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1. Introduction

The study of free convection has recelved much attention in recent
heat transfer literature. This is due to the occurance of free convection
in many circumstances and the utiliéation of this phenomenon in a large
portion of the heat transfer. Therefore, it 1s important for an engineer
to understand free convection, especially in the time of energy crisis,

since by its use we have an efficient way to save energy.

Free Convection Phenomena

Exposing a heated plate to a fluid without any external soﬁrce of
motion results in a temperature gradient and, since the density of a
fluid is temperature-depedent, density differences arise., In a gravita-
tional field, such density differences are the cause of buoyancy forces
which result in fluid motion. If the motion occurs purely as a result
of the heat transport, the pfocess is called "free" or "natural”
convection,

In free convection, fhe fluid motion is governed by the process of
heat transfer, and cannot exist independently. Hence, the temperature
and velocity fields are a consequence of thermal and mechanical
interaction, i.e., the equations of motion and energy are.coupled. The
interaction between heat transfer and fluid motion causes the free
convection process to be more difficult to analyze than similar processes

for forced convection,

Applications

Free convection has attracted wide attention due to its application
in the design of many forms of industrial and commercial equipment. A

hot radiator used for heating a room is one example of a practical device



in which a large portion of the heat is transferred by free convection.

In the fields of aeronautics, atomic power, electronic and chemical
engineering, etc., free convection heat transfer has a great number of
interesting engineering applications, such as‘heat transfer from heating
and cooling colls, pipe bends, and electrical devices. Free convection
flows produced by centrifugal forces are now of practical importance in
aeronautics, because many aircraft propulsion systems contain componehts
which rorate at high speed and in which heat is transferred by free
convection. In many cases, microelectronic components are mounted on
substrates that dissipate the generated energy primarily by free convection.
Free convection also plays the chief role in the transfer of heat in air
heaters, refrigerators, condensers, and in many forms of heat exchangers,
whenever heat is added to or removed from air, water, brines or various
other liquids or gases.

Recently, there has been a growing interest in the use of low-melting
metals as heat transfer media. ILiquid metals are useful high temperature
coolants which allow very high heat transfer due to their high thermal
conductivity. The theoretical and experimental investigations with mercury
have been more extensive than those with other liquid metals, so the

present experiment used mercury as one of the working fluids,

Objective of the Present Work

Free convection has developed rapidly within the last few decades. The
pProgress has been most rapid in the analytic work owing to the development
of computers. The considerable simplications displayed by early mathemati-
clans have largely given way to solutions by computer, such as the numerical

boundary-layer solutions for free convection at large Grashof numbers and



the perturbation solutions for free convection at small Grashof numbers.

Almost all of the free convection work until early 1960 were based on
the boundary-layer solutions which represent the asymptotic solutions to
the governing partial differential equations és the Grashof number tends
to infinity. Free convection cannot be considered as completely understood
without the corresponding physical knowledge in the range of moderate and
small Grashof numbers. Experimental analyses of free convection in liquid
metals and at small Grashof numbers are not numerous. Chang, et al. [7] in
1966 obtained a perturbation solution for laminar free convection along a
uniformly heated plate, the first-order deviation from the classical
boundary~layer solution was evaluated numerically.

The present work is concerned with laminar flow for the simplest case
of a uniformly heated vertical plate immersed in an infinite fluid. The
main objective of the experiment is to investigate free convection in water
and in mercury at extremely low Grashof numbers and to compare the results

with perturbation solutions [7] and Chang's results [6].



2. LITERATURE SURVEY

Natural convection heat transfer has beeﬁ a quite popular topic since
the nineteenth century. Thousands of articles in this field have been
published. Although papers are still appearing, the rate of publication
has slowed -- the subject has therefore reached a convinient stage for a
general review. Chang [5] in his master's thesis has already surveyed most
of the pﬁblications in natural convection heat transfer from a vertical
plate through early 1970. Therefore, the present review will just confine
its attention to some of the most important works before 1971 as well as
all the recent works between 1971 and 1975. All the 1iteraturé reviewed
are pertinent to laminar free convection on a vertical flat plate under
steady state conditions. They are divided into three catagories according

to whether the vertical plate is isothermal, uniformly heated, or neither.

(2.1) Isothermal Plate

The earliest study in free convection from a heated vertical plate was
by Lorenz [40] in 1881. He started the study by considering the simplest
case -- that the surfaces of equal fluid velocity and temperature were
parallel to the plate. Although inadequate assumptions were used, his -
results were in agreement with the then-existing experimental results.

In 1930, Schmidt and Beckmann [57] conducted experiments about three
different sized plates. The velocity an@ temperature profiles were meésured
at various points along the isotherﬁal jlates. They concluded that ILorenz's
assumpéions were invalid. Iater Pohlhausen applied the similarity method,
which he had used in 1921 [h6], to transform Prandtl's.boundary layer
equations into a set of ordinary differential equations, He then used the
experimental measurements made by Schmidt and Beckmann [ 57] to obtain a

numerical solution of these equations for a single value of the Prandtl



humber, ﬁéﬁely 0.733 (air). Schuh [58], in 1946, extended Pohlhausen's
numerical calculations to higher Prandtl numbers of 10, 100, and 1000, and
Sugawara and Michiyoshi [71] obtained the solutions for smaller Prandtl
numbers of 0.03, 0.09, and 0.5,

In 1939, Saunders [50] gave a purely theoretical approximate solution
for the temperature and velocity gradients near the surface, and compared
his results for air with Pohlhausen's [57] and Squire's [68] solutions.
Saunders also obtalined some experimental data of heat loss from a vertical
plate in water and in mercury. He was the first to study free convection
in a liquid metal. In 1948, Eckert [15] performed similér experiments as
those of Schmidt and Beckmann [57] . The results of both sets of experiments
were in good agreement.

In 1953, Ostréch [45] analyzed the free convection flow about a flat
plate oriented in a direction parallel to that of the generating body force.
He found that the Grashof number was the principal factor of determining the
type of flow and Pohlhausen's similarity equations were adequate to describe
the boundary~layer type process. The temperature and velocity profiles for
eight values of Prandtl numbers ranging from 0.01 to 1000 were computed
numerically on the basis of constant body force and constant plate temper-
ature by applying Pohlhausen's simii#riﬁy equations. The agreement with
the experiments using air by Schmidt and Beckmann [57] was, in general, good.
Further calculations of the same type have been made by Sugawara and
Michiyoshi [70), Sparrow, et al, [66], and Gebhart [23].

With publication of the work by Ostrach, the classical problem might
be regarded as completely solved; however, there were other alternative
methods proposed, in particular the integfal equation method. Following

the ideas of Von Karman [82], the usual boundary-layer equations were inte-



grated across the boundary layers, whose thicknesses were assumed to be

the same for both velocity and temperature. The velocity and temperature
were expressed as a simple polynomial functions of position in order to
process further. This method was first used in free convection by Squire
[68) in 1938, 1In 1954, Merk and Prins [42] used more complicated expres-
sions for the velocity and temperature profiles to treat the free convection
at the lower stagnant points of the horlzontal cylinder. For the special
case of veftical plate, they got the equations of Schmidt and Beckmann and
showed that the mean Nusselt number was proportional to the one-fourth
power of the Grashof and Prandtl numbers. They also compared this with
Schmidt and Beckmann's experiments [57]. In 1959, Fujii [21] carried out
both a mathematical analysis and an experimental study. In the theoretical
analysis, he used the modified integral method to find the approximate
solutions for a supplement to Squire's solutions [69]. The experimental
results agreed well with Ostrach's theoretical calculations [45].

In 1962, Scherberg [52] investigated free convection in the neighbor-
hood of several types of-leading edges. For the isothermal case, the
leading edge conditions only affected the relative vertical position of
the boundary layers and not their thermal and velocity forms. In 1965,
Scherberg [ 53) extended his previous work in 1962 intensively by determining
the free convection from a thermal leading edge region and matching it with
the known solutions immediately above the region.

Discrepancies between experimental results and theoretical predictions
have already been observed and analyzed by several authors [45,57]. An
important difference between theory and experiment is concerned with the
temperature required for calculating the various physical properties. It
i1s necessary to decidg at what "reference" temperature the physical proper-~

ties should be evaluated. In 1963, Eichhorn [17] made the measurements of



velocity profiles near a heated plate by particle trajectories. In comparing
them with Pohlhausen's [57]) and Ostrach's [45] solutions, he observed some
disagreement. Eichhorn suggested three causes for the discrepancies. The
first one was the inadequacy of the boundary layer discription and was
rartly explained later by the perturbation solution of Yang and Jerger [87).
The remaining two, namely the influence of the fluid motion inside the
boundary layer and the geometry of the leading edge, were explained by
Brodowicz [4] in 1968, After a detail discussion, Eichhorn concluded that
the best reference temperature was 0.83 times of the surface temperature.

In a theoretical paper, Sparrow and Gregg [65] advocated a corresponding
figure of 0.62. In 1958, Sparrow iﬁ his Ph.D. thesis [61] recommended a
weight of 70% of wall temperature and 30% of bulk temperature for free
convection with a variable wall temperature.

In 1962, Gebhart [23] investigated the effect of viscous dissipation
in the free convection boundary layer close to a vertical plate. He
concluded that the effect was small for all Prandtl numbers where the
buoyancy force was the only body force. Acrivos [1] in 1962 showed an
approximate, but accurate, expression could be obtained for the rate of
heat transfer in laminar boundary-layer flows by piecing together certain
asymptotic solutions.

One of the important factors affecting the heat transfer rate of free
convection is the temperature-density relationship of the convecting fluid,
especially if the medium has a maximum density. In 1958, Schechter and
Isbin {51) presented both theoretiéal and experimental analyses of natural
convection from an isothermal vertical plate in water at 4°c. A set of
similarity, ordinary, differential equations was solved using an analog

computer to establish theoretical values, which agreed reasonably well with



the mea5u¥éd values. Goren [26] in 1966 also used the analog computer to
solve the same problem as Schechter and Isbin [51]. The results indicated
that the magnitudes of the convective currents and heat transfer rate in
water were significantly reduced from those Iat 20°¢,

Another important factor in natural convection 1s the occurance of a
phase change (such as melting) at the solid-liquid interface. The change
of phase induces an interfacial velocity which may distort the flow field
and therby affect the heat transfer rate. In 1967, Vanier and Tien [80]
extended Goren's work [26) to cover the effects of maximum density and
melting on natural convection heat transfer from a vertical plate. The
digital computer was used to give the solutions. The boundary-layer equations
were solved for the range of temperature 0°cs Tw$3500, o°cs Tws 2000 in a
consistent manner. They showed that the heat transfer coefficients obtained
by Goren [26] were too low.

So far most of the laminar free convection work has been based on
Prandtl's boundary layer equations which are valid only at large Grashof
nunbers. The boundary layer equations are the asymptotic representations
of the Navier-Stokes, energy, and continuity equations as the Grashof number
approaches infinity. In 1964, Yang and Jerger [87] first suggested applying
the perturbation technique to laminar natural convection in the range of
moderate Grashof numbers. This approach had already been utilized by Kuo
[38] in 1953 in dealing with incompressible forced convection past a hori-
zontal plate at moderate Reynolds numbers.

In 1964, Yang and Jerger [87] used Pohlhausen's classical boundary-
layer solutions as the zero-order approximations for the laminar natural
convection from an isothermal plate, and éalculated the first-order
perturbations for Prandtl numbers of 0.72 and 10. Their theoretical results

predicted local velocity and temperature profiles which agreed better with



the expefigental data of Schmidt and Beckmann [ 57] than those of the pure
boundary layer solutions., In 1965, Suriano, Yang, and Donlon {72] studied
the laminar free convection along an isothermal vertical plate at extremely
small Grashof numbers by the perturbation series expansion with the Grashof
number itself as the perturbation parameter. The perturbation functions up
to second-order approximations were calculated numerically for Prandtl
numbers of 0.72 and 10, It was found that the leading edge effect became
more and more significant as the Grashof number decreased. In 1968, Suriano
and Yang [73] extended their previous work in 1965:t6 small and moderate:. =
Grashof numbers.

Cheesewright [8) in 1966 did an experimental investigation, and found
that the existing similarity solutions for free convection from a vertical
plate in isothermal surroundings did not provide a satisfactory description
for nonisothermal conditions. In 1967, Cheesewright [9] presented a theo-
retical analysis of free convection in nonisothermal surroundings. Yang's
procedures [85] were followed to derive the necessary conditions for the
existence of a similarity transformation. The numerical solutions of the
ordinary equations were obtained for the special case of isothermal plate.
The results indicated that some variations in surrounding temperature might
lead to reversal flow because the téﬁpéfature in part of the boundary layer
was less than outside the boundary layer. This phenomena could explain the
unusual results of Tritton [78].

