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An experimental investigation was conducted to determine
characteristics of natural convection of mercury in a vertical channel,
which was open at both ends.
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Heat transfer correlations in laminar flow were obtained for
several aspect ratios (channel height/width ratio), using streamwise
distance from the leading edge as the characteristic dimension.

These

were generalized into one correlation which contains aspect ratio,
parametrically, for each set of boundary conditions.

The influence

of flow in from the open sides of the channel was investigated by
installing insulating plates along the vertical edges.
It was observed that the average velocity of a low Prandtl

number fluid in buoyant flow increases as the channel width is reduced.

This results in a reduction of average wall temperature until

the channel is sufficiently narrow that viscous forces begin to play
an important role in the integral momentum balance across the channel.

The channel was thus observed to be more thermally efficient than a
single heated plate for aspect ratios less than 20.
Velocity profiles were obtained in the region of laminar flow
for each set of boundary conditions and several channel aspect ratios.
Integration of the profiles gave mass flux predictions for various
conditions.

A hot film anemometer was used, and has proven to be

very accurate for velocity measurement in the 5-100 in/min range.
The documentation of laminar instability in buoyant channel
flow was also an integral facet of this experiment.

The criterion

used was Grashof modulus based on the streamwise coordinate where
the first "observable" velocity disturbance waves were determined.
Channel width decrease initially had a destabilizing influence on
the flow.

The transition criterion displayed a minimum value at a

particular aspect ratio.

It was also observed that, in narrow channel

cases at the highest heat flux used, flow underwent transition then
relaminarized as the boundary layers met and fully-developed conditions were established.

The thesis also discusses the apparatus and unique aspects of
the experimental program.

Data reduction methods, property deter-

mination and some anomalies of hot film anemometry in a liquid metal
are also discussed.
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EXPERIMENTAL INVESTIGATION OF NATURAL CONVECTION
OF MERCURY IN AN OPEN, UNIFORMLY HEATED, VERTICAL CHANNEL

CHAPTER I

INTRODUCTION

1.1 Description of Problem

The work described herein is a segment of the ongoing experimental investigation of natural convection heat transfer to liquid
metals at Oregon State University.

The problem investigated for this

study was defined on the basis of a logical succession of situations
for which scant information is currently available.
White

62 [1] began the program by looking at laminar temperature

and velocity fields next to a (1) uniformly heated and (2) isothermal
vertical plate in a quiescent pool of mercury.

The techniques for the

use of a constant temperature hot film anemometer for measuring low
velocities in a conductive liquid were developed during that phase.
White also reported heat transfer correlations for both boundary
conditions.

Another geometry which seemed likely to offer fruitful research
and a logical step in progressively more complex geometries, was the
vertical, open, heated channel immersed in a large pool of liquid
metal.

Such a channel with uniform heat flux boundaries is the sub-

ject of this thesis.

The liquid metal used was mercury.

[1]Superscript numbers refer to bibliographic entries

2

1.2

Scope of Investigation

Three areas of experimental work will be discussed:
1) Heat transfer:

Laminar convective heat transfer correlations

for a,vertical channel of variable width have been obtained.

Plate

spacing optimization criteria have been developed for a phenomenon
which has not been reported heretofore.
2) Velocity profiles:

Laminar velocity profiles for a variety

of channel conditions have been measured.

The effects of axial position,

applied heat flux, and channel width variations have been investigated.
Mass fluxes have been obtained by integration of velocity profiles.
3) Transition criteria:

The strong influence of channel width

and applied heat flux on the appearance of velocity disturbance waves
of consequence has been studied.

Discussion of the progressive develop-

ment of these waves including a cursory look at conditions for relaminarization are contained here.

An analytically obtained heat transfer correlation for a thermally
undeveloped channel, presented in graphical form, and which accounts
for channel geometry has recently been reported.

45

One other experi-

mental channel correlation, for a fixed geometry has been obtained.
Both of these will provide comparison for the present results, but
neither gives a complete picture of heat transfer to low Prandtl
number fluids in a channel, as will be shown.
No velocity profiles have previously been measured or predicted
for buoyant liquid metal flow in a channel, although others have predicted channel velocity profiles for other fluids.

5,45

3

Transition measurements have not been reported for buoyancy
induced channel flows
report

in any fluid to this writer's knowledge.

One

21 of observed temperature waves in a fixed geometry channel is

the known extent of the literature for pure natural convection.

1.3

Utility of Results

Liquid metals are being employed as heat exchange media in an
increasing number of applications.

Examples of liquid metal utiliza-

tion are as working fluids for power plants in space environments and
as coolants for fast breeder nuclear reactors.

The inherent reli-

ability of natural convection and high heat fluxes possible without
excessive temperature increases make liquid metals likely choices
for future cooling applications.

Having solved many of the corrosion

problems previously associated with liquid metal flows, by the development of improved interface materials, it is all the more likely that
engineers will find these new applications.
A high-priority design problem of the U. S. Atomic Energy Commission for the Liquid Metal Fast Breeder Reactor (LMFBR) program is
the determination of the thermal characteristics of the reactor core
during cool-down in the event of forced-flow loss.

This is not a very

probable situation but, if the coolant pumps failed, the residual
energy in the reactor core would be removed primarily by natural convection of the coolant.

An analysis of the safety hazards associated

with such an occurrence is hampered by a lack of fundamental experimental data or reliable analytical models.

4

Flat plate fuel element configurations are not being considered
for the LMFBR, but the information presented here will provide insight
into the heat transfer characteristics of rod bundles in some situations.

5

CHAPTER II

BACKGROUND AND LITERATURE REVIEW

2.1

A Historical Summary

2.1.1

Background

Since many introductory discussions of the early investigations
in laminar natural convection are available in textbooks and theses,
this one will be kept brief and qualitative.

It is assumed that the

interested reader has, for example, a reasonably thorough acquaintance with:

1) Boundary layer equation development for a vertical flat

plate using the Boussinesq approximation for the buoyant term of the
momentum equation, and the other usual idealizations,

2) Solution

procedures for various boundary conditions on a vertical flat plate
in a large stagnant

pool;

these include the "exact" (mathematically,

but not physically) similarity solution methods and the approximate
integral techniques as applied to the single, vertical plate, and
3) Dimensional analysis and the parameters which establish dynamic
similarity for buoyant flow and heat transfer.

Using this background as prerequisite information, a terse
historical overview will be presented without interwoven theoretical
development.

Several textbooks contain these classical developments

in complete form.

Those especially recommended are:

HEAT TRANSFER

NOTES, Boelter, et al; HEAT AND MASS TRANSFER, Eckert and Drake; HEAT
TRANSFER, Gebhart.

6

2.1.2

History of Natural Convection Research 1879-1956

The study of natural convection heat transfer was initiated in
1879 by Oberbeck,38 who derived general governing equations for free
convection.

Two years later Lorenz

35

achieved the first analytical

prediction of the correct functional relationship for laminar flow on
an isothermal wall, i.e.:

(Ts-T.3)5/4

His result for convection to air was

NuL = 0.548 (GrLP01/4

which is a remarkable achievement, considering the crudeness of the
model used, especially the assumptions that 1-11(= 1I-= O.
Nusselt and JUrges, in 1928, removed some of the oversimplification made by Lorenz, but the substantial improvement made by Schmidt
and Beckmann49 in 1930 overshadows their work.

In collaboration with

the mathematician, E. Pohlhausen, they performed a similarity transformation of the partial differential equations of motion for the boundary
layer by what appears to be an intuitive selection of new variables.
Pohlhausen solved the transformed equations with a slowly converging
power series, but experimental values for two boundary conditions at
the wall were necessary to achieve the correct solution, that is, to
satisfy the boundary conditions at infinity.

These iterative solutions

involving power series must have been extremely time consuming without
the aid of even a calculator.

Schmidt and Beckmann provided the

7

experimental values for air from their temperature measurements and
quartz fiber deflection measurements of velocity in the boundary layer.
Saunders'

48

(1939) theoretical treatment required no experiIt

mental values and hence could be applied to fluids other than air.
was still quite approximate in concept, although his predictions for
Nu

in air are only 4% larger than Schmidt and Beckmann's.

His method

L

involved polynomial approximation to the derivative of a similarity
variable.

Saunders performed the first measurements of natural con-

vection heat transfer in a liquid metal, using a vertical plate with
a uniform heat flux surface condition in mercury.

His experiments

agreed with his analysis to a fair degree.

Approximate analysis of the free convection boundary layer began
with Squire56 (1938), who employed an elementary integral technique.
The results and the later extension by Eckert

12

are still among the

most widely accepted vertical flat plate results from 0.01 <Pr< 1000.
Sparrow

51 also obtained several vertical plate results by integral

methods.

Numerical solutions for the similarity equations governing
momentum and energy on a vertical surface were obtained by Ostrach4

0

(1953) for an isothermal surface and, in a more appealing form, by
Sparrow and Gregg

52

(1956) for the uniform heat flux surface.

The

work by Sparrow and Gregg marked the beginning of a plethora of work
in natural convection in many geometries and flow regimes and the
use of improved analytical techniques which would allow accounting
for several previously neglected effects.

8

This is not an exhaustive review of the early natural convection
literature.

A more complete survey is available in the 1964 Argonne

National Laboratory report by Chang7 et

al.

The remainder of this

chapter will be restricted to literature which is directly pertinent
to the present work, i.e.:

natural convection in liquid metals in

vertical open-ended channels, and the transition from laminar to turbulent flow in buoyant flows.

2.2

Liquid Metals

2.2.1

Experimental Work

A technical review of liquid metal heat transfer investigations
by Kutateladze et

al.32 describes natural convection experiments con-

ducted by Fedynskii in several liquid metals.

Vertical surfaces and

horizontal cylinders were investigated.

An experimental study by Bayley, Milne and Stoddart

4

resulted

in a correlation for natural convection heat transfer from the inner
wall of a hollow vertical cylinder.

The heated surface was zoned

vertically so as to maintain the temperature essentially uniform along
the flow.

The cylinder was plugged at the lower end and submerged in

a cooled pool of mercury.

The flow was thus from the top down the

center of the cylinder thence up along the outer wall, giving flow
characteristics similar to a single vertical isothermal plate in a
large pool.

Heinisch21 investigated the transient natural convection of
mercury in an open-ended vertical channel with uniform surface flux.
His channel was of fixed geometry, however, so no general channel

9

correlation was obtained, but for Ar = L/D = 10 one can determine from
the data in his Figure 34 the relationship Nux = 0.567 (GrxPr)0'225.
He observed temperature disturbance waves, which were interpreted as
laminar instability, in the range 5 x 10

8

< Gr

x

5 x 10

9
.

Gr

x

is

based on difference between the wall temperature at x and the ambient
temperature.

Juiian26 conducted an experiment with the sole purpose of measuring temperature profiles in mercury next to a uniform heat flux vertical
plate.

He noted lack of similarity in the temperature profiles and was

able to correlate the data according to

Nux = 0.196 (Gq)

2.2.2

0.188

Analytical Work

The previously mentioned works by Saunders and Ostrach were
applied to Prandtl numbers in the liquid metal range.

The integral

solution achieved by Squire and altered by Eckert is claimed to be
applicable for 0.01 < Pr

1000, with a maximum of 10% deviation from

Ostrach's numerical results.
Sparrow and Gregg

54 extended their similarity analysis of an iso-

thermal vertical surface down to Pr = 0.003 as better computing
facilities became available.
Chang et

al

7

used a first-order perturbation analysis to extend

the uniform heat flux results of Sparrow and Gregg down to Pr = 0.01.
The method of matched asymptotic expansions overcomes some computing
difficulties associated with low Prandtl numbers - it has a distinct

10

advantage over similarity solutions in that Pr can be incorporated as
a parameter of the final heat transfer equation.
A perturbation approach, using matched inner and outer region
asymptotic expansions overcomes difficulties with numerical integration by treating the narrow region in the boundary layer that has large
derivative values separate from the very wide region outside the
velocity profile peak.

It is also more accurate to solve this type of

problem in two pieces.

The local heat transfer correlation from the

first-order perturbation solution for the uniform heat flux vertical
surface can be written, from Chang,

[Go;

115

Nu

5 1/5 o(0)

where 0(0) can be expressed as a function of Pr by the empirical relation

0(0) = 1.147 Pr-0'37

in the range 0.01

Nu

for liquid metals.

0.05.

Pr

x

Substituting, one arrives at

= 0.632 Pr° .37 (GI-V(3

.2

Similarily, for an isothermal surface it can be

shown that

Nu

x

= 0.563 Pr

0.46

Gr

0.25
x

11

These are laminar flow relationships, but are presumed to be accurate
for liquid metals somewhat into the turbulent range.

These are thought

to be the most accurate analytical expressions available for these conditions, and will be used for comparison to the wide-channel limiting
case in the present experimental study.
Sparrow and Guinle

55

showed, by a perturbation solution, that the

omission of the term governing heat conduction in the direction of flow
(axial) in the energy equation introduced significant error under conditions of small Grx.

They regarded an axial conduction magnitude of

5% of local normal heat flux as the threshold of significant deviations
from classical boundary layer theory.

For Pr = 0.03, the axial con-

duction becomes significant, by this criterion, when Grx < 2.1 x 104.
For Pr = 0.003, the solutions are regarded as accurate when Grx>
10

6
.

1.5 x

These are quite low and indicate that axial conduction may be

neglected, even for very small Pr, under most conditions.
The method of matched asymptotic expansions was used by Kuiken3°
to develop a heat transfer expression for buoyant, laminar flow past
an isothermal vertical wall in low Prandtl number fluids.

His paper

is well-written and is a clear exposition of an application of the
singular perturbation theory.

Nu

x

[0.6004

A document by Steiner

His analysis yields

0.32385 Pr1/2j

57

2 1/4

(Gr

x

Pr

)

notes the temperature increase in a

parallel riser to be independent of the heat flux at the surfaces.
A 5% change in outlet bulk temperature was measured, while the surface

12

The convected fluid was sodium.

heat flux was increased 800%.

There are other significant researches which have been published
concerning natural convection in liquid metals.

They will not be dis-

cussed because of important differences in geometry or other aspects
which specialize them to a degree which makes the results inapplicable
to this study.

2.3

Channels

2.3.1

Experimental Work

The earliest contribution to information about buoyant flow in
vertical, open channels is due to Elenbaas.

14

In a very detailed

account he has explained the functional relationships for heat transfer to air in such a channel.

Two parallel walls at the same uniform
The resulting

temperature were used for experimental investigation.

dimensionless correlation, written in the variables used in this
thesis, is
0.5 L/D Nup
Nu

D

=

24

Gr*
D Pr
D L

1

e-24

Gr*p

P r

NuD

)3/41

The averaged heat transfer correlations for the channel of varying Ar
with a liquid metal as the convected fluid will also be of the form
Nu

D

Nu

D

(GI 0,

as shown in a later chapter.

The form of this equation indicates that, with isothermal walls,
the heat flux decreases as channel width is increased.

This is because

the mean velocity decreases when the walls are brought together, in a
fluid of Pr > 0.5, or so.

Viscous forces play a significant role in
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the momentum balance for these fluids, even at small Ar.

This will be

shown to be contrary to the behavior of liquid metals, at least until
the channel is made quite narrow.
Sobel et. al.

50

experimentally investigated the thermal effective-

ness of free convection in short vertical channels arranged in a
staggered series, vertically.

Even with constant heat flux conditions

on the walls their results agreed with those of Elenbaas.

They defined

a Grashof modulus based on the difference between mid-height wall tempera-

ture and ambient temperature.

2.3.2

Analytical Work

Analytical studies of free convection in an open channel have
been successful to a degree, especially very recently.

Ostrach39

obtained solutions for several cases starting from the fully-developed
condition.

Bodoia and Osterle

5

accomplished the first numerical solution for

developing natural flow in a vertical channel.

The boundary conditions

used were uniform and equal wall temperatures, and the marching solution was started by assuming a uniform velocity at the channel entrance.
The assumed velocity (or flow rate) specified a particular channel
geometry which was determined by the channel height at which the pressure returned to the ambient value.

The solutions obtained showed

good agreement with Elenbaas' experiments.

It should be noted that

velocity measurements made in this thesis indicate that the uniform
entrance velocity assumption is a reasonable approximation for a broad
range of channel conditions.
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An analysis for fully-developed buoyant flow of oil in a constant
heat flux channel, with different fluxes on each wall was done by
Lauber and Welch.
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Engel and Mueller15 used an integral technique for solving the

problem of natural flow development in a vertical channel.

They

employed a power series in (1/Pr) which is convergent for Pr > 1, so
low Pr solutions were not obtainable.

Several excellent papers on this subject have arisen in the last
year or so.

Aung

1

developed several new solutions involving various

boundary conditions for fully-developed buoyant channel flow.

In a

separate paper Aung, Fletcher and Sernas3 analyzed the developing flow
problem in air using (1) constant but unequal wall temperatures and
(2) uniform, unequal heat fluxes.

The analytical technique was a

numerical integration of the governing partial differential equations
using the same approach as Bodoia and Osterle.
formed to verify the analytical work.

Experiments were per-

The average Nusselt number for

the uniform heat flux case was based on the maximum wall temperature
as

Nu

D

-T
T
max

T<-

An average Nusselt number could also be similarly formed from the midheight wall temperature, since this temperature is very close to the
average wall temperature.

Another alternative would be to obtain a

complete correlation based on local conditions (which could be used to
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evaluate temperature at any position on the wall) and integrate this
over the channel height.

2.3.3

The last of these will be used here.

Optimum plate spacing

There has been some apparent confusion about the meaning of
Elenbaas' optimum plate spacing results for a vertical channel.
are inferences in the literature

28

There

(or perhaps only lack of description)

which lead one to believe that this optimum corresponds to maximum
cooling of the isothermal channel walls or, analogously, minimum
An optimum spacing

average temperature of uniform heat flux walls.

only occurs if the vertical plates are attached to a heated surface.
The heat transfer from the base surface will increase with the addition
of plates until the increase in total surface area is overcome by the
ever-decreasing heat transfer from each plate.

As Levy

34

has pointed

out one may also wish to know the plate spacing of a pair of isothermal
plates for which the plate temperature starts to increase.

This is not

a true minimum, but an asymptote which corresponds to the temperature
that would be attained by a single vertical plate for a given heat
transfer.

This optimum condition is met when the boundary layers from

each plate meet at the top of the channel.

Aung

2

et

al

obtained the

same kind of optimum condition for constant heat flux surfaces.

The

results were put into a form which allows determination of plate spacing which would result in a desired maximum plate temperature for a
given heat flux.

