deep cavities (alb » 1 in Fig. 1) has been studied by, for example, 

Bejan and Kimura [1981J, and Bejan and Tien [1978J. However, these flows are 

dominated by the very large aspect ratios of the cavity and as a consequence 

are of limited interest to the present problem. Recent studies of free con

vection in the shallow cavity configuration (alb < 3, approximately) have been 

motivated by: interest in the fire and smoke spread problem (Ku et al [1976J, 

Mao et al [1982J and Markatos et al [1982J); the convective cooling of 

electronic components (Humphrey and Jacobs [1981J); and the need to evaluate 

convection losses from central solar receivers (discussed below). The only 

study identified by the present authors in the mixed convection regime is that 

by Orlandi et al [1978J concerning buoyancy-affected atmospheric flows in 

valleys. 

Among the early contributions to the problem of evaluating free convec

tion heat transfer from relatively shallow cavities are the numerical studies 

by Eyler [1980J, le Quere et al [1981J and Penot [1982J. These authors have 

made 2-D predictions of the flow and thermal fields in rectangular cavities 

for various combinations of Grashof number and cavity orientation. The pro

cedure of le Quere et al [1981J, unlike the other two, was not subject to the 

Boussinesq approximation. 
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Experimental contributions to the problem of free convection in shallow 

cavities have also emerged recently. Chen et a1 [1983J report the low fre

quency pulsating nature of buoyancy-driven 2-D cavity flows forAT/T " 0.44 
'" 

using the experimental system described in this work. Humphrey et a1 [1981J 

provide flow visualization and temperature measurements for the same con-

figuration at AT/To> = 1.37. Sernas and Kyriakides [1982J investigated the 2-D 

flow of air in a cavity with alb = 1 and Gr = 107• They made limited 

laser-Doppler ve10cimeter (LDV) measurements of velocity and determined the 

heat transfer rates at the back and top walls (the bottom wall was maintained 

at ambient temperature). Hess and Henze [1981J performed several interesting 

experiments using flow visualization and the LDV technique in a 3-D cavity. 

The use of water as a fluid medium allowed them to attain Rayleigh numbers 

rangi ng from 2 x 1010 to 2 x 1011, and permitted the study of trans it i on to 

turbulence at relatively low values of AT/To>. In their study, only the back 

wall of the cube was heated. As in the work by Sernas and Kyriakides [1982J, 

fairly thin, streamlined, boundary layer flows were observed at the walls, but 

at Ra = 7 x 1010 - 9 x 1010 the flow became turbulent. In thei r experiment, 

Hess and Henze [1981J investigated the effects on fluid motion and heat 

transfer of constricting the flow entering and leaving through the cavity 

aperture plane. 

In consecutive investigations using the same apparatus, Penot [1981J and 

Mirenayat [1981J have studied the free convection of air in a cubical cavity, 

all five solid walls of which were heated to the same temperature. Flow 

visualization and limited measurements using the LDV technique were performed. 

However, very extensive measurements of heat transfer were made as a function 

of Grashof number and cavity orientation. Mirenayat [1981J defined an overall 
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heat transfer coefficient as hc = Q/5l 2t1T, where 51 2 is the total heated area 
. 

with heat flow Q induced by the temperature different tI T = T T. The 
c '" 

Nusse1t number was then defined as Nu = hcL/k"" and a correlation was reported 

in the form 

Nu = a Grb (1-1 ) 

with the Grashof number given by 

Gr=gS(TC -T)L
3 

'" 
2 

(1-2) 
v 

<XI 

Here, a and b denote parameters depending on the cavity inclination angle a, l 

is the cube side and (3 = l/T ... Typically, 0.03 .. a .. 0.12 and 

0.30 .. b .. 0.37, strongly supporting the 1/3 power dependence of Gr proposed 

by Mirenayat [1981J over the Gr range investigated (107 < Gr < 1010 ). 

Kraabe1 [1983J has also investigated the free convection of air in a 

cubical cavity. The large characteristic dimension of the cavity (2.2 m) per

mitted obtaining values of Grashof as large as 1.2 x 1012 for overheat ratios 

ranging between tlT/T .. = 0.39 and 2.55 approximately. All five solid walls 

were heated. Measurements in the aperture plane were used to determine the 

air temperature, velocity, enthalpy flux and radiative heat flux distribu

tions. From these data convective (and radiative) heat losses from the cavity 

were found. The sum of these agreed well with the measured electric power 

used to heat the cavity, when small corrections to the latter were made to 

account for heat leaks to the insulation backing up the solid walls. 

Kraabe1 [1983J defined Nusse1t and Grashof numbers ~ the same formulas 

as did Mirenayat [1981J, and found the correlation 
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Nu= 0.088 Gri!3 (T c\ 0.18 
T",/ (1-3) 

over the range 107 ~ Gr ~ 1.2 x 1012 • This is for the inclination angle 

a = 0°, the only case Kraabel could test, and the correlation agrees well with 

that of Mirenayat [1981 J, who found a = a .093 and b = 0,,33 for a = 0°. Both 

sets of data imply,because Grl!3 is linearly proportional to .L. that the 

average heat transfer coefficient is independent of .cavity size. 

The above investigations have all been performed for purely free convec-

tion flows. No relevant work was found in the literature pertaining to the 

mi xed convect ion regi me. 

1.2.3 Studies of related interest 

Because th.e el ementa 1 component of the heatedcavi tyconfigura.tioni s the 

fl at pl ate, it seems reasonable to expect that some of the featu res of heat·ed 

cavity flows will be similar (or due) to some of th.ose associated ·with the 

fl at plate confi gurati on. The same 1 ogi c leads us to expect simil arit i es bet

ween thee flows in cavities and the flows in enclosures (sealed cavities). For 

these reasons, it seems appropriate to review some specifi cinvesti gat ions 

dealing with the flat plate and enclosure confi'gurationswhich may bees.pe-

ci ally meani ngfultothi swork. 

Fl at Pl ates 

Rotem and Claassen [1969J performed theor.eticalan.alysis and flow 

visualization of the free-convection flow of airov.er 'horiz:ontal flat plates 

with the heated surfaces facing up. I neachcas'e the exp.erimentalflowwas 

symmetrical and consisted .oftwo boundary layers starting at the opposing 

:edges of a plate. Thebounda ry layers met .atth.e .p 1 ate.center fr.om where the 

fluid rose in a thermal plume. At a certain distance, x. from the plate edge, 
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correlated by Grx1/3 ~ 80 to 100. the gravitationally unstable boundary layers 

broke down. and intermittently rising buoyant plumes broke away- to merge into 

the general central plume mentioned above. The technique of flow visualiza

tion did not reveal whether this phenomenon was two-dimensional. but that 

seems unlikely. By comparing with the work of Tritton [1963J. the authors 

concluded that the point of instability moves away from the lower edge when 

the plate is inclined to the horizontal. 

Pera and Gebhart [1973J observed the flow above nearly-horizontal heated 

plates which formed a symmetric low-pitched roof resting on a horizontal plane 

at ambient temperature. The buoyancy-induced flow approached the heated pla

tes horizontally. with no threat of separation at the leading edge of the pla

tes. whereas the flows of Rotem and Claassen [1969J swept up past the leading 

edges, from below. 

Pera and Gebhart used glass side walls to promote two-dimensional base 

flows, and introduced two-dimensional disturbances with a vibrating ribbon. 

Nevertheless. they observed a highly three-dimensional evolution of these 

disturbances in a region where the buoyant fluid erupted away from the plate. 

In many respects their findings corresponded to those of Rotem and Claassen 

[1969J, and these two investigations have greatly influenced our interpreta-

tion of the flows we see near the bottom wall of the open cavity. 

Several authors, including Pera and Gebhart [1973J. have investigated the 

instability of buoyant laminar flows along inclined plates. The theoretical 

work (e.g. Pera and Gebhart [1973J. Chen and Tszoo [1982J) has focussed on 

disturbances that are either two-dimensional in space and oscillatory in time, 

or three-dimensional in space and steady in time. The latter class has high 

amplification rates when the plate is nearly horizontal, the former when the 
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plate is nearly vertical. Over a wide range of angles, the two classes 

coexist, and presumably interact when they reach finite amplitudes. Many 

interesting studies, both theoretical and experimental, have contributed to 

our understanding of these flows. These include, for example, the work of 

Gebhart [1969J and Gill and Davey [1969J using linear stability, Lloyd and 

Sparrow [1970J and Lloyd et al [1972J employing an electrochemical technique, 

and Jaluria and Gebhart [1974J employing hot wire anemometers. The flow past 

heated inclined flat plates has also been investigated by Rich [1953J, Kierkus 

[1968J, Vliet [1969J, Lloyd et al [1972J and Vliet and Ross [1975J. 

There are many studi es on the free convecti on flow past vert i ca 1 fl at 

plates. Among the early experimental works are the contributions by Goldstein 

and Eckert [1960J, Warner and Arpaci [1968J, and Lock and Trotter [1968J. 

More recent experimental turbulent flow studies using the LDV technique have 

been conducted by Cheesewright and Ierokipiotis [1981J for a 6T/T of about 
~ 

0.20, and by Cairnie and Harrison [1982] for 0.26 < 6T/T~ < 1.28. Cheesewright 

and Doan [1978J have performed a fairly detailed study of space-time correla-

tions using the hot wire technique. 

In a rather unique investigation, Siebers et al [1983J have measured 

the free-convection heat transfer coefficient and temperature profiles for the 

flat plate configuration for 1.7 x lOll < Gr < 1.86 1012 with 

0.14 < 6 TIT < 1. 73. They found ... 

N", • 0.098 Gr,lf3 (:~) -0.14 (1-4 ) 

where: x is distance from the bottom of the plate, Nu = hx/k and x ... 

Grx=gS(Tw - T )x3/v 2. Equation (1-4) shows that the local heat transfer 
... ... 
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coefficient is independent of position, so that the average h is independent 

of plate size. The residual dependence on Tw/T~ differs from that found by 

Kraabel, for as yet unknown reasons. 

Theoretical analyses of vertical flat plate flows have been performed by, 

for example, Ostrach [1953] and Hasan and Eichhorn [1979] for the laminar 

regime, and by Eckert and Jackson [1951]. Bayley [1955J. Oosthuizen [1967J and 

Kato et al [1968J for the turbulent regime. The calculations by Hasan and 

Eichhorn [1979J show that while there is an appreciable effect of plate incli

nation on the velocity field. the corresponding influence on the temperature 

field is weak. Numerical predictions using eddy viscosity models of tur

bulence have been made by Mason and Seban [1974J. Cebeci and Khattab [1975], 

and Siebers [1979]. Predictions based on the low Reynolds number k-& tur

bulence model of Jones and Launder [1972] have been made by Plumb and Kennedy 

[1977] and Lin and Churchill [1978]. In general. both the theoretical analy

ses and the numerical procedures show good agreement with experiment. 

Enclosures 

Thermally driven flows in enclosures have been investigated extensively; 

experimentally. analytically and numerically. Among the classical contribu

tions to the problem are the laminar and turbulent investigations by Elder 

[1965-a.b] revealing multi-cellular motions. Stability considerations nave 

been addressed by. for example, Vest and Arpaci [1969], Gill [1970] and 

Korpela et al [1973]. Recently, LDV measurements in turbulent regime have 

been made by Schmidt and Wang [1982]. Inclined enclosures have been investi

gated experimentally by Arnold et al [1976] and Randall et al [1979]. The 

effect of varying enclosure aspect ratio has been evaluated by MacGregor and 

Emery [1969J and more recently by Duxbury [1979]. who also provides detailed 
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visualization of the air flow. The effects of including partitions in an 

enclosure flow have been investigated by Bauman et al [1980] and by Nansteel 

and Greif [1981] using flow visualization and heat transfer measurement tech-

niques. 

Numerical predictions in the laminar flow regime have been made by Pepper 

and Harris [1978], Jones [1979], Mallinson and de Vahl Davis [1977], Kublbeck 

et al [1980], and by Forester and Emery [1972] without invoking the Boussinesq 

approximation. Numerical predictions in turbulent flow regime have been per-

formed by Fraikin et al [1980], Salcude.an and Abdelrehin [1980], Hjertager and 

Magnussen [1976]. In these studies two types of k~ models were used 

corresponding to high and low Reynolds number formulations respectively. 

Within the context of the Boussinesq approximation, Fraikin et al [1980] 

included buoyancy effects in the modeled equations for kinetic energy of tur-

bulence and its rate of dissipation. Predictions to date appear to be 

restricted to values of Gr < 109 approximately, and low ~T/T ratio 
~ 

(Boussinesq approximation). 

1.3 Analytical Approximations Applicable to this Work 

Although this is a report of laboratory measurements, the interpretation 

of some of the data requires justification of underlying theoretical approxi

mations. This has been given elsewhere (Le Quere, et al [1981]) but is 

included here for ready reference. 

The main point to be established is that, under the conditions of our 

experiment, we can neglect the terms on the right hand side of the energy 

equation 

'if • (p hu + q) = _ ~ (p h) + Dp + ~ 
at Dt 

(1-5 ) 
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Our arguments wi 11 rely on the perfect-gas re 1 ati onshi p ph = 'Y p/ (y - 1), 

where the ratio of specific heats, 'Y, is assumed constant. Then equation 

(1-5), which is exact, can be reformulated as 

r 
'Y - 1 

p (v· u) + (v· q) = - 1 Q£.+~ 
-1 Dt 'Y -

(1-6) 

which is exact for a perfect gas. Our aim is to show that (1-6) is accurately 

approximated by 

r p (v· u) + (v. q) = a IX> _ ( 1-7) 
y - 1 

The first step is to show that p, as a coefficient of v·y, can be 

approximated by the constant atmospheric pressure, p.. For this, we assume 
0> 

that any deviation from p. is no bigger than pu 2 , where p and u are typical 
IX> 

density and speed values. We take: 

p = 0.6 kg/m3 (half of standard atmospheric density); 

u = 0.8 m/s (the highest speed observed in any of the present tests); 

p = 105 N/m2. 
IX> 

We then calculate pu 2/p ,. 4 x 10-6, clearly negligible in this context. A 
0> 

similar ratio arises if we ask whether p. varies significantly with elevation ... 
over the small height of the test cavity. 

The second step compares ~ tov.g. We estimate v.q '" k t.T/o2 and 

~ '" uu 2/o 2, assuming that the characteristic length, 0, is the same for both 

conduction and viscous dissipation. This is certainly true in laminar flow, 

because the Prandtl number is nearly unity - and it seems likely to be true 

also in turbulent flow, because heat conduction is intimately connected with 
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the baroclinic generation of vorticity. and th~ scale of the vortices is the 

smallest scale on which dissipation is likely to be strong. Thus we accept 

2 
~ / (v· q) " Il u /k aT. -

We use Il " 3 x 10-5 kg/m- s, k" 0.05 Watt/m K, aT" 380 K and u" 0.8 mIs, 

getting ~/v'g" 10-6, again quite small. 

Finally. we estimate Op/Ot very generously. supposing that the largest 

expected ap disappears entirely in a millisecond. 

2 Op/Ot " pU /r • 

Using p = 0.6 kg/m3, u = 0.8 mIs, 1" = 10-3 sec, we find 

Dp/Ot " 4 x 102 Watts/m3• On the other hand, we make a stingy estimate of 

(v· g), using 5 " 0.01 m (nearly the largest observed thickness of the heated 

1 ayers 
1 

y - I 

in our tests). This givesv'g" 2x 105 Watts/m3• Thus 

Dp/Dt ... (v. q) seems sure to be less than 5 x 10-3, once more safely 

small, and the accuracy of equation (1-7) is established. 

The qualitative implication of equation (1-7) is that we should not 

expect to see new flow features, such as shock waves or acoustic resonances, 

simply because aT/T > 1. Where the conductive heat flux converges, thermal 
'" -

expansion causes simultaneous divergence of the velocity field. Elsewhere the 

velocity field is solenoidal. 

A quantitative application of (1-7) suggests that the net heat loss from 

the cavity can be experimentally estimated by measuring the average normal 

velocity component in the aperture plane. We integrate (1-7) over the volume 

enclosed by the cavity walls and the aperture plane and denote by Ow the heat 

flux into that volume from the solid walls. The result is 
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Ow = II(y ~ Yp 
- 1 "" 

V_k 3T)dA 
3y 

(1-8) 

Ao 

where Ao is the aperture plane surface, normal to the y-axis. 

To reduce this to a formula involving Valone, we need to show that the 

net heat conduction across Ao is negligible. Because of the geometrical 

complexity of the velocity and temperature fields, no simple order-of

magnitude estimate is likely to be accurate. We use, instead, finite

difference calculations - made for laminar and turbulent flows at 

Gr = 4 x 107 by W.-M. To [1984J, using the scheme of le Quere et al [1981J. 

These show, for the geometries of present interest, that no more than 2% of 

the total heat transfer is due to molecular conduction across the aperture 

plane. We assume that this fraction is a decreasing function of Grashof 

number. 

Our working approximation is thus Ow = Qb' the convective heat flow, 

given by 

. 
Qb = 

y - 1 
y 

p.., j j V dA • (1-9) 

Ao 

With a dubious assumption of strictly two-dimensional flow, we have 

reduced (1-9) to 

• 
Qb = y 

y - 1 
p.., c I.. V dx 

o 
(1-10) 

and use this to compute the heat transfer results that are discussed in 

Section 3. An interesting special feature of equation (1-10) is the linear 
. . 

dependence of Qb on V. This implies that the time-averaged value of Qb in 

turbulent flow is given by (1-10), with V replaced by its mean value. 
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Our data have been reduced to a Nusselt number, using the aperture plane 

area, bc, in the definition of the heat transfer coefficient; and the aperture 

height, b, as the reference length in the connection between heat transfer 

coefficient and Nusselt number. Thus, we write 

Nu = hb/k ... (1-11) 

with 

• 

h = 
Qb 

bc(T - T ) c co 

(1-12) 

1.4 Some Experimental Considerations and the Scope of this Investigation 

The literature review shows that in spite of the fact that the heated 

cavity problem is one of considerable interest, there is little in the way of 

detailed flow visualization and velocity measurements. Attention has been 

focused mostly on determining the heat transfer characteristics of fairly 

complex three dimensional (3-D) configurations; Penot [1981], Mirenayat 

[1981], and Kraabel [1982]. Exceptions are the studies of Hess and Henze 

[1981] and Sernas and Kyriakides [1982]. However, due to the boundary con-

ditions in the latter two flows, neither of these investigations revealed 

significant turbulent motions in the bulk flow. 

To reduce the amount of measurement needed for an adequate description of 

time-average velocity and temperature fields, while still retaining enough 

geometrical complexity to engender a phenomenologically rich flow, we chose to 

make our cavity relatively long, in the horizontal dimension, c, of the aper-

ture plane. It was hoped that a ratio c/b > 5 would suffice to make the time

averaged flow nearly independent of z, so that it could be adequately 
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characterized by measurements taken at midspan. This would also ease the 

interpretation of shadowgraph pictures. While a two-dimensional mean flow 

does not present all the challenges to a numerical simulation scheme, which 

could appear in a real cavity-type solar receiver, it was expected to produce 

plenty for an initial investigation. To be sure of this, we arranged to vary 

the relative depth, alb, and inclination, a, of the cavity. 

The practical problem that motivated this study encouraged us to con

centrate our observations on flows in strongly-heated cavities (Tc ~ 400°C), 

so that the related numerical simulation must deal with velocity divergence, 

temperature-dependent transport properties, and turbulence. A compromise bet

ween the desire for high Grashof numbers, and the cost and inconvenience of 

work with a very large cavity, determined a cavity size for which the maximum 

Grashof number, Gr = g3", (T c - Too) b 3/v", 2, was about 4.2 x 107• The Prandt 1 

number was that of ai r, Pr .. 0.7. 

Mixed convection experiments were planned for execution in a subsonic 

wind tunnel which constrai ned Ie I = 90° - la I in Fi g. 1. The wind tunnel 

speed was variable, allowing a range of Reynolds number to be explored. 

Whereas the wind tunnel experiment would be well protected from variations in 

conditions of temperature and air drafts, precautions would be necessary to 

ensure that the free-convection experiments would also be uninfluenced by 

variations in ambient conditions. 

Flow visualization, measurements of mean temperature and, for free con

vection regime, detailed measurements of velocity and of the flow turbulence 

characteristics would be required. Because of its simplicity, and because of 

the qualitative nature of the visualized results, the shadowgraph technique 

was chosen for flow visualization. The technique is described in Holman 
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[1978J. Measurements of temperature would be obtained with a thermocouple 

rake containing twelve, unevenly spaced, Chrome1-A1ume1 thermocouples, aligned 

along the aperture plane of the cavity. Measurements of mean velocity and of 

the flow turbulence characteristics were planned using the laser-Doppler velo

cimetry (lDV) technique. The technique is non-intrusi ve, and seemed, after a 

preliminary consideration of the possibilities of hot-wire anemometry, to be 

almost the only technique suitable to this application. Various difficulties 

due to refraction of the laser beams, inhomogeneous seeding of the 1ight

scattering particles, and sparse sampling of the velocity history, were anti

cipated but expected to be tolerab'e~ Each of these difficulties had been 

noted and discussed in the literature, as will be detailed here, in Section 4. 

As discussed in Section 1.3, integration of velocity component measure

ments normal to the cavity aperture plane in free convection regime will give 

an approximation to the convective heat loss from the cavity. The precision 

of this approximation will be determined by that of the lDV data. The 

accuracy will depend on that of the lDV data, and on the accuracy of the 

assumption of statistically stationary, two-dimensional flow. A careful error 

analysis, will obviously be required. 

Data acquisition for an experiment as complex as this, even though it was 

planned to be as simple as possible, would have to be automated. To this end, 

a PDP 11/34 minicomputer was used, both to acquire and subsequently reduce the 

data by statistical methods. 

1.5 Report Outline 

The remainder of this report is divided into five sections. Section 2 

deals with the experiment. It provides a description of the test section, the 

measurement instrumentation, and the experimental procedures. Section 3 con-
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tains the results and discussion of this study, pertaining to the free and 

mixed convection experiments. Section 4 contains error analyses of the velo

city and temperature measurement techniques. Conclusions and recommendations 

are presented in Section 5. The Appendices provided in this report contain 

the original and statistically processed experimental data for future 

reference, as well as computer listings of the software used to control the 

data acquisition and its statistical reduction. 
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2. THE EXPERIMENT 

2.1 Description of the Apparatus 

2.1.1 Test section and temperature control 

Detailed descriptions of the experimental apparatus and method for tem

perature control have already been given by Humphrey et a1 [1980J. An 

extended summary of the descriptions is provided here. 

Schematic views of the test section are shown in Fig. 1. Photographs 

of the test section and its steel support structure are shown in Figs. 2. 

Oetailed side and front views of the test section. with linear dimensions 

given in inches. are shown in Figs. 3. 

Three copper slabs and two borosilicate glass end-plates delimit the flow 

region referred to as the "cavity" in this work. Two of the slabs, the bottom 

and back walls in Fig. I-b. consisted of pairs of copper plates having a 

total thickness of 1 1/8 in. (2.86 cm.) between which Inco10y strip heaters 

were sandwiched for electrical heating (see Fig. 3-a). The third slab. the 

top wall in Fig. I-b. consisted of a single plate 1/4 in. thick (0.64 cm.) 

which was not heated electrically. The glass end plates were 1/8 in. thick 

(0.32 cm.) and allowed visualization of the flow along the spanwise coordinate 

of the cavity (z-di rect i on in Fi g. I-a). 

The copper slabs were supported in an aluminum frame by means of 1/4 in. 

(0.64 cm.) steel bolts. Fiberfrax Duraboard insulation was placed between the 

copper slabs and the aluminum frame to diminish heat losses through conduction 

(see Fig. 3-a). Conduction losses through the steel bolts to the aluminum 

frame were inevitable but were offset by increasing the power level to the 

heaters. 
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A total of 42 Chromel-Alumel (K-type) thermocouples (0.006 in. diameter, 

152 ~m) were placed in the cavity to monitor the copper slab temperature 

distributions. The thermocouples were arranged in cruciform arrays, 14 per 

slab, as shown in Fig. 4. Each thermocouple was inserted through the back of 

its respective copper slab, to within 1/32 in. (0.80 mm.) of the surface in 

contact with the air in the cavity. Each thermocouple wire pair was embedded 

in MgO packing contai~ed in a stainless steel cladding. Each thermocouple 

pair was wired to a Type-K terminal block connector. Chromel-Alume1 extension 

wires were used to connect the terminal blocks with Multiplexer boards in an 

Auto Data Nine data recorder. 

Each Multiplexer board contains ten ports, to which the thermocouple 

wires were connected. The Auto Data Nine has a built-in microprocessor with 

compensation circuits to display the voltage from the thermocouple wires 

directly in millivolts or in pre-chosen units of temperature on a video

screen. Temperature readings can also be printed by a strip-paper recorder. 

In the present work three multiplexers were used for a maximum of 30 ther

mocouple wires at a time. Readings were taken sequentially at the rate of one 

thermocouple channel per second. The readings were made in degrees 

centigrade and were rounded off to the nearest integer value. 

Five control units were used to power the strip heaters embedded in the 

cavity back and bottom copper walls, as shown in Fig. 5-a. Four units 

controlled two heaters each, and the fifth unit controlled one heater. Each 

control unit (see Fig. 5-b) consists of an RFl model 76 K-1 temperature 

controller, an RFl temperature indicator and a thermocouple wire. The tem

perature controller is a time proportional controller on the zero-crossing 

firing of a triac. Electrical power was fed to the heaters (rated at 1000 
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Watts/heater at 24D V) until pre-selected temperature levels were attained at 

five monitoring stations, distributed on the three copper walls. The tem

perature settings were controlled to within ± D.loC. 

Measurements from the 42 wall-embedded thermocouples showed very even 

distributions of temperature on each copper wall. The maximum spanwise tem

perature gradient observed in the course of experimentation was less than 

lO OC/D.5 m for a typical wall temperature of 4DD oC. Variations transverse to 

the walls, along the y coordinate in Fig. l-b, were always less than 

5°C/D.I m at a wall temperature of about 4DDoC. Thus, very uniform tem

perature distributions could be set at the bottom and back walls in the 

cavity, ranging from ambient condition to about 4DD oC, the maximum value 

imposed in practice. 

The top wall in the cavity was heated by conduction, along the line of 

contact with the back wall, by radiation exchanges with the bottom and back 

walls, and by convection from the heated air moving in the cavity. 

Experiments were performed only when all three walls had attained a steady 

state condition, as indicated by time-recordings of temperature from the ther-

mocoup 1 es embedded in the wa 11 s. The maxi mum temperatu re ever attained by the 

top wall during the course of experimentation was Ttop = 34D oC, corresponding 

to back and bottom wa 11 temperatures of T bac" 42DoC, and T bot = 4DD oC, 

respectively. 

A characteristic cavity wall temperature was defined by: 

I T = - (T + T + T ) c 3 bot bac top (2-1) 

Printed time records were made of the temperature distribution of each wall 

from which the individual wall averages (Tbot ' Tbac ' Ttop ) and Tc were 
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obtained. The relatively fast response of the control units to changes in 

temperature at the monitoring locations constrained time variations about an 

average wall temperature to less than about ± 0.33°C/min. No problems were 

experienced with the long-term temperature stability of the test section. 

The cavity aspect ratio, alb, was continuously variable between 0 (flat 

wall condition) and 1.56 (the deepest cavity condition). The aspect ratio was 

changed by displacing the back wall copper slab. This slab was connected to a 

chain and sprocket assembly by means of two 1/2 in. (1.27 cm.) steel bolts; 

see Fig. 3-a. 

The entire test section was supported from a Unistrut frame, as shown in 

Figs. 2. The inclination angle of the test section, and hence the orien

tation of the cavity with respect to gravity, was continuously variable 

between - 60° and 60° (see Fig. I-b). Inclination of the cavity was achieved 

by means of a winch and pulley arrangement. This mechanism guided a steel 

cable connected to a steel harness. The harness pivoted on brackets mounted 

on the end walls of the aluminum frame (see Figs. 2). The Unistrut frame 

was placed on four casters to facilitate the displacement of the entire 

apparatus in the laboratory. 

2.1.2 Air temperature measurements in the cavity aperture plane 

Twelve Chromel-Alumel thermocouple wires of diameter 0.003 in. (76 llm) 

were used to measure the mean temperature of the air in the cavity aperture 

plane. The thermocouple wires w~re tautly strung on a steel harness (shown in 

Figs. 6) which, when mounted onto the test section aluminum frame, posi

tioned the thermocouple beads to within ± 5 mm of the test section symmetry 

plane, and to within ± 1 mm of the aperture plane of the cavity. The wires 

were kept in place by fitting them into cut-out slots on cylindrical Teflon 
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bars located at either end of the harness. There were 50 cut-out slots on 

each bar which permitted unequal spacing of the thermocouples in the aperture 

plane. The slots were spaced at intervals of 0.1 in. (2.54 mm.). Bent paper 

clips provided the necessary tension to keep the wires from sagging due to 

expansion at high temperatures. The accuracy of location is discussed 

further in Section 4. 

Chromel-Alumel extension wires were connected between the terminal blocks 

mounted on the side of the harness and the Auto Data Nine used for analog to 

digital recording of temperature. For each experiment, between 50 to 100 

individual measurements of temperature were made per wire location. From 

these samples, statistical means and standard deviations were determined. 

Errors associated with these procedures are discussed in Section 4. 

2.1.3 Wind tunnel facility and wind speed measurement 

The subsonic wind tunnel facility located in Hesse Hall, University of 

California at Berkeley, was used for investigating the mixed convection flow 

regime in the cavity. Flow visualization and temperature measurements for 

pure free convection were also performed in the tunnel. The tunnel is an 

open-loop with a 10 x 10 ft2 (3.05 x 3.05 m2) cross-section in the stagnation 

chamber and a 32 x 32 in2 (0.81 x 0.81 m2) cross-section in the downstream 

section. The contraction ratio is 14:1. The facility and its performance 

characteristics have been reported by Laitone and Laitone [1983]. 

The flow of air in the wind tunnel is driven by a "squirrel-cage" blower. 

Speed control is obtained by varying the blower speed, and by dumping various 

proportions of the blower discharge before it enters the wind tunnel. The 

mean airspeed in the stagnation chamber is deduced from the pressure drop be

tween stagnation and test chambers, with application of Bernoulli's equation 
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and a one-dimensional continuity equation. The pressure difference is sensed 

with an AVA Betz water manometer. The formula is 

U = 0.289 1611 em/sec] 
00 

(2-2) 

with t.h expressed in rrm of water. The effective least count of the manometer 

is 0.02 rrm, so the least speed that can be measured with ± 10% precision is 

0.09 m/sec. The maximum air speed employed was 1.4 m/s. 

The cavity and its support structure were placed inside the stagnation 

chamber. For this, the tunnel was modified by cutting out a space and placing 

a door in order to allow access to the stagnation chamber when required. 

Figure 7 shows a schematic view of the test section located in the stagnation 

chamber. The drawing is roughly to scale. When placed horizontally 

the test section obstructed an area of 25 3/4 x 15 47/64 in2 (0.65 x 

(ex = 0°), 

2 0.4 m ). 

This reduction in flow cross-section represents 2.8% of the stagnation chamber 

cross-section and produced negligible effects on the distribution of air velo-

city approaching the test section. Indeed, a person could stand in the 

stagnation chamber a few feet from the cavity with no observable effect on the 

flow near the cavity. 

2.1.4 Flow visualiz~tion 

Borosilicate glass end plates contained the flow of air in the cavity 

while allowing optical visualization in the spanwise direction (z-direction in 

Fig. 1). The shadowgraph technique (illustrated schematically in Fig. 8) was 

the principal method used for flow visualization. Smoke generated from the 

tips of TiC1 4 sticks (due to the formation of microscopic water droplets, 

induced by the hygroscopic action of the HCl produced through a decomposition 

reaction) was also used. In several experiments where shadowgraph visualiza-
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tion showed strong periodic pulsations in the cavity flow, a General Radio 

l53l-A Stroboscopic light was used to determine the pulsation frequencies. 

This was done by continuously adjusting the light source pulsing frequency 

unt il the st ructu res in the flow had been "frozen" in place. 

26 

The flow-visualization studies were exploratory and largely qualitative. 

They allowed quick identification and approximate location of various flow 

features. Because of this modest aim, comparatively simple light sources were 

used and no great effort was made to obtain an exactly parallel beam of illu

mination. As a result, the shadowgraph image, formed on a sheet of vellum 

which covered one window of the wind tunnel or was held in a frame when the 

cavity was in the room, was somewhat fuzzy. The image was al so quite sen

sitive to the exact placement of the light source (either a lOOO-Watt 

Argon-Xenon lamp with collimating lens, or a 300-Watt Kodak slide-projector 

lamp). The lamp was always placed so that the optical axis coincided roughly 

with the z-axis of our coordinate system. 

Stills and movie films were made of free and mixed convection flows for a 

variety of experimental conditions. The stills were taken with an Autoreflex 

A Konica camera and the movies were made with an electrically driven Paillard 

Bolex H 16 camera. In all cases, Tri-X 400 ASA Kodak film was used. The 

results are presented and discussed in Section 3. 

2.1.5 Laser-Doppler velocimeter (LDV) and related instrumentation 

In free-convection flow, simultaneous two-component measurements of mean 

velocity and turbulent stresses were made using the laser-Doppler velocimeter 

technique in backscatter mode; see Drain [1980J and Durst et al [1976J. For 

measurements inside the cavity, where data rates were low, the one-component 

mode was used. 
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The velocimeter and some of its associated instrumentation are shown in 

Figs. 9. The velocimeter comprised a 2 Watt Lexel Argon-Ion water-cooled 

laser, a mirror stage for reflecting the laser beam 180 0 into the velocimeter 

optics, and the optics. The optics were of the DISA 55X Modular Series and 

consisted of: two separately adjustable 1/4-wavelength retardation plates; a 

50:50 neutral beam splitter; a 55N10 Bragg cell section (with corresponding 

electronic downmixers); a color beam splitter; a backscatter unit (containing 

a mirror inclined 45 0 with respect to the velocimeter optical axis, and 

serving to support at right angles to the optical axis the photomultiplier 

optics consisting of: a color separator; two interference filters; and two 

RCA-4526 photomultiplier tubes); a pinhole section, a beam translator; a beam 

expander; and a 505 mm achromatic focusing lens. 

The velocimeter optical probe volume was formed by the intersection of 

two pairs of beams at right angles, one beam being common to each pair and 

containing both radiation wavelengths: 514.5 nm (green), and 488 nm (blue). 

In this way two sets of fringes were formed at right angles. Table 2.1 provi

des a listing of the relevant optical parameters for each wavelength as used 

in the experiment. 

The laser and velocimeter optics were mounted to the top of a thick alu

minum table, which was itself firmly bolted to an x, y, z traversing mecha

nism. The traversing mechanism could displace the table top± 7.5 cm. in 5 \.1m 

increments along any of the coordinate axes by means of three linearly encoded 

stepping motors interfaced with a PDP 11/34 minicomputer. The minicomputer 

functioned as the central data acquisition and reduction controller. In addi

tion to directing the spatial sequence of an experimental run, the computer 

was programmed to conduct the acquisition, statistical processing and storage 
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of Doppler data validated and measured by two OISA 55L96 Doppler signal pro

cessors. 

The minicomputer has a 256 K 16 bit random access memory and is equipped 

with dual hard RL01 magnetic disc drives (5 Mbytes each). Various input and 

output devices are interfaced with the minicomputer through UNIBUS lines. The 

minicomputer interacts with these devices by means of system or user-written 

control programs. Commands from a console terminal or other input devices go 

through the UNIBUS lines directly to the minicomputer to perform the sequence 

of table movements, data acquisition, data statistical processing, data 

storage, and data printing, etc. Further discussion on the use of the com

puterized data acquisition and processing system is given in Section 2.2.2 

below. 

2.2 Experimental Conditions and Procedure 

This section describes the conditions and methodology followed for con

ducting mixed and free convection experiments. 

Most of the flow visualization and temperature measurements were per

formed inside the subsonic wind tunnel in Hesse Hall. Practical con

siderations precluded moving the rather bulky and very sensitive 

LDV/minicomputer system -from its permanent location to Hesse Hall, in order to 

conduct velocimetry experiments in the wind tunnel. Instead, the more por

table test section and its support structure were moved to the 5th floor of 

Etcheverry Hall, the location of the computerized LDV data acquisition system. 

Unfortunately, this limited LOV measurements to the free convection regime. 

It should be remarked that, in principle, there is no reason why LOV 

'experiments should not be possible in the wind tunnel. However, there are 

specific reasons why these would be difficult to perform. The long path 
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lengths required of the laser beams to access the interior of the wind tunnel, 

index of refraction variations due to large temperature changes, and low data 

rates due to the difficulty of seeding large volumes of air, contribute to the 

difficulties of performing accurate LDV measurements in a reasonable amount of 

time. 

2.2.1 General considerations for mixed and free convection experiments 

When the cavity was in the wind tunnel, its axis of rotation was horizon

tal and perpendicular to the direction of the air flow. It was placed 

slightly to one side of the tunnel centerplane, about 0.5 meters downstream of 

the last wind tunnel screen. Although thermal radiation from the cavity 

undoubtedly transferred heat to the screens, this resulted in no measurable 

preheating of the air approaching the cavity. 

The flow in the test section of the wind tunnel, when the stagnation 

chamber is unobstructed, is very uniform and quiescent, with an approximate 

turbulence level, (u2)1/2/U = 2 x 10-4• One can argue that the contraction 
m 

ratio, R = 

stagnation 

14, reduces the turbulence level 

chamber we can expect (u 2)1/2/u 
~ 

by a factor .. R2, so in the 

= 0.04. 

The bulk of the mixed and free convection experiments were performed for 

average wall temperature conditions differing only slightly from the following 

values: 

Tbot = 673 K (400°C) 

T bac = 673 K (400°C) (2-3) 

Ttop = 611 K (338°C) 

T = 295 K 
~ 

(22°C) 

For these values: 
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Tc'" 652 K (379°C) 

!J. TIT = (T - T ) IT '" 1.21 
co c 00 CD 

(2-4) 

Gr = (gt.T b3)/(T v 2) " 4.2 x 107 
'" 00 

The actual experimental conditions for specific combinations of cavity 

aspect ratio and inclination angle are shown in figures and data listings pro

vided in this work, and in Table 3.1. Typically, variations in corresponding 

average wall temperatures between runs were less than about 4%, leading to 

similar values in the variations of !J.T/T and Gr between runs. Table 3.1 
'" 

shows that Gr/Re2 was varied between 0.55 and a number which ranged from 110.4 

to 718.9 for experiments in the mixed convection regime. The Reynolds number, 

Re = b U Iv was varied between 0 (pure free convection) and 8740, 
'" 00 

corresponding to the highest velocity investigated in the mixed convection 

regime. 

Whereas the free convection experiments conducted in the wind tunnel were 

protected from variations in ambient conditions, particularly air drafts, spe-

cial care was taken to minimize the influence of disturbances in the LDV 

experiments performed outside of the wind tunnel in free convection regime. 

To achieve this, a heavy semi-permeable canvas cloth was draped around a 

boxlike frame surrounding the test section and its support structure. The 

frame had a base of cross-section 1.5 x 1.5. m2• A 0.3 m gap between the floor 

and the bottom edge of the cloth allowed the entry and flow of air vertically 

upwards, past the test section. Two small holes in the sides of the canvas 

permitted optical access for LDV measurements and shadowgraphs at the level of 

the cavity. In addition to this precaution, the ventilation in the room where 

the test section was located was shut off prior to and during the LDV experi-

ments. Similarly, doors and windows in the room were kept closed, and move-
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ments of the experimenters in the immedi ate vi cinity of the cavity were kept 

to a minimum during measurement. The room was large enough so that stratifi

cation of air in the surroundings was negligible during the course of an 

experimental run. Subsequently, measurements and flow visualization showed 

that the large buoyant forces set up in the cavity rendered the flow fai rly 

insensitive to residual perturbations in the surroundings and the possible 

influence of the canvas cloth. 

Before an experimental run, the cavity inclination angle and aspect ratio 

were set to the desired values. The cavity was brushed clean of copper oxide 

scale formed from previous runs. Power was then applied to the strip heaters 

until steady state conditions had been achieved, as indicated by the measure

ments of temperature at the cavity walls. This warm-up period lasted about 

2 1/2 to 3 hours. 

For the studies in the wind tunnel, changes in wind speed had little 

effect on the surface temperatures of the cavity, the gas temperatures 

responded swiftly to changes in wind speed, and the photographs and tem

perature data could be taken as soon as the new wind speed was stabilized and 

measured. Each of the twelve aperture plane thermocouples was read 100 times 

at one-second intervals, so the time for each run was approximately 25 minu

tes. Runs in which LDV data were gathered were much more time-consuming, 

typically lasting five hours. The long-term stability of the temperature 

control system, and - to a lesser degree - the constancy of ambient con

ditions, were obviously important. These long tests were ordinarily run at 

night. 

In mixed convection, an experimental run consisted in making measurements 

of temperature and photographing the flow for a range of Gr/Re 2, using the 
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techniques of Section 2.1. In free convection, a run consisted in making 

detailed measurements of the mean velocity and turbulent stress components of 

the flow at various locations, including the cavity aperture plane. Special 

considerations relating to the LDV technique are described in the next 

section. 

2.2.2 Special considerations for LDV measurements in free convection 

Alignment 

Prior to its use, the LDV optical system was aligned internally to permit 

simultaneous measurement of two velocity components in the back-scatter mode. 

The alignment instructions provided by the LDV manufacturer (DISA), and those 

recently documented by Turi [1981J for the present system, served for this 

purpose. 

The optical system was then aligned relative to the cavity test section. 

The optical probe volume formed by the intersection of the converging laser 

beams was centered on the top (or bottom) corner of the cavity aperture, on 

the cavity symmetry plane. For heated wall conditions, the control volume 

could be placed to within ± 0.3 mm in the x and y directions, and within ± 2 

mm in the z direction. 

After successful tests of symmetry, measurements in the x-y plane were 

restricted to the symmetry plane, Z = 0 in Fig. 1. To avoid having to pass 

one laser beam through the cavity window during measurements in the aperture 

plane, the optical axis was slightly tilted, as shown in Fig. 10. This tilt 

was ignored in the data reduction, causing a systematic error less than 0.06 

percent. 

The above procedure permitted measurements of U, V, 7, 7 and w. To 

measure Wand w2 (and also to check the values found for U and 7) the cavity 
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was tu rned 90 degrees by rotat i ng the test sect i on stand about its vert i ca 1 

axis. In this \~ay the optical axis of the velocimeter was aligned normal to 

the projected cavity aperture pl ane to within ± 0.010. 

With the LDV system aligned relative to the test section, pre-chosen 

measurement locations were read to the computer software controlling the 

motorized traversing mechanism and automatic data acquisition. As a pre

caution and check, at the end of a profile scan the optical volume was 

restored to its starting point by a reversed sequence of commands. 

For performing x-y plane measurements in inclined cavities (a > 0°), it 

was necessary to rotate the velocimeter optical system by the amount of the 

cavity inclination angle in order to preserve the original relative orien

tation of the light beams with respect to the cavity. Because the internal 

alignment of the velocimeter optical system is independent of rotation about 

its optical axis, the optical probe volume dimensions, the probe volume loca

tion, and the quality of the interference fringes remained essentially 

unaltered. 

Data Validation and Storage 

Figure 11 schematically describes the velocimeter-control, signal

processing, and data-reduction hardware. Doppler signals, initiated by the 

passage of vegetable oil droplets through the optical control volume, are 

detected by the photomultiplier tubes and sent to separate, calibrated DISA 

55N14 electronic downmixers. In this way the 40 MHz optical shift imparted by 

the 55N10 Bragg cell to the Doppler signals was reduced electronically to a 

net shift of 0.5017 MHz per channel. Each electronic downmixer was connected 

to a DISA 55L96 signal processor or "counter" for signal validation and fre

quency determination. Prior to determining the final signal frequency, each 
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counter imposed a 5/8 validation criterion on its respective Doppler signal, 

subject to a pre-selected comparator accuracy (6% in the present work). 

Signal amplification and threshold settings on the counters were fixed to 

maximize the data rate; due to the low air speed and oil droplet density the 

data rate displayed by the counters was probably never higher than 100 Hz on 

either channel. The optimized settings led to between 20 and 50% data valida

tion on the counters. 

For two-component measurements, signals validated on the counters were 

checked by a coincidence logic circuit (see Fig. 11) to ensure that the signal 

in each counter had originated from the same particle. To achieve this, a 

25 )J s coi nci dence wi ndow was all owed between val i dated si gna 1 s from the two 

counters. Thus, validated signals separated by more than 2511S were rejected. 

In the case of one-component measurements performed inside the cavity, the 

amplification gain on the unwanted counter (the undesired velocity component) 

was set high so as to obtain the highest data rate possible on that channel. 

In this way, the validated signal rate from the desired channel was not 

restricted by the coincidence window check. 

The coincidence circuit was wired on a logic conversion circuit (LCC) 

board which in turn was wired between the counter output ports and the DRll-L 

interface board (a product of Digital Equipment Corporation). The first 

signal validated by either counter was sent to the LCC where it awaited a 

second signal from the other counter. The counter issuing the first validated 

signal was inhibited by the logic circuit in the LCC. If the second signal 

came within 25 llS, the logic conversion circuit sent triggering pulses to 

activate both counters and restart the measurement sequence. The DRIl-L 

interface board consists of two ports to handle two separate devices. Signals 
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in binary form are transmitted in parallel. Each port has two 16-bit words, 

one for the Control Status Register (CSR), and one for the Data Buffer 

Register (DBR). These two registers are viewed as two memory locations by the 

PDP-II Central Processor. When validated signals from both counters satisfied 

the coincidence check, Data Ready and Request bits on the CSR were set, and 

the counter data was sent to the DBR. 

A handshake module loop was programmed in software to continuously check 

the Request bit setting. If the Request bit was set, data located in the DBR 

was fetched by the computer and stored in a temporary array. Then arming 

pulses were issued to the counters through the logic conversion circuit to 

activate them and restart a new sequence of measurements at the same location 

until a predetermined sample size was obtained. A conservative estimate of 

the time interval between a successful data acquisition and counter activation 

was about 0.6 ms, whereas the mean interval between successful acquisitions 

exceeded 10 ms. 

In the present work, sample sizes of 1000 separate realizations were used 

for two-component measurements while samples of 500 realizations were used for 

one-component measurements. Upon completion of data acquisition at a measure

ment location, the data collected was processed statistically and stored in a 

permanent file. The software package then directed the stepping motors to the 

next measurement location where a new sequence of signal detection, valida

tion, coincidence check, handshaking, data processing and storage, occurred. 

The low data rates encountered in the experiments dictated the samples of 

1000 or 500 Doppler signal realizations per measurement location. This choice 

of sample sizes was determined by the practical consideration of having to 

complete the experiments in a reasonable amount of time but with acceptable 
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precision. Measurements consisting of samples of 1000 data points were taken 

in the cavity aperture plane and outside of the cavity, where the data rate 

was higher. At these locations two-component velocity determinations were 

made and the coincidence check was imposed. The measurements consisting of 

samples of 500 data pOints were taken inside the cavity where the data rate 

was lower. To raise the data rate inside the cavity, measurements were 

restricted to a single velocity component in order to bypass the coincidence 

check. While this practice yielded less velocity component information per 

measurement location, it raised the data rate within the cavity to a level 

comparable to that in the aperture plane and outside; effectively, 10 to 50 

Hz. Subsequent checks (discussed further on) showed that the sample sizes 

chosen were sufficiently large to obtain values of mean velocity and turbulent 

stresses with sufficient precision for the requirements of this study. 