In 1967, Tien [76] used the integral method to study the laminar free
convection from both 1lsothermal and nonisothermal plates to a power-law
fluid. 1In 1969, Tien and Tsuel [77] obtained an approximate solution for
laminar free convection heat transfer between an isothermal plate and a
fluid whose rheological behavior was characterized by Ellis' model. The

results were compared with the available experimental data,
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In iééé, Sparrow and Guinle [67] investigated the deviations from
classical boundary layer theory at small Prandtl numbers. It was shown
that for very low Prandtl numbers, the Grashof number should be quite large‘
in order for the classical boundary layer results to be applicable. In the
same year, Cygan and Richardson [13] applied a transcendental approximation
to the velocity and temperature profiles to obtain integral solutions of
free convection at small Prandtl numbers.

Nishikawa and Ito [44] in 1969 theoretically studied the laminar free
convection from an isothermal plate to fluids at supercritical pressures,
and they also took account of the temperature dependence of all the physi-
cal properties. Yung and Oetting [89] in 1969 investigated the effects of
angular position on the free convection from an isothermal plate moved from
the vertical through three inclined positions to the horizontal. Results
of these tests showed good agreement with previous investigations [9,49,571.

Xuiken [36] in 1969 developed a method, using the singular perturbation
technique described in the book of Van Dyke [79], to solve the first- and
second-order perturbation equations by matching the inner flow (boundary-
layer flow) to the outer flow (inviscid flow).

After 1971, most of the papers in laminar free convection from a verti-
cal plate were about the correlations 6f the Grashof, Nusselt, and Prandtl
numbers. Gryzagoridis [2?] in 1971 carried out an experimental investigation
of free convection in the low Grashof number ranges. The results suggested
that the empirical power law, Nu=0.555(GrPr)%, recommended by Schlichting
156]-for the Grashof number ranges -of 105-108 could be used with sufficient
accuracy in the laminar ranges of 101-108. In 1973, Gryzagoridis [28)
experimentally studied the leading edge effects on Nusselt number. The local
heat transfer rates showed excellent agreement with those obtained by Eckert

and Drake [16] for Gr::lou, and the departure at small Grashof numbers was
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due to the fact that they did not account for the flow that started ahead of
£he plate, In 1975, Gragagoridis [29] investigated laminar free convection
from a vertical plate with external assisting flow. First, he used hot wire -
anemometry to obtain velocity and tgmperature profiles, and the heat transfer
rates were deduced from temperature profiles. The experimental data for the
purely free convection case were compared with Ostrach's theoretical values
[45). Second, he used interferometer to obtain local heat transfer rates.
For the purely free convection case, the local Nusselt numbers were compared
with his previous data [28]. Both comparisons showed good agreement,

In 1971, Bottemanne [3] extended the results of Schmidt and Beckmann [57]
for thermal free convection in air to the case of thermal free convection in
air simultaneously with evaporation of water. Theoretical results were given
for the case of Pr=0.71, Sc=0.63, and equal directed body force. His experi-
mental data showed close agreement. Therefore, he concluded that the theory,
based on a simple physical model that treated the two buoyancy effects as
mutually indenpendent and additional forces, was sufficient to describe simul-
taneously heat and mass transfers.

In 1972, Iienhard, Eichhorn, and Dhir analyzed laminar free convection[39]
for cases in which gravity varied with the distance from the leading edge of
an isothermal plate. By extending the Squire-Eckert integral method, they
developed a general integral method to account for arbitrary position-depen-
dence of gravity. The series solutions they obtained provided a method for
predicting the velocity and temperature distributions on a plate subject to
a general varlation of gravity gﬂg(x). In the same year, Prasad and Ramanathan
[47] investigated experimentally the effect of longitudinal oscillations on
free convection heat transfer from a heated vertical plate. The results were
presented in terms of the local Nusselt number, Grashof number, and vibrational

Reynolds number. Thelr results lay in the steady combined forced and free
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convection regime.
In 1973, Churchill and Ozoe [1l] constructed a correlation of local
Nusselt, Prandtl, and Rayleigh numbers. The correlations were identical
for the cases of uniforﬁly heated and uniform wall temperature plates except-
for different constant coefficients. In 1973, Hardwick and Levy [30] did,
both theoretically and experimentally, the same study as Yang [86] except

they used an isothermal plate rather than a uniform-heat-flux plate. In

the theoretical analysis, they formulated the equations of motion and heat

transfer in the near weak region and solved them by finite difference tech-

RS S

nique. Numerical results were obtained for a Prandtl number of 0.72 and

five different values of Grashof numbers ranging from 106 to 108. The

temperature and velocity profiles were also measured experimentally. The

" theoretical and experimental results indicated that the influence of the

wake caused the velocity profiles near the top of the plate to be different
from those obtained by the boundary-layer equations.

On the basis of the first two terms in the boundary layer expansion,
Hieber [32] in 1974 found the leading edge effect upon the total heat transfer
rate was given by 0.625k(TW-Tm), and the average Nusselt number for the semi-
infinite plate was given by Nu=0.476Gri+0.625+0(Gr%) at a Prandtl number of
0.72. On the basis of recent analyses of the trailing edge region for the
forced-flow problem, he expected the finite-plate effects contributed a term
of O(Gri/ls) to the average Nusselt number. In 1973, Wilks [83] solved nume-
rically the similarity equations for Prandtl numbers of 0,1, 0,72, 1, 10, 100,

and a range encompassing the transition from a purely forced convection to a
purely free convection. The numerical solutions of temperature and velocity
profiles were represented graphically. The results indicated that as the
Prandtl number decreased buoyancy effects were increased in velocity profiles

and there was a overshot at the lower end of the range. Vibrations in temper-
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éture préfiles were far less pronounced over the range of Prandtl numbers.
In 1975, Churchill and Chu [10] developed a simple expression for the
mean Nusselt number for all Rayleigh and Prandtl numbers in terms of the
model of Churchill and Usagi [12]. The expfession was applicable to uniform
heating as well as to uniform wall temperature, and for mass transfer and
simultaneously heat and mass transfer. This correlation provided a basis

for estimating transfer rate for non-Newtonian fluids and for inclined plates.,

(2.2) Nonisothermal Plate

Up to 1955, all the work presented were concerned with the isothermal
plate. Sparrow in 1955 [62] formulated the boundary layer equations for
laminar free convection by the Von Karman-Pohlhausen integral method for
some prescribed variations of wall heat flux and wall teﬁperature. The
approximate solutions were achieved by series expansion in the range of
0,01 to 1000 for the Prandtl number. In 1958, Sparrow and Gregg [64] again
presented an analysis of laminar free convection from a vertical plate having
nonuniform surface temperature. Numericél‘solutions were carried out for
Prandtl numbers of 0.7 and 1.0.

In 1956, Finston [19] observed that the transformation given by Pohlhausen
for isothermal plate belonged to a family of similarity transformations, in
which the plate temperature was a funetion of the distance along the plate.

He also showed that under the boundary-layer theory assumptions, the problem

of free convection past a vertical plate had an exact solution if the plate
temperature was proportional to a povwer of the dlstance from the leading edge.
The solutions for a Prandtl number of 0.733 were evaluated by Niuman and
Pohlhausen [43] with the aid of a differential analyzer. In 1958, Foote [20]
extended Finston's method by discussing the possibility of solving the general

problem in series, and he obtained the second term of the asymptotic expansions.
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Siegel [59] in 1958 employed the same approach as Schuh's [58] in
investigating the problem by use of the Von Karman—Pohlhausen integral momen=
tum method and obtaining the solutions by the method of characteristics. He
studied transient free convection on a vertical plate with a step change in
uniform plate temperature or uniform heat flux. In 1962, Menold and Yang [41]
presented the asymptotic solutlions for unsteady free convection on a vertical
plate with an arbitrary surface temperature or heat flux variation. These
unsteady temperature and velocity profiles were utilized later by Siegel [59]
to check the accuracy of the integral method.

In 1964, for free convection from a vertical plate having.suitable
restricted variation in wall temperature, Scherberg {54] found the solutions
by the integral method. His theoretical results led him to conclude that the
leading edge conditions for the variable wall temperature case affected the
boundary layer structure more than that for the isothermal case. In 1964,
Schetz and Eichhorn [55) experimentally studied the temperature and velocity
fields for natural convection adjacent to a vertical plate with a discontinuous
wall temperature variation.

In 1967, Hayday, Bowlus, and McGraw [31] explored a numerical solution
for the non-similar free convection from a plate with a step discontinuity
in wall temperature. The results compared favorably with, and formed a theo-
retical basis for, the experiments of Schetz and Eichhorn [55]. In 1968,
Takhar [75] presented a numerical solution of free convection from a semi-
infinite vertical plate which was uniformly heated up to a certain distance
from the leading edge and insulated for the rest of the length. He pointed
out that the velocity accelerated more rapidly and the temperature decayed
more slowly for the insulated plate than those for the uniformly heated plate..

In 1971, Kellehey [34] analyzed the same problem as Hayday, et al. [31]

by using.asymptotic serles expansion. Expansions for velocity and temperature
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profiles were obtained in the region immediately above the discontinuity.
Calculations of the wall heat flux were made for Prandtl numbers of 0.72 and
10, and for various wall temperature ratios. His solutlons were in good
agreement with the experimental results of Schetz and Eichhorn [55] and the
numerical works of Hayday, et al. [31].

In 1969, Kuiken [37] theoretically studied the free convection past a
vertical plate having a general class of nonlinear wall temperature distri-
butions. He developed a method to find two series solutions; one for a small
distance up the plate and the other for large distances. And.an overall valid
solution was obtained by graphically joining the two solutions.

In 1972, Kelleher and Yang [35] extended the well known Gortler series
for forced flow over arbitrary cylinder to laminar free convection along a
heated vertical plate with arbitrary surface-temnperature variations. The
leading edge term in the series was identical to the known similarity solutions
Universal functions associated with the first five terms in the serles were
calculated for a Prandtl number of 0.72. A numerical example was shown for
a specific surface-temperature variation, and the results were compared to
that of an approximate integral solution by Sparrow [62] for the same case.
The comparison showed a significant advantage of the Gortler's series over
the integral solution.

In 1972, Yang, Novotny, and Cheng [88] studied the natural convection
heat transfer from 5 non~isgthermal vertical plate immersed in a temperature
stratified enviroment. Numerical solutions were carried out for a wide range
of surface and ambinent temperature distributions for Prandtl numbers between
0.1 and 20, They discussed the relative effects of the variable temperature
distributions on the surface heat transfer, examined the flow reversai énd
temperature defect found in other investigations [9,18), and concluded that

approximate solutions based on the local temperature difference were not
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adequate to quantitatively predict the correct surface heat flux.

Fujii and Imura [22] in 1972 used two different sized plates to study
experimentally natural convection heat transfer from a plate with arbitrary
inclination. The results of heat transfer coefficients were presented in
the relation of average Nusselt number versus Rayleigh number for the cases
of vertical plate, inclined plate, and horizonal plate both facing downward
and upward. The heat was transferred from one side surface of the plate.

In 1973, Soundalgekar [60) obtained the similarity approximate solutions
for free convection flow of water at 4°C by Karman-Pohlhausen's integral
method when the wall temperature varied as a power n of distance along the
plate., The approximate solutions for velocity and temperature were derived

and the similarity parameter was obtained as y/[Bx(lgzn)J » B was a constant.

(2.3) Uniform Heat Flux Plate

Sparrow and Gregg [63]) in 1956 first analyzed the laminar free convection
from a uniformly heated vertical plate. They also reduced the boundary layer
equations to a set of ordinar& differential equations by a similarity trans-
formation, as Pohlhausen had done for the isothermal plate case. The solutions
of the equations were obtained numerically for Prandtl numbers of 0.1, 1, 10,
and 100, Resulis for the case of uniform surface heat flux by the approximate
integral method [64] were in good agreement with the solutions obtained by
the similarity transformation method. Dotson's experimental data [14] for
air were used to verify this analysis. The experimental points reported by
Dotson [14] as well as the theoretical line obtained by Sparrow and Cregg [63]
were plotted together for comparison — the agreement was good over the entire
range of 105 < Gri( 1011.

In 1960, Goldstein and Eckert [25] used a Zehnder-Mach interferometer

to make detailed observations of temperature profiles in water. The results
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were compared with the results of Sparrow and Gregg's analysis [63] for the
appropriate Prandtl number. A very satisfactory agreement was obtained.
Szewczyk [74] in 1964 measured the temperature distributions in water by
means of a thermocouple, and also obtained excellent agreement with Sparrow
and Gregg's analytical solutions [63].