Another much more interesting optimum condition is

encountered in natural flow of a liquid metal in a vertical channel.
This will be discussed in a later chapter.
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2.3.4

Low Prandtl Number Analysis

In another interesting analytical approach Quintiere and Mueller45
have recently made the first attempts to include the prediction of the
heat transfer behavior of low Prandtl number fluids in a channel.
Isothermal walls were assumed and, instead of assuming the pressure
at the inlet to be the ambient value as others have done, a Bernoulli
correction was employed to account for acceleration of the fluid from
The equations of momentum and energy were linearized by allow-

rest.

ing the convective terms to take the form
a

u

where u

ax

+v ay= u o
a

a

ax

is the uniform entrance velocity, which is determined by a
o

complicated implicit scheme.

The linearized equations are evaluated

with the aid of Laplace transforms.

The low Prandtl number heat

transfer correlation is of the same general shape as other previous
solutions for air.

This result is quite different from the experi-

mental data of this thesis at low values of Rayleigh number.

This

discrepancy will be discussed in the chapter on heat transfer results.

2.3.5

Side Leakage Effect

Many authors

3,5,45 have discussed the effects of having open

sides on the channels used for experimental apparatus.

It has been

claimed that side leakage materially affects the heat transfer data.
This issue will be addressed for the present study later.
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CHAPTER III

TRANSITION THEORY

3.1

Introduction

The phenomenon of transition or growth of hydrodynamic
instability in natural flows is commonly encountered.

Hydro-

dynamic instability occurs in a laminar flow when the balance of
buoyant, viscous, pressure, and inertia forces can contribute net
kinetic energy to an element containing an infinitesimal inertial
These disturbances are always present in laminar

disturbance.

flows, their density and magnitude being dependent upon the degree
of isolation from the environment.

Many buoyant flows are usually turbulent because of large
characteristic dimensions and/or long durations of time since
inception.

Atmospheric and oceanic circulations induced by

temperature, composition, or phase related density gradients fall
in this class.

However, for many applications of technological

interest it is more usual to have large regions of laminar flow,
followed by laminar instability and transition to turbulent flow.

3.2

Early Observations

One of the first observations of turbulence in natural con47

vection was made by Saunders

(1936) who inferred the presence

of this condition in the boundary layer next to a heated vertical
plate from heat transfer measurements.
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Eckert and

meter to view the
warm plate.

Soehngen13 (1951) used a Mach-Zehnder interferoformation of waves adjacent to a large, vertical,

They were the first to conclude that the advent of tur-

bulence in free convection flow, as in forced flow, is due to the
amplification of small inertial disturbances unavoidably present
in the boundary layer.

They also were the first to recognize that

the boundary layer acts as a frequency filter, only particular disturbance frequencies being amplified.

The streamwise position

where these disturbances begin to amplify was observed to be variThey conjectured that this may be due to varying strengths

able.

of oscillations entering the boundary layer from outside.

Their

interference photographs showed the wave amplitude to be largest
in the outer portions of the boundary layer, becoming small inside
the location of maximum velocity.

These observations were made

with air.

Colak-Antic8,9 (1964) used a hot wire anemometer to observe
amplified waves in air and water flowing over a vertical heated
plate.

3.3

Linear Stability Theory

These early observations indicated that the same mechanisms
leading to transition in forced flow were also responsible for the
demise of the laminar regime in a solely buoyant flow.

The laminar

flow becomes unstable to, and amplifies, preferred frequency components of small disturbances in the flow when the balance of forces

19

at a location leads to such susceptibility.

Note that the inference

in the preceding is that a laminar flow can be unstable and still
be classed as a laminar flow.

A finite disturbance interjected

into such a flow will amplify, but the infinitesimal disturbances
present have not become observable.

The intervening distance between

unstable laminar flow and transition flow can be considerable.

Later

stages in the progression of events toward turbulence are not so
analogous, but the observation of the similarity of their initiation led Plapp42 (1957) to develop the Orr-Sommerfeld stability
equations for the case of external, similarity-type, natural flows.
Linear stability theory for natural flows is established on
the premise that the basic laminar flow with u,

V and ' - T, = T

(average values) is perturbed by small two-dimensional periodic
disturbances of velocity and temperature.

It has been shown by

Knowles and Gebhart28 that the natural convection boundary layer
is less stable for two-dimensional initial disturbances than for
three-dimensional ones (just as in forced flows).

These distur-

bances are broken down into their normal modes so that the effect
of particular frequencies may be studied.

That is, a component of

the disturbance u, v, p and 0 (with frequency f) is superposed on
the laminar flow.

Solutions to the stability equations will

indicate whether the disturbance attenuates in the flow, remains
neutrally stable or grows in amplitude.

By achieving solutions for

many frequencies one can establish an envelope of neutral stability,
in fact, envelopes of various amplitude ratios can be established.

20

The equations will be developed using the definitions for
similarity variables for a uniform heat flux plate as proposed
by Sparrow and Gregg,52 which by now are accepted as standard.E23
We define characteristic speed (U), length (d) and temperature
difference (AT) as
1/5

5x2

2
,

,

x

AT =

--1k where GX E

( 3.1)

5(g,

5kv

G*

*

1/5

Grx

or Gc = 5 7

The parameter G( is used in stability analysis to indicate local
flow vigor.

Following the standard procedure in linear stability

theory, of superposing a small disturbance on the laminar base
flow, we define stream function and local temperature excess as

1p =

(5vUx)1/2[F(n) + cp(n)ei

T-T. = AT

H(n) +

e(n)ei

1-c-6(-13-t]

11C-1'37t1

,

(3.2)

,

(3.3)

[

where n is the usual independent variable in similarity analysis,

Y
n 77 i ,

and F and H are dependent similarity variables.

The

[2]It is regrettable that the nomenclature used for stability
analysis is somewhat confusing in that many of the symbols are
also used for different parameters in laminar analysis. Hence,
when differences or parameters unique to this section arise, the
definitions will be given here and not in the nomenclature section.
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functions q(n) and 0(n) amount to small disturbances in velocity and
temperature, respectively.

The partial differential equations describing the momentum
and energy balances in the natural convection boundary layer are

au
U

vau
.5-37

2u

(T-T.) +

=

(3.4)

N)

2
331

and

aT

u -37 + v

aT
ay

a2T

a

(3.5)

Conservation of mass is expressed

Du

ax

av
ay

0

a0

With stream function defined as u =

ay 4'

it is seen
and v =-ax'

that the continuity equation reduces to an identity.

The bound-

ary conditions for a constant heat flux vertical plate are
u (x,o) = v (x,o) = u

(x, co)

= 0

and

ay (x,o) +

k

T (x,-) = 0

If, in equations (3.2) and (3.3), 0 and 0 are taken to be zero
(indicating a stable laminar flow) and the resulting variables

22

applied to equations (3.4) and (3.5) the result is

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

H" + Pr (4FH'

- PH) = 0

(3.6)

,

(3.7)

,

subject to the transformed boundary conditions in n:

(3.8)

F(0) = F'(0) = F'(-) = H(c) = H'(0) + 1 = 0

These are the similarity equations for laminar flow over a uniform
heat flux plate, as obtained by Sparrow and Gregg.52
In the periodic functions in (3.2) and (3.3), the frequency
is real and 7 is imaginary.

This implies that spatial amplifica-

tion of the physical disturbance (real part) occurs when
(there is no temporal amplification).
e

(ax-Bt)

=exp

--L -t <0

dx

Note that

i(aRe x-TRet)]
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= -T, the wave number, and 13 Re = 27f, the wave fre-

so that a
Re

quency.

The next step is to perform the required differentiations,
indicated by the differential equations of motion, on the complete
definitions for p and (T-1-00).

But to get a tractable final result

some additional assumptions must be made.

It is assumed that the

x-derivatives of mean flow quantities are much smaller than xderivatives of disturbance quantities and so can be neglected.
This is reasonable when one considers the rate at which disturbances are observed to grow compared to the mean flow.

It also
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turns out to be appropriate to let the mean flow y-component of
Using these approximations the stability

velocity be zero.

equations take the form

(F'

-

1,73,-)

(e

(F'

-

-(-,I3-,

)

o -

H'ci,

2a2e

ix

2,u(2*(e"

Fug)

a2q5)

(0"

=

(3.9)

+ a48 + 01),

(N2n)

(3.10)

iaPrG*
x

where
a = ad

,

S

=

3(5-

U

The boundary conditions for the disturbance field are

(3.11)

cp(03)---*(..)=0(-)=4)(0)=cp1(0)=0(0) or 01(0)=0.

These are conditions for velocity and temperature disturbances
at the wall and far away from the source of buoyancy.

The choice

between 0(0)=0 and o'(0)=0 rests in the relative thermal capacity
of the solid surface.

If the thermal capacity of the plate is low

compared to the adjacent fluid one would expect it to be able to
follow temperature oscillations in the fluid very well.

A high

relative thermal capacity corresponds to the situation where a
large energy exchange affects the temperature of the plate very
little.

The parameter which describes the relative thermal capacity

is

(plc)

Pr

plate
(3.12)

Q*.____
5

(pxc)

fluid
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which results from a heat balance at the surface.
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The coupling

between plate and fluid strongly affects the prediction of neutral
stability in a low Prandtl number fluid.22
The solution of equations (3.9) and (3.10), the Orr-Sommerfeld equations, subject to (3.11), requires evaluation of the
velocity and temperature disturbance functions (p(n) and e(n) for
all

n.

The quantities Pr, G*, 0 and a are assigned.

The base

flow quantities, F(n) and H(n), and their derivatives are determined from the boundary layer equations.

A solution for 0 and 0

may not exist for a particular chosen set of Pr, G* and aRe, so
the goal is to find values of aIm and s for which solutions 0(n)
and 0(n) exist and also satisfy the boundary conditions.
an eigenvalue problem.

This is

The sign of aIm determines whether the

imposed disturbance is damped (aim> 0) or amplified (aim< 0) and
the value of 0 determines the wave frequency.

If one determines solutions for a given Pr for many GX and
and aRe, a stability plane may be constructed, such as is shown in
Figure 3.1.

This portrays how vigorous the flow must be to get

certain frequencies to amplify in the flow.

It also predicts what

the value of Gr* must be to encounter first laminar instability in
the flow.

The envelope established by aim=0 is called the neutral

stability curve and the region inside is the unstable region.

If

the flow is unstable, a disturbance of a particular frequency
amplifies and may contribute to the eventual onset of turbulence.
Amplification is understood to be disturbance growth at a rate
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faster than mean flow values.

ws
U

*
G

x

Figure 3.1

3.4

Typical natural convection
stability plane

Neutral Stability Prediction

3.4.1

Analytical work

The Orr-Sommerfeld equations are very complicated, forming a
sixth-order eigenvalue problem through the coupling of velocity and
temperature.

Initial efforts to treat them analytically were not

too successful.

Plapp

42

succeeded in solving the problem for the

hypothetical uncoupled case where temperature oscillations do not
affect velocity disturbances.

Ostrach and Maslen41 (1961) performed
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approximate integration of the equations for a vertical fullydeveloped channel.

Szewcyzk58 (1962) also accomplished an approxi-

mate analysis, but none of these approaches yielded information in
accord with previous experimental evidence.

The first numerical solution was by Kurtz and Cranda1131.
They determined a neutral stability curve in the uncoupled case for
air (Pr=0.733) flowing up an isothermal wall.

Nachtsheim's37 numerical treatment accounted for the temperature disturbance influence on velocity disturbances.

He obtained

neutral stability curves for flow along an isothermal wall for
Prandtl numbers of 0.733 and 6.7.

When thermal waves are intro-

duced into the solution, one must specify the temperature disturbance in the heated surface itself as a boundary condition for the
eigenvalue stability problem.

Nachtsheim used a disturbance func-

tion at the surface which would indicate the plate had an infinite
thermal capacity, so that the temperature wave in the flow produced no change in surface temperature.

Polymeropoulos and Gebhart

43

solved the uncoupled problem for

a constant heat flux plate, in 1966.
and Hieber

Since 1966, Knowles,

28

Dring,

10

22 have worked with Gebhart to obtain nearly complete

analytical descriptions for a wide range of Prandtl

numbers down

to liquid metals and various boundary conditions for the single
heated plate.

They have also studied the amplification rate of

various disturbance frequencies and have shown that the frequencies

which are seen first are not the ones which amplify fastest.

Higher

27

frequency waves tend to eventually overshadow the initial long wave
length fluctuations in the progression of events toward turbulence.
Figure 3.2 shows lines of constant disturbance frequency and
amplitude ratio contours.
first but that f

2

Note that frequency line fl appears

is amplified fastest and eventually overshadows

fl.

0.15

0.1

WS
U

0.05

Figure 3.2

Disturbance frequency and amplitude ratio
on a stability plane for Pr=6.7 (Dring and
Gebhart10.
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The solution of the Orr-Sommerfeld equations for the complex
eigenfunctions (wave number and frequency of the travelling wave)
allows determination of the absolute amplitude and phase of a transition velocity wave as a function of distance from a heated wall.
Dring and Gebhart1° have accomplished this for several disturbance

frequencies and Grashof numbers at Pr=6.7.

They concluded that the

dimensionless profiles, u/umax vs n, change very little with G.
That is, the shape of the profile is only slightly a function of
both the distance up the plate, and amplitude for given applied
Gr1j, 1/5

heat flux and frequency.

Since n =

(-f=.)

maximum amplification is a function of x1/5.

,

the y-position of

A reproduction of

one of their results for the disturbance frequency which, theoretically, is amplified fastest is included in Chapter 8 for comparison
to the experimental results of this work.

3.4.2

Experimental work

Experimental approaches to the prediction of laminar instability in natural convection have taken basically two paths.

Gebhart

and his associates have perfected the technique of imposing a twodimensional disturbance (a vibrating wire) with variable frequency
into the boundary layer.

The waves produced can be visually

observed with an interferometer if the fluid is a gas or transparent
liquid.

By varying the position of the controlled disturbance the

neutral positions for a range of frequencies can be located.

Also

the interferograms can be examined to measure the temperature disturbance amplitude distribution across the boundary layer.

Com-

29

parisons of these two kinds of measurements with theory have agreed
very well.

Velocity disturbance amplitude and phase distributions normal
to the heated plate have been measured by Dringll and Knowles

29

using a hot wire anemometer placed downstream from a controlled
disturbance.

The measurements are in concert with theoretical pre-

dictions.

The second experimental approach employs the natural disturbances present in the flow for turbulence generation.

It is import-

ant to clarify the fundamental difference between these two methods.
In the first case we determine the position where infinitesimal
disturbances begin to grow by replacing them with finite disturbances.

In the second case we determine the position where the

infinitesimal disturbances have, by the natural progressive amplification process, grown to the point that they are observable by some
Previous comparisons of the two methods indicate the second

means.

method yields a position which is 5 to 10 times further from the
leading edge than the first method.

Hence, the position of neutral

stability is not indicative of the position of the onset of turbulence.

Several investigators (Polymeropoulos,

43

Eckert and Soehngen

and Szewcyzk58) have used the second method to determine positions

for the start of transition on vertical heated plates.
has portrayed their findings in stability plane form.

Gebhart17
Figure 3.3

from Gebhart's textbook is included to show where these observed
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waves fall on the stability plane.

All of the available points lie

within the unstable region of the stability plane and are also
reasonably close to the theoretically predicted frequency of most
rapid velocity disturbance amplification.

The experiments of the

current research in mercury will be shown in substantial agreement
with this also, although, as explained later, the comparison is not
entirely valid.

oPolymeropoulos47 (N2 gas)

oEckert andSbehngen13 (air)
0.14
0.12
neutral
curve

WS
U

0.1
fi

0.08
0( Spit<

ighly
amplified
disturbances

0.06

0.04
0.02

200

400

*
G

Figure 3.3

600

800

x

Experimental transition data for
vertical plates in gases (Gebhart18)
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Knowles,

29

in 1967 used a hot wire anemometer to observe the

velocity disturbance amplitudes in a silicone oil as a function of
distance from a heated wall at a point downstream of a controlled
disturbance induced by a vibrating ribbon.
well with theory.
tively.

His data agree very

The u vs n distribution can be explained qualita-

The velocity profile for a Prandtl number larger than

unity displays a fairly wide region of small velocity gradient on
This forms a region of low shear

both sides of the peak velocity.

stress where velocity disturbances can grow.

Closer to the wall

the waves are diminished because of the high shear work, which
tends to "straighten" the flow.

Outside the peak the shear increases

again until an inflection point is reached, which should correspond
to the position of a local minimum in the amplitude of the velocity
disturbance.

Beyond the inflection point the shear decreases and

approaches zero at the edge of the boundary layer.

The wave

amplitude increases again for some distance, but in a high Prandtl
number fluid the base flow velocity at the inflection point is considerably lower than the peak velocity.

Hence, the amplitude

increases slowly but before waves can get very large, the velocity
of the base flow is too small to allow disturbances to grow.

The

wave amplitude reaches another (lower) maximum, then proceeds to
zero as the velocity goes to zero.

The same type of distribution

for Pr=0.022 will be determined experimentally in the present work
and the differences explained in Chapter 8.

32

3.5

Relaminarization

Although this work is not concerned with the superposition of
forced flow on the natural convection produced by the heated channel,
it was necessary to learn about the correlation of transition data
in a vertical flow where Reynolds number is an important parameter.
In some cases, where geometry will allow, a flow in transition or
newly turbulent flow will relaminarize.

This occurs in forced flows

in the presence of large accelerations, but in the case of interest
here the restabilizing mechanism is explained by a change in the
balance of forces invoked by spatial constraints, i.e., opposite
walls of a channel.

Before the two boundary layers begin to interact the overall
buoyant force accumulates as the thermal boundary layer grows.

If

the boundary layer thickness, which is related to distance from the
leading edge, gets large enough, transition can occur.

That is, the

buoyant force, which acts as a catalyst for instability must exceed
the viscous force, which acts as a retardant for instability, by
some amount before transition can occur.

This phenomenon is

governed by Grashof number, based on distance from the leading edge.
An important consequence of these two apparently distinct flow
regimes is that transition may occur normally in a channel before
the boundary layers encroach on one another, and then relaminarize
as the flow becomes fully developed.

A search of the literature did

not reveal much information concerning this change of regime in the
developing entrance of a vertical duct.

One mention of it, without
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explanation, was found in a paper by Kemeny and Somors.27
Hallman's NACA report

20

contains a transition correlation for

mixed convection aiding flow in a vertical, uniform heat flux tube.
He measured temperature fluctuations at the tube wall as an indicator of transition.

It appears that he did not make a sufficiently

detailed study to observe the change of regime referred to.

How-

ever, one figure in the report gives a series of thermocouple output histories and it appears that the turbulence intensity is
diminishing toward the upper end of the tube; Reynolds number for
this case was 850.

This behavior can be explained in a qualitative fashion, as
follows.