Seeding Considerations 

Vegetable oil droplets were generated by a pressure-regulated blast ato

mizer of the type described by Drain [1980] to provide a seeding level ade

quate for practical measurement purposes; see Fig. 12. The droplets ranged 

in size from 0.2 to 2 )1m, as measured optically by means of a microscope. The 

flow from the blast atomizer was injected into a plenum chamber which was con

nected to an airline to allow redistribution of the seeding agent. The seeded 

flow was connected to both ends of a metal tube 1.27 cm in diameter from which 

it issued through a narrow slot, 17.8 x 0.64 cm2• In this way. the droplets 

were gently blown upwards into the buoyancy-induced draft, which entrained 

them into the heated cavity. Care was taken to ensure that the jet issuing 

from the slot did not perturb the buoyant flow in and around the cavity. This 

was guaranteed by positioning the slot below the cavity at a distance of 1 m. 
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Unfortunately, many particles never reached the measurement locations. 

Instead, they were carried off to the sides, or behind the cavity, by the 

buoyancy-induced draft of air. To reduce particle loss, a plywood board was 

placed beneath the cavity test section as shown in Fig. 12. It was verified 

by flow visualization that the presence of this board did not alter the fluid 

mechanic characteristics of the flow occurring in the cavity or its vicinity. 

The tent-like enclosure surrounding the test section also served to confine 

the particles to the vicinity of the test area. 

In spite of these efforts, the number of oil droplets per unit volume was 

probably not perfectly uniform throughout the region in which LOV measurements 

were made. The possibility of a resulting systematic error is analyzed in 

Section 4. Errors due to a possible slip velocity between the air and oil 

droplets or due to the difference in density between these two fluids were 

shown to be negligible. This was done by substituting physical properties for 

the two phases into the integrated form of the equation of motion for a par

ticle in a moving fluid given by Tchen [1947]. For the case of interest here 

the equation reduces to 

up (t) = uf(t) - Ct (2-5) 

where up(t) is the velocity of the particle at time t, uf(t) is the velocity 

of the fluid and 

C 
_ 2 9 r2 p - p 

t - --- P 9 v -'-p-- (2-6) 

is the terminal velocity of a spherical particle falling in a fluid at rest, 

when the velocity of fall is slow. In eqn. (2-6) r is the particle radius, g 

the gravitational constant, v the kinematic viscosity of air, Pp the density 

60 



38 

of the oil and p the density of ai r. For the present case Ct '" 10-7 mls and 

it follows that, except for exceedingly low speed flows, the particle and 

fluid velocities are essentially the same. Since the smallest measured fluid 

velocity was greater than 10-3 mIs, particle free fall effects had no 

influence on the measurements obtained. 

The response of particles to turbulent fluctuations in the flow was also 

considered. Using results from the study by Dring [1982J it is possible to 

show that particles with a Stokes number: 

St = --:---- (2-7) 

less than 0.14 will follow oscillations of frequency w with better than 99% 

speed accuracy and with less than 80 in phase lag. For oil droplets of maxi-

mum size 2 ~m the corresponding frequency is wmax = 12,500 Hz, approximately. 

Since this frequency is at least two orders of magnitude greater than the 

highest frequency expected in the present flow it is concluded that the par

ticles responded faithfully to the fastest turbulent fluctuations. 

Statistical Data Reduction 

Mean velocities and turbulent stresses were determined from the formulae 

listed below: 

N 

1. U. wi i =1 1 
U ="""'N (2-8) 

i~1 wi 

N 

1. V.w; i =1 1 
V = """'N (2-9) 

i~l wi 
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N 
L 

W = i =1 Wi wi 
iii' (2-10) 

) w , =1 i 

N 

:z _ i~1 (U. - U)2 -iii" wi (2-11 ) 

) 
, =1 wi 

N 

L """"7 = i=1 (Vi - V)2 w· 
iii' ' (2-12) 

.L w , =1 i 

N 

L -;;: _ i =1 (W. - W) 
2 

_ ' UI • ., , (2-13) 

L i =1 UI i 

N 

uv = i~1 (U i - U)(V.- V) ., , wi (2-14) 

.L w , =1 i 

In the above formulae N is the sample size. It consists of the total 

number of instantaneous realizations, i. The quantity wi is the weight factor 

for the i'th realization. If wi = 1 the simple arithmetic mean is obtained; 

equal weight being given to each measurement. 

Many authors, following McLaughlin and Tiederman [1973] have observed 

that equal weighting is inappropriate in principle, even for a uniform1y

seeded fluid, because fast-moving particles will traverse the optical probe 

volume more frequently than slow ones. Buchave et a1. [1979] conclude from 

this that the proper weight factor is the duration of the signal returned from 

the ith scattering particle, ~ti' Thus the time-averaging integral operation 
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U =.!.. it u (t I ) dt I 

t J t o 

is to approximated by 

N 

U = ~ 
i =1 

N 

U.H./ ~ H. 
1 1 i=l 1 

40 

(2-15) 

(2-16) 

The signals returned from fast particles are given smaller weights in the sum, 

in a way which exactly compensates for their abnormally frequent appearance. 

Before trying to use equation (2-16), we need assurance that nothing in 

the signal-processing chain discriminates against particular signals, because 

of the speed of the light-scattering particle. This could happen, for 

example, if the computer were not ready to examine a new signal whenever it 

arrived, thus discriminating against the more closely-spaced signals from 

fast-moving particles. In our work, the mean time between signals exceeds the 

computer processing time by a factor of at least 30, and this particular worry 

can be dismissed. 

One might also worry that particles passing through the optical probe 

volume on trajectories nearly parallel to the fringes would escape detection, 

by failing to cross the requisite number of fringes. However, in our tests 

the fringes themselves sweep across the probe volume with a speed approxima-

tely equal to 3.5 m/s. This exceeds the highest measured particle speed by a 

factor of at least three, and insures that a particle will cross eight fringes 

while the particle is actually moving only about 1.5 x 10-5 m. This distance 

is only about 10-4 times the probe volume diameter, so the particle is extre-

me ly un 1 i ke ly to escape detect i on by runni ng away from the fri nges. 
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Unfortunately, our data acquisition computer was not programmed to record 

the duration of each burst, and we could only estimate ~ti from the measured 

values of Ui and Vi' the two velocity components normal to the axis of the 

optical probe volume. Because the probe volume is very slender. the axial 

component of particle speed has very little effect on the duration of the 

burst. Thus, when the two-component system was in use, equation (2-16) could 

we 11 be replaced by 

U = 
N -1/2 N 
L u, (U, 2 + V ,2) / L 

i =1 1 1 1 i =1 
(u 2 2 -1/2 

, + V ) 
1 i 

(2-17) 

When the one-component system was in use, the only data from which 

~ti could be estimated were: Ui ; the speed of the fringes, Vf ; the number of 

fringes crossed during the burst, Nf ; and the distance between fringes, of. 

Then 

~ti =Nfof/(Vf+Ui ) (2-18) 

This would be an excellent estimate, except that the counter logic 

imposes a maximum value on Nf , equal to 255, and there is no provision for the 

recording of Nf • 

Lacking any definitive estimates of particle residence time, we used two 

simple data-reduction schemes for the one-component measurements. The first 

was the simple equal-weight scheme for all signals, wi = 1. The second 

assigned equal weight to all signals for which the measured velocity was less 

than 0.05 mis, and a weight equal to 0.05/lui I for faster particles. Complete 

listings of both weighted and unweighted data are given in Appendix A. 
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Software for Data ACquisition and Reduction 

Software was developed and programmed to perform the computerized data 

acquisition and statistical reduction discussed in this section. The details 

of the subroutines written to conduct these tasks are not important here. 

However, because much time and effort was put into developing a successful 

data acquisition and reduction package, listings of the subroutines are pro

vided in Appendix C. In addition, a flow chart is provided for the interre

lated subroutines. This information should be of value to researchers with 

requirements similar to those addressed in the present work. 
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3. RESULTS AND DISCUSSION 

This section presents the results obtained from the experiment conducted 

in the heated cavity configuration for free and mixed convection regime. The 

results are discussed and interpretations of the phenomena observed are 

offered. 

Table 3.1 shows the conditions investigated and the variables determined 

in the study. Conditions were limited to three aspect ratios (alb = 0.5, 1.0 

and 1.46) and three inclination angles (a = 0°, 20° and 45°). The table shows 

that in studies of mixed convection the parameter Gr/Re 2 was varied between 

0.55 and 720 approximately. Except for a few experiments aimed at exploring 

small dT/T~ conditions, the bulk of the measurements were made for 

dT/T ~ 1.21 and Gr = 4.2 x 107• The precise experimental conditions are 
= 

given in the tables and figures discussed in this section. Listings of the 

data are provided in Appendices A and B. 

3.1 Free Convection 

3.1.1 Flow visualization 

Several movie films and many 35 mm stills were made of the heated cavity 

flow using the shadowgraph technique discussed in Section 2.1.4. Fig. 13 is 

a composite of typical free convection flows corresponding to the conditions 

listed in the caption. It is important to note that the cavity aperture plane 

dimension (b) was the same for all experiments. Unequal photographic reduc-

tions give the false impression that b varied. 

The earlier free convection flow visualization experiment reported by 

Humphrey et al [1981] showed that residual fluctuations in the surroundings 

could affect the far field flow in the experiment. In the present work these 
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were virtually eliminated by conducting the experiment inside the wind tunnel 

plenum chamber, allowing air to be entrained through the trap doors; see Fig. 

7. 

Characteristic visible features of the flow included the following: 

a) a strongly pre-heated boundary layer along the outer edge of the bot

tom heated plate. 

b) separation of that boundary layer at the sharp entry corner, when 

a = 0° and 20°, with a highly unsteady reattachment about halfway along the 

bottom wall when alb = 1.46 and 1.0, and reattachment on the back wall, at 

xlb ~ 0.25, when alb = 0.5. The size of the recirculation zone decreases as a 

is increased, and the zone is barely visible when a = 45°. 

c) irregular detachment of plumes from the thermally unstable bottom 

boundary layer, starting at values of ylb which increased with increasing a. 

It is believed, from the experiments of Rotem and Claassen [1969], Lloyd and 

Sparrow [1970], and Pera and Gebhart [1973], and from the theoretical calcula

tions of Chen and Tszoo [1982], that these plumes manifest the instability of 

bottom-heated boundary layers on nearly horizontal plates, to longitudinal 

vortex instabilities. No clear evidence of Tollmien-Schlichting (transverse 

wave) type instabilities was seen, nor was it to be expected, according to 

Chen and Tszoo [1982]. 

The theory of Chen and Tszoo predicts critical values of y, at which this 

instability is first possible for a given overall Grashof number. For our 

standard condition, Gr = 4.2 x 107, the critical values of ylb are shown in 

the first column of Table 3.2. The fourth column shows our fairly crude estima

tes of the position, ylb, at which the plumes seemed clearly visible. Our 

values are, of course, much larger than those predicted to mark the onset of 
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instability, since the disturbances grow fairly slowly. They show the same 

qualitative trends with a, as predicted by the theory. 

For a = 0°, we can make a comparison with the experimental result of 

Rotem and Claassen [1969J. Their result, (Gry)1/3 = 80 to 100, translates 

into - y/b = 0.23 to 0.28, in close agreement with our observed values. 

Similar agreement is found with the observations of Pera and Gebhart [1973J. 

To adapt the results of authors who assumed ~T/T= « 1 for theoretical pur

poses, or who did experiments with small overheat, we have based our Grashof 

number on ambient-temperature properties. Had we used properties evaluated at 

a mean temperature, the corresponding values of - y/b would be increased by 

about a factor of 1. 

We believe that this instability plays a key role in initiating the 

unsteadiness and eventually the turbulence seen in our cavity, even at relati-

vely low Grashof numbers. At first, it was suspected that the inflexional 

instability of the separated flow near the bottom lip of the cavity might be 

the trigger for unsteadiness, and a temporary turning vane was installed - to 

show what would happen when the separated zone was nearly eliminated. The 

flow became a bit more steady as a result, but the thermally-driven instabili-

ties grew as before and the flow could still not be made steady. 

d) a thin hot boundary layer on the back wall, into which the bottom 

boundary layer and some of the plumes emerging from the latter are entrained. 

e) a fairly sharp, stably stratified, roughly horizontal thermocline, 

which marks the bottom of a comparatively quiescent pool of hot air. This 

pool receives the back-wall boundary layer and the plumes which have escaped 

entrainment. When (l = 45°, and to a lesser extent when a = 20°, the discharge 

of the back-wall boundary layer into this pool is very reminiscent of the bot-

tom of a waterfall, upside-down. 
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f) a fairly sharply-defined outflow from the hot pool, which separates 

from the upper edge of the aperture, reattaching soon thereafter, particularly 

when a > 0°. 

The flow visualization also gave a clear impression of the effects of alb 

and a, on the degree of unsteadiness of the flow. Our observations generally 

support the notion that the unsteadiness originates in the instability of the 

bottom boundary layer, to wit: 

1) Increase of a, at fixed alb, generally reduced the degree of unsteadi

ness. As a increases, the onset of plume formation is moved toward the back 

wall, so that a smaller fraction of the cavity volume is involved with plume 

motion. Plumes formed near the rear of the cavity, at a = 20° and especially 

at a = 45°, rise only a short distance before merging with the backwall boun

dary layer or penetrating the thermocline. This restricts the size and vigor 

of unsteady motions associated with the plumes. 

2) Increase of alb, at fi xed a, generally increases the degree of 

unsteadiness, especially at the lower values of a. It increases the fraction 

of cavity volume that can be involved with plumes, at least until the bottom 

of the back wall retreats beyond the line where the thermocline intersects the 

bottom wall. (This happens at a = 45°, once alb exceeds about 0.8.) 

3) Unsteadiness can be almost completely suppressed by increasing a and 

decreasing alb. Thus for a = 45° and alb = 0.5, the flow is almost perfectly 

steady. 

In most cases, the hot air above the thermocline appeared to act as a 

sort of shock absorber, quickly reducing the vertical velocity of warm air 

parcels which are positively buoyant below the thermocline, and negatively 

buoyant above it. At a = 45° there was a prominent, nearly steady penetrating 
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and rebounding current where the backwall boundary layer enters this top 

layer. A stationary wave on the thermocline accompanies this structure, and 

is clearly seen in the lower right frame of Fig. 13. The current was made 

more clearly visible with smoke from TiC1 4 sticks. 

3.1.2 Measurements of temperature 

Normalized mean temperature profiles across the aperture plane of the 

cavity are given in Figs. 14 to 22 for both free and mixed convection flows. 

The profiles corresponding to Gr/Re2 = = (or Re = 0) are the ones of interest 

here. They display the following general characteristics. 

a) For all aspect ratios and inclination angles, steep temperature gra

dients and high levels of fluctuation are observed near the top and 

bottom of the aperture plane. The hot layer near the bottom edge, 

which is associated with the separation of flow from that edge, is 

essentially independent of a/b, and becomes thinner as a is increased. 

The hot layer in the top third of the aperture plane is thickest when 

a/b and a are both largest. Its profile changes more with a, at 

fixed a/b, than vice-versa. At a = 45°, the entire temperature 

distribution is essentially independent of alb. 

b) The fluctuation levels, represented in the figures by bars of length 

20, are substantial in the region of high gradient, for all a and alb. 

However, they decrease as a increases, especially in the lower layer. 

The fluctuations also diminish, particularly in the upper layer, when 

a/b is increased at constant a. This may be due to the increasing 

volume of the "shock-absorbing" hot pool but, with the data available, 

it is risky to propose an explanation of these trends. We should be 

reminded, too, of the limited frequency resolution of these measure-
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ments. 

c) Especially when a = 45°, aT/ax is very nearly constant across the 

upper heated flow, having a value of about 8850 0 K/m. If we assumed 

that the isotherms are nearly horizontal in this region, the vertical 

temperature gradient would be about 12 times as large. Taki ng the 

mean temperature to be about 475°K, we can estimate a Brunt-Vaisala 

frequency for the hot layer, of magnitude 

N = -11:- .. 16 Hz • 
(

g aT) 1/2 
T ax 

This estimate is intended to give an upper limit to the frequency of 

internal waves that might propagate in this stably-stratified region. 

It cannot be taken too seriously, since the region is also sheared, 

bounded by a nearly isothermal region on the bottom, and by a 

strongly-sloping roof above. Of special interest is the possibility 

of resonant standing-wave modes with horizontal wavelength equal to

twice the length of the thermocline. A highly simplified linearized 

analysis in Appendix 0 suggests that these would have frequencies of 

order N/3 or N/4. These preliminary ideas are relevant to a 

discussion of periodic, finite-amplitude oscillations observed in the 

mixed-convection regime. 

3.1.3 Measurements of velocity and turbulent stress components 

The bulk of the velocity and turbulent stress data were measured on the 

cavity symmetry plane, z/(c/2) = 0 in Fig. 1. Figure 23 shows the actual 

locations scanned in the symmetry plane. A limited number of measurements 

were also performed to check the degree of spanwise uniformity in the flow. 
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The results are shown in Fig. 24a and 24b, and they strongly support the 

notion of a flow which is essentially two-dimensional in the mean. Earlier 

measurements of temperature by Humphrey et al [19B1J also revealed spanwise 

uniformity. Further checks on flow symmetry were considered unnecessary and 

were not performed. The measurements obtained on the cavity symmetry plane 

locations indicated in Fig. 23 are plotted in Figs. 25 to 30 and are discussed 

below. 

Flow Through and In Front of the Aperture Plane 

Three configurations were selected for exploration by Laser-Doppler velo

cimetry. The results are plotted in Fig. 25 a,b,c for alb = 0.5, <l = 0°; in 

Fig. 26 a,b,c for alb = 1.0, <l = 0°; and in Fig. 27 a,b,c for alb = 1.0, 

<l = 45°. For additional clarification and comparison, Fig. 31 a,b,c,d shows 

the aperture-plane profiles of V and T, superposed, with bars to indicate the 

fluctuation levels on the same scales. The length of each bar is twice the 

standard deviation of the fluctuating values of the corresponding quantity. 

Fig. 31 emphasizes the fact that these are highly fluctuating velocity 

fields, and confirms the impression gained from flow visualization and tem

perature measurements: that the fluctuations are most vigorous in the shallow 

cavity at <l = 0° and least vigorous in the deep cavity at IX = 45°. Figure 31d 

directly compares the three V(x) profiles, without the indications of fluc

tuation level. Note that the strength of inflow and outflow increase as alb 

increases from 0.5 to 1.0, and then as <l increases from 0° to 45°, but that 

the profiles become more nearly symmetric about xlb = 0.5 as this happens. 

Numerical integration shows that the net volume flow rate out. of the cavity 

shows just the opposite trend. 
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Figure 32 compares the time-averaged streamline fields in the region just 

in front of the cavity (the region bounded by planes a-b-c-d in Fig. 23). 

Numerical values of the stream function around most of the boundary could be 

computed from the measured velocity and temperature data. or with an assump

tion that T = T~ on portions of the boundary when the shadowgraph pictures 

show no temperature disturbance. Flow directions were measured all around the 

boundary. Streamlines were then sketched by eye. at equal increments of 

stream function. Figures 32 a.b confirm what has been said before (Section 

3.1.1) about the separation bubble near the bottom edge of the aperture plane. 

and adds the somewhat surprising information that the time-averaged streamline 

actually springs outward from that corner. before turning sharply back inward. 

This feature has disappeared when the cavity is inclined to a = 45°. 

A few measurements were made farther in front of the cavity. which showed 

that the velocity is less than 0.01 m/sec if x/b > 1. Although the flow in 

the far field is induced mostly by the buoyant plume rising from the cavity 

itself. it was noted that the outer test section surfaces became as warm as 40 

- 70°C. depending on location. so that Some of the induced far-field flow -

and in particular. some of the fluctuations in the flow approaching the cavity 

from below. may be due to these more widely distributed sources of buoyancy. 

ment: 
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Several features of the measured turbulent stress components deserve com-

1) The flow entering from below across the outward extension of the bot

tom wall (x/b = O. Y > 0) was virtually devoid of the turbulent shear 

stress u'v'. although it was highly sheared out to about y/a = 1/8. 

By contrast. u'v' reached substantial values on the corresponding 

extension of the top wall. (See Figs. 25c. 26c and 27c). 
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2) The turbulent kinetic energy is by no means isotropically distributed 

anywhere in the flow. There are striking increases in the horizontal 

components, v,2 and w,2, but usually a slight decrease in the vertical 

component, u,2, in the stably-stratified region, x/b > 2/3. (See 

Figs. 25b and 26b). Even at a = 45°, where u' and v' are equally 

inclined to the vertical, u,2 is systematically quite a bit smaller 

than either v,2 or w,2. Of course, all these observations must be 

accepted with caution, because of the "false turbulence" engendered ~ 

index-of-refraction fluctuations. The characteristically lower values 

of u,2 are seen, however, even well in front of the cavity, where the 

laser beams should be traversing mostly isothermal air. 

3) To the extent that we can estimate Exy = a VIa x + a U/ay along the aper

ture plane and along the outward extensions of the top and bottom 

walls, we infer the following relationship between UOVT and Exy. 

a) Along x/b = 0, y/b ~ 0.02: Exy < 0, while li'V' .. O. 

b) Along x/b = 1, y/b ~ 0.04: Exy < a whil e U'V' > o. 
c) In the upper half of the aperture plane: Exy > 0 while 

U'V' > o. 

d) In the lower half of the aperture plane, where 0.05 < x/b < 0.5, - -
EXY > 0 while U'V' < o. 

e) Very close to the bottom wall, but on the upper side of the 

separation bubble, Exy < 0 while U'V' > O. 

Qualitatively, these relationships imply a positive eddy viscosity in the 

regions of unstable or ineffectual density stratification, but a negative eddy 

viscosity in regions of strong stable stratification. In the latter regions 

the product - U'V' EXY ' which ordinarily is positive and represents a transfer 
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of kinetic energy from the mean-flow account to the eddy account, is locally 

negative and thus represents a reverse transfer. Such a transfer has been 

shown to take place in stably stratified shear layers, in the vicinity of the 

critical layer, at which the flow speed and the wave speed coincide. The 

linearized model of internal waves, shown in Appendix D, yields wave speeds in 

the range 0.1 to 0.3 m/sec. Since these lie in the range of our measured 

values of V, it is possible that we are seeing something like the absorption 

of internal waves at a critical layer; see Booker and Bretherton [1967J. 

Inner Flow 

Limited, single component measurements of the flow inside a cavity with 

aspect ratio alb = 1 were obtained for conditions of a = 0° anda = 45° 

respectively. As shown in Figs. 28 to 3D, the measurements were taken along 

the planes x/b = 0.5 (U-component) and yla = - 0.5 (V-component). For the 

case a = 0°, only unweighted data are available. Interception of the laser 

beams by the top wall in the cavity impeded near-wall measurements in this 

region of the flow. Likewise, beam deflection due to refractive index gra

dients precluded making measurements very near the back and bottom walls. The 

plotted results are in accordance with the observations made earlier. For 

both inclination angles the V-component profiles in Figs. 28a, 29a and 30a 

display the flow reversals corresponding to the separated recirculating flow 

region on the bottom wall. The profiles show clearly that inclining the 

cavity decreases the size of the recirculation zone. 

To illustrate graphically the degree to which velocity bias can affect 

the measurements if it is not corrected, unweighted (simple arithmetic avera

ge) velocity and normal stress profiles were obtained from the data for 

alb = 1.0 and a = 45°. The results are plotted in Figs. 30 and should be com-
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pared with the corresponding profiles in Figs. 29. Since weighting decreases 

the relative contributions of large velocities to the average result (recall 

the discussion in Section 2.2.2) a small recirculation zone is shown in the 

weighted V-component profile plotted in Fig. 29-b. For the same reason, 

larger than normal scatter in the normal stress measurements is reduced when 

weighting is applied. These considerations should be borne in mind when 

interpreting the unweighted measurements for alb = 1 and a = 00 plotted in 

Figs. 28, particularly the normal stresses. 

3.1.4 Mass flux and convective heat transfer 

Volume and mass fluxes can be computed from the velocity and temperature 

data presented in Figs. 14 through 31. The quadratures employed the trape-

zoidal rule. The uncertainties assigned to the integrals were computed on the 

assumption that each velocity measurement had an uncertainty of ± 0.005 m/s. 

Table 3.3 shows the convective heat fluxes, calculated by application of 

equations like (1.10) to the surfaces a,b,c and d shown in Fig. 23. Since 

these surfaces entirely surround a region within which there are no heat sour-
. 

ces, the sum ~Qi should equal zero. Positive entries in the table denote heat 

flux out of the enclosed volume. 

The predicted statistical uncertainty in ~Qi suggests that the residuals 

are statistically significant and hence indicative of some systematic error in 

the velocity data or its interpretation. This will be discussed further in 

Section 4. 

Table 3.4 presents more detailed results for surface (b), the aperture 

plane. The integral is separated into two parts, one covering that part of 

the aperture where there is outflow; the other covering the inflow. The pre-

dicted standard deviation of the net outflow again is based on a ± 0.005 m/s 

77 



54 

uncertainty in each measured value of V. We see clearly that the trend in the 

net outflow, versus alb and a, is opposite to the trend in Q (in) or Q (out). 

We also can see how sensitive Q (net) is to any small systematic uncertainty 

in the measurement of V. 

For the aperture plane, where temperature was also measured, we can esti-

mate mass flow rates by use of the quadrature 

• ) - p", ) 
mb/c =J~p V dx =RJ~ (V/T) dx. 

o 0 
(3-1 ) 

Table 3.5 shows the results of this calculation, again broken down into 

inflow, outflow and residual. It also shows the average densities of the 

inflow and the outflow. calculated from 

Pin/p", = (mb(in)/Qb(in)) v ~ 1 R T"" (3-2) 

and a similar formula for Pout. 

The average densities seem remarkably independent of alb and a. as though 

they depended only upon Gr and t,T/T"". The fact thatPin/p", < 1 is due mostly 

to preheating of the air by the outer surfaces below the cavity. 

Of course, for turbulent flow we do not expect the quadrature (3-1) to 

give an accurate mean value of the mass flux, because density and velocity 

fluctuations may be correlated. This is discussed in greater detail in 

Section 4. 

Table 3.6 displays our final heat transfer results, reduced to heat 

transfer coefficients and Nusselt numbers according to equations (1-11) and 

(1-12). The uncertainties noted here are directly proportional to the values 

of cr(net) shown in Table 3.4. They are based on the observed scatter of 
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measured velocities and include no allowance for possible systematic errors. 

The latter are discussed in Section 4. 

There is, at present, no secure standard against which to test the 

accuracy of these results. There is the experiment of Mirenayat [1981], in 

which a cubical cavity heated on all sides was employed. This situation is 

very different from ours, but Mirenayat observed about the same fractional 

reduction of heat loss as we did, when ~ is increased from 0° to 45°. 

We note that Mirenayat and other authors have based their overall heat 

transfer coefficients on the total area of the heated walls, rather than the 

area of the aperture plane. If our data is reduced on this basis, the heat 

transfer coefficient for alb = 0.5 is reduced to 7.5 (W/m2°K), while those for 

alb = 1 are reduced by a factor of three, to 2.5 and 1.5 (W/m2oK). This 

enhances the contrast between the results for alb = 0.5 and alb = 1.0. 

3.2 Mixed Convection 

Before discussing the experimental results for mixed convection, we con

sider some very rough models of the purely forced flow. 

Figure 33 shows the distribution of velocity over the upstream face of an 

inclined flat plate, in two-dimensional potential flow. That flow surrounds 

both the plate and a dead-air wake, in which the pressure is the pressure of 

the unperturbed stream. The location of the stagnation point, relative to the 

shaded section of the plate - which represents the position of our cavity 

opening - is the principal feature of interest. 

A comparable theoretical calculation for a plate indented by an upstream

facing cavity would be quite difficult, but it seems intuitively clear that 

the presence of the cavity would displace the stagnation point slightly away 

from the cavity. 
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The influence of the finite length of the cavity along its axis of rota

tion is potentially quite important. While b/c is quite small, the aspect 

ratio of the cavity plus its upward and downward extensions, (b1 + b + b2)/c, 

is not small, and the forced flow is bound to be significantly three

dimensional. Near the aperture plane, the resulting z-component of velocity 

will be, very approximately, \oj,. U(z/c) cos a for 2 z/c ~ 0.7, increasing more 

steeply thereafter, to W" ± U cos a at z = ± c/2. This lateral flow 

divergenc~ would presumably increase V somewhat in the region just in front of 

the cavity. More importantly, in the mixed flow, this divergence will stretch 

the vortex lines associated with the buoyancy-driven convection. 

3.2.1 The experimental results 

The tests performed with the procedures and instrumentation which have 

been described in Section 2 resulted in the photographs of Figs. 34-40 and 

the temperature profiles of Figs. 14-22. There were three general results 

of phenomenological interest, to wit: 

a) a general stabilizing effect of weak winds; 

b) periodic, two-dimensional oscillation of the cavity flow, in the pre-

sence of weak winds; 

c) migration of the stagnation points of the time-averaged flow, from the 

competition between free- and forced-convection when a = 20° and 45°. 

3.2.2 Qualitative effects of very weak winds 

The most surprising and thought-provoking result of the mixed-convection 

experiments occurred with very weak winds, U " 4 to 6 cm/sec. These winds 
~ 

strongly inhibited the chaotic and three-dimensional fluctuations that charac-

terized most of the free-convection flows, leading to flows that were either 

almost perfectly steady, or periodically oscillating. The effect was first 
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noticed when the forced flow was dying away after power to the blower was cut 

off. One could monitor the deceleration by noting the orientation of a small 

plume of hot air, which was originally swept downstream by the forced flow. 

When the plume was inclined about 10°_30° downstream, the flow in the cavity 

would be dramatically stabilized. Just after the plume became vertical, the 

cavity flow would burst into irregular fluctuations, which persisted until the 

blower was started again. 

The wind tunnel speed was then held steady in the range 4 to 6 cm/sec, 

and quantitative evidence of the reduction of fluctuations was obtained. This 

appears in the contrast between the bottom two temperature profiles in each of 

Figs. 14-22. The bottom profile is for free convection; the next profile 

shows the effect of the weak wind. The cavity flow was not made perfectly 

steady, but fluctuations became either very periodic, or very few and far bet

ween. Because the temperatures were sampled periodically, at a frequency 

nearly equal to an integral fraction of the oscillation frequency, a striking 

reduction of the variance of the temperature samples does not necessarily 

discriminate between the steady flows and the periodic ones. 

It seems likely that weak horizontal winds stabilize the cavity flow by 

two separate but cooperating mechanisms. 

1) They carry away those wisps of vorticity that would otherwise separate 

from the bottom edge of the aperture-plane extension and be carried 

into the cavity by the buoyancy-induced flow. These might not be 

vigorous enough to be noticed by themselves, but might serve to 

trigger instabilities in the boundary layer on the heated bottom wall. 

2) By stretching the vortex lines of the two-dimensional buoyancy

induced flow, they may inhibit the onset of the three-dimensional 
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instabilities, to which the bottom boundary layer is first subject 

(c.f. Chen & Tszoo [1982]). At the same time, they could enhance 

local concentration of span-wise (z-component) vorticity, which is 

essential to the onset of the oscillating two-dimensional instabi-

lity, allowing it to reach finite amplitude first, even on nearly 

horizontal surfaces (c.f. Pera and Gebhart [1973]). 
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It is impossible to put these suggestions on a firm base of experimental 

facts, with the few and mostly qualitative observations we have, or to see 

theoretically just how the vortex stretching would work inside the cavity, 

where it must be inhibited by the glass windows. We simply record them here -

hoping to return to the problem when competing research priorities are less 

pressing. 

3.2.3 Periodic oscillations 

The periodic oscillations shown in Fi9S. 39 and 40 seemed to be the 

natural outcome when a was between 0° and 20°, and alb was 0.5 or 1.0. The 

oscillation frequencies were measured either by displaying a prominently fluc

tuat i ng wi re temperatu re on a chart recorder, or by "freezi ng" the shadowgraph 

image with stroboscopic illumination. The frequencies fell in the range 2.2 -

5 Hz, and the oscillating flows seemed quite two-dimensional 1• The amplitude 

of oscillatory motion was highest near the top of the aperture plane, where 

well-formed blobs of hot air were periodically expelled from the cavity. A 

synchronous flapping of the backwall boundary layer and of the rearward part 

of the bottom boundary layer, was usually noticeable. Temperature fluc-

tuations in the heated portion of the inflow, near the bottom of the aperture 

plane, were dramatically reduced. 

************************* 
1With only shadowgraph images, we could not definitely distinguish between two 
dimensional flows and flows that might have a periodic waviness in z. 
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Unfortunately, time and research priorities did not permit a comprehen

sive delineation of the parameter space in which oscillatory behavior occurs, 

but Table 3.7 summarizes such data as we gathered. 

The reason for such prominent oscillatory behavior has not been conclusi

vely demonstrated, but some possibilities have been identified and others have 

been tentatively eliminated. The scenario which we believe to be most likely 

involves a resonant sloshing motion of the upper, stably-stratified layer, in 

response to periodic impulses delivered to that layer at the rear of the 

cavity. These impulses would arrive as a consequence of an oscillatory insta-

bility of the bottom boundary layer, being transmitted mainly via a modulated 

momentum flux in the back-wall boundary layer. Since the distances between 

these layers are not large compared to the observed wavelength of the sloshing 

motion, an effective feedback loop via the pressure field may be a component 

of the observed process. 

To sustain this hypothesis, we first rule out some less interesting 

poss i bil it i es, such as forci ng at a frequency set by the speed of rotat i on and 

number of blades of the wind tunnel blower. This was done by achieving the 

same flow speed, and the same oscillations, at various different blower 

speeds, by varying the impedance of the wind tunnel circuit. 

A second "external" cause, eddy-shedding from the sharp edges of the 

cavity extensions, is also easily ruled out. If we accept St:: fL/U .. 1/4 
co 

as a basis for an estimate, and take U
co 

= 0.05 m/s and L = 0.5 m we get 

f .. 0.02 - 0.03 Hz, which is far below the observed frequencies. 

Highly simplified analyses of the possibility of a resonantly-forced 

sloshing mode of the stably stratified upper layer (see Appendix D), also 

yield eigenfrequencies close to those observed. 
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The possible role of barotropic instabilities of the separating flow at 

the entry lip of the cavity is very hard to assess. When the turning vane was 

used, this kind of instability would be suppressed, and indeed it then seemed 

harder, but not impossible, to find the oscillations. A theoretical estimate 

of frequencies to be expected was attempted, but was inconclusive because 

essentially nothing was known about the unperturbed base flow. It was easy to 

predict oscillations of the observed frequency by assigning a plausible mean 

speed of translation of the vortices into which the shear layer coalesces, but 

this procedure is arbitrary and unconvincing. On the positive side, we found 

clearly measurable temperature fluctuations in this layer when the cavity was 

oscillating, indicating either a locally generated instability, or feedback 

from oscillations generated by baroclinic mechanisms farther downstream. 

Our best clue to the possibility of a driving baroclinic instability is 

the work of Pera and Gebhart [1973]. That work was limited to small values of 

bT/T= and~, so that some guesswork is needed to apply it to our circumstan

T 3 
ces. If we calculate our Grashof numbers from Gr = g ~~ and assume that 

y T v 

bT/T= has no independent effect on the quantities predicted=or measured by 

Pera and Gebhart [1973], we conclude that two-dimensional oscillatory distur-

bances, with frequencies equal to those we observe, are unstable at 

Iy/b I > 0.35 when ~ = 0°, but that they are probably stable for ~ = 20° for 

Iy/bl < 1. Even when unstable, they are slowly growing, so that amplification 

into something clearly visible is unlikely, unless the disturbance is strongly 

forced. If we were to evaluate the a/v2 in Gry at Tc or some simple average 

of Tc and T=, we should conclude that Pera and Gebharts' oscillatory distur

bances would not be seen at all in our apparatus. 
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Pera and Gebhart found experimentally, that their observed oscillations, 

though forced in a two-dimensional way, developed in a highly three

dimensional way. This was expected because, for small a, a steady instability 

with longitudinal vortices is the first to become unstable [Chen and Tszoo, 

1982J. They remarked, however, that this three-dimensional behavior was not 

suggested by the appearance of their interferograms, but was detected only 

when smoke filaments were introduced. Since our shadowgraph~ like the inter

ferometer, can't really discriminate between a two-dimensional disturbance and 

one that is periodic in the spanwise (z) coordinate, we cannot really rule 

against the baroclinic instability on the grounds that what we see is two

dimensional. 

In summary, we find that either of two distinct mechanisms -

(1) barotropic instability of the separated shear layer at the lower lip 

of the cavity, and 

(2) baroclinic instability of the bottom boundary layer -

could conceivably trigger the observed oscillations, but we cannot conclude 

that one alone is responsible. Further experimentation, to delineate the 

exact range of parameters in which the oscillations appear, and to determine 

whether they are two-dimensional or three dimensional, would probably settle 

the issue. 

3.2.4 Movement of the stagnation lines; escape of the heated air 

A broad and relevant question about our mixed convection flows is - by 

what path does heated air escape from the cavity? If we believe the flow to 

be essentially two-dimensional, we are led to pay special attention to the 

occurrence and migration of stagnation lines of the time-averaged velocity 
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field, and to the stream surfaces that arrive at or depart from these stagna

tion lines. 

In this section, we pursue this point of view until some of its inevi

table conclusions are seen to conflict seriously with our measured temperature 

profiles, and with the implications of some of the shadowgraph pictures. We 

then retrace parts of the argument, with the assumption that convection along 

the z-axis plays an essential role. 

Figures 41 display sketches, intended to show the time-average stream

lines and the regions occupied by heated air, in the three qualitatively 

distinct regimes of mixed flow which arise when a > 0°, The sketches were 

guided by the assumption that the shadowgraph images result from gas con

ditions that are at least statistically independent of z. For example, we 

infer from Figure 34, that there is heated fluid at any x in the aperture 

plane, for Gr/Re 2 < 16,2, because we see evidence of light refraction on both 

sides of the aperture plane. The sketches make no attempt to indicate the 

effects of cavity depth, which seems to have little influence on the migration 

of the stagnation lines. 

The two-dimensional interpretation. 

Figure 41a shows the cavity at a = 20°, in pure free convection. The 

flow entering the cavity is drawn up mostly from below, to replace the hot air 

that is propelled upward by a hydrostatic pressure gradient which exceeds the 

local specific weight. This flow ~ quite two-dimensional. 

Figure 41b shows the first effects of a very weak wind, Two new stagna

tion paints appear, one (0) where the oncoming wind divides, to go upward or 

downward, outside of the rising buoyant flow. The other (0') appears on the 

wall below the cavity, at a point below which the flow is nowhere buoyant. 
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The upward drift along the lower wall is entirely overwhelmed by the local 

forced flow, which accelerates as the bottom edge of the aperture-plane exten

sion is approached. The process by which this happens when the forced flow is 

started may be imagined as a sequence of events, to wit 

1) a velocity field approximately identical to a potential flow over the 

unheated apparatus is suddenly superposed on the weak updraft of the free con

vection flow. 

2) This produces an illegal downward slip-velocity at the wall, which is 

countered by the introduction there of a compensating vortex sheet. 

3) This new vorticity diffuses out to form the new boundary layer, can

celling the pre-existing vorticity of opposite sign, which was in the boundary 

layer of the induced flow. 

Because the upward velocity of the induced flow decreases, while the 

downward velocity of the forced flow increases, as distance down from the 

cavity increases, the weakest steady wind obtainable with the wind tunnel suf

fices to make 0' appear somewhat on the wall. as shown. The supply of fluid 

to the cavity then comes through a narrow stream channel, just below the 

stagnation streamline that leads to pOint O. 

The effects of the forced flow between 0 and the upper lip of the cavity 

are too weak (the forced flow is locally much slower, and the pressure gra

dient weaker, than at 0') to block the upward escape of the hot air. This 

flow can be quite steady. or oscillating but still quite laminar. 

The situation depicted in Figure 41b persists as Re2/Gr is increased 

until, quite suddenly, the mean situation changes to that shown in Figure 41c. 

Stagnation pOint 0 has moved to the wall, the upward escape of hot air is cut 

off by the new stagnation (or separation) line 0", and a trapped vortex 
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appears in the cavity. Hot air still escapes from the cavity, but it must now 

be transferred across the mean flow streamlines by vigorous turbulent eddying, 

and it now escapes downward. 

To imagine how 0" would appear in a transient process, in which an ade-

quately strong wind is suddenly started, we can add one more effect to the 

scenario described above for the lower wall. This is a reduction of the x-

direction "buoyancy force" from (p - p)g cosa to (p - p)g cosa + p UdUjdx, a> a> a> 

where U is the forced flow velocity just outside of the thermal boundary 

layer. Between a and the upper lip of the cavity UdUjdx < O. 

It is hard to predict the point at which the upward motion of the hot air 

will be reversed, but it is relatively easy to see why the new stagnation 

point, 0", suddenly appears near the upper lip of the cavity, instead of 

moving slowly down from the vicinity of 0 as the wind speed is increased. 

Both U, which determines the amount of vorticity introduced at the wall, and 

UdUjdx, which reduces and eventually reverses the baroclinic generation of 

vorticity in the heated air, increase in absolute value from a to the lip. 

Thus the local obstacles to upward progress of the hot air are, for a given 

wind speed, highest at the lip. If the hot air has sufficient inertia and 

resi dua 1 buoyancy to pass the poi nt where 0" is sketched, it may then continue 

up to 0, past which point the forced flow helps it along. This is not to deny 

that a gradual movement of A" might appear in a set of careful experiments 

designed to reveal it, but to explain why we saw so little movement either as 

a function of Uoo ' or as the result of temporary additions to the aperture plane 

extensions. 

A rough upper estimate of 

made by setting (Pa> - p)g coSo. 
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and x/b by use of the potential-flow calculations shown in Appendix D. This 

gives U OJ 4.4 m/s for a = 20°, U .. 2.4 m/s for a = 45°, if we set p = 0.5 p. 
~ ~ ~ 

These values are about 8 times the corresponding observed values. 

Discrepancies in the two-dimensional interpretation. 

A clear implication of this interpretation of the photos is that we 

should find elevated mean temperatures and large temperature fluctuations in 

the lower part of the aperture plane, under conditions corresponding to 

Figs. 41b and c. This expectation is not borne out by our temperature data, 

as is shown dramatically for a = 20° in the upper few curves of Figs. IS, 18 

and 21. These show that at z = 0, T to T~ over much of the aperture plane, and 

that the extent of the ambient-temperature region increases rather rapidly 

with increasing U , (and somewhat with increasing a/b) once Gr/Re2 < 5.8. 
~ 

Compare the impression given by the corresponding shadowgraphs in Figs. 35, 

36 and 37. 

A second embarrassment is implied by details shown particularly vividly 

in Figs. 36 and 37. Note that the curves of light and dark, which we iden-

tify roughly with material surfaces, appear to spiral inward toward a vortex 

center. 

If these snapshots indicate a quasi-steady state of affairs, material sur

faces would coincide approximately with stream surfaces, and fluid, both hot 

and cold, would appear to be moving in toward the vortex center. This would 

violate the continuity equation in a strictly two-dimensional flow, but not in 

one featuring a finite value of aW/az. 

A three-dimensional interpretation. 

Figure 42 presents a fairly speculative idea of what may actually be 

happening in the flows shown in the bottom row of shadowgraphs, in Figure 37. 

89 



66 

Ambient air enters the cavity at points such as A and A', and passes under and 

behind the main vortex. If it enters close to the bottom wall it becomes 

heated by conduction. Throughout most of the span of the cavity, the pressure 

is low in the vortex core and the particle spirals slowly inward while 

drifting toward the nearer side window. The spanwise flow in the vortex core 

is arrested by the window, and something akin to a vortex breakdown or explo

sion may occur close to the windows 2• This weakens or even reverses the 

radial pressure gradient, so that the particle suddenly spirals out again. 

The outer edges of the exploded vortex are responsible for the light refrac-

tion seen in those regions where the centrally located thermocouples register 

only ambient temperatures. 

In the shallow cavity and at lower wind speeds, the central body of the 

vortex may extend out to the aperture plane, leaving a corresponding signature 

on the mean temperature distribution. This is seen prominently in Figs. 15 

and 16, in which a local minimum in T(x) appears around x/b = O.B (at 

Gr/Re2 = 2.35 and LIB when Cl = 45°, Gr/Re2 = 16.19 and 5.65 when Cl = 20°). 

One can speculate that this marks the average location of the main tongue of 

ambient-temperature fluid, which wraps completely around the vortex core 

before being warmed by conduction. 

At higher wind speeds and in deeper cavities, the main vortex is pushed 

back away from the aperture plane and leaves no identifying thermal signature 

there. 

************************* 
2The theoretical possibilities of such a situation has been analyzed by Serrin 
[1972]. What we suggest here is akin to Serrin's "second kind of motion" 
(see his page 326). 
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The implication of the above interpretation, should it prove correct, is 

that results obtained by simulating the mean flow with a computational scheme 

that accommodates only two-dimensional motion are bound to differ from the 

real three-dimensional flow. 
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4. ANALYSIS OF EXPERIMENTAL ERROR 

This section presents an evaluation and discussion of the major error 

sources possibly affecting the precision and accuracy of the measurements. 

68 

The errors arise in connection with positioning of the measurement probe 

(mechanical or optical), radiation and conduction heat transfer to ther

mocouple wires, bias in velocity measurements due to the dependence on par

ticles to track the flow and compounded by refractive index effects, and the 

finite sample size of the measurements. Wherever possible the magnitudes of 

the errors have been quantified and tabulated, either by reference to analyti

cal considerations or experimental calibration. Because of the qualitative 

nature of results obtained via the shadowgraph technique, errors associated 

with flow visualization have not been considered. 

Further discussion and tabulations of measurement errors, especially 

relatively minor ones associated with the LDV technique, not discussed here, 

are given in Chen [1983]. 

4.1 Temperature Measurements 

4.1.1 Positioning error 

It was pointed out in Section 2.1.2 that the thermocouples mounted on the 

harness, for determining aperture plane temperatures, could be positioned to 

within ± 5 nm of the cavity symmetry plane. This corresponds to a ± 1% uncer

tainty based on the spanwise dimension of the cavity. 

The locations of the thermocouple junctions, in the x- and y-directions 

were assigned uncertainties of ± 0.25 nm, by direct measurement when the 

cavity was cold. Thermal expansion of the heated cavity added some systematic 

uncertainty in the position of the junctions relative to the cavity. The 
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height of the cavity opening, b, was observed to increase by about 1 mm as the 

cavity came to its usual test temperature. The yoke holding the wires did not 

get very warm, so we assume that the wires did not move. To make a conser

vative (pessimistic) estimate of the resulting uncertainty, we assumed that 

the distance of each junction from the lower lip of the cavity was not changed 

by heating, and then plotted T versus x/b with two different values of b 

(93.66 mm, cold; versus 94.66 mm, hot). The maximum difference in T for a 

given x/b occurred in the high-gradient region near the top, and amounted to 

about lOoC. 

4.1.2 Systematic differences between thermocouple temperature 

and air temperature 

The convective heat exchange which drives the thermocouple temperature 

toward the local, instantaneous air temperature has to compete with radiant 

heat exchange, metallic conduction along the thermocouple leads, and the heat 

capacity of the wire. These familiar error sources were all analyzed in a 

conventional way (see Scad ron and Warshawsky [1952J, Hinze [1975J). The full 

details of this analysis are given in Chen [1983J, a summary is provided here. 

The convective heat transfer coefficient for the 76 micron diameter wire 

was estimated to range from 160 to 400 W/m2°K. The corresponding time 

constant ranged from 0.2 to 0.5 seconds. 

The radiant emissivity of the wire was estimated to be about 0.48, from 

observations of the thermocouple temperature in regions where the air was at 

ambient temperature. The measured temperature profile for one or two runs was 

corrected for radiation effects, as is shown in Figure 43. The temperature 

data is reported without corrections, because the error is relatively small 

and no highly quantitative deductions were drawn from this data. The correc-
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tions had no important influence on the mass-flow quadratures exhibited in 

Table 3.5. 

On the assumption that the convective heat transfer coefficient is uni

form along the wire that spans the cavity, metallic conduction effects were 

found to be negligible. On the other hand, they were large enough to have 

masked any short-wavelength variations of gas temperature in the z-direction, 

had we tried to measure these by traversing wires. 