In 1964, Yang [86] analytically studied the laminar free convection |
wake above a uniformly heated plate. Under the assumption that the strem-
lines leaving the trailing edge of the plate were all parallel to the plate,
he solved the equations by an asymptotic series expansion technique for some
distance into the wake, the results were then continued to rest of the wake
region by an integral solution. He found the spreading of the boundary
layer in the wake was rather graduval, so that the aséumption of streamlines
parallel to the plate was valid.

In 1966, Chang, Akins, and Bankoff [7]extended Yang and Jerger's [87]
first-order perturbation analysis of natural convection from an isothermal
plate to the case of uniform heat flux plate. The zero-order solution
satisfied the Sparrow and Gregg's boundary layer equations, and a first-
order perturbation correction was constructed by finding the outer potential
flow which matched the zero-order inner flow. They gave the numerical
solutions for Prandtl numbers of 0.01, 0,03, and 0,1.

In 1969, Julian and Akins [33] undertook an experimental investigation
of free convection in mercury in the range of moderate Grashof numbers
(104< Gr:<:109). The results agreed well with the similarity and integral
solutions of the boundary layer equations. In 1972, Chang and Akins [6]
extended Julian;s experiment to low Grashof numbers (10<Gr:<108). They
found that at the same Grashof numbers, increasing vertical distance up the
prlate shifted the temperature profile toward the boundary-layer solution,

and at the same vertical distance up the plate, the temperature profile was
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longer aé;the Grashof number increased. These results tended to verify
the perturbation predictions, which said the temperature profiles depended
upon the vertical distance up the plate as well as the Grashof number.

Vliet [81) in 1969 presented the experimental measurements of local
heat transfer on a constant heat flux, inclined plate. The data covered
angles from vertical to thirty degrees, and included laminar, transient,
and turbulent regimes, In 1971, Rajan and Picot [481] carried out an
experimental study of natural convection from a vertical plate with uniform
heat flux. The solution of Sparrow and Gregg by Von Karman-Pohlhausen
integral method [64 ] was applied to his steady state results to correlate
the Prandtl, Grashof, and Nusselt numbers. The results were compared with
the value obtained by Sparrow and Gregg [64].

In 1974, Godaux and Gebhart [24] experimentally studied the transition
of natural convection flow adjacent to a vertical surface which dissipated
a uniform heat flux. The reglon of transition was divided into two subregions.
They found that, in the first, the velocity lost its laminar form on the way
to turbulence, the second subregion begaﬁ when the total amount of converted
thermal energy had reached some particular value.

In 1974, Wilks [84] investigated the effect of buoyancy forces on the
boundary layer flow over a semi-infinite vertical plate. The interaction
of buoyancy force with the boundary-layer flow associated with a uniform
stream was examined. Two solutions were obtained, one valid near the leading
edge and the other downstream., An accurate numerical method was used to
describe the flow in the region where the series were not valid. Comparison
of the series expansions and the correct solutions led to some confidence
that straightforward extrapolations linking these series representations were
sufficiently well for practical purpose. Also the agreement between a local

similarity analysis and the results of his investigation was good.
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Chang and Akins [6] in 1972 found there were temperature profile
dependences on the vertical distance up the plate and the Grashof number
in their experimental investigation of natural convection in mercury at
low Grashof numbers. The present research extends Chang's work [61] to
free convection at extremely small Grashof numbers (10_1< Gp:4:105) both in
water and in mercury, and also examines the dependences of the dimension-

less temperature profiles on these parameters.
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3. Theoretical Analysis

Laminar natural convection from a vertical flat plate with uni-
form heat flux is analyzed below, investigating the effects of changing
Grashof number and Prandtl number on the thermal boundary layer in the
range of small Grashof number. The plate is semi~infinite in z direc-
tion. The coordinate system is displayed in Figure 1. The origin of
the rectangular axes is located at the leading edge of the plate.
The plate has the coordinates of 0 €< x <L and y = 0,and is supplied
with a direct current power to generate uniform heat flux.

The complete equations of continuity, motion, and thermal energy,

written in tensor forms are [2]:

Continuity:
ep = *
7 + Vepv = 0 1)
Motion:
@Y - TT-Tprer )
Dt
Energy:
Dt: = - 8p, .5.= == -
2Ey o _T.eq - 7. _
pCv(Dt) Veq T(Bt)v( V) - TWv (3)

The density is an important factor in natural convection heat transfer,
but its change is considered to be sufficiently small so that it can be
taken as constant except in the buoyancy term which provides the driving
force for nmatural convection. A Taylof series expansion of the density
at a refeorence temperature up to the first derivative is used to formu-

late the density 1n buoyancy term:

*A complete list of nomenclature is shown on page 85.



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



Trailing edge
e e e \\
L messserl u '
/
1 J
J v ,’ Gravity
T T ; field
A
/
T, /
./ ' /
/
/
/
S /
—~—§ —>
/
Plate / / Too
/
r
o___..v

Leading edge

Plate is infinite in Z direction.

Figure I. Plate  Coordinafes.

21



ap
p oo, b G (T-T,)
lR aT TR R
=p. - pBl, (T-T)) (4)
TR Tr -
where B is the coefficient of volume expansion and B = - %{g%)p.

With the following assumptions,

{1) Steady state

(2) Laminar and two-dimensional flow

(3) Incompressible Newtonian flulid

(4) No sources of heat within the fluid

(5) Negligible viscous dissipation

(6) Constant physical properties except for the density in
buoyancy term.as expressed by equation (4)

(7) Gravity is the only body force and is opposite to the x-
coordinate, i.e. g = -g; g = 0,

X y
the equations (1), (2), and (3) can be reduced to:

Continuity
du av
— 4+ =9
T oy (5)
Motion
au+v@m=v(ﬁ+ﬁ)_lﬁg_ + B(T"’T) (6)
Uax T Vay 32" 02 "o Bx ET 8 R
2
ov . dv _ 9%, 13
e T Yoy "(axz) b 3y )
Energy
2 2
3T 3T _ ,3°T |, 3°T
x T Vay © “(axz + ayz) (8)

where oo = ;g— is the thermal diffusivity, v is the kinematic viscosity,
P

and the subscript T, to p and B has been dropped. All the analyses of

R

free convectlon are based on this set of equations which represent the
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comservation of mass, momemtum, and energy in a fluid moving under the

influence of a body force. The boundary conditions for this problem

are:
u = 0 (no slip at the plate) at y =0, 0 <x <L
v = 0 (no suction or injection) at y =0, 0 <x <L
aT
q = —ksg (constant heat flux) at y =0, 0 <x <L
y=0 )
u + 0 (no bulk motion) at y » o, all x
v » 0 (no bulk motion) at y + o, all x

T + T, (constant bulk temperature) at y = e, éll X
The boundary conditions on velocity in free convection differ. from
those in forced convection and have the effect of changing the shape of
the velocity and temperature profiles. The velocity changes from zero
through a maximum to zero again, while temperature varies monotonically
from a maximum at the plate to zero.

The present work was to obtain experimental measurements of tem-
perature profiles for natural convection from a vertical plate at
extremely small Grashof numbers for water and mercury. The experimental
results were compared with the boundary-layer solution by Sparrow and
Gregg [63] as well as the perturbation solutions by Chang, Akins, and

Bankoff [7], therefore, these two theoretical analyses follow here.

(3.1) Boundary-layer Solution

Sparrow and Gregg [63] used Prandtl's boundary-layer assumptions

2
to simplify equations of motion and energy. That is,g—%-was neglected
2 ax
in equation (6); E—% in equation (8); and the equation of horizontal
Ix

motion (7) was ignored. They also considered that, in natural convec-

tion, there was no external force so that the pressure at any point in
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the fluld was only the hydrostatic pressure calculated for the fluid
outside the boundary layer, i.e. gﬁ = -pg. Choosing the bulk tempera-

ture as the reference temperature T the governing differential

R!

"equations may be reduced to:

Continuity
du oV _ _
v + By 0 | , (10)
Motion
ou du 32u
r— + v— = v—— + gg(T-T ) (11)
9x ay 2 L
ay
Energy
aT aT 32T
Ya T Vay T 2 5

The stream function Y, which satisfies the continuity equation (10),
and the similarity variables n, F(n), and Efn) are introduced in the

following ways:

N _ Y _ ;
sy U ax v (13
Gri 1/5

n = (—g“) 'ﬁ (14)
cr* -1/5 v

F(n) = (5~ 59 (15)
Gr> 1/5 k(I-T)

o(n) = ¢ B ) - (16) ¥%_
Bx4 .

Gri = E“Hfg 17)
kv

vhere Gr: is called the modified Crashof number. Equations (11) and
(12) can be transformed into a set of ordinary differential equations:

' o- 3(}.«")2 + 4FF" + 0 = 0 : (18)

**¥In Sparrow and Gregg's nomenclature, -0 equals to the present O,



0" + Pr[40'F - OF'] =0 (19)
subject to the following boundary conditions:

F(0O) = F'(0) = 0

0'(0) =1 - (20)

F'(x) = 0

i
@
—~

8
—

i

The primes denote differentiation with respect to n. Now the only
parameter in the equations is the Prandtl number, Pr = g;
The velocity components can be derived from Equations (13), (14),

and (15) and the temperature is obtained by rearranging Equation (16),

S5v Gr: 2/5
W e = ) F"(n) (21)
X 5
y Gr: 1/5
v=2 35 [nF"(n) - 4F(n)] (22)
Gr* -1/5 _ _
T = Tm + (T %’(‘ o(n). (23)
Or, in dimensionless form:
X
w575 u = F'[(n) (2%
Gr: 2/5
5(“5")
T- T 3
Tw— T, 0(0) . (25)

The solutions.to the differential equations (18) and (19) have been
obtained numerically by digital computer by Sparrow apd Gregg [63].
Results were carried out for Prandtl numbers of 0.1, 1, 10 and 100.
Chang, et al. [7] extended the solutions to Prandtl numbers of 0.0l and
0.03. Figures 2 and 3 present their numerical results—the dimensionless

temperature and velocity profiles for various Prandtl numbers.



26

"SIaqunN |}pubid SNOIIDA 40} uoynqlustq AH20[aA sssjuoisuswig "2 aJnbi4

S
S/ ..ﬂm.v T=b
2l i oi 6 8 L ¥ g b g 2 ! 0
1 1 4] IR SN S T

- fllll......r...l..l .l.}..f.l..! O_uﬂ.&‘.l\ : I
.....!..’. .//l .\\ h .

B I.f i =4d /t......n\\ j €
/..... .__. .

e ~ Il €
ro=id "\ ; .

== /// m..‘ 4

- €0'0=2d // .\ g
e g -
1070 =4d .

- L
- 959349 GNV MOY¥YVYdS ------ g

440MNVYHE ANV SNIMY ‘ONVHD) —m

b — M-
— —10
- NOILNTOS H3AVT AHVANNOS |,
__ —4z
- — ¢l
| | I B | .



M~
o~

‘'siequInN |4PUDd SNOLIDA JOjuolingiisiq ainjpiadwa) sss|uolsuswiq “g 84nbiy

Syx .
)t
9| Sl vl £l rd " ol 6 & 9 G v € 4 1 o
S— 1 e S e =s
_ _ _ _ L AR N L ! Fa, b N Digies
I..I.I.I /// / /
- . \OI=dd N\ —I
N \ L
~ _r/ \ i
- // I=id \ LB
A Y \ M 1 2
S \ |
\ \ \ 1
| ._.ou&/ \ ,, ,_
Y Vo mE
\ o |
€00=4d \ v !
\ Vol
A ,, _, wlv
\
10°0=4d ! : ﬁ—__ﬂ mH“
=" /u ,.__ _‘.“!. g 8 :
99349 ANV MONYVIS —-—--- | Voot
\ ot
440X%NVE GNV SNINY “ONVHO Y OARP
\
R
NOILNTOS ¥3AVT AYVANNO4 \ __ml..
\
/ ﬂ_”_“
, vk
v
a— _..k_._.w.
y
Bt
(Wt
v i
e
a.__,.“
\
_ _ | | _ | _ _ _ _ 1 _ _ | -



(3.2) Perturbation Solution

In the boundary-layer solution, Prandtl's boundary-layer equations
were applied. That is, they neglected heat conduction in the vertical
direction. This is not permissible when the thermal boundary-layer
thickness along the vertical distaﬁce is no longer negligible in comparison
with the height of the plate. One such situation occurs when the fluid,
having high thermal conductivity (or low Prandtl number), flows slowly --
for example, natural convection of mercury at low Grashof numbers.