When the two boundary layers forming on the channel walls

begin to merge, the temperature in the center rises.

This is

analogous to an increase in buoyant force which, in a low shear
region, causes the velocity to rise.
peak velocity decrease.

Continuity requires that the

The tendency for newly unstable flows to

restabilize is now apparent since the first waves appear at a location near the velocity peak.

This regime of flow is akin to mixed

forced and natural convection where both Reynolds and Grashof moduli
are important dynamic parameters.

Eventually the velocity profile

ceases to change shape and the flow is fully developed.

Buoyant

forces can influence the flow no more because an increased temperature in the channel cannot cause a velocity increase - again a consequence of mass conservation.
forces

Only inertia, pressure, and viscous

govern the momentum balance and this is a situation where
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Reynolds number, based on channel width, is the dynamic parameter
of significance.

If Reynolds number is low enough, the flow can

never again undergo transition to turbulence.

It should also be

noted that if transition has not begun before the boundary layers
merge, then it cannot start at all.

It is important to be able to predict the onset of turbulence
in convective problems because the rate of transport of energy or
mass is quite dependent upon the flow regime.

In a liquid metal,

the rate of energy transport is less affected by flow regime than
other fluids because of its relatively high thermal conductivity.
However, in a fully turbulent flow, heat transfer correlations must
certainly be affected.
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CHAPTER IV

EXPERIMENTAL APPARATUS

4.1

Channel Design

4.1.1

Construction Details

The geometry of the test section was a vertical, open channel
formed by two vertical parallel flat plates capable of uniform heat
flux to the inside surfaces and negligible heat loss from the outside
of the channel walls.

Figure 4.1 will clarify this and the remainder

of the discussion in this section.

The plates were each approximately 5 inches square and were
built from a patch heater manufactured by Electrofilm, Inc.

The heater

element was made by chemically etching a 0.001 inch thick sheet of
nichrome foil.

Resistivity is very constant with such foil and with

the conduction paths arranged as shown in the x-ray photograph,
Figure 4.2, heat flux was thought to be very uniform.

This photograph

As received from the manufacturer, an insulating layer

is full size.

of silicone rubber/glass cloth composite was bonded to each side of
the heater.

Teflon-insulated leads were provided for each plate heater.

The heaters were trimmed of insulation so that a foil

element was within

0.010 inches of the leading edge of the channel (the bottom of each
heated plate).

The heater sandwich was completed by cementing 0.015-inch spring
steel cover plates to both sides of the heater with silicone rubber.
These had to be kept thin to provide a uniform surface heat flux.
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electrical lead wires

hot film - thermocouple
probe

epoxy encapsulated urethane
foam 1" thickness
(both sides)

0.125"
1

Ar =

L
D

L

AX

H H
....... y
D

H 1-o 0.015"
spring

spring

steel

steel

urethane foam
k = 0.012 Btu/hr-ft-°F

heater foil

Figure 4.1

0]

[4

0.026"+0.001

Channel geometry and construction.
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Figure 4.2

X-ray photograph of heater, 1:1 scale.

A fixture was built that insured the silicone rubber bond to be
uniformly thick and held in the cover plates alignment during curing.
A hydraulic press was used to compress the heater assembly to about
20 psig while it cured.

The final thickness was 0.082" ± 0.0025".

No voids between the heater and steel cover plates were apparent upon
disassembly.
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A 1-inch thick block of rigid urethane foam was cemented with
silicone rubber to the back side of each heater to avoid heat losses
from the side of each plate away from the channel.

Calculations made

for conditions exceeding the worst possible case showed that less than
0.5% of the applied power could be lost from the back side of the
channel wall.

The following calculations illustrate this: (see Figure

4.3)

heater foil

A x2=0.0 26"

T1

T2

urethane foam
k2=0.012 Btu/hr ft °F
back of
channel

AX3=1"

T

c

--0H

channel

ql
2
mof

Ax1=0.026"

silicone rubber
k=0.12-0.18 Btu/hr ft °F

Figure 4.3

Conduction losses from back of heated
plates.
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Neglect the resistance of the steel cover plates compared to the silicone rubber or urethane foam.

Let 4"T be the total heat flux genera-

Assume a one-dimensional, steady state conduction.

ted in the heater.
Then

E

'1"2

Trf

E R2

(rc-T2)

(Tc-ri )+ E

(Tc-T2)

where
Axl

12 R

0.026
(12)(0.14)

=
k

1

0.015

hr °F
Btu

1

and
Ax
R

2

=
2

k

Ax
+

3

k
2

1

0.026
(12)(0.14)

1

(12)(0.012)

hr of

=7

Btu

so

0.015 (Tc-T2)
'1'12

T

Now T

=

800F, T.

=

7(Tc-T1) + 0.015 (Tc-T2)

1000F (highest encountered) and if T

2

c

> 4000F the

heater will burn up, so these numbers provide a worst case exmaple.
Hence,

qn2firT

=

0.002

Lead wire losses were also determined to be negligible.
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Width Adjustment

4.1.2

The channel width was adjustable from 1.4 < Ar < 19 or from about
3.5" to 0.26".

The narrowest condition was limited by the space

required to insert and use probes in the channel for temperature or
velocity measurement.

One of the walls was stationary, while the

other was movable using a dovetail slide driven by a manually operated rack and pinion.

Positioning for narrow channels (Ar< 6) was

accurate to ±0.001" (±0.38% in the narrowest case) using a dial
indicator.

Wide channel configurations were positioned by visual

alignment of scribe marks on the dovetail slide.

The distance between

channel walls was maintained constant within ±0.002" which, for the
narrowest case (Ar = 19), is 1.5%.

Each plate was attached to a rigid steel frame that could be
shimmed in various ways for final alignment.

The photograph of

Figure 4.7 shows the mounting arrangement.

4.1.3

Design Problems

1. Electrofilm uses teflon electrical leads for their heaters,
and silicone rubber does not bond to teflon.

One spectacular failure

occurred when the mercury flowed, over several days of immersion,
between the silicone rubber and teflon.

When it reached the heater

element, a short circuit to the earth through a ground wire occurred.
No damage to the power supply resulted because the circuit was equipped
with fuses.

This problem was solved by installing polypropylene

shrink tubing over the teflon and then sealing the tubing to the
heater with silicone rubber.
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2. Initially the cover plates on the heaters were 0.008" thick.
When the channel was heated there was a slight warpage due to the
Cover plates of 0.015" thick steel

restrained thermal expansion.
solved this problem.

4.2

Mercury Containment and Thermal Control

The mercury pool was contained in a 12" x 12" x 16" deep stainless steel vessel, with a stainless steel angle-iron lip on two sides
at the top for mounting the probe and traverse assembly.
held about 1000 lbs of mercury.

The box

Figure 4.4 is a sketch of the tank

assembly.

heater-controller-stirrer
distilled water

stirrers(2)

i\r\

wood

l_insulation

sheet metal

wood
stainless steel

Figure 4.4

Mercury containment and thermal control.
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Figure 4.5

Figure 4.6

Overall system arrangement.

Closeup view of heat transfer apparatus.

Figure 4.7

Channel Configuration

Figure 4.8

Hot film and thermocouple
probe, closeup view.
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Figure 4.9

Calibration configuration, overall view.

The stainless steel box was placed on vibration pads in an attempt
to isolate the mercury from building vibration.

Although the surface

of the mercury still had some visible waves standing on it, the
influence of vibration on mean flow velocity inside the channel was
negligible.

As it turned out, the main contribution of the pads was

thermal insulation.
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Surrounding the heat transfer medium was a mild steel box which
contained an isothermal water bath.

The water was kept in circulation

with two electric motor driven stirrers and a pump in the temperature
controller.

The water temperature was held constant with a Haake model E 51
proportional controller, which used a

1

kw heater.

The water bath con-

tained about 35 gallons which gave it sufficient thermal inertia,
but more power available for the controller/heater would have been
much more convenient.

Waiting for thermal equilibrium of the system

required three hours at times.

Energy was removed from the water bath by tap water flow through
two immersed coils of 3/8" copper tubing.

The temperature variation of the mercury bath far below the
Some

channel was typically 0.05 degrees Fahrenheit during a run.

temperature stratification in the pool far from a heated plate was
measured.

With one surface heated at a high flux condition, and the

channel made as wide as possible (about 3"), the degree of stratification at a position 2" away from the heat source, based on the total
temperature variation of the heated surface was about 5%.

This is

not negligible but is partly due to a small channel effect and would
have surely been reduced had the unheated plate been removed and the
measurements made further from the heated surface.
The water bath box was surrounded on four sides by a plywood
box that held a 41/2" layer of Zonolite vermiculite insulation.

The

vibration pads and a 2" thick cedar base insulated the bottom of the
tanks.
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Figure 4.5 is a photograph of the overall system arrangement
and shows the containment configuration.

4.3

Instrumentation and Peripheral Equipment

Again referring to Figure 4.5, an overall view of the heat
transfer mode shows the velocity measuring instrument, a TSIE33 model
1050 constant temperature anemometer with a monitor and power supply,
temperature and switching circuit, and signal conditioner (4).

A Fluke

digital multimeter (5) was used to monitor voltage for velocity measurements accurately.

An EAIE41 model 1130 x-y plotter (6) was used to

obtain velocity versus time records for transition measurements and
also, at times, for monitoring rest voltage fluctuation.

The tempera-

ture measuring system was a Leeds and Northrup model K4 potentiometer
(7) with a model 9828 null detector, 9879 guarded DC voltage supply
and an Eppley unsaturated standard cell.

Distilled ice and water in

a vacuum flask were used for the cold junction of the thermocouple
circuit.

The power for heating the channel was supplied by two Manson
Laboratories unregulated electromagnet power supplies capable of 2.2
kw at 10 amperes.

The unregulated supplies were a weakness in the

overall system, resulting in about ±2.5% power variation during some
runs.

Also they had a five-wire input hook-up with a floating ground

so it was not possible to ground the supplies to the rest of the

PlThermo-Systems, Inc., St. Paul, Minn.
E41Electronic Associates, Inc., Long Branch, N. J.
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system.

The power readout meters were a Honeywell Digitest meter for

voltage and a Weston model 931 ammeter for current.

A six-pole, single-

throw knife switch allowed switching between supplies for monitoring
purposes, while maintaining continuous power supply to both plates.

4.4

Probe Traverse Mechanism

The photograph in Figure 4.6

is a close-up of the heat transfer

apparatus with the traverse mechanism (1) in place and Figure 4.7 shows
the channel, probe and related structure configuration with respect to
the traverse mechanism.

It is a vernier x-y positioner capable of

±0.001" accuracy in x (vertically) and ±0.0001" in y, because of the
dial indicator (2).

This was a convenient arrangement for making

traverses through the boundary layer quickly and accurately.
device had a levelling bubble and four adjustable legs.
was mounted to the tower in a slotted aluminum block.
segment (4) allowed 180° rotation of the probe.

The

The probe

The protractor

Also shown are the

dial indicator (3) for positioning the movable plate and the thermocouple switch (5).

4.5

Hot Film Probe Assembly

4.5.1

Hot Film Probe Design

The use of hot film anemometers in natural convection of a
liquid metal in channels will be discussed in the next chapter.

this section the design of the probe used will be presented.

In
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The probe design used was a compromise between small size for use
in narrow channels and avoidance of influence of the nearby probe body
on velocity measurement.

As seen in Figure 4.8, the support needles

made a slow 90° bend away from the body and the sensor element is
transverse to the axis of the probe.

The sensor centerline lies le

from the probe axis and the same distance from the end of the body.
Figure 4.10 shows a schematic of the probe with pertinent dimensions.
The plates could be about 1/2" apart (Ar =l0) and still allow for some

probe motion away from the heated surface.

Due to problems of probe failure postulated to be caused by
thermal stress cracking of the quartz insulation on the sensor element,
all of the most recent probes received from TSI have been "doublequartz" coated which just increases the quartz layer thickness.

This

reduces their sensitivity somewhat but seems to prolong usable life.
sensor (4 x 10

-2

in. long)

probe
body

quartz
insulatiop
(8 x 10-° in. thick)

sensor

oss-section

platinum resistance
(4 x 156 in. thick)

quartz substrate (2 x 10-3 in. dia.)
Figure 4.10

Hot film probe and sensor, sketch.
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4.5.2

Thermocouple incorporation

The sensor photograph also shows the two thermocouples mounted
with epoxy cement to the sides of the needles.

One junction lies

in-line with the sensor axis (within ±0.001").

This thermocouple is

used to measure temperature at the same x-y position as velocity is
to be measured so that the anemometer bridge resistance can be set
for the correct (as close as possible; correction is made in the data
reduction program) overheat ratio.

The procedure for correcting

anemometer output due to inability to set the correct resistance is
discussed in the next chapter.

The other thermocouple is used for

measuring wall temperature and, not incidentally, for protecting the
hot film probe against collisions with the wall.
couple protrudes a few thousandths of an inch.

The second thermoThis distance,

although arbitrary within the range 0.010"-0.020", must be known
accurately (±0.001") so the y-position of the probe is known.

The

thermocouples, manufactured by Omega Engineering, Inc. were made of
0.001" dia. iron-constantan wire.

The wires were separated in the

shield by ceramic insulation and were sheathed in a tube of 0.010"

0.D. number 304 stainless steel.
end of the sheath.

The junction was grounded to the

Each thermocouple used was calibrated against a

Hewlett-Packard model 2801A quartz thermometer.

Mounting and locat-

ing the thermocouples was done with the aid of a Kulicke and Soffa
x-y-z micropositioner, a Bausch and Lomb StereoZoom microscope, a
holding fixture obtained from Edmund Scientific, and a telescope
with cross hairs.

With this equipment and some prdctice, the mount-

ing procedure became routine.
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The only weakness of the temperature measuring apparatus was in
the fastening of the thermocouple to its connector.

The sheath was

soldered in a block in the connector and this came loose on several
occasions.

Each time electrical contact of the thermocouple wires

in the receptacle was lost.

After the second or third such failure

a small drop of silicone rubber was placed at the junction.

No

repetition of these failures was experienced.

4.5.3

Other Details

The probe was connected to the anemometer via a special 15'
triaxial cable, with shield and guard.

Even with the special cable,

many problems were encountered that were attributed to electrical
grounding.
pipe.

The mercury vessel was grounded to a convenient water

All electrical equipment was grounded to a common third wire

of a 110 V AC outlet.

The probe assembly was located midway between the open sides
of the channel.

It could be lowered about 11/4" below the channel

entrance so that stagnant conditions were insured when measuring
ambient temperature, T., and the anemometer rest voltage.

Vertical

velocity profiles have verified this.

When only temperatures were needed, as for heat transfer correlations, a single thermocouple probe was made that was narrow enough to
allow the channel to be about 0.26" wide (Ar=19).
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4.6

Hot-Film Probe Calibration Devices

4.6.1

Probe insertion sequence

It was found to be advantageous to calibrate the probe before using

it for measuring velocities.

This prevented the loss of data when

probe failure would have precluded calibration following experimental
measurements.

In order to accomplish this some special mounting and

probe docking fixtures had to be built so that the probe might remain
in the mercury between calibration and operation.

As previously mentioned, the probe was mounted in an aluminum
block, into a slotted hole that could be shrunk with set screws.
This block had a milled face with two reamed holes which were aligned
with close-fitting steel pins on a mating block, which was appropriately
attached to the traverse mechanism tower.

This made it possible to

make measurements of probe-channel geometry, align the angular position
of the probe and determine a vernier reading with respect to the leading edge of the channel with the heat transfer apparatus out of the
mercury and still remove the probe for calibration without losing
these critical adjustments.
25

Hurt and Welty

found that the probe could be removed through

a clean mercury surface and reinserted with negligible calibration
change.

It was felt, in this work, that if it was possible to keep

the probe in the mercury during both phases, less chance for experimental error would accrue.

After aligning the probe in its mounting block and taking the
various measurements with respect to the channel, the probe and
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block were removed, as a unit.

Then the probe was inserted into the

mercury through a plexiglas tube split axially and sealed with
The mercury surface was cleaned of all water and

silicone grease.

oxide film in the localized area inside the tube with a vacuum
aspirator.

After insertion of the probe, the split tube was removed.

This technique minimized the labor of cleaning the surface and also
the exposure of the experimenter to the mercury vapor.

The probe

remained fixed to the side of the mercury tank with a plastic docking adapter for several hours before calibration was attempted.

4.6.2

Calibration Apparatus

At this point the calibration velocity generation and guiding
apparatus could be mounted on the mercury vessel.
the photograph of Figure 4.9.

This is seen in

The probe block was fastened to the

1" square precision ground steel bar (1), which was supported laterally
by eight PIC precision roller bearings.
a rigid frame (2).

The bearings were mounted in

The cable (3) attached to the bar ran over two

small pulleys and then down where it was attached to a 1/2" diameter
steel rod.

The rod traveled through a teflon journal and then into

a 7' high, 3" dia. pipe (4).

The inner surface of the pipe was

lapped to eliminate macro-surface roughness and to give it a constant
inner diameter.

A diameter variation of ±0.0015" still led to small

velocity variations.

The 1/2" rod was attached to a piston (3 different

diameters were used to obtain the desired velocity range) which fit
the pipe quite closely.

To control the rate of rise of the piston,

the bypass tube (5) alongside the 3" tube, equipped with a 13 turn
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needle valve, was used.

A laser light source (6) was placed on the

left of the outer box ledge; in line with it was a lens for focussing, and a photocell (8).

The photocell had a long tube extending

from it to preclude entrance of room light.

A simple series circuit

with a 1 megohm resistor, a DC voltage source and the photocell was
constructed.

The voltage across the resistor varied depending upon

whether the laser was directed into the photocell tube.

The light

beam was extinguished as the bar fell by a pair of razor blade sections,
with sharp leading edges 0.2085" ±0.0005" apart.

See Figure 4.11 for

a schematic diagram of this equipment.

The near step change in voltage at the resistor was fed into a
Hewlett-Packard model 5300A counter seen in the photograph sitting
atop the other instruments.

It was used in the period mode, so that

the period of the "square" wave produced by extinguishing the light
at the razor blade leading edges was measured.

The voltage was read

at the voltmeter when the light was first extinguished.
Since the anemometer voltage varied some during the square wave
period, an integrating voltmeter whose integration period could be
triggered from the timer would have improved calibration accuracy.
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razor blade
sections

leads for
photoelectric
0.2085_0.0005"
circuit
laser be
(focused with lens)
Photocell

steel guide
bar

Figure 4.11

Calibration velocity measuring scheme
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CHAPTER V

EXPERIMENTAL CONSIDERATIONS
AND TECHNIQUES

5.1

Heat Transfer Study

The acquisition of accurate heat transfer data and temperature
profiles seems, at the outset, to be a very simple matter.
ing temperatures to within 0.5°F

Measur-

and temperature differences to 0.1°F

with a precision potentiometer in a quite stable mercury bath is an
elementary experimental undertaking, it would seem.