The finite time constant of the thermocouple attenuates a harmonic air

temperature oscillation of frequency f, by a factor (1 + (2rrfr)2)-1. Thus, 

oscillations for which f) 2 Hz are only weakly represented in the ther-

mocouple signal. Since the signal was sampled periodically, at one second 

intervals, exactly periodic fluctuations of air temperature will not show up 

in the sample if their frequencies are exact integral multiples of the 

sampling frequency. In this pathological case, even the mean air temperature 

may be misrepresented. 

All these considerations lead us to place little faith in the quan-

titative observations of air temperature fluctuations. Since no quantitative 

use is made of them, this is not too serious. Table 4.1 presents a summary of 

estimated uncertainties for the mean temperature measurements. 

4.2 Velocity Measurements 

The LDV technique is simple in principle, because of the linear relation 

between the Doppler shift of the frequency of laser light, Mie-scattered from 

a small particle, and the velocity of the particle. For an LDV system based 

on the differential Doppler technique, Drain [1980], the relation is: 

U = A 
sin y/2 fd 

(4-1) 
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In this relation 1 is the radiation wavelength, y/2 is the half angle between 

the pair of beams creating the optical fringe pattern, fd is the Doppler-shift 

in the radiation scattered by the particle andU is the component of particle 

velocity, normal to the fringes. The practical complications with which we 

must be concerned in thi s study fall into two classes: 

1) Those that affect the accuracy and precision with which individual 

values of U can be determined from individual bursts of scattered 

1 i ght. 

2) Those that limit what we can deduce, from a sequence of U-values, 

about the statistical properties of an unsteady fluid velocity. 

Both classes of complications have been extensively discussed in the 

literature; for example by Durst et a1 [1976J, Buchave et a1 [1979J, Drain 

[1980J. They are discussed here in the next two sections. 

4.2.1 Uncertainty of individual ~asurements 

As each oil droplet traverses the. optical probe volume, the photo

multiplier tube produces an oscillating voltage. Because the flow is non

uniform and unsteady, and the probe volume is finite, the frequency of 

oscillation may vary somewhat during the lifetime of the signal (the "burst"). 

The computer verifies that the frequency is substantially constant over an 

interval of about 15 to 20 microseconds (the time to cross 8 fringes), and 

calculates the corresponding value of U. The burst may continue for a con-

s i derab 1y longer ti me - perhaps 1 asting from fifty to several hundred mi crose

conds, but no further information is obtained from it because the recovery 

time of the comput e r is about 600 II sec. 
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Minor effects 

It is clear that the exact position of the particle at the time of 

measurement is slightly uncertain, so that the statistical processing of the 

500 or 1000 measu rement s made at each "poi nt 01, i nvo 1 ves a bi t of volume 

averaging as well as ensemble or time averaging. On the scale to which our 

results are presented graphically, the averaging volume is quite invisible. 

The value of U itself is uncertain to a degree determined in part by 

clock errors in the counter, shift errors in the electronic downmixers, and 

Bragg-cell bias. In view of the manufacturer's guarantees or calibration pro

cedures carried out during the tests, we believe these uncertainties to be 

negligible. 

Additional uncertainties in U arise if the particle does not faithfully 

follow the unsteady motions of the fluid, or if the optical fringe field is 

displaced or dances about as a result of variation of index of refraction 

along the path of the incident laser beams. We have already been assured that 

the first point is not troublesome in our case, but we find substantial reason 

to worry about the latter. 

Refractive Index Effects 

Uncertainties due to variable index of refraction have been analyzed and 

discussed by Buchhave et al [1979, Section 4] and some useful illustrative 

calculations of beam deflections in regions with specified variations of index 

have been given by Schmidt and Wang [1982]. It is clear from the strong sha

dowgraph images we have obtained, that significant bending of light beams 

occurred in the present tests. The following calculations and test were made, 

to evaluate this source of error in our results. 
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To estimate the mean deflection of the laser beam that traverses the 

greatest length of heated air, we employed the approximation 

(4-2) 

The coordinates x and z are defined as in Fig. 1, the beam deflection is 

illustrated in Fig. 44. This approximation is adequate if the index of 

refraction, 1'1, ;s very nearly equal to 1, and if a n/a x is constant along the 

path of the beam. For air, we used the formula given by Buchhave et al [1979, 

eqn. 4.1.1] 

1'1 = 1 + 7.92 x 10-7 p (pascal)/T(Kelvin) (4-3) 

and set p = 1.01 x 105 pascal (atmospheric pressure). Inserting 

zl - Zo = 267 mm (the half-span of the aperture plane), and selecting repre-

sentative values of r2 aT /a x from Figs. 31 a,b and c, we estimate the 

following maximum beam deflections 

alb a xo (mm) xl - Xo (mm) 

0.5 a 2.65 .36 

0.5 a 92.37 -.22 

1.0 a 2.65 .34 

1.0 a 92.37 -.20 

1.0 45 0 2.65 .60 

1.0 45 0 92.37 - .11 

These deflections are small enough to justify the assumption of constant mean 
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an/ax. Because they are largest where V is also largest, they may have a 

significant effect on the computed net heat transfer. This effect is esti-

mated by displacing all the nominal points of measurement by amounts computed 

as above, and recalculating the integral 1 V dx. This shows that in the case 
. 0 

of lowest heat trans fer, alb = 1 and a = 45°, a correction of about - 10% 

should be made to Qb on this score. For the other cases, the corresponding 

corrections would be less than - 2%. 

The laser beams may also be deflected in the y direction, so that velo

city data nominally acquired at y = 0 really came from points slightly outside 

the aperture plane. The effect of this on local values of V can be roughly 

estimated from the formula 

!:J. V .. - (y - Yo) aU/a x , 

and aU/a x can be est i mated from ou r data. 

It appears that this error source leads to systematic underestimates of 

Qb' so that the errors due to horizontal displacements tend to reduce those 

due to vertical displacements. In summary, it appears that this source of 

uncertainty is a minor one. 

Besides the mean deflection of the laser beams, refraction variations 

will induce a spurious level of fluctuations, discussed in some detail by 

Buchhave et al [1979J. We made two tests to estimate the severity of these 

problems in the present study. 

In the first test, a laser beam which had traversed the entire span of 

the cavity, through a region of vigorously fluctuating temperature, was inter

cepted by a translucent screen. The center of the illuminated spot wandered 

over a circle of diameter no greater than the diameter of the spot itself. 
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This implies a corresponding increase in the inherent uncertainty of the loca

tion of a light-scattering particle at the time a burst is recorded. 

To obtain a measure of the "false turbulence" due to dancing of the 

fringe pattern, the optical probe volume was focussed on the top outer corner 

of the cavity, on the symmetry plane. The solid corner served as a stationary 

scattering center. From a blank run with an unheated cavity, it was confirmed 

that the means obtained from several samples of 1000 burst frequencies each 

very nearly corresponded, for each counter, to the frequency set on its 

electronic downmixer, and that the standard deviation of this sample of fre

quencies was nil. Then the cavity was heated to its standard operating tem

perature, and the apparent motion of the stationary corner was observed. No 

particle seeding was done in either test. 

The individual values of V and U scattered widely when the cavity was 

hot, and the variances of V and U in this test were about half as large as 

the corresponding quantities inferred from signals returned from oil droplets 

at a point 1.8 mm below the top wall corner. The table below summarizes these 

results, which apply to the geometry alb = 0.5, a = 0°. 
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Test. V U -; u2 

m/s m/s m2/s2 m2/s2 

A 0.000 0.000 O.OOll 0.0006 

B 0.013 0.007 0.0557 0.0067 

C 0.345 0.351 0.0912 0.0158 

Test code: A: unheated cavity, beams focussed on corner. 

B: heated cavity, beams focussed on corner. 

c: heated cavity, light scattered from oil 

droplets at a point 1.8 mm below top wall 

corner. 

It is not obvious why the fluctuations in V were so much larger than 

those in U, or why the mean offsets in V and U should be positive. One of the 

beams used to measure V traverses a mostly isothermal region (the one shown at 

y degrees with respect to the aperture plane in Fig. 10-b), whereas both of 

the beams used to measure U are in the heated region of the aperture plane for 

most of their length at the x positions chosen for illustration. This could 

lead us to expect a difference, but what difference it is hard to say. For 

the moment, we simply notice that these false mean velocities amount to about 

3 or 4 percent of the measured gas velocities near the corner - introducing an 

uncertainty which is small in itself, but which could contribute very signifi-
b 

cantly to uncertainty in! V dx. "False turbulence" due to variation in the 
o 

refraction of the beams seems, from this limited test, to be a comparatively 

serious problem. If the experiments were to be repeated, it would probably be 

wise to employ some sort of comparator technique, in which each data sample 

from the moving droplets is matched with a sample gathered from light scat-
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tered from a nearby stationary fine wire. The data rate for the comparison 

test (involving the wire) might so greatly exceed that of the fluid-motion 

test, that it would be unnecessary to make the comparison tests in unseeded 

air. As a first approximation, the true variance of the fluid-velocity sample 

could be found by subtracting the variance of the wire-scattered signals from 

that of the droplet-scattered samples. This assumes that the apparent velo

city fluctuations, which result from cumulative effects of refraction along 

the entire paths of the beams, are statistically independent of the actual 

fluctuations, which are more locally determined. 

4.2.2 Uncertainties of statistical interpretation 

Velocity bias 

This has been discussed in Section 2.2.2, and we restate here only the 

conclusion that our statistical procedures should eliminate this bias in the 

two-component data. For the one-component data, there may be residual uncer

tainties, which we have no immediate way of quantifying. 

The differences between our weighted and unweighted averages (see 

Appendix A) are large, particularly for uv, and it is important to remember 

that our discussion of results is based on the weighted averages. Quite a dif

ferent picture of the flow would be deduced from the unweighted averages. 

Effects of non-uniform seeding 

In our preliminary discussion of the interpretation of LDV data, and most 

explicitly in our interpretations of various surface integrals - as being 

approximately equivalent to convective heat fluxes or mass fluxes - we have 

treated the mean velocity (U, V, W) as a time-average of instantaneous veloci

ties. Actually, since the probability of observing a particular value of 

instantaneous velocity is proportional to the density of scattering centers in 
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the observation volume when the air there has that velocity, the LDV system 

gives a density-weighted average. 

The relevant density is the number density of the scattering centers 

(here droplets), but we expect this to be proportional to the density of the 

air, providing that: 

1) the particles become uniformly dispersed throughout the air, before 

the latter is non-uniformly heated; and 

2) the particles do not subsequently diffuse through the air, but move 

with it. 

When these circumstances-prevail, our application of equation (2-16) 

leads us to density-weighted (Favre) averages of the fluctuating velocity. 

Since the ideal circumstances are unlikely to prevail, and since we have no 

simultaneous local measurements of density, the identity of the average we 

have formed is somewhat ambiguous. 

The quantitative implications of this ambiguity may be roughly estimated 

by the following model, in which the number density of particles is taken to 

be proportional to the gas density. We attempt to estimate the difference 

between the two averages 

N N 
V = L V. H.I ~.H. 

i 1 1 1 1 
(2-16) 

and 

N N 
VF =~ p.V.H./~ p. 

1 1 1 1 1 1 
.H i (4-4 ) 

Having no reason to suspect a correlation between Pi and~ti' we simply set 
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~ p. lIt i =; ~ lIt i ,so then 
i ' 

N p. 
VF = ~ (~) V. lit. I ~ lit. 

i P " , 

N 
= V + ~ bp. b V. H. I ; ~ b t,. 

i ' , , 
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(4-5) 

where bPi = Pi - p, and bV i = Vi - V. To represent this more compactly, we 

introduce a correlation coefficient r, such that 

N N 
~ bp. bV. H.I ~ lit. = r a a (4-6) i"',' pv 

where a p and a v are standard devi at ions of the experi menta 1 samples of p and 

V. Thus we get 

(4-7) 

This, of course, proves nothing, but simply expresses the proposition in 

terms of quantities for which we have experimental estimates (a I p and a ), 
p v 

or which we can plausibly guess (r). 

We now consider the specific situation in the aperture plane. We have an 
2 1/2 

estimate of a v' calculated from equation (2-12), with a v = (v) • We also 

have a fairly suspect esti mate of a I p, from the thermocouple data, presented 
p 

in Appendix B. (We assume, for this purpose, that apl p = aTif.) Because of 

the sluggish response of the thermocouples, and visual evidence that the fre

quency spectrum of density fluctuations would probably exhibit significant 

amplitudes at frequencies at least up to 10 Hz, we suspect that true values of 

a would be at least twice the values tabulated. p 
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Finally, in the aperture plane, it seems certain that r will be negative, 

since air entering the cavity (v' < 0) is likely to be cold and relatively 

dense (p I > 0), while air leaving the cavity is likely to be hot and relati

vely expanded. 

For sample estimates, we have assumed r = - 0.5, and have doubled the 

values of aT/T, which were calculated from the thermocouple data. 

Calculations were done for all three cases for which we had LDV data. 

The calculations show that V, which we intended to measure, is everywhere 

more positive (outward from the cavity) than VF, which we actually did measure 

if the droplets are distributed in the way supposed in the model. The dif

ference, V - VF, was greatest (2 cm/sec) near the top of the shallow cavity, 

almost as great (1.5 cm/sec) very near the bottom of the deeper, horizontal 

cavity, and very much smaller « 0.2 cm/sec) in the much quieter flow of the 

deeper, inclined cavity. The differences never exceeded about 7 percent of 

VF, but a major cumulative effect appears in the integral across the aperture, 

to wit 

0.23 

0.50 

0.16 

(a/b = 0.5, a = 0°) 

(a/b = 1.0, a = 0°) 

(a/b = 1.0, a = 45°) 

Before these differences are interpreted as uncertainties in the computed 

convective heat transfer, we need to reexamine the assumptions that allowed us 

to write equation (1-10) and the comment below it. 

If our measurements have more nearly defined VF, rather than V, we need 

to reconsider the application of (1-10) to a highly fluctuating flow. 

Formerly we wrote 

p", 
p vT = p T V + (p T) I V I , = - V + (p T) I V I 

R 
(4-8) 
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and asserted that (pT)' was .. 0 because pT = p".IR is an accurate approximation 

to the equation of state. Now we must consider p v as a single variable, and 

write 

pvT = pv T + (pv)'T' = p VF T + (pv)'T' 

Poe 
=-V + (pv)'T'. 

R F (4-9) 

If what we previously thought to be ° v is in reality 0p vI p we have an experi

mental measure of it, and know that it is large. We also have our suspect 

measure of 0T' and we still have intuitive grounds for associating positive 

values of (pv)' with outflow, and hence with positive values of T'.3 In fact, 

we recognize that (pv) 'T' is probably nearly equal to p T(V - VF). From 

either interpretation, it is clear that V, rather than VF' belongs in equation 

(1-10). Since V > VF everywhere in the aperture plane, we shall underestimate . 
Qb if the quantities we insert into (1-10) are closer to VF than to V. 

To complicate matters further, it is by no means certain that the 

droplets were uniformly dispersed throughout the air before the air was 

heated. It is even possible that our technique of seeding may accidentally 

have offset some of the tendency toward Favre averaging, by introducing a 

somewhat greater concentration of particles into that portion of the air that 

will subsequently become hottest. On the other hand, there is a known ten

dency for small particles to migrate away from hot regions in a gas 

(thermophoresis), and this has been a limiting factor in some previous LDV 

work. 

************************* 
3Note that (pv)' '" p'v'. In particular, (pv)' has the same sign as v'. 
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The conclusion of this point of discussion is that unintended bias of our 

average velocities, caused by non-uniform concentration of scattering par

ticles, is a major source of experimental uncertainty. It probably introduces 

only a few percent uncertainty into the individual velocity values, but may 

introduce major systematic errors into our estimates of convective heat 

transfer. The component of this error due to temperature fluctuations in the 

gas may be as large as 15 to 50 percent if the correlation coefficient for v' 

and T' fluctuations is as large as 0.5. 

Further insight into this question is sought in the next section, by exa-

mining the residual heat and mass fluxes which are presented in Tables 3.3 and 

3.5. 

Fluctuations and finite sample size 

The above subsections question whether the technique of sampling the 

velocity biases the statistical population from which the sample is drawn. 

Our final concern is that we draw large enough samples to obtain adequately 

precise measures of the means, variances, and cross-correlations charac

teristic of the sample populations. See Bowker and Lieberman [1972J. 

Either 1000 or 500 measurements were processed for each statistical 

calculation. The resulting uncertanties in V range from about ± 0.005 m/s to 

± 0.015 m/s. The propagation of these uncertaintities through the calculation 

of Qb results in the uncertainty estimates listed in Table 3.4 

4.2.3 Conservation tests - assuming two-dimensional flow 

The calculations of heat flux through the surfaces (a), (b), (c) and (d) 

of Figure 23, (see Table 3.3) and of the mass flux through the aperture plane 

(Table 3.5) were made in the hope that they would establish limits on systema

tic error in our data gathering or interpretation. Ideally, LQ; in Table 3.3, 
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and ~ (net) in Table 3.5, should equal zero, because there are no heat or 

mass sources within either control volume. The non-zero residuals are shown 

in Tables 3.3 and 3.5 to be statistically significant, so we seek possible 

explanations of systematic effects. 

The assumption of two-dimensional flow 

The conservation statements apply in principle to enclosed control volu-

mes, which we visualize as thin pancakes, bisected by the symmetry plane, 

z = O. By asserting that there should be no net flow through the narrow edges 

of the pancake, we assume that there is none through the broad faces. In the 

limit of an infinitely thin control volume, still bisected by a symmetry 

plane, z = 0, the exact conservation statement, say 

j j:!' n dA = 0 - (4-10) 
A 

becomes 

J)l [V dx + U dy] + 2A a W I = 0 
J c z az z=o+ 

(4-11 ) 

Here c is the curve along which U and V were measured, Az is the area enclosed 

by that curve, and (aW/az) Iz=o+ is an average over Az• When we assume 

strictly two-dimensional flow, we drop the last term in (4-11). We now ask 

whether aW/az could possibly be large enough to explain the residuals shown in 

Tables 3.3 and 3.5. 

A simple calculation shows that the values of aW/az necessary to account . 
for the residual, LQi' in Table 3.3 are 
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0.073 sec-1 a/b = 0.5, a = 0° 
-1 a W/a z = 0.028 sec for a/b = 1.0, a = 0° 

0.107 sec -1 a/b = 1.0, a = 45° 

We measured W(z) in the aperture plane, for four values of x/b 

(a/b = 1.0, a = 0°). However, when we try to evaluate aw/az by a 1east-

squares fit to these data, we encounter a statistical uncertainty considerably 

larger than the value itself. Thus we can neither confirm nor rule out the 

possibility that leakage through Az explains the residuals in Table 3.3. 

The same conclusion unfortunately applies to the values of net heat loss 

from the cavity, listed in Table 3.4. The values of aW/a z required to throw 

our heat loss calculations completely into doubt are only slightly larger than 

those shown above, and this fact cannot be ruled out. 

From these calculations, it seems clear that a more valuable test of two-

dimensionality would have involved repeating the profiling of U and V at two 

extra values of z, perhaps at z ±c/4. 

Long-term temporal stability 

Since it took a few hours to complete each profiling operation, it is 

clearly possible that the residuals may have resulted from drifting con-

ditions. If, for example, the cavity were to warm up slightly while an . 
aperture-plane profile was being measured from bottom to top, Qb (out) would 

presumably be greater, and Qb (in) smaller, that the values found, had the 

cavity remained exactly at the mean of its initial and final temperatures. 

The change in Qb net could then be considerable. 

For a quantitative estimate, we can assume that AT increases from 348 to 

353°C during a run. This is about a 1.5 percent change and we assume it indu-

ces a 0.75 percent change in V. If we increase Qb (out) by 0.75 percent and 
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. . 
hold Qb (in) unchanged, we get changes in Qb (net), equal to 2%, 5% and 11% 

for alb = 0.5, a = 0°; alb = 1.0, a = 0°; and alb = La, a = 45°. We conclude 

that the residuals shown in Tables 3.3 and 3.5 are probably not due to long-

term temperature drift. 

The cumulative effects of non-uniform seeding 

The discussion of non-uniform seeding leads to a somewhat paradoxical 

conclusion, concerning the I (U dy + V dx) around the exterior control circuit 

shown in Figure 23. If the seeding were miraculously uniform, so that we 

truly measure V, ~Qi should vanish because there are no heat sources within 

the control volume. If the droplet concentration is, on the other hand, 

exactly proportional to the air density, so that we measure VF rather than V, 

the integra 1 I (UF dy + VF dx) shoul d vani sh because there are no mass 

sources, within the control volume. 

Thus the presence of residuals in Table 3.3 tells us little or nothing 

about the uniformity of seeding. 

A similar consideration of 0b and mb - flows through the aperture plane -

leads to somewhat different conclusions. If we measure V, then we are correct 
. 

in treating mb (net) in Table 3.5 as an evidence of experimental error. If, . 
however, we have measured VF, then it is Qb (net) in Tables 3.3 and 3.4 that 

should have vanished and the values that we have reported as heat transfer 

coefficients and Nusselt numbers are only an evidence of error. 

We are forced to two unhappy conclusions about the integral conservation 

tests; to wit: 

1) They do not provide adequate documentation of two-dimensional flow, 

so that the accounting for inflows and outflows is decisively incomplete. 

2) By a curious juxtaposition of physical circumstances, they fail to 

shed light on one of the principal suspected sources of systematic error - the 

non-uniform distribution of light-scattering droplets. 
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4.3 Reproducibility and Control of Experimental Conditions 

When geometrical and cavity-temperature conditions were reproduced at 

various times, the visual appearance of the flow was always the same. That 

is, visually prominent features always appeared in the same place, and the 

degree and character of transient fluctuations appeared to be unchanged. 

For more quantitative tests, some velocity and temperature measurements 

were repeated on different days, for nominally identical conditions. 

Table 4.2 exhibits some typical results. The numbers shown for veloci

ties are sample arithmetic averages of the columns of values listed on page 

A31, for alb = 0.5 and a = QO, compared with corresponding averages of the 

values obtained at the same measurement stations on another day. Thus they 

refer to x-profiles in the middle of the aperture plane (y = z = 0). 

4.4 Summary Evaluation of Experimental Accuracy 

In the light of all this discussion we must ask: what faith, if any, can 

we place in the data reported in Tables 3.3 to 3.61 

To be fair to our hopes for the data, we note that no systematic error 

has been detected, but that the scope and precision of our data do not allow 

us to rule out significant errors that may plausibly be suspected. 

The principal grounds for suspicion are the residues in the integral 

balances on the external control volume. These would not be alarming in them

selves, except that they are almost as large as the flux through the aperture 

plane, which is the quantity of primary interest. There are good physical 

grounds to expect residues of the sign we found, because the heated plume from 

the cavity entrains air from the sides as well as from the front. One can 

also believe that this effect is much attenuated inside the cavity, where the 

side windows obstruct spanwise flow. Thus it may be unduly pessimistic to 
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suspect that the flux through the aperture plane is significantly influenced 

by spanwise flow convergence (or divergence), just because we have a hint of 

such convergence in the flow outside the cavity. 

The ambiguity of our averaging procedures, due to non-uniform droplet 

concentration, has been at least partially estimated with the conclusion that, 

whether we are measuring V or VF, the dependence of the heat transfer on 

cavity geometry is qualitatively the same. It seems safe to trust these 

trends. 

The uncertainties in the velocities are by themselves small enough so 

that mean profiles plotted to the scale of Figure 31d would suffer an almost 

invisible change as a result of any likely systematic error. However, the 

data for velocity fluctuations are quantitatively suspect, both because of 

non-uniform seeding and because of beam dancing. 
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5. SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 

5.1 Summary 

Free and mixed convection were observed in airflow, in and around a 

strongly heated open cavity of rectangular cross section. The open face of 

the cavity is a rectangle with edge dimensions b = 0.0946 m, c = 0.5334 m. 

The horizontal dimension, c, is made relatively long to encourage two-

dimensional flow. 

The depth of the cavity, a, was set so that alb = 0.5, 1.0, or 1.46. 

The aperture plane was either vertical ~ = 00
) or inclined downward at 

Almost all tests were made at a dimensionless overheat, ~T/T ~ 1.2, and 
~ 

7 at a Grashof number = 4.2 x 10 , a and v being evaluated at room temperature. 

Mixed convection studies employed a uniform wind-tunnel flow of speed U , 
~ 

which could be varied from about 0.04 m/sec to 1.40 m/sec, to reveal the prin

cipal qualitative transition between purely-free and strongly-forced 

convection. 

Air temperatures were measured at mid-span of the aperture plane, and 

shadowgraph pictures were taken, for all combinations of the experimental 

parameters. For free convection only, extensive flow surveys were made with a 

two-component Laser Doppler Ve1ocimeter. The velocity and temperature profi-

les are presented as targets for numerical simulation schemes. 

The velocity data for free convection was processed to provide estimates 

of the convective heat loss from the cavity. 

A careful analysis of random errors and possible systematic errors is 

presented for all the quantitative data. Some rudimentary theoretical models 

are presented, as an aid to description of the mixed-convection flows. 
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5.2 Conclusions 

1. In pure free convection, the time-averaged flow is, as hoped, very nearly 

two-dimensional. Specifically, no systematic variation of W or U as functions 

of z was found in the aperture plane, for - c/6 ( z ( + c/6; and in this same 

region no statistically significant non-zero value of W was found. The 

instantaneous flow is unsteady and three dimensional, the velocity fluc

tuations being large compared to the mean velocities in many parts of the 

flow. 

2. Downward inclination of the cavity reduced the relative level of fluc

tuations, primarily by reducing both the severity of flow separation from the 

lower lip of the cavity, and the baroclinic instability of the boundary layer 

on the bottom wall. Many of the observed trends seemed consistent with those 

found by Rotem and Claassen [1969] and by Pera and Gebhart [1973] in studies 

of flow above a horizontal or slightly inclined flat plate. 

3. Mean velocity and temperature profiles are determined with sufficient 

accuracy to establish significant targets for a demonstration of the effec

tiveness of computational simulations, but with too little accuracy to permit 

reliable estimation of the net convective heat transfer. The dominant sources 

of uncertainty are associated with the possibilities of non-uniform seeding, 

fluctuations in index of refraction and weak flows in the spanwise direction. 

4. The uncertainty of the heat transfer, due to the possibility of non

uniform seeding, can be roughly estimated, and this inspires confidence in the 

trends of Nu versus geometry, shown in Table 3.6. These show a substantial 

reduction of Nu at a = 0°, when alb is increased from 0.5 to 1.0; and a 

further substantial decrease at alb = 1.0, when a is increased from 0° to 45°. 

The effect of inclination is roughly the same as found by Mirenayat [1981], 

for a cubical cavity. 
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5. When the cavity is faced into a very gentle wind (U ~ 4 to 6 cm/sec), 
00 

the irregular unsteadiness of the flow is greatly reduced. The result may be 

either a very nearly steady flow, or a flow that oscillates very periodically, 

with a frequency ranging from 2 to 5 Hz. The oscillations may be mostly two-

dimensional, but our observations do not rule out a spanwise modulation of 

phase, which might be expected in the light of the work of Pera and Gebhart 

[1973] and the stability theory of Chen and Tszoo [1982]. 

When a = 20° and 45°, these weak winds cut off the induced flow from 

below, which is the main supply of ambient air which enters the cavity in pure 

free convection. The new supply comes from a layer just below the dividing 

streamsurface of the forced flow. The hot air escapes upward from the cavity, 

as in free convection. 

6. Stronger winds cause major discrepancies between our temperature data and 

any interpretation of the shadowgraph pictures that assumes two-dimensional 

flow. The upward escape of hot air is blocked by the locally downward forced 

flow, and any direct escape downward seems kinematically unlikely and has 

escaped experimental detection. It seems likely that ambient air rushes 

directly into the lower part of the aperture plane, rises behind a major 

coherent vortex, is wrapped around and entrained into the vortex, together 

with heated, vorticity-bearing fluid from the outer regions of the boundary 

layers. The air drifts towards the nearer side window while spiraling around 

the vortex until, near the window, the vortex "explodes" in a manner akin to 

the "second ki nd of flows" di scussed by Serri n [1972]. The ai r then escapes 

from the cavity near the side windows, being cast out like sparks from a 

pinwheel. 
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5.3 Recommendations 

The work has revealed many problems which deserve more detailed investi

gation. 

Several of these have to do with the use of LDV in strong free convection 

flows. The use of fibre optics to minimize displacement and false-turbulence 

effects due to beam dancing looks promising. Should it fail, work could be 

done on a comparator technique, in which a fine wire stretched tautly along 

the nominal path of a velocity survey could serve as a local stationary scat

teri ng target. 

Panoramic observations of the scattering-particle density field,-by use 

of a thin sheet of laser light, would help to set to rest, or to emphasize, 

worries about non-uniform seeding. 

Simultaneous density and velocity measurements, using Rayleigh scattering 

as a measure of air density, are being attempted in a number of laboratories. 

When developed, these would seem to offer essential advantages for LDV work in 

flows such as ours. 

It would certainly be interesting to return to the wind tunnel for a more 

comprehensive mapping of the conditions that lead to periodic oscillations, 

and for flow visualization studies that reveal spanwise variations. It would 

be easy, and potentially very interesting, to investigate the effect of span

wise solid extensions of the aperture plane, to make the forced flow more 

nearly two dimensional. 

116 



92 

REFERENCES 

Arnold, J.N., Catton, I. and Edwards, K.D. 1976 Experimental investigation 
of natural convection in inclined rectangular regions of differing aspect 
ratios. J. Heat Transfer 98, 67-71. 

Bauman, F., Gadgil, A., Kammerud, R. and Greif, R. 1980 Buoyancy driven con
vection in rectangular enclosures: Experimental results and numerical calcu
lations. Paper ASME 80-HT-66, presented at the joint ASME/AIChE National Heat 
Trasnfer Conf., Orlando, Florida. 

Bayley, F.J. 1955 An analysis of turbulent, free-convection heat transfer. 
Proc. Inst. Mech. Eng. 169, 361-370. 

Bejan, A. and Kimura, S. 1981 Penetration of free convection into a lateral 
cavity. J. Fluid Mech. 103, 465-478. 

Bejan, A. and Tien, C.L. 1978 Laminar free convection heat transfer through 
horizontal duct connecting two fluid reservoirs at different temperatures. J. 
Heat Transfer 100, 725-727. 

Booker, J.R. and Bretherton, F.P. 1967 The critical layer for internal gra
vity waves in a shear flow. J. Fluid Mech. ~, 513-519. 

Bowker, A.H. and Lieberman, G.J. 1972 Engineering statistics, Prentice Hall, 
Englewood Cliffs, New Jersey. 

Buchhave, P., George, W.K., Jr. and Lumley, J.L. 1979 The measurement of 
turbulence with the laser-Doppler anemometer. Ann. Rev. Fluid Mech. 11, 
443-503. -

Cairnie, L.R. and Harrison, A.J. 1982 Natural convection adjacent to a ver
tical isothermal hot plate with a high surface-to-ambient temperature dif
ference. Int. J. Heat Mass Transfer ~, 925-934. 

Cebeci, T. and Khattab, A. 1975 Prediction of turbulent-free-convective-heat 
transfer from a vertical flat plate. J. Heat Transfer 97C, 469-471. 

Charwat, A.F., Roos, J.N., Dewey, F.C., Jr. and Hitz, J.A. 1961a An investi
gation of separated flows - Part I: The pressure field. J. Aerospace 
Sciences 28, 457-470. 

Charwat, A.F., Roos, J.N., Dewey, F.C., Jr. and Hitz, J.A. 1961b An investi
gation of separated flows - Part II: Flow in cavity and heat transfer. J. 
Aerospace Sciences 28, 513-527.' 

Cheesewright, R. and Doan, K.S. 1978 Space-time correlation measurements in 
a turbulent natural convection boundary layer. Int. J. Heat Mass Transfer ~, 
911-921. 

Cheesewright, R. and Ierokipiotis 
convection boundary layer, Q.M.C. 
EP 5022, University of London. 

1981 Velocity measurements in a natural 
Faculty of Engineering Research Report 

117 



93 

Chen, K.S. 1983 Experimental investigation of strongly heated open cavity 
flow. Ph.D. Thesis, University of California, Berkeley. 

Chen, K.S., Humphrey, J.A.C. and Miller, L. 
nature of thermally driven open cavity flow. 
1090-1093. 

1983 Note on the pulsating 
Int. J. Heat Mass Transfer 26, 

Chen, T.S. and Tszoo, K.L. 1982 Vortex instability of free convection flow 
over horizontal and inclined surfaces. J. Heat Transfer, 104, 637. 

Chilcott, R.E. 1966 A review of separated and reattaching flows with heat 
transfer. Int. J. Heat Mass Transfer lQ, 783-797. 

Chin, E., Rafiinejad, D. and Seban, R.A. 1972 Prediction of the flow and 
heat transfer in a rectangular cavity with turbulent flow. J. Appl. Mech.~, 
351-358. 

Drain, L.E. 1980 The laser doppler technigue, John Wiley and Sons, New York. 

Dring, R.P. 1982 Sizing criteria for laser anemometry particles. J. Fluids 
Engr. 104, 15-17. 

Durst, F., Melling, A. and Whitelaw, J.H. 1976 Principles and practice of 
laser-doppler anemometry, Academic Press, New York. 

Duxbury, D. 1979 An interferometer study of natural convection in enclosed 
plane air layers with complete and partial central vertical divisions. Ph.D. 
thesis, University of Salford. 

Eckert, E.R.G. and Jackson, T.W. 1951 Analysis of turbulent free convection 
boundary layer on flat plate, NACA TR lOIS, Washington D.C. 

Elder, J.W. 1965a Laminar free convection in a vertical slot. J. Fluid 
Mech. 23, 77-98. 

Elder, J.W. 1965b Turbulent free convection in a vertical slot. J. Fluid 
Mech. ~, 99-111. 

Eyler, L.L. 1980 Predictions of convective losses from a solar cavity 
receiver, Paper No. 80-C2/SQI-8, presented at the Century 2 Solar Energy 
Conference, San Francisco, California. 

Forester, C.K. and Emery, A.F. 1972 A computational method for low Mach 
number unsteady compressible free convection flows. J. Camp. Phys. lQ, 
487-502. 

Fox, J. 1965 Flow regimes in transverse rectangular cavities •. Proceedings 
of the 1965 Heat Transfer and Fluid Mechanics Institute, Stanford University 
Press, 230-247. 

Fraikin, M.P., Portier, J.J. and Fraikin, C.J. 1980 Application of k~ tur
bulence model to an enclosed buoyancy driven recirculating flow. Paper ASME 
80-HT-83, presented at the joint ASME/AIChE National Heat Transfer Conf., 
Orlando, Florida. 

118 



94 

Gebhart, B. 1969 Natural convection flow, instability and transition. J. 
Heat Transfer ~. 293-308. 

George, W.K., Jr. and Cappo S. 1979 A theory for natural convection tur
bulent boundary layers next to heated vertical surfaces. Int. J. Heat Mass 
Transfer 22, 813-826. 

Gill, A.E. 1970 A note on the stability of convection in a vertical slot. 
J. Fluid Mech. 42, 125-127. 

Gill, A.E. and Davey, A. 1969 Instabilities of a buoyancy-driven system. J. 
Fluid Mech. 35, 775-798. 

Goldstein, R.J. and Eckert, E.R.G. 1960 The steady and transition free con
vection boundary layer on a uniformly heated vertical plate. Int. J. Heat 
Mass Transfer 1, 208-218. 

Gray, D.O. and Giorgini, A. 1976 The validity of the Boussinesq approxima
t i on for 1 i qui ds and gases, Int. J. Heat and Mass Transfer 11, 545-551. 

Hahn, M. 1969 Experimental investigation of separated flow over a cavity at 
hypersonic speed. AIAA J. 7, 1082-1088. 

Hasan, M.M. and Eichhorn, R. 1979 Local non-similarity solution 
vection flow and heat transfer from an inclined isothermal plate. 
Transfer 101, 642-647. 

of free con
J. Heat 

Haugen, R.L. and Dhanak, A.M. 1966 Momentum transfer in turbulent separated 
flow past a rectangular cavity. J. Appl. Mech. ~, 641-646. 

Haugen, R.L. and Dhanak, A.M. 1967 Heat transfer in turbulent boundary-layer 
separation over a surface cavity. J. Heat Transfer 89, 335-340. 

Hess, C. and Henze, R. 1981 Experimental investigation of natural convection 
losses from open cavities. Final report for Department of Energy, Contract 
No. DE-AC01-79ET21105. 

Hinze, J.O. 1975 Turbulence, McGraw-Hill, N.Y., 2nd ed. 

Hjertager, B.H. and Magnussen, B.F. 1976 Numerical prediction of three
dimensional turbulent buoyant flow in a ventilated room. In Heat Transfer and 
Buo ant Convection, Studies and A lications for Natural Environments, 
Buildings and ngineering Systems, .B. pa ding and fgan, eds. 
Hemisphere Publishing Corp., Washington. 

Holman, J.P. 1978 Experimental methods for engineers, McGraw-Hill, New York, 
3rd ed. 

Humphrey, J.A.C. and Jacobs, E.W. 1981 Free-forced flow convective heat 
transfer from a rectangular cavity in a channel with variable inclination. 
Int. J. Heat Mass Transfer 24, 1589-1597. 

Humphrey, J.A.C., Miller, L. and Chen, K.S. 1981 Experimental investigation 
of thermally driven flow in open cavities of rectangular cross-section. In 

119 



95 

Convective Losses from Solar Central Receivers (ed. P.K. Falcone), Proceedings 
of a DOE/SERI/SNLL Workshop, Sandia National Labs., Report No. SAND81-8014. 

Humphrey, J.A.C., Sherman, F.S., Le Quere, P.L. and Chen, K.S. 1980 
Investigation of free-forced convection flow in cavity-type receivers. 
Mid-Term Report to Sandia National Laboratories. Also available as Report No. 
FM-80-6, Department of Mechanical Engineering, University of California, 
Berkeley. 

Jaluria, Y. and Gebhart, B. 1974 On transition mechanisms in vertical 
natural convection flow. J. Fluid Mech. 66, 307. 

Jones, I.P. 1979 A numerical study of natural convection in an air fitted 
cavity: comparison with experiment. Num. Heat Transfer ~, 193-213. 

Jones, W.P. and Launder, B.E. 1972 The prediction of laminarization with a 
two-equation model of turbulence. Int. J. Heat Mass Transfer li, 301. 

Kato, H., Nishiwaki, N. and Hirata, M. 1968 On the turbulent heat transfer 
by free convection from a vertical plate. Int. J. Heat Mass Transfer ll, 
1117-1125. 

Kierkus, W.T. 1968 An analysis of laminar free convection flow and heat 
transfer about an inclined isothermal plate. Int. J. Heat Mass Transfer ll, 
241-253. 

Korpela, S.A., Gozum, D. and Saxi, C.B. 1973 On the 
tion regime of natural convection in a vertical slot. 
Transfer ~, 1683-1690. 

stability of the conduc
Int. J. Heat Mass 

Kraabel, J.S. 1983 An experimental investigation of the natural convection 
from a side-facing cubical cavity. Proceedings of the ASME-JSME Thermal 
Engineering Joint Conference, Vol. 1, pp. 299-306, Honolulu, Hawaii. 

Ku, A.C., Doria, M.L. and Lloyd, J.R. 1976 Numerical methods of unsteady 
buoyant flows generated by fire in a corridor, 16th Symp. Int. Combustion 
Proc. ~, 1373-1384. 

Kublbeck, K., Merker, G.P. and Straub, J. 1980 Advanced numerical com
putation of two-dimensional time-dependent free convection in cavities. Int. 
J. Heat Mass Transfer ~, 203-217. 

Laitone, E.V. and Laitone, J.A. 1983 Aerodynamic lift at Reynolds number 
under 70,000 (submitted to J. Fluid Mech.). 

Larson, H.K. 1959 Heat transfer in separated flows. J. Aerospace Sciences 
~. 731-738. 

Launder, B.E. and Humphrey, J.A.C. (eds) 1980 Momentum and heat transfer 
processes in recirculating flows, HTD-Vol. 13, presented at the 1980 Winter 
Annual Meeting of the American Society of Mechanical Engineers, Chicago, 
I 11 i noi s. 

Le Quere, p.L." Humphrey, J.A.C. and Sherman, F.S. 1981 Numerical calcula
tion of thermally-driven two-dimensional unsteady laminar flow in cavities of 
rectangular cross-section. Num. Heat Transfer i, 249-283. 
120 



Lin, S.J. and Churchill, S.W. 1978 Turbulent free convection from a ver
tical, isothermal plate. Num. Heat Transfer 1, 129-145. 

96 

Lloyd, J.R. and Sparrow, E.M. 1970 On the instability of natural convection 
flow on inclined plates. J. Fluid Mech. 42, 465. 

Lloyd, J.R., Sparrow, E.M. and Eckert, E.R.G. 1972 Laminar, transition and 
turbulent natural convection adjacent to inclined and ~ertical surfaces. Int. 
J. Heat Mass Transfer ~, 457-473. 

Lock, G.S.H. and Trotter, F.J. deB 1968 
turbulent free convection boundary layer. 
1225. 

Observations on the structure of a 
Int. J. Heat Mass Transfer 11, 

MacGregor, R.K. and Emery, A.F. 1969 Free convection through vertical plane 
layers - Moderate and high Prandtl number fluids. J. Heat Transfer ~, 
391-403. 

Mallinson, G.D. and de Vahl Davis, G. 1977 3-dimensional natural convection 
in a box: a numerical study. J. Fluid Mech. 83, 1-31. 

Mao, C.P., Fernandez-Pello, A.C. and Humphrey, J.A.C. 1982 An investigation 
of steady wall-ceiling and partial enclosure fires. J. Heat Transfer, 106, 
221-228. 

Markatos, N.C., Malin, M.R. and Cox, G. 1982 Mathematical modelling of 
buoyancy-induced smoke flow in enclosures. Int. J. Heat Mass Transfer ~, 
63-75. 

Mason, H.B. and Seban, R.A. 1974 
convection from vertical surfaces. 

Numerical predictions for turbulent free 
Int. J. Heat Mass Transfer 12, 1329-1336. 

Maull, D.J. and East, L.F. 1963 Three-dimensional flow in cavities, J. Fluid 
Mech. ~, 620-632. 

McGregor, O.W. and White, R.A. 1970 Drag of rectangular cavities in super
sonic and transonic flow including the effects of cavity resonance. AIAA J. 
~, 1959-1964. 

McLaughlin, n.K. and Tiederman, W.G. 1973 Biasing correction for individual 
realization of laser anemometer measurements in turbulent flows. Phys. of 
Fluids ~, 1082-1088. 

Mirenayat, H. 1981 Etude experimenta1e de transfert de chaleur par convec
tion naturelle dans une cavite isotherme ouverte. Ph.D. thesis, University of 
Poitiers, France. 

Nansteel, M.W. and Greif, R. 1981 Natural convection in individual and par
tially divided rectangular enclosures. J. Heat Transfer 103, 623-629. 

Nicoll, K.M. 1964 A study of laminar hypersonic cavity flows. AIAA J. ~, 
1535-1541. 

Olson, M.D. and Tuann, S.Y. 1978 Computing methods for recirculating flow in 
a cavity. Numerical Methods in Laminar and Turbulent Flow, Proc. of 1st Inst. 
Conf., University of College, Swansea. 121 



97 

Oosthuizen, P.H. 1967 Heat transfer by turbulent free-convection from a ver
tical plate. S. Afr. Mech. Eng. ~, 260-264. 

Orlandi, P., Onofri, M. and Subetta, F. 1978 Interaction between natural and 
forced convection in a complex geometry, Proceedings of the 1978 Heat Transfer 
and Fluid Mechanics Institute, Stanford University Press. 

Ostrach, S. 1953 An analysis of laminar free-convection flow and heat 
transfer about a flat plate parallel to the direction of the generating body 
force. NACA Tech. Report No. 1111. 

Penot, F. 1981 Contribution a 1 'Etude de la convection naturelle dans less 
espaces semi-confines. Ph.D. thesis, University of Poitiers; France. 

Penot, F. 1982 Natural convection in isothermal open cavities. Num. Heat 
Transfer ~, 421-437. 

Pepper, D.W. and Harris, S.D. 1978 Numerical solution of three dimensional 
natural convection by the strongly implicit procedure. Paper No. 78-WA/HT-10, 
presented at the ASME Winter Annual Meeting, San Francisco, California. 

Pera, L. and Gebhart, B. 1973 On the stability of natural convection boun
dary layer flow over horizontal and slightly inclined surfaces. Int. J. Heat 
Mass Transfer ~, 1147-1163. 

Phillips, O.M. 1966 The dynamics of the upper ocean, Cambridge University 
Press. 

Plumb, O.A. and Kennedy, L.A. 1977 Application of a k~ turbulence model to 
natural convection from a vertical isothermal surface. J. Heat Transfer ~, 
79-85. 

Randall, K.R., Mitchell, J.W. and El-Wake, M.M. 1979 Natural convection heat 
transfer characteristics of flat plate enclosures. J. Heat Transfer 101, 
120-125. 

Rich, B.R. 1953 An investigation of heat transfer from an inclined flat 
plate in free convection. TRAS. ASME, ~, 489. 

Roache, P.J. and Muller, T.J. 1970 Numerical solutions of laminar separated 
flows. AIAA J. ~, 530-538. 

Rossiter, J.E. 1964 Wind-tunnel experiments on the flow over rectangular 
cavities at subsonic and transonic speeds. Aeronautical Research Council. 
Reports and Memoranda No. 3438. 

Rotem, Z. and Claassen, L. 1969 Natural convection above unconfined horizon
tal surfaces. J. Fluid Mech. 39, 173~192. , ---
Salcudean, M. and Abdelrehim, I. 1980 Heat transfer in turbulent recir
culatory flows affected by buoyancy forces in rectangular cavities. Chem. 
Eng. Commun. i, 249-268. 

Scadron, M.D. and Warshawsky, I. 1952 Experimental determination of time 
constants and Nusselt number for bare-wire thermocouples in high-velocity air 

122 



98 

streams and analytical approximation of conduction and radiation errors, NACA 
TN 2599. 

Schmidt, F.W. and Wang, D.F. 1982 Experimental study of turbulent natural 
convection in an enclosure. Paper No. 82-WA/HT-72, presented at the ASME 
Winter Annual Meeting, Nov. 14-19, Phoenix, Arizona. 

Sernas, V. and Kyriakides, I. 1982 Natural convection in an open cavity, 
Proceedings of the Seventh International Heat Transfer Conference, Munich, 
Fed. Rep. of Germany!, 275-280. 

Serrin, J. 1972 The Swirling Vortex. Phil. Trans. Roy. Soc. A 271 325-360. 

Siebers, D. 1979 Natural convective heat transfer from an external receiver, 
Report SAND78-8276, Sandia National Laboratories, Livermore. 

Siebers, D.L., Abrams, M. and Gallagher, R.J. 
recei ver systems, paper 79-WA/HT -38, presented 
Meeting, New York, N.Y. 

1979 Solar thermal central 
at the ASME Winter Annual 

Siebers, D.L., Moffat, R.J. and Schwind, R.G. 1983 Experimental variable 
properties natural convection from a large, vertical, flat surface. 
Proceedings of the ASME-JSME Thermal Engineering Joint Conference, Vol. 3, 
269-278, Honolulu, Hawaii. 

Tchen, C.M. 1947 Mean value and correlation problems connected with the 
motion of small particles suspended in a turbulent fluid. Ph.D. Thesis, 
Delft. 

To, W.M. 1984 Numerical investigation of strongly heated open cavity flow, 
Ph.D. Thesis, University of California. 

Tritton, D.J. 1963 Transition to turbulence in the free convection boundary 
layers on an inclined heated plate. J. Fluid Mech. li, 417-435. 

Turi, P. 1981 A laser-Doppler velocimetry system designed for two-phase 
flow. Master Report, Department of Mechanical Engineering, University of 
California, Berkeley. 

Turner, J.S. 1973 Buoyancy effects in fluids, Cambridge, University Press. 

Vest, C.M. and Arpaci, V.S. 1969 Stability of natural convection in a ver-
. tical slot. J. Fluid Mech. 1i, 1-15. 