In order to avoid the simplification due to the boundary-layer
assumptions, Chang, et al. [7] applied the perturbation technique to
solve equations (5), (6), (7), and (8) with the boundary conditions (9).
They first introduced the following dimensionless quantities:

Y

x = % ' .3;.‘: L H . . (26)
v (27)
GrL v
(T -T )k
0= T GrL*1/5 ; (28)
» (» - p 1% : ()
- ; 2
pvice] 12 ?

3
G = ;EEfE;E7§ ; (30)

= b} _ _ul - _ b'y"r vL

YTy T Gr ¥ VETRT uGrL? ‘ (31)
X=x, Y = GrL*l/5 y i (32)
V=5 g (33)

where ¥ has already been defined in equation (13), ¥ is dimensionless stream

function, G is dimensionless gravitational acceleration,-e 1s dimensionless
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temperature, and u and v are the dimensionless velocities. From Sparrow and
Gregg's boundary layer solutions [63], it is known that y/X is of the order
Gr;}/5. Therefore, a second transformation of the x, y system to the X, Y
system is introduced to bring order of magnitude of Y to that of X, and the

second dimensionless stream funection is also introduced in such a manner that
-yy= 1
@&/4qk = u/(VGrL* /5) H (34)

then equations (6), (7), and (8) are transformed to:
. x~2/5 _ .
Vyly ~ YWy = Py TG T gy tyyy -G 0 (35)

Gry -2/5(-‘1&‘15{1( + Yfy) = Py - Grp —#/E‘I’xxx - Gy, h2/5‘l’xn 3 (36)

WO, - %0, = Pri(cr) -2/5

L Ox + Byy) (37)

To solve equations (35), (36), and (37) by perturbation method, it is
assumed that the stream function¥ , the pressure P, and the temperature @ can

be expanded in terms of a small constant parameter e:

v =q;('°) + e\;f(l) + 52\11(2) * auns |} (38)
P = P(o) + GP(l) + QZP(Z) F as H (39)
9 = 9(0) & e@(l) + 629(2) + a0 (%0)

The boundary-layer theory assumed the velocity and temperature effects
occurs only inside a very thin layer along the plate. In Sparrow and Gregg's
analysis [63], they found that the horigontal velocity at the edge of the
boundary layer does not vanish (v - —hGrIT—l/5(5x)—l/5F@n)); which means
flow does exist outside the boundary layer. Therefore, the flow field was
divided into two regions : one is the boundary layer next to the plate -- the -

boundary limit problem, and the other is a potential flow region outside
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the boundary layer—the interior limit problem, The boundary-layer
solution and the potential flow solution can be taken as zero-' and. first-
order approximations, respectively, but the two fields must join smoothly.
This means that the horizontal velocity in the potential flow field,
which 1s 0(e) according to series expansion in the parameter e, must
equal to.that of the viscous flow field at the edge of the boundary

1/5 -1/5

). Therefore, Gr_* is taken as the series

- *-
layer, which is O(GrL L

expansion parameter e.

Substituting equations (38), (39), (40), and the definition of €
into equations (35), (36), and (37), then equating the coefficients of
like powers of €, we get the following zero-~ and first-order perturbation
equations,

The zero~order perturbation equations are:

‘IJ’Y(O)‘I/XY(O) e ‘I’X(O)‘I’YY(O) = _PX(O) +\1’YYY(0) -+ 0@ (A1)
0 _ 4, .

By =0 ; (32)
0), (0 0), (0) _ 1 B

\Ify( )Ox( ) “I’x( )GY(O) ~ Pr @YY( > e

Equation (42) implies the zero-order pressure gradient exists only in the

x~direction and for a vertical plate, PX(O) = -G; i.e., the zero-order
pressure in the x-direction i1s due solely to the weight of the fluid.

With the following new similarity variables being introduced:
n=v/0M (44)
0
v = 0*%rm) (45)

0 = 50 By (46)

where n is the similarity variable and the same as equation (14), F(n)

and 0(n) are also defined in equations (15) and (16), the zero—order



equations (41) and (43) can be reduced to a pair of ordinary differential
equations:

F' - 3(F) 2 + 4FF" + 5 =0 3 7

6" + Pr[4F0' - F'0] = 0 - (48)
The boundary conditions given in equation (9) become:

F(0) = F'(0) =0 »

8'(0) =

i
[
-

(49)

F'(=)

O(=) = 0 -

Equations (47) and (48) are evidently the same as equatiqns (18),
(19), which were derived directly from boundary layer equations by the
similarity transformation method. The numerical solutions for these
equations are already available for Prandtl numbers of 0.01, 0.03, 0.1,
1, 10 and 100.

The first-order perturbation equations are:

Wy(@)wﬂtl) iy, Py @ _g Oy B g Oy ©

o, @ g @ oD (50)
2, M -0 (51)
%, @0 B 4y Mg O _g @6 @) g W O L Lo D (5

&b

Now the functions P(l),\F(l) and O need to be solved. The first-

order perturbation solutions are determined on the basis of potential

flow theory. Chang, et al. [7] showed that the first-order pressure P(l)

is one order higher, with respect to the parameter e, than the corre—

P(l) could be deleted from the first-

sponding velocity field. Therefore,
order perturbation equations. They also showed that the first-order

variables could be expanded as follows:
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m+ 1/5
(1) _ 20F(=) e
L S (360 = w20 Tsm v 1 Tl s
+ 1/5
1) _ 20F(= -3/5 e XN
GI( ) = ._.:g_) (5X) / [3900(71) - m§0 Smr 1 Om(n)] : (54)
where EOO’ fm' 000, and Om are functions of n alone, n 1s the same as that

defined in Equation (44) and

? 3
m=0 (5m+1) (5m+4)

S = = 00.864806 .... ‘ " £55)

Substituting equations (53) and (54) into the first-order perturbation

equations, gives the following two sets of ordinary differential equations:

mny " = ‘! 1 =
fOO + 4FfOO 2F fOO + 600 o ,
(56)
L oon 4 4Fe’ 4+ 3F'0. - Bf'_ =0 3
Pr 00 00 00 00
"y e _ ' mll =
fm + AFfm (5m + 3)F fm + (5m + 1)F fm + Om 0,
(57)
__1__, " (. _ 1 - et o i .
ks AFem (5m - 2)F o Ofm + (5m + 1)0 £ 0
where m = 0, 1, 2, .... . The boundary conditions are:
= ' — ' =
fOO(O) fDO(O) @00(0) o,
(58)
1 o = o ©0 = H
and
— L . 1 -—
fm(O) = fm(O) = qn(O) =0 ,
(59)

It

£1(a) =) o (=) =0

The solutions for equations (56) and (57) have been obtained numeri-
cally by Chaﬁg, et al. [7] for Prandtl numbers of 0.1 and 0.03. The
values of m were taken from zero to ten inclusive. No further calcula-

tons were carried out for m larger than 10 since sufficiently accurate

results were determined by the first 11 terms in the series. Equations
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(56) and (57) are strongly dependent on the zero.order solutions since
the zero-order functions appear as the variable coefficients in these
equations. Therefore, the first-order perturbation equations had to be
‘solved with the zero~order perturbation equafions simultaneously.

Finally, the velocity and temperature distributions of perturbation
solutions up to first-order can be calculated. From equations (33), (38),

(45), and (53), we get

v = GI‘L*!"/S E
w o m + 1/5
- (50 pm) +e 25 (se () - § A £ () (60)

Substituting ¢ into equation (29) and rearranging yields the dimensionless

velocity distribution

X m+ 1/5
X u=F'(n)te -QQEI:QH-[Sf '(n) - I . N "(n)]
Gﬁg* 2/5 ﬂ(5X)4/5 00 m=0 5m+1 m
59 (61)

Similarly, from equations (28), (40), (46), and (54), the following

equation is obtained,

(T - T )k Gr. * 1/5 . m+ 1/5
™ L, = 20F (=) _ ), S
qL ) = o) +Eﬂ(5x)4/5 (5090t — pZo @1 (M
(62)
or dividing equation (62) by the value at the wall, we get
+ 1/5
S(m +e20E(=) o % il
- O *e 575 %M = plo Tsn T T %M
® m (5X) (63)
T-T, _ 20F (=) <+ 175
Bl0) + € ———= [88..(0) - & S (0)]
n(5X)4/5 00 m=0 5m+ 1 “m

Comparing equations (61) and (63) with equations (24) and (25), it
is noted that the second terms in equations (61) and (63) are additional
terms to the zero-order solution. These additional terms are both func-

tions of GrI* and X. This indicates that the dimensionless velocity and



temperature depend on the modified Grashof number, Gr *, and the distance

I
up the plate, X. These profiles have been calculated numerically for
Prandtl numbers of 0.1 and 0.03 at different distances up the plate with
‘various values of GrL* by Chang, et al. [7]. Figures 4, 5, and 6, are
some of theilr results. From the results, they pointed out that for

Prandtl number of 0.03 all the effects seen for Prandtl number of 0.1

are magnified.
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Ly, Experimental Apparatus and Procedure

(4.1) Apparatus
The experimental equipment was essentially the same as that used by

Chang [6]. The only modification was that anradditional “Nanovoltmeter”
was used to measure the E.M.F. of the thermocouple junction. The nano-
voltmeter measured the temperature difference to 0.002500, but the Sanborn
recorder, used by Chang t61, allowed a temperature difference measurement
of only 0.03°C.

Figure 7 is a schematic dilagram of the apparatus used to measure the
‘temperature profiles. The apparatus consisted mainly of a heated vertical
rlate, a thermocouple, a probe driving mechanism for positioning.the
thermocouple, a container for the working fluid, a constant temperature
bath, a nanovoltmeter, and a strip-chart recorder. Each plece of apparatus

is described in detail in the following:

Plate:
The heated vertical plate shown in Figure 8 was 0.004-inch-thick,
2—in¢h-high. 4-inch-wide, and type 302 stainless steel with both trailing
and leading edges. Both sides of the plate were coate& with a plasticiged
acrylic resin, which served as an insulating material to minimigze electrical
leakage into the mercury. The plate was located in the center of the
container and was connected to a D.C. power supply source to generate a
constant surface heat flux, dissipated from both sides. The low electrical
resistance and uniform thickness of the plate ensured the constant power
dissipation and uniform generation over the plate. A voltmeter and an
amperemeter were used to measure the voltage and current, respectively, for

determining the power supplied.
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Figure

8.

Vertical Plate and Thermocouple Probe.
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Thermocouple:

The temperature of the fluids was measured by a copper-constantan-
thermocouple, Robinson-Hanpern Model 302A-T300S-08L. The copper-constantan
ﬁires were enclosed in a 2-inch-long, 0.008-inch-dlameter, stainless steel
sheath, The hot junction was in water (or mercury) and the cold junction
was in a reference bath of room temperature water. The end of the thermo-
couple was 0.004-inch-thick and had a time constant of approximately b.02

seconds.

Probe Driving Mechanism:

The horizontal movement (toward or away from the plate) was accom-
plished by using a synchronous motor operated by a control switch. The
driving mechanism was a ?/16—inch—thick, 8 by 13 inch base plate. A slot
was cut in the base plate over which a slide m;ved. The slide was connected
to a 2-RPM synchronous motor by a 1/2 - 32 precision pitch screw to move
the probe toward or away from the plate continuously. The linear speed
of the thermocouple was 1/16 of an inch per minute.

The vertical movement could be made manually by a knob with a counter
and a vernier. Turning twenty units of counter in the counterclockwise

direction equaled to moveing the thermocouple down 1/32 of an inch,

Container and Constant Temperature Bath:

The plate and thermocouple were both enclosed in a 7-inch-wide,
9-inch-long, and 13-inch-high stainless steel container which held the
working fluid (water or mercury). The top of the container was covered
with the stainless base plate which carried the plate supports and the probe
driving mechanism. These were all put in a constant temperature bath used

to keep the bulk temperature of the fluid inside the container constant.
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Figure 9 1s a photograph of the probe driving mechanism and container in the
constant temperature bath. The bath was a twenty gallon stalnless steel
tank filled with rust inhibitor and water to a level which at least covered
the base plate. The bath was equipped with cooling coils and electrical
heating coils, With these coils the bath temperature could be controlled

to within one degree centigrade, but this control was not precise enough

for the e#periments having small heat fluxes. Therefore, it was found that
for the case of small power, simply alldwing the bath to remain at room

temperature without cooling or heating provided the most constant temperature.

Nanovoltmeter and Strip-Chart Recorder:

The output of the thermocouple was measured by a "Keithley 180 Digital
Nanovoltmeter"”, then recorded on a "Sanborn 296 Recofder".