The purpose of

this section is to illuminate some difficulties that were experienced
and put a reasonable bound on the error expected from these difficulties.

5.1.1

Wall Temperature measurement

A very small cylindrical stainless steel

element (0.01" dia.)

with a fine thermocouple junction welded into the end was used for all
temperature measurements.

The wall temperature was measured by butting

the thermocouple into the wall.

The probe assembly was moved toward

the wall until the null detector ceased to register a change in deflection with a small Ay.

The potentiometer reading at that location was

recorded as the wall temperature.
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0.001" iron wire

0.002"-0.004".,

ceramic insulation

E4----

0.010"0.D.

weld
bead

hz1000 Btu/hr ft2°F
0.001" constantan wire
0.002" thick stainless steel sheath,
kz10 Btu/hr ft°F

d//-4.----channel wall

mercury, kz5 Btu/hr ft°F

Figure 5.1

Thermocouple contiguous to channel wall,
cross sectional view.

This, of course, is not the true surface temperature.

One might

be tempted to say conduction along the sheath material is significant,
but this is believed not to be the case.
Figure 5.1.

Refer to the sketch of

Consider the orders of magnitude of heat transfer co-

efficients present here.

The surface conductance of the small cylinder
2

is on the order of 1000 Btu/hr ft

°F, while the sheath and fluid

thermal conductivities are approximately 10 Btu/hr ft °F and 5 Btu/hr
ft

o

F, respectively.

The sheath and mercury conduct equally well,

approximately, while the sheath-mercury interface has very low thermal
resistance.

These phenomena both lead to the conclusion that the
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sheath material in the thermocouple is at the same temperature as the
mercury at any y location close to the wall.
It also follows that the curvature of the temperature profile is
2T

very small near the wall, since velocity is very small .1"1
3Y

y=+
0t)

.

One is therefore justified in making a linear extrapolation of the
temperature reading obtained when the thermocouple is touching the wall,
if the distance of the junction from the thermocouple end is known,
approximately.

This distance is estimated to be in the range 0.002"

to 0.004".

Now we wonder if this leads to a significant error in the calculation of Nux.

No such correction is needed for the T. measurement so

the correction acts to always increase (Ts-T.) in

k Ts -T.)

The magnitude of the error in neglecting the wall correction is
dependent upon (Ts-T.) and the heat flux at the wall.

Take a typical

example at low x and high CI":

x = 1/4",

= 3700 Btu/hr ft2
3700

- 750 °F/ft.

glx=o

If the thermocouple bead is 0.003" from the wall

Ts- Treading = 0.19 °F
At this condition for Ar = 2:
T

reading

T.
T = 7.0 ° F
.

,

58

Assuming Ts-T. = 7.19 0F is correct, the percentage of error in neglecting the correction is 2.6%.
lower

This is a worst case situation.

Data at

or higher x will have smaller errors of this kind. Since the

distance from the bead to the end was only an estimate, corrections of
this kind were not included in the data reduction program.

5.2.3

Heater area determination

Measurement of the proper heater area for heat flux determination
is open to conjecture.

The problem is to determine the area which,

divided into the total power supplied, gives the correct uniform heat
flux far away from the sides of the heater.

A contact x-ray photograph of a heater was obtained to use for
area determination and leading edge trimming.
heated strips was measured.

The distance between

The centerline of this space is an

adiabatic line, so one-half the element spacing was added to the overall periphery of the heaters, except along the leading edge.

With the

area of the tabs for the leads subtracted, this provided logical
dimensions for the heater. It is felt that the area used here was
correct to within 2%.

5.1.3

Nusselt number calculations

There are two methods for evaluating local Nusselt number from
experimental data as is apparent in the expressions below
x

Nu

Xi

4"x
and Nuv
k(Ts-T.)
"2

T

.°1.
1

/ 31-0
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Using the first method requires measuring temperature at several

y-positions and then graphically or by some means determining the
temperature gradient at the wall.

The second method assumes the

heat flux to be uniform and requires measuring the input power and
heater area.

The heat flux determination for Nu xi is felt to be accurate to
within 5% which was calculated from the instrument specifications,
observed power supply drift, and area determination.

Since x and

(Ts -T,) appear in both expressions, and k can be assumed to be

exact, the only other difference in the two Nusselt number evaluations
is in the determination of the temperature gradient at the wall.
The error possible in such determinations is clarified by a
simple example.

Assume an error in surface temperature of 0.003 my

is made where the true thermocouple output T 5/ is 1.633 mv.
a 0.2% reading error.

Figure 5.2 illustrates how the slopes would be
The first reading away the surface would

evaluated for each case.

This value is 1.620 my and is assumed

typically be made at y=0.010".
correct.

This is

Usually polynomials would be fitted to the temperature

data with the slope equal to the coefficients of the first degree
term.

For purposes of this example a straight line between the two
and TS

surface temperatures (Ts
1

and T2 will suffice.

Using the

'2

true surface temperature the slope is 1.3

-m4-

using the incorrect wall temperature is 1.0

The gradient found

.

mn
.

This is a 30% dif-

ference in slope measurement, due to a 0.2% error in measuring wall
temperature.

Clearly, one does not wish to induce such large errors,

which may not be entirely random, into the heat transfer correlations.
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Hence all the correlations in this work were obtained from a heat flux
determination of Nusselt number.

Ts1=1. 63

1.633-1.620
0.01

= 1.3 mv/in

1

;2=1.630 my

1.630-1.620

ATI
Axl

0.01

= 1.0 mv/in

2

= 1.620 my

0.01"

Figure 5.2

5.1.4

Possible error in evaluating wall temperature
gradient.

Ambient temperature drift

A perusal of the heat transfer data indicates the bath temperature near the channel entrance slowly drifted a small amount during a
run.

This drift was typically 5-10 pv or less than 1%, referenced

to the mean value of T..

On the basis of a small typical (Ts-T.)

this represents an error of nearly 10%.

For the average case (say

8pv drift and using Ts at x=1") the error based on (Ts-T.) is much
less than 1%.

It is thought that the bath temperature drift is not a

major contributor to experimental error.

61

5.1.5

Functional uncertainty analysis

One can use the technique applied to the evaluation of uncertainty
of a single measurement for evaluating the uncertainty of a functional
relationship involving many data points if the random uncertainty of a
particular measurement is excluded.

That is, the uncertainty of

measurements is based on estimates of the accuracy of the measuring
devices, which is systematic uncertainty.
(measurements) is

If a function which depends on i variables
defined

F = F(xi)

,

the fractional uncertainty (measured from the mean value) of the function is defined
1/2

2

31nF
31nx.

U(F)
F

U(xi)
"Ai'
xi

)

A list of measurement uncertainties for the variables used in
These represent

calculating Nux and Gti is proposed in Table 6.1.

values which exceed the error claimed in specifications for the equipment, or exceed the expected uncertainty of a measurement.

TABLE 5.1

Uncertainty of Measurements
Measurement

Uncertainty

Current, amperes

±0.05

Voltage, volts

±0.8

x-Position, inches

±0.002

Heater area, sq. inches

±0.006

Temperature difference, Ts-T.,°F

±0.2
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Using these values at small x-position (and small AT) for a low power
input one obtains the worst case uncertainty for Nux and Grx.

At

x=0.5" (Ts -T.= 5 °F), 1=1.4 amp. and AE=80 volts the uncertainties are
U(Nuv)
"

Nu

±0.067

x

and

U(G11)

= ±0.056

Gr*

For the function Nu=KGrf it is convenient to define F=KG)*(n/Nux which
leads to

-

Uncertainty in Gq, even though x

±6.8%
4

.

is used, does not contribute

heavily to the overall value because n=0.2.

It is assumed here that

fluid properties are determined exactly.
In a more typical or average range of values (I =1.7, AE=100,

x=1, AT=10) this analysis gives

U(F)

5.1.6

-

±3.6%

Properties of mercury

Properties of mercury were evaluated from expression given in
the Liquid Metals Handbook

36

except for thermal conductivity which

was obtained from data given in a paper by Powell and Tye.44
equations used were

The
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1.92 x 10-6 T, °F

p, lbm/ft sec = 1.167 x 10-3

A,

C

15 3
b
19

lbm/ft3 = 850.3

T

°F
'

= constant = 0.0331 Btu/lb

m

°F

1/°F

= constant = 0.000101

k, Btu/hr ft °F = 0.006438 (T, °F+686.03)

Heat transfer correlations used property values based on the
pseudo-film temperature

Tf = 0.7 Ts + 0.3 T
'

as recommended by Sparrow and Gregg.

5.1.7
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Nu

x

has k based on T

.

s

Conditions investigated

Both sets of boundary conditions were subjected to approximately
the same range of operating variables for the heat transfer investigation.

These are tabulated below:
TABLE 5.2
Range of Parameters
Range

Variable
1. x-position:

1/8" to position where temperature disturbance waves affected accuracy significantly.

2. heat flux:

1500 to 4000 Btu/hr ft

2

3. aspect ratio: 2 to 19, except runs for approximation to
infinite spacing limit at Ar=1.4, or with
second plate removed.

The bath temperature was controlled to about 80°F, or 8-9°F
above room temperature.
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5.1.8

Afterthoughts

Errors in temperature measurement due to thermal drift of the
mercury bath and calibration could have been considerably reduced by
using the ambient mercury temperature as a reference instead of an
ice bath.

Regression of (Ts-Tco) on potentiometer reading instead of

T would be more accurate.

Reference temperature, To

is still needed

separately for property determination but a calibration over a narrow
range could have been obtained.

5.1.9 Hot Film Anemometers

in Mercury

Since White62 and Hurt25 have written extensively about the use

of hot film anemometers for measuring small velocities in mercury,
neither the theory of anemometry nor unique aspects related to mercury
will be presented in this thesis.

Only new observations made during

the course of this work or aspects that are unique (such as probe
design) to the measurement of velocity in buoyant channels will be
dealt with.

5.2

Velocity Study

The goals of this area of experimental investigation were to
(1) document the effects of axial position, channel geometry (Ar), and
wall heat flux on the distribution of velocity in the channel, (2)
assess the dependence of mass flow rate on these independent variables.
Although some 600-700 individual

velocity readings have been made in

this work, the documentation is not complete.

Some of the reasons for
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this are explained and the possible errors incurred are evaluated in
the present section.

5.2.1

Probe quality

The single most important factor relative to the acquisition of
accurate velocity data is the "quality" of the hot-film probe being
used.

This is a difficult variable to assess before taking data

because it is related to probe life, which is impossible to predict.
Even though the probe sensors had extra thick quartz insulating
layers, these layers would break down (this is discussed in a subsequent subsection) and lead to progressively more unstable voltage
output characteristics.

This behavior, which was most often observed

as a random cyclic rest voltage drift with reasonably constant
amplitude during any particular run, was quite important at low
velocities (10-20 in/min) but not too serious at high velocities
(70-100 in/min).

See Figure

5.3 for rest voltage variation typical

of good and bad probes.

normal probe
50 my

Isec r

abnormal probe

Figure 5.3

Rest voltage versus time for two different
hot film probes.
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If one has several probes to choose from, the probability of
accurate velocity data is increased by operating each probe in mercury
for an hour or two and selecting the one with the most stable rest
voltage.

This procedure was followed toward the end of the experi-

mental program when several failures indicated the importance of careful probe selection.

Probe quality related to data accuracy will be referred to in
later subsections on calibration and a general categorization of
anemometer problems.

5.2.2

Anemometer anomalies

Several different abnormalities in the behavior of the hot film
probe/anemometer system were observed.
each will be attempted here.

Explanations and remedies for

One should be familiar with the opera-

tion and theory of hot film anemometers before attempting to read this
section.

See TSI's manuals or refer to the thesis by White62 for

this background.

White's thesis is also recommended for an excellent

treatise on the cleaning and handling of mercury, a very important
concern of anyone contemplating the use of this substance for long
periods of time.

The vapors are very toxic, the effects being almost

absolutely cumulative.

A discussion of anemometer failure modes

follows.

1. The most frequent occurring mode of failure of the
sensors was mentioned in the previous subsection.

Typically in a few hours the rest voltage drift
changed from 4 to 5 millivolts to 50 to 150 my at
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a frequency of about 0.1 Hz.

At low velocities a

100 my cyclic drift range superposed on a mean difference between run and rest voltage of perhaps
200 my (at about 15 in/min) leads to a possible
error of ±20%.
to ±7%.

At 50 in/min the error is reduced

This kind of probe malfunction does not

seem to lead to significantly changed calibration,
although the data have much more randomness and a
larger number of calibration points should be taken
to insure accuracy in the least squares regression
model of the calibration.

When a probe behaved

in this manner it was always due to a partial

short circuit from the platinum sensor to the
mercury.

It is thought that this is caused by

a fatigue crack in the quartz insulation due to
thermal cycling.

That this would lead to an output voltage
fluctuation is explained as follows.

When the

anemometer is turned to "run" the crack opens
slightly due to thermal expansion.

This leads to a

fairly low resistance current path to ground (on
the order of 1 ohm).

The increase in current is

sensed as a bridge unbalance or an apparent increase
in overheat ratio.

The feedback circuit of the

anemometer then reduces the current to the probe.

As the current is reduced and the probe cools the
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crack slowly closes until the short circuit is
essentially gone.

At this point the current is

lower than it should be for the correct overheat
so it increases and the crack starts to grow again
to repeat the process.

The thermal cycling of the sensor element is
a result of changing the anemometer mode from "run"
to "standby" repetitively.
the sensor on standby.

No current flows through

There seemed to be no way

of decreasing the number of these cycles because the
temperature of the fluid had to be measured before
each velocity reading to set the correct overheat
ratio and for use in the data reduction program.
Such use is explained in a later subsection.

2. A more rare kind of probe malfunction was detected
as a sudden decrease in run voltage which persisted, accompanied by a slow transient increase
in voltage, when changing from "standby" or "run".

The

output transient was a decaying exponential with a
time constant of about one minute.

This kind of failure was also accompanied by
an increase in sensor resistance (measured in the
standby condition).

When the overheat was adjusted

to agree with the new resistance, the voltage
increased to its expected value.
If the probe resistance was monitored for several

minutes after being in "run" awhile it was found to
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decrease at a slow rate to a value somewhat above the
value measured when it was new.

This behavior is hypothesized to be due to the
sudden formation of a circumferential fatigue crack
in the platinum sensor, again caused by thermal cycling.
Since the anemometer output is a function of overheat
ratio (or the difference between sensor temperature and
local fluid temperature) and not the magnitude of the
platinum film resistance, the calibration of the probe
should not be affected by the presence of such a
crack.

It is only necessary to set overheat ratio

based on the correct sensor resistance.

Of course,

should the crack elongate and the resistance
temperature relationship change without being
noticed, erroneous readings could result.

So only

in an emergency or with extreme caution should such
a probe be used.

An attempt to explain the slow rise in resistance
of the sensor when it is heated (turned to run mode)
can also be made.

The quartz covering and rod sub-

strate, to which the platinum presumably adheres
with a microscopic interstitial bond, tends to
restrain the relative motion of the platinum, making
the response to a step change in temperature a slow
process.

Hence, the crack opens slowly when the

sensor is heated and closes slowly when the current
is stopped.
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3. Another kind of malfunction that occurred was in the
anemometer circuitry.

This was observed as a slowly-

rising transient in the run mode.

At its worst the

anemometer required more than one-half hour to reach
an equilibrium rest voltage.

If the anemometer were

turned to "standby" for a few seconds to measure

temperature and then turned back to"run", the transient would again appear, but with a much shorter
time constant (20-30 seconds).

It was suspected

that some component in the feedback amplifier of the
anemometer had become increasingly temperature sensitive with age.

The anemometer was returned to Thermo-

Systems, Inc. for maintenance which cured the problem.
4. A minor problem appeared intermittently in the form of an
8-10 Hz oscillation with up to 50 my amplitude in the
output signal.

This was apparent in the x-y recorder

output only and was filtered out of the voltmeter display.

This malfunction was annoying but did not

affect the accuracy of the velocity data.

This section has presented a number of anomalies
of very low velocity measurement in a liquid metal.
At higher velocities and in a nonconductive fluid
these problems have virtually no effect on data.

Table 5.3 summarizes these malfunctions and gives
recommendations for their elimination.
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TABLE 5.3
SUMMARY OF ANEMOMETER MALFUNCTIONS AND CAUSES

Behavior

Probable cause

Suggested remedy

Have anemometer
serviced

1.

Slow voltage rise

anemometer component
temp sensitive

2.

Sudden probe resistance increase

circumferential fatigue Get new tempresistance relation
crack in sensor

3.

Slow resistance increase when turned
on "run"

Crack opens slowly
when heated

4.

Rapid voltage oscillation

5.

Large slow voltage
fluctuation rest

Replace probe if
this accompanies
the above

No action required.

Cracks in quartz
insulation

Replace probe
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Much more data could have been taken had these
difficulties not arisen.

Failure mode 5 given in

the table was the most common and seemed to occur
eventually in every probe that was very stable
initially.

5.2.3

Wall effect

One major discovery was the effect of wall proximity on anemometer output signal.

A 1/2" thick plexiglas plate was used for the

insulated wall when only one wall was heated in the initial phases
of the project.

When complete velocity profiles were being obtained

the probe was turned 180° to face the insulated plate.

As the plastic

wall was approached the anemometer output was observed to begin
decreasing when the sensor was about 0.075" from the surface.

About

0.5 to 0.7 volts decrease in output would occur from a position far
from the surface to one as close as could be attained.
At first it was thought that a boundary layer was being observed,
but the same effect was present in a stagnant pool.

After several

other implausible explanations were explored it was decided that the
resistance to heat transfer from the cylindrical sensor to the mercury must be somewhat increased in the neighborhood of a relatively
low thermal conductivity surface.

Considering conduction to the mer-

cury to be the major mode of heat transfer from the sensor, two
potential field constructions were made:

one of the sensor (assuming

an infinitely long cylinder) in an infinite bath, and one of the
sensor in the proximity of an adiabatic wall (scaled to 0.016" from
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sensor centerline to the insulated surface, since this was the geometry
of the nearest sensor location used for these observations).
simple analysis of these two situations is given, for clarity.

The

The

conduction from the sensor (assuming an isothermal outer surface) can
be written

= kSAT

So for the two situations

where S is the shape factor.

An
4

S1

1

q 2

S

2

since the surface and both temperatures are equal in both cases and
k is constant.

But
Aq/111
q"2

Aq/R2

2
the electrical power dissipated by the resistive sensor
i
where AE /R is

element.

Now R1 = R

2

since T

= T2.