Vliet, G.C. 1969 Natural convection local heat transfer on constant-heat
flux inclined surfaces. J. Heat Transfer ~, 511-516. 

Vliet, G.C. and Ross, D.C. 1975 Turbulent natural convection on upward and 
downward facing inclined constant heat flux surfaces. J. Heat Transfer ~, 
549-555. 

Warner, C.Y. and Arpaci, V.S. 1968 An experimental investigation of tur
bulent natural convection in air at low pressure along a vertical heated flat 
plate. Int. J. Heat Mass Transfer ll, 397. 

123 



99 

White, R.A. 1971 Some results on the heat transfer within resonant cavities 
at subsonic and supersonic Mach numbers. J. Basic Engr. 93, 537-542. 

124 



Laser Beam 

Parameters Green Blue 

Wavelength of Laser 514.5 488.0 
Beam (nm) 

Focal Length (mm) 505 505 

Expansion Ratio 1.9375 1.9375 

Beam Separation (mm) 35.65 35.65 

Beam Intersection Angle 4.04 4.04 
y, (deg.) 

Beam Half -Angl e, y /2 2.02 2.02 
(deg. ) 

Probe Volume Diameter 0.1365 0.1365 
(mm) 

Probe Volume Length 3.87 3.67 
(mm) 

Fringe Spacing (11m) 7.29 6.91 

Number of Fringes in 18 18 
Probe Volume 

Calibration Factor 7.29 6.91 
(m s-I/MHz ) 

Table 2.1 LDV optical system parameters 
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VARIABLE DETERMINED 

U. V. W 

alb a - - - T Photographs 2 2 2-u , v • w , uv 

t:. T IT 1.2 7 1.18 7 1.18 
107 0° Grco 

4.2 x 10 4.01 x 10 4.01 x 
Gr/Re2 

co 459.8 - 0.56 439.7 - 5.38 
and co and co 

t:. T IT 1.18 7 1.18 7 
0.5 20° Grco 

4x 10 4x 10 
Gr/Re2 -- 110.4 - 0.56 683.6 - 0.55 

and co and 00 

t:. TIT 1.2 
107 45° Gr

oo . 4.06 x 
Gr/Re2 -- 274 - 1.16 --

and 00 

t:. TIT 1.19 7 1.19 
107 1.19 7 

0° Gr"" 4.14 x 10 4.03 x 4.03 x 10 
Gr/Re2 

co 225.3 - 0.55 306.9 - 0.55 
and 00 and 00 

t:. TIT 1.26 7 1.26 
107 1.0 20° Groo 

4.28 x 10 4.28 x 
Gr/Re2 -- 231.9 - 0.58 324.7 - 0.58 

and 00 and 00 

11 T IT 1.19 7 1.26 
107 1.26 

107 45° Gr"" 4.2 x 10 4.27 x 4.27 x 
Gr/Ri 00 233.7 - 0.57 324.7 - 0.58 

and 00 and CD 

t:. TIT 1.24 
107 1.24 7 

0° Gr"" 4.2 x 4.2 x 10 
Gr/Re2 -- 117.4 - 0.57 718.9 - 0.57 

and 00 and CD 

t:. TIT 1.21 
107 1.21 

107 1.46 20° Gr
oo 

4.09 x 4.09 x 
Gr/Re 2 -- 701.6 - 0.58 667.7 - 0.56 

and 00 and 00 

t:. TIT 1.2 7 1.2 
107 45° Gr

co 
4.07 x 10 4.07 x 

Gr/Re2 -- 695.8 - 0.58 662.2 - 0.56 
and CD and 00 

Table 3.1 Test matrix of experimental conditions 
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a 

0° 

20° 

45° 

- y/b = - (Gr /Gr )1/3 y b 

Theoretical Value inferred Value inferred Value for 
critical value from expt. from expt. fi rst 
(Chen 8. Tszoo) (Rotem 8. Claassen) (Pera 8. Gebhart) visible plumes 

1982 1969 1973 (this study) 

0.020 0.23 - 0.28 0.35 0.23 - 0.48 

0.037 probably> 1.0 0.39 - 0.54 - (extrapolation) 

0.083 0.82 - -

Table 3.2 Instability and plume formation on bottom wall 
(Other authors pr~sent values of Gry • Our value 
of Grb = 4.2 x 10 ) 
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. • • • • 
Qa/c Qb/c Qclc Qdlc I:Qi /c 0I: 
(W/m) (W/m) (W/m) (W/m) (W/m) (W/m) 

alb = 0.5 3750 - 500 - 3510 490 230 ± 70 
ex = 0° 

alb = 1.0 4150 - 250 - 2850 - 960 90 ± 50 
ex = 0° 

alb = 1.0 2490 - 150 - 2190 20 170 ± 40 
ex = 45 ° 

Table 3.3 Heat convection across control surfaces a,b,c and d 
shown in Fig. 23. 



• . • 
a Qb/c °b/c Qb/c 

(out) (i n) (net out) (net) 

alb = 0.5 1280 780 500 ± 
<l = 0° 

alb = 1.0 1690 1440 250 ± 
a = 0° 

alb = 1.0 2150 2000 150 ± 
<l = 45° 

Table 3.4 Heat convection, in and out, across the 
aperture pl ane. (Watts/m) 

35 

29 

29 
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• • 
mb/c (O~t) mb/c (in) 

x 10 x 103 
(kg/m- s) (kg/m-s) 

alb = 0.5 3.16 2.45 
a = 00 

alb = 1.0 4.14 4.60 
a = 00 

alb = 1.0 5.27 6.10 
a = 45 0 

Table 3.5 Mass 

• 

130 

• 
mb/c (n~t) 

x 10 
a (n~t) 
x 10 

(kg/m- s) (kg/m-s) 

0.71 ± 0.13 

- 0.46 ± 0.10 

- 0.83 ± 0.10 

flux and mean densities; 
b 

-
Pout --

P"" 

0.730 

0.730 

0.736 

-- P
R
"" f (V/T) dx in the aperture plane 

o 

-
Pin -
P"" 

0.952 

0.909 

0.936 



h Nu Gr t> TIT 

(W/m2o K) 
... 

alb == 0.5 14.9 ± 1.0 54.1 ± 3.8 4.2 x 107 1.20 
ex == 00 

alb == 1.0 7.5 ± 0.9 27.2 ± 3.2 4.1 x 107 1.19 
ex == 00 

alb == 1.0 4.6 ± 0.9 16.6 ± 3.2 4.2 x 107 1.19 
ex == 45 0 

Table 3.6 Aperture-plane heat transfer coefficients 
and nusselt numbers. (The reference area for 
h is that of the aperture plane. The reference 
length in Nu is b, the height of the aperture 
plane.) 

131 



(l = 0° 

Tbac(K) 678 

h. T IT 1.19 
co 

Gr 4.03 x 10 7 

Re 190.64 

alb = 0.5 Gr/Ri 459.78 

alb 

+ 
++ 
+++ 
* 

f(Hz) 3++ 

Photos ---

Tbac(K) 678 

h. TIT co 1.19 

Gr 4.03 x 10 7 

= 1.0 Re 422.94 

Gr/Re2 225.29 

f(Hz) 5++ 

Photos ---

stroboscopic lamp 
temperature time trace at xlb = 0.87 
counting with stop watch 
wind is about to stop 

(l = 20° 

678 

1.18 

4. x 107 

362.68 

304.1 

5.5+ 

Fi gs. 39 (A-D) 

690 476 

1.26 0.46 

4.27 x 10 7 1.56 x 10 

246.83 * 

700.85 * 

4-5+++ 2-3+++ 

Fig. 40a Fi g. 40b 

Table 3.7 Experimental conditions for periodic oscillation 
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Error Type 

SYSTEMATIC RANDOM 
gi ven as percent gi ven as percent 

Error Source deviation from rO.m.s. variation 
local mean value about local mean 

value 

Thermocouple * < lOoC < 3°C positioning 

Radiation < lOoC nil effects 

Conduction nil nil losses 

Statistical 
uncertainty due to 
finite sample size. nil, except ** ± 1 to 5°C 
Estimated for samples 
of 100 measurements 

* Error limited to fairly small regions of the flow. 
** Indeterminate if flow fluctuates periodically, at an 

integer multiple of sampling frequency - a rare occurrence. 

Table 4.1 Sources and magnitudes of maximum estimates errors 
affecting temperature measurements 
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Run 

Run 1 Run 2 1</11 -</121 
Variable (</I 1 ) (</I 2) 

1</1 1 + </I 21/2 
x 100% 

U (m/s) 0.169 0.166 1.8% 

IVI (m/s) 0.091 0.099 8.4% 

W (m/s) - - -

7 (m2/s 2) 0.0085 0.0095 11.2% 

7 (m2/s2) 0.0373 0.0329 12.5% 

w2 (m2/s2) - - -

uv (m2/s2) 0.0017 0.0015 16.8% 

T (K) 365.1 362.2 0.4% 

Table 4.2 Experimental reproducibility shown as percent 
deviation between variables measured on separate 
occasions for nominally identical conditions: 
velocity and turbulent stresses were for the 
case of alb = 0.5, a = 0°, t. T /T", = 1.2, 
Gr = 4.2 x 107; temperature was for the case of 

alb = 0.5, a = 20°, t.T/T = 1.18, Gr = 4.0 x 107• 
co 



o=O-147.67mm 
b = 94.66 mm 
c = 533.4 mm 

O~o/b~ 1.56 
c/b = 5.63 

(a) 

(b) 

~ ... 
g 

Figure 1 Perspective (a) and side (b) views of the cavity test section. 
Coordinates and characteristic dimensions indicated. 
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Figure 2 Different views of cavity test section and its supporting frame. 
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Figure 2 Different views of cavity test section and its supporting frame. 
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Figure 6 Photographs of aperture plane thermocouple harness: A) full 
view; B) detail of paper-clip spring mounts and teflon spacing 
bar. 
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Figure 7 Schematic of subsonic wind-tunnel with apparatus placed in the 
stagnation chamber (roughly to scale). 
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Figure 9 Photographs of laser-Doppler velocimeter and associated 
instrumentation: A) velocimeter; B) minicomputer. 
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(b). 

'47 



32K WORDS REAL TIME 
RAM CPU 

CLOCK 

PDP 11/34 UNIBUS 
~ 

~ 1 
DR II-L TWO DR II-M TWO 

16 BIT PARALLEL 16 B IT PARALLEL 
RL 01 

~ 
INPUT OUTPUT DISC 

co INCIDENCE 
CHECK o LOGIC CONVERSION 

RL 01 

CIRCUIT DISC 14-

~~ t POWER SUPPLY FLOPPY 
l- I- I DISC r 
;:) ;:) 

cr:~ cr:Q. 
wI-w;:) 1-;:) X ® FLOPPY 

1-0 

~ 
z.J 

zO DISC 

5~ 
;:).J 

O~ 
<.>(5 <.>(5 

® --~ is LINE ri=- TABLE STEPPING PRINTER 
MOTORS .r 

@ r--"t-
.cr: ·ffi ow 

wI- 01- -- --, , 

SCOPE cr:\!: wI&. - - - -
I&.J: cr:- --------1 

u..J: en en 
L - \ 

PMT CONSOLE TERMINAL 

- --- --

GREEN BLUE 

Figure 11 Schematic showing interconnected ve10cimeter electronic compon
ents and coincidence check hardware. 

148 



(a) 

(b) 

Pressure 
Regulator 

Oil 

. . 
'. '".'" 

.' ...... .. . . ~ ....... 

' . .. . " 

ATOMIZER 

Droplets 
. to 

Test Section 

Droplets ~ 

SEEDER 

\Oil 
\~Droplets 

Di lution 
Air 

+ 

CONTAINER 

: .. . .. . ' ..... 
Seeder@ 

Droplets 
~ to 

Seeder 

Plywood 
Boord 

Figure 12 Schematics of: (a) blast atomizer; and (b) seed distributor 
relative to test section. 
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Figure 13 Shadowgraphs of the free convection flow of air in rectangular 
cavities with alb = 0.5, 1.0 and 1.46 (left to right) for three 
inclination angles a = 0°, 20° and 45°. Flow conditions: 

150 

A TIT '" 1.2, Gr or 4.2 x 107, Pr", 0.7. In all experiments the .. 
cavity aperture dimension (b) was the same. Unequal photographic 
reductions give false impression that b varied. 
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Figure 14 Cavity aperture plane temperature distributions in mixed 
convection regime for: alb = 0.5. a = 0°. AT/T = 1.19. 

GO 

Gr = 4.02 x 107, T = 298.2°K. 
GO 
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Figure 15 Cavity aperture plane temperature distributions in mixed 
convection regime for: alb = 0.5, a = 20°, t:. TIT = 1.18, 

00 

Gr = 4.0 x 107, T = 295.8°K. 
00 
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Figure 16 Cavity aperture plane temperature distributions in mixed 
convection regime for: alb = 0.5, a = 45°, II TIT." = 1.20, 

Gr = 4.06 x 107, T = 294.1°K • 
." 
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Figure 17 Cavity aperture plane temperature distributions in mixed 
convection regime for: a/b = 1.0. a = 0°. /). TIT = 1.19. 

a> 

Gr = 4.03 x 107• T = 297.8°K. 
a> 
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Figure 18 Cavity aperture plane temperature distributions in mixed 
convect ion regi me for: alb = 1.0, a = 20°, fl TIT = 1. 26. 

"" 
Gr = 4.28 x 107 , T = 293.8°K. 

"" 
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Figure 19 Cavity aperture plane temperature distributions in mixed 
convecti on regi me for: alb = 1, a = 45 0

, 6 TIT", = 1.26, 
Gr = 4.27 x 107, T = 294.1°K. 
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Figure 20 Cavity aperture-plane temperature distributions in mixed 
convection regime for: alb = 1.46, a = 00

, t, TIT"" = 1.24, 

Gr = 4.20 x 107, T = 294.2°K. 
co 
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Figure 21 Cavity aperture plane temperature distributions in mixed 
convection regime for: alb = 1.46, a = 200

, f, TIT .. = 1.21. 

Gr = 4.09 x 107 • T = 294.7°K • .. 
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Figure 22 Cavity aperture plane temperature distributions in mixed 
convection regime for: alb = 1.46, a = 45°,l>T/T"" = 1.20, 
Gr = 4.07 x 107, T = 295.3°K. 

"" 

159 



(a) ,-------, 
I I 

: (b) : 
I I 
I , 

-- __ -'- -- __ -' I'{d) , , 
, I I 
I , , 

I 1 I 
I /b ' I x _I 
I (c) I 

""''''''''-:''''''7'''7'''''''-:'''''~'''''''''''''-:''''''7'''7'''-~ - - - -' y/a 

---- LDV Measurement Planes 

Figure 23 Positions at which laser-Doppler velocimeter and turbulent 
stress components were measured. These are shown as dashed 
lines in the figure. All locations on the cavity symmetry 
plane (z/(c/2) = O. 
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(c) corresponds to alb = I, a = 45°; (d) is a composi te of the 
V-velocity profiles. 
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Figure 32 Streamlines of the mean flow in front of the cavity: 
(a) alb = 0.5, a = 0°; (b) alb = 1.0, a = 0°; 
(c) alb = 1.0, a = 45°. 
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Figure 33 Potential flow along a flat plate inclined at an angle 90 - a 
with respect to the approaching wind. 
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Fi gu re 34a Shadowgraphs of heated cavity flows with alb = 1. 0 and CL = 45 0 

for different values of Gr/Re2: Gr", 4.3 x 10 7, t:.T/T '" 1.26. 
00 

1 84 



Figure 34b Shadowgraphs of heated cavity flows with a/b = 1.46 and a = 45 0 

for different values of Gr/Re2: Gr", 4.1 x 107, AT/T '" 1.20. 
OG 
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Figure 35 Shadowgraphs of heated cavity flows with alb = 1.46 and a = 20° 
for different values of Gr/Re2: Gr = 4.1 x 107, <,>T/T '" 1.21. 

00 
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Figure 36 Shadowgraphs of heated cavity flows with alb" 1.0 and a = 20
0 

for different values of Gr/Re2: Gr" 4.3 x 107, IJ.T/T " 1.26 • 
... 
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Figure 37 Shadowgraphs of heated cavity flows with alb = 0.5 and a = 20° 

for different values of Gr/Re2: Gr= 4.0x 1Q7,t.T/T = 1.18. 
, 00 
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Figure 38 Shadowgraph of heated cavity flows with a = 0° and (from left 
to right) a/b = 0.5, 1.0 and 1.46 for different values of 

Gr/Re2: Gr", 4.1x 1Q7,t>T/T '" 1.2 (average values) • .. 
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Figure 39 Large scale, coherent, low-frequency cavity flow pulsations frozen 
by stroboscopic pulsing of the point light source. Photographs are 
for different phases of a cycle for conditions indicated in Table 
3.7. 
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Figure 40 Large scale, coherent, low-frequency cavity flow pulsations 
frozen by high speed photography. Photographs are for conditions 
indicated in Table 3.7. 
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Figure 41 Qualitative options for two-dimensional free-forced flow 
(a) No wind: Gr/Re2 = ~ (b) Weak wind: 10 < Gr/Re2 < 500 
(c) Strong wind: Gr/Re 2 < 10 • 



Figure 42 A three-dimensional interpretation of flow in the cavity for 
Gr/Re2 < 10. 
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Figure 43 Comparison between aperture plane temperature measurements 
corrected and uncorrected for radiation error. 
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Figure 44 Systematic deflection of laser beam path due to the continuous 
mean variations in the index of refraction of air. 

195 



'96 

APPENDIX A 

Wei ghted (W) and Unweighted (U) Measurements 

Turbulent Stress Components 

(W) 
pages 

l. alb = 1. 0 , Ct = 0° A-l to A-8 

2. alb = 1.0 , Ct = 45° A-19 to A-23 

3. alb = 0.5 , Ct = 0° A-29 to A-31 

U, V, W in [m/s] 
-~~ 
u,2, v' t:, I'" , U'V'" 

N is sample size 

of Velocity and 

(U) 
pages 

A-9 to A-l8 

A-24 to A-28 

A-32 to A-34 



l~ei ghted 

a/b=1.0, a. :=0 , FT'(~e C:ony(~ction (f(e=O) 

Tbot.=400.8 ± 5. 1 (C), Tb<3(~:=:39(j1. 6 ± !S. 0 (C) 

Ttop=338 • 4 ± 3.:3 (c:), T ::::'J'::; 
00 -~ 

(C) 

6T/T -1.19, Gr-4.14 E7, N - 1000 
00 

;·:/b v u 

0.9789 0.4110 0.2735 0.6386 
0.9472 0.2885 0.2326 0.4990 
0.9155 0.2010 0.1777 0.3784 
0.8838 0.1631 0.1415 0.3047 
0.8521 0.1492 0.1176 0.2759 
0.8204 0.1219 0.0970 0.2228 
0.7887 0.0657 0.0647 0.1587 
0.7570 0.0278 0.0384 0.0985 
0.7253 0.0201 0.0465 0.1059 
0.6936 0.0199 0.0403 0.0846 
0.6619 0.0004 0.0360 0.0791 
0.6303 -0.0010 0.0301 0.0742 
0.5986 -0.0156 0.0306 0.0737 
0.5669 -0.0227 0.0265 0.0581 
0.5352 -0.0390 0.0234 0.0772 
0.5035 -0.0427 0.0267 0.0926 
0.4718 -0.0510 0.0310 0.0820 
0.4401 -0.0606 0.0523 0.0939 
0.4084 -0.0569 0.0491 0.1122 
0.3767 -0.0727 0.0543 0.1081 
0.3450 -0.0678 0.0600 0.1207 
0.3133 -0.0812 0.0692 0.1563 
0.2816 -0.0911 0.0759 0.1539 
0.2499 -0.0959 0.0795 0.1730 
0.2183 -0.0970 0.0943 0.2005 
0.1866 -0.1071 0.1226 0.2756 
0.1549 -0.1277 0.1531 0.3205 
0.1232 -0.1274 0.2136 0.5616 
0.0914 -0.1470 0.2820 0.8710 
0.0634 -0.0698 0.3183 1.3477 
0.0528 -0.0285 0.3930 1.4761 
0.03170.0629 0.3665 1.5209 
0.0211 0.2082 0.3718 1.8094 

2 
I.j' )( 1 0 .::J7V'" ld 00 w 

0.0640 0.2468 0.0760 
0.0868 0.3752 0.0702 
0.0960 0.4421 0.0529 
0.1165 0.6539 0.0412 
0.1181 0.5185 0.0244 
0.1225 0.4367 0.0280 
0.0990 0.3371 0.0229 
0.0621 0.2287 0.0211 
0.0728 0.1624 0.0192 
0.0607 0.1241 0.0078 
0.0665 0.0878 0.0121 
0.0505 0.0817 0.0047 
0.0541 0.0576 0.0026 
0.0445 0.0461 0.002 
0.0529 0.0275 0.0165 
0.0612 0.0380 -0.0034 
0.0570 0.0284 0~0110 

0.0716 ·0.0107 -0.0021 
0.0602 0.0149 0.0116 
0.0661 0.0052 0.0082 
0.0751 -0.0472 0.0158 
0.0880 0.0135 0.0158 
0.0714 0.0020 0.0155 
0.08:1.9 0.0196 0.0165 
0.0868 -0.0692 0.0202 
0.1366 -0.1922 0.0225 
0.1187 -0.2131 0.0133 
o • :L 0:1. 2 '-0. :L:35::~ 
0.:1.620 "-0.1~530 
0.4076 '-0.0'746 
0.44136 0.0495 
0.4284 ·-0.0762 
0.2225 0.0579 

0.04'56 
0.03,S2 
0.0806 

0.0947 

A-I 

2 
w' ;.~:1.0 

0.409 
0.361 
0.282 
0.238 
0.134 
0.:L17 
0.:l1~~ 

0.10:3 
o • 0(;-
0.068 
0.059 
0.06 
0.048 
0.0413 
0.081 
0.064 
0.08'7 
0.05:3 
0.082 
0.0'7 
0.0613 
o • o l'3 !'5 
0.074 
0.09:1. 
0.107 
O. :L28 
O. 1. ~38 
O. :1. 9~3 
0+22<, 
0.3'713 

0.4'70 
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Weighted 

a/b=1.0, a :::0 , F1'(;!(;! COl"lvect:i(JI"I (l:;;e:::O) 

Tbot,=400.0 ± 5.1 (C) y Tbac<199. 6 ±~.'5. 0 (C) 

Ttop:::338.4 ± 3.;3 (C) y Teo :::25 (C) 

~r/T =1.19 y G1'=4.14 E7, N - 1000 co 

w/a=O.S, z/c=O.O 
2" -2 

v' x:LO v u 

0.0000 -0.0106 0.0931 0.0597 
0.0423 -0.0288 0.0944 0.0575 
0.0845 -0.0331'0.0761 0.0555 
0.1268 -0.0363 0.0859 0.0429 
0.1690 -0.0270 0.0044 0.0570 
0.2113 -0.0271 0.0934 0.0525 
0.2535 -0.0327 0.0834 0.0501 
0.2958 -0.0269 0.0748 0.0529 
0.3381 -0.0350 0.0794 0.0426 
0.3803 -0.0292 0.0829 0.0449 
0.4226 -0.0326 0.0720 0.0436 
0.4648 -0.0295 0.0485 0.0377 
0.5071 -0.0344 0.0615 0.0399 
0.5493 -0.0254 0,0507 0.0312 
0.5916 -0.0287 0.0584 0.0466 
0.6338 -0.0299 0.0546 0.0319 
0.6761 -0.0231 0.0616 0.0296 
0.7184 -0.0271 0.0709 0.0414 
0.7606 -0.0241 0.0666 0.0334 
0.8029 -0.0223 0.0598 0.0377 
0.8451 -0.0235 0.0709 0.0484 
0.8874 -0.0254 0.0767 0.0375 
0.'12'16 '-0.0199 0.0639 0.0~~75 
0.'1710 -0.0262 0.0829 0.0423 
0.99'19 -0.0188 0.0721 0.1006 
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0.0249 
0.0261 
0.0157 
0.014t1 
0.0:L29 
0.0:/.;'313 
0.0119 
() • 01 :5'.i' 
0,0:1.64 
0.0:2:52 
O,I):L<lO 
0.0098 
O. 0 :L7~5 

0.0218 
0.044"7 
0.0146 
0.0082 
0.0:L:L3 
O.OOO:L 
0.0042 
o • 00:5;3 
o + 02!:5~3 

0.0427 
0.0067 
O.OO::il3 
0.0047 

0.0146 '-(),02!3(.i' 
0.0:l:36 0, O;32:L 
O,0:J.26 "·0,014:5 
O. O:L:L 9 '-0,0107 
0.01:5'7 () ,Ol72 
0.0201 0 • 00;32 
0.0202 0 .0;326 
O.Ot74 0,():L56 
0.OL30 0.0070 
O.O:L53 '-0.0046 
O.O:L'.i':i. 0.0276 
0.04;3"7 O. :1.026 

A-2 

w 

0.0200 0.067 
0.0266 0.0727 
0.0:L95 0.059~3 
0.0216 0.0540 
0.00132 0.0400 
O.Oln 0.04:56 
0.0005 0.0440 ° . O:L 'J 1 0 • 05:L '7 
O.0:L52 0.0440 
O.O:L42 0.0413. 
0.0195 0.0506 
O.010:L 0.0406 
0.0141 0.049~.'5 

0.0647 0.0494 
0.0:1,16 0.0476 
0.02:L!3 0.0;3"76 
0.0206 0.042;3 
0.0159 0.0461 
0.0:L68 0.0404 
0.013"7 0.0481 
0.0164 0.04:5:5 
0.0:l0"70.05:513 
0.0:L'76 0.05T7 
o t 0266 0.05;31 
0.0000 O.05:L 



Weighted 

Tbot=400.B ±!S. 1 (C), Tb<3c:::<:~99. ,oS ± 5.0 (C) 

u - 2 
v~ H:LO 

0.5000 -0.01813 0.0721 0.1006 
0.4648 -0.0141 0.1162 0.1064 
0.4437 -0.0051 0.1047 0.1149 
0.4226 -0.0154 0.0925 0.0841 
0.4016 -0.0102 0.0762 0.0740 
0.3805 -0.0111 0.0899 0.0808 
0.:3594 
0.3:38:3 
0.:3172 
0.2961 
0+2:750 
0.2539 
0.2328 
0.21:lB 
0.1907 

0.0145 0.1210 0.1482 
0.0086 0.1220 0.1384 
0.0283 0.1645 0.1654 
0.0568 0.1883 0.2115 
0.1044 0.2427 0.3194 
0.0559 0.1993 0.2345 
0.0963 0.2446 0.3566 
0.1379 0.3031 0.3053 
0.1062 0.2533 0.3089 

0.1696 0.1867 0.3497 0.3495 
0.1485 0.1888 0.3477 0.4001 
0.1274 0.2126 0.3749 0.4165 
0.1063 0.2499 0.3954 0.4207 
0.0852 0.3064 0.4334 0.54138 
0.0641 0.3587 0.4618 0.6541 
0.0431 0.4142 0.4831 0.6036 
0.0220 0.4256 O. 4T7'3 0.8894 

-;::; J. ;-:10 IJ 'v' N100 

0.043'7 
0.0379 
o .049(S 
o .038~1 
0.0584 
0.04:35 
0.1177 
0.0847 
0,1279 
O.:l:l47 
0.1686 
0.1446 
0.1750 
o. :1. 5~5~5 
0,1702 
0+:1.442 
0.13113 
O.:l 1:1. 9 
() • 12!:H 
O. :LOB7 
(). ()(t::~2 
0.()616 
O.049!5 

0.1025 
0.06<1'0 
0.1600 
O. :L628 
0.1450 
0.l805 
0.6'123 
0.4820 
0.647!5 
0.74:32 
l.35l0 
O. '7572 
1.3760 
:1..1310 

:1,,1372 
1. :LB44 
0.9!599 
:L.0222 
O.i3:'597 
0.6~5:1.9 

0.4B30 
0.2097 

A-3 

w 

0.0080 0.0510 
0.0:1.73 0.0562 
0.O:L04 0.0660 
0.O:L41 0.01398 
o • 02:31 0.0903 
0.0226 0.0858 
0.02'18 0:,0934 
0.0328 0.:1.05 
o • 02'77 0 + 103 
0.046? 0.:1.40 
0.0385 0.:1.68 
0.0413 0.167 
0.0453 0.2013 
0.0!.s77 0.:1. BO 
0.05!.s9 0 + 214 
0.05134 0.247 
0.0!S:L6 0 + ;30~3 

0.07lS 0.:309 
0.0!516 0.441 
0.0996 0.443 
0.0836 0.486 
o .01303 O. !.s27 
0.0835 0.60B 

199 



, 
Weighted 

Ttop:=338.4 ± 3. :.3 ( C ), T ::=25 (C) 
co 

6T/T =1.19. Gr=4.14 F7, N - 1000 
co 

:;~I f~::=O • 0 

2" 
'1-,2",,·10 

.\ .. u 

0.0211 0.0796 0.5911 1.382Q 
0.0422 -0.0903 0.4193 0.3333 
0.0633 -0.0706 0.3221 0.2442 
0.0844 -0.0501 0.2495 0.2299 
0.1055 -0.0481 0.2008 0.1424 
0.1266 -0.0505 0.2105 0.1441 
0.1477 -0.0360 0.1378 0.1030 
0.1687 -0.0406 0.1477 0.0939 
0.1898 -0.0346 0.1300 0.0783 
0.2109 -0.03990.1334 0.0932 
0.2320 -0.0308 0.1440 0.0882 
0.2531 -0.0256 0.l.272 0,0748 
0,2742 -0.0278 0.1206 0.C853 
0.2953 -0.0302 0.1309 0.0909 
0.3164 -0.0290 0.0972 0.0609 
0.3375 -0.0227 0.1110 0.0654 
0.3585 -0.0244 0.0936 0.0648 
0.3796 -0.0238 0.0881 0.0604 
0.4007 -0.0277 0.1009 0.0612 
0.4218 -0.0247 0.1043 0.0644 
0.4429 ·-0.0321 0.0740 0.04'74 
0.4640 -0.0198 0.0867 .0.0596 
0.5000 -0.0186 0.09~L 0.0597 

200 

0.1762 0.025;·~ 

0.0492 0.()045 
0.0;348 ·-0. OJ913 
0.0;389 ·-0.000:2 
0.0276 ·-O.Ol?O 
0,0;327 (). OT50 
0.0254 O,O:L 80 
O,02T7 ·-0.O:L36 
0, 02~56 (). 0342 
O. O:!. '"19 ·-0,0004 
o. 02~3~5 
0,,02GB 
O.021J 
0.02::50 
O.O:l.T7 
0.0:1.134 
0.02:·56 
O.O:UB 
0.0207 
o • () :I. ~:::,!) 
O.O:!.T? 
0.0:1.17 
0.0249 

0.OO?4 
·-0.00 ::':-5 

O.OO!.55 
(),O:l.?5 
O,O()62 
O,()27~5 

O.O:l.8B 
0.02,S13 
0.0266 
().0024 
0,0121 
0.023B 
O.02:LB 

w 

O.:L16 
O.OB2J 
O.035G 
0.0344 
0.0:L05 
0.0:L07 
0.0239 
0.0 H:l6 
0.02HJ 
o i 0:2(')2 
0.0423 
o • 0;301 
0.02'"19 
0.02:30 
0.019:3 
0.0250 
0.015·7 
0.029B 
0.0129 
0.0340 
0.O:L75 
().Ol:35 
0.0200 

A-4 

-w·,2 y·1 0 . ~ .. 

O.6?,~ 

O. 4~3] 
O. ;309 
0.299 
O.l'Y:L 
o .~~1~3 
O. :UB 
() .2:1.7 
0.2:21 
(),20a 
0.27'1 
0.219 
O.20B 
O.:L67 
0.:1.86 
O.:L 93 
O.:L30 
O.l7? 
o o15~5 
0.:1.34 
O.14:L 
O.12:L 
0.147 



Heighted 

a/b=1.0, Ct. =0 , Free Convection (Re=O) 

Tbot=400.8 ± 5.7 (C), Tbac=403. 4 ± 4.5 (C) 

Ttop=336 • 8 ± 4.0 (C), Too =26 (C) 

6T/T =1.184, Gr=4.15 E7, N = 1000 
00 

x/b=0.95, ~/a=O.O 

z/(c/2) w u 
------- ------ ------ ------ ------ --------
0.3375 0.0211 0.1892 0.2918 
0.3187 0.0227 0.2040 0.3383 
0.3000 0.0015 0.1968 0.4302 
0.2812 0.0395 0.1872 0.3313 
0.2625 0.0316 0.1822 0.3298 
0.2437 0.0115 0.1950 0.3863 
0.2250 0.0334 0.1967 0.3307 
0.2062 -0.0010 0.1972 0.4264 
0.1875 0.0442 0.2114 0.3978 
0.1687 0.0236 0.2254 0.3986 
0.1500 0.0038 0.2156 0.3491 
0.1312 0.0453 0.2063 0.3878 
0.1125 0.0253 0.2193 0.2850 
0.0937 -0.0028 0.2063 0.4425 
0.0750 0.0248 0.2075 0.4399 
0.0562 0.0235 0.2250 0.3242 
0.0375 -0.0126 0.1813 0.4483 
0.0187 0.0384 0.2081 0.3480 
0.0000 -0.0037 0.1978 0.3600 

-0.0187 0.0198 0.2209 0.3486 
-0.0375 0.0618 0.2013 0.3285 
-0.0562 0.0665 0.2095 0.3913 
-0.0750 0.1172 0.2313 0.2785 
-0.0937 0.0916 0.2300 0.3951 
-0.1125 0.0554 0.2285 0.2924 
-0.1312 0.0647 0.2100 0.3771 
-0.1500 0.0509 0.2107 0.276-6 
-0.1687 0.0379 0.2231 0.3222 
-0.1875 0.0323 0.2064 0.3257 
-0.2062 -0.0209 0.2134 0.4833 
-0.2250 0.0373 0.2176 0.4212 
-0.2437 0.0628 0.2123 0.3255 
-0.2625 0.0905 0.2138 0.3347 
-0.2812 0.0005 0.2233 0.3904 
-0.3000 0.0468 0.2376 0.3561 
-0.3187 0.0108 0.2059 0.3686 
-0.3375 0.0195 0.2223 0.3654 

0.1059 
0.1153 
0.1517 
0.1219 
0.1218 
0.0881 
0.1 132 
0.1019 
0.1008 
0.0959 
0.0991 
0.1019 
0.0899 
0.1334 
0.1061 
0.1010 
0.1465 
0.0903 
0.1260 
0.1140 
0.1188 
0.1068 

0.1941 
0.0573 
0.2336 
0.1612 
0.1000 
0.0149 
0.1852 
0.0365 
0.0326 
0.0390 
0.1007 
0.1284 
0.0760 
0.4474 
0.0150 
0.2352 
0.4344 
0.1727 
0.0970 
0.1170 
0.2715 
0.0521 

0.0920 -0.0299 
0.1041 0.2533 
0.1024 0.0481 
0.1066 0.2202 
0.1007 0.0737 
0.1020 0.1795 
0.1080 0.1444 
0.1129 0.2117 
0.0966 0.2419 
0.1030 0.0465 
0.1277 0.1200 
0.1038 0.0753 
0.1238 0.1022 
0.1224 0.2179 
0.1164 0.1272 

A-5 
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Weighted 

a/b=1.0, (l =0 , Free Convect i on (Re=O) 

Tbot=400.8 ±5.7(C), Tbac=403.4± 4.5 (C) 

Ttop=336.8 ± 4.0 (C), T =26 (C) 
00 

~T/T~ =1.184 , Gr=4.15 E7, N = 1000 

x/b=0.90, ~/a=O.O 

z/(c/2) 

-0.3375 
-0.3187 
-0.3000 
-0.2812 
-0.2625 
-0.2437 
-0.2250 
-0.2062 
-0.1875 
-0.1687 
-0.1500 
-0.1312 
-0.1125 
-0.0937 
-0.0750 
-0.0562 
-0.0375 
-0.0187 
0.0000 
0.0187 
0.0375 
0.0562 
0.0750 
0.0937 
0.1125 
0.1312 
0.1500 
0.1687 
0.1875 
0.2062 
0.2250 
0.2437 
0.2625 
0.2812 
0.3000 
0.3187 
0.3375 

202 

w 

0.0774 
0.0183 

-0.0314 
0.0644 

-0.0095 
0.0166 
0.0188 

-0.0026 
0.0108 

-0.0457 
-0.0119 
-0.0178 
-0.0133 

0.0602 
0.0219 
0.0546 
0.0317 
0.0214 

-0.0233 
0.0256 
0.0378 
0.0124 

-0.0079 
-0.0224 

0.0093 
0.0146 

-0.0261 
-0.0110 
-0.0060 

0.0099 
-0.0075 
-0.0028 

0.0119 
0.0144 
0.0182 
0.0157 
0.0160 

u -,2 10 w x 

0.1706 0.3178 
0.1555 0.2110 
0.1672 0.3043 
0.1806 0.1972 
0.1764 0.2809 
0.1503 0.2295 
0.1671 0.2280 
0.1158 0.1917 
0.1561 0.2787 
0.1593 0.2573 
0.1366 0.2554 
0.1449 0.1982 
0.1578 0.2296 
0.1754 0.2680 
0.1741 0.2761 
O. 1770 O. 1986 
0.1508 0.2383 
0.2075 0.2716 
0.1764 0.3463 
0.15990.2811 
0.1560 0.2225 
0.1646 0.2693 
0.1581 0.3033 
0.1621 0.3t!,34 
0.1771 0.3324 
0.1689 0.2646 
0.1696 0.2614 
0.1483 0.2621 
0.1793 0.2671 
0.1467 0.1938 
0.1189 0.1977 
O. 1711 0 • 2835 
0.1646 0.3029 
0.1452 0.1920 
0.1616 0.2187 
0.1524 0.2654 
0.1460 0.3018 

2 
U' xl0 t.:i'W' x100 

0.1227 
0.1148 
0.1319 
0.1318 
0.1233 
0.1118 
0.1395 
0.0960 
0.1351 
0.1637 
0.1187 
0.1360 
0.1337 
0.1132 
0.1188 
0.1125 
0.1498 
0.1228 
0.1269 
0.1393 
0.1454 
0.1457 
0.1503 
0.1309 
0.1529 
0.1150 
0.1337 
0.1079 
0.1367 
0.1431 
0.1167 
0.1145 
0.1227 
0.1083 
0.1216 
0.1531 
0.1330 

0.0767 
0.1474 

-0.0579 
0.2098 
0.2008 
0.2196 
0.1244 
0.1043 
0.0749 
0.0265 
0.1348 
0.0566 
0.0237 
0.1476 
0.2534 
0.0701 
0.1657 
0.1441 
0.2209 
0.1147 
0.1850 

-0.0907 
0.1403 

-0.0553 
0.2250 
0.0303 
0.1318 
0.0116 
0.0843 
0.0786 

-0.1357 
0.0484 
0.1545 
0.0676 
0.1903 
0.2442 
0.2533 

A-6 



Weighted 

a/b=1.0, a =0 , Free Convect i on (Re=O) 

Tbot=400.8 ± 5.7 (C), Tbac=403. 4 ± 4.5 (C) 

Ttop=336.8 ± 4.0 ( C), T =26 (C) 
00 

~T/T =1.184, Gr=4.15 E7, N = 1000 
00 

x/b=0.25, ~/a=O.O 

z/(c/2) w u w2 x10 1],2 :<10 .:J7"WTx100 
------- ------ ------ ------ ------ --------
0.3375 -0.0031 
0.3187 -0.0111 
0.3000 0.0219 
0.2812 0.0043 
0.2625 -0.0(;;:'14 
0.2437 0.0095 
0.2250 
0.2062 
0.1875 
0.1687 
0.1500 
0.1312 
0.1125 
0.0937 
0.0750 
0.0562 
0.0375 
0.0187 
0.0000 

-0.0187 
-0.0375 
-0.0562 
-0.0750 
-0.0937 
-0.1125 
-0.1312 
-0.1500 
-0.1687 
-0.1875 
-0.2062 
-0.2250 
-0.2437 
-0.2625 
-0.2812 
-0.3000 
-0.3187 
-0.3375 

0.0258 
0.0147 
0.0011 
0.0122 
0.0252 
0.0250 
0.0079 
0.0081 
0.0199 

-0.0090 
0.0292 

-0.0012 
0.0146 
0.0242 
0.0050 
0.0126 
0.0218 
0.0044 

-0.0047 
0.0112 

-0.0059 
0.0074 
0.0060 
0.0073 
0.0048 

-0.0019 
-0.0092 
0.0006 

-0.0041 
0.0001 
0.0082 

0.0525 0.0909 
0.0387 0.0765 
0.1494 0.1506 
0.0771 0.0817 
0.0853 0.1253 
0.0572 0.0800 
0.1085 0.1118 
0.0686 0.0830 
0.0419 0.0831 
0.1066 0.1052 
0.0984 0.0915 
0.1857 0.1794 
0.0567 0.0768 
0.0752 0.0820 
0.0836 0.0897 
0.0289 0.0520 
0.0969 0.0899 
0.0654 0.0718 
0.0776 0.0933 
0.1057 0.1290 
0.07~6 0.0926 
0.0693 0.0877 
0.1106 0.1093 
0.0558 0.0616 
0.0750 0.0886 
0.0629 0.0648 
0.0443 0.0590 
0.0689 0.0815 
0.0627 0.0709 
0.1004 0.0997 
0.0975 0.1009 
0.0307 0.0607 
0.0640 0.0967 
0.0564 0.0709 
0.0936 0.1160 
0.0549 0.0763 
0.0763 0.0854 

0.0600 
0.0537 
0.1337 
0.0643 
0.0872 
0.0635 
0.0858 
0.1039 
0.0755 
0.0809 
0.0772 
0.1511 
0.0581 
0.0832 
0.0656 
0.0502 
0.0884 
0.0736 
0.0647 
0.0776 
0.1020 
0.1041 
0.0914 
0.0617 
0.0534· 
0.0721 
0.0618 
0.1013 
0.0469 
0.0970 
0.0723 
0.0649 
0.0728 
0.0717 
0.1128 
0.0659 
0.0868 

-0.0474 
0.0128 
0.0927 
0.0648 
0.1406 
0.0693 
0.0555 
0.1197 
0.0146 
0.0421 
0.0311 
0.3831 
0.0240 
0.1304 
0.0876 
0.0169 
0.1583 
0.0104 
0.1436 
0.1921 
0.0680 

-0.0003 
0.0530 

-0.0153 
0.0560 
0.0535 
0.0392 
0.1256 
0.0741 
0.1099 
0.0749 
0.0421 

-0.0011 
-0.0323 
-0.0543 

0.0100 
0.1173 

A-7 
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Weighted 

a/b=1.0, a. =0 , Free Convection (Re=O) 

Tbot=400.8 ± 5.7 ( C ), Tbac=403. 4 ± 4.5 (C) 

Ttop=336.8 ±4.0 (C), T =26 (C) 
00 

~T/Too =1.184 , 61'=4.15 E7, N = 1000 

x/b=0.10, ~/a=O.O 

z/(c/2) w u 

-0.3375 0.0081 0.2866 0.2293 
-0.3187 0.0021 0.2307 0.1748 
-0.3000 -0.0043·0.2778 0.2319 
-0.2812 -0.0036 0.2758 0.2315 
-0.2625 0.0084 0.2705 0.2319 
-0.2437 0.0437 0.3210 0.2469 
-0.2250 0.0221 0.2393 0.1822 
-0.2062 0.0067 0.3341 0.3388 
-0.1875 0.0219 0.1914 0.1281 
-0.1687 0.0071 0.2962 0.1908 
.-0.1500 0.0127 0.2242 0.1726 
-0.1312 0.0278 0.2960 0.1852 
-0.1125 0.0395 0.2805 0.1998 
-0.0937 0.0203 0.2450 0.1206 
-0.0750 0.0201 0.2620 0.2069 
-0.0562 0.0026 0.2221 0.2299 
-0.0375 0.0378 0.2831 0.2127 
-0.0187 0.0096 0.2217 0.2050 

0.0000 0.0179 0.2891 0.2168 
0.0187 0.0233 0.2592 0.2277 
0.0375 0.0245 0.1923 0.1520 
0.0562 -0.0073 0.2792 0.2290 
0.0750 0.0381 0.3132 0.2315 
0.0937 0.0110 0.1842 0.1365 
0.1125 0.0307 0.2896 0.2395 
0.1312 0.0407 0.3399 0.2787 
0.1500 0.0518 0.3013 0.2291 
0.1687 0.0641 0.2441 0.1653 
0.1875 0.0374 0.3358 0.2919 
0.2062 0.0548 0.2319 0.1899 
0.2250 0.0125 0.3126 0.2207 
0.2437 0.0272 0.2008 0.1522 
0.2625 0.0459 0.2418 0.2231 
0.2812 0.0498 0.2497 0.2473 
0.3000 0.0389 0.2717 0.2004 
0.3187 0.0546 0.2949 0.2629 
0.3375 0.0285 0.2404 0.2025 

204 

0.1180 
0.1278 
0.1164 
0.0945 
0.1337 
0.1532 
0.1324 
0.1106 
0.0981 
0.0898 
0.1777 
0.1165 
0.1455 
0.1158 
0.1124 
0.1311 
0.1194 
0.1474 

0.1015 
0.1536 
0.1456 
0.0454 
0.2316 
0.0512 
0.0525 
0.1022 
0.1141 
0.0163 
0.2008 
0.0643 
0.1850 
0.0824 
0.0932 
0.2348 
0.0136 
0.2390 

0.101.2 0.0214 
0.1068 0.0614 
0.1283 0.1181 
0.0980 0.1224 
0.1517 0.0975 
0.0750 0.0606 
0.1481 0.1282 
0.1475 -0.0253 
0.1142 0.0023 
o • 0839- -0.0266 
0.1961 0.2672 
0.1333 0.1688 
0.1136 0.1177 
0.1230 -0.0492 
0.1350 0.0937 
0.1397 -0.0710 
0.0954 0.0165 
0.1511 0.0932 
0.1101 0.1383 

A-a 



Unweiqhted 

alb=1.0, a=O , Free Convection (Re=O) 

Tbo"\",=400 .8 ± 5. 1 ( C), Tbi3C:=;3<;19. 6 ± :5.0 (t) 

Ttop=338.4 ± 3 .3 (C), T :=25 (C) 
00 

liT IT ::::1.19 , Gr::::4. 14 1::7, N:::: 1000 
00 

\:l/a:::O.O, ~"!/c:=O.O 

2" 
v u 

0.9789 0.4984 0.2850 0.6627 
0.9472 0.3632 0.2530 0.6302 
0.9155 0.2763 0.2117 0.6340 
0.8838 0.2619 0.1939 0.4537 
0.8521 0.2486 0.1716 0.4518 
0.8204 0.2172 0.1631 0.3930 
0.7887 0.1593 0.1397 0.4101 
0.7570 0.1207 0.1175 0.4009 
0.7253 0.0937 0.1215 0.3995 
0.6936 0.0879 0.1127 0.3724 
0.6619 0.0545 0.1075 0.3570 
0.6303 0.0413 0.0828 0.3487 
0.5986 0.0215 0.0884 0.3513 
0.5669 0.0033 0.0759 0.2600 
0.5352 -0.0146 0.0732 0.3403 
0.5035 -0.0246 0.0719 0.3456 
0.4718 -0.0366 0.0764 0.2735 
0.4401 -0.0542 0.1022 0.2756 
0.4084 -0.0403 0.0891 0.3089 
0.3767 -0.0684 0.0965 0.2829 
0.3450 -0.0644 0.1097 0.2738 
0.3133 -0.0750 0.1169 0.3691 
0.2816 -0.0876 0.1135 0.3317 
0.2499 -0.0975 0.1202 0.3279 
0.2183 -0.0988 0.1347 0.3362 
0.1866 -0.1193 0.1777 0.4203 
0.1549 -0.1424 0.1936 0.44~5 
0.1232 -0.1410 0.2393 0.8018 
0.0914 -0.1765 0.3090 0.9734 
0.0634 -0.1080 0.3700 2.1600 
0.0528 -0.0434 0.4500 2.5000 
0.0317 0.0819 0.4290 2.5200 
0.0211 0.2810 0.3980 2.8600 

o.oal8 
00:1.069 
0.120:) 
0.:L781 
0.1924 
0.3556 
0.2762 
0.2434 
0.280:) 
0.2641 
0.2972 
0.2366 
0.2239 
0.~~17:) 