The nanovoltmeter, having the functions of zero suppression and range
selection, could measure the E.M.F. of the thermocouple to the accuracy of
10 nanovolts, whish 18 equivalent to approximately 0.0025°G. The Sanborn
recorder, having the functions of pen position, standardization, calibration,
zero suppression, and attenuation, could be adjusted to plot the temperature
profiles. For a fixed vertical position of the thermocouple, the temperature
versus horizontal distance was plotted in the Y-versus-X coordinates of the

recorder paper.

(4.2) Procedure

Experimental Preparation:

The first step in the procedure was to set up the equipment, that
included the following preparations: the container was immersed in the
constant temperature bath and the working fluid was added into the container.

The end of the thermocouple was located at the trailing edge of the plate



Figure 9.

3

Probe Driving Mechanism and Container in Constant Temperature Bath.
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and the base plate was clamped on the top of the container. Water and anti-
rust were added to the constant temperature bath. A small Dewar fiask was
Tilled with water at room temperature to serve as the reference temperature
ﬁf the thermocouple cold junction, The power lines were connected tightly

and the proper amperemeter and voltmeter were installed,

Experimental Run:

The D.C.-power supply was turned on, and the desired voltage was
supplied to the plate., The circulation pump was turned on to maintain the
uniform temperature throughout the constant tamperature bath. The
thermocouple was moved to a distance far from the plate, then the knob of
the vertical movement positioning mechanism was turned to set the
thermocouple up or down at a desired vertical position. 3Before recording
data, the Sanborn recorder was warmed up for about half an hour and the
calibtration and standardization were checked every time,

The equipment was allowed to run at least three hours for water to
establish the steady state for the small power runs. Mercury is a good
conducting material and it took a shorter time to reach steady state than
water. Steady stste was assumed when the temperature at the plate was
constant., After steady state was attained, the zero supression of the
nanovolinmeter was set to zero when the thermocouple was located at the
bulk. Hence, when the zero suppression switch of the nanovoltmeter was
turned to "off"™, the value shown on the nanovoltmeter was the relative
temperature of the bulk with respect to the reference temperature of the
thermocouple cold junction., Also the zero suppression and attenuation
of the Sanborn recorder were adjusted so that the profile would be plotted
within the scale of the recorder paper.

"One millimeter per second" paper speed was used., All the profiles



ﬁere plottéd from the bulk to the plate and then, by reversing the motor,
from the plate to the bulk. In this manner, the effects of the increasing
(or decreasing) of the bulk temperature could be minimized by taking the
average value of two profiles for data analfsis. When the thermocouple
probe was turned to move toward the plate, the temperature remained at a
constant value for awhile at the beginning (that meant the thermocouple
was still in the bulk), then increased more and more rapidly as the probe
approached the plate, and finally the temperature increase stopped. The
point where the temperature stopped increasing was assumed to be the plate.
After this, the positioning mechanism motor was reversed to bring the
thermocouple probe from the plate back to the bulk.

The same procedure was repeated for many vertical positions up the
plate and power lefels.

As the profiles were recorded, the voltage, current, chart speed,
vertical position up the plate, the temperature of the thermocouple cold
junction, the temperature of thermocouple hot junction measured on the
nanovoltmeter, and the zero suppression of the nanovoltmeter, were written
down. The final dimensionless temperature and distance were caleculated
from these data and the recorded ppofiles.

The experimental runs for water and mercury were essentially the same

except that the resistance was carefully checked in the mercury runs to

b5

detect any short circuiting through the mercury. If a short circuit occurred

the resistance would drop, then the .quipment had to be taken apart and
the plate and its junction to the ¢0pper rods were sprayed with a very thin

coat of paint. This coating could eliminate the short circuit.
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5., Data Analysis

(5.1) Data Treatment

All the experimental data were plotted on the strip-chart recorder.
A typical millivolt-versus-time plot (equivalent to temperature versus
distance) contained two parts; first, a profile with the probe moving *
from the bulk to the plate and, second, one with the probe moving from
the plate back to the bulk. For water both profiles were generally
smooth, But for mercury the recorded curve had a peculiar shape. After
the probe started moving away from the plate, the temperature response
curve was constant for a short period, then showed a sudden drop. The
explanation for this is that as the probe began to move away, it stuck
to the plate for a short period before moving. This jump in the curve
made the determination of the exact plate positlon difficult. Extrapolation
of the second profile could be used, however, this procedure contained
gxtrapolating errors. Therefore, if the jump was too sharp, it was
most accurate to take the data points onl& from the first profile for
analysis.

The temperature and distance at each point were calculated from the
known bulk temperature, plate temperature, and the characteristics of
. the driving mechanism, then transformed into dimensionless variables.
All the calculations were carried out on an IBM digital computer. The
computer program is presented in Appendix A. The data reduction is
described in detail on the following paragraphs.

First, the thefmocouple E.M.F., in millivolts, at the plate and in
the bulk were computed from the measured values together with the known
temperature of the thermocouple cold junction and the zero suppression

of nanovoltmeter. The E.M.F. of each data polnt was then calculated by
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the linear interpolation of computed plate and bulk temperatures. The
resulting voltages were converted into degreeé centigrade by a least-
square fit fourth-order polynomial of the copper-constantan thermocouple
calibration (shown in Appendix B). .

Next, all the physical properties were evaluated at a reference
temperature which was based on a welghted average of 70% of the wall
temperatufe and 30% of the bulk temperature [60]. The physical properties,
including density, viscosity, thermal conductivity, coefficient of thermal
expansion, and Prandtl number, were calculated at this reference temperature
by fourth-order polynomial equations [33).

Then, the overall resistance of, and the total power dissipated at,
the combination of the plate, copper rods, and contacts, were calculated
from the measured voltage and current. The resistance of the plate was
computed at the plate temperature by a second-order polynomial equation
which was obtained from the characteristics of the plate. The heat flux
at the plate was calculated from the surface area of the plate and the
pbwer consumed by the plafe. The power consumed by the plate was
determined from the total power multiplied by the ratio of the plate
resistance to the overall resistance. The local Nusselt and modified
Grashof numbers could be evaluated with the physical properties, heat flux,
and the vertical position up the plate.

Then, the distance of the thermocouple horizontally away from the
plate as measured in millimeters of chart scale was converted to centimeters
of distance by means of the motor rotation speed, the pitch of screw, and
the recording paper speed.

Finally, the temperatures in degrees centigrade and the distance in

centimeters were transformed into dimensionless forms by dividing each
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by a proper quantity.

Because the data points were taken from two profiles, these dimension-
less data points did not constitute a smooth curve any more. Therefore,
these dimensionless data points were fitted with a semi-logarithmetic,
least-squares, polynomial equation to obtain a representative smooth profile.
This curve fitting was done by an IBM scientific subroutine and the.computer
progran is shown in Appendix D. The resulting curve was plotted with the
data points on the Calcomp Digital Incremental Plotter, Model 665,

A sample calculation giving the detail of data analysis is shown

in Appendix C.

(5.2) Data Error Source

In order to get small Grashof numbers, the power used was kept as
small as possible, and the résulting temperature différence between the
plate and the bulk was very small., Therefore, a little fluctuation from -
the steady state and slight inaccuracy of the instruments would cause a
signlficant error in the final results. The following were the important

sources of error:

1. The cuwrrent was not constant due to the characteristics of the
power supply, thus the resulting heat flux was not constant either.
The: fluctuation amplitude of the heat flux was about 0.1 Btu/hr-ft2,
which was less than 2% of the total heat flux.

2. The temperature of thermocouple cold junction increased slowly
with time, hence the increasing temperature of the profile toward
the plate contained the temperature increase of thermocouple itself,
For example, in the smallest power case of 0,74 watts, the increase‘

of thermocouple cold junction temperature was about 0.0004 mv, which

was equal to 6% of the total temperature increase. But this error would
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be canceled out if the data points for apalysis were taken from both
the toward and away profiles.

3. The constant temperature bath was used to keep the bulk temperature
in the container constant, but the heat dissipated from the vertical
plate would cause the bulk temperature to increase slightly. For
example, in the longest run of mercury, the increase of bulk temperature
durihg one run was about 0,01°C,

k. Taking temperature data from the i—Y Sanborn plot had an accuracy
to within 0.5 mm on the chart scale, which was 2.5% of the smallest
total temperature range (20 mm). |

5. The estimation of distance away from the plate could be made to an
accuracy of within 1 mm on the chart scale, which was less than 1.2%

of the shortest total distance range (90 mm).
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6. Results and Discussions

The temperature profiles for various power levels and vertical positions
had been obtained with the equipment described in section 4, and were
fransformed into dimensionless plots with the data treatment procedures
stated in section 5. The results are presented and discussed in the following
sections, First, the reproducibility and stability of the eXperimentgl g
data are checked. Next, the curve fitting technique for this work is
discussed. Then the dimensionless profiles obtained by curve fitting are
plotted for several parameters -- namely, the power level, the vertical
position up the plate, and the local Grashof number -- to examine the depen-
dences of the profiles on these parameters. Finally, the heat transfer

results are correlated in terms:. of the local Nusselt and Grashof numbers.

(6.1) Reproducibility and Stability of the Experimental Data

Some of the experiments at various power levels and vertical positions
were rerun. The results are shown in Figures 10, 11, and 12, The data
points of the initial and duplicated runs are denoted with different symbols.
The solld line is the best curve fit for the two sets of data. From the
figures, it is seen that the data sets of two separate runs are very agree-
able. Some are even overlapped. These show the excellent reproducibility
of the data.

In Figures 13,‘14, and 15, two temperature profiles for mercury are
glven in each figure. One profile is the result of moving the probe toward
the plate; the other is the result of moving the probe away from the plate.
If the data were taken at steady state and if the probe movement had no
effect, these two profiles would be identical. However, these figures
show that the two profiles are not exactly identical in all the cases.

The sudden drop in the curve as mentioned in the data treatment section



T—To
Tw—Teo

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

51

Run with Mercury "
Symbol Runno. X Power Gr:
) 88 172" 074watts 775x10° i
A 58 172" 074 «  7.59x10° ¥

12

Groys
Y (=29

7 -

x\5

Figure 10, Duplicate Runs Made to Check Reproducibilit



T - qu
Tw—Too

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

- 0.2

0.1

52

T | I T T ] = T T l T
- Run with Mercury . n
Symbol Runno. x Power Grp
o 72 1/4" 2.48 watts 2.56x10'
= A 94 174" 2.49 =« 2.57x107 -
b= =
. ——
1
2 [ 10 12

6 8
b
_yEGr,:¥g
"7‘“&'.5

Figure 11, Duplicate Runs Made to Check Reproducibility



T—To
Tw ""'Tm

10§~

0.9}

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

- 83

Run with Mercury

*
Symbol Runno. x  Power Gro
o 66  1/8" 11.0 waits L14x|0°

A 89 178" 1.2 w LI7Tx108

Gry

n‘“xx'( 5

Figure 12, Duplicate Runs Made to Check Reproducibilit




Tw—=To

1.0 =

G w

Figure 13. Comparison of the profiles toward
and away from the plate.

| | T | J J ! | J | !
0.9 | -
Run with mercury no. e9
C x=1/16" 1
0.8 Power=2.48 watts -
! Gr_ = 2.56x107 i
0.7} -
0.6} -
0.5 =
.41 toward profile }
O3 away profile 7]
0.2~ -
O.1f -
L. | | { { | | | 1 | L
0 2 4 6 8 10 12



T—To
T\N ""TGD

.0} 1 ] ! ) I | i | 1 [ T
0.9 _ -
Run with mercury no. 66
i x=1/8" e
0.8}- Power =11.0 watts i
- Gr, =1.14 x10°
0.7 -
0.6} A
0.5 -
1 toward profile i
0.4} ' | s
" away profi'le -
63
0.2}
ol
-
1 { 1 ] | ] ] ] ] |
0 2 4 8 0 12

|
6
\
a |
PRALCh

Flgure 14, Comparison of the profiles toward and
away from the plate.



T—To
Tw—Tewo

1.0
0.9
08
0.7

0.6

0.5

0.4

0.3

0.2

0.1

Run with mercury no. 75
x=1/4"
- Power = 37.2 watts

Gr.' =3.89 x 108

toward profile

away profile

Figure 1s. Comparison of the profiles

and away from the plate.

toward



makes the determination of the exact plate position very difficult, An
extrapolated value for the plate position was used for the profile with
the probe moving away. Even by extrapolation, the difference of the two
dimensionless profiles was less than 8% of the total profile distance.
Therefore, it is concluded that the experiments have a good stability.
The dimensionless profiles generally were a result of fitting one curve

to data points from both "toward" and "away" profiles.