So

1

AE

S

AE

2

1/2
1

1

(S2)

From the flux plots

S1

=

1.67, S2

=

1.46
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Hence
AE
1

AE

or if

1.07

2

AE, = 11.8 volts, AE2 = 11.05 volts.

This, even though flux

plots are far from precise, indicates that the change in overall
resistance to heat transfer when the probe is near an insulated surface is sufficient to reduce the anemometer output voltage by the
magnitude observed.

Hence, no data were obtained within about 0.075"

of the insulated plate.

It was decided not to generate a plate pro-

ximity correction equation to explore that region.

The steel covered heated plate also exhibited similar behavior,
but in the opposite direction because the thermal conductivity of
steel is about 5 times as large as mercury.

Hence, the overall

resistance to heat transfer is slightly decreased on the other
side of the channel.

This was corrected for in the velocity data

reduction program with a quadratic voltage-position relation.

This

relationship was obtained from voltages measured next to an unheated
plate.

It was felt to be valid to superpose the wall effect voltage

on the velocity generated voltage and to assume that they were
independent of one another.

The effect near the steel plate was small

and only acted to change readings that were inside the velocity peak.

5.2.4. Sensor induced natural convection

When measuring velocity with a hot film sensor, a laminar
natural convection flow from the heated cylinder results and is super-
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posed on the flow induced by the channel walls.

It is of interest to

approximate the magnitude of the velocity of the mercury stream above
the sensor in an otherwise motionless pool.

For Pr«1, the effect of molecular conductivity is felt far
from the region where molecular viscosity is considered important.
Beyond the outer inflection point in the velocity profile, only buoyant
forces and inertia forces are important.

Hence, as a reasonable

approximation the terms in the equation of motion which involve viscosity can be dropped.

For the very thick boundary layer around the

cylindrical sensor the momentum normal to the surface can be
neglected.

Figure 5.4

Sensor induced flow field

The momentum equation for this problem is then
ue

Atio

7" de

= sg sine(Ts -T )
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for a Boussinesq fluid.

Integration over limits 0 to uc and 0 to Tr

yields
1/2
u

4rgB(Ts-T.)

=

c

This velocity is an approximation to the

where r is the sensor radius.

maximum velocity, which would occur at the surface of the sensor in the
absence of viscosity.

It should give an answer which is somewhat larger

than the actual peak in the velocity profile.

To evaluate velocity the sensor surface temperature must be
determined.

The temperature coefficient of resistance for the platinum

sensor material can be written
dR
dT

1

a

a =

R

-R
(

1

R

R
H

'

c

-T T

c

or
R

R

H

=

1

+ a(T -T.)

c

Now the platinum temperature T can be obtained for a particular overheat ratio RH/Rc.

At RH/Rc = 1.1, which was used for all velocity

data and with a = 0.0014/°F,

T -T

=

72°F

According to Hill and Sleicher's work23 with hot film sensors in
mercury, from 15 to 35% of this temperature drop occurs across the
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quartz insulating layer.

Since the probes used in this work have an

extra thick sputtered quartz layer, intended to help prevent thermal
stress cracking, the upper end of this range will be used.
greater than this is not inherent in this method.

Accuracy

Hence, about a

50°F temperature drop occurs across the convective film on the sensor
wire.

Solving the expression for ue gives a velocity of 5.3 in/min.
This is a significant velocity.

It is now evident that a hot

film probe used for measuring natural convection velocities must be
calibrated in a dynamically similar arrangement to that present for
actual velocity measurement.

The vector sum of the velocities con-

tribute to sensor convective cooling so, for example, a horizontal
towing calibration would only be accurate for high velocities if
measurements of vertical velocities were desired.
It is apparent now that reverse (down) flow in the heated
If

channel would be detectable as an anemometer voltage decrease.

the downward velocity were equal to the sensor natural convection
velocity the anemometer voltage would minimize since this corresponds
to the maximum possible resistance to heat transfer, i.e.:
vective transfer is possible.

no con-

Some cursory evaluations of the sensor

convection velocity were made by manually moving the probe downward
at a rate which gave the minimum voltage.

The calibration curves

are quite linear so measuring the slope of the curve near the velocity
expected allowed the velocity for such a voltage decrease to be
evaluated.

This was about 3.5 in/min, which compares very well with

the velocity calculated with the inviscid momentum equation.

When-

ever one observes voltages which are less than the rest voltage,
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either downflow or rest voltage drift are indicated.

Several checks

can usually eliminate rest voltage drift as a cause.
The effect of sensor induced flow on the hastening of transition or velocity instability is probably negligible.

The transition

waves are of long wave length and quite large amplitude, 3 or 4
times the amplitude of the sensor induced velocity.

The conclusive

observation in this regard is that the temperature waves do not change
in amplitude when the sensor is not heated.

5.2.5

Treatment of data

The decade resistors on the anemometer did not provide sufficient
resolution for setting run resistance so as to give the correct overheat ratio.

They could be changed in 0.01 ohm increments, but the

output change caused by a 0.01 ohm change was often on the same order
of magnitude as the correct voltage.

So a scheme for determining the

output voltage at the correct resistance had to be devised in order
to obtain accurate velocity profiles.

White62 initiated this scheme;

its application was improved in this work.

In the previous section it was shown that the overheat ratio
is a function of temperature only.
R /R
c
H

So it was possible, for a

particular overheat ratio, to prepare a table of run resistance temperature values.

These were useful in two ways:

(1) the closest

resistance to the correct value could be set by measuring temperature
of the fluid going by the probe.

Hence, the rest resistance need

never be measured while taking velocity data.

2)

The correct run

resistance, to three places, could be calculated from the temperature.
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This could be used in the data reduction program.
When operating

near the correct overheat ratio, an 0.01 ohm

change in run resistance caused a constant change in output voltage,
independent of the magnitude of the voltage.

This voltage sensitivity

was from 9 to 14 volts/ohm, depending on the probe.

Some part of

this change was needed to adjust the output voltage data for the
correct run resistance, to 0.001 ohm.

Linear interpolation of the

voltage sensitivity from the decade resistance setting used to the
correct setting was employed.

The correct setting was calculated in

the program from the regression of run resistance versus temperature.

Both the rest voltage and the run voltage were corrected in

this way.

After this correction was made the velocity could be

calculated from the calibration equation.

5.2.6

Calibration

Some notions about the techniques used for velocity calibration
have been given in sections 4.6.2 and 5.2.4.

In this section some

details about accuracy and validation of the method will be given.
The use of the laser light source, photocell, and the razor
blade beam gates was thought to be accurate, but a method for validating its accuracy was developed.

A time-lapse photograph of the falling

bar was used with an electronic stroboscopic flash as a light source.
With two exposures over a known time interval and a microscope technique for determining fall distance from the photograph, the velocity
of fall could be measured by the two methods simultaneously.

The

camera method proved to have large statistical variance, so to compare
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the methods, one set of data was linearly regressed on the other.

The

regression line took the form

V

p c.

= 0.012 + 0.98 V

c'

in/sec.

instead of the desired

V

p.c.

= V

,

c

where
V

p c.

V

c

= velocity measured by photocell

= velocity measured by camera

These lines cross at 42 in/min and, in this comparison, the velocity
predicted by the camera is 1% larger at about 6 in/min and 1% smaller
at 78 in/min.

The evidence indicates conclusively that the photocell

technique was accurate.

It also had very small variance and was very

convenient for quickly gathering data.

Calibration lines were quite repeatable from one day to the next.
In one case, calibrations were obtained before and after the velocity
data were collected and they were essentially unchanged.
The difference was ±4% at 100 in/min, ±1% at 60 in/min and smaller at
lower velocities.

The procedure used for collecting calibration data was quite
simple.

First, the appropriate run resistance was set.

was raised and then released.

The weight

When the first knife edge crossed the

light beam, the digital voltmeter reading the anemometer output was
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reset.

The

This gave a single reading average over 50 milliseconds.

time elapsed on the counter and the rest voltage were recorded.

Since

both the rest voltage and run voltage were read at the same temperature
no correction of the data for slightly incorrect overheat ratio was
necessary.

The difference between run and rest voltage was regressed on
velocity.

A third degree polynomial was used, although the calibra-

tion was nearly linear.

It was typical to have data which were slightly

convex up at the low end and concave up at high values, so the cubic
was necessary.

Depending on the quality or condition of the probe,

multiple regression coefficients of from 0.97 to 0.999 were obtained.
The probe for which R2 = 0.999E53 was used for all symmetrically heated
channel velocity data.

For probes which displayed a slowly fluctuating rest voltage,
it was expected that any value of velocity below about 20 in/min
was

likely to be badly in error.

Such a probe was used when nothing

else was available for the channel heated on one side only.

This will

be discussed in the next chapter.

The conditions for which velocity profiles were obtained were:
1) each set of boundary conditions,
2) x = 0, 0.75, 1.5", for most runs,
3) Ar = 2, 3, 4, 6, 8, 10,
4) two q" conditions.
[5] 2
is the multiple regression coefficient.
R

It is defined as the
ratio of the sum of squares of the (differences between the predicted
values and the mean value of the dependent variables) to the (differences between the observations and the mean), taken at the values of
the independent observations. It should be apparent that if all of the
data points were to lie on the least squares regression line the value
of R2 would be one.
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5.3

Transition Study

In the course of taking data it was observed that both temperature and velocity readings would fluctuate beyond a certain distance
up the channel, depending on the aspect ratio and, to a lesser extent,
the heat flux.

The amplitude increased rapidly with distance from the

leading edge.

5.3.1

Other plausible explanations

The initial temptation was to believe the phenomenon being
observed was laminar instability, or onset of transition to turbulent
Several alternate explanations did not prove to be plausible:

flow.

1) vortex shedding from thermo-couples or probe needles
could not be the cause, because frequencies observed
were much too low.

Also change in amplitude with x

was observed.

2) both velocity and temperature output were similarly
affected, but they were not in phase.

This eliminated

the possibility of instrumentation-induced oscillations.

5.3.2

Collection of data

Before meaningful transition information could be gathered it was
necessary to determine a range of y-positions at which the flow was
most unstable.

This will be discussed in Chapter 8.

The data were collected by obtaining velocity-time plots at
various streamwise locations for many channel spacings and two heat
fluxes.

The plotter was allowed to run for at least 100 seconds so
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that the typical or average fluctuations were likely to be seen.
Axial positions well beyond the first observed waves were observed
to ascertain the amplification rate of the waves.

5.3.3

Interpretation of plots

The goal was to establish a criterion for transition that could
be presented in stability plane form and that gave information which
would be useful to engineers.

The "first observed waves" criterion

seems like a slipshod definition until one tries to evaluate the
information in a more elegant way.

A program was written that would convert voltage ranges and
means into velocities.

The ratio Au/u

mean

was plotted for various

x-positions and an attempt to extrapolate to Au/u
= 0 was made,
mean
but the rate of growth of waves varied greatly with Ar,making the
extrapolations invalid.

Also it was observed that conversion of volt-

age to velocity had a negligible effect on the prediction of transition or randomness in the data.

Hence, it was decided to use a ratio

of range of voltage to mean voltage, using correct overheat ratio.
The waves were large enough to preclude obtaining good laminar temperature or velocity data when AE/Eave=0.05, so this was used for determining x-positions at the onset of transition.

In a way this criterion

is nonsensical because it is absolute voltage range which is relevant
to the laminar data acquisition.

The mean voltage is variable so

AE/Eave=0.05 is quite approximate and was used mostly as a check on
selection of the x-positions, to be sure the subjective criteria really
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used did not vary appreciably.

It should be clear from this discussion

that the author was not satisfied with his method of treatment of the
transition data.

A better criterion is needed however the general

behavior, as a result of many repetitive runs, is believed to be
correct.

When temperature waves get very large the concomitant varying
overheat ratio imposed on the anemometer circuitry causes the anemometer voltage waves to be an inaccurate assessment of velocity.

An

increase in temperature causes a decrease in the overheat, or a decrease
in anemometer sensitivity.

However, since it was the goal of this study

to observe small waves it was felt that variable overheat ratio was not
a problem.
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CHAPTER VI

VELOCITY PROFILES

6.1

Purpose of Study

The reasons for experimental determination of velocity profiles
in a channel containing a buoyant flow of liquid metal are:

1) To support the results of analytical solutions now
available or forthcoming.

2) To predict the effects of channel geometry and surface heat flux on mass flow rate; and

3) To allow more realistic depiction of entrance velocity
conditions for analytical solution boundary conditions.
4) Also to be used for evaluation of shear stresses near
the channel wall.

These will be discussed in part and left in part to the reader
to evaluate areas of concern to him from the profiles presented.

6.2

Single Vertical Plate

The widest channel data (Ar=2) were compared to the first order
perturbation prediction by Chang, et

al

for a single heated plate.

Figures 6.1 and 6.2 illustrate these comparisons.

Comparisons

with velocity profiles obtained from the perturbation solution are
reasonable except for the obvious influence of channel flow on experimental data.

The comparisons are however not completely valid for

several reasons.
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The data are for a fluid with Pr = 0.022 while the analytical
predictions are for Pr = 0.03.

This should cause the data to be

slightly higher at all n.

The Grashof number at the top of the plate in the experiment was
on the order of 10

10

while the comparisons are for Gr*=10

9
.

Two solu-

tions are given in Figure 6.1 (x/L=0.125 and 0.25) so the axial effect
can be compared to the experiment.

Some other, more directly analogous, cases could have been run
(i.e.:

wider channels, lower heat flux) but it was felt that the

data in White's thesis do a good job of comparing with available
analytical solutions.

The intent here was to give credibility to

the experimental velocity results for this work.

6.3

Symmetrically Heated Channel

6.3.1

General

The probe used for the case of two uniformly and symmetrically
heated walls was very stable and should have given excellent data.
The calibration for this probe had an R2=0.999.

The plot of residual

values (difference between individual data points for the dependent
variable and the regression line prediction) versus velocity showed
very constant residual magnitudes of about 0.8 in/min.

Readings were

so stable during calibration that it was possible to get fairly good
repeatability down to velocities around 2 in/min.

The calibration

equation was

U, in/min = 2.665 + 65.102 E - 24.696E2 + 16.519E3

,
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where E = E

run

-

E

rest'

The E

2

and E

3

terms nearly cancel over the

mid-range velocities so that the calibration is quite linear.
The only experimental difficulty encountered in this phase was
with the anemometer itself.

During the acquisition of these data the

anemometer required a very long warm-up time in the run mode before
the rest voltage would stop rising.

This was accounted for by taking

frequent rest voltage readings, but it could have led to some error.
It did lead to a very tedious period of data taking.

In a few cases
This

the data points far from the wall showed a slow upward trend.
was taken to be anemometer-caused and not physically

realistic.

Data were predominantly taken near the channel entrance because
of laminar instability beyond x=2", for some aspect ratios.

Since

the effect of aspect ratio was one of the primary areas to be investigated, an attempt was made to repeat x-positions for all conditions.

6.3.2

Results

Figures 6.3 through 6.9 systematically illustrate the effect of
axial position, channel effect, and heat flux on velocity distribution
using dimensional coordinates.

In the hope of eventually predicting

velocities for these cases analytically, they are also given in the
same order on the usual dimensionless similarity coordinates in
Figures 6.10 through 6.16.

Some of the dimensional profiles given are for traverses made
at the entrance (x=0) to the channel, for values of Ar = 2,3, and 4.
It is seen that the flow is distributed quite uniformly across the
channel with the peak becoming less pronounced as aspect ratio
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increases.

Others

1,5,45

have performed analytical solutions where a

uniform entrance velocity was assumed as a boundary condition.

This

certainly appears to be valid in a low Pr fluid, for narrow channels.
Entrance velocity profile data are subject to error because of nonnegligible y-component velocities.

The probe cannot discern direction

hence, this data does not accurately represent velocity magnitude
because of the superposition of the flow on the vertical sensor-induced
velocity vector.

Some crossed-sensor probe measurements will soon be

made to ascertain the magnitude of the velocity component normal to
the direction of mean flow near the channel entrance.
In most of the cases investigated it was possible to detect the
axial deceleration of the flow far from the heated surfaces.
a consequence of continuity.

This is

In the high aspect ratio cases this pro-

file cross-over was not observed.

It is now strongly suspected that

the influence of flow into the open sides of the channel was the cause
of this behavior.

This would act to reduce the flow rate at the

channel entrance.

This also affected the heat transfer results, which

will be discussed in the next chapter.

Had it been realized that side

flow could be important to this investigation some side-plates could
have been affixed earlier.

This would have introduced two additional

shear boundaries but the effect of these could not have been propagated into the center of the channel as readily as fluid flow in
through the open sides.

The integrations of the velocity profiles

(section 6.5) indicated side-flow effects to be negligible for small

x at all but the narrowest of channels, but it is feared that this
flow at large x has reduced the entering mass flow below what would
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be expected between a pair of infinitely wide plates.

This bit of

insight was gained very late in the experimental program and was
not accounted for in most of the results given here.
Increase in aspect ratio is seen to influence peak velocity
very little.

The mean velocity increases in an almost inverse rela-

tion to channel width, however.

This is a surprising outcome and has

a profound influence on the heat transfer characteristics of the channel.
A typical comparison for two aspect ratios has been prepared in
Figure 6.17.

It was not possible, with the hot film probe used, to

decrease the width to a condition where the mean velocity decreased.
Evidence of this occurrence appears in the next chapter involving
heat transfer.

Since the side-flow effect becomes more important

at narrow channel widths, it seems reasonable to say that the mean
velocity increase seen here, with increase in Ar, is likely less than
would be experienced between a pair of wider plates.
As would be expected, increased wall heat flux increased the
peak velocity measurably.

This trend was consistent for all cases,

which is a good indicator of the accuracy of the velocity data.

The

velocity in the center of the channel is apparently very little
changed by an increased heat flux and, since the region of the peak
is characteristically quite narrow, the mean velocity increases very
slowly.
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6.4

Channel With One Wall Heated

6.4.1

General

The velocity profiles for the case where one wall only was heated
(the other acted as an insulated wall) was beset with experimental
difficulties.

The only probe that was available for these data dis-

played slow voltage fluctuations very early in its operating life.
The effect of these fluctuations was seen in the calibration where
R2 =0.987, and as the figures in this section show, it was also
apparent in the velocity readings.

Because of rest voltage drift,

a rest voltage reading was taken after every two or three data points.
The profiles contained herein are the few that were considered
accurate enough for inclusion.

With an unstable probe to work with,

it was difficult to rotate the probe 180° and take reliable readings
near the insulated plate.

The reasons for this are not entirely clear,

but the data were inconsistent in most cases.

Some of the profiles

were supplemented with points obtained from vertical traverses at
a fixed y-position.

These were thought to be more accurate than

horizontal traverses with a marginal probe, because a rest voltage
reading could be obtained a few seconds after every point.