0.2460 
0.24(Y5 
0.2461 
0.2524 
0.1766 
O.laB5 
o + 2~5:L r:5 
o +24:L~5 
O. :1,1338 
0.2023 
0.:1. 95:) 
O. :3:39:5 

0.1409 
0.1854 
0.1146 
0.2961 
0.1453 
0.0576 
0.1319 
0.4061 
0.2152 
0.1135 
0.01!51 
0.1370 
0.1'788 
0.:L 995 
0.1324 
0.0211 
0.:1314 
0.0768 
0.1195 
0.1~30~5 

--0.0564 
0. :1.20;3 
(). OB~,~~~ 
O.1!)06 

"-O.O!302 
.. -0. H07 

0.20<;16 '-0.2729 
0.:1391 '-O.l6(Y6 
0.13!)3 '-0.:I.(Y68 
0.4340 0.0158 
0.3810 0.1920 
o • 3720 '-0.3970 
0.2660 '-0.1240 

w 

0.10'70 
0.1080 
0.09:L:L 
0.08!50 
0.0'793 
0.0729 
0.0774 
0.08'71 
0.OB03 
0.0670 
0.0550 
o. 0~'546 
0.05:1:0 
o .0!50(Y 
0.0(306 
0.0428 
0.0675 
0.0356 
0.0664 
0.057'7 
0.0-1,20 
0.0605 
().OT34 
o .O!:';'?!) 
o • ()6~50 
0.059? 
0.0503 
0.0846 
0.0614 
0.1150 

O. :L430 

A-9 

0.526 
O. :'530 
0.480 
0.44D 
o • ~5'7:L 
0.295 
0.]49 
o .4!50 
0.392 
0.302 
0.265 
0.;527 
0.2'?O 
0.348 
O.38:L 
O. :336 
0.406 
O.27B 
0.3:59 
O. :3:'5:1. 
0.27::) 
0.322 
o • ;3:/. 'J 
0.282 
o. :343 
o • 30:~~ 
O.36? 
o • ~:S90 
O. :359 
0.532 

0.633 

205 



Unweighted 

a/b=1.0, ~=O, Free Convection (Re=O) 

Tbot=400.8 ±5.1 (C), Tbac:=399.6 ± 5.0 (C) 

6T/T =1.19, Gr=4.14 E7, N - 1000 
00 

\~/a::::O. 5, z/c::::O.O 
2" - 2 

y' :·:10 N/b V u 

0.0000 -0.0019 0.1143 0.1998 
0.0423 -0.0132 0.1134 0.1526 
0.0845 -0.0186 0.0904 0.1848 
0.1268 -0.0286 0.0979 0.1146 
0.1690 -0.0121 0.0955 0.1745 
0.2113 -0.0140 0.1046 0.1466 
0.2535 -0.0197 0.0927 0.1363 
0.2958 -0.0070 0.0878 0.1906 
0.3381 -0.0276 0.0929 0.1112 
0.3803 -0.0174 0.1012 0.1233 
0.4226 -0.0273 0.0854 0.1129 
0.4648 -0.0182 0.0587 0.1406 
0.5071 -0.0248 0.0787 0.1216 
0.5493 -0.0187 0.0702 0.1262 
0.5916 -0.0152 0.0700 0.1540 
0.6338 -0.0250 0.0688 0.0999 
0.6761 -0.0200 0.0761 0.0820 
0.7184 -0.0147 0.0865 0.1326 
0.7606 -0.0152 0.0875 0.1143 
0.8029 -0.0085 0.0799 0.1267 
0.8451 -0.0082 0.0872 0.1605 
0.8874 -0.0169 0.0889 0.1095 
0.9296 '-0.0106 0.079.4 0.1262 
0.9718 -0.0146 0.1003'0.1124 
0.9999 0.0099 0.1120 0.3434 

206 

- 2 --'J' Hl0 IJ'v':dOO 

0.0764 
0.0374 
0.0397 
0.0296 
0.0288 
0.0287 
0.0208 
0.027:1. 
0.02(Y7 
0.0:.365 
0.02132 
0.0219 
0.0:.369 

0.0587 
0.0547 
0.0595 

'-0.0074 
0.0479 
0.0073 

-0.0012 
0.0175 
0.0412 
0.0609 
0.0360 
0.0262 

'-0.0093 
0.0288 '-0.027"7 
0.()2()5 0.0695 
0.0231 
0.0206 
0.0280 
0.0480 
0.0392 
0.1380 
0.0227 
0.0203 
0.0327 
0.1283 

'-0.0221 
0.0095 
o .045(Y 
0.0110 
0.0738 

-0.0178 
0.0038 

'-0.0078 
0.0745 
0.2841 

w 

0.0672 
0.0621 
0.06:31 
0.0630 
0.040:L 
0.0518 
0.03!'59 
0.0560 
0.0532 
0.0473 
0.0565 
0.0504 
0.0548 
0.0367 
0.0521 
0.0526 
0.0553 
0.0564 
0.0503 
0.04(73 
0.040:3 
0.04:'54 
0.05136 
0.0661 
0.0379 

A-IO 

-2 w.l H10 

0.430 
0.263 
0.216 
0.228 
0.19:'5 
0.198 
0.187 
0.21'7 
0.208 
0.187 
0.234 
0.205 
0.222 
0.257 
0.226 
0.169 
0.183 
0.237 
0.181 
0.232 
0.20:'5 
0.207 
0.246 
0.210 
0.195 



Unwei ghted· 

alb=1.0, a=o , Free Convection (Re=O) 

Tbot=400.8± 5.1 (C), Tbac=399.6 ± 5.0 (e) 

Ttop:::338.4 ± 3.3 (C), T GO :::25 (C) 

t.T/T :=1.19, Gr:=4.14 E7, N ,- 1000 
00 

x/b=1.0, z/c=O.O 

0.:5000 
0.4648 
0.4437 
0.4226 
0.4016 
0.3805 
0.3594 
0.3383 
0.3172 
0.2961 
0.27!:50 
0.2539 
0.2J28 
0.2UB 
0.1907 
0.1696 
0.14135 
0.1274 
0.1063 
0.0852 
0.0641 
0.0431 
0.0220 

2' 
v u 

0.0099 0.1120 0.3434 
0.0037 0.1434 0.2957 
0.0212 0.1419 0.3667 
0.0108 0.1262 0.2505 
0.0170 0.1348 0.2914 
0.0141 0.1304 0.2315 
0.0781 0.2058 0.3297 
0.0507 0.1838 0.4084 
0.0796 0.2349 0.3021 
0.1175 0.2471 0.3944 
0.1841 0.3105 0.4581 
0.1221 0.2699 0.4136 
0.1769 0.3144 0.5135 
0.1976 0.3544 0.3891 
0.1796 0.3196 0.4301 
0.2432 0.3907 0.4050 
0.2519 0.3864 0.4593 
0.2651 0.4054 0.5479 
0.3019 0.4275 0.4782 
0.3515 0.4566 0.6800 
0.4074 0.4797 0.7578 
0.4512 0.4943 0.6634 
0.4702 0.4841 1.0327 

0.1283 
0.0679 
0.U24 
0.1961 
0.1504 
0.0902 
0.1906 
0.1842 
0.1 '796 
() .:l ;574 
0.16:38 
0.170:3 
0.17U 
0.16132 
o ~ :L 6!S"S 
O. U84 
0.12:37 
0.1048 
0.1090 
0.08136 
0.0845 
0.059H 
0.0541. 

0.2841 
0.2127 
O. :.38:L 7 
O. :5091 
0.6541 
0.6262 
:l. :.3146 
:L .2775 
0.9418 
1.0992 
:L. 3210 
1.297:3 
:l.3474 
:1.. :l727 
1,2167 
0.13<14'1' 
:1,.0091 
() .aT78 
0.8142 
o .6,S42 
O. :)4:3B 
O.4:L:l6 
0.2077 

w 

0.0379 
0.04B7 
0.O!5:L3 
0.0473 
0.0609 
0.0661 
0.056'1 
0.0616 
0.0607 
0.074'7 
0.0661 
0.0609 
0.OT7B 
0.08:39 
0.013137 
0.OB!50 
0.0786 
0.0977 
0.07:36 
O. :L310 
0.1160 
0.1280 
0.1.350 

A-ll 

0.19!) 
0.222 
0.210 
0.274 
0.252 
0.256 
0.214 
0.247 
0.259 
Ot295 
0.3:L:l 
o .2'17 
0.383 
o .JO:l 
0.35'7 
O. :395 
0.483 
0.429 
0.5'1:L 
0.584 
o t 65~5 
0.(304 
0.918 

207 



Unweighted 

a/b= 1.0, 0. :=0 , Free Convect i on (Re=O) 

Tbot.=400.8 ± 5. 1 ( C ), Tbac:=3!79. 6 ± 5.0 (C) 

Ttop=338.4 ± 3.3 (C), T :=25 (C) 
"" 

Af/T -1.19 , Gr=4.14 E7, N - 1000 
00 

:·(/b::::O .0, oz.l c::::O • 0 
2" 

~/a u - 2 - 2 v' xl0 u' x10 u'v'xl00 v 

0.0211 0.1231 0.6047 1.6143 
0.0422 -0.0806 0.4295 0.4333 
0.0633 -0.0599' 0.3310 0.:.3313 
0.0844 -0.0359 0.2624 0.3553 
0.1055 -0.0318 0.2121 0.2400 
0.1266 -0.0377 0.2233 0.2493 
0.1477 -0.0163 0.1526 0.2324 
0.1687 -0.0279 0.1634 0.2021 
0.1898 -0.0249 0.1978 0.2286 
0.2109 -0.0228 0.1453 0.2268 
0.2320 -0.0164 0.1581 0.1945 
0.2531 -0.0098 0.1462 0.1873 
0.2742 -0.0111 0.1352 0.2113 
0.2953 -0.0136 0.1452 0.2246 
0.3164 -0.0126 0.1117 0.1691 
0.3375 -0.0072 0.1648 0.2240 
0.3585 -0.0024 0.1127 0.1830 
0.3796 -0.0024 0.1042 0.1988 
0.4007 -0.0140 0.1140 0.1544 
0.4218 -0.0064 0.1162 0.1768 
0.4429 -0.0194 0.0905'0.1454 
0.4640 -0.0036 0.0964 0.1850 
0.5000 '-0.0019 0.1:L43 0.1'198 

208 

0.1103 0.0:L67 
0.0539 0.0003 
o • 0428 "-0.0707 
0.0624 '-0.0116 
0.0356 '-0.0414 
0.0537 0.04:B 
0.0542 0.0753 
0.04134 -0.0066 
0.04:L8 0.0605 
0.04:59 '-0.0014 
0.0460 '-0.0107 
0.0380 '-0.0076 
0.0:508 '-0.0015 
0.0493 0.0504 
0.03?.!; 0.0130 
0.0427 '-0. 0(M2 
0.1608 0.0452 
0.0407 0.0604 
0.0625 0.0568 
o • 0:345 0 • 0073 
0.0:::i94 '-0.0057 
O. 02~32 0.0:530 
0.0764 0.0587 

w 

0.157 
O.:LO!3 
0.0:5135 
0.0646 
0.0321 
0.0417 
0.0489 
0.0571 
0.05133 
0.0608 
0.01326 
0.0807 
0.0756 
0.0686 
0.06:33 
0.0640 
0.0:515 
0.0766 
0.0536 
0.0789 
0.0634 
0.0528 
0.0672 

A-12 

W'~ :dO 

0.1366 
0.5'79 
0.464 
0.48:5 
O. :327 
0.398 
0.:350 
0.45'7 
0.471 
0.488 
0.622 
O. :577 
0.4'79 
0.4,S9 
0.452 
0.4'78 
0.359 
0.4:34 
0.432 
0.354 
O. :382 
0.330 
0.430 



Unweighted 

a/b=1.0, 0=0 , Free Convection (Re=O) 

Tbot=400.8 ± 5.7 (C), Tbac=403.4 ± 4.5 (C) 

T.top=336.8 ± 4.0 (C), T =26 (C) 
00 

~T/T =1.184, Gr=4.15 E7, N = 1000 
00 

x/b=0.95, ~/a=O.O 

z/(c/2) w u w.2 Kl0 1j'2. xl0 IJ'w'xl00 
------- ------ ------ ------ ------ --------
0.3375 
0.3187 
0.3000 
0.2812 
0.2625 
0.2437 
0.2250 
0.2062 
0.1875 
0.1687 
0.1500 
0.1312 
0.1125 
0.0937 
0.0750 
0.0562 
0.0375 
0.0187 
0.0000 

-0.0187 
-0.0375 
-0.0562 
-0.0750 
-0.0937 
-0.1125 
-0.1312 
-0.1500 
-0.1687 
-0.1875 
-0.2062 
-0.2250 
-0.2437 
-0.2625 
-0.2812 
-0.3000 
-0.3187 
-0.3375 

0.0436 0.2280 0.5002 
0.0425 0.2417 0.5734 
0.0168 0.2384 0.7072 
0.0683 0.2323 0.5991 
0.0542 0.2256 0.6139 
0.0244 0.2209 0.5979 
0.0594 0.2341 0.5484 
0.0129 0.2264 0.6920 
0.0621 0.2385 0.5587 
0.0377 0.2520 0.5844 
0.0218 0.2466 0.5592 
0.0694 0.2356 0.5961 
0.0447 0.2489 0.4596 
0.0151 0.2430 0.7144 
0.0585 0.2359 0.6685 
0.0444 0.2563 0.4913 

-0.0077 0.2226 0.7674 
0.0656 0.2381 0.5596 
0.0082 0.2404 0.5918 
0.0322 0.2531 0.5271 
0.1040 0.2~64 0.5460 
0.0913 0.2367 0.5883 
0.1511 0.2568 0.4019 
0.1292 0.2599 0.5606 
0.0786 0.2622 0.4610 
0.1095 0.2433 0.5882 
0.0708 0.2464 0.4820 
0.0656 0.2569 0.5330 
0.0499 0.2423 0.5224 

-0.0136 0.2414 0.7448 
0.0654 0.2462 0.6472 
0.0910 0.2411 0.4769 
0.1259 0.2508 0.4810 
0.0072 0.2536 0.6413 
0.0694 0.2743 0.5249 
0.0366 0.2430 0.6000 
0.0290 0.2583 0.5602 

0.1523 
0.1807 
0.1931 
0.1642 
0.1972 
0.1231 
0.2023 
0.1434 
0.1533 
0.1325 
0.1508 
0.1436 
0.1305 
0.1747 
0.1632 
0.1477 
0.2022 
0.1282 
0.1873 
0.1887 
0.1564 
0.1580 
0.1435 
0.1509 
0.1496 
0.1636 
0.1637 
0.1623 
0.1624 
0.1864 
0.1515 
0.1554 
0.1876 
0.1543 
0.1689 
0.2022 
0.1826 

0.2844 
0.1093 
0.3585 
0.1138 
0.1510 
0.1158 
0.2275 
0.0347 

-0.0439 
0.0122 
0.1561 
0.1866 

-0.0387 
0.7623 

-0.0307 
0.2623 
0.7664 
0.1668 
0.0619 
0.1461 
0.2774 

-0.0104 
-0.1014 

0.2456 
0.0560 
0.1559 
0.0073 
0.1818 
0.1850 
0.2986 
0.2210 
0.0028 

-0.0089 
0.2293 
0.0407 
0.2634 
0.0981 

A-13 
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Unweighted 

a/b=I.0, a=O , Free Convection (Re=O) 

Tbot=400.8 ± 5.7 (C >, Tbac=403. 4 ± 4.5 (C > 

Ttop=336.8 ± 4.0 (C >, Too =26 (C) 

6T I Too =1.184 , Gr=4.15 E7, N = 1000 

x/b=0.90, ~/a=O.O 

z/(c/2) 

-0.3375 
-0.3187 
-0.3000 
-0.2812 
-0.2625 
-0.2437 
-0.2250 
-0.2062 
-0.1875 
-0.1687 
-0.1500 
-0.1312 
-0.1125 
-0.0937 
-0.0750 
-0.0562 
-0.0375 
-0.0187 
0.0000 
0.0187 
0.0375 
0.0562 
0.0750 
0.0937 
0.1125 
0.1312 
0.1500 
0.1687 
0.1875 
0.2062 
0.2250 
0.2437 
0.2625 
0.2812 
0.3000 
0.3187 
0.3375 

210 

w u -J. - 2 --w xl0 u' xl0 u'w'xl00 

0.1254 0.2125 0.4991 
0.0455 0.2111 0.4353 

-0.0320 0.2118 0.5569 
0.1043 0.2354 0.3768 
0.0096 0.2231 0.4947 
0.0517 0~1992 0.4479 
0.0481 0.2317 0.4609 
0.0127 0.1678 0.4605 
0.033~ 0.2158 0.5730 

-0.0557 0.2204 0.4641 
0.0010 0.1890 0.5259 

-0.0058 0.2121 0.4095 
-0.0000 0.2182 0.4628 

0.1052 0.2165 0.4526 
0.0529 0.2219 0.5074 
0.0871 0.2212 0.3712 
0.0585 0.2134 0.4584 
0.0466 0.2490 0.4329 

-0.0147 0.2183 0.5799 
0.0513 0.2158 0.4926 
0.0759 0.2271 0.4580 
0.0207 0.2255.0.5390 
0.0122 0.2179 0.6084 

-0.0183 0.2115 0.5986 
0.0279 0.2269 0.5527 
0.0504 0.2131 0.4820 

-0.0128 0.2266 0.5054 
-0.0043 0.1945 0.5123 

0.0145 0.2286 0.4735 
0.0296 0.2146 0.3809 

-0.0048 0.1869 0.4800 
0.0167 0.2170 0.5126 
0.0360 0.2083 0.5099 
0.0376 0.1981 0.3846 
0.0486 0.2123 0.3907 
0.0413 0.2087 0.5252 
0.0358 0.1935 0.5303 

0.1881 -0.1914 
0.1945 0.1785 
0.2117 -0.0120 
0.2156 0.1611 
0.1786 0.3380 
0.2037 
0.2186 
0.2114 
0.2532 
0.2682 
0.2223 
0.2175 
0.1943 
0.1865 
0.1770 
0.1676 
0.2229 
0.1997 
0.2029 
0.2084 
0.2241 
0.2233 
0.2343 
0.1813 
0.2069 
0.2042 
0.2329 
0.1975 
0.2045 
0.2652 
0.2330 
0.1844 
0.2139 
0.2246 
0.2082 
0.2373 
0.2074 

0.2033 
0.0344 
0.1937 

-0.0265 
0.3239 
0.0778 
0.0939 

-0.0059 
0.2557 
0.3182 . 

-0.0923 
0.1827 
0.1322 
0.3931 
0.1068 
0.0219 

-0.1419 
0.0894 
0.0109 
0.3344 

-0.1220 
0.1981 
0.1174 
0.2231 
0.0245 

-0.2347 
0.0209 
0.0494 
0.1294 
0.2440 
0.2219 
0.3048 
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Unweighted 

a/b=1.0, a=O , Free Convection (Re=O) 

Tbot=400.8 ± 5.7 (C), Tbac=403. 4 ± 4.5 (C) 

Ttop=336 • 8 ± 4.0 (C), T =26 (C) 
00 

~T/Too =1.184 , Gr=4.15 E7, N = 1000 

x/b=0.25, w/a=O.O 

z/(c/2) 

0.3375 
0.3187 
0.3000 
0.2812 
0.2625 
0.2437 
0.2250 
0.2062 
0.1875 
0.1687 
0.1500 
0.1312 
0.1125 
0.0937 
0.0750 
0.0562 
0.0375 
0.0187 
0.0000 

-0.0187 
-0.0375 
-0.0562 
-0.0750 
-0.0937 
-0.1125 
-0.1312 
-0.1500 
-0.1687 
-0.1875 
-0.2062 
-0.2250 
-0.2437 
-0.2625 
-0.2812 
-0.3000 
-0.3187 
-0.3375 

w 

0.0182 
0.0176 
0.0556 
0.0361 
0.0433 
0.0393 
0.0578 
0.0584 
0.0325 
0.0413 
0.0535 
0.0603 
0.0369 
0.0520 
0.0576 
0.0135 
0.0715 
0.0240 
0.0663 
0.0745 
0.0441 
0.0446 
0.0609 
0.0340 
0.0361 
0.0433 
0.0253 
0.0546 
0.0461 
0.0387 
0.0383 
0.0368 
0.0141 
0.0288 
0.0225 
0.0323 
0.0554 

u 

0.1187 
0.1003 
0.2247 
0.1366 
0.1531 
0.1158 
0.1699 
0.1653 
0.1170 
0.1578 
0.1586 
0.2536 
0.1219 
0.1477 
0.1424 
0.0984 
0.1655 
0.1458 
0.1393 
0.1605 
0.1720 
0.1657 
0.1777 
0.1295 
0.1266 
0.1334 
0.1247 
0.1699 
0.1137 
0.1710 
0.1547 
0.1118 
0.1312 
0.1401 
0.1809 
0.1264 
0.1523 

-J. - 2 -w x10 u' x10 u'w'x100 

0.4420 
0.3800 
0.3881 
0.3599 
0.4299 
0.3428 
0.3398 
0.380':> 
0.3732 
0.3003 
0.3101 
0.3865 
0.3408 
0.3050 
0.3218 
0.3051 
0.2715 
0.3676 
0.3559 
0.3967 
".4602 
0.3707 
0.3792 
0.3101 
0.3444 
0.2261 
0.3354 
0.3445 
0.3175 
0.3108 

3183 
0.3665 
0.3991 
0.3475 
0.4278 
0.3569 
0.314EJ 

0.2214 
0.2594 
0.2396 
0.2586 
0.2143 
0.2220 
0.1979 
0.3016 
0.2547 
0.2232 
0.2476 
0.2147 
0.1987 
0.2263 
0.2037 
0.2841 
0.2418 
0.2589 
0.2157 
0.2112 
0.2978 
0.2465 
0.1997 
0.2460 
0.1966 
0.1929 
0.2405 
0.4371 
0.1893 
0.2478 
0.1887 
0.2994 
0.2291 
0.2506 
0.2737 
0.2636 
0.2692 

-0.2756 
-0.044.4 
-0.1072 

0.2414 
0.0804 
0.1659 
0.0675 

-0.0815 
-0.1973 
0.0036 
0.0147 
0.4376 
0.0535 
0.0820 
0.0736 
0.<)270 

-0.0196 
-0.0388 
0.2271 
0.2501 
0.0215 

-0.1398 
0.0126 

-0.0851 
0.0911 

-0.0144 
0.1831 
0.1152 
0.1176 
0.0863 
0.0464 
0.1185 

-0.0585 
-0.1386 
-0.2980 
-0.0331 

0.0136 

A-I5 
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Unweighted 

a/b=1.0, ~=O , Free Convection (Re=O) 

Tbot=400 • 8 ± 5.7 ( C ), Tbac=403. 4 ± 4.5 (C) 

Ttop=336 • 8 ± 4.0 (C), T =26 (C) 
ex> 

~r/T =1.184, Gr=4.1S E7, N = 1000 
ex> 

x/b=O.10, ~/a=O.O 

z/(c/2) 

-0.3375 
-0.3187 
-0.3000 
-0.2812 
-0.2625 
-0.2437 
-0.2250 
-0.2062 
-0.1875 
-0.1687 
-0.1500 
-0.1312 
-0.1125 
-0.0937 
-0.0750 
-0.0562 
-0.0375 
-0.0187 

0.0000 
0.0187 
0.0375 
0.0562 
0.0750 
0.0937 
0.1125 
0.1312 
0.1500 
0.1687 
0.1875 
0.2062 
0.2250 
0.2437 
0.2625 
0.2812 
0.3000 
0.3187 
0.3375 
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w 

0.0305 
0.0280 
0.0197 
0.0156 
0.0367 
0.0711 
0.0478 
0.0329 
0.0514 
0.0222 
0.0389 
0.0511 
0.0670 
0.0339 
0.0453 
0.0344 
0.0627 
0.0464 
0.0367 
0.0433 
0.0536 
0.0113 
0.0617 
0.0352 
0.0580 
0.0573 
0.0684 
0.0885 
0.0690 
0.0883 
0.0352 
0.0460 
0.0751 
0.0747 
0.0611 
0.0801 
0.0530 

u 

0.3222 
0.2782 
0.3110 
0.3059 
0.3134 
0.3634 
0.2873 
0.3596 
0.2382 
0.3226 
0.2905 
0.3320 
0.3283 
0.2891 
0.2986 
0.2718 
0.3194 
0.2817 
0.3202 
0.2931 
0.2519 
0.3"071 
0.3576 
0.2189 
0.3343 
0.3751 
0.3351 
0.2741 
0.3902 
0.2808 
0.3439 
0.2547 
0.2923 
0.2964 
0.3016 
0.3358 
0.2777 

~ -2 --~ xl0 w' xl0 w'w'xl00 

0.3646 
0.3481 
0.3865 
0.3870 
0.4416 
0.4213 
0.3325 
0.5537 
0.2921 
0.3023 
0.3253 
0.3086 
0.3706 
0.2326 
0.3775 
0.4450 
0.3624 
0.4294 
0.3621 
0.4062 
0.3522 
0.3861 
0.4093 
0.2849 
0.4104 
0.4553 
0.4101 
0.3052 
0.4900 
0.3812 
0.3577 
0.3135 
0.4338 
0.5172 
0.3826 
0.4538 
0.3334 

0.1458 
0.1760 
0.1488 
0.1152 
0.1809 
0.1688 
0.1819 
0.1318 
0.1771 
0.1149 
0.2450 
0.1280 
0.1612 
0.1601 
0.1652 
0.2193 
0.1519 
0.2056 
0.1303 
0.1394 
0.1985 
0.1254 
0.1384 
0.1326 
0.1601 
0.1480 
0.1437 
0.1161 
0.1793 
0.1734 
0.1209 
0.2136 
0.1795 
0.1590 
0.1347 
0.1717 
0.1410 

0.0653 
0.1330 
0.0848 

-0.0061 
0.2641 
0.0367 

-0.0755 
0.0531 
0.1155 

-0.0276 
0.2080 

-0.0223 
0.2242 
0.0873 
0.0655 
0.2523 

-0.0157 
0.2487 

-0.0523 
0.0551 
0.1346 
0.1062 
0.1749 
0.0572 
0.0328 

-0.0384 
-0.0323 
-0.0371 

0.1664 
0.1417 
0.1067 

-0.1306 
0.0041 

-0.2305 
-0.0120 

0.2026 
-0.0008 

A-16 



A-I? 

Unweighted 

'3/b=1. 0, a=O , Fr •• Convection (Re~O) 

Tbot,::3'78.2 ± 5.2 (C), Tbac::::402. '7 ± 2.2 (C) 

'ftop:::339.1 ± 1 .9 (C), T :=26 (C) 
00 

lir/Too :::1.184 , Gr:::4.1 1::7, N::: 500 

~;I .;s:::"·O • 5 , :<:/0::::::0.0 
2" -J. 

H/b V v N:LO 
.... -- ..... _.- .... .. ....... _._.-.- ......... -._._.-

O.02:L:L 0.U67 o. ;:B1::~ 
0.0317 0.1259 o. :3972 
0.0423 0.0728 0.3951 
0.0:528 o • ()~,)57 0.3702 
0.06:.34 0.031:3 0.;3864 
0.0845 '-0.0126 0.4097 
o .10~36 "·0.0604 0.4490 
0.1:37:3 '-0.1123 0.4344 
0.16!10 '-0.2087 O. :3271 
0,2007 '·0. :1.894 0.:3250 
0.2324 ···0; 2066 0.2978 
0.2641 ,··0.20:5'7 o. :34:):.3 
O.2'1'!S8 --0 + 20~5'7 o • 2!y f;J;3 
o .32'?!,',) '-0.:1. 786 0.244:) 
0.3592 '-0. :I. :53:[ 0.2643 
0.3909 -0. :L 709 0.224;3 
0.4226 '-0.1487 0.1802 
0.4543 "·0.1270 0.3576 
0.4859 "·0.10:1.7 0.2708 
0.~3176 '-0.0495 0.3312 
0.5493 "·0,0593 0.:3434 
0.5810 '-0.0287 0.2658 
0.6:L27 0.0086 '0.3211 
0.6444 0.0276 O~2825 
0.6761 0.0766 0.3035 
0.7078 0.1371 0.4094 
0.7395 0.1363 0.3511 
0.7712 0.1847 0.:3176 
0.8029 0.2221 0.3430 
0.8346 0.2541 0.3059 
0.8451 0.2183 0.2319 
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A-I8 

Unweighted 

a/b:::1.0, a=o y Free Convection (Re=O) 

Ttop=339. 1 ± 1 .9 ( C ), 'b :::26 ( C ) 

tJ/T :::1.184 , 0"(""=4.1 1::"7 , N .- ~SOO 
co 

)·:/b·'O. 5. :;:/ c::::O, 0 
2" - 2 

'::1/3 U 1..1' >:10 
.-.-.---- '-'-'-'-'-'- ._._._._._.-

'-0.9577 0, T.3:3 3. 0.0863 
--0.94"72 0.3454 0.1242 
--0.9:-566 O.31:l:L 0.:1.3'70 
--0. 'r26:L o t292~5 0.1'7"74 
-O,9:1.~5~5 0,240:3 0.:1.'743 
--0.9049 0.2275 0.1806 
--0.8944 0.2164 0.191.7 
"-0.8838 0.1flf:)2 0.2384 
--0.8732 0.2100 0.2561 
--0, 8~~2"7 0.1920 0.2189 
--0.8310 0.:1. 793 -0 .259~5 
--0. '799:3 0.:1. "729 0.2501 
"-0+ '76?6 o • :I. ~32iS 0.2589 
--0 • l:3~59 0.1;;")'74 0.2'749 
--0.7042 O. L3'l2 0.28"79 
·-0 t .;;>/25 O. :L32!5 0.2663 
--0.6400 0.09:39 0.241.8 
-0.6091 0.09'75 0.2408 
--0.57'74 0.07'77 0.2340 
--0 ~ !54~:5,? 0,0809 0.206'7 
--0.!5 1A :1. 0,0610 0.1 '74'7 
"-0.4824 0.0541 0.:1.'717 
--0,450'7 0.0392 '0.1742 
--0.4190 0.0558 0.2226 
--0.38'73 0.02'75 0.1434 
--0.3556 0.0302 o • :L 5:3"7 
--0.3239 0.0406 0.:1.'742 
-0.2922 0.04'7"7 0.218'7 
-0.2605 0.0421 O. :1.863 
-0.2288 0.0821 0.25'74 
--0.1971 0.0558 0.1803 
-0.1654 0.0591 0.1369 
--0.1337 0.06'79 0.1'782 
--0.1020 0.0384 0.0'7~51 
-0.0'704 0.0582 0 • .1382 
-0.038'7 0.0920 0.1301 
--0.0232 0.0952 0.1202 
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A-19 

Weighted 

alb=1.0, (l =45 , Free Convect:i.on (l;:e:=O) 

Tbot;:397 • 8 ± 6.6 (C), Tb'3c:=40:L. 1 ± 5.0 ( C ) 

n,op=337.7 ± 4. l (C), T :=24 ( C ) 
00 

DoT IT =1.19 , Gr:=4.2 1::7, N·- lOOO 
00 

\:11 iil:=O .0, ::;:1 c::::O • 0 

Nib 

0.9"789 
O.96B3 
0.''Y4'72 
0.9155 
0.B838 
0.8522 
0.8205 
0.'7888 
0.'75'71 
0.'7254 
0.69:38 
0.6621 
0.6304 

! 
V 2 ):1.0 v u 

0.3560 0.25000.14'70 
0.3017 0.2305 0.0692 
0.2613 0.2244 0.0498 
0.2284 0.2155 0.0518 
0.2001 0.2009 0.0524 
0.1651 0.1810 0.0679 
0.1437 0.1639 0.0660 
0.1234 0.1371 0.0661 
0.1178 0.1284 0.0815 
0.0951 0.1112 0.0647 
0.0811 0.1030 0.0638 
0.0774 0.0987 0.0991 
0.0'718 0.0862 0.1078 

0.598'7 0.0564 0.0835 0.0859 
0.56'70 0.0364 0.0776 0.0698 
0.5354 0.0290 0.0693 0.0484 
0.5037 0.0152 0.0709 0.0493 
0.4720 0.0111 0.0734 0.0502 
0.4403 -0.0019 0.0786 0.0562 
0.4086 -0.0145 0.0831 0.0556 
0.3767 -0.0330 0.0945 0.0585 
0.3450 -0.0473 0.0982 0.0858 
0.3134 -0.0534 0.1064 0.0886 
0.2817 -0.0902 0.0936 0.0257 
0.2500 -0.0785 0.090'7 0.0698 
0.2183 -0.1087 0.0935 0.0359 
0.1867 -0.1279 0.1003 0.0407 
0.1550 -0.1652 0.13'70 0.0592 
0.1233 -0.2058 0.1659 0.0760 
0.0916 -0.2637 0.2285 0.0938 
0.0599 -0.3549 0.3429 0.0884 
0.0281'-0.3233 0.4623 0.1627 

w 

0.0246 -0.0455 -0.0302 0.0448 
0.02620.0:l36 
0.0333 0.0295 -0.0203 0.0544 
0.039'7 0.0174 -0.014'7 0.0669 
0.0396 0.0317 -0.0096 0.0763 
0.0475 0.0378 -0.0025 0.0657 
0.0461 0.0507 -0.0005 0.0731 
0.0269 0.0638 0.0027 0.0699 
0.0279 
0.0319 
0.0318 
0.02'71 
0.0228 
0.0200 

0.0650 0.0059 0.0732 
0.0588 0.0014 0.0847 
0.0514 0.0032 0.0819 
0.0503 0.0057 0.0697 
0.0561 0.0088 0.0857 
0.0265 -0.0008 0.0711 

o .01B8 O. 03!'.)!'.) 
0.0221 O. O:LOO 
0.0228 '-0.0319 
o • 02'71 '-0.05130 
0.028'7 .. ·0.0:344 
0.02'70 '-0.052'7 
o • 0293 '-0.0383 
0.02'72 '-0.0428 
0.02!54 ·-0.0:546 
O.0:26:l '-0.0924 
0.0:293 "·0, 06B;3 
0.0:2'12 -O.:l 0',4 

O.00!58 0.0873 
--O.OO<fl 0.0742 
-O.OO'?8 O.0'?3:l 
··0 .. 0121 0. OaT7 
'-0.0146 0,0840 
·-O.0:l37 0.0133:3 
'-0.00'73 O. OB94 

0.000'7 0.0898 
-·0.00!39 0.:l:l6 
"·0.0049 0.09<f4 
"·0.0057 0,119 
'-0.0001 0.:L2!3 

0.0:2613 -0.1089 -0.009 0.0692 
0.0401 -0.1631 -0.0152 0,0533 
0.0352 -0.1630 -0.0335 0.0465 
0.0614 -0.1947 -0.0165 0.0803 
o .0630 ·-0. 1 09~3 
0.0830 0.0426 
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A-20 

l~e;ghted 

a/b=1.0, a=45 , Free Convection (Re=O) 

Ttop=337 • '7 ± 4. 1 ( C), T ::=24 (C) 
co 

6T/T -1.19 , Gr=4.2 E7, N - 1000 
00 

z/c::::O .0 
2" -2 

v' ;-:1 0 u 

0.0000 '-0.0303 0.1358 0.0128 
0.0281 -0.0309 0.1535 0.0409 
0.0598 '-0.03'71 0.1525 0.0723 
0.0915 -0.0361 0.1421 0.0751 
0.1231 -0.0351 0.1362 0.0551 
0.1548 -0.03'74 0.1386 0.0467 
0.1865 -0.0360 0.1208 0.0614 
0.2182 -0.0290 0.1227 0.0491 
0.2499 -0.0265 0.1098 0.0444 
0.2815 -0.0244 0.1030 0.0453 
0.3132 -0.0186 0.112'7 0.0549 
0.3449 -0.0216 0.1147 0.0441 
0.3766 -0.0169 0.1098 0.0404 
0.4083 -0.0092 0.1166 0.0569 
0.4399 -0.0059 0.1160 0.0425 
0.4716-0.0022 0.1064 0.0342 
0.5033 -0.0016 0.0833 0.0353 
0.5350 0.0001 0.0943 0.02'74 
0.566'7 0.00'73 0.0955 0.0277 
0.5983 0.0084 0.0950 0.0341 
0.6300 0.0210 0.1018 0.0441 
O. 66:L 9 
o • ,S'1:36 
0.7253 
0.75'70 
0.'788'7 
0.8203 
0.8520 
0.8837 
0.9154 
0.9471 
0.9787 
1.0000 

216 

0.0239 0.1161 0,0431 
0.0249 0.1219 0.0382 
0.0285 0.10'7 0.03'71 
0.0368 0.128'7 0.0453 
0.0351 0.1454 0.0402 
0.0343 0.1391 0.0331 
0.0408 0.1433 0.0432 
0.0285 0.1390 0.0489 
0.0362 0.1608 0.0430 
0.0416 0.1608 0.04'70 
0.0298 0.1692 0.0552 
0.0306 0.1754 0.0521 

-2 -
I.J' )-(10 I.J' V ';·(100 

0.()305 ·-O.0:L66 ""0.0264 0.03'73 
0.0342 -0.0404 0.0152 0.0492 
0.0208 -0.0021 -0.0028 0.0570 
0.0358 0.0364 0.0064 0.0559 
0.032'7 0.03'77 '-0.0013 0.0668 
0.0241 0.0139 0.0008 0.0677 
0.0260 0.0035 -0.0140 0.0585 
0.0286 -0.0169 -0.0161 0.0661 
0.0267 -0.0211 '-0.0208 0.0658 
0.0216 0.0000-0.014'1 0.104 
0.0241 -0.0006 -0.0207 0.103 
0.0296 -0.0027 -0.0019 0.0939 
0.026'7 0.0048 -0.0016 0.0918 
0,0232 0.0155 -0.0081 0.0792 
0.0298 0.0034 -0.0375 0.0836 
0.0241 0.0095 -0.0203 0.0946 
0.0247 0.00'71 "'()rOOj34 0.0'926 
0,0217 -0.0080 -0.0008 0.120 
0.0210 -0.0051 -0.0071 0.0844 
0.0209 0.0158 -0.0160 0.114 
0.0236 0.0191 -0.0071 0.0882 
0.0247 0.0402 -0.0179 0.0883 
0.0193 -0.0120 -0.0180 0.110 
0.0185 0.0103 0.0008 0.106 
0.0248 0.0391 -0.0167 0.0'702 
0.0216 0.0084 -0.01'18 0.125 
0.0203 0.0216 -0.0095 0.0849 
0.024'7 0.0196 -0.0237 0.0988 
0.0351 0,06'72 -0.0105 0.093'7 
0.0315 0.0375 0.0056 0,116 
0.0314 0.0'705 0.0052 0.0865 
0.0345 0.0518 -0.0043 0.0874 
0.0248 0.0338 -0.001'7 0.103 



A-21 

Weighted 

a/b=1.0, ~=45 , Free Convection (Re~O) 

Tbo-c=397.6 ± 6.7 (C), Tbac'=397. 1 ± 9.:3 (C) 

Tt w'-' '-=:.334 • 9 ±5. 5 (C), T '=24 (C) 
00 

~r/T =1.186, Gr=4.2 E7, N = 500 
00 

~~/ a:=···O. ~5, :z/c::::O.O 
2" -2 

;·:lb V v I' N:tO 
.-~-.-.-.- "-'-'-"~""'-

.. _._._._._.-

0.0493 0.0161 1 .6:393 
0.0598 ·-0.1411 0.7848 
0.0703 ·-0.1817 0.3<?91 
0.091!'5 ·-0.1363 0.2319 
O.:l126 ·-0.0946 0.:l687 
0.133G ·-0.069'7 0.0876 
0.1655 -0.0429 0.09·73 
0.1972 ·-0.0207 0.0:327 
0.228G ·-0.0067 0.0628 
0, ;:2605 ·-0.0045 0.0688 
0.:2922 0,()141 0.0497 
0.32:39 0.0155 0.0!'584 
O. 35~55 0,0:1.55 0.0635 
0.3872 0.O15!5 O. 068~5 
0.4189 O,02B4 0.0745 
0.4506 0.0458 0.0651 
0.4823 0.0420 0.0526 
0.5139 0.0601 0.0513 
0.5456 0.0561 0.0565 
o .~5773 0.0641 0.0745 
0.6091 0,0599 0.0681 
0.6408 0,0'731 '0.0738 
0.6'725 0.0560 0.0729 
0.7042 0.0672 0.0601 
o • '73!'58 0.0863 0.0786 
0.7675 0.0742 0.0855 
0.7992 0.1013 0.0920 
0.8309 0.0947 0.0908 
0.8626 0.1289 0.0840 
0.8942 0.1368 0.0870 
0.9155 0.1415 0.1319 
0.9260 0.1187 0.1315 
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A-22 

Weighted 

a/b=1.0, U=45 , Frse Convection (Re~O) 

Tbo-t=39'7.8 ±6.6 (C), Tbac::::40:l .• :L ± 5.0 (C) 

Tto?=33'7 • '7 ± 4. 1 ( C ), T ::::24 (C) 
00 

6T/T ~1.19, Gr=4.2 E7, N - 1000 
00 

2/C:::0 .0 
'2 

'::l/a V u 

0.0211 -0.1356 0.5436 0.0646 
0.0423 -0.1190 0.3827 0.0398 
0.0635 -0.0963 0.3217 0.0330 
0.0846 -0.0810 0.2778 0.0379 
0.1058 -0.0727 0.2280 0.0238 
0.1269 -0.0632 0.2062 0.0139 
0.1481 -0.0581 0.2056 0.0215 
0.1692 -0.0522 0.1951 0.0155 
0.1904 -0.0439 0.1790 0.0234 
0.2116 -0.0483 0.1812 0.0143 
0.2327 -0.037l 0.1645 0.0194 
0.2500 -0.0303 0.1358 0.0128 

)·:lb:=1.0, :<:/0::::::0.0 

0.2500 
0.2324 
0.21:L2 
0.1901 
0.1689 
0.1478 
0.1266 
0.1054 
0.0843 
0.0631 
0.0420 
0.0208 
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v u 

0.0306 0.1754 0.0521 
0.0397 0.1944 0.0453 
0.0343 0.1955 0.03130 
0.0524 0.2131 0.0518 
0.0595 0.2329 0.0668 
0.0889 0.25'76' 0.1205 
0.1449 0.2844 0.2305 
0.2309 0.3158 0.4026 
0.3162 0.3616 0.4924 
0.3595 0.4089 0.4227 
0.3709 0.4254 0.401~ 
0.3893 0.4198 0.2001 

w -2 w' N:LO 

0.0184 0.0265 
0.02130 "·0.0139 
0.0:313 --0.0156 
0.0361 -0.0297 -0.0116 0.0324 
0.0262 -0.0096 -0.0192 0.0278 
0.0374 -0.0148 -0.0227 0.0213 
0.0320 -0.0248 -0.0147 0.0229 
0.0306 -0.0079 -0.0223 0.0223 
0.0306 -0.0243 -0.02138 0.0250 
0.0315 -0.0013 -0.0199 0.0386 
0,0290 0.0019 -0.0280 0.0400 
0.0305 -0.0165 -0.0264 0.0373 

0.0248 
0.0246 
0.0207 
0.03:1.::5 
0.02::56 
0.0:3:56 
0.0436 
O.OGO:l 
o.onn 
o • 0:.329 
0.02!B 
0.0149 

w 

0.0338 -0.0017 0.103 
0.0528 -0.0206 0.0768 
0.0557 -0.0130 0.119 
0.013130 -0.0109 0.0985 
0.0606 0.0080 0.108 
0.1163 0.0119 0.0818 
0.1244 0.0200 0.08134 
0.3929 0.0006 0.0950 
0.44013 0.0012 0.117 
0.1672 0.0062 0.101 
O. :l:.335 
0.0266 



A-23 

\~eighted 

a/b=1.0,· ct :=4:'1 , Free Conv(~ction (F~f?::::(» 

Tbot:::39'7.6 ± 6. '1 (C), Tbac::::.3<'t'7. 1 ± 9. ~5 (C) 

Ttol"':=334. It ± :5.5 (C) , T :=24 (C) 
00 

6T/T ~1.186, Gr=4.2 E'7, N::: 500 
00 

)·~/b:=O • !5 , :z/c:":O .0 
'2 -2 il' 2'.'10 ~/a U I.J" H:lO \:1/ i3 LJ N ..... 