(6.2) Curve-Fitting Technique

Occasional fluctuation of the power caused some scattering of the

data. And data points for analysis were taken mostly from both the "toward"

and "away" profiles; these points did not constitute a smooth curve.
Therefore, a curve-fitting technique was needed to obtain a representative
curve, Usually two sets of profile data were used for fitting. When
duplication runs were made, four sets of profile data were used. A semi-
logarithmetic, polynomial, least-squares curve fitting process was used
with polynomials of one to six tried. The results are shown in Table 1 --
obviously the second-order polynomial, having the smallest deviation,

fitted best and hence was chosen for the present purpose.

Order Deviation
1 0.60
2 0.58
3 0.60
L 0.60
5 0.91
6 0.77

Table 1. Deviations of Curve-Fitting for Run Number 68.

(6.3) Dependence of Dimensionless Temperature Profiles on the Vertical

Position up the Plate at a Constant Power Level (or a Constant
. Grashof Number)

57
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Several sets of data at various positions up the plate, x, were plotted
at a constant power level (i.e., constant heat flux or constant Gr;).
Flgures 16 and 17 are the results of water at two power levels of 0.746
and 12.0 watts. The two dash lines are the Sparrow and Gregg's [65]
numerical solutions. The figures show that there is a uniform dependence
of the profiles on the vertiéal position such that the lower the position
the higher the dimensionless profile is.

Figures 18, 19, and 20 are the same plots for mercury at power levels
of 0.74, 2.48, snd 11.0 watts. The dash liue represents the boundary-layer
solution for Prandtl number of 0.024, which is obtained by the interpolation
of the boundary-layer solutions for Prandtl numbers of 0.01 and 0.03 obtained
by Chang, et al. [7]. The figures also show a uniform dependence of the
profiles on the vertical position as was the case with water. But the
dependence of the profiles for mercury is much more significant than that
for water (although this fact is difficult to sée because of the different
scales in Figures 16 and 17 compared to Figures 18, 19, and 20). This is
because the mercury is a much better conductor, the heat conduction through
the leading edge goes much farther than that of water. Therefore, free
convectlon of mercury starts at a lower position below the leading edge,
so that the deviations from the boundary layer solution are much more
appreciable.

The experimental results in Figures 18, 19, and 20 show a same profile
tendency as that of the perturbation solutions. That is, as shown in
Figure 5, profiles are located belo# the boundary-layer solution at small
dimensionless distance, #, and are located above the boundary-layer solution
at large 7. However, the expérimental profiles show a dependence on x

contrary to that of the perturbatlon solutions. That is, a larger x gives
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a farther downward shift from the dash line at small 7,

The dependence of the profiles on x in Figures 18, 19, and 20 are the
same as that in the upper part of the plate obtained by Chang [6]. In the
lower part of the plate, the crossing of the profiles at small 7 occured in
his results. This is absent in the present results -- namely, the present
results are different from Chang's at small 7 and in the lower part of the
plate, but both coincide in the other regions. |

The present results are contrary to perturbation solutions, and Chang's
results also partially disagreed with perturbation solutions. An explanation
for this discrepancy may be the inaccurate approximation of the existing
perturbation solutions. In perturbation solutions, Chang, et al. [7]
considered only up to the first-order term and neglected the second- and
higher-order terms. This neglection might have caused a significant error.
The second- and higher-order terms might have negative effect and cause the
direction of the dependence on x to reverse. Hence, it is recommended for
further work to examine the effect by considering the second- and higher-

order terms.

(6.4) Dependence of Dimensionless Temperature Profiles on the Grashof
Number (or Power Level) at Fixed Vertical Position up the Plate

For a fixed vertical positionlon the plate, the dimensionless temperature
profiles at several Grashof numbers (power levels) are plotted in Figures
21, 22, and 23 for water and Figures 24, 25, 26, and 27 for mercury.

Figures 21 through 23 show that there is, at most, a very small depen-
dence ﬁf the profiles on the Grashof number.. The small dependence of the
profiles on the Grashof number is uniform such that a smaller Grashof number
glves a lower dimensionless temperature profile.

Four groups of profiles at positions of 1/32, 1/16, 1/8, and 1/4 inches
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from the leading edge are presented for mercury with the Grashof number
as the parameter. These figures show that the dependence of the profiles
on the Grashof number is more significant than that for water. This agrees
with the theoretical prediction that the temperature profiles ©of the fluid
with high conductivity is more dependent on the Grashof number than those
of the fluid with low conductivity. The'crossing of the profiles with the
boundary-layer solutlon occurs. This 1s similar to the phenomenon in the
previous plots of profiles at a constant power level (or Grashof number)
with several positions up the plate. The trend of the dependence on the
Grashof number for mercury is the same as that for water -- generally a
smaller Grashof number causes a greater deviation from the boundary-layer
solution at small ﬁ. In other words, the profile at small m tends to
approach the boundary-layer solution by increasing the Grashof number. The
distinction between the profiles at small g is clear in the 1/32 inch case
and it diminishes gradually when the position gets higher and higher.

Because Chang [6} also had results for mercury at positions of 1/16,
1/8, and 1/4 iﬁches from the leading edge, the present resulté are compared
with his. The agreement in the dependence on the Grashof number is geherally
good except that his profiles are different at small 9. The perturbation
solutions of this kind are not available for comparison,

At a fixed vertical position, the higher the power the larger is the
Grashof number hence the boundary-layer solution is more applicable.
Consequently, the deviation from the boundary-layer solution becomes smaller
when the Grashof number geté larger. The present results agree well with
this prediction,

Comparison of the present results is also made with those shown in

section (6.3)., It is obvious that the dependence of the profiles on the
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vertical positlon is much greater than the dependence on the Grashof number.

(6.5) Dependence of Dimensionless Temperature Profiles on the Vertical
*
Position up the Plate {or on the Power-Level) at Constant Gr
S

A set of dimensionless temperature profiles at a constant Gr; could
be obtained by increasing the position up the plate, x, and decreasing the.
power level, g, simultaneously and in the proper ratio. Because of the
changes of the physical properties with the power used, it is not easy to
get exactly the same Gr;. Thus the same order of magnitude of Gr; is
regarded as constancy of Gr;. Figures 28 and 29 are the dimensionless
profiles in water at Gr; equal to approximately 100 and 2x103, and Figures
30, 31, 32, and 33 for mercury at Gr; equal to approximately 20, 100, 400,
and 6x10°.

For the temperature profiles at a constant Gr:, both the position and
power level can be the parameters, but the directions of dependence on x . .

and q are reversed.
| For water, the dependence of the profiles on the position, x, is that
a smaller x gives a higher dimensionless profile. Same dependence on x for
mercury in Figures 30 through 33 is obtained. That is, the profile at larger
x (or smaller q) deviates much more from the boundary-layer solution. The
dependence of the profiles on x at a constant Gr: for water is smaller
compared to that for mercury.

The dependence of the profiles on‘x at constant Gr: agrees well with
Chang's [6] results. In other words, both concluded that a smaller x {or a
larger q) géve a higher dimensionless profile. This conclusion can also be
drawn from the combined results of sections (6.3) and (6.4) -- the smaller
the x is and the larger the g is; the higher the dimensionless profile is

and the less the deviation 1s. Therefore, the results are very consistent.
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The perturbation solutions are not avallable for this comparison.

(6.6) Heat Transfer Correlation

Sparrow and Gregg [63] using the boundary-layer theory obtained the

folloﬁing correlation:
* 1/5
Gr
Wigt SIS, 51/56(0)
Nu
*

where 6(0) depends on Prandtl number only. Mercury has Prandtl number
approximate to 0.024, the above equation becomes:

*
G 0.20

X = 6.3
Nu

x

Julian's [33] experimental results of mercury with the Grashof numbers
ranging from ILOI‘L to 109 found a correlation of: '

* 0,188
Gr

2. = 5,1
Nu

X

with the standard deviation of 0,021. Chang's [6] experimental data with

the Grashof numbers ranging from 10 to 108 found a correlation of:

* 0,178
er

= 4,03
Nu
b x 1) i )
with the standard devlation of 0.033. Fifty data points were correlated
for the present work. The correlation with the Grashof numbers ranging
from 1071 4o 10”7 is:
¥
A 0.204
X

= 9.70
Nu
X

with the standard deviation of 0.022. TFour correlations are presented in
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figure 34 for comparison., The figure indicates that the Nusselt Numbers
of present results are smaller than their theoretical values and are
contrary to both Chang's [61] and Julian's [33) results, which had positive
deviations from the theoretical values. ‘

The explanations of this disagreement are that the Grashof numbers
in the present experiment are extremely small and the temperature differ-
ences obtained experimentally are larger than the corresponding theoretical
values. Though the deviations are negative, the correlation coefficient of
0.024 is approximate to the boundary-layer solution of 0.20, which means

that the Nusselt number is proportional to one-fifth of the Grashof number.
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7. Conclusions

Most of the free convection heat transfer analyses both iheoretically
and experimentally were based on the boundary-layer assumptions. The
assumptions are invalid when the boundary-layér thickness is no longer
negligible compared with the height of the plate. In 1967, Chang, et al; [7]
obtained numerically the first-order perturbation solutions of free convection
from a uniformly heated vertical plate for small Prandtl numbers. Alﬁost
no experimental investigations of free convection in liquid metal are done
until recently. Julian [33] in 1967 and Chang [6] in 1970 did the free
convection experiments of mercury in the moderate and small ranges of Grashof
numbers respectively.

In the présant work, free convection of water and mercury at éxtremely
small Grashof numbers(10"1< Gr241105) has been examined experimentally. The
results showed significant deviations from the boundary-layer solutions in
the dimensionless temperature-versus-distance plots for mercury and water
“due to small Grashof and Prandtl numbers. And the deviations for mercury
were much more pronounced than those for water because the boundary-layer
for mercury was about seven times thicker than that for water. The dependence
of the dimensionless temperatufe profiles on the vertical position up the
plate at a constant Grashof number (based on L) is such that the lower the
position the higher the dimensionless temperature profile is, which is
entirely contrary to that of the perturbation solutions obtained by Chang, et
al, [7], and partially agrees with Chang's experimental results [6]. The
dependence of the profiles on the Grashof number (based on 1) at a fixed
position up the plate is such that a smaller Grashof number gives a higher
dimensionless temperature profile, and the dependence of the profiles on the

position up the plate at a constant Grashof number (based on x) is such that
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a lower vertical position gives a hlgher dimensionless temperature profile.
Both dependences agree, in general, well with Chang's results [6], but no
perturbation solutions are available for these iwo comparisons. The heat
transfer correlation in terms of Nusselt and Grashof numbers has a coeffi-
cient of 0,204, which agrees well with the boundary-layer solution [63] but

is greater than Chang's [6] and Julian's [33] experimental values.

-
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NOMENCLATURE

heat capacity at constant pressure per unit mass, L2/t2T

heat capacity at constant volume per unit mass, L2/t2T

zero-order velocity function, dimensionless

derivatives of F(n) with respect to n, dimensionless

first-order velocity functions, dimensionless

derivatives of foo(n) with respect to n, dimensionless

derivatives of fm(n) with respect to n, dimensionless

dimensionless gravitational acceleration defined by Eq. (30)
| 4

modified Grashof number based on L, EELEQ , dimensionless
kv
nghq

2
kv2

modified Grashbf number based on x, dimesnionless
gravitafional acceleration, L/t2

gravitational acceleration in x direction, L/t2
grav%tatioual acceleration in y direction, L/t2

local heat tranéfer coefficient, M/taT

thermal conductivity, ML/th

vertical length of plate, L

subscript for 0, 1, 2, . . .



Nu
X

0()

- 86

h_x
local Nussel number, ~E~— or 9x dimensionless

-—__—— 3
k(Tw T)
order of magnitude

dimensionless pressure defined by Eq. (29)

zero- and first-order pressure of P, dimensionless

) &
X * Y

Prandtl number, 5 , dimensionless
pressure, M/Lt2

pressure at bulk, M/Lt2

constant heat flux at plate, M/t3

local Rayleigh number, erPr, dimensionless

. 0.864806 . . .

temperature, T

reference temperature, T
wall temperature, T

bulk temperature, T
time, t

vertical velocity component, ¢y, L/t

dimensionless vertical velocity component, E;
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v horizontal velocity component, -y, L/t

v dimensionless horizontgl velocity component, - ¢§-
.X transformed dimensionless vertical coordinate defined by Eq. (32)
x Vvertical coordinate, L
X dimensionless vertical coordinate, % » dimensionless
Y fransformed dimensionless horizontal coordinate defined
by Eq. (32)
y horizontal coordinate, L
§ dimensionless horizontal coordinate, %5 dimensionless
z rectangular coordinate, L

Greek Symbol

. K L2
o thermal diffusivity, — , —
Cp t
p
. 1 9p 1
B coefficient of thermal expansion, - E-(g_JP"T
] boundary layer thickness, L
1
€ constant parameter in series expansion, Gr: 5, dimensionless
v Gr 1/5
n similiarity variable, e or %( ) , dimensionless
(SX)lIS x5
] dimensionless temperature defined by Eq. (28)

(0) ,(1)

] ,0 zero- and first~order temperature of 6, dimensionless



XUyt

ROMeb

YX,?Y,W

XY,.--

20 28 32

0
X’ 9y’ 8X2’

first-order temperature functions, dimensionless
derivatives of Goo(n) with respect to n, dimensionless
derivatives of Bm(n) with respect to n, dimensionless
dimensionless temperature defined by Eq. (16)
derivatives of gkn) with respect to n, dimen§ionless

viscosity, M/Lt

ol L2/t

kinematic viscosity,
3.14159. . .