The

vertical traverses were quite interesting in that they effectively

demonstrated the maximum velocity at a position far from the heated
surface to occur just inside the channel entrance.

6.4.2

Results

These profiles, given in Figures 6.18 through 6.21 are believed
to portray quite accurately the trends exhibited with change in aspect
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ratio for a uniform heat flux channel with one wall insulated.

The

location of the peak velocity should be accurate; it seems to be
fairly independent of spacing.

The magnitude of the peak velocity

is probably correct within ±5%, but the magnitudes of the long flat
region in velocity profiles at wide spacings may not be particularly
accurate.

They were so persistent, however, throughout even the

worst of the data that one can conclude that they undoubtedly exist.
This means that natural convection heat transfer from a vertical wall
is affected by the presence of a quite distant second wall, in a
liquid metal.

Dimensionless velocity profiles are included for the same cases
in Figures 6.22 through 6.25.

6.5

Mass Flow Rate

The velocity profiles for the symmetrically heated case were all
integrated across the channel using Simpson's 1/3 rule and multiplied
by density to determine mass flow rate.

The results of these integra-

tions are in Table 6.1. The first observation one makes is the apparent
independence of mass flow rate on channel width until Ar=10.
this width the effect is quite small.

Even at

However, the heat flux varia-

tion does not make an obvious adjustment in the outcome either.
is disconcerting.

This

Possibly the mass flow rate and the total change in

bulk temperature are each increased by 30 to 50% with a doubling of

e and the profiles were not accurate enough to reflect this change
concluisvely.

More likely is the unhappy prospect that side-flow
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was increased with an increase in el", which further constrained the

flow at the bottom so that if any increase at all occurred it could
not be measured.

This is certainly an area for further investiga-

tion.

TABLE 6.1

x,in

Mass Flow Rates for Various Channel Conditions ibm /sec ft

Ar

Uu
4

2

10

8

6

3430

2.04

1.62

1.52

0.75

2440

2.26

1.97

2.15

2.18

1.73

1.60.

0.75

3430

2.07

2.18

1.90

1.82

0.75

4200

2.07

2.18

2.29

2.01

1.5

2440

1.96

2.19

2.22

1.5

3430

2.03

2.07

2.40

1.5

4200

3.5

2350

4.75

1400

4.86

4.06

4.75

2300

4.97

4.26

4.75

4200

5.32

4.34

0

2.18

2.3

2.23

1.78
2.11

1.98

2.42

--

3.01

Several velocity profiles were obtained near the top of the channel
under high aspect ratio conditions.

They showed a large increase in

average velocity over those obtained nearer the entrance.

The apparent

lack of mass conservation is explained by the addition of side flow to
that entering the channel.

Two of these are included for the reader's
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perusal in Figure 6.26 and the integrations are given in Table 6.1
(at x=4.75").

These do show an increase in flow rate indicating that

the side flow rate does depend on applied heat flux, since no change
is seen near the entrance.

Figure 6.27 shows how the average velocity is a symmetrically
heated channel depends on aspect ratio, for a typical heat flux.
This information is used in Chapter VII.
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CHAPTER VII

HEAT TRANSFER RELATIONSHIPS

7.1

Purpose of Study

The heat transfer correlations and the unique phenomena reported
on in this chapter are perhaps the most useful aspects of the thesis.
They should provide designers with some quite accurate tools for determining the thermal conditions of a uniform wall heat flux vertical
channel in laminar to near-turbulent flow of liquid metals.
The generality of the results is limited by the imposed side
conditions since the plates were 5 inches square and side-flow into
the channel did affect the heat transfer characteristics.

Fastening

plastic plates to the sides of the channel in an attempt to approach
a two-dimensional situation changed the heat transfer correlations
significantly, but not drastically.

7.2

Temperature Profiles

7.2.1

Comparison to analytical solutions

This section is intended to convey the effect of channel width
and wall heat flux on temperature distribution in the 5" x 5" channel,
with open sides.

The temperature profiles for two positions and two heat fluxes
for a very wide channel (intended to be as close as possible to a
single vertical plate) have been made dimensionless on H(n) versus
ri coordinates, which were proposed by Sparrow and Gregg.

52

These are
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Usually, dimensionless temperatures have been

presented in Figure 7.1.

presented on T-T03 /T S -T00 vs n coordinates,7'26'52 but this coordinate

selection is not convenient to use in that, to determine dimensional
temperature excess at any point directly, the wall temperature excess
must be known.

These data have been compared to the analytical solu-

tions of Chang et a17

.

I

was possible to specify Pr=0.022 (approxi-

mately the correct value for mercury at a typical mean film temperature encountered in the experiment) for the perturbation solution.

7.2.2

Wall temperature/aspect ratio dependence

Dimensionless temperature profiles for various other channel
conditions are seen in Figures 7.2 through 7.7.
loss of similarity at high Ar.

Note the apparent

The predominant observation is

enhanced by Figure 7.8, which compares temperature distributions for
two different aspect ratios, but with the same heat flux and at the
same axial position.

As can be seen, the average fluid temperature

in the channel increases with increased aspect ratio, but the wall
temperature decreases.

This is a very unique phenomenon which leads

to some characteristics that are quite different from those observed
in other fluids.

It indicates that the film resistance to heat trans-

fer decreases as the channel is made narrower.
servations of fluids with higher Prandtl number.

This is contrary to obRefer back to Figures

6.17 and 6.27 for additional experimental verification of this anomaly.
These velocity profiles were obtained at the same conditions as the
temperature profiles given on Figure 7.8.

They depict an increase

in channel mean velocity for increased aspect ratio.

An increase in
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velocity inevitably leads to an increase in the surface conductance and
a decrease in wall temperature.

An intuitive explanation for the effect of aspect ratio on wall
temperature will be attempted.

The balance of forces in the natural

convection boundary layer of a low Prandtl number fluid is unusual in
that viscous effects become negligible a short distance out from the
velocity peak.

Buoyant forces govern the velocity through most of the

thermal boundary layer.

Hence, if the channel width is decreased, the

energy flux from the wall is distributed over a narrower region which
causes the average fluid temperature to rise.

In the absence of

increased viscous interaction, an increase of buoyant force must
increase velocity, causing the wall temperature to decrease.

Ultimately,

a decrease in channel width must bring viscous forces into play, which
would begin to cause the velocity to decrease.
wall temperature starts to rise again.

When this happens the

Eventually a condition is

reached where the local wall temperature will reach the value it would
have had at extremely wide spacing.

Beyond this point a decrease in

width must further slow down the flow and cause the wall temperature
to rise.

A thorough documentation of this feature of channel flow in

a liquid metal is given in this chapter.

7.3

Heat Transfer Correlations

7.3.1 Significant parameters
In the developing portion of a channel flow the localized heat
transfer correlations should include distance from the channel entrance
as the characteristic dimension.
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As a convenience to the user the difference between wall temperature and the ambient fluid temperature was defined as the characteristic temperature to be used in the Nusselt number.

Grashof modulus modified for the constant heat flux case,
Prandtl number was not included in the correla-

g13x4cr/kv2, was used.

tions since heat transfer in only one fluid was explored.
could have used Gr* Pr

2

The results

as recommended by Kutateladze et al,
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but

this would imply that dynamic similarity using this group could be
assumed for all low Pr fluids.
established.

This may be true, but it has not been

Since Pr is nearly constant for the experimental work

done here, the alteration to the form Nu =Nu
x

x

(Gr* Pr
x

2
)

could be made

at any time.

Average correlations were obtained by integration of local predictions over the channel height in the following manner:
h x
Nu

x

x

and

k

L

L

)Lh dx
x

0

so that
hLL

50

k

Nu

=
L

K
4n

Gr*
L

n

KGrx*n dx

=

K Gr*
1

This results in an average Nusselt modulus which is based on a spaceaveraged film coefficient.

If the averaging is done with a space-

averaged AT, the result is
Nui:= K (2-4n) Grt n

,
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which is slightly different from the previous result.

The two average

correlations are the same for n=0.25, which is expected since this is
the vertical flat plate exponent for the isothermal wall case.
first definition was used in this work.

The

Others have used maximum

temperature rise2 or mid-height wall temperature,

1,49

but for this

study the integration alternative seemed more appropriate.

For a tall

channel the mid-height wall temperature and average wall temperature
are nearly equal so integration using the space averaged AT and the
use of the mid-height temperature should produce nearly the same
average correlations.

The incorporation of channel width into the local heat transfer results was accomplished by using an aspect ratio Ar or height-towidth ratio to characterize the geometry.

Figure 7.9 shows a nearly

common intersection for all correlations.

Using this observation it

was possible to generate new coordinates involving Ar by a translation
of the origin to the intersection and a rotation which reflected the

dependence of slope of the Nux vs Gq line on Ar.

This method was

successful, but the relationship which resulted was extremely cumbersome to use so it was abandoned.

Transformation on a local basis to the coordinates which Elenbaas14
used was successful in incorporating the effect of aspect ratio into
the correlations for both sets of boundary conditions.
meters settled upon are Nux/Ar and Gri/Ar

5
.

The para-

When integration over L

is performed these are NuL/Ar or Nup and Grt/Ar5 or GI

0. These

are the coordinates used for heat transfer correlations by Elenbaas
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and most other authors who subsequently have contributed to the
channel natural convection literature.

7.3.2

Local results

The importance of channel width on heat transfer behavior is
seen in Figures 7.9 and 7.10.

Both boundary conditions displayed a

decrease in slope of the ln(Nux) vs ln(Gri) line with increased aspect
ratio.

This trend was essentially consistent up to Ar=19, which was

the narrowest channel studied.

There was a definite change in the

character of the flow at about Ar=19.

Without some fairly extensive

apparatus alterations it was not possible to increase Ar so as to
explore further the change in the trend of the correlations.
There is an intersection of nearly all of the correlations at
Gr* = 2.2 x 10

9

and Nu

x

= 10.2, although in the case of a symmetrically

heated channel the intersection is not well-defined.

here is that the wall temperature above Gr* = 2.2 x 10

The implication
9

increases with

an increase in Ar, whereas below that value it decreases.

Recall

that this observation is based on an open-sided channel and for the
two-dimensional case the values of the parameters would change, but
the trends exhibited would persist.

The change of sign to an increase

in surface temperature has not been explained completely.

It seems

to be closely related to the condition where the thermal boundary
layers begin to encroach. It seems inevitable that the surface temperature must eventually increase with increasing aspect ratio above some
streamwise location; the unexpected outcome is that at given heat
flux there is a location on the wall whose temperature is independent

16

14
12

10

Nu

x
6

4

2

105

106

Figure 7.9

107

108 Gr*

109
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Nux vs. Grc for various Ar, one wall insulated.

1011

104

105
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107
Gr

Figure 7.10

109

1010

x

Nux vs. GrX for various Ar, symmetrically heated channel.

1011
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of channel width.

Apparently, since the boundary layer growth is

related in an inverse fashion to velocity and mean velocity in the
channel is approximately proportional to aspect ratio above Ar=4 (see
Figure 6.27), one can write
u

6(x) oc

ave
Ar

where d(x) is boundary layer thickness at any x, so that the boundary
layers meet at about the same streamwise location when heat flux is
constant.

The reader may be concerned that the intersection point for the
symmetrically heated case is approximately the same as for the oneside insulated case.

This is to be expected since, at the same

value of wall heat flux, twice as much energy is available, which
leads to an increase in velocity, and a reduced boundary layer growth
rate.

An increase in data scatter is noted at high aspect ratios,
especially in the symmetrically-heated case.

This is thought to be

due to slightly different heat fluxes on the two walls, related to
an imbalance of power supply conditions, causing some premature eddies
in the center of the channel.

These were often observed.

It seems

plausible that an unheated plate makes a more stable plane of intersection for the growing boundary layer than an induced line of
symmetry.

Inspection of the local data at Ar=19 shows slightly

different slopes at different wall flux conditions.
happen at lower Ar.

This does not

Unbalanced conditions from the two power supplies
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could be the cause, or, perhaps, this is an indication of a slight loss
of dynamic similarity due to side flow.
Concluding this section on the local heat transfer correlations
for several channel width conditions is Table 7.1 which relates coefficients and exponents for the correlation function

Nu

x

= K Gr*
1

'

and the multiple regression coefficients obtained in each case.

Note

that the heat flux used in each case was the flux from one wall.

7.3.3

Single vertical plate

The heat transfer correlation obtained for the widest channel
configuration will be compared to the experimental results of

Julian, and the perturbation solution achieved by Chang et a17
for Pr = 0.022.

The correlation equations are:

White:

Nu

Julian:

Nu

x

x

= 0 325 Gr*

= 0 196 Gr*

Sparrow and Gregg:

Chang, et al:

Nu

x

0.178

0.188

Nux = 0.159 Gq 0.2
0.2

= 0.154 Gr*

and the correlation for this work:

Nux = 0.23 Gr

0.180
x
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TABLE 7.1

LOCAL CORRELATIONS FOR VARIOUS ASPECT RATIOS

Symmetrically Heated

One Side Insulated

Ar

n

R

2
K1

n

R

2

0

0.230

0.180

0.999

0.230

0.180

0.999

2

0.203

0.181

0.999

0.240

0.174

0.993

3

0.221

0.176

0.998

0.268

0.171

0.996

4

0.220

0.178

0.996

0.250

0.176

0.996

5

0.233

0.175

0.995

0.328

0.162

0.998

6

0.248

0.173

0.997

0.329

0.162

0.990

7

0.302

0.163

0.996

0.353

0.161

0.986

8

0.329

0.159

0.998

0.382

0.159

0.986

9

0.360

0.155

0.999

0.400

0.160

0.980

10

0.426

0.147

0.997

0.532

0.141

0.984

13

0.557

0.137

0.997

0.706

0.126

0.968

15

0.730

0.122

0.996

0.705

0.127

0.952

19

0.704

0.126

0.990

1.01

0.103

0.917

10
9

8
7

6

5

Ar=0
Nu = 0.230 Gr* 0.180
x

4

Nu

Julian and Akins

x

26

Chang, Akins, Burris and Bankoff7

.

106

Figure 7.11

107

.

Gr*

Single vertical plate heat transfer correlations
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The result from the pressent work was obtained with the movable channel
wall removed from the mercury bath.

When this was done there was a 7"

space between the wall of the stainless steel containment vessel and
the heated surface.

This result does not agree well with the extra-

polation of channel data to Ar =O, but it was obtained under slightly
changed conditions and with a new potentiometer.

The data for the single heated plate case are compared to Chang's
correlation in Figure 7.11.

The comparison is very good at high

Grashof number.

7.3.4

Incorporation of aspect ratio

Upon altering the local heat transfer data at each aspect ratio
by dividing Nu

x

by Ar and Gr* by Ar

5

all of the data, for both sets

of boundary conditions, occupy a quite narrow band.

On double-

logarithmic coordinates the complete correlation is only slightly
curved.

Figure 7.12 represents the correlation found.

There were

separate least-squares-regression lines for each boundary condition.
This separation may be actual, or it may be due to some small
systematic change in the instrumentation, since the data for each
case were acquired during periods about a year apart.

The few

points at the lower end of the curve that are badly scattered were
for Ar=19.

This was a difficult condition for reasons given in

7.3.2.

Due to the slight change in slope of the data it was decided
to regress the data in two sections using a first-degree fit.

This

results in a much more convenient tool than a higher degree fit over

10

Nu /Ar
x

1

0.1
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10-1

0

10'
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*

Figure 7.12

Nu /Ar vs. Gr /Ar-, open sides.
x

x

kr.
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the entire Gr*/Ar

5

range.

Regression lines have been obtained for each zone of Gr*/Ar
for each boundary condition case.

5

and

These are presented below along

with their multiple regression coefficients.

For the case of one wall

heated:

Nux/Ar = 0.237 (Gri/Ar

0.138

5
)

,

10

-2

Gr*/Ar 5 <10 3

R2 = 0.982

(7.2

and

GrX/Ar5 < 109

Nux/Ar = 0.176 (Gq/Ar5)0.184

R2 = 0.997

For the symmetrically heated channel
Nux/Ar = 0.257 (Gq/Ar5

)0.144

10

R

-2

2

Gr*/Ar 5 <10 3

= 0.950
(7.3)

and

Nux/Ar = 0.213 (Gq/Ar

5 0.176
)

,

10

R

2

3

GrI/Ar

5

10

9

= 0.993

Except for the scatter in the data in the lower range of Gq/Ar5, these
models fit the data very well and should be quite accurate for the
situation modeled.

It must be borne in mind that these data were

achieved with the sides of the 5" x 5" channel open and the predictions
are somewhat different on the lower end than in a strictly two-
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dimensional case.

Since the data for the two wall condition cases are quite close
and even exhibit some overlap, an overall correlation for each zone
of Gr*/Ar

5

has been obtained.

The following combined expressions are

offered

Nux/Ar = 0.247 (Gq/Ar5)0'141

,

10-2 <Grx*/Ar5 < 103
(7.4)

and

Nux/Ar = 0.194 (Gr)*(/Ar

5)0'180
,

103

GrX/Ar5 < 109

The upper limit on Gq/Ar5 is conservative; the results are
probably accurate into transition, but experimental data were not
obtained beyond the upper value of Gq/Ar5 specified.

A scatter

diagram of the residual values for the linear regression in the upper
range of Gq/Ar5 showed a slight lack of fit due to slight curvature

of the data but it was not considered to be worth the complexity of
a quadratic linear regression.

7.3.5

Average correlations

An earlier discussion addressed the method for obtaining expressions which describe the average heat transfer characteristics for a
channel of height L.

Table 7.2 gives the results of integrating each

local correlation over the channel height.

The relationship between
n

n
) correlations for
the local (Nu =K Gr* ) and the average(Nu L =K 2 Gr*
L
x
1
x

each aspect ratio is simply
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where K

2

= K /4n.

The only reason for tabulating these results is for

1

use in the preparation of subsequent graphs which will show the effect

of aspect ratio on average channel Nusselt number at constant Grashof
number.

The integration of the combined-fit equation (equation 7.4)
over channel height gives, using Elenbaas' parameters
D
0.141
Nup = 0.483 (GI D)

D
3
r* 7-< 10
D

10-2

(7.5)

and

Nup = 0.227 + 0.269 (Grp D) 0.180

7.3.6

,

10

3

Gr*
D

p
9
.<10

Comparisons with previous channel correlations

There are several other pertinent publications concerned with
heat transfer correlation in channels.

14,21,45

Elenbaas

14

experi-

mented with and gave a correlation for air in an isothermal channel.
His data on the coordinates of equation 7.5 show a distinct downward
* D
trend (increase in slope) at low Grp

was discovered in this work.
verified Elenbaas.