._._.- ..... _- .... -._._._ .... ._._ ..... _._.- ..... _._. __ .- ._._._._._.- . __ .--_.-

·_·0.9'7:33 0.2933 0.:3593 '-0.2:1.62 0.0:545 0.0352 
'-0.9624 O. :'5628 0+ 105::;; '-0. :L 946 0.05:L~5 0.02'79 
'-0. 95:l '1 0.31.04 0.:L:l64 ·-O.:l n.9 0.0:547 0.030'7 
"-0.9409 0.25134 0.2338 '-0.1513 0.060'7 0.0278 
'-0.9300 0.2·45'1 O. :1.::582 ·-0.1296 0.05:58 0.0186 
'-0. <'f084 0.20'1'5 O. :1.621 '-0.1080 0.0661 0.0222 
'-0.8867 O. :L 341. O. 1:1. :.39 ·-0.08,S3 0.0696 0.0224 
'-0.8652 0.1183 O.:LU6 ·-0.0649 0.0690 0.02'12 
'-0.8435 0.0821. 0.081313 '-0.0432 0.0683 0.O:L88 
·-O.H219 o • 06:3:1. 0.06:51 ·-0.02:L6 0.0'727 0.0211 
"-O.800::! o • 05:3::; O.0'76U .... (). OOO:L o .0'7:5:3 0.015'7 
"-0. '7'7(36 0+0:322 0.0497 
'-0 + '7570 o + O~36,:S 0,0627 
.. -0 + 'n~}4 0.0242 0.Of.)6er 
'-0.713'7 O,OO!52 0.0468 
·-0 + 6921 0.0052 o .04,SO 
-0.6705 "-0,0040 0.041'7 
·-0.648H ·-O.OO'y::,; 0.0338 
'-0.6273 "-0.0004 0.0366 
"-0.6056 '-0.0093 0.044'7 
'-0, !5840 -0.0072 0.03:52 
'-0. :5623 0.0:L1'7 0.0:309 
'-0. ~}407 0.0117 0.0277 
'-0. :51 ero 0.0120 0.0344 
'-0.49'74 0.0176 0.040:5 
·-0.47:58 0.0210 0.0~n4 

-0.4542 0.0341 0.0:368 
-0.4325 0.0368 0.0397 
·-0.4109 0.0399 0.0299 
-0.3892 0.0482 0.0417 
-0.3676 0.0535 0.0352 
-0.3459 0.0526 0.0498 
·-0.324:3 0.0594 0.0408 
-0.3026 0.0602 0.034:5 
-0.2811 0.0637 0.0326 
-0.2595 0.0643 0.0:309 
'-0.2378 0.0602 0.0360 
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Unwe; ghted 

a/b=1.0, ~ :::45 , Free Corlvect.ion (l;:e=O) 

Tbot=397.8± 6.6 (C)' Tbac=401.1± 5.0 (C) 

6T/T :::1.19, Gr=4.2 E7, N - 1000 
'" 

\:1/<3:=0.0. :z/c:=O.O 
2" 

v LJ 
? - 2 
~ xl0 u' xl0 IJ'y'xl00 w 

0.97f39 
0.9683 
0.9472 
0.9155 
0.13838 
0.8522 
0.8205 
0.7888 
0.7571 
0.7254 
0.6938 
0.6621 
0.6304 

0.3770 0.2550 0.1850 
0.3140 0.2355 0.0965 
0.2738 0.2326 0.0847 
0.2411 0.2258 0.0823 
0.2153 0.2128 0.0989 
0.1855 0.1979 0.1314 
0.1681 0.1830 0.1344 
0.1538 0.1510 0.1764 
0.1532 0.1430 0.2014 
0.1273 0.1310 0.1674 
0.1190 0.1241 0.2153 
0.1303 0.1187 0.3030 
0.1386 0.1029 0.3647 

0.5987 0.1084 0.0995 0.2906 
0.5670 0.0814 0.0937 0.2643 
0.5354 0.0594 0.0901 0.2102 
0.5037 0,0408 0.0903 0.1793 
0.4720 0.0337 0.0997 0.1840 
0.4403 0.0201 0.1047 0~2183 
0.4086 0.0030 0.1090 0.1982 
0.3767 -0.0203 0.1180 0.1586 
0.3450 -0.0286 0.1186 0.2482 
0.3134 -0,0404 0.1246 0.2138 
0.2817 -0.1006 0.1123 0.2666 
0.2500 -0.0747 0.1112 0.1620 
0.2183 -0.1214 0.1116 0.0463 
0.1867 -0.1387 0.1157 0.0572 
0.1550 -0.1762 0.1548 0.0693 
0.1233 -0.2159 0.1784 0.0773 
0.0916 -0.2741 0.2441 0.0878 
0.0599 ~0.3617 0.3525 0.0813 
0.0281 -0.3279 0.4633 0.1658 
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0.0382 0.0104 -0.0116 
0.0436 '-0.0054 
0.0622 0.0333 0.0141 
0.06:3',iI ,,·0. oo'n 
0.0760 0.0246 
o .10:5B '-0.0178 

0.0272 
0.0:517 
0.0489 

0.1016 0.004~ 0.0560 
0.0588 0.0879 0.0669 
0.0544 0.0643 0.0635 
0.0708 0.0011 0.0636 
0.0739 0.0164 0.0717 
0.0596 -0.0378 0.0621 
0.0414 0.0468 0.0795 
0.0365 
().0:325 
0.0466 
0.0409 
0.0640 
0.0609 
0.05',i/2 
0.0:502 
0.0400 

0.OOB4 
0.0304 
0.060:5 

·-O.0(:1O:3 
"·0.09:'33 

0.0074 
'-0.08130 
'-0.0198 

0.015? 
0.0371 ·-0.OcS:L5 
0.044,J O. Of.d 1. 
o • 04'.i11 -0.052:L 
o • 0406 '-0.0898 
0.0396 '-0.0972 
o • 0540 ·-O.:L 469 
0.0358 '-0. 153',iI 
0.0708 '-0.1948 
0.0664 '-0.0962 
0.0087 0.0459 

0.0:507 
0.06B5 
0.0441 
0..0426 
0.0440 
0.0387 
() • 0:34 '7 
0.0464 
().06'7:5 
0.0571 
0.0:5:54 
0.0613 
0.086'7 
0.0267 
0.0529 
0.0276 
0.0377 

A-24 

-2 w' ldO 

0.:L8'7 

O.22B 
O.:3HJ 
0.394 
0.350 
0.359 
0.425 
0.368 
0.4:58 
0.465 
0.360 
0.438 
0.330 
0.4:34 
O.4:LO 
o .3'7'7 
0.454 
O. ~590 
0.41'7 
0.426 
0,422 
0.540 
O.4B7 
o t :5<JB 
o .66~? 
0.2'16 
0.21:L 
O.:L 4:3 
0.4413 



Unweighted 

a/b=1.0, a=45 , Free Convection (Re=O) 

Tbot=397.8 ±6.6 (C), Tbac=401.1 ±5.0 (C) 

T'l:.op:::337.7 ± 4.1 (C), T :=24 (C) 
00 

~T/T =1.19, Gr=4.2 E7, N - 1000 
00 

z/c:=O.O 
"2 -2 v' NlO N/b V u - 2 --

IJ" N1.0 I.J"v'::·~:LOO w 

0.0000 -0.0313 0.1563 0.0199 
0.0281 -0.0268 0.1733 0.0914 
0.0598 -0.0246 0.1644 0.1909 
0.0915 -0.0179 0.1639 0.1928 
0.1231 -0.0239 0.1545 0.1236 
0.1548 -0.0295 0.1530 0.0967 
0.1865 -0.0183 0.1380 0.1882 
0.2182 -0.0172 0.1420 0.1195 
0.2499 -0.0170 0.1290 0.1206 
0.2815 -0.0122 0.1194 0.1240 
0.3132 0.0013 0.1306 0.1799 
0.3449 -0.0105 0.1369 0.1213 
0.3766 -0.0073 0.1301 0.1125 
0.4083 0.0130 0.1338 0.1683 
0.4399 0.0086001387 0.:L176 
0.4716 0.0111 0.1256 0.1039 
0.5033 0.0147 0.1050 0.1388 
0.5350 0.0090 0.1130 0.0855 
0.5667 0.0184 0.1137 0.0757 
0.5983 0.0237 0.1133 0.0920 
0.6300 0.0438 0.1222 0.1378 
0.6619 0.0439 0.1350 0.1164 
0.6936 0.0390 0.1356 0.0958 
0.7253 0.0451 0.1241 0.1054 
0.7570 0.0563 0.1460 0.1130 
0.7887 0.0488 0.1588 0.0944 
0.8203 0.0462 0.1523 0.0670 
0.8520 0.0553 0.1587 0.0938 
0.8837 0.0503 0.1627 0.2315 
0.9154 a • 0494 O. 1792 0.086,9 
0.9471 0.0576 0.1792 0.0942 
0.9787 0.0474 0.1886 0.1363 
1.0000 0.0454 0.1887 0.1082 

0.0314 -0.0067 -0.0146 
0.0343 -0.0297 0.0643 
0.0301 -0.0018 0.0448 
0.0507 
0.0474 
0.0430 
0.03813 
0.0482 
0.0304 
0.0340 
0.0:320 
0.05:313 
0.0423 
0.0306 

0.1252 
0.0458 
0.0173 
0.0002 

-0.0433 
--0.04:59 
--0.0234 
--0.0005 
0.01~36 
0.041:l 
0.0042 

0.042'7 --0.0213 
0.0321 0.0:308 
0.09'12 O. 024l-3 
0.032:5 -0.0359 
0.0321 -0.0206. 
0.02(?4 o. OOBO 
o .0442 '-0.0068 
0.04:11:1 '0.0241 
0.0323-0.02'?6 
0.03(?5 '-0.0041 
0.0332 0.07'73 
0.0367 0.0081 
0.02:58 0.0014 
0.0295 '-0.00'12 
0.0642 0.1326 
0.0622 0.0619 
0.0576 O. 07'n 
0.0689 0.0410 
0.0470 0.0297 

0.0554 
0.0:530 
0.0596 
0.0:300 
0.0254 
0.0159 
0.0486 
0.0377 
0.0593 
0.0610 
0.0460 

'-0.0107 
0.0:3:31 
0.0546 
0.0781 
0.040:'5 
0.0:368 
0.0529 
0.0328 
O.03B8 
0.0522 
0.0366 
0.0403 
0.()438 
0.0279 
0.04:54 
0.0723 
0.0666 
0.0439 
0.0:531 

A-25 

0.151 
0.2(r:L 
0.306 
0.303 
0.381 
0.393 
0.323 
0.388 
0.345 
0.575 
0.550 
0.529 
0.533 
0.430 
0.389 
0.524 
0.486 
0.72:5 
o • 4'?(? 
0.580 
0.464 
0.443 
().54:3 
0.633 
o • 5:'50 
0.6:36 

0.536 
0.526 
0.063 
0.460 
0.511 
0.523 

221 



A-26 

Unweighted 

a/b=1.0, a=45 , Free Convection (Re=O) 

Tbot=397 • 6 ± 6.7 (C), Tbac::397. 1 ± 9.3 (C) 

Ttop=334.9 ± 5.5 (C), T :=24 (e) 
00 

6T/T =1.186 , Gr=4.2 E7, N::: 500 
00 

'::JI a::'-O .5, z/c::::O.O 
2" -2 

Nib v v I }.,10 
_._._--- ._._._--- -_.----
0.0493 0.2432 4.f:l6:U3 
0.05<78 -0.1969 2.0763 
0.0703 '-0.2536 O. '7575 
0.0915 -0.2123 0.:3677 
0.1126 -0.1666 0.3544 
0.1338 '-0.1289 0.2106 
0.16:55 -0.0921 0.2056 
0.1972 -0.0728 0.2468 
0.2288 '-0.0227 0.1967 
0.2605 '-0.0248 0.2149 
0.2922 0.0116 0.1656 
0.3239 0.0368 0.2203 
0+3555 0.0364 0.242'7 
0.3872 0.0359 0.26:51 
0.4189 0.0597 0.2976 
0.4506 0.0876 0.2158 
0.4823 0.0833 0.1687 
0.5139 0.1095 0.1788 
O. !.5456 0.1112 0.1765 
0.57'73 0.1240 O. 1 <1120 
0.6091 0.1221 0.2219 
0.6408 0.1343 '0.1718 
0.6725 0.1189 0.1814 
0.7042 0.1179 0.1400 
0.7358 0.1492 0.1371 
0.7675 0.1426 0.1740 
0.7992 0.1696 0.1703 
0.8309 0.1609 0.1498 
0.8626 0.1853 0.1326 
0~8942 0.1915 0.1205 
0.9155 0.2124 0.2184 
0.9260 0.2000 0.1825 
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Unweighted 

a/b=1.0, a =45 , F1'(~(~ Convection (l~e=O) 

Tbot=397.8 ±6.6 (C), Tbac:=401.1 ± 5.0 (C) 

Ttop=337.7 ± 4.1 (C), Too :=24 (C) 

liT/T :=1.19, G1':=4.2 1::7, N·- 1000 
0> 

H/b=O .0, z/ c:=O • 0 
2' 

v u -2 -2 ---v' Hl0 u' Hl0 u'v'Hl00 

0.0211 -0.1347 0.5467 0.0706 
0.0423 -0.1184 0.3895 0.0488 
0.0635 -0.0949 0.3309 0.0468 
0.0846 -0.0791 0.2897 0.0563 
0.1058 -0.0713 0.2387 0.0452 
0.1269 -0.0638 0.2225 0.0184 
0.1481 -0.05jO 0.2200 0.0403 
0.1692 -0.0523 0.2093 0.0213 
0.1904 -0.0429 0.1949 0.0457 
0.2116 -0.0487 0.1968 0.0190 
0.2327 '-0.035'8 0.1801 0.0304 
0.2500 -0.0313 0.1563 0.0199 

:{/b:=:I. .0, z/c:=O. 0 
2' -2 v/ H10 \:I/a v u 

0.2500 0.0454 0.1887 0.1082 
0.2324 0.0520 0.2067 0.0846 
0.2112 0.0451 0.2058 0.0696 
0.1901 0.0670 0.2275 0.0999 
0.1689 0.0763 0.2426 0.1321 
0.1478 0.1115 0.270S 0.2192 
0.1266 0.1817 0.2972 0.3856 
0.1054 0.2886 0.3376 0.5751 
0.0843 0.3712 0.3779 0.6022 
0.0631 0.3938 0.4157 0.5430 
0.0420< - 0.4021 0.4306 0.5234 
0.0209 . 0.4051 0.4218 0.2362 

0.0195 0.0285 
0.0301 '-0.0128 
0.0323 '-0.0096 
0.0371 '-0.0237 
0.0267 0.0118 
0.0358 '-0.0000 
0.0351 -0.0176 
o • 0332 --0.0037 
0.0417 -0.0:l99 
0.0329 0.00:33 
O. 0;3~~6 0.0051 
0.03:l4 '-0.0067 

iJ2 :-:10 IJ' V '1-::l00 

0.0470 
0.0360 
0.0310 
0.05'74 
0.0352 
0.0501 
0.0454 
0.0609 
0.0436 
0.0338 
0.0298 
0.0167 

0.02(17 
0.0440 
0.0656 
0.0839 
0.0468 
0.1185 
0.0846 
0.1906 
0.1464 
0.1398 
0.1030 
0.0189 

w 

-0.0050 
-0.0115 
'-0.0200 
'-0.0105 
-0.0266 

0.0243 
'-0.0016 
-0.0116 
-0.0146 

w 

A-27 

- 2 
w' Hi0 

0.174 
0.101 
0.073 
0.0623 
0.0452 
0.0779 
0.169 
0.161 
0.151 

-2 
Wi Nl0 

0.0531 0.523 
0.0251 0.439 
0.0392 0.660 
0.0424 0.533 
0.0809 0.569 
0.0661 0.445 
0.0992 0.492 
0.0653 0.558 
0.0833 0.644 
0.0761 0.493 
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A-28 

Unweighted 

a/b=I.0, a =45 , Free Convection (Re=O) 

Tbot=397.6 ± 6. '7 ( C), Ti:-.lac:=39'l. 1 ± '7.;3 (C) 

Tto?=334.9 ± 5.5 (C), Too :=24 (C) 

6T/T =1.186, Gr=4.2 E7, N = 500 
00 

H/b:=O +~), :z/c::::O .0 
'2 

-,2 'to - 2 \:!/a LJ u ~.~ . \:l/a U Ij' H:tO 
._._. __ ._- ...... _._ .. _ ........ '--'--'-- ._._._-_.- _.-.-._._.- ._._._._._.-

·-0.97:33 0.4043 O. '?486 -0.2162 0.0'74'7 0.1800 
'-0.9624 0.3919 0.10'71 .. ·0.1 946 0.080'? 0.1202 
'-0.951'7 O. :3479 0.277'7 -0. :1.729 0.0861 0.1163 
'-0.9409 0.3408 0.5:333 -0. 1~5:L3 o .08!n 0.0988 
'-0.9300 0.3017 0.:L3:l1 -0.1296 0.0772 0.0658 
'-0.9084 0.2826 o .:L~S28 -0.1080 0.0914 0.0914 
'-0.8867 0.20'75 0.13'70 '-0.086:3 0.0945 0.0804 
'-0.8652 O. H18() 0.1360 -0.0649 0.0965 0.0960 
'-0.8435 0.1437 O. U!05 '-0.0432 0.08'78 0.0515 
-0.8219 0.1099 O.U~B '-0.0216 0.0'1:35 0.0462 
'-0.8002 0.1095 O.:LT74 '-0.0001 0.0916 0.0426 
-0.7786 0.06E!6 () .:L 19:L 
"'0.75'70 0.0709 o • :1.1.10 
'-0. 73~'54 O.0!541 0,:1.198 
-0.7137 0.0205 O. :L130 
'-0.6921 0.0:1.9'7 0.0994 
-0.6705 0.0004 0.0914 
'-0.6488 '-0.0043 0.0716 
-0.6273 0.00:52 0.0789 
'-0.6056 ·0.002:l 0.1034 
'-0.5840 '-0.0011 0.0754 
'-0.5623 0.0263 0.0688 
·-0.5407 0.01'77 0.0652 
·-0.5190 0.0212 0.0787 
'-0.4974 0.0380 0.1088 
'-0.4758 0.0390 0.0830 
'-0.4542 0.0600 0.1005 
'-0.4325 0.0718 0.1386 
-0.4109 0.0598 0.0'714 
-0.3992 0.0844 0.118'7 
-0.3676 0.0851 0.1118 
-0.3459 0.0958 0.1813 
'-0.3243 0.1013 O. :L557 
-0.3026 0.0990 0.:L666 
'-0.2811 0.0993 0.1334 
'-0.2595 0.0992 O. :1283 
-0.2378 0.099:3 O. :L395 
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Weighted 

a/b=0.5~ ~ =0 , Free Convection (Re=O) 

Tbot=399.5 ± 4 .;3 (C), Tbac:=400. 6 ± 2.9 (C) 

Ttop:=341.8 ± 2.4 (C), T :::24.~'5 (C) 
00 

4T/T =1.2 , Gr=4.2 E7, N - 1000 
00 

~~/a:::O. 0 ~ :<:/c:::O. 0 
"2 

0.9825 0.3448 
0.9-736 0 .3805 
0.9472 0.2524 
0.9296 0.1761 
0.8768 0.1028 
0.8240 0.0594 
0.7712 0.0338 
0.7184 0.0:1.66 
o • 6655 0 • 00;31 
0.6127 --0.004~~ 

0.5599 0.0017 
0.!507:L --0.0112 
0+4543 --0.0123 
0.4014 --0.0276 
().3486 --0. 0~~56 
o • 29~:;8 --0.0328 
o • 2430 --0.0468 
O. 1 (y02 --0.0622 
0.1373 --0.0".735 
0.0845 --0.1494 
0.0704 --0.1.199 
0.0493 -0.0222 
0.0289 0.1320 

u 

0.3511 
0.2896 
0.1914 
0.2089 
0.1201 
0.0"727 
0.0430 
0.0309 
0.0;320 
0.0356 
0.0558 
0.0514 
0.062-7 
0.08H 
0.0912 
0.0891 
0.H56 
0.1383 
0.236:L 
0.347"7 
0.3623 
0.4552 
0.4290 

- 2 - 2 
yl H10 IJ' HiO 

0.9121 
0.6453 
0.3140 
0.5254 
0.29;32 
0.1324 
0.0896 
0.0701 
0.0556 
0.0475 
0.0967 
0.0845 
0.11.04 
0.16:1_3 
0.19:L7 
0.1973 
0.2483 
0.3203 
0.8804 
0.6654 
0.8H3 
0.4378 
1.290 

0.1576 
0.0"799 
0.0924 
0.2174 
0.1975 
0.13613 
0.0526 
0.0372 
0.0339 
0.0303 
0.04713 
0.0400 
0.0766 
0.1480 
0.0(S79 
0.0640 
0.0930 
0.1001 
0.1293 
0.0816 
0.1014 
0.0440 
o .:L590 

IJ I V I :-:100 

0.2958 
0.2973 
0.4027 
0.4241 
0.4654 
0.3591 
0.0890 
0.0906 
0.0496 
0.0213 
0.0417 
0.0161 
0.0661 

--0.0245 
--0.0028 
--0.0663 

0.0445 
--0.0635 
-0.1405 
--0.0;356 

0.0004 
-0.0409 

0.3380 

A-29 

225 



226 

Weighted 

a/b=O .5, Cl =0 , Free Cor.l,lect i or. (l;:e=O) 

Tbot=399.5±4.3 (C), Tbac=400.6±2.9 (C) 

Ttop=341.8 ± 2.4 (C), Too :=24.5 (C) 

tlT/T =1.2 , Gr=4.2 E7, N ,- :lOOO 
00 

~/a=1.0, z/c=O.O 
2 

NIb V 

1.0000 
0.9175 
0.8351 
0.7526 
0.6702 
0.5877 
0.5053 
0.4228 
0.3404 
0.2579 
0.1755 
0.0930 
0.0000 

0.0116 
0.0156 
0.0'205 
0.0142 
0.0192 
0.0067 
0.0124 
0.0072 
0.0114 
0.0190 
0.0117 
0.0186 
0.01'71 

u 

0.1177 
0.1049 
0.1194 
0.0932 
0.1038 

, 0.1022 
0.0998 
0.1098 
0.1155 
0.1247 
0.1178 
0.1391 
0.1237 

N/b=1.0, z/c=O.O 
2' 

~/a V 

0.0823 
0.1647 
0.2470 
0.3294 
0.4117 
0.4941 
0.5764 
0.6588 
0.7411 
0.8234 
0.9058 
1.0000 

0.4660 
0.3246 
0.1747 
0.0903 
0.0584 
0.0521 
0.0198 
0.0363 
0.0366 
0.0214 
0.0215 
0.0116 

u 

0.4980 
0.4271 
0.3043 
G.2185 
0.1718 
0.1707 
0.1190 
0.1580 
0.1576 
0.1398 
0.1510 
0.1177 

- 2 - 2 
1,1' :-:1 0 IJ' H 1 0 

0.1612 
0.1138 
0.1519 
0.1115 
0.1279 
0.1260 
0.1186 
0.1240 
0.1505 
0.1629 
0.1621 
0.1692 
0.1795 

- 2 
1,1' :-:10 

0.6941 
O. 746~7i 
0.3671 
0.2225 
0.1950 
0.1638 
O.:l280 
0.1650 
0.1920 
0.1539 
0.1721 
0.16:l2 

0.0559 
0.0600 
0.0624 
0.0580 
0.0560 
0.0474 
0.0524 
0.0521 
0.0655 
0.0618 
0.0698 
0.0659 
0.0726 

U J. :-:10 

0.1046 
0.0988 
0.:l030 
0.1071 
0.0804 
0.0953 
0.0654 
0.0706 
0.0624 
0.0478 
0.0492 
0.0559 

IJ ' 1,1 ')o( 1 00 
-----.---

0.0822 
0.0536 
0.0969 
0.0773 
0.0367 
0.0623 
0.0364 
0.0847 
0.1136 
0.0492 
0.1068 
0.0577 
0.0993 

0.7205 
0.5808 
0.7039 
0.5365 
0.3635 
0.3168 
0.1798 
0.1261 
0.1689 
0.1004 
0.07:'36 
0.0822 
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A-31 

Weighted 

alb=0.5, a =0 , Free Convection (Re=O) 

Tbot=399.5 ± 4.3 (C), Tbac::::400.6 ± 2.9 (C) 

Ttol:'.::::341.8 ± 2.4 (C), Too ::::24.5 (C) 

6T/T =1.2 , Gr=4.2 E7 ~ N = 1000 
00 

)·:/b=O .0, z/c:::O.O 
2" 

-~ -2 "'lla V lJ v ;-:10 Ij' ).: 10 I.J'V' )·:100 
.... _-_.-- ---'-'-'- ._._._--- '-'-'-'-'-'- ._._._._._.- .-._.-._._._._.-
1.0000 0.0171 0.123'7 0.17(75 0.0'726 0.0993 
0.9059 0.0179 0.1375 0.1755 0.0564 O. ()8!32 
0.8235 0.0109 0.1372 0.1947 0.0677 0.06:30 
0.7412 0.0200 0.1650 0.2:311 0.0524 0.0264 
0.6589 0.00~4 o .:L408 0.205'7 0.0588 0.0815 
0.5765 0.0091 0.1690 0.2158 0.0:'576 0.033'7 
0.4942 '-0.0010 0.1775 0.2303 0.0625 0.023'7 
0.4118 0.00:36 0.17<72 0.2471 0.0582 0.05:1.7 
0.329::5 0.0026 0,1992 O. :3542 0.0:'514 0.0'724 
0.24'7:L "·0.0015 0.197'7 0.2'197 0.0632 0.0;374 
().1648 '-0.0302 () .314(S 0.4481 0.0467 0.0'760 
0.0824 -0.0254 0.5190 0.8276 o. 04~38 "'0.00'11 
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Unweighted 

a/b=0.5, (l =0 , Free Convect ion (l~e:=O) 

Tbot=399 .:5 ± 4.3 (C), Tbac=400 • 6 ± 2.9 ( C ) 

Tt,op=341.8±2.4 (C), T =24.5 <C) 
00 

tiT/T :=1.2 , Gr:=4.2 E'7, N·- 1000 
00 

\:I/a:=O. 0, z/c=O. 0 
~ 

N/b V 

0.9825 
0.9'736 
0.9472 
0.9296 
0.8768 
0.8240 
0.7712 
0.7184 
0.6655 
0.6127 
0.5599 
0.5071 

0.4138 
0.4592 
0.3184 
0.2417 
0.1776 
0.1444 
0.0891 
0.0803 
0.0487 
0.0246 
0.0579 
0.0117 

0.4543 0.0255 
0.4014 '-0.0087 
0.3486 '-0.0152 
0.2958 '-0.0112 
0.2430 -0.0315 
O. 1902 '-0.0525 
0.1373 '-0.1254 
0.0845 '-0.1547 
0.0704 '-0.1232 
0.0493 "'0.0195 
0.0289 0.1710 

228 

u 

o. :3721 
0.3044 
0.2199 
0.267'7 
0.2147 
0.1815 
0.0990 
0.0820 
0.0843 
0.0811 
0.1060 
0.0964 
0.1403 
0.0830 
O. :L395 
O. :L337 
0.1633 
0.1838 
0.2'701 
0.3643 
0.3817 
0.4637 
0.4360 

-2 _2 --v' xl0 u' x10 u'v'Nl00 

:L .1562 
0.'7974 
0.4120 
1.0169 
0.7406 
0.4593 
0.4445 
0.4162 
0.:.3339 
0.2996 
0.4186 
0.3926 
0.4610 
0.5686 
0.5601 
0.5864 
0.5523 
0.6548 
1.7:507 
0.8365 
1.0226 
0.5'718 
1.3800 

0.1647 
0.1070 
0.1404 
o .~~232 
0.3818 
0.38:52 
0.2243 
0.1745 
0.1788 
0.1611 
0.2598 
0.1594 
0.2342 
0.4231 
0.145:5 
0.1!585 
0.1')00 
0.1612 
0.15')6 
0.0887 
0.1045 
0.0467 
0.1360 

0.1424 
0.2710 
O. :3221 

-0.0037 
0.2133 
0.2467 
0.211'7 
0.1697 
0.1349 
0.10'11 

'-0.0222 
"'0.0785 
0.1967 
0.2196 

'-0.00:32 
'-0.1 '796· 

0.:L013 
'-0.0151 
-0.1785 
'-0.0014 

0.00:L8 
'-0.0590 

0.2'760 
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Unweighted 

a/b=0.5, (X·=O, Free COI"IYec'cion (Re:=O) 

Tbot=399 • 5 ± 4.3 (C), Tbac:=400. 6 ± 2. <jl (C) 

t..T/T :=1.2 ,01':=4.2 ['7, N·- 1000 
00 

'::J/a:=l.O, ~zlc:=O.O 

2' 
xl/:! V U 

1.0000 
0.9:L'7~5 
0.8:35:1. 
0.7!526 
0.6702 
0.587'7 
0.505:3 
0.4228 
0.3404 
0.2579 
o .17!55 
0.0<;':30 
0.0000 

N/b:=:l.O'l 

~:l/a 

0.0823 
0.164'7 
0.2470 
0.3294 
0.4117 
0.4941 
0.5764 
0.6588 
0.7411 
0.8234 
0.9058 
1.0000 

0.0:527 
0.0510 
0.0.:S33 
0.0570 
0.0:539 
0.0·429 
0.0404 
0.037? 
0.057:1. 
0.0483 
0.0545 
0.0466 
0.0:552 

0.153:3 
0.1495 
0.1605 
0.1415 
0.1455 

'0.1377 
o .1~390 
0.14'78 
0.16:J.B 
0.1628 
0.1640 
() .1ni7 
0.1699 

:;~/c::::O. 0 
2' 
V 

0.5210 
0.:3739 
0.2324 
0.1444 
0.1:L03 
0.0968 
0.063'7 
0.0655 
0.0762 
0.0550 
0.0542 
0.0527 

U 

0.5144 
0.4455 
0;337'7 
0.2640 
O. 2:1.4~3 
0.2196 
0.1636 
0.:1. 957 
0.1920 
O. U,86 
0.1782 
0.1:533 

0.4319 
0.3:34:L 
0.41:1.4 
0.354:5 
0.3853 
O. :3896 
o. :3831 
().35:3'7 
0.432:1. 
0.4349 
0.4655 
0.4060 

0.7010 
0.9187 
0.!5129 
o. :3:5i33 
0.3932 
O. ::S0'7:L 
0.3570 
0.396(, 
0.4627 
0.386:5 
0.4010 
0.4319 

0.1465 
0.29'7:L 
0.1843 
0.1.',::m 
0.1439 
0.1374 
0.1653 
0.1535 
0.17:55 
0.154:L 
0.15:38 
O. :L805 
0.1846 

0.0934 
o. UOO 
0.1203 
0.1376 
o • :t:I. 8 1 
0.12'76 
0.1336 
0.14:39 
O. :L516 
0.1027 
0.1226 
O. 146~3 

0.0021 
-0.0286 
0.1027 
0.0161 

'-0.1786 
0.0157 

·-0.0019 
0.0766 
0.1948 
0.0201 
0.0535 
0.0266 

'-0.0329 

0.5029 
0.6040 
0.7102 
0.5618 
0.4965 
0.3435 
0.239:3 
0.0608 
0.2971 
0.0948 
0.0622 
0.0021 
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A-34 

Unweighted 

a/b=0.5, c:x :=0 , Free Convection (Re:=O) 

Tbot:::399 .5 ± 4.3 (C), Tb,3C=400 • ,S ± 2.? ( C ) 

6r/T =1.2 y Gr=4.2 E7. N:::: 1000 
co 

:.:/b:::O. 0, :.:::/c:::::O.O 
2" _2 -2 

'.:J/a I..) LJ y' }·~10 Ij ~ N10 iJ'"V' )-( :L 00 
--_._-- '-'-'-~'-'-

. __ .... _._.- -'--'--'- . __ ._ ..... _-
'--'-'-'~'--'-

:L.OOOO 0.0552 O. :L699 O. ~S552 0.1846 -0.0329 
O. ',?059 0.0475 0.170;3 0.4;324 O.:I.:l.60 0.1;306 
0.8235 0.0437 0.1776 0.5:L?6 0.11.'71 0.00;33 
0.7412 O. 0~529 0.1.904 0.4968 0.1005 --0.0619 
0.6589 0.041.6 0.1.756 o t ~S253 0.11'76 O. :L351 
0.5765 0.0418 o .19"S7 0.4'769 o.un 0.0262 
0.4942 0.0264 O.20,'!!<J 0.4790 0.11.4'7 -0.0902 
0.4118 0.0318 o .~W64 O.SPO O. 09~55 0.051.9 
0.3295 O.OT70 o .2:1.(?2 0.7096 0.0881 0.1518 
0.2471 0.022? 0.2237 0.~5~5:L4 0.0978 '-0.0041 
0.16-4:] '-0.0029 O. ~1274 0.668·4 0.0604 0.0842 
0.0824 --0 • 0:L:l:~ o + 52~S(1' :L.055.;!) 0 .• 0486 '-0.0792 
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APPENDIX B 

Measurements of Temperature 

1. alb = 0.5: CL = 0° 

CL = 20 0 

CL = 45 0 

2. alb = 1.0: CL = 0° 

CL = 20° 

CL = 45° 

3. alb = 1.46: CL = 0° 

T - T 
00 e = ~:.--llT 

SD is the standard deviation in degrees K 

N is the sample size 

Pages 

B-1 to B-4 

B-5 to B-8 

B-9 to B-12 

. B-13 to B-16 
B-17 to B-20 

B-21 to B-24 

B-25 to B-27 

B-28 to B-30 

B-31 to B-33 

231 



232 

a/b=O. 5, ct =0 , Free Convect i on (Re=O) 

Tbot=400.3 ± 3.7 (C)r Tbac=402. 8 ± 4.9 (C) 

Ttop=310.7 ± 2.1 (C), T =22.5 (C) 
"" 

t.T IT"" =1.18 , Gr=4 E7 , N = 50 

~/a=O.O, z/c=O.O 

x/b 

.0254 

.0525 

.0797 

.1610 

.2424 

.4322 

.6220 

.8119 

.8661 

.9203 

.9475 

.9746 

2" 

.6448 

.3744 

.1746 

.0315 

.0315 

.0301 

.0290 

.0585 

.1067 

.2626 

.3667 

.4799 

a/b=O • :5 , ct =0 

SD(K) 

9.1 
14.5 
17.5 
3.6 
0.6 
0.4 
0.6 
9.8 

18.1 
34.8 
39.6 
24.9 

Tbot=401.6 ± 3.5 (C), Tbac=405.2 ± 4.9 (C) 

Ttop=317.1 ± 2.1 (C)r Too =23.0 (C) 

t.T/Too =1.19 , Gr=4.03 E7, Gr/Re**2=459.78 

~/a=O.O, z/c=O.O 
"l 

x/b SIHK) 
----- ----- -------
.0254 .6186 1.3 
.0525 .3450 2.2 
.0797 .1396 1.4 
.1610 .0284 0 
.2424 .0319 0.4 
.4322 .0313 0 
.6220 .0284 0 
.8119 .0924 3.6 
.8661 .1180 8.3 
.9203 .1687 7.8 
.9475 .2659 13.6 
.9746 .4272 8.9 
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B-2 

a/b=O. 5 , C/.=O 

Tbot=402.1 ±3.7 (C),, Tbac:::405.4±4.7 (C) 

6T/T =1.19, Gr=4.03 E7y Gr/Re**2=75.4 
c:a 

\~/a:=O.O, z/c::::O.O, N ,- 50 
2" 

N/b e ~3D (10 
._._--- ._. __ .-.- ._--._._._.-

.0254 .5743 2.0 

.0525 .2911 2.4 
,0797 .103:3 1.4 
.1610 .0278 0.4 
.2424 .0341 0 
.4322 .0321 0.4 
.6220 .0289 0.4 
.8119 .046:3 ~., 1::-

...:...;;J 

.B661 .10l.6 8.l. 

.9203 .1825 3.8 

.947!5 .2738 4.l 
• 'J746- • 44::'iB ~5. 6 

a/b::::() , :5 v C/.::::O 

Tbot::::40:l,,<jI ±3.7 (C). Tbac:=405.2± 4.~3 (C) 

g/T =1.19 • Gr=4.03 E7, Gr/Re**2=7,53 
c:a 

\:i/a::::O.O, z/c:::O, 0, N ,- ~50 

2" 
~·{/b e 81)(10 

._._._.-.- ._._._._- ._._-._ ..... _-
.0254 .4492 6.0 
.0525 .1586 5.4 
.079'7 .0363 1.6 
.1610 .022'7 0 
.2424 .0295 0.5 
.4322 .0264 0.4 
.6220 .0227 0 
.8119 .03T5 1.7 
.!3661 .1215 8.0 
• '1'203 .2409 6.9 
.'1'475 • 35'ltJ 7.9 
• '11746 .50!32 8.2 
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B-3 

a/b=O.5, a.:=0 

Tbot=40 1 .6 ± 3.5 ( C), Tbac:=405. 1 ± 4. 7 (C) 

\~/a::;:O. 0, z/c:=O. 0, N .- !50 
2" 

H/b a ~3l)(1<) . __ ._._- ._---- .-- ..... --.--
.0254 .4147 7.1 
.0525 .1210 6.0 
.0797 .0275 0.8 
.1610 ~O22'? 0 
.2424 .0287 0.3 
.4322 .0256 0 
.6220 .0224 0.3 
.8119 • 037~3 . .., I=-

.~ • ..J 

.8661 .1213 6.6 
• '120~1 .25:39 !S.8 
• '?475 , :3976 :1.3. () 
.'7746 .5351 6.8 

a/o:=O,:;; y a. :=0 

Toot=402.6± 3.8 (el, Tbac=404.3± 4.7 ee) 

Ttop:=317.3± 1.9 (C), T :;:;23,0 ee) 
00 

\~/a::::O. 0, z/c::::O. 0, N .- !SO 
2" 

;':/0 a ~3:O(I<) ._._._-- ._-_._.- ._._._._._._.-
.0254 .3344 7.1 
.0525 .0745 ~3. 8 
.0797 .0227 0 
.1610 t 022:7 0 
.2424 .0281 0.3 
.4322 .0227 0 
.6220 .0199 0 
• Bll 'J .0245 1.2 
.B661 .0873 6.9 
.'n03 .2150 4.9 
.9475 .3267 7.8 
.9746 .4765 5.8 
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8-4 

a/b=O .5, a=O 

Tbot=401.7 ± 4.0 (C)' Tbac:=403.8± 4.5 (C) 

Ttop=313.3 ± 2.4 (C) ~ T ::::23.0 (C) 
00 

I1r IT ::::1.18, Gr::::4 1::7, G('/f~(~**2=1.15 
00 

\~I a:=O. 0, z/c::::O.O, N .- ~)O 

2' 
).:1/:1 e 8[1(10 

. __ ._._.- ._--._._.- .-.-.-.-.-.--

.0254 • 111~) 4.4 
• 052~5 .0229 0.3 
.0797 .0191 0.5 
.1610 .0174 0.4 
.2424 .0229 0 
.4322 .0229 0 
.6220 .0191 0.4 
.8119 .0217 0.9 
.13661 .0483 7.5 
.?203 • 13'75 1.3.2 
.'7475 .2375 :20.4 
.?746 " • 344'7 :L'7.9 

a/b::::O .5, a::::O 

Tbot.::::400.5±4.7 (C), Tbi3c::::402.5±4.3 (C) 

Tt.op::::306.3 ± :3.0 (Ch T :::::23.0 (C) 
00 

dr/'r =1.17, Gr=3.97 1::7, Gr/Re**2=0.56 
00 

'::J/a::::O. 0, :z/c::::O.O, N ... 50 
2' 

Nib e SD(IO 
.--.--.- ._---- • ____ •• R· __ 

.0254 .0753 7.7 
t05~5 .0225 1.0 
.0'797 .0187 0.5 
.1610 .0185 0.6 
.2424 .0231 0 
.4322 .0202 0 
.6220 .0173 0 
.8U9 .0213 0.6 
.8661 .0396 7.3 
.9203 .0830 Lt.9 
.9475 .1422 19.:2 
• <7'? 46 .1!5'77 19.3 
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236 

a/b=0.5. a=20 • Free Convection (Ra=O) 

Tbot=402.6 ± 4.0 (C), Tbac:·-::399.5 ± 5.5 (e) 

Ttop=317.4 ± 1.7 (e)' T :=23.0 (e) 
0> 

t.T/T "::1.18, Gr:=4.0 E7 
"" 

'!:J/a:=O.O. :,::/c:=O.O , N .- 50 
"2 

Nib e SD (1<) 
. __ ._-- --.--.- ._._ ..... __ ._-

.0254 .5017 16.1 
0""""-+ ..J..:.,.:::J .21:L9 13.8 

.0797 •. 101? 11.0 

.1610 .0334 3.5 

.2-424 .0357 1 t 2 

.4322 .0334 0.9 

.6220 .0:.317 1.0 

.8119 .0922 10.6 

.8661 .1628 20.4 

.9203 .2893 24.1 

.9475 • ~37 61 26.4 

.9746 .484.;S 19.9 

a/o=O. 5. cc-=20 

Too"l;.:=402 • 0 ± 3.? (C), Tbac=398. 9 ± 5.0 (C) 

Ttop=318.5 ±2.1 (e), T :=22.0 (C) 
00 

~~/a:=O. 0, z/c:=O.O, N .- 50 
"2 

;.:/b e 8D(10 
._---- ----- ---'--'--
.0254 .4287 0.5 
.0525 .1532 0.5 
.0797 .0541 0 
.1610 .0313 0 
.2424 .0370 0 
.4322 .0367 0.3 
.6220 .0342 0 
.8119 .0456 0 
.8661 .0758 :1.0 
.9203 .2156 1.3 
.9475 .~36n 0.9 
.9746 .5443 0.8 

8-5 



8-6 

a/b=0.5, a=20 

Tbot=401.9 ±3.9 (C), Tbac=398.8 ± 5.1 (C) 

Ttop:=31'7.6 ± 2.1 (C), Too :=21.5 (C) 

\:I/a=O.O, z/c:=O. 0, N .- 50 
2" 

Nib e SD(IO 
------ ._-_._- . __ ._._---
.0254 .4130 0.5 
.0525 .1503 0.6 
.0'79'7 .0529 0.3 
.:L610 .0299 0 
.2424 .03'79 0.4 
.4322 .0344 o ",. • .oJ 

.6220 .0299 0 

.8119 .069'7 1.'7 

.8661 .1634 1'7.4 

.9203 .2491 3.9 

.9475 .3'792 2.2 

.9'746 .5519 1.3 

a/b=O. 5, a=20 

Tbot:=401.3 ±4.0 (C), Tbac:=39'7.8 ± 5.1 (C) 

~r/T =1.18 , Gr=4 E7, Gr/Re**2=16.19 
00 

'::J/a=O.O, z/c=O.O, N :: 50 
2" 

~·~/b e SD(IO 
----- . __ ._-- -------
.0254 .066'7 7.3 
.0525 .0206 1.0 
.0797 .0203 1.2 
.1610 .0404 4.9 
.2424 .0819 4.8 
.4322 .0962 4.4 
.6220 .0842 4.0 
.8119 .0716 4.0 
.8661 .1039 15.1 
.9203 .2932 24.'7 
.9475 .4635 27.2 
.9746 .61'75 1'7.9 
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8-7 

a/b=0.5, a=20 

Tbot.=400.7±4.1 (C), Tbac:=397.1± 5.0 (C) 

Tt.op:=315.3 ± 1.9 (C), T"" :=23.0 (C) 

';;I/a:=O.O, z/~=O. 0, N "- 50 
2 

Nib e SD(lO 
. __ ._-- . __ ._-- ._.-._._---
.0254 .03~W 4.2 
.0525 .0187 0."7 
.0797 .01<1:5 1.1 
.1610 .0566 6.5 
.2424 .1063 5.2 
.4322 .1172 3.0 
.6220 .1086 2.6 
.8119 .0989 6.7 
.8661 .2009 23.6 
.9203 .4546 16.4 
• <1475 .5807 16.8 
.9746 .6"730 :L:L • 1. 

a/b=O • 5, a=20 

"Tbot.==400 • 2 ± 4.9 (C), Tb,~c:=;396. 2 ± 4.9 ( C ) 

Tt.op:=314.0 ± 2.0 (C), T :=2;3.0 (C) 
"" 

g/T =1.17, Gr=3.97 E7, Gr/Re**2=2.35 
"" 

':;Ila::::O.O, z/ c:=O • 0, N "- :50 
2" 

:</b e SD(IO 
----- ---'-- _._._. __ ._-

.0254 .0187 4.4 

.0525 .0202 0 

.0797 .0199 1.5 

.1610 .0256 3.5 

.2424 .0622 7.3 

.4322 .1625 4.6 

.6220 .1544 7.0 

.8119 .2247 14.8 

.13661 .T748 19.3 

.9203 .5203 28.9 

.9475 .599!5 9.6 

.9746 .6356 6.4 
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B-8 

a/b=0.5, CL =20 

Tbot=400.0 ± 5.3 (C), Tbac=395. 9 ± 5.2 (C) 

Ttop=313.1 ± 1.8 (C), T =23.0 (C) 
co 

~T/T =1.17, Gr=3.97 E7, Gr/Re**2=1.15 
co 

\:I/a=O.O, z/c=o.o, N = 50 
2 

~·,/b e 8D(10 
----- ----- -------
.0254 .0211 0.5 
.0525 .0205 0.2 
.0797 .0173 0 
.1610 .0173 0.4 
.2424 .0208 0.6 
.4322 .0588 7.5 
.6220 .1762 8.2 
.8119 .2818 11.9 
.8661 .3513 20.6 
.9203 .4318 9.0 
.9475 .4575 11.7 
.9746 .5359 7.7 

a/b=O .5, CL =20 

Tbot=399. 1 ± 5.4 (C), Tbac=397. 3 ± 5.4 (C) 

Ttop=307.8 ± 1.9 (C), T =23.0 (C) 
co 

~T/T =1.17, Gr=3.97 E7, Gr/Re**2=0.56 
00 

'::I/a=O.O, z/c=O.O, N = 50 
2 

x/b e 8D(K) 
----- ----- -------
.0254 .0171 0.3 
.0525 .0200 0.3 
.0797 .0174 0.2 
.1610 .0183 2.4 
.2424 .0206 O.S 
.4322 .0188 0.9 
.6220 .0536 9.S 
.8119 .0823 11.6 
.8661 .1272 15.1 
.9203 .2083 10.5 
.9475 .2904 9.9 
.9746 ' .4034 5.8 
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8-9 

a/b=0.5, 0;::45 , F T'ee COI-IYect i on (Re:::O) 

Tbot=400.5± 3.9 (C), Tbac=40:L.8± 5.1 (C) 

Ttop=320.7 ± 2.2 (C), T :=20.5 (C) 
OQ 

~r/T =1.2, GT':::4.06 E7 
OQ 

\d/a::::O.O, z/c:::O.O, N ,- 50 
2" 

:,://:1 e SD(IO 
._------ ._-_._.- -_._-_._-
.0254 .2764 3.7 
.0525 .1003 3.1 
.0797 .0520 2.4 
.1610 .031'7 0.6 
.2424 .0382 0.6 
.4322 .0384 0.7 
.6220 .0469 1.9 
.8119 .2903 12.8 
.8661 .3666 16.3 
.(,203 .5031 13.0 
.9475 .5820 14.0 
.9746 .6583 14.4 

a//:I:=O .5, 0.=45 

Tbot:=400.5± 3.9 (C), Tbac:=402.7 ±6.3 (C) 

Ttop=322. 1 ± 2. 1 (C), T :::20.5 (C) 
OQ 

6T/~ =1.21 , GT'=4.1 E7, GT'/Re**2:::274.04 

\~/a=O.O, z/c=O.O, N - 50 
2" 

~·,/b e SD(IO 
----- . __ ._-- -------
.0254 .2524 0.7 
.0525 .0821 0.6 
.0797 .0378 0.2 
.16,10 .0321 0.3 
.2424 .0389 0.5 
.4322 .0381 0 
.6220 .0358 0.4 
.8119 .1864 3.6 
.8661 .3590 3.8 
.9203 .5099 1.9 
.9475 .609'7 1.9 
.9746 .68'73 0.8 
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B-10 

alb=0.5, <r-45 

Tbot=400.6 ± 3.9 ( C ), Tbi~C:=40 1 .8 ± 5. 1 (C) 

n',op=322 • 3 ± 2. 1 (C), T =20.5 (C) 
co 

STIT :=1.21 , Gr:=4.1 1=:"7, Gr/Re**2:=54.89 
co 

l!Ila:::O'O, z/c:=O.O, N .- 50 
2" 

N/b e Btl (1\) 
._ .... _-- '-'-'-'-'- . __ ._-----
.0254 .2046 6. :5 
.0525 .0322 1.2 
.0797 .0240 0.3 
.1610 .0319 1.4 
.2424 .0446 1.5 
.4322 .0522 1.3 
.6220 ~0821 3.4 
.8119 .3124 9.8 
.8661 .4058 11 .0 
.9203 .5519 9.2 
.9475 .6354 6.3 
.9"746 .6888 9.2 

Tboof.:,:::400.3 ±4.3 (C), TI:><3I::=401.7 ±5.2·(C) 

Ttop:=321.:3 ±t.9 (C), T =21.0 (C) 
co 

6T/T =1.2, Gr=4.06 E"7, Gr/Re**2=19.49 
00 

\~/a:=O+O, z/c:=O.O, N ::; 100 
2" 

)·:/b e 8[1<10 
._._--- . __ ._._- -_.-._-_.-
.0254 .0611 "7.1 
.0525 .0337 2.6 
.0797 .0379 1.9 
.1610 .0535 2.0 
.2424 .06"76 1.9 
.4322 .0908 2.8 
.6220 .1336 4.4 
.8119 .3350 12.2 
.8661 .4103 14.9 
.9203 .5255 7.9 
.9475 .5897 11.2 
.9746 .6551 6.6 
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8-11 

a/b=O .5, 0;::45 

Tbot=399.9 ± 4.9 (C), Tbac:=401.0± 5.2 (C) 

Ttop=319.5 ± 2.0 (C) , Too =21.0 (C) 

t,T/T =1.2, Gr=4.06 1::7, Gr/Re**2=5.5 
<0 

\:Ila=O.O, :.::/c=O.O, N .- 100 
2' 

N/b 9 SD(IO 
----- .-._._-- --_ .... _._-
.0254 .0936 9.8 
.0525 .0896 6.5 
.0797 .0948 4.6 
.1610 .1126 5.8 
.2424 .1384 4.5 
.4322 .1807 4.5 
.6220 .2746 '7.2 
.8119 .3591 7.1 
.8661 .4173 13.1 
.9203 .5098 8.2 
.94'75 .56'79 10.'7 
.9746- .62'70 6.7 

,~/b:::O .5, a;:: 45 

Tbot:=399 • 5 ± 5.6 (C), Tbac:::400. 5 ± 4.8 (C) 

Ttop:::31'7.8 ± 1.8 (Cho T :=21.0 (C) 
00 

\:ll a=O .0 , :.::/c:::O.O, N - 100 
2' 

H/b 9 sri (K) 
._._-_.- ._-_._.- --'-'-'---
.0254 .0654 7.0 
.0525 .0933 8.4 
.0797 .1212 10.6 
.1610 .1883 13.6 
.2424 .2541 '7.6 
.4322 .2834 6.5 
.6220 .3209 7.6 
.8119 .2714 10.2 
.8661 .3624 10.5 
.9203 .4083 6.9 
• '1475 .4404 8.5 
.9746 .5144 8.2 
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a/b=O. 5, (l =45 

Tbot=398.3 ± 6.2 (C), Tbac=398.0 ± 4.9 (C) 

Ttop=311.4 ± 2.1 (C)' Too =21.5 (C) 

~T/T =1.18, Gr=4 E7, Gr/Re**2=1.16 
00 

l:I/a=O.O, z/c=O.O, N = 100 
2 

>lIb e SD(K) 
----- ----- -------
.0254 .0693 7.2 
.0525 .0742 8.0 
.0797 .6774 8.5 
.1610 .1113 12.5 
.2424 .1427 12.3 
.4322 .2053 12.8 
.6220 .2261 9.0 
.8119 .1579 9.2 
.8661 .2272 7.1 
.9203 .3445 4.8 
.9475 .4049 5.8 
.9746 .4938 5.1 

B-12 
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8-13 

a/b=1.0~ a=o , Free Convection (Re=O) 

Tbot.=399 • 5 ± 5.8 (C), Tbac:::400.:l ± 6.2 (C) 

Tt.op=327 • 2 ± 4.6 (C), T ::::24. ~5 (C) 
00 

5f/T ~1.18, Gr~4.0 E7, N ~ 50 
00 

\11 CI"=O. 0, z/c:=O .0 
2" 

N/tl e 8[1(10 
. __ ._._-- .-._._ ........ .--.-.- .. ~ .. -.-
.0254 .5H8 15.8 
.O52!5 .2518 12.'1 
.0797 .1105 12.:5 
.1610 .02'76 '1 ") 

.~ .. .... 
.2424 • 028~5 1.3 
.4322 .0262 0.5 
.6220 .0410 B.1 
.B:I,19 .1735 19.9 
.8601 .2019 17.9 
.9203 .2692 :1.2.9 
.'7475 .3156 1',.7 
.'7746 .4164 19.0 

alb:::::!.. 0, a :::0 

\~I ,3:::0.0, 2/c:=0.0 
2 

N/b e 8IHI0 
. __ ._._.- --_._- .... -..... - ..... - .. -

.0254 .4647 '") ~:) ..:.. . , 

.0525 .250:3 3 • ~3 

.0797 .0886 1.5 

.1.610 .0240 0 

.2424 .0296 0 

.4322 .0274 0.4 

.6220 .0347 4.1 

.8119 • :L651 12.0 

.8661 .2257 :1.6.4 

.9203 .2949 :1.2. ~~ 

.9475 .3505 :L4.5 

.'7746 .4495 14.7 
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S-14 

a/b=1 .0, a·:=O 

Tbot.::::400.2 ± 5.;3 (C). Tba(::::::400. B ± :3. '7 (C) 

Ttop=335.4 ±4.5 ec), T =24.5 (C) 
00 

\:i/a::::O. O. ;:::/<::-,"'0.0 
"2" 

~</b e s))eJO 
. _ ... _ .... _ .... .ON._._ .. _ .M . ._._.- '-'-"--; . 