3
density, M/L

shear stress tensor, M/tzL

stream function, L2/t

o 2y
ax ' 9y

dimensionless stream function defined by Eq. (27)

 |ar
=l
@ |
<l

transformed dimensionless stream function defined by Eq.

zero— and first-order ¥, dimensionless

o 8y 3y
ax * a3y *  axay te
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WRITELG, 10101 RGN,

WETITE(6,1N5C) RUN,MENTH,JEAY ¢ JYEAR
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APPENDIX C

SAMPLE CALCULATIONS
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SAMPLE CALCULATIONS

Run with mercury No, 70 June 7, 1975

Voltage drop across the coppef rod = 0,2185 volts
Current: 13,2 amperes
Position up the plate: “%E' inches = 0,.15875 cm,
Reference temperature of the thermocouple cold junction: 24.38°C
= 0.9645 mV

Zero suppression of the Nanovoltmeter: 0.0042 mV

Temperature of the bulk with respect to the zero suppression of
the Nanoveltmeter: 0.0032 mV i

Temperature of the plate with respect to the zero suppression of
the Nanovoltmeter: 0.0131 mV
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Temperature at the plate

Tw(mv} = reference temperature of the thermocouple cold junction
+ zero suppression of the Nanovoltmeter + temperature
at the plate with respect to the zero suppression of
the Nanovoltmeter .

= 0.9645 + 0.0042 + 0.0131
= 0,9818 mV
Tw(°C) = 24.8093 °C

Temperature at the bulk

T (mV) = reference temperature of the thermocouple cold. junction
+ zero suppression of the Nanovoltmeter + temperature
at the plate with respect to the zero suppression of
the Nanovoltmeter

= 0.9645 + 0.0042 + 0.0032
= 00,9719 mV
Zm(°C) = 24,5661 °C

Reference temperature for physical properties

R

0.7 T+ 0.3 T,

1

0.7 (24.8093) + 0.3 (24.5661)

It

24,7362 °C

Physical Properties at the reference temperature

Density, p ' t 13.5342 gm/cm3
Viscosity, u , : 0.01525 gm/cm-sec
Prandtl number, Pr : 0.02413

Thermal Conductivity, k : 0.02104 cal/cm-sec-°C

.

Coefficient of thermal expansion, B 0.1818 x 10—3/°C



Power dissipated at the plate

Total power dissipated in the equipment (PT)

= (Volts) (Current )

= 0.,2185 x 13.2

= 2,884 watts

Overall resistance (plate, copper rods, contact, etc.) (RT)

Resistance of the

resistivity of

Volts
Current

0.2185
13.2

late (R =
p ( P)

It

the plate

length of the plate =

plate cross sectional area

R

. 7.2395 x 107°

1l

x 10.16

P 0.0516

Power dissipated at the plate

Constant heat flux

Heat flux (q)

0.01655 ohms

(Resistivity)(length)

area
7.2395 x 10°° ‘ohm-cm

4 in = 10.16 cm

2 in x 0.004 in x 2.542 ¢

0.0516 cm>

0.014255 ohms
R

P o P
T* R,
0.014255
2.88% % 5 01655

cm, 2
=)

in

2.484 watts (86.13% of total)

Power dissipated at the plate

plate surface area

2.484 watts

2x2x4 in

watts

0.15525 (— 5
in

). = 482 [—

0.15525 watts/in2

Btu/ftz—
wattsfin

Btu

BTy o 76,38 Bt

ftghr

106
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; 2
= 0.15525 (“*:£%) x 0.0371 cegiigm__%gg) = L0576 ~22L
in watts/in cm -sec
Modified Grashof numbers
(1) Based on x
2 4
cr¥ - B8o ax
X 2
ku
980 (—)x0. 1818x10 2 (5= x 13 53422(593)2 0.00576 (=52 yx0.15875%¢ )l4
secs/XY- * B doastd cha AE cmé-gec’ 0 ch
0.02104 (2L y « 0.01525% (B0 2
cm-sec= C chn—-sec
= 2.558 x 10’
{(2) Based on L
2 4
* _ £Bp gL
GrL ku
- 8.186 x 10°%
Local Nusselt number
hyex :
= DxX - -
Nux ” and q hx(Tw T )
Nu = .—EL_
X k(TW—Tm)

(0.00575 cal/cm’-sec) x (0.15875 cm)
(0.02104 ca/cm-sec-°C) (24.8093-24.5661)°C

= 0.1784

Dimensionless temperature at sample location

Sample location: temperature was 20 mm (chart scale) at a position
of 31 mm (chart scale) away from the plate, The
plate temperature was equal to 25.3 mm (chart
scale). Therefore, by linear interpolation
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T {oun)

ree =1, 4 T {mm) (T, - L)
20
= 24.5661 + 57— (24.8093 - 24.5661)
= 24,7584 °C '
T-T
Dimensionless temperature B = Ji
- W &

24.7584 - 24,5661
24.8093 - 24.5661

L}

0.79055

Dimensionless distance at sample location

Motor : 2 rev/min

Pitch of screw 3 . inches per turn

32
Chart speed : 1 mm/sec
EEotEE & 2rev . _lmin _ 2.54 cm sec
min 60 sec in * 1 mm
3 cm

=  2.6458 x 10
mm

distance from the plate at sample location

]

y(cm)

W 6088 w1 d B 9n
X% 31 m

= 0.08202 cm
Gr* /5
Dimensionless distance n = 5 [—55
_ 0.08202 ,2.558x107]1/5
0.15875 ' 5 °

= 0.70923
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APPENDIX D

COMPUTER PROGRAM FOR CURVE-FITTING
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PLRG
I‘l’..-."..."'I'lll“.-...'..".'ll.l.llll.'....'"I".lll'......pl‘pc
T PLRG
SAMPLE MAIN PROGRAM FOR FOLYNMATAL REGRESSION - POLEN PLRG
PLRG

PURPOSFE PLPG

(1) READ THE PRORLEM PARAMETFER CARD FOR A POLYKRDOMIAL REGRES-PLRG
SION, (2) CALL SURRNAUTINES T PERFFCRY THE ANALYSIS, (%) PLRG
PRINT THE REGRFESSTON CNEFFICTEMTS AND ANALYSIS OF VARIANCE PLEG
TABLE FOR POLYNAMIALS DF SUCCFSSIVELY INCREASING DEGRERS, PLRG
AND  {4) DPTIONALLY PRINT THE TABLE OF RESTNUALS AND A PLOT  PLRG

UF Y VALUES AND Y ESTIMATFS, PLKG

PLRG

REMARKS ' ‘ PLRAG
THF NUMBER 0OF OHSERVATIONS, N, MUST BF GRFATER THAN M+], PLRG

WHERE M IS THE RIGHEST ODFGREF POLYNNMI AL SPECIFIED, PILRG

IF THFEAFE IS NN REDUCTICN IN THE FESINUAL SUM OF SQUARFS PLEG
RETWEEN TWO SUCCESSIVE DEGKEES OF THE POLYNOMIALS, THE PLRG
PRUGRAM TERMIMATES THE PRORBLFEM RFFORE COMPLETING THE ANALY- PL2G

SIS FOR THE HIGHEST NEGREFE PCLYNOMIAL SPFCIFIED, PLRG

PILRG

SURBRCUT INES AND FUNCTIOM SUBPRUOGRAMS REQUIRED pPLAG
GODATA : PLRG

CRNER _ : PLPG

MINV PLRG

MULTR ‘ PLRG

PLOT (A SPFECIAL PLOT SUBRNUTIME PROVIDED FDR THE SAMPLE PLRG
PRCGRAM, ) - PLRS

. PLIRG
METHCD PLRG
PEFER TO Be NSTLE, 'STATISTICS IN RESEARCH', THE IUWA STATE PLRG
COLLEGE PRESS'y 1954, CHAPTER o, PLIEG

PLRG
Q.dl...l.l.ll‘.lll"'.lll.l.'l..'.'...llC.."".ll...l!‘..l!.ICOUCPLRG
Pl RG

THE FCOLLCWING DIMENSICN MUST RF GREATLR THAN NR EQUAL TO THC PLRG
PRODUCT NF N¥[(M+]), WHEQF N IS THE NUMRER OF URSERVATININS AND M PLRG
IS THE HIGREST DEGREF PCLYNCMTAL SPFCIFIED.. PLRG
PLRG

THE FGLLOWING DIMEMNSIGN MUST BE GREATER THAN UR EQUAL TO THF PLKG
PRODUCT NFE MxM,, PLRG
' PLRG

THE FCLLNWING DIMENSICM MUST RBE GREATER THAN QR FRQUAL T0O PLRG
(Me2)%(M+1) /2., . PLRG
PLRG

Y{I) AND YEST(T) ADDEDN FNOR CALCUM PLOTTING
DIMENSINN X[L20) N1 190),0(090),Y{120),YEST(L120)

PLRG
THE FOLLOWING CIMFNSICNS MUST BE GREATER THAN OR EOUAL TN M,. PLPG
PLRG
DINENSICN B(5),E(5),SR(5),T(5)
PLKG
JﬂE_FCLLﬂHING DIMENSTIOMS MUST BE GREATER THAN CR EQUAL T {M+l)ee PLESG
| PLRG
DIMENSION XBAR(6) ¢STNL6) yLOEL{6) 4 SUNSQUO) , T5AVF(6)
PLRG
THE FOLLOWING DIMENSICHN MUST BE GREATER THAN OR FQUAL TN 10.. PLPG
PLRA

10
20
30
4
50N
&N
70
a0
90
100
110
12n
130
140
15N
160

I"‘"\
149
| RS 1A
200
21N
220
23N
240
200
260
2170
2R
2an
300
L0
320
330
340
a50
3610
370
38N
3an
420
41N
440
470
480
490

510
5210
530

850
560
570

Ha0
AN
610
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i1
12
13
14

15
16

100

111

NIMENSIOHN ANSILQ)