,

which is different from what

Other subsequent works2'5'15'45 have

Since a constant heat flux channel with a natural

flow of air would always increase in wall temperature at any x with
an increase in aspect ratio, this deviation in trends is to be
expected.

Quintiere and Mueller45 recently reported an analytic solution

for an isothermal channel from which they proposed a heat transfer
correlation at Pr=0.01.

This allows an indirect comparison with the

present experimental prediction.

Their curves for Pr=0.01 have been
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TABLE 7.2

AVERAGE CORRELATIONS FOR VARIOUS ASPECT RATIOS

Ar

One Side Insulated

K2

n

Symmetrically Heated

K2

n

0

0.319

0.180

0.319

0.180

2

0.280

0.181

0.345

0.174

3

0.314

0.176

0.393

0.171

4

0.309

0.178

0.357

0.176

5

0.332

0.175

0.505

0.162

6

0.359

0.173

0.506

0.163

7

0.464

0.163

0.550

0.161

8

0.516

0.159

0.603

0.159

9

0.579

0.155

0.626

0.160

10

0.727

0.147

0.942

0.141

13

1.020

0.137

1.404

0.126

15

1.492

0.122

1.387

0.127

19

1.401

0.126

2.444

0.103
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converted to constant heat flux coordinates and compared to the present results in Figure 7.13.
Heinisch21 presented a graph showing some data from which a

correlation was given in ChapterII.

This, although his experi-

mental channel had constant heat flux boundaries, was presented using
Grashof number based on AT rather than qu.

If his results are

con-

verted to the average correlation form in the coordinates used here
(and using Ar=10, Pr=0.022) one obtains

Nup = 0.353 (Grp

0) 0.184

This also will be used for comparison to the present correlation lines
on Figure 7.13.

The range of Gr

x

Pr in which Heinisch obtained data

is within the range of the present work hence, in that sense, the comparison should be valid.
The portion of the graph above Grp -[-/= 105 shows the line for

this research in the neighborhood expected compared to the analytical
result of Quintiere and Mueller.

Because of the difference in Prandtl

numbers the relative positions of the correlations are expected.

It

is not too surprising that the slopes in this region are nearly
the same, as this is nearly a single-heated-plate result.
* D
5
= 10 the analytical result undergoes an increase
Below Grp

in slope while the data obtained from this work display a decreasing
slope.

The results diverge rapidly.

The equation from the figure

in Heinisch's report agrees very well with the data in the lower
region.

* D
His line is shown over the range of Grp
covered by his

experiment, hence it does not extend much above 105.

In view of the

Gr *
D
Figure 7.13

r
D

Comparison to previous channel results.
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observed increase in average velocity and decrease in wall temperature as channel width is decreased, it would be surprising if the
curve did not decrease in slope.

Eventually, as aspect ratio is

increased, the correlation must yield a line of steeper slope.

This

is where viscous forces begin to cause the average velocity to
decrease.

A prediction of this region is given in the next section.

In conclusion, although the form of Quintiere and Mueller's solution
is the same as the solutions and data for higher Pr, it is believed
that their solution does not accurately predict heat transfer
characteristics of a low Pr fluid in narrow channels.
It is well to reiterate that if no edge effects were present,
causing retardation of the flow, the trends seen here would be
accentuated.

3
* D
= 10 would likely be
The decrease in slope below Grp

slightly greater, causing a larger disparity with the recent analytical
Finally, it is noted that

prediction of Quintiere and Mueller.

Heinisch used a channel with enclosed sides.

7.4

Optimum Wall Spacing

Elenbaas,

14

Bodoia and Osterle,

5

Levy,

34

and Aung

criteria for optimum plate spacing in a channel.

2

have advanced

The physical mean-

ing of these criteria was discussed in Chapter 2.0.

It must have

occurred to the reader by now that a new kind of channel width
optimizing criterion is in the offing where liquid metals are the flowing media.
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The plate temperature for constant heat flux boundaries decreases
with spacing until momentum begins to be affected by the high shear
forces close to the heated surfaces.

With fluids of higher Pr the sur-

face temperatures begin to increase as soon as the proximity of the
walls causes any channel effect.

Figures 7.14 and 7.15 have been prepared to illustrate the
change in NuL with channel width for various Grt.

were not changed to Nup, Grp

r

The coordinates

* D
because the range of Grp
encompassed

D

by each Ar could not be the same.

It was desirable to generate a

curve which, for each Grashof number, could realistically portray the
total effect of channel width on Nusselt number.

In the case of the channel with one insulated wall a peak in
Nu

x

could be clearly seen by repeatedly measuring wall temperature

with different, very narrow channels.

There seemed to be only a

slight influence of x-position on the aspect ratio for which the peak
was observed.
tion of x.
ture.

However, the magnitude of the peak was a strong func-

No peak exists at the location of unchanging wall tempera-

The position at which wall temperature remains constant is

determined from the intersection of the local correlations, but since
this is predicted to be above Gr

L

= 10

9

the wall temperature decreases

at all positions for the cases shown in the figure.
The heat flux did have a small effect on the "peak aspect
ratio"; the peak occurs in narrower channels as heat flux is increased,
a result of the increased velocity.

-17

One can say, approximately

= -0.0025 log10 Grt

+

0.0725

,

148

20

18

16

14

12

Nu
L

10

8

6

4

D/ L

Figure 7.14

NuL vs 1/Ar, one wall insulated
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NuL vs 1/Ar, symmetrically heated channel.
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in the range

10

5

Gr*

109

.

Magnitude of the peak NuL as a function of Grt can be determined as

(Nu.L)

peak = 1.45(Gr*)

0.124

These were determined from the graph for the insulated channel
(Figure 7.14).

The relationships for the symmetrically heated

channel would be similar but are not presented here because of the
inability to reduce the width enough to locate the peak condition
with the apparatus used.

It was expected that the phenomenon would

occur at higher Ar in this case because of the increased buoyant
force available.

The two graphs of NuL vs 1/Ar have a portion of each line dashed.
These represent extrapolations and do not imply knowledge of their
precise location.

Again, the reader should be aware that these optimization
criteria apply to a channel with square walls and open sides, and
are expected to change slightly if the edges are closed or if the
walls are of another geometry.

7.5

Side Flow Effects

In attempt to account for the influence of flow into the channel

from the vertical edges, the channel was fitted with side plates to
preclude edge flow.

The plates were fixed to the stationary wall and
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attached so that the movable wall could be adjusted between them.
There was approximately 1" between these vertical plates and the
edge of the heater foil.

The plates were made of a 1/8" thick sheet

of plastic.

Local heat transfer correlations were obtained for the symmetrically heated case with the side plates in place.

These are given

in Table 7.3 for (Nux)sp=K Grn, where (Nux)sp refers to the Nusselt
number obtained with side plates.

The multiple regression coefficients

are also included to show that the data scatter increased with aspect
ratio, as before.

A table of the percent increase in local Nusselt

number for selected cases is presented in Table 7.4.

There seems to

be some small inconsistency, but it is felt that these results are
The table entries

themselves probably only accurate to within ±5%.
are of the form

There is a tendency for the

[1-Nux/(Nux)sp] x 100.

discrepancy to increase with Ar and Gri

.

These trends are both

related to an increase in average velocity causing the side flow to
increase.

TABLE 7.3

LOCAL HEAT TRANSFER CORRELATIONS WITH SIDE PLATES
Ar

R

2

K

n

2

0.238

0.179

0.999

6

0.307

0.178

0.996

10

0.492

0.159

0.994

15

0.758

0.134

0.987

19

0.908

0.122

0.980
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TABLE 7.4
PERCENT INCREASE IN Nu

x

WITH SIDE PLATES
Gr*

x

Ar

10

5

10

7

10

9

2

5.2

5.2

5.1

6

12.8

17.7

22.2

10

9.8

18.7

26.7

15

13.8

16.5

19.0

19

10.5

17.9

24.7

Using the coordinates (Nu

)

x sp

/Ar vs Gr*/Ar5 a complete correla-

tion can be obtained as was done for the case without side plates.
Only the symmetrically heated channel was investigated for side flow
effects.

There were 207 data points so the regression should be

quite accurate.

Since it had been several months since the last heat

transfer data had been obtained, about 150 data points were obtained
to check the repeatability of the data without side plates.
was virtually no difference.

There

Figure 7.16 depicts the data and

regression lines for the local heat transfer correlation with the
aspect ratio incorporated.

The trend of the data is the same as

without side plates, but it is slightly higher.

The two cases (with and without edge effects) for the symmetrically heated channel are given in Figure 7.17.

There was enough

similarity in the regression lines that it was possible to perform
regressions of the logarithms of the data in two sections, as before.
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Figure 7.16

(Nux)sp/Ar vs Grx/Ar5, with side plates.
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7
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The value of Gr*/Ar5 that was used as the break point was 103, as
before, making for convenient comparisons.

The correlation equations

for the channel with closed sides are

Nux/Ar = 0.298 (Gq/Ar5)0.141

,

10

R

2

-2

<Gq/Ar 5 <103

= 0.954

and

Nux/Ar = 0.268 (Gr/;/Ar5

)0.165
,

103 <Grx*/Ar 5< 109

R

2

= 0.995

Integration of these equations over channel height gives the
average correlations

Nup = 0.528 (Grp* ID:.)

0.141

10-2 < Gr* D < 103
D

and

D) 0.165

Nup = 0.126 + 0.407 (Grp

3

*

10 <Gr D

L

iu

As can be seen in Figure 7.17, the difference between the two
regressions is nearly constant in the low range and decreases as the
* D

channel effect disappears (high Grp

).

This would be expected.

No-

where is the difference large enough to change conclusions about heat
transfer results presented in earlier sections of this chapter.
It was determined that the Nu

L

vs 1/Ar curves had the same

shape as before, but in this case the channel width would have to be
even less than the symmetrically heated case without side plates to
observe the peak in NuL

.

See Figure 7.15.
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Figure 7.17

Comparison of correlation for channel with side plates to that with open sides
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CHAPTER VIII

PREDICTION OF TRANSITION FROM LAMINAR TO TURBULENT FLOW

8.1

Purpose of Study

There have been no experimental predictions of the onset of
transition in a liquid metal undergoing buoyant flow.

Heinisch21

observed temperature waves in mercury flowing in a vertical
channel with Ar=10, but made no attempt to document the behavior.
Solution of the natural convection Orr-Sommerfeld equations
for low Prandtl numbers has been accomplished by Hieber
two limiting boundary conditions 0'(0)=0 and 0(0)=0.

22

for the

These

correspond to zero, and very large wall thermal capacity relative
The relative thermal capacity of the

to the fluid, respectively.

wall in this experiment from equation 3.12 was about 5 x 10
x=1/2" and 6 x 10

-5

at x=4".

-4

at

Hence, relevant comparisons for the

wide channel limit can be made to analytical solutions of the
0'(0)=0 case.

Prediction of the effect of channel geometry and applied heat
flux on the location where turbulent waves begin is important to
engineers.

The convective transfer of energy is, even in a liquid

metal, affected by the regime of flow.

It is necessary for the

turbulence intensity to be quite high to have an appreciable effect
on the heat transfer, but a knowledge of the origin and factors
governing transition is a precursor to predicting the conditions
for intense turbulent eddies.
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8.2

Boundary Layer Traverse

If a traverse through the boundary layer is made at some xposition where velocity waves can be observed, it is found that
velocity disturbance wave amplitude is strongly dependent upon the
distance from the wall.
Knowles

29

It was mentioned in Chapter III that

has observed this in silicone oil (Pr=6.7) and that Dring

and Gebhart

10

have obtained analytical u/u

max

for various applied frequencies at Pr=6.7.

vs n distributions

The shape of the dimen-

sionless profile was only slightly G7( dependent.

In order to obtain transition data conveniently it was hoped
that some y-location could be used throughout the experiment.

This

location should be in a region of the boundary layer that is most
susceptible to wave amplification.

It was hoped that a broad region

could be found so that the distance from the wall would not be
crucial to the repeatability of the data.

Figure 8.1 illustrates a typical velocity disturbance distribution across the boundary layer in mercury.
solution for Pr=6.7 is shown for comparison.

The analytical

A qualitative explana-

tion for the distribution for fluids with high Pr was given in 3.4.2.
The data points in Figure 8.1 do not indicate the detailed
knowledge implied by the line given for Pr=0.022.

It was possible

to detect the first peak shown conclusively by repeated readings
near n=1.

There was no doubt of the existence of this very narrow

peak, which dropped rapidly on both sides for a few thousandths of
an inch.

It seemed as though the maximum disturbance amplitude

Experimental distribution at Ar=2
Pr=0.022
1.0

A

0
A

0

0.8

A 0
A

0

0.6

o Gr*x = 1.2 x 109
9
A
= 2.9 x 10

D
U

max

Analytical distribution at
Pr=6.7, Gr; = 3.9 x 109(Dring and Gebhart10)

0.4

0

O

0

0.2

1

1

2

3

4

n

Figure 8.1

Distribution of disturbance velocity in the boundary layer

5

159

occurred some distance beyond this first encountered peak.

The

broad region of large amplitude beyond the peak was persistent
under all the conditions investigated.

The data points represent

the median wave height observed at the various positions.
One would expect the traverse in a low Pr fluid to produce
a different disturbance amplitude profile than was seen for a fluid
with Pr about 300 times larger, for several reasons.
First, velocity gradients are steeper near the wall and do not
change appreciably until the peak mean velocity is approached.

The

region of small velocity gradient is very narrow since it becomes
large again just beyond the peak.

The waves require a fairly large

horizontal space of low shear in which to grow, and this is not available in mercury-type velocity distributions for natural convection.
Also the inflection point is very close to the peak velocity.
Secondly, except for the narrow spike which is located at
the position of peak velocity, the waves grow in amplitude until a

broad maximum is reached somewhere in the range 2<n0 which

corresponds to 0.085";y0.130" from the plate.

This broad region

seems to be caused by the counteracting effects of shear stress
decreasing at about the same rate as the base flow velocity.

This

tends to hold the wave amplitude constant.

The conclusion from this phase of the transition investigation,
aside from communicating the important differences between types of
fluids in the transverse location of first strong transition waves,
is that a logical choice of y-position can now be made for the
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investigation concerning where transition begins in the flow direction.

Subsequent streamwise traverses, to detect the axial loca-

tion of first waves, were made near a value of y=0.11", since this
was not a strong function of geometry or heat flux.
Although these are not shown graphically, there were some
observations made during these traverses which are related to
coupling between momentum and energy in the channel. Since the
thermal capacity of the heated plate relative to the mercury was
very small, large temperature disturbances at the wall were observed,
where velocity waves are nonexistent.

Conversely, at large distances

from the wall the thermal waves were small, while velocity waves
were large.

The distribution of thermal disturbance amplitude was

not too different from the experimental results given by Dring,
Knowles, and Gebhart.11'29

8.3

Transition Measurement

A reproduction of the anemometer output at various xpositions for two cases are shown in Figure 8.2 to illustrate
the form of the data for these measurements.

The results of the transition investigation are given in the
graphs of Figures 8.3 and 8.4.
taken several months apart.

These are each a composite of runs

The results were as repeatable as the

results of two runs taken at the same time.

The scatter was

expected and unavoidable in this kind of investigation.

However,

the general trends appear to be quite well established from this data.
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The graphs are intended to illustrate the effect of channel
spacing on the streamwise position in terms of a reduced Grashof
number at which waves begin to grow.

This parameter is defined

Gr,*, )1/5

G( =

5(-#

,

in agreement with earlier publications.

There may be small waves

before the location that was selected in each case, but they were
not growing and were considered inconsequential.

The waves were

considered (assuming it is valid to use the calibration for the
hot film probe for velocity waves of small amplitude) too small
if the amplitudes were less than 1 in/min.

At y = 0.1", a

1

in/min

height would, typically, correspond to a physical wave size of about
0.01", depending, of course, on the velocity profile slope at that
point.

When the waves are as large as Ay = 0.050" then they are

likely to cause problems with measurement and also would perhaps
affect heat transfer parameters.

Both boundary conditions exhibit similar transition behavior,
but not at the same places.

As one might expect, the channel with

both walls heated is more unstable than the insulated case.

The

aspect ratio at which flow was most unstable, in the symmetrically
heated case, was about 2.5, which is quite wide.

The other case

shows a nose in its transition curve at about Ar = 5, about twice
as narrow, which is in agreement with one's intuition.
The observation that buoyant flow in a channel is less stable
than that adjacent to a single plate alone is another consequence
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of the unique velocity increase with decrease in channel width, and
could not occur in fluids with values of Pr in the range 0.5 and above.

It is hypothesized that the origin of waves moves toward the channel
entrance until, when the channel is sufficiently narrow, viscosity
begins to influence the balance of forces governing flow stability.
This occurs at wide channels compared to those which reverse the
trend of wall temperature decrease with aspect ratio increase.

It

appears that the balance of forces is delicate and slight changes
in geometry have a significant influence on flow stability.

In both cases the position of initial instability rapidly
moved up the channel as the width was decreased beyond the nose
of the transition curve.

This behavior was especially noticeable

for the channel with only one wall supplying heat.

As would be

expected in a natural flow the Reynolds number in a narrow channel
would be too small to support a turbulent flow when the flow becomes
developed.

The flow development and the increasingly strong effect

of viscous forces in the undeveloped portion of the flow causes
G* to tend toward infinity as channel width is decreased.
With only one wall heated it was possible to make the channel
wide enough that the channel effect appeared to have disappeared.

That is, the single vertical plate value of G: is seen in Figure 8.3
from the asymptote, as about GX = 280.

Grashof number of about Gr

x

= 2.75 x 10

This is a local modified
9
.

The value of Gr

x

and the

frequency associated with the waves at this condition can be used
to examine whether these observations are in accord with Hieber's
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analysis.

Figure 8.5 was taken from Hieber's

22

paper so that data

points from the present work could be placed on an appropriate
stability plane.

The parameter w6 /U was evaluated as follows

50urx2f

(G;)3v

where f is the frequency measured from the graphs of the velocity
(voltage) waves vs time and the other symbols have their usual
meaning.

The frequency of the waves for three cases was 0.106,

0.065 and 0.078 Hz and the x-positions used were 2", 1.5" and 1"
respectively.

These are from the three data points on Figure 8.3

at D/L=0.714, at q"=2500, 3600 and 4500 Btu/hr ft2.

The value

of

x used for these calculations was the value for which no apparent
waves are seen on the plotter output, and are smaller than those
used for Figures 8.3 and 8.4.

The points on Figure 8.5 fall below the line of fastest
amplification, although the values of G: are reasonable.

Since

this graph was obtained for a boundary condition of 0(0)=0 and
the experiment had 0'(0)=0 at the wall the comparison is not truly
valid.