, 02!:34 • 360'7 :2.4 
+ O!.52~5 .:U94 2.8 
.079'7 .0:308 ° ,,,. "J 

.:l.6:J.() .0212 0 

.:24:24 .02'7:L 0.3 

.4322 .0240 0 

.6:220 ~O225 1.3 
• B:L:I. <;' • 14'7,~ :L2 .4 
• a,S61 +2021 :1.2.'7 
.<;'20::5 .29:U) 9.2 
, '1'47:5 .3754 16.0 
.9746 .5089 :1.3.0 

Ttl()t::::400 + 2 ± 5.~:; (C), Tl:.1a<:::=40:2. 2 ± ,1,.:l (C) 

4T/T :=:1..19, Gr:=4.03 F7 
00 

Gr/Re**2=5.36 • N = 50 

\:l/;F'O • 0 • z/c::::() + 0 
"2" 

N/b e ~:iD ( I" ) 
._---- -_. __ .- .. _._ .... _._._.-

.0254 .2.309 7.0 

.0525 .048:5 3.5 

.0797 ,0186 0 

.1610 .0:1.92 o. :5 

.2424 • 02~:)4 (), :5 

.4322 • 02:1.:l 0 

.6220 • 042~5 4.1 

.811'? .1474 "7 • ~5 

.8661 .20"75 :t5.!5 

.9203 .2943 :1.1 +:3 

.94'75 • :370~:5 :L4.0 

.9'746 .4925 11.9 
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8-15 

a/b:=1.0, a::::o 

Tbot=400.8 ± 5.6 (C), Tba(~::::404. -4 ± 6.1 (C) 

Ttop=336.5± 4.8 (C), T =24.5 (C) 
co 

6T/T =1.2 y Gr=4.06 E7 
co 

Gr/Re**2=2.28 y N = 50 

~1/a""O, 0 y ;,:/c""O,O 
2" 

;·:/b e ~3D (1\ ) 
.. _ .. __ ._.- "M._._._,_ ._._._._._._.-

• 02~34 .1665 1::- ~, 

.. J t ..... 

.O!525 • 0334 1.1 

.0797 ,0183 0 

.:1.610 .O:l1:13 0 

.2424 •. 023'1 0 

.4322 .0202 O. !5 

.6220 .0320 2.9 

.81H1 .126';> !5.0 

.1:1661 .1769 :/.0.'1 
• "120;3 .27;30 9.4 
• ';>475 .3578 13.2 
.'1746 .4(",'9:':> :1.0.0 

Tbot:::400.2± 6.0 (C), Tbac::::404.8± ;.i.a (C) 

TtClF'<3::3,=>.7 ± 5.0 (C), T ::::24.5 (C) 
co 

6T/T =1.2 ,Gr=4.06 E7 co 

\:1/ (3::::0 + O. z/c::::O .0 
2 

H/b e ~m(lo 

._---- ._._._._.- ._. __ ._._._.-
.0254 .023'1 0.6 
.0525 .018;3 0 
.0797 .0157 0.2 
.1610 .0183 0 
.2424 .0211 0 
.4322 .0183 0 
.6220 .0213 2.2 
.8119 .0'149 14.2 
.8661 • 13~)6 25.9 
.'1203 .1620 28.8 
.'1475 .2092 ;":1"7.0 
.'Y746 t 2'78\-5 30.2 
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8-16 

a/b=1.0, a=O 

Tbot=399.8 ± 6.0 (C), Tbac=404.4 ± 5.8 (C) 

Ttop=335 • 5 ± 4.5 (C), T :=25.0 (C) 
co 

4T/T =1.19, Gr=4.03 E7 
co 

\~/i3=0. 0, z/c:::O.O 
! 

H/b e SD(IO 
._---- ----- '-'-'-'--'--
.0254 .0166 0.4 
.0525 .0169 0 
.0797 .0147 0.4 
.1610 .0169 0 
.2424 .0203 0.4 
.4322 .0169 0 
.6220 .0163 0.5 
.8119 .0178 0.5 
.8661 .0231 5.5 
.9203 .030'7 7.6 
.9475 .0513 1.3.2 
.<7746 .1124 19.5 
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B-17 

alb=1.0, ~=20 , Free Convection (Re=O) 

Tbot=401.3 ± 5.5 (C), Tbac:=416.6 ± 6.2 (C) 

Ttop:::348.5 ± 4.6 (C), T :=20.0 (C) "" . 

~r/T =1.26 , Gr=4.27 E7 , N = 100 
00 

\:Ila=O.O, z/c=O.O 
"Z 

H/b e SD(IO 
._--_.- .----- ._. __ ._._--
.0254 .3704 8.4 
.0525 .1245 7.5 
.0797 .0450 3.1 
.1610 '.0304 0.6 
.2424 .0274 0.8 
.4322 .0263 0.7 
.6220 .0369 3.2 
.8119 .2034 11.9 
.8661 .2871 14.6 
.9203 .4187 11.2 
.9475 .431'7 20.4 
.9746 .5548 12.7 

alb=1.0, a.=20 

Tbo-(:,:=402.8 ± 5.2 (C), Tbac:=418.1 ± 6.1 (C) 

Ttop=351.3 ±4.7 (C)' T"" =20.0 (C) 

!lT/T =1.2.6, Gr:=4.27 E7 , Gr/l:;;e**2=231.87 
"" 

\:Ila=O.O, z/c=O.O 
"Z 

, N .- 100 

N/b e SD(IO 
._---- ----- -------
.0254 .3566 0.6 
.0525 .1082 0.3 
.0797 .0405 0 
.1610 .0329 Q.4 
.2424 .0297 0 
.4322 .0283 0.5 
.6220 .0340 0.5 
.8119 .1756 15.2 
.8661 .3127 19.2 
.9203 .4599 21.9 
.9475 .4524 19.9 
.9746 .4958 8.7 
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B-18 

alb= 1 .0, Cl:::20 

Tbot=403.3 ± 5.:5 (C). Tbac::::4:L8.4 ± :5.8 (C) 

~r/T =1.26 , Gr=4.27 E7. Gr/Re**2=16.64 
00 

\~I a:::: 0 • () • z/c::::O, O. N .- :LOO 
2" 

Nib 9 mHIO 
._._.--- ..... -.-.-.- .-.-._ ..... __ .-
.0254 .29'74 :1.2. :3 

0"·"''''' ... w..:.. ... ) .0283 2.4 
.0797 .0175 0 
.1610 .0272 o . ., 

• l 

.2424 .025(S 1.7 
+4322 .03'72 2.7 
.6220 .0563 2.1 
.811 9 .171.6 14.8 
.8661. .2872 19.9 
.9203 ... :38~12 19.9 
~?4?5 .4.S04 23.7 
.9746 .• 5:339 :L3. a 

a/b:::::I .• O. 0.::::20 

Ttop:=346.4 ±4.1 (C), T :=2:t.O (C) 
co 

~T/T =1.26. Gr=4.27 E7. Gr/Re**2=5.75 
00 

\~/ 01:==0.0. z/c:=O. O. N ,.,. 50 
2' 

>,/b e SIr (10 
._--_.- . _._._._- ..... _._ ......... _ .... 
.0254 .O32~! 4. :5 
.0525" .0176 0.5 
.0797 .0162 0.7 
.1610 .0181 2.0 
.2424 .0320 2.8 
.4322 .0639 2.3 
.6220 .1078 5.9 
.8119 .2610 12.3 
.8661 .3084 21.2 
.9203 .3740 11.6 
.9475 .4517 11.3 
.9746 .5188 9.7 
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B-19 

a/b=1.0, a =20 

Tbot=403.4 ± 5."1 (C), Tbac:=428.:l ± 3.8 (C) 

\~/<il::::O + 0 , z/~::O.O, N .- 50 
2 

N/b e BD(I'\) 
._._._._.- ._-.-._ .... ._._._. __ ._.-
.0254 .01'.7"7 0.5 
.0525 .0182 0.4 
.0"197 .0150 0.5 
.1610 .0134 0 
+2424 .018"1 0 
.4322 .0313 4.'7 
.6220 .1218 6.9 
.8:L:L9 .2509 6.2 
.8661 .2908 9."1 
.9203 .351:5 5.6 
.9·475 .4:L:LO 6.3 
.9746 • ~529o:!) 7.9 

Tbot::=404 + 2 ± 6 • .2 (C), Tbac::::4.29. :.3 ± :.3,::3 (C) 

Ttop::.:353 • .2 ± -4.2 ( C), T :"'21 .0 (C) 
00 

\:!/a::::O.O, :;::/c::::O.O. N .... :50 
2 

Nib e SD (/'0 _._- .... - ._. __ ._.- .. _ ..... _._._._ .. -
.0254 .0160 0 
.0525 .0160 0.2 
.0797 .0136 0.;3 
.1610 .0112 0.4 
.2424 .0187 0.9 
.4322 .0200 ;3. "1 
.6220 .0203 3.9 
.8119 .2005 6.9 
.8661 .2968 6.2 
.9203 .3540 2.5 
• (,475 • -431:L 4.3 
.9746 .5382 3.6 
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8-20 

a/b=1.0, CL =20 

Tbot=401.0 ±5.8 (C), Tbac=413.3 ± 5.7 (C) 

Ttol"=3·17.9 ± 5.3 (C), T =20.5 (C) 
co 

~T/T~ =1.25 , Gr=4.24 E7, Gr/Re**2=0.58 

\:I/a=O.O, z/c=O.O, N = 50 
"Z 

x/b a SD(IO 
----- ----- ---=----
.0254 .0177 1.2 
.0525 .0166 2.1 
.0797 .0136 0.7 
.1610 .0213 1.9 
.2424 .0202 2.3 
.4322 .0218 3.3 
.6220 .0338 6.0 
.8119 .0286 3.5 
.8661 .0398 6.2 
.9203 .1096 8.6 
.9475 .2300 8.0 
.9746 .3745 6.1 
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B-21 

a/b=1.0, a=45 , Free Convection (Re-O) 

Tbot=401.0 ± 5 (C)' Tbac::::421.3 ± 5.7 (C) 

Ttop==358 • 1 ± 4.3' (C). T :::20.;:5 (C) 
00 

glT =1.27, Gr=4.31 E7 
00 

':Jla==O.O, z/c==O.O , N ,- ~50 
'2' 

H/t:t a :3:0(1,,) 
. __ ._._- ..... __ ._.-

'-'-'-'-~'-'-

.0254 .3568 6.8 
0 ':"')':' 

• -..)4...1 .1088 1::- ") 
,:1 • ,.;.. 

.0797 .04'7'7 3.4 

.1610 .0359 0.9 

.2424 .0332 0.8 

.4322 .0:'519 O.!3 

.6220 .041:3 2.2 

.8119 .2424 9.7 

.8661 .3686 12.1 

.9203 .4882 ?ot2 
• 94'7~3 .~)560 9.0 
.9746 .6190 10.7 

a/b==l .0, a:::45 

Tt~l()t:::3'1'9. 2 ± 5.:t (C), Tb<~(~"=-42 1. • 5 ± ;:;,8 (C) 

Tt()p:::::3~58 • 2 ± -4.4 ( C ) , Too ::::20.5 ( C ) 

~r/T =1..27, Gr=4.3:t E7, Gr/Re**2=233.7:t 
00 

\~/a::::O. 0, 2/C::::0.0. N .. - ~50 
2 

}·~/b a l3D(K) 
._._-- ..... . __ . __ .- ._. __ .. _ .... _.-

.0254 .3050 O. ~3 

.0525 .0792 0.6 

.0'797 • 03~:S8 0.3 

.1610 .038'7 0.3 

.2424 .0336 0 

.4322 .0341 0.4 

.6220 .0405 0.5 

.8119 .2040 2. '7 

.8661 .3232 3.0 
• (7203 .4542 2.8 
.(7475 .5315 2.3 
.9746 .6199 2.1 
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8-22 

a/b=1.0, 

Tbot=399.2 ± 5.3 (C), Tb<llc::::421.9 ± 5.8 (C) 

Ttop:=358.2 ±4.4 (C), T ::::20.:5 (C) 
00 

6T/T ~1.27 , Gr=4.31 E7, Gr/Rs**2=47.19 
00 

\:J/a:=O.O, z/c:=O. (), N .- 50 
"2 

~·,/b e 8:0 (10 
..... _. __ .- ._--_.- '-'-'-'-'-'-'-
.0254 .1680 8.8 
.0525 + 02:L2 0.5 
.07'17 .0199 0.4 
.1610 .0:368 2.0 
.2424 .0480 1.4 
.4:322 .0537 1.2 
.6220 .0582 2.4 
.B11'1' .:3264 14.0 
.8661 .381'1' :1.8.0 
.9203 .460:5 12.6 
• ',4·75 .5H8 12.9 
.9746 .:5870 8.4 

Ttop:=357.5 ± 4.6 (C), T ::::21.0 (C) 
co 

~r/T =1.26, Gr=4.27 E7, Gr/R_**2=5.65 
co 

\:J/ .:1:=0 • 0 , z/c:=O.O, N .- :50 
"2 

~</b e 8[1(10 
---_.- --_._- . __ ._._._._-

.0254 .0789 9.0 

.0525 .070:3 3.8 

.0797 .0805 4.3 

.1610 .1102 4.6 

.2424 .1212 3.9 

.4322 .1584 4.4 

.6220 .2182 5.4 

.8119 .3412 6.2 

.8661 .3779 B.9 

.9203 .4231 7.0 

.'1'475 .4783 9.9 

.9746 .5448 8.2 
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B-23 

a/b=1.0, , a :=45 

Tbot=397 • '7 ± '7. 1 ( C ), Tbac:::420. 7 ± 5.4 (C) 

Ttop=355.7 ± 4.6 (C), T :=21.0 (C) 
00 

~r/T =1.26, Gr=4.2'7 E7, Gr/Re**2=2.43 
00 

':J/a=O.O, z/c=O.O, N ,- 50 
2' 

H/b e SD(K) 
._---- . __ . __ .- -_._._---
.0254 .0235 2.9 
.0525 .0410 5.6 
.0797 .0613 6.0 
.1610 .1~S4'7 5. <iI 
.2424 .2122 7.5 
.4322 ,,2918 7.4 
.6220 .3402 4.9 
.8119 .3855 4.5 
.8661 .4023 6.3 
.9203 .4141 4.2 
.9475 .4638 4.3 
.9746 .5456 2.9 

alb:::1 .0. , a :",4:5 

Ttop:=351.7 ± 5.1 (C), T :=2:L.0 (C) 
00 

6T/T -1.25. Gr-4.24 E7 • Gr/Re**2=1.19 
00 

\:Ila=O.O, z/c:=O. 0, N:=50 
"2" 

Nib e SD(IO 
._._--- ----- '-'-'--'-'--
.0254 .0495 6.9 
.0525 .0560 9.5 
.0797 .0823 12.2 
.1610 .1215 12.4 
.2424 .1666 18.3 
.4322 .196'7 16.5 
.6220 .2236 16.4 
.8119 .2739 7.1 
.8661 .2929 6.3 
.9203 .3062 3.0 
.9475 • 379<jl 3.3 
.9'746 .4622 2.5 
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8-24 

a/b=1.0, a=45 

TbQt=392.8 ± 5.8 (C), Tbac:=412.2 ± 5.4 (C) 

Tto?=343.7 ±5.7 (C), T :=21.0 (C) 
oa 

.':IT/Too =1.23 , GI"=4.17 1::7 

G I' /1~(il**2'::0 • 57 , N .- 50 

\a/a'=O.O, z/c'=O .0 
"2 

N/b e sri (10 
._---- . __ . __ .- -'-'-'-'--'-
.0254 .0671 6.6 
.0525 .0600 5.1 
.0797 .0630 6.3 
.1610 .0788 7.3 
.2424 .1031 ·7.4 
.4322 .1307 10.1 
.6220 .1473 10.3 
.8119 .1553 6.2 
.8661 • 17!:!2 6.4 
.9203 .2329 4.5 
.9475 .:3053 4.0 
.9746 .3802 4.4 

255 



B-25 

a=O , Free Convection (Re=O) 

Tbot=398.9 ± 1. '7 (C), Tbac:::4:33. 5 ± 5.1 (C) 

Ttop:::326 • 8 ± 5.0 ( C). T ::::21 .0 (C) 
co 

6T/T =1.24 , Gr=4.2 E7 
co 

\:I/a:::O. O. z/c:=O .0 • N ,- 50 
2 

;,(/b e S:O(I'~) 
.--.-.-.- ._ .. _._._.- .-._._._._._.-

.0254 .5999 '7. :L 
• 052~) .258<1 20.0 
.On7 .1305 22.2 
.1610 .0268 3.0 
.2424 .0312 2.8 
.4322 .0274 2.0 
.6220 .058~'5 lO.5 
.8119 .1716 17.2 
.8661 .2132 22 .. 1 
.. (]203 .2786 1!5 • '7 
.9475 .324:3 23.0 
.9746 .4527 20.7 

al·b:::1 .4':), a::::O 

Tbot::::399. 1 ±.2. 1 (C), Tbac:=4~~.2.:L ± 5.0 (C) 

n~op:=328 • 2 ± 5 • 2 ( C ), T <11. 0 ( C ) 
co 

'::J/a:=O.O, z/c:::O. 0, N ,- 50 
"2" 

H/b e 81)(10 
._._. __ .- . __ . __ .- .-._.-._ ......... -
.0254 .5092 1.4 
.0525 .1981 1.1 
.0797 .0594 0.6 
.1610 .0233 0.5 
.2424 .0301 0 
.4322 .0274 0 
.6220 .0566 5.3 
.8119 .2074 6.5 
.8661 .2443 8.3 
.9203 .3026 9.0 
.94'75 .3551 11.5 
.9746 .474'7 9. '7 
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B-26 

Tbot=399 • 0 ± 1. 4 ( e ), Tbac=-430 • 9 ± 4.8 (C) 

Ttop:::327.6 ±5.0 (e), T :=21.0 (e) 
00 

6T/T =1.24, Gr=4.2 E7, Gr/Re**2:::5.66 
00 

':l/a:=O.O, z/c:=O. O. N .- 50 
'2 

N/b e ~m(I\) 
. _._._._.- . _._._._ .... ._._._. __ ._ .... 
.0254 .2'141 4. :3 
.0525 .035'1 :L. 0 
.0'797 .0184 0.5 
.1610 .0164 0 
.2424 .0238 0.5 
.4322 .0244 2.3 
.6220 .0847 6.0 
.8119 .1757 6.3 
.8661 .2259 10.1 
.'1203 .3018 9.5 
.9475 .3583 10.9 
.9746 .4'740 :l2.5 

Ttol"':=326.6 ± 5.6 (e). T :=21.0 (e) 
00 

~T/T =1.24. Gr:::4.2 E7, Gr/Re**2=2.43 
00 

\~/a::::O.O, 2/C:=0. 0, N .- 50 
"2" 

)o(/b e 81)(10 
._._._._.- ._._._-- ._._--_._-
.0254 • 180:'5 7.5 
.0525 .0225 0.5 
.0797 .0190 0.3 
.1610 .01l,5 .0 
.2424 .0247 0 
.4322 .0283 4,3 
.6220 .1044 10.7 
.8119 .2113 10.2 
.8661 .2376 13.8 
.9203 .3077 1.1.9 
.9475 .3453 13.5 
.'1'746 .4407 18.6 
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8-27 

a/b=1.46, a ==0 

Tbot=401.0 ±3.8 (C), Tbac::::429.2 ± 5.3 (C) 

Ttop:=327 • 0 ± 5.7 (C) , Too :=21.0 (C) 

\d/a::::O. O. z/c:=O. 0, N .- 50 
2' 

NIb e 8:0 no 
'-"--'-- .-._--- ._._._._._--

.0254 .364:L 23.5 

.0525 .1009 11.8 

.0797 .0282 3.6 

.:t610 .O:L67 O. :3 

.2424 .0247 0.2 

.4322 .02:L9 0.8 

.6220 .0387 8.0 

.13119 .:L645 16.6 

.8661 .2207 22.3 
• ()l203 .2"726 :L3.5 
.9475 • :3271 :L4.7 
• ')1746 .4132 :L3.2 

alb:::!. .46, a:=O 

Tbo"t::::399 .7 ± 4.3 (C), Tb.ac::::428. 8 ± 4.8 (C) 

Ttop::::326.7 ± 6.0 (C), T :=21.0 (C) 
00 

AT/T ::::1.24, Gr::::4.2 E7, Gr/Re**2:::0.57 
00 

'.:lla:=O.O, z/c:=O.O, N .- :LOO 
2' 

H/b e 5IHI0 
-_._-- . __ ._-- ._. __ ._. __ .-
.0254 .1879 :L7.9 
.0525 .0596 8.1 
.0797 .0261 3.3 
.1610 .0165 .0 
.2424 .0225 0.4 
.4322 .0217 0.2 
.6220 .0190 0.3 
.8119 .0305 :3.9 
.8661 .0629 16.0 
.9203 .1508 13.9 
.9475 .22013 18.7 
.9746 .3603 1:3.8 

258 



8-28 

a=20 , Free Convection (Re=O) 

Tbot=397.5± 5.7 (C), Tbac=397.4 ±5.3 (C) 

Ttop:=31'7.7 ± 4.0 (Ch T ::::21.0 (C) 
co 

dT/T =1.19, Gr=4.03 E7 
00 

'.:II a=O. () 1 z/c::::O.O. N := 50 
'2 

H/b a SI)(I<) 
-'-'---- .-._._._.- '--"'-'---'-

.0254 .3147 7.4 

.0525 .1278 5.2 

.079'7 .0557 2.4 

.16:LO .0289 0.4 

.2424 .0:36:3 0.5 

.4322 ~0354 0.5 

.6220 .0346 0.4 

.8119 • .2221 <?9 

.8661 .3607 10.4 

.9203 .459B 7.4 

.9475 .4";>64 B.3 

.9746 • ~569;3 B.2 

alb:::: 1 • 4,,~; , a ::=20 

Ttop=321.9 ±4.1 (C), T =21.5 (C) 
00 

'::J/a::::O. 0, z/c::::O.O , N ,- 50 
! 

H/b a ~3D (10 
._---- .-._._._- ._ ..... _. __ ._.-

.0254 .2720 0.6 

.0525 .0996 0 

.0797 .040<;> 0.3 

.1610 .0266 .0 

.2424 .0351 0 

.4322 .0322 0 

.6220 .0294 0 

.8119 .1854 4.2 

.8661 .3102 5.9 

.9203 .4:593 4.7 

.9475 .5059 :5 .. ,-S 

.9'746 • ~5709 5.5 
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B-29 

a/b=1.46, a=20 

Tbot.=409.0 ± 5.9 (C), Tbac=401.8 ±5.l (C) 

Tt.op=323.9 ± 4."7 (C), T =21.5 (C) 
00 

'.;J/a=O.O, z/c:::O.O, N .- 50 
2' 

H/b e 8IHI0 
._---- ----- ._-_._---
.0254 .0230 1.8 
.0525 .0193 0.5 
.0797 .0179 0.2 
.1610 .0185 1.8 
.2424 .0378 0.7 
.4322 .0872 3.3 
.6220 .1391 6.6 
.811<] .3050 14.3 
.8661 .3361 18.8 
• <]203 .4197 14.2 
.9475 .4432 14.7 
.9746 .4999 13.0 

a//.:.I:::1.46, 

Ttop=324.7 ± 4.8 (Ch TCI) =21.5 (C) 

6T/T =1.21 , Gr=4.1 E7, Gr/Re**2=2.39 
00 

'::J/a=O.O, z/c:=O. 0, N ::: 50 
2 

~·,/b e 9tH 10 
._---- ---_.- -------
.0254 .0182 0 
.0525 .0193 o ",. .;J 

.0797 .0179 0.3 

.1610 .0154 0 

.2424 .0218 0.6 

.4322 .0294 4.6 

.6220 .1308 11.2 

.8119 .2599 8.0 

.8661 .3132 14.1 
• <]203 .3664 6.9 
.9475 .3964 10.1 
.9"746 .4599 9.3 
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8-30 

Tbot=408 • 0 ± 7.:3 (C), Tb<3<:::::400. 7 ± 4.9 ( C) 

Tt.o?=323.2 ± 5.:3 (C), T =21.5 (C) 
00 

\~/a::=O. 0, :;::/c:::O. 0, N --- 50 
"2 

;-:/b e SD(lO 
._. __ ._.- ..... _._._.- "-'-'-'-'---

.0254 .0183 0 
0'::-'")'::-.. ....J4V .01B5 0.3 

.0797 .017:1. 0.5 

.1610 • O:L~5!) 0 

.2424 .0202 0.5 

.4322 .0:L57 0.3 

.6220 .034'0 4.0 

.8119 .1996 10.3 

.8661 .2780 -8.9 

.9203 .3420 4.4 
• 947~5 .3651 4.8 
• <)1746 .4536 4.3 

<3/b::: 1 .46 , (l ::::20 

T/:.10-(:':::408, -4 ± 7.8 (C), Tbi3c:=:399. 0 ± 4.9 (C) 

Tt.o?:=3:l7.3 ± 5.8 (C), T :::22.0 (C) 
00 

'.:J/a:=O. 0, :~/c:=O.O , N -- 50 
"2 

H/b e B[J(I,,) 
._-_._- . __ ._._- . __ . __ ._._.-
.0254 .0170 0 

~~ . 
.. 0525 • 0170 0 
.0797 .0142 0 
.1610 .0142 0 
.2424 .0181 o ,-.;:, 

.4322 .0153 0.5 

.6220 .0142 0 

.8119 .0179 1.1 

.8661 .0:326 3. -7 

.9203 .1 :L:l6 6.7 

.9475 .1576 8.2 

.9746 .2757 6.5 
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B-31 

a/b=1.46, ~=45 , Free Convection (Re=O) 

Tbot=403 • 5 ± 5.7 (C) v Tbac::=400. 2 ± 4.4 ( C ) 

Tto?=327 • 9 ± 3.7 (C), T :=22.0 (C) .., 
5r/T =1.2 ,Gr=4.06 E7 

ex> 

\~/ a:=O • 0 , z/c:=O.O , N ... 50 
2" 

N/b e 8D C/O 
._. __ .-.- .--.--- ._._._._._._.-
.0254 .3£177 8.2 
.0525 .12'18 6.'7 
.0797 .0524 2.1 
.1610 :0290 0.8 
.2424 .0358 0.9 
.4322 .0343 0.5 
.6220 .0448 3 "" .;.;J 

.8119 .2706 6.9 

.8661 .3809 7.8 
• ')l203 .5124 5.5 
.9475 .5653 13.0 
.9746 .641,0 5.8 

a ::::45 

Tbot.::::403.5 ± 5.7 (C), Tbac=399. 8 ± 4.3 (C) 

Tt.Of~:::328.4 ± 3.7 (C), T :=22.0 (C) .., 

4T/T =1.2 , Gr=4.06 E7, Gr/Re**2=695.75 co 

'::J/a::::O.O, z/c:=O. 0, N .- 50 
2" 

N/b e 8D (10 
----- ---_.- ._._._._._._-
.0254 .3685 0.4 
.0525 .1154 0.2 
.0'797 .0431 0.4 
.1610 .0282 0, 
.2424 .0366 0 
.4322 .0363 0.3 
.6220 .0343 0.4 
.8119 .2:314 2.8 
.8661 .3702 2.9 
.9203 .5155 2.0 
.9475 .5839 1.8 
.9746 .6441 1.3 
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8-32 

a/b=1,46, ~45 

Tbot=405.7 ± 5.7 (C), Tbac:=400. 7 ± 4.3 (C) 

Ttop=329.2 ± 3.9 (C), T", =22.0 (C) 

6T/T", :=1.21, Gr:=4.1 1::7, Gr/l:;:e**2:=47.33 

'.:ll a:=O .0 p z/c:=O. 0, N .- 100 
2" 

}-~/b 9 SD <1'0 
._---- ._._._._.- ._-.-,_._._-

.0254 .2098 5.9 

.0525 0".,':'-1::-• 1Mo..J;.:J 0.4 

.0797 .0208 0.5 

.1610 .0281 1 t::" .v 

.2424 .0477 2.0 

.4322 .0547 1.2 

.6220 .081 '1 7.1 

.8119 .2738 :l2.8 

.8661 • :34:36 15.1 

.9203 .4415 10.7 

.9475 .5153 12.3 

.9746 .58',6 9.3 

alb::: 1 .4.11 , CL :=45 

Tbot:::403.7 ±6.6 (C), Tbac:=401.1 ± 4.4 (C) 

Ttop:=327.6 ± 4.1 (C) ~ 'r.., :=22,0 (C) 

~r/T =1.2 ,Gr=4.06 E7, Gr/Re**2=5.6 
'" 

'.:lla:=O.O, z/c:=O.O, N :: 50 
2" 

Nib e 8D(10 
--_._- -_. __ .- .--_._._._-

.0254 .0847 :lO .2 

.0525 .0759 3.3 

.0797 .0827 3.6 

.1610 .1021 3.9 

.2424 .1246 3.8 

.4322 .1603 5.0 

.6220 .2231 <S .2 

.8119 .3266 6.0 

.8661 .3775 7.3 

.9203 .4304 6.0 

.9475 .4788 8.2 

.9746 .5333 9.9 
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6-33 

ct. :=45 

Tbot=403.'7±'7.8 (C), Tbac:::402.5±4'.4 (C) 

Ttop=326.3 ± 4.6 (C), T :=22.0 (C) 
CIO 

~r/T =1.2 , Gr=4.06 E7, Gr/Re**2=2.39 
CIO 

~/a:=O. 0, :z/c:=O. 0, N .- 50 
2" 

N/b 9 8[1(10 
. __ ._._- ---'-- -_._._._._.-

.0254 .0166 0.4 

.0525 .01'72 0.3 

.0'797 .0208 0.7 

.1610 .0813 3.6 

.2424 .171 (I 3.4 
• 4~322 .2653 1.6 
.6220 .3159 2.0 
.8119 .3226 1.7 
.8661 .3941 4.1 
• (/203 .4290 2.4 
.9475 .4'706 2.5 
.9746 .5266 2.0 

a/b:=1.46, ct. =45 

Tbot:=403.2 ± 8.5 (C), Tbac:::::400. ~'5 ± 4.0 (C) 

Ttop:=322 • 8 ±:5. 1 ( C), 'r;,., :=22.0 (C) 

\~/a:=O. 0, z/c:=O.O , N .- 50 
2 

N/.b 9 8[1(10 
----- --'--- ._--_._._ .... 
.0254 .0314 2. (1 
.0525 .0320 3.0 
.0797 .0365 3.6 
.1610 .0484 4.0 
.2424 .0'733 2.9 
.4322 .1188 3.4 
.6220 .2198 3.9 
.8119 .2040 3.3 
.8661 .3397 3.4 
.9203 .3694 1.9 
.94'75 .4218 1.'7 
.9746 .4812 1.2 
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Tbot=408.1 ± 9.5 (C), Tbac:=400. 9 ± 4.2 (C) 

Ttop:=319 .2 ± 6.1 (C), T :=22.5 (C) 
00 

sr IT := 1 .2 , G r:=4 • 06 1::7 
co 

Gr/l~.?**2:=0. 58 , N .- 50 

\:11 a:.:O .0. z/c:=O.O 
'Z 

H/b e srr <1'0 
._._-_.- . __ ._._.- ._._. __ ._--
.0254 .074:L 5.9 
.0525 .0608 4.6 
.0797 .0518 4.8 
.1610 .0670 7.0 
.2424 .0611 4.2 
.4322 .0'772 4.4 
.6220 .0970 5.5 
.8119 .1626 2.5 
.8661 .281:L 4.2 
• '7203 .3312 2.6 
• '7475 .3911 2.4 
• ';"746 .4406 2 .1 
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APPENDIX C 

Flow Diagram and Listing of Computer Programs for 

Automatic Data Acquisition and Statistical Reduction 
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C-l 

Brief Description 

The main program is started by entering the system parameters through 

the console terminal such as: calibration factor (or fringe spacing), 

beam intersection angle, y; index of refraction of fluid medium; the 

sampling size, N; the net frequency shift, fs; the origin of the space 

coordinate, Xo ' the coordinate rotation angle, ~; and the permanent data 

file name, etc. 

With reference to the flow diagram below: 

1. The INTRAL subroutine requires the user to enter the parameters 

controlling the next sequence of stepping motor movements, which include 

the initial position, Xi' the increment, ~Xi' and the number of measuring 

positions, NMP. 

2. The MOTMOV subroutine deals with the DR ll-M output interface 

board to direct the stepping motor movements. 

3. The HANSHK subroutine deals with the DR ll-L input interface 

board to perform the data fetching and the storage of the data in a tem-

porary array. 

4. The CONVRS subroutine converts the data from binary form to 

decimal equivalent. The statistical reduction and storage of the data 

into a permanent file are subsequently accomplished. 

5. The mean values and turbulent stresses are then displayed on the 

console terminal following the bell rings. 

6. The LPRNTR subroutineprints the data on the line printer. 
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NO 

INITIATION: 
CFCT. Y. Index. N. ~ __ _ 

fs, ~o' cp, File .. ·· 

CALL INTRAC: 
~i> A~i. NMP.··· 

CALL MOTMOV 

DO LOOP: I. N 
CALL HANSHK 

CALL CONVRS, 
STATIS, STORE 

RING BELL! 
CALL 01 SPLS 

NMP"-NMP-I 

Yes 

No 

CALL 
LPRNTR 

C-2 
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c 
c 
c 
c 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

Pf~OGRAM D,~MLDV 

***************'*****************************'**'*'*"*****.*"*' DATA ACQUISITION PACKAGE FOR LDV 1- OR 2-COMPONENT MEASUREMENTS , 
*********************'**** AUTHOR: A. MDDAVI '*'****'******.**** ****'*"*************'**** REVISED: K-S CHEN ********,* •• * ••• *** 

* STORES POSITION CXYZ(3)], MEAN AND RMS VALUES, ETC., IN THE * 
FILE UNDER • nLNAM·. DK: MUST BE ASSIGNEr, TO UNIT '.2. .~ 

MAIN PROGRAM IS IN FILE UNDER (FILE DAPLDV.SUMJ WHICH CONSISTS ~ 
OF FIVE SECTIONS GROUPED INTO TWO CHAPTERS AS FOLLOWING: • 

sumWUT INES: 

* DAMLDV.SEl ._._* ¥ 

DAMLDV.SE2 * OM1LDV.CH:l-·-*·i 
D[~MLDV. 81:3 _._* * (t/;:)I'1LD'"t t SU;--1) * 

:I< :i< 
DAMLDV.SE4 --* DAMLDV.CH2 --:I< r 
DAMLDV.SE5 --*1 

.-f. 

INTr\AC (FILE UNDER rNTF~AC i FO!,) -* 
INCr=-.;EM (FILE UNDEf( I~'~C::-~EM + FOF\) * C'::OUT .. ,JCil ) .-~ 

MOn1OV (FILE UNDER MOVriOT "FO::~) -* 
HANSHK (FILE iJNDER I-I,'INSI-IK. FO'~) -* .' 
CONV'~S (FILE UNDER CDNVI'lS. FOR) * (F\IJUi'1. 002 ) " 
DISPLS (FILE UNDER DISPLS.FOR) .. * * .~ 

StiEROR (FILE UNDER ~:iI:lEI:;:Ol~. FOr~) -* .~ 

STO'~E (FILE UNt'ER STORE: .FOR) * ("OUT. 00:3; -* 
'_PRNTR (nLE UNDER '_I"'~NTR. FOR) -% ~ 

:~ 

C DSAFL T (FILE UNDER DSAFL T • MAC) * 
C * 
C *********************** DAMLDV.SEl ENDS ***************'*******.* 
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C ********************* ('AMLDV. SE2 BEGINS ************************* 
LOGICAL*1 FILNAM(ll),LIKE,INITI,FINISH,IDIR 
INTEGER CSRLOA, DBRLOA, CNTCSR, CSRLOB, DBRLOB, ADSCSR, ADSDBI~ 
INTEGER ABORT(S),IFD(2,1000),COUNTR,COIN 
REAL LP,XYZ(3),SHIFT(2),CFCT(2),INCX,INCY,INCZ,TSHIFT(2),TCFCT(2) 
COMMON /ADSREG/CSRLOA, DBRLOA ,CSf,LOB, DBRLOB ,ADSC5R, ADSD,BR 

& /FILE/FILNAM/FCTRS/CFCT/COMP/NCHANL,COUNTR/RECOD/NRECOD 
& /RINDEX/RICX,RICY,RICZ/FRGSFT/SHIFT/BFLOW/VBULK/SIZE/IRES 
& /OLD/XFOLD,YFOLD,ZFOLD/POP/NPOP/SRVB1/IFD,NC/INTFCE/COIN 
~ /DATA/XI,YI,ZI,XF,YF,ZF,DX,DY,DZ,SIGNX,SIGNY,SIGNZ 
& /ASK1/XO,YO,ZO/ASK2/ICO/MOVE/LP,XYZ/SIGN/SIGNA,SIGNB 

COMMON /ARG/UMEAN,VMEAN,UMS,VM5,UVMS,U2V,V2U,UMEAN1,VMEAN1,UM51, 
&VMSI ,UVMSl ,U2Vl ,V2U1IINCL/ANGLE/SWEEP/IDIR/TIL/THETA 

COMtl0N /ARGF /UMF, VMF, UMSF, VMSF, UVMSF, U2VF, V2UF, UMT, VMT, UMST, 
&VMST,UVMST,U2VT,V2UT/TWM/TSHIFT,TCFCT 

COMMON /SEfWI~W/SU; SV. SUU, SVV, SUVU, SUVL, R/PLAY /NPIHR 
COMMON /SERORU/SU1,SV1,8UU1,SVV1,SUVU1,SUVL1,Rl 
CONtlON /SERORF /SUF, SVF, SUUF, SVVF, SUVUF, 8UVLF, RF 
COMMON ISERORT/SUT,SVT,SUUT,8VVT,SUVUT,SUVLT,RT 

C INITIATION 
DATA FILNAM/6*'0'.'.',3*'O',' '/,XYZ/3*0.OhNPRTR/0/ 
DATA XI,YI,ZI,XF,YF,ZF,DX,DY,DZ/9*0.0/,ICO/'CA'/ 
DAr~ XO,YO,ZO/3*0.0/,FINISH/.FALSE./NRECOD/0/,NPOP/1/ 
csm.OA=' 16-1010 
lIBI:~L()A=' .[ 64012 
(;3;:(LOB=' 164014 
D£lRLOB""164016 
TYPE *,' ENTER CHANNEL NO. C'l':1-COMPONENTI'2':2-COMPONENT)' 
ACCEPT *.NCHANL 
IF(NCHANL .EG. 2) GO TO 36 
TYPE *,' ENTER COUNTER NO. (' 1 ' : COUNTEI~'·,<I I' 2' : COUNTEI~-B) , 
ACCEPT *, COUNTR 
ADSCSR=CSRLOA+4*(COUNTR-l) 
ADSDBR=DBRLOA+4*(COUNTR-l) 
GO TO 39 

36 TYPE *,' COINCIDENCE IN TWO CHANNELS? ENTER 'Y':YE8, 'W:NO' 
ACCEPT ]8, COIN 
TYPE *,' ENTER FREG. SHIFT FOR "TWM' IN ONE'·CHANNEL MEASUREMI~NT' 
ACCEPT * .. rSHIFT 
rYF'E *,' ENTER CALI. FACTOI'~S FOR 'TWM' IN ONE-CHANNEL MEASUREMENT' 
ACCEPT *, TCFCT 

38 FOi~,'1AT (All 
I~DSCSI;:'=CSRLOB 
I~DSDBR=DBRLOB 

39 ABClfH ( 1 ) =ADSCSR 
ABORT (2) '=0 
ABORT(31='164000 
ABORT(4)=0 
ABOfn(S)=O 
TYPE *,' ENTER THE ANGLE FOR COORDINATE TRANSFORMATIO IN DEG.' 
ACCEPT *, THETA 
THETA-THETA/180.*3.141S926 

C ********************** DAMLDV.SE2 ENDS ************************** 
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C ********************* DAMLDV.SE3 BEGINS ************************* 
CALL DEVICECABORT> 

C COMPUTE INTERRUPT VECTOR & PRIORITY LEVEL 
CNTCSR= IPEEK(ADSCSR) 
IPRILO=«CNTCSR .AND. '601/'201+4 
IVECLO= (CNTCSR .AND. '770001/'100 

C FILE STORAGE SPECIFICATION 
TYPE *,' ENTER BEGINNING FOUI~ CHARACTERS IN THE FILE SPEC.' 
READCS,101 (FILNAMCII,I-1,4) 

10 ;CORt1AT C 4.0,11 
WRITE(S,11) IFILNAM(I),I-1,41 

11 FORMATI' BEGINNING FILE SPEC. CHOSEN IS ',I, 5X,4Al1 
TYPE *,' ENTER LAST THREE CHARACTERS IN THE FILE SPEC., E.G.,'OOl' 

&, OR 'DAT" 
READ(S,121 (FILNAMCI),I=8,10) 

12 FORMAT(3Al1 
TYPE 14, FILNAM 

14 FORMAT (' YOUI~ STORED FILE NAME IS " llAlI 
C ENTER SIGN FOR BOTH COUNTERS 

TYPE *,' ENTER SIGNS IN TWO CHANNELS' 
TYF'E *,' IF C FLO > FO I, ENTER '·-1'; OTHERWISE ENTER '1" 
ACCEPT *, SIGNA, SIGNB 

CENTER NC C NUMBER OF COUNTS TO BE TAI"EN I 
TYPE *,' ENTER NO. OF COUNTSIPOPULATION (EVEN INTEGER, MAX,:IOaO)' 
ACCEPT *,NC 

CENTER CAUlll'<ATION FACTOR ISEE DIS.~ MANUAL> 
TYPE *,' ENTER CALIBRATION FACTOR IN BOTH CHANNELS (MIS/MHZ)' 
ACCEPT *, CFCT 

C ENTER FREQUENCY SHIFT. 
TYPE *,' ENTER FF,EQUENCY SHIFTS IN BOTH CHANNELS (MHZ I ' 
ACCEPT *, SHIFT 
SHIFT I 1 )'"ABS! SHIFT! 1 I) 
SHIFTC21-ABSCSHIFT(2» 
TYPE *,' ENTER THE COOI~IIINATES 'XYZ' OF STAIHING POINT' 
ACCEPT *, XYZ 
TYPE *,' ENTER SWEEPING DIR. FOR TR-TABLE, 'Y':Y-DIR,,'Z':Z-DIR' 
ACCEPT 17, IDIR 

17 FORMATCAlI 
TYPE t,' ENTER THE BEAM INCLINATION ANGLE IN CDEG.I' 
ACCEPT *, ANGLE 
ANGLE~3.141S926*ANGLE/180. 

C ENTER BULK VELOC ITY (OR I~EFERENCE VELOC ITY) 
TYPE *,' ENTER BUll" VELOC ITY C MIS I ' 
.~CCEPT *, VBULI" 

C ENTER CORRECTIONS FOR CHANGE IN INDEX OF REFRACTION 
TYPE *,' ENTER REFRACTIVE INDEX CORRECTION FACTORS:RICX,RICY,I'<ICZ' 
ACCEPT *,RICX,RIGY,RICZ 

C ************************* DAMLDV.SE3 ENDS ************************ 
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C ************************ DAMLDV.SE4 BEGINS ********************* 
C SET DAE 

CALL IPOJ"E (CSRLOA, '400) 
CALL IPOKE(CSRLOB,'400) 
UPI::: *, , 
rYPI:: ",' COUNTER ON FREE RUN & INTERFWPT D ISA!<LE' 
TYPf::: *,' 
TYPE *,' DISABLE XYZ TABLE JOYSTICK (SWITCH TO COMP. CONTROLl' 
F'AUSE 
TYPE *,' NOW POSITION XYZ TABLE BY JOYSTICK IF YOU WISH' 
TYPE *,' WHEN IN POS ITION SWITCH TO COMP. CONTROL. & RETUI,W 
PAUSE 
TYPE *,' ******* I~EADY FOJ~ (lATA ACQUISITION *******' 
F',~USE 

C ENABLE THE COUNTER 
CALL IPOKE (CSRJ_OA, 1) 

CALL IPCKE(CSRLOB,l) 
C INITIALIZE THE ARMING OF THE COUNTERS 

IDM=IPEEK(DBRLOA) 
lDM=IF'EEJ\ (DBRLOB) 

G 
G OPEN THE FILE ON THE UNIT 2 FOR THE STORAGE OF DATA 

II,£S<5*2+4*2 
IF(NCHANL .EG. 2) IRES-3*2+14*4 
OPEN (UNIT-2, NAME'"FILNAM, TYPE'"' NEW' ,FORM=' UNFORMATTED' , 

& ACCESS-'DIRECT',RECORDSIZE-IRES) 
C **;~********************** DAMLDV. SE4 J:::NDS *********************;~** 
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C ********************** DAMLDV.SE5 BEGINS ********************** 
NMPSUM=O 

295 XFOLD=XYZ(1) 
YFOLD=XYZ(2) 
ZFOLD'~XYZ (3) 
CALL INTRACCFINISH,NMP) 
NMPSUM=NMPSUMtNMP 
IFCFINISH) GO TO 355 

C ,'lOVING STEPPING MOTOI~ IS DONE BY CALLING SUBI~OUTINES 'INCv\EM' & 
C • ~lOTMOV' • 

CALL INCREM(INCX,INCY,INCZ) 
CiO TO 305 

301 CALL MOTMOV(INCX,INCY,INCZ,130,150) 
305 WRITEC5,30S) XYZ 
30S FORMAT(/,' TR MOVES TO',' X-',F7.3,' Y-',F7.3,' Z=',F7.3,/) 

CALL HANSHI~ 

CALI_ CONVRS 
CALL DISF'LS 

C I<ELL RINGS TO NOTIFY THAT THE MEASUREMENTS AT A POINT HAS BEEN 
C COMPLETED. 