PLRG 630
THE FCLLCWING DIMENSION WILL BE USED 1F THF PLOT OF CRSERVED NATA PLRG 640
AND ESTIMATES 1S DESIRED, THE SIZE 0F THE DIMENSION, [N THIS S PERG 65
CASE, MUST BFE CRCATER THAN OR FOQUAL T0O Mx3, CTHFRWISE, THE SIZE  PLRG 650
OF DIMENSION MAY BE SET 1€ 1. PLRG 67D
PLRG &HD
DIMENSICN P(90) ‘
CPLRG 700
.I..lll..Olil.'..‘.-.t.l.!ll.l.'.".ll..'!...ll.lll-l...l.tll‘l.‘.pl_Q{} 71()
PLRG 720
IF A DOUBLE PRECISINN VERSION OF THIS KOUTINE IS DESIRED, THE PLRG 710
C IN COLUMN 1 SHOULD HE FEMOVED FROM THE DUURLE PRECTSION PLRG 740N
STATEMENT WHICH FCLLCWS. PLRG 7%0
' : PLRG 74D
DOUBLE POECISICN Xy X2ARSTN,D,S5UMSO DI F R, S, T, ANS, DET,CUE PLRG 770
: PLRG T80
THE € MUST ALSU RE REMOVED FROM DOURLE PRECTSION STATFMENTS PLRG 790
APPEARING IN OTHER ROUTINES USED IN COMJUNCTICN WITH THIS PLRA BOO
ROUTINE . - PLRG 810
PLRG 820
I.l.....l....'...CI.....C.‘....l‘l.l'.l‘.......Q.l-'l-'C...-'-.pl,p\{; 8‘1()
. PLRG B840
FORMAT(IL) , PLRG 85
FORYMAT{2F1Q.4) ~ PLRG 8460
FORYAT {27HLIFULYNDOMIAL REGRFSSTiINseeseyAS/) : \ :
FORMAT(234ONUMOER (IF CASERVATIONS,I5/7)
FORMAT{32HOPOL YNIM AL REGRESSION OF DEGREE, I 3) PLRG 860
FORMAT(12HC INTERCEPT,F20.7) PLRG 900
FORMAT{26HI REGRESSION CCEFFICIENTS/{G6E20.7)) PLRG 91n
FORMAT{IHO/Z24X ,24HANALYSIS OF VARIANCE FNR,T4,19H DEGREF POLYMOMIPLRG 4920
LAL /) PLRG 930
FORMAT(1HN, 5%, L9HSOURCE OF VARITATIOM,TX4y9HDCGREF CF, 7X40HSUM DF,4XPLRG 940
Fo4HMEAN, LOX 3 LHF 49Xy 20HIMPRAVEMENT [N TERMS/ 33X, THFREEDNM, 8 X, THSQUAPLRG a5
ZRES, TX 6HSAUARE, 7X, SHVALUE 48X, 1 THOF SUM CF SQUARES) PLRG 9&0
FORMAT(20HD  DUE 10O REGRESSIONG 12X, 16,51705,F14.5,F13.5,F20.5%) PLRG 470
FORMAT(32H DEVIATICN AACHT REGPESSITON yLEsF1 7.5, F14.5) PLRG &S8O0
FORMAT{OX ¢ SHTOTAL « 19X 41 64F17.57/7) , PLRG 940
FORMAT(L7HO  NC ITMPROVEMENT) PLRGLOOU
FORMAT(IHOZ/2TXs 1 BHTARLE CF RESINUALS//Z16H GASTRVATICN NO.,5Xy THX PLRAGIOLO
IVALUE 3 7%y 7THY VALUF, 7X,10HY ESTIMATE s TX,8HRESIDUALY) PLRGLO? D
CFORMATELHN s 3X, 16, FLld.53F1445,F17.5,F15.5) PILRG10O30
FARMATLIAS,,15,12)
PLRG1L1O4O
..II..I.II.'.IIIO'.l.l'(.ll’..llo'lll"l‘l!'.!.lll‘....'.-..IIOOIODPLRG].(\FDC
. PLRGLOSD
READ PRCRLEM PARAMETER CARN PLPGLO/C
' - PLEGlOSC
READ(%,1,END=GSG) MPLNT
BEAN(G,16) RUN,N,M
‘ . PLRGLINC
Naeweso NUMAFER (OF NHSERVATIONS PLRIGLL A
My weo o HIGHFE ST NEGRFF PPLYNDMIAL SPECIFIFD PLKGLL40
NPLUOTLOPTION CODE FOR PLOTTING . PILEGLISC
- 0 IF PLGT 1S NOT DESTRED, PLRGT L
1 IF PLCT IS MESIRED. PLKGEL T
- PLRGL LG

PRINT PROBLEY AUMACR AND N,

PLRGLT M
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-130

140

150

THE

WRITC
WRITE

(E4+3) RUN
{6+4) N

RUN. o« .PRCBLEM NUMRER {MAY BE ALPHAMERIC)
READ INPUT [ATA

L= M
NG 11C TI=1.,N
J=L+1

X(I) IS THE
VARTAGLE.

INPEPENNLNT VARTADLE, AND X(J) IS THE

READ (49,2) X(1),x())

X{J)=ALOGLIA(X(J))

CALL CPRATA [N M, X,XBAR,STD,D,SUMSQ)
MM=M¢ 1

SUM=" .90

NT=N=-1

NC 200 TI=1,¥
ISAVELT) =1

FORM SURSET NF CARRFLATICN CUOEFFICIFNT MATRIX

CALL CRLCER (MM, NyMM, T,154VE,DL,E)

INVERT THE SHHVATKIX GF CCRRELATION COEFFICIENTS

CALL MINY (CI,1,DFT+R,T)

CALL MULTR (Ny T XRARZSTD,SUMSQeT ¢y ISAVE o004 5RT4ANS)

PRIMT THE RESULT OF CALCULATION

WRITE (&645) 1 _
IF{ANSI(T7)) 140,130,130
SUMIP=ANS[4)-SUM
IFISUMIPY 140, 140,
WRITE (6413)

G0 TO 210

WRITE {(646) ANSHLIT)
WRITE (6,7) (B{J)sd=1,1)

WRITE (6,3) 1

WRITE (6,49)

SUM=ANS(4) ‘

WRITE (6910} TaANS{4 ) ANS{E)ANSIIN),SUMIP
NI=ANS(8)
WRITE (6,11)
wRITE (6412)

150

NIy ANSLT)ANST9)
NT SUMSC (MM

SAVE CREFFICIFNTS FNR CALCULATION OF ¥ FSTIMATES

PEPENDEMT

MEXT CARD wWAS ADUEDR TN GIVE A POLYNNMIAL FIT OF THE FDORM
LaGiX{T)y=PILY(X{]))

112

PLRGL200

PLRG1220
PLRR(1230
PLEGILIO

PLEG] 240

PLRGL1250
PLRGIZAEN
PLRGL2TY
PLRALZBO
PLRGLZ9D
PLPART1A0OD
PLRGIBLO
PLAGL 32O
PLRGL330

PLRG1340
PLeGL3SD
PLRGI3ND
PLRG137Q
PLRGL3AO
PLEGY3ION
PLRGl4NnD
PLEGL41N
PLRGI420
PLRGL430D
PLRG(1440C
PLRGL4SNO
PL2Gl&6D
PLRGL14TO
PLRG14HD
Pl EGLl4vd
PLRG1SOO
Pl RG1SLM
pLeEGLS2n
PLRGTH2D
PLRGLS4N
PLRG1550
PLRGLSEN
PLRGLHTO
PLRGIGEG
PLRGLOYY
PLRAGLOGOO
PLRGLELD
PIRGLAZ(
PLAGLGAN
PLRGLGAT
PLRGLOSC
PLRGIOLSET
PLRGLATY
PLRG1&AC
PLROGL O
PLRGTTO,
PLRGLILY
PLRGL 720
PLRGI T
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160

200

210

221

230

240

CWRITE

THE- FOLLOW NS

THE FOLLCWING

250

FOR COMPUTER PLOT,

COFECLY=ANS(T)
DY 16N J=1,1
CNC{J+L)=R(J)
LA=]

CANT INUE

TEST WHETHER PLOT 1S DESIRED

TF(NPLAT) 1O0C, tNO, 220

CALCULATE ESTIMATES

NP 3A=N4N

N 23C t=1,N

NP I=NP3I+]

PINPI)=CCF(1)

L=1

CO 230 J=1,LA
PINEI)=P{NPY)+X(LIXCOE(J+]])
L=L+N '

CCPY OBSEFVED NATA
N2 =M

L=NeN
N0 240 I=1,N

P =XLT)

N2=N2+1
L=L+1
P{M2)=X(L)}
PRINT TABLF OF RFESIDUALS
{6,:3) LN

{6,5) LA

{6y14])

WRITF
WRITE
NP2=HN
NP 3=MN+N

D 250 I=14N

NP2=NPZ+]

NP 3=KP3+1

TWO CARDS WEKRE
PINP2) =102 *P(NP2)}
PINP3)= L0, #=%P [MP3)
RESIN=P{NP2)-P(NP3)
ARE ARDED
X{1)=P(1)%4.
YOIY=PINP2 ¥ (-10.)
YEST{I)=P{NF3}x{=1,)

WRITE {6415)

CALL PLCT (LAyPYN,3I,0,1)
LG0T 00
STOR

99

THESE CARNS ARE ACDFD FCR COMPUTER PLOT

CHANGED TO

TPLOTSURY,

PRINTING

SHIFTED

ANDED SO THAT LDGIXIT)]

FaPCI)PINP2Y,R{NP2)RESTD

AT THE FUOLLOWING HERE

RECAUSF
FROM CC

PLOT ¢

113

PLRGLT4N

- PLRGLTSO

WOULDN®T PRINT

TO PRODUCE THE ARRAYS NFECFD FORP THFE CALCOM

HAS HEEM
TN CCl0 FOR COMMENT

PLEGL 760
PLRGLITTN
PLOGITHO
PLRATTSO
PLRALRON
PLRGLALO
PLEGIRZD
PLRGI &30
PLRRBIAGN
PLEG1SSD
PLRGLAEN
PLRGLBN
PLEGLBAN
PLRGLIARQC
PLRCLOON
PLRGLOLN
PLRGLG20O
PLRG1Y30
PLEGLY40
PLRG1950
PLRGLOAN
PLRGLISTO
PLRGLYRD
PLRGLYSD
PLRG20ONN
PLRG201D
PLRG2020
PLRG2D3D
PLRG204D
PLRG2050
PLRG2OAO
PLRG2DTO
PLKG20R0
PLRG20S0
PLRG21OD
PLRG2LTU
PLRG212D
PLRG2130
PLRGZ214N

PLRG2150

PLRG21&0
PLRG?2170

PLRGZ220D
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F/LKEDVED [0 DSN=SYSL.FORTRAN, SSP,DISP=SHR

CHANGLE  PLCTSURIFLOT)

IMCLIUNE DN(PLOTSUB)
F/COGFTLIFOIL VD UMIT=SYSDALDCA=(RECFM=VRS,LRECL=200,3LKSIZE=200),
F7 SPACE={TRK([1,1))

iaEaNeBaN el

PLREG2190

CIFENSICN [9UF (4000
THF FCLLCWING 13 CARLS ARE ALLOWAY'S SIMPLE SOPTING ROUTINE
THIS IS FOR SORTING THE X{L) INTO ASSFNDING GRDER

00 400 T=1,AT

K =1 + 1

DO 400 J=K K

IF (X(1).LT.X(J)) GOTQ 400

A=X{1)

X{I1h=X(J)

X(J) =A

AzY(1)

Y(1)=Y{J)

Y() =4

A=YEST(1)

YEST{1)=YLSTLJ)

YEST(J) =A
400  CONTINUE

= O

CALL FLCTS (TBUF,B80CAQ)
CALL PLCT (Qey=11le,y 3}
CALL FLCT ‘120!—10001"3) )
NEFTNE NFW ORIGIM AT 1 IMCHES FROM BITTCM, 12 INCHES ALCNG
DrRAW AN LABEL X AXIS
CALL PAXTS (049001309900 e4+9)
caLL SAKIQKO...S,I,l.—b,'OIMENS!UNLFQS DISTANCE® =22}
C  DRAW AND LAJEL Y AXIS ‘
CALL NPAXTS (0449091 0454180445454-2) :
CALL SAXIS(Oaerelyly 3424 NIMENSICNLESS TEMPERATURE' 4=25)
C PRINT LEJGEND wITH RUN NUMAER
CALL SYMBOL{=104 434 sal4,y"TeMPERATURE PROFILE FCF'490.,23)
CALL SYMPOL(=9 45934y 14, "LAMINAR NATURAL CONVECTIONY y90,,426)
CALL SYMADL(-94043. sa143' IN WATER, RUN N(a'4G0.417)
CALL SYMBULI{9994y999. 44 144PRy90.44)
CALL SYVMRDPL{39G.4999 4 41447/ %4904,41)
CALL SYMRIOL (559.499944.,14,PR]1,50.,42)
C PLAOT DATA POINTS
0N 30C 1=1,A
30[) CALL SY‘I"“'.]L (YHI'X(I}'.O?M&,QOH—-U
C MDVE 70 FIRST PCIAT OF LINE WITH PFN UP
CALL PLCT (YFST(Ll)¢X{(1),43)
C PLOT LEAST-SQUARES LINF
N 301 I=24.N
a0l CALL PLCT (YESTUL) XII),2)
C 10VE L INCHES FuUrR NEXT PLOTY
CALL PLCT (l.a04Nay=3)

C
C

G) T 100
Qe CALL PICT{O 4Dy 999)
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Abstract

laminar free convection from a uniformly heated vertical flat plate
was investigated experimentally in very low Grashof number range both
for water and mercury (lﬁliGr; 4105), the Prandtl numbers are about 7
and 0.03, respectively. The temperature profiles for the two fluids
were measured with a copper-constantan thermocouple. The results are
shown grafhically in dimensionless plots, and ére compared with the
boundary layer solution, perturbation solution, and other experimental
results, The experimental results show that the boundary layer thickness
for mercury, which has the higher thermal conductivity (or low‘Prandtl
nunber), was much thicker than that for water, the temperature profiles
- for mercury deviated considerably from the boundary layer solution, and
the deviations were depedent upon the modified Grashof number and the
vertical distance on the plate. These phenomena agreed, in general, well
with previous experimental results, but were contrary to perturbation

solutions.
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