At low Pr, Hieber found that the wall condition, 01(0)=0,

was markedly more unstable than the other case.

The location of

the neutral stability line for 01(0)=0 has been sketched onto
Figure 8.5 in its approximate location.

The data points do fall

inside the unstable region for this case, but details on the
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Comparison of data for Ar=2 to analytical
stability plane for single constant heat 22
flux plate at Pr=0.025 (curves from Hieber )
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unstable region (amplification ratio curves, constant frequency
curves, etc.) are not available.

8.4

Velocity Disturbance Frequency

Although no documentation is to be presented here, it was
observed that the frequency of the waves which first appeared in
a wide channel

was soon overtaken by higher frequencies.

This is

in agreement with analyses done by Gebhart and his students.
However, in a narrow channel, the frequencies first observed
were higher and seemed to persist until the amplitude was very
large.

This was more pronounced in the channel with one wall

insulated.

Figure 8.6 shows this dependence of frequency on channel

width.

8.5

Relaminarization

A rather cursory attempt was made to document the conditions
for an unstable flow to relaminarize in the channel.

The phenomenon

was observed but it was concluded that flow from the sides would
invalidate any general criteria that could be formulated.

One set of hot film anemometer output voltage records at
Ar = 8 are included in Figure 8.7 to demonstrate the relaminarization phenomenon.

At x=2" there are waves with large amplitudes,

but low frequency appearing.

At x=41/2" the waves have not diminished

in amplitude, but at x=5" the slow waves have essentially disappeared.
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CHAPTER IX

CONCLUSIONS AND RECOMMENDATIONS

The experimental investigation described in this thesis has
provided new information concerning natural convection phenomena in
liquid metals.

The documentation of laminar flow heat transfer and

mass flow in a vertical channel has been quite complete, providing
engineers with heretofore unavailable design information.

The

phenomenon of transition to turbulent flow in a channel has also
been studied and presented in a usable fashion.

The experiment has shown that the height-to-width ratio of
the channel is important in the prediction of wall temperatures and
location of first observable velocity waves, in a very unusual way.

It was found that a decrease in channel width causes a decrease in
wall temperature until Ar = 20 and/or Grl; < 2.2 x 109.

This behavior

is in contrast to that observed in a channel in which a fluid with
a Prandtl number greater than 0.5 or so experiences buoyancy-induced
flow.

Since there have been no experiments done in channels of

varying width with liquid netals, this is the first time this effect
has been reported.

This interesting and potentially useful

phenomenon leads to a new channel width optimizing criterion.

It

also causes the heat transfer correlations to exhibit trends which
are unique to liquid metals.

A decrease in channel width causes an increase in average
velocity in the channel.

This causes the observed wall temperature
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to decrease, and it also tends to have a destabilizing influence.

It

seems likely that fluids of higher Pr than the liquid metal range
would undergo transition at successively higher Grashof numbers as
width is decreased, whereas a liquid metal natural flow experiences
a minimum over the range of aspect ratios investigated.

The importance of flow into the channel stream from the open
edges was partially investigated.

Heat transfer correlations were

obtained for a symmetrically-heated channel with plastic plates
affixed to the sides, whose purpose was to prevent side flow.

There

was a measurable effect, but the trends observed without side plates
were unchanged.

No velocities were measured with side plates

present, but they undoubtedly affected the results.

It was also

observed that the presence of side plates appeared to cause temperature waves nearer the channel entrance than reported for the
channel without side plates.

A number of other conclusions from the study can be listed in
brief fashion:

1. An approximately uniform velocity distribution exists at
the entrance to a heated channel when a liquid metal is being convected.

2. Peak velocity magnitude is only weakly dependent on heat
flux or aspect ratio.

It is strongly x-dependent.

3. The velocity distributions reported here are accurate.
conclusion is based on the consistency of the trends displayed by
the profiles.

Documentation is not complete, however.

This
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4. Mass-flow-rates measurements indicate a very weak dependence
on aspect ratio, and also a disconcerting lack of dependence on
heat flux.

Flow in from the sides of the channel may be related to

this.

5. Repeatability of heat transfer data over several months and
with different instruments indicate the data to be accurate.

The

result for Ar =O disagrees with the channel data extrapolation.

This

has not been explained.

6. Apparently, simple relationships exist between average
velocity (or wall temperature) and aspect ratio.

Using simplified,

or limiting case, models, this could be studied analytically for
Pr -÷ O.

Recommendations of work which would extend the results con-

tained here, or would clarify some of the presently clouded issues
are listed below:

1. Obtain velocity measurements near the entrance to the
channel with a crossed-sensor not film probe capable of resolving
x and y velocity components.

These would be helpful in establishing

proper conditions for analytical solutions.

The crossed-probe could

also be used to determine the magnitude of side-flow and its relationship to the axial flow, by using channels of several depths.
2. Further examination of the channel width optimum is needed,
especially in narrower channels.

A new concept, such as a thermo-

couple mounted on a stretched wire, is needed for measuring wall
temperatures in channels of Ar > 20 without disturbing the flow.
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Proposed rod bundles for LMFBR design have rod length/spacing ratios
of 40-150.

It seems likely that rod bundles will also exhibit a

similar optimum spacing criterion.
to determine its nature.

This needs experimental effort

Based on current understanding of this

phenomenon, it is suspected that rod bundles can be closer together
than the parallel walls of a channel (relative to height) before
the minimum in local wall temperature is reached.
3. To complete the picture of transition flow, the experiment

needs to be repeated with side plates attached, for each kind of
boundary condition reported on here.

4. Provisions for increased aspect ratio would also make it
possible to determine conditions under which a flow in transition or
newly turbulent flow becomes laminar again further up the channel.

This includes determination of channel conditions which never leave
the laminar regime.

There are several other minor issues which have arisen and
stand unresolved, but

the items listed above are the major areas

of investigation that have not been fully treated.

In the course of

further investigation, broader ranges of heat flux might uncover
some subtleties of behavior that have gone unnoticed.

Also, repeti-

tions of velocity profiles with side plates attached would be helpful.

Analytical studies can now be initiated to better model the
buoyant flow in a channel. A numerical solution of the boundary layer
equations using entrance profiles as determined here may lead to
improved solution for low Prandtl number cases.

The possibility of
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quite accurate patched solutions for the viscous inner region and
inviscid outer region using integral techniques does not seem too
remote.

Another analytical technique which may produce reasonable

solutions for natural convection channel flow is the method of local
nonsimilarity, which allows small streamwise derivatives to exist
but allows similarity solution techniques to be used.

None of these

methods have been discussed earlier in this work because they have
not been carried to fruition.
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NOMENCLATURE

Variables
Ar

Aspect ratio; L/D

C

Specific heat, Btu/lbm °F

D

Channel width

E

Voltage

f

Frequency of disturbance waves, Hz

F

Dependent similarity variable, 11454/5vG6k(1/5,
dimensionless

g

acceleration of gravity, ft /sect

Gr

x

Grashof number, ox3(Ts-L)/v2, dimensionless

Gr4;

Modified Grashof number, GrxNux, dimensionless

G*

5(Gr/5)1/5

H

Dependent similarity variable, (51/5kx3/5/0"Gr1/5)
(T-T.), dimensionless

h

Convective film conductance, Btu/hr ft2 °F

k

Thermal conductivity, Btu/hr ft °F

K

Coefficient of heat transfer correlation, dimensionless

1

Heated plate semi-thickness, in

L

Channel height
Mass flow rate, lbm/sec ft
Heat transfer correlaton exponent, dimensionless

n

Nu

x

Local Nusselt number, hx/k or ex/k(Ts-T.), dimensionless

NuL

Average Nusselt number, hL /k

Pr

Prandtl number, v/a, dimensionless
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Heat flux, Btu/hr ft2
r

Sensor radius

Q*

Relative thermal capacity of heated plate, dimensionless

R

Electrical resistance, ohms

S

Conduction shape factor, dimensionless

t

Time

T

Temperature, °F

u

x-component of velocity, in/min

x-component fo disturbance velocity, in/min
U

Characteristic speed for transition, vGx*2 /5x in
Chapter III. Uncertainty in Chapter V

v

Y-component of velocity

x

Streamwise coordinate

y

Wall normal coordinate

Greek Symbols
a

Thermal diffusivity, k /pC or temperature coefficient
of resistivity, (1/p)(dp/87) in Chapter V (p is
electrical resistivity), 1/ohm-ft

Temperature coefficient of volume expansivity,
(1/p)(ap/DT)p, (p is density), 1/F
Characteristic length for transition, 5x/G
x
less.
Boundary layer thickness

,

dimension-

Independent similarity variable, y/x(Gr/5)1/5,
dimensionless
Disturbance temperature, dimensionless, in Chapter III.
Angle from stagnation point or sensor in Chapter V.
Chang et al 7 Pr function for liquid metals in Chapter
II
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Disturbance wave length
p

Density, ft3/1bm or electrical resistivity, 1/ohm ft,
in Chapter V
Disturbance velocity, dimensionless
Velocity disturbance frequency, radians/sec

v

Kinematic

viscosity, ft2 /sec.

Subscripts
ave

average

C

cold

H

hot

Im

imaginary

L

based on channel height

max

Maximum

p

pressure

s

surface or wall

x

based on local x-position

D

based on channel width

Re

real

ambient
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APPENDIX A

DATA REDUCTION COMPUTER PROGRAMS

In addition to the programs given in this appendix, extensive
use was made of the Oregon State University programs EZPLOT (for
preparing velocity and temperature profiles, and presentation of

heat transfer correlations) and SIPS (for all statistical test and
analyses performed).

The SIPS program was felt to be an excellent

tool for analysis of data.
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Titles for Programs

PROGRAM DIM
Calculation of dimensionless velocity and temperature profile
parameters for a symmetrically heated channel.

PROGRAM HTCORQ
Heat transfer correlation for a single heated plate.

PROGRAM HTX4

Heat transfer correlation for a symmetrically heated channel.

PROGRAM MFLUX

Calculation of the mass flux in a channel, either symmetrically
heated or with one side heated, using the velocity profile.

PROGRAM VELPRO
Determination of the velocity profile in a channel with one plate
heated.

PROGRAM VELOCITY

Determination of the velocity profile in a symmetrically heated
channel.
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PROGRAM DIM
PROGRAM DIM INPUTS Y-POSITION, THERMOCOUPLE READING,
RESISTANCE DECADE SETTING, RUN AND REST VOLTAGES TO
GENERATE THE DIMENSIONLESS VELOCITY AND TEMPERATURE
PROFILE PARAMETERS FPRIMECETA) AND THETACETA).
V1=TTY/N(3Hv1 =)
72=TTYIN(3HV2=)

AMPI=TTYIN(3HI1=)
AMP2=TTYIN(3HI2=)
Q=CAMPI*V1+AMP2*V2)*3.4129/0.1535/2
)Gi

10 FORMAT(1X,19HTOTAL HEAT FLU:: IS ,F7.2,13h ETU/ME-FT**2)
AR=TTY/N(3HAR=)
X=TTYIN(2HX=)
X=X/12.
TINF=TTYIN(4HTINF,1H=)
T=30.8285+35.3359*TINF
RR=E.15
RREST=7.7166563+0.3065714*TINF
RCOR2=RREST-RR
5 READ(10,11)Y,TC1,1.1,VRUN,VH
11 FORt.:AT(F5.3,F7.4,F5.2,2F7.3)
IF(E0F(10))G0 TO 25

OOECTION FOR THE EFFECT OF THE METAL PLATE
YACT=Y+0.013
IF(YACT.GE..032)GO TO 20
LELV=.069207-.0057827/YACT+.Z00141551/YACT**2
1-.ZZO00079467/YACT**3
VRUN=VRUN-DELV
20 ':.iiUN=7.7166563+0.3065714*TC1

C0h1=UN-R
'.1:N=VIIUN+10.3*RCOLI
1.:ES%=1.7:;+1,6.3*EC01-12
V=1.1a7N-V::.EST

1EL=2.6647+65.1015*V-24.696*V**2+16.5192*V**3
TEMP=30.8285+35.3359*TC1
TCOND=.006438*(TEMP+686.03)
VISC=.001167-.00000192*TEMP
LENS=850.3-.0825*TEMP
511-TA=.002:101

CONVERSION OF UNITS FROM IN/MIN TO FT/SEC AND FROM IN TO FT.
VEL=VEL/720.
YACT=YACT/12.
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GI=.X=BETA*32.174*DENS**2*X**4*Q/(TCOND*VISC**2)
GX=(GRX*.2)**.2
ETA=YACT*OX/X
TDIF=TEMP-T
ThETA=G::*TCOND*TDIF/CX*Q)
FPRIME=.2*VEL*X*DEN5/(VISC*GX**2)
VRITE(11,12)ETA,ThETA,FPRIME
12 FORMAT(1;:,3F8.3)
GO TO 5
25 1,:::ITE(61,26)OF:

26 FORMAT(1X,'ThE GPAShOF
STOP
END

NUMBER IS '1E12.4)

188

PROGRAM HTCORQ
ETCORQ USES WALL TEMP (MV ),BATH TEMP (MV ),CURRENT
VOLTAGE,X-POSITION TO DETERMINE LOCAL NUSSELT
NO.,HL/K OR (Q/A)(X)/(K)(TVALL-TINF) AND LOCAL
GRASHOF NO.
WRITE(31,25)
25 FORMAT(6X,1HQ,6X,2HAR,3X,11iX,7X,3HNUX,9X,3HGRX,
15X,5HLN NU,4X,5HLN GH)
20 FORMAT(F10.2,F5.0,F5.2,2E12.4,2F9.4)
AREA=.15409
16 READ(10,19)AR,TGRAD,AMP,VOLT,X,TINF,TWALL
REMOVE TGRAD FROM 18 FOR TWO HEATED PLATES DATA
19 FORMAT(F2.0,F5.2,F4.1,F6.1,F5.1,2F7.4)
IF(EOF(10))GO TO 21
TWALL=30.8285+35.3359*TWALL
TINF=30.8285+35.3359*TINF
Q=AMP*VOLT*3.4129/(2.*AREA)
X=X/12.
TF=.7*TWALL+.3*TINF
TCONDG=.006438*(TF+686.03)
TCONDN=.006438*(TWALL+686.03)
VISC=.001167-(.00000192*TF)
DENS=850.3-.0805*TF
BETA=.000101
TDIFF=TWALL-TINF
GRX=BETA*32.174*(DENS**2)*(X**4)*Q/(TCONDG*(VISC**2))
XNUX=Q*X/(TCONDN*TDIFF)
X=12.*X
ENUX=ALOG(XNUX)
EGRX=ALOG(GRX)
WRITE(31,20)Q,AR,X,XNUX,GRX,ENUX,EGRX
GO TO 18
21 STOP
END
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PROGRAM HTX4
HTX4 USES 'WALL TEMP (MV ),LATH TEMP (MV),CURRENT
VOLTAGE,X-POSITION TO DETERMINE LOCAL NUSSELT
NO.,HL/X OR (U/A)(X)/(K)(TWALL-TINF) AND LOCAL
GRASHOF NO.

20 FORMAT(F10.2,F5.0,F5.2,2E12.4,2F9.4)
AREA=.15409
READ(12,25)VOLT1,VOLT2,AMP1,AMP2
IF(EOF(12))GO TO 21
25 FORMAT(4F5.1)
READ(12,26)N,AR,TINF
26 FORMAT(I2,F3.0,F7.4)
TINF=30.8285+35.3359*TINF
DO 50 INC=1,N
READ(12,19)X,TWALL
19 FORMAT(F5.3,F7.4)
TWALL=30.8265+35.3359*TWALL
Q=CAMPl*VOLT1+AMP2*VOLT2)*3.4129/AREA/2.
1

X='X/12.

TF=.7*TWALL+.3*TINF
TCONDG=.006436*(TF+686.03)
TCONDN=.006438*(T4;ALL+666.03)
VISC=.001167-(.00000192*TF)
DENS=850.3-.0805*TF
BETA=.000101
TDIFF=TWALL-TINF
GRX=SETA*32.174*(DENS**2)*(X**4)*Q/(TCONDG*(VISC**2)>
XNUN=0*X/(TCONDN*TDIFF)
X=12.*X
ENUX =ALOG (XNUX)

EGRX=ALOG(GRX)
WRITE(31,20)Q,AR,X,XNUX,GRX,ENUX,EGRX
50 CONTINUE
GO TO
.21 STOP
1

END
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PROGRAM MFLUX
THIS PROGRAM DETERMINES THE MASS FLUX IN
A CHANNEL BY INTEGRATING THE VELOCITY PROFILE USING
SIMPSON'S ONE - THIRD RULE.
FLUX=0.
READ(10,10)Y1,VEL1
VEL1=VEL1/720.
DENS=843.055

5 READ(10,10)Y2,VEL2
IF (E0F(10)) GO TO 50
READ(10,10)Y3,VEL3
VEL2=VEL2/720.
VEL3=VEL3/720.
DEL=CY3-Y1)/12.

FLUX=FLUX+DEL*DENS*(VEL1+4.*VEL2+VEL3)/3.

VRITE(61,62)Y1,FLUX
62 FORMAT(F6.3,F10.5)
Y1 =Y3

VEL1 =VEL3

GO TO 5
50 VRITE(61,61)FLUX
STOP

61 FORMAT(1X,17HTHE MASS FLUX IS ,F10.5,11H LBM /SEC -FT)
10 FOHMAT(F5.30F6.2)
END
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PROGRAM VELPRO
THE VELOCITY PROFILE IN THE CHANNEL IS DETERMINED
FROM Y-POSITION, TEMP.(T/C2) AT THE SENSOR,T-AMBIENT,
TEMP. VS RUN RESISTANCE CURVE,MV/OHM CORRECTION,
RUN AND REST VOLTAGES.
DIMENSION D(10)
D(2)=2.470
D(3)=1.645
D(4)=1.235
D(5)=0.987
D(6)=0.8825
D(7 ) =0.705

D(8)=0.617
D(9) =0.548

D(10)=0.4935
Q=TTYIN(4HTOTA,4HL Q=)
AR=TTYIN(4HASPE,4HCT R,4HATI0,1H=)
X= TTYIN(4HX P0,4HSITI,3HON=)
YO=TTYIN(3HY0=)
TINF=TTYIN(4HTINF,1H=)
VR=TTYIN(4HVRE5,2HT=)
RREST=6.8826+0.3057*TINF
RR=100.*RREST
LR=RR
RR=LR
RR=RR/100.
RCORR2=RREST-RR
VREST=VR+11.25*RCORR2
15 FORMAT(F6.3,F7.4,F7.3)
13 READ(10,15)Y,TC1,VRUN
IF(EOF(10)) GO TO 50
CORRECTION FOR THE EFFECT OF THE METAL PLATE
YAB=ABS