DO 335 1-1,5 
TYPE *'! BEL' 
IDLE-ISLEEPCO.0,O,30) 

3:,5 GON TI NUE 
NMF"~NMF'-1 

GALL SDERORCNC,UMS,VMS,UVMS,SU,SU,SUU,SUV,SUVU,SUUL,R) 
CALL SDERORCNC,UMS1,VMS1,UVMS1,SU1,SU1,SUU1,SVV1,SUVU1,SUUL1,Rl) 
CALL SDERORCNC,UMSF,VMSF,UVMSF,SUF,SVF,SUUF,SVVF,SUVUF,SUVLF.RF) 
Cr~LL SDEROR (NC-' UMST, VMST, UVMST, SUT, SUT, SUUT, SVUT, SUVUT, SUVL T ,RT) 
CALL STORE 
IFCNMF' .EO. 0) GO TO 295 
GO TO 301 
TYPE *,' 

. 355 TYPE *,' DO YOU WANT TO PRINT THE DATA l' ENTER 'Y'lYES1'N':NO' 
ACCEF'T 365, IPRINT 

365 FOf<MA'T( AU 
IFC IPRINT .NE. AY') GO TO 3'70 
CALL LPRNTRCNMF'SUM) 
CLOSECUNIT=2,DISF'OSE-'SAVE') 
STOP 

3'70 TYPE 375, FILNAM,NMI"SUM 
3'75 FORMATC/lr2X,' THE DATA ARE STOI',ED IN THE FILE 'dIAl, 

&' WITH TOTAL DATA POINTS ',15) 
CLOSECUNIT-2,DISPOSE='SAVE') 
STOP 
END 

C ************************* DAHLDV.SE5 ENDS ********************* 
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SUBROUTINE INTRACIFINISH,NMP) 
C *********************** AUTHOR: A. MODAVI ********************* 
C *********************** MOD.: K-S CHEN ******************'**'" 
C * C INTERACTIVE SUBROUTINE * 
C * 
C ***'****'*************************'**'****'******************'*** 

C 

REAL XYZ(3).LP,CFCTC2),SHIFTC2) 
LOGICAL*! FINISH 
COMMON IDATA/XI,YI,ZI,XF,YF,ZF,DX,Dy.DZ,SIGNX,SIGNY,SIGNZ 
COMMON IMOVE/LP.XYZ/FCTRS/CFCT/FRQSFT/SHIFT/SIGN/SIGNA,SIGNB 
COMMON IINCL/ANGLE 

TYPE 50. XYZ 
50 FORMAT(/,' 'rHE LASER IS Pl~OBING A"r ','X=',F7.3,' y~/,1~7t3~' Z 

&,.', 1"'7.3,1) 
TYPE *,' ARE MEASUREMENTS ALL DONE? ENTER C'T':YESI'F'IND)' 
ACCEPT 40. FINISH 

40 FORMAT (U) 

IFCFINISH) RETURN 
C ENrER [NITIAL POSITION OF NEXT MEASUREMENT 

f1PE I,' LNTCR XI,YI,ZI,THE INITIAL FOSITION OF NEXT MEASUREME 
&NTf, , 

ACCEPT *, XI,YI~ZI 
C ENrER THE INCREMENTS IN THIS MOVING SEQUENCE 

rYPE *,' I::NTER OX,OY,DZ,TI-IE INCREMENTS OF THIS ilEClU::::NCE' 
ACCEPT *, OX,DY.DZ 

C ENTER THE NO. OF MEASURING POrNTS IN THIS SEQUENCE 
TY1~E *,' ENTER THE NO~ OF MEASURING j~OINTS IN T~IIS SEQUENC[~ 

ACCEPT *, NMP 
C 

TYPE 90, XI,YI,ZI 
90 FORMATC' THE NEXT INITIAL POINT TO BE MEASURED IS ','XI~·.F7.J, 

&~ YI:=' ,F7.3, I ZI:=' ,F7.3) 
rWE 95, NMP . 

95 FORMATC' THE NO. OF MEASURING POINTS IN THIS SEQUENCE IS', 14./1 
rYPE I,' ALL SETTINGS REMAIN THE SAME ~ ENTER 'Y': YESi'N'IND' 
ACCEPT 100, ISET 

100 l"m;:i1ATC All 
IF (ISET • EQ. 'Y') I,ETUI,N 
rYPE *,' ENTER THE CALIBRATION FACTORS IN 2 CHANNELS 
[~CCi::I"T *, CFCT 
TYPE *,' ENTER THE FREQ. SHIFT IN 2 CHANNELS' 
ACCEPT *, SHIFT 
TYPE *,' ENTR THE SIGNS IN 2 CHANNELS' 
ACCEPT *, SIGNA,SIGND 
rVPE *,' ENTER THE BEAM INCLINATION ANGLE IN CDEG.)' 
ACCI::PT *, MWLE 
ANGLE~3.1415926*ANGLE/!80. 
RETUI:;;N 
JoND 

C *~******************** INTRAC.FOR ENDS **********************'* 
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SUBf,OUTINE INCREM C INCX, INCY, INCZ) 
C ******************* AUTHOR: JIMMY WONG *** MOD.: A. MODAVI ***** 
C ******************** FURTHER MOIl.: I'. TUR I, M. ARNAL *********** 
C ******************** MOIl.: K'-S CHEN **************************** 
C * C THE 'rNCREM' FIRST MOVES THE TRAVERSING TABLE TO THE INITIAL * 
C MEASURING POSITION, THEN DETERMINE THE MOVING INCREMENTS IN THE * 
C SUBSEClUENT MEASURE11ENTS. * 
C * 
C ***************************************************************** 

REAL XYZ(3) ,LP 
REAL INCX,INCY,INCZ 
COMMON IDATA/XI,YI,ZI,XF,YF,ZF,DX,DY,DZ,SIGNX,SIGNY,SIGNZ 

& IASK2/ICO/MOVE/LP,XYZ/ASK1/XO,YO,ZO 
& IPOF'/NPOP 10LD/XFOLD, ,(FOLlI, ZFOLD 
& IRINDEX/RICX,RICY,RICZ 

C SET THE VALUE OF 'LP', THE SMALLEST MOTOR INCREMENTATION. 
DATA LP/O.005/,BIGNX,SIGNY,SIGNZ/3*1.01 

C MOVE THE MOTOR TO THE r N I TII~L pas IT ION OF SUBSEClUEN'r MEASUI~MENTS, 
INCX=(XI-XFOLD)/LP 
INCY-(YI-YFOLD)/LP 
INCZ=(ZI-ZFOLD)/LP 

C CHECI" FOR COORDINATE SYSTEM TYF'E. 
rFnco .EG, 'CA') GO TO 117 

C IF YOU WANT, SUPPLY YOUR OWN FORMULA 
117 INCX-INCX/RICX 

I.NCY~INCY/RICY 

INCZ,'INCZ/RICZ 
127 CALL MOTMOVCINCX,INCY,INCZ,130,150) 
C THE MOTOR HAS MOVED TO THE NEXT INITIAL I"OSHION. 
C 
C DETERMINE THE STEPF'S OF THE MOVEMloNT FOR SUBSEClUENT MEASUREMENTS. 
C 

IF(ICO .EG. 'CA') GO TO 157 
C IF YOU WANT, SUPPLY YOUR OWN FORMULAS 

GO TO 177 
157 INCX·~SIGNX*DX/LP 

INCY=BIGNY*DY/LP 
INCZ·~SI GNZ*DZ/LP 

177 INCX-INCX/RICX 
INCY·=INCY IRICY 
I NCZ" I NCZ/I;:] CZ 
RETURN 
END 

C ************************ INCREM.FOR ENDS ************************ 



SUBROUTINE MOTMOVCINCX,INCY,INCZ,LOOP1,LOOP2) 
C ****************************************************************** 
C *************************** AUTHOR: A. MODAV I * 
C *;~************************* MCD.: P. TUI~:C, M. ,~RNAL "" 
C *************************** MOD.: 1(. S. CHEN '~ 

C * C 'MOTMOV' CONVERTS SPECIFIED MOVEMENT VALUES TO A FORM ACCEPTABLE * 
C TO THE MOTOR CONTROL INTERFACE AND THEN DEPOSITS THESE VALUES IN * 
C THE PliOPER ADDRESS TO I::FFECT MOTOR MOVEMENT. * 
C "" 
C ************************ MOVMOT.SEI BEG INNS ********************** 

REAL INCX,INCY,INCZ 
r~EAL LP,XYZ(3) 

C THETA & TIL T I~RE THE COORDINATE I~OTATION ANGLES 
COMMON IMOVE/LP,XYZ/INCL/ANGLE/TIL/THETA 
COMMON IRINDEX/RICX,RICY,RICZ 

C Ic;CRE11ENTS ARE CONVERTED TO INTEGER VALUES. 

C 

RrNCX~INCX*COS(THETA)+INCZ*SIN(THETA) 
RINCY--INCX*SIN(THETA)+INCZ*COS(THETA) 
r~INCZ;;;:INCZ 

iFCRINCX .GE. 0.) RINCX-RINCXtO.5 
IFCRINCX .LT. 0.) RINCX~RINCX-0.5 
IFCRINCY .GE. 0.) RINCY~RINCYtO.5 
[FCRINCY .LT. 0.) RINCY-RINCY-0.5 
IFCRINCZ .GE. 0.) RINCZ=RINCZ+0.5 
IFCRINCZ .LT. 0.) RINCZ-RINCZ-0.5 
INTX'~INT C RINCX) 
INTY-INTCRINCn 
INTZ~INT C liINCZ) 

XYZ(l)-XYZ(l)+(INTX*COSCTHETA)-INTZ*SINCTHETA"*LP 
XYZ(3'=XYZC3)tINTY*LP 
XYZ (2) ~XYZ C 2) + (INTX*SIN <TI-IE'TA) +INTZ*COS <THETA) ) *LP 

C ************************ MOVMOT.SEI ENDS ************************* 

C-IO 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C-ll 

************************ MOVMOT.SE2 BEGINS *********************** 
THE FOLLOWING IS AN EXPLANA'TION OF THE MOTOR MOVEMENT INTERFACE 
CONTROL. THE ADDI~ESS OF THE MOTOR MOVEMENT REGISTER IS "164002. 
THIS REGISTER A SIX BIT BINARY NUMBER WHICH INDICATES POSITIVE, 
NEG,~'TIVE, OR ZERO MOVEMENT IN THE X,Y, AND Z DIRECTIONS. THIS 
NUMBER HAS THE FOLLOWING FORM: 

DIRECTION: 
SIGN: 
BIT NUMBER: 

(Z) 
+ 
6 :5 

(Y) 
+ 
4 3 

(X) 
+ 
2 1 

IF A POSITIVE MOVEMENT IN THE X,Y, OR Z DIRECTIONS IS DESIRED, THEN 
A "1" APPEARS IN THE 2,4, OR 6 BIT LOCATIONS, RESPECTIVELY. FOR A 
NEGA'TIVE MOVEMENT IN THE X,Y, OR Z DIRECTIONS, A "1" APPEARS IN 
THE 1.3. OR 5 BIT LOCA'TIONS,RESPECTIVELY. FOR ZERO MOVEMENT IN ANY 
PARTICULAR DIRECTION,A '1' APPEARS IN BOTH BIT LOCATIONS ASSOCIATED 

EXAMPLE : POSITIVE MOVEMENT IN THE X DIRECTION, ZERO MOVEMENT IN 
THE Y DmECTION, I~ND NEGATIVE MOVEMENT IN THE Z DIRECTION--

DIRECTION: 
BIT NUMBER: 
BINARY VALUE: 

(Z) 
6 5 
o 1 

(Y) 
4 3 
1 1 

(Xl 
2 1 
1 0 

THE MOVEMENT OCCURS IN INCREMENTS OF 0.005 MM CTi-lIS VALUE IS A 
CHARACTERISTIC OF THE STEPPING MOTORS USEr'). TO MOVE DISTANCES 
GREATER THAN ONE INCREMENT A "DO-I_OOP" IS USED. 

************************ MOVMOT.SE2 ENDS ************************* 



C ********************** MOVMOT.SE3 BEGINS *********************** 
::;00 CONTINUE 
C MOVEMENT IN X DIRECTION 

IFCINTX) 10,11,12 
10 11=1 

INTX=INTX+l 
GO TO 200 

11 Il=3 
INTX=INTX+O 
GO TO 200 

12 11=2 
INTX=INTX-l 
GO TO 200 

C MOVEMENT IN THE YDIRECTION 
200 IFCINTY) 20,21,22 
20 12=4 

INTY'=INTYH 
GO TO 300 

21 12=12 
INTY=INTY+O 
GO TO 300 

22 :[2=8 
INTY=INTY-l 
GO TO 300 

C MOVEMENT IN THE Z I1I1~ECTION 
300 IFCINTZ) 30,31,32 
30 13=16 

INTZ=INTZH 
GO TO 400 

31 13'=48 
INTZ=INTZ+O 
GO TO 400 

32 13=32 
INTZ=INTZ-l 
GO TO 400 

C CALCULATE MOTOR INCI~MENT VALUE AND INSERT INTO REGISTER. 
400 ISTEP=Il+I2+I3 

CALL IPOKEC'164002,ISTEP) 
C THE SECONDARY TIME DELIH IS TO ALLOW FOR MOTOR MOVEMENT. 

DO 55 I=I,LOOP2 
55 CONTINUE 

CALL IPOKEC'164002,63) 
C PRIMARY TIME DELAY LOOP 

DO 50 I'=I,LOOPl 
50 CONTINUE 
C CHECK IF FUI'\THER MOVEMENT IS REGUIRED. 

IFCINTX.NE.O .OR. INTY.NE.O .OR. INTZ.NE.O) GO TO 500 
RETURN 
END 

C ********************** MOVMOT.SE3 ENDS ************************* 
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SUBROUTINE HANSH/( 
C HANDSHAKE MONITORNIG OF RGCBIT 7 OF ADSCSR) 

C ************************** AUTHOR: A. MODAVI ***************** 
C ************************** REV I SED: K--S CHEN ***************** C 

INTEGER CSRLOA,DBRLOA,CSRLOB,DBRLOB,ADSCSR,ADSDBR,CNTCSR 
INTEGER IFDC2,IOOOI,COUNTR,COIN 
COMMON IADSREG/CS/~LOA, DBHLOA, CS/~LOD, DBRLOB, AtISCSR ,ADSDBR 
COMMON ICOMP/NCHANL,COUNTRISRUBI/IFD,NC/INTFCE/COIN 
IFCNCHANL .EG. 21 GO TO 590 
IDM-IPEEKCADSDBR) 
DO 500 I=I,NC 

450 IDM=IPEEKCADSDBR) 
IF C C U'EEK C AII8CSR 1 • AND. '2001 • NE. '200) GO TO 450 
IFDC1,I)=IPEEKCADSDBRI 

500 CONTINUE 
RETURN 

C 
5'70 IFCCOIN .EG. 'Y'I GO TO 900 
600 IDM""IPEE/< C IIBRLOA 1 

IDM=IPEEKCDBRLOBI 
(10 <100 I'=l,NC 

650 IDM=IPEE"CDBRLOAI 
IFCCIPEEKCCSHLOAI .AND. '200) .NE. '2001 GO TO 650 
iF(lCI,II-IPEEKCDBRLOAI 

750 IDM-IPEEKCDBRLOBI 
IFCCIPEEKCCSRLOBI .AND. "2001 .NE. '2001 GO TO 750 
IFDC2,I'=IPEEKCDBRLOB' 

<100 CONTINUE 
RETU/~N 

C 
900 IDM=IPEEKCDBRLOBI 

DO 950 I=I,NC 
925 IDM=IPEEKCDBRLOBI 

IFC CIPEEKCCSRLOB) .AND. '2001 .NE. '2001 GO TO 925 
IFD(l,I)=IPEEK(D~RLOA) 
IFD(2,I'=IPEEKCDBRLOB' 

950 CONTINUE 
;~ETURN 
ENII 

!.. ************************** H,~NSH/\. FOR ENDS ******************** 
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SUBROUTINE CONVRS 

C •• ***************.****** AUTHOR: A. MODAVI *********************** 
C *****'********************* MOD.: J. FLORES, P. TURI ************* 
C *************************** MOD.: K-S CHEN ****************.*** 
C *************************** CONVRS.SEl BEG INNS ****************** 

REAL CFCT(2),SHIFT(2) 
INTEGER IFD(2,1000).COUNTR 
COMMON /SRVB1/IFD.NC/CoMP/NCHANL .COUNTR/FI,aSFT lSI-lIFT 

8 IFCTRS/CFCT IBFLoW/VBULIVS I GN/S I DNA. S I DNBI INCL/;~NGU:: 
COMMON I AF~G/UMEAN. 'JMEJ~~4, UMS. VMS, UVMS. U2V. V21.), UMEANl ,Vi1E,',N 1 , ',Ji':".i • 

&VMS1,UVMS1.U2Vl,V2Ul/TWM/TSHIFT(2),TCFCT(2) 
COMMON IARGF/UMF,VMF,UMSF,VMSF,UVMSF,U2~F,V2UF,UMT,VMT,UMST, 

&VMST,UVMST,U2VT,V2UT 
C FO!;; THE UNWEIGHTED MEANS 

USUM'=O. 
VSLJM=O. 
UVSUM=O. 
U8UMSQ'=O. 
VSUMSQ'=O. 
LJ2VS"'0. 
V2US'=O. 

C FOR THE I,./EIGHTED ME,~N8 

UVEN"'O. 
V(II"N'=O. 
UVOEN'=O. 
USQDEN=O. 
')S(WEN=O. 
'JELbUM'=O. 
U2'JDEN=0. 
V2UOEN"'O. 

C 1001, THE F~NITE-I,.jEIGHTED MEANS AS I:VJ --> O. 
UDENF'=O. 
VDENF=O. 
UVDENF'=O. 
LJSQDNF'=O. 
VSQDNF'=O. 
VELSMF=O. 
LJ2VDNF'=O. 
V2UDNF=0. 

C FOR THE T:ME--WEIGHTED MEANS BASED ON 8 COUNTS OF ZERO"-CI,CSSING 
UDENT,=O. 
VDENT'=O. 
UDENTP'=O. 
VDENTI',=O. 
UVDENT"O. 
UStWNT·=O. 
V~ill[iNT=O • 
usorlTi:'-=o. 
VSQ[lTP'=O. 
VELSTU'=O. 

C ***'******.*.*'******* CONVRS.SEl ENDS *********.*.********.* ••• 
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C ***""***************** CGNVRS. BE2 BEG INNS ***************.'1<*****:1<* 
VELSTV'~O. 
VELmjV'~O • 
LJ2V(1NT'''0. 
V2LJDNT~0. 

IFCNCHANL .EG. 1) V=O.O 
DO 100 I-l,NC 
IIILJMY1'·IFD C 1, r) 
LJaSIGNA*114.96*DSAFLT(IDUMY1)/1000000.-BHIFT(1»*E~CT(1) 
U~U/COSCANGLE) 

IF(NCHANL .EG. 2) GO TO 80 
GO TO 90 

80 IIIUMY2=IFDC2,I) 
V'~SIGNB* I 1 'I. 96*DSI~FLT (IDUMY2 )/1000000. "'SHIFT (2) ) *CFer (2) 
UB-TSHIFTll)*TCFCTC1) 
~JG;'rSHIFT(2;*TCFCT(2) 

DTU~(8.*CFCTC1»/(Ut+U) 

DTU=(8.*CFCT(2»)/CUG.VI 
UTp:::: (DTu+.crrV) 

;0 USUM-"USWHLJ 
'.,i3UM~·JSUt1+V 

UU~iJ*U 

C 

C 

1)',;ay",V 
UV·"U;~V 
u~s:.m'=UVSUM+UV 
UBUMsa~USUMSG+UU 
VSUMSQ;:;:V3UHSQ'~VV 

U2VS·-:;:U2VS+L~-,1CV 

V2US:;;V2US+()',ihU 
FOR WEIGHTED MEANS 
VEL=SGRTCUU+VV) 
VELF,"VEL " 
IF(VEL .EG. 0.) VEL=1.0E-28 
IFIVELF .LE. 0.05) VELF-0.05 
VEL3UM=VELSUM+l.0/VEL 
UDEN-UDEN+U/VEL 
UDEN=VDI::N+V/VEL 
UVDEN=UVDEN+UV/VEL 
USGDEN=USGDEN}UU/VEL 
V8G(1EN=VSGDEN.VV/VEL 
U2VDEN=U2VDEN+UU*V/',EL 
V2UDEN=V2U(1EN+VV*U/VEL 
*********************** CONVRS.SE2 ENDS ************************ 
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c ****~.**.************** CONVRS.SE3 BEG INNS **********.I*~**~~'jl 
C FOR FINITE-WEIGHTED MEANS 

VELSMF~VELSMF+l+0/VELF 

ULENI==UDENF-}U/VE~:~ 
~) DENF;::; VIlENF-+V /1y!EL;:~ 
WVDENF·UVDENFtUV/VELF 
USQDNF-USQDNF+UU/VELF 
VSQDNF-VSQDNF+VV/VELF 
U2VDNF=U2VDNF+UU*V/UEL~ 

V2UDNF=V2UDNF+VV*U/VELF 
C FOR THE TIME-WEIGHTED MEANS 

VELSTU-VELST~.DrU 
VELSTV-VELSTV+DTV 
VELSUV~VELSUV+DTP 

UDENT=UDENT+U*DTU 
~DENT=VDEN·r-.V*D·rV 

iJSODNT=USCWNT+UU*DTU 
iJSQ[I'rp:~(JSaDTP+UU*D'rp 

VSGDNT·~VSQDN·r~VV*0·rV 
VSQD'rp·;~VSGD·rl~-~V!;*D~P 

UDENTP'~l;L!:Nri~'~G*r'rr 
t)Di:~NTP::,;V[!EN ;.:= t:):\<::;";F 
UVDENT~UVDENT.U~*DrF 
U2VDNT'~;lj2~DN'f+UU~J*D'r? 

V2GDNT·::;V2UD-rJ~tVV*L.~D-r? 

~oo CONTINUE 
Ui-·1E,;Nl:=USUM/NC 
VME,~Nl·"'JSUM/NC 
UMS1=(USUMSQ/NC)-UMEAN1;~UM:~ANl 

'~MS:l '" (')SUt1SlVNC i ····W·1E'O'N:[ *V;'C,~N:L 
UVMS1-(UVSUM/NC)-UMEAN1*VMEANJ 
U2Vl:~U2VS/NC'-VMEA~1*UMS1'-2t*UME~Nl*~JVS~M!NC)-UME:~N:L*l:M~AN1* 

&VMEANl 
V2Ul::::\.'2US/NC'-UMI~AN:l*VMSl '-2 t *VMEi-iN:liX (UI')!3L'i~, ;'·~C) .... r)MEMNl.f;VME:,:;i\!:~ * 

&UMEANl 
URMS:=SQRT(ABS(UMS1» 
UTll=(URMS/VBULKl*100. 

C ****************~~*** CONVRS~SE3 i~NDS 1******~**~t*~**t*~~~.k*j*** 
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C ****************.'1<***** CONVRS. SE4 BEO.!NNS *********:~*'fH**;I';:··~:';'" 
C CALCULATE ME,~N VALUES USING THE '..JEIGHTED FOr,MULA 

UMEAN-UDEN/VELSUM 
VMEAN-VDEN/VELSUM 
JMS=USGDEN/VELSUM-UMEAN*UMEAN 
Vf-1S'·VSGDEN/VELSUrl-Vl~E,~N*VMEAN 
UVMS=UUDEN/VELSUM'-IJI'iEM1:1<UMEAN 
U2V-U2VDEN/VELSUM-2.*UMEAN*<UVDEN/VELSUM'+2.*<UMEAN*UMEAN).V~C.~N 

&-eUSGDEN/VELSUM).VMEAN 
V2U'·V2UDEN/VI::LSUM·-2. *'JMEAN* (UV!)E~U\,JELSUM) +2.1< (VME:~N*VME,~N' *Ui-~C,;N 

&- (VSGDEN/'JELSUM) *UMEAN 
WlMS'~S(lRT (ASS (UMS) ) 
UTI-CURMS/VSULK'*100. 

C CALCULATE ME!'INS USING FINITE·-WEIGHTING 
UMF-UDENF/VELSMF 
VMF-VDENF/VELSMF 
U,'1SF'''USGDNF IVELS;iF'cUI1F*UMF 
UMSF=VSODNF /UELSMF'-VMF;kVMF 
UVMSF-UVDENF/VELSMF-DMF*VMF 
U2VF,=Ll2VDNF /VELSMF-2 •. *UMF* (UV(:!:NF /VEL8MF) +2. * (UMI~*UMF) WM:o 

&- (USClDNF IVELSMF) *VMF 
V2W'=V2UDNF/UELSMF-2.*VMF*(UVDENF/VEL3MF)'1.*(VMF*~MF'«UMF 

&-(VSGDNF/VELSMF)*UMF 
C CALCULATE MEANS USING TIME-WEIGHTING 

IFeVELSTU .LE. 1.0E-S) VELSTU-l.0E-8 
IF(VELSTV .LE. 1.0E-8) VELBTV-l.0E-8 
IF(VELSUV .LE. 1.0E-S) VEL3UV-l.0E-S 
UMT-UDENT/VELSTU 
Vl'1T~VDENT /VELSTV 
UMST'=US(WNT IVELSTU'-UMUUMT 
VMST=VSGDNT /VELSTV'-VMUVMT 
UVMST'= (UVIIE:-lT·· :~MT*UroENTP-UMUvroENTP) /VELSlN+UM'f*VMT 
U2VDNT=eU2VDNT-VMT*USQDTP-UMT*UVDENT-UMT*VMT*UDENTP+UMT*VMT* 

&UDENTPI/VELSUV-(UMT*UMT*VMT) 
V:<UDNT= (V2UDNT·-UM·hvsorrrp·-VMT*UVDENT·-VMT*UMT*VDENTP+VMHUM r* 

&VDENTP)/VELSUV-(VMT*VMT*UMT) 
RETUHN 
END 

C ************************ CONVRS.SE4 ENDS ************** •• ********1 
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SUBROUTINE SDEI~OR (N, VX, VY, CVXY, SX, 8Y, SVX, SVY, SVXYU, SVXYL, CXY ) 
C ********************'********* AUTHOR: K-S CHEN ****'********'*' 
C * C THIS I~OUTINE COMPUTES ALL THE STANDARD ERRORS FOR THE ST.~TlSnC,~V~ 
C QUANTITES BETWEEN TWO I~ANDOM VARI.~BLES WITH CONFIDENCE INTE1WAL " 
C 95Z, NAMELY, ZC-1.76. N IS SAMPLING SIZE. * 
C * 
C ******************** SDEROR.FOR BEGINNS *************'*"'***'" 

C 

D.'H A ZC/1. 96/ 
SIGMX-SURT(ABS(UX» 
SIGMY-SQRT(ABS(VY» 
nN=FLOATCN) 
SX-ZC*S I GMX/SClRT (m~) 
SY-ZC*SIGMY/SORT(RNI 
SVX-ZC*VX*(SQRT(2./RN» 
SVY-ZC*VY*ISURTI2./RN» 

IFI (SIGMX .EO. 0.) .0:,. (3IGMY .EO. 0.» GO TO 10 
CXY-CVXY/(SIGMX*SIGMY) 
IFICXY .EO. 1.) GO TO 10 
ARG=(l.tCXY)/ll.-CXY) 
IFIARG .LE. 0.) GO TO 10 
Z=0.5*ALOGIARG) 
IFIRN .LE. 3) GO TO 10 
ZU=ZtZC*ll./SQRTIRN-3.» 
ZL-Z-ZC*(1./SQRTIRN-3.) 
CXYU-(EXPI2.*ZU)-1.'/IEXPI2.*ZU)tl.) 
CXYL-IEXPI2.*ZL)-1.'/(EXPI2.*ZLI+1.) 
SVXYU-CXYU*CSIGMX*SIGMY) 
SVXYL-CXYL*CSIGMX*SIGMY) 
RETUI'lN 

10 SVXYU=1.0 
SVXYL-1.0 
CXY~1.0 

RETURN 
END 

C **************"'************** SDEROi'. FOR EN['S ***********'****** 
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SUBHOUTINE STORE 
C ****************************** AUTHOfn K-S CHEN .****;~*******;~:~* 
C * C THIS SUBROUTINE STORES THE SAMPLE MEANS & STANDARD DEVIATIONS • 
C INTO THE FILE 'FILNAM'. '" 
C :~ 

C ******************************************************.******._ ••• 

C 

C 

REAL U:', XYZ e 3) 
INTEGER COUNTR 
COMMON IMOVE/LP,XYZ/COMP/NCHANL,COUNTR/RECOD/N 
COMMON IARG/UAI~G, VARG, UMSARG, VMSAI~G, UVMSAG, U2V, V2tJ, UARG1, 

& VARG1, UMSAG1 ,VMSAG1, UVMSA1, U2'J 1, V2Ul 
COMMON IARGF/UMF,VMF,UMSF,VMSF,UVMSF,UZVF,V2UF,UMT, 

& VMT,UMST,VMST,UVMST,U2VT,V2UT 
COMMON ISERORW/SU,SV,SUU,SVV,SUVU,SUVL,R 
COMMON ISERORU/SU1,SU1,SUU1,SVV1,SUVU1.SUVL1,Rl 
COMMON ISERORF/SUF,SVF,SUUF,SVVF,SUVUF,SUVLF,RF 
COMMON ISEHOHT/SUT,SVT,SUUT,SVVT,SUVUT,SUVLT,RT 

lFCNCHANL .EQ. 2) GO ro 150 
N:::N+l 
WRITEe2'N) eXYZeI),I-l,3), UARG,LMSARG,SIOMAU.SIGUMS. 

& UARG1,UMSAG1,SIGMU1,SIUMSl 
RETlmN 

150 N=Nt1 
WRITECZ'N) (XYZ(I),I=1,3), UARG,VARG,UMSARG,VMSARG,UVMSAG, 

& U2V,U2U,SU,SV,SUU,SVV,SUVU,SUVL,R 
N=N+l 
WRITE (2' N) (XYZ (I) ,1'=1,3), UARG1, VARG1, UMSAG1, VMSAG1 ,JJVMS,'H. 

& U2V1,V2Ul,SU1,SV1,SUU1,SVV1.SUVU1.SUVL1.~1 

N=N+l 
WRITE(Z'N) UMF,VMF,UMSF,VMSF,UVMSF,UZVF.U2UF.SUF,SVF,SIJUF·SVVF, 

& SUVUF,SUVLF,RF 
N'=N+l 
WRITE(2'N) UMT,v'MT,UMST,VMST,UVMST,U2VT,V2UT,SUT,SVT,SUUT,SVVT, 

& SUVUT,8UVLT,RT 
RETURN 
END 

C **************************** STOI'E. FOR ENDS ********************* 
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SUBROUTINE DISPLS 
C ************************ AUTHOR: 1<-8 CHEN ******************** 
C 

C 

INTEGER GOUNTR 
COMMON ICOMP/NCHANL,COUNTR/PLAY/N 
COMMON IARG/UMEAN,VMEAN,UMS,VM8,UVMS,U2V,V2U,UMEAN1,VMEAN1,UMSI, 

&VMSl,UVM81,U2Vl,V2Ul 
COMMON I,~RGF IUMF, VMF, UMSF ,VMSF ,UVMSF ,U2VF ,V2UF ,UMT, VMT, UMST, 

&VMST,UVMST,U2VT,V2UT 

N'=Nfl 
IFCNCHANL .EG. 2) GO TO 130 
TYPE 100, UMEAN,UMS 

100 FORMAT(lX,' WM : ·,2(EI0.3,2X» 
TYPE 120, UMEAN1.UM81 

120 FORMAT(lX,' UM : ·,2(EIO.3,2X» 
FlETURN 

C 
130 TYPE 140, N,UMEAN1,VMEAN1,UMS1,VMSl,UVMSl 
140 FORMATCIX,I2,' UW : ·,5CEI0.3,X» 

TYPE 160, N,UMT,VMT,UMST,VMST,UVMST 
160 FORMATCIX,I2,' TW : ',5(EI0.3,X» 

TYPE 220, N, UMI::AN, VME,'IN, UMS, VMS, UVMS 
220 FORMATCIX,I2,' WM : ',5(EI0.3,X» 

TYPE 240, N,UMF,VMF,UMSF,VMSF,UVMSF 
240 FORMATCIX,I2,' FW : ·,5CEI0.3,X» 

RETURN 
END 

C ************************* DI8PL8.FOR ENDS ********************* 

287 



288 

SUBI~OUTINE LPRNTR (ND,HA) 
C **************************** AUTIIOR: K-S CHEN ***************** 
C * 
C THIS PROGRAM FETCHES THI:: DATA STORED IN THE UNIT 't.2 UNDER ~ 
C FILE 'FILNAM'. * 

C * 
C **************************** LPI~NTR.SEl BEG INNS *************:!<* 

INTEGER IFD(2,1000) 
REAL X(20) ,Y(20) ,Z(20) ,UARG(20) ,VARG(20) ,UMSAI~G(20) 
REAL VMSARG(20),UVMSAG(20),SU(20),SV(20),SUU(20),8VV(20),8UVU(20) 
REAL SUVL< 20) , UARGl (20) , VARG:L e 20) , UMS,~Gl (20) , VMSAG1< 20) , V2Ul (20) 
REAL UVMSA1(20),SU1(20),SVle20),SUUle20),SVVle20),SUVU1(20) 
REAL SUVLl(20) ,R(20) ,R1(20) ,XYZ(3) ,1_p,U2V(20) ,V21J(20) ,1J2Vl(20) 
REAL UMF (20) , VMF e 20) , UMSF (20) , VMSF e 20) , UVMSF e 20) , aUF e 20) , ~o\)F e 20) 
REAL SUUF(20) ,SVVF(20) ,SUVUF(20) ,SUVLF(20) ,RF(20) ,UMT(20) ,"'MTeW) 
F,E,~L UMST e 20) , VMST (20) , UVMST< 20) , SUT e 20) , SVT e 20) ,SUUT (20) 
REAL SVVT(20),SUVUT(20),SUVLT(20),RTC20),U2VFe20).V2UF(20) 
REAL U2VT(20),V2UTe20) 
COMMON /COMP.lNCHANL,COUNTR/SIZE/IRES/FILE/FILNAM/SWEEP.lIDm 
COMMON .lMOVE/LP,XYZ/SRVB1/IFD,NC 
INTEGEI'\ COUNTR 
LOGICAL*l FILNAMll1),IDIR 
(lATA N/O/ 

C OPEN I UNIT'"2, NAME'''F ILNAM, TYPE'~' OLD' • FORM'~' UNFORMATTED' , 
C &ACCESS='DH,ECT' ,RECOFWSIZE'.IRES) 
C 

PRINT 111, FILNAM 
111 FORMATI/.I,' DATA ARE STORED IN UNIT 2 UNDER FILE ',ilAl) 

PRINT 122, NDATA 
122 1= OI'<MAT(.I, '. NO. OF DATA POINTS IN THE FILE ,~I,E :' ,14) 

I'RINT 124, NC 
124 FQI',MATI' THE SAMPLING SIZE IS :' .IS,/) 

IFeNCHANL .EG. 2) GO TO 450 
(10 145 J=l.NDATA 
N~N+l 

READe2'N) XIJ),YIJ),ZIJ), UARGIJ),UMSARGIJ),SUIJ),SUU(J), 
& UARG1IJ),UMSAG:LIJ),SU1CJ),SUU1IJ) 

145 CONTINUE 
PIUNT 150 

150 FORMATI4X,' X ',7X,' Y ',7X,' Z ',5X,' UMEAN ' ,3X, 
&' UMS ',4X,' SIGMAU ',2X,' SIGUMS 'r/) 

DO 180 I=l,NDATA 
PRINT 160, XII),YII),ZII),UARGeI),UMSARGII),SU(I),SUUCI) 

160 FORMATeX,'W:',3IEl1.4,X),4IE10.3,X» 
PRINT 165, XII),YII),ZeI),UARG1II),UMSAGleI),BU1(I),SUUleI) 

165 FORMAT(X,'U:'3eEll.4,X),4IE10.3,X),/) 
1BO CONTINUE 

"ETURN 
C ************************** LPRNTR.SEl ENDS ******************* 
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C 
450 
C** 

457 

************************ CONTINUE 
LPRNTR.SE2 BEG INNS ********.**~******* 

IFIIDIR .EG. 'X') 
IFCIDIR tEa. 'Z') 
IFIIDIR .EG. 'Y') 
FOF:MATI//,3X, , 

&' U"**2 ',2X,' 
8: I SV .. , x, , 
&1 SU"V""L ') 

PRINT 
PRINT 
PRINT 
Z 

456 
457 
458 

',2X,' U ',2X,' V ',3X, 
V"**2 ',2X,' U'1V " ',2X,' SU ~3X'l 

SU' 1**2 .. , , SV' 1**2 .. , 3X," SU'" 'J I .' U '!I "3X, 

4513 FORMATU/r3X,' Y ',2X,' U ',2X,' V ',3X, 
&' U' '**2 I ,2X, I V' '**2 ' ,2X, I U' 'V' I '!"2X, I SU .I ,JX, 
&' SV I ,X, I SU' '**2 I, I SV' .1**2 .. ,3X, I SU'''V''U .' ~3X!l 
&' SU"V"L ') 
PIUNT 460 

460 J::"ORMA'r (5X, ,----- I , 3X, 1.--,-------- I, 2X, ,-------.-- .. ,2X, .. ___ . ___ . ___ I ~ 

&2X, '.---------, ,2X, ,---------, ,X," -.--------, ,X, I ----.--.--.-, ,2X, 
&'---------',2X,'-----,----',2X,',---·------'~2X,f----.-----') 

DO 470 I-l,NDATA 
N-N+l 
READI2'N) XCI),Ylr),ZII), UARGII),VARGII),UMSARGII),VMSARGCI), 

&UVMSAGII),U2VII),V2UII),SUII),sVII),SUUII),SVVII),SUVUII),8UVL(I) 
&,R I I) 
N~N+l 

READe2'N) XeI),YII),ZII), UARGleI),VARG1(I),UMBAGl(I).~MSAG1(I;. 
&UVMSA1II),U2VIII),V2UIII),SU1(I),SVleI),SUUlCI),3VV1(~),8UVU1(j·. 

&SUVLl I I ) , F, 1 I I ) 
N'=N+l 
READ I 2' N) UMF (I) ,VMF I II, UMSF C I) , VMSF CI) ,UVMSF I 1) , lJ2VF I IJ , t,2IJF'': [ ) , 

&SUFII),SVFII),SUUFII),SVVFeI),SUVUFCI),SUVLFeI).RFeI) 
N-N+l 
READ e 2' N) UMT I I ) , VMTC I) , UMST I I) , VMGT II) , UVMBT I I) , lJ2VT I r ) , V2iJf ( .! ) , 

&8UTII),SVTll),SUUTII),SVVTeI),SUVUTeI),SUVLTII),RTII) 
470 CONTINUE 
C 

DO 570 J=l,NDATA 
PRINT 489,XIJ),Y,J),Z(J) 

489 FORMATI5X,' X= ',F7.3,' Y- ·,F7.3,' Z- ',F7.3) 
PRINT 520,CC,UARGleJ),VARG1IJ),UMSAGlIJ),VMSAGleJ),UVMSA1(J), 

&SU1IJ),SVleJ),SUUlIJ),SVVlIJ),SUVU1(J),SUVLlCJ) 
PRINT 530,CC,UMTIJ),VMTIJ),UMsTIJ),VMSTIJ),UVMSTIJ),BUTeJ), 

&SVTIJ),SUUTIJ),SVVTeJ),SUVUTIJ),SUVLTIJ) 
PRINT 500,CC,UARGIJ),VARGIJ),UMSARGIJ),VMSARGIJ),UVMSAGIJ), 

&SUIJ),SVIJ),SUUIJ),SVVIJ),SUVueJ),SUVLIJ) 
PRINT 540,CC,UMFIJ) ,VMFIJ) ,UMBFIJ) ,VMSFIJ) ,UVMSFIJ) ,nUFC,j). 

&SVFeJ),SUUFIJ),SVVFIJ),SUVUFeJ),SUVLFIJ) 
500 FORMATIX,'W;',F7.3,X,11eEl1.3» 
520 FORMATIX, 'U;' ,F7.3,X,l1eEl1.3» 
530 FORMATIX,'T;',F7.3,X,11IEl1.3» 
540 FORMATIX,'F;',F7.3,X,11IEl1.3» 
570 CONTINUE 
C ************************ LPRNTR.SE2 **************************** 
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C ******************* LF'RNTR.SE3 BEGINNS ************************* 
F'R INT *,' THE TIUPLE-COI~RELATION FOR UW-, TW--, W- & FW- ARE :' 
PRINT*,' , 
PRINT *,eU2VleJ),J=1,NDATA) 
PRINT *,' , 
PRINT *,eV2UleJ),J=1.NDATA) 
PIUNT*,' , 
PRINT *,eU2VTeJ).J=1,NDATA) 
PIUNT *,' , 
PRINT *,eV2UTeJ),J-l,NDATA) 
PIUNT*,' , 
PRINT *,eU2VeJ),J=1,NDATA) 
PRINT*,' , 
PRINT *,CV2U(J),J-l,NDATA) 
PIUNT *,' , 
PRINT *,eU2VFeJ),J=1,NDATA) 
PRINT *,' , 
PRINT *,eV2UFeJ),J=1,NDATA) 
PRINT *, ~ I 

PRINT *,' THE CORRELATION CDEFICIENT ARE:' 
PRINT *,eRl(J),J=l.NDATA) 
PHINT*,' , 
PRINT *,IRTIJ),J-l,NDATA) 
PRINT *,' , 
PRINT *,eR(J),J-l,NDATAI 
PRINT *,' , 
PRINT *,eRFIJ),J=l.NDATA) 
RETURN 
END 

C ******************* LPRNTR .SE3 ENDS ************************;~**** 
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• TI TLE DS,~FL T 
.IDENT 128JAN801 
I"ORfF(AN-CALL,~BLE SUBI,OUTINE TO CONVERT OISA FUMT:r;NG 
POINT TO PDP-i1 FORMAT 

; 
DSAFLT:: MOV 

MOV 
MOV 
SWAB 
DIC 
BIC 

(R5)h 1';;0 
@(R5)h RO 
I~O, IU 
RO 
'~177400 • 1';0 
U7'7760. 1';1 

FETCH ,t OF r~RGUMENTS 
FETCH ARGUMENT 
POSITION EXPONENT 
POSITION MANTISSA 
DEI._ETE E:XPONENT FROM 
!'ELETE M .. ~N·r rfJSj~ 1~'f;"OM 

1;;0 
IU 

TSTB RO CHECK FOR NORM OR ZEEO 
BMI NORMAL BRr',NCH IF NORMALIZED 
BEG ZERO !rRANCH IF zt:: l'l 0 

NORM: ,~SL 1,0 NORMALIZE 
DEC I'll IF NEElrED 
TSTB 1,0 SEE IF NORM NOW 
BPL NORM LOOP IF NOT 

NClFUiAL: I~DD t210. Rl BIAS AND SHIFr BHt~i~Y POINT 
SWAB 1,1 MOVE EXPONENT TO HIGH I<IT 
I~OR R1 F'OSITION AT BIT 7 
,'IC 't200. 1;:0 HIDE BIT 
BIS I'll. 1,0 PACl( EXPONENT 
BR CLRLOW PACKING DONE 

ZERO: CLR RO SPECIAL ZERO BTOR,~GE 

CLI'lLDW: CLR IU CLEAI'; LOW ORDER WOF~D 

RTS PC DONE 
.END 
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APPENDIX 0 

Internal Wave Analysis 

The following is a highly simplified analysis of internal wave propaga-

tion on the stably-stratified layer in the top of the cavity. It neglects 

viscosity and velocity shear and employs the Boussinesq approximation to the 

effects of variable density. Thus it starts with the identification of a 

small vertical perturbation velocity, W, which is supposed to behave sinu-

soidally in x - ct. Specifically 

w (x, z, t) = Re{ w (z ) e i k (x -ct )} (D-1 ) 

In this appendix, we employ the coordinate system x (horizontal), z 

(vertically upward), which is usually adopted in the literature on internal 

waves. 

The differential equation governing the complex amplitude w(z) is taken 

from Phillips [1966J, (Chapt. 5, Eq. 5.2.9), 

(0-2) 

where k = 2rr fA is the horizontal wave number for a wave of length A; n:: kc 

where c is the horizontal phase speed; and 

N
2 __ g q, 0 

--crz Pm z 
(D-3) 

is the square of the Brunt-Ifais'al'a frequency, which characterizes the stable 

density stratification. po(z) is the density profile of the unperturbed 

fluid; Pm is a constant mean value of Po' 

We shall imagine a density profile 
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T 
'1111/"( //1// 

\ 
\ 

..p (t \ - f: - 0< ~/ 
~O'(-rl -,1\101. .:: 

-~-

inO .. z(h 

2 t:.p 2 
for wh i ch N = a g/p m = __ 0 ~ in 0.. z.. hand N = 0 in z" 0 • 

Pm 
For the cavity flow, we estimate h os 0.3 b .. 0.03 m; 

t:.Po/P m os t:.T/T"" .. 1.2. This gives 

N os 20 rad/sec and N 
f = '2iT" 3 Hz 

Internal waveS correspond to oscillatory solutions of (D-2) and hence 

will have ci rcul ar frequenci es n .. N. 

D-2 

The boundary conditions on ware those appropriate to a free oscillation: 

w = 0 at z = h; w + 0 as z + - "" 

The solution that satisifes the boundary condition will have the form 

w = A si n a (z - h) in 0.. z.. h 

and 

in z .. 0 
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We impose continuity of w, and of u, at z = O. This translates into con

tinuity of wand w'. So 

- A si n a h = B , 

and 

A a cos a h = kB • 

Together these determine the dispersion relationship 

( 

2 )1/2 
tan a h = - ~ - 1 (0-4) 

Since we have implied that a > 0, we evaluate the root 

-1 N ~ 
2 )1/2 

a h = 'IT - tan -;1 - 1 

or 

k h • (~c fl' t -tan-1 (~- f') (0-5) 

We want to use (0-5) to find the frequencies, ni , for those modes that 

have antinodes at x = 0 and x = a (our cavity depth). These have 

or h 
a 

For the shallow cavity alb = 0.5, we have h/a .. 0.6, so 

kih .. 1.88, 3.76, etc. 

The corresponding frequencies are 

nlN = 0.639, 0.828, 0.902, etc. 
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For N/2n = 3 Hz, we find that n/Or lies between 1.9 and 3 Hz. Thus, these 

crude estimates lie close to the observed frequencies. 

The horizontal propagation speeds that correspond to these values of k 

and n are 

c = n/k = 0.20, 0.13, etc. (m/s). 

0-4 

The fact that these values lie within the range of our observed values of 

V implies that we should not have neglected velocity shear in the above analy

sis, and that a better analysis would have to account for the existence of a 

critical layer, where V = c, for the outward running waves. Shear would be 

relatively unimportant for the inward-running waves. 

Even a linearized analysis of the effect of shear is too complicated (see 

Booker and Bretherton [1967]) to justify its presentation here. 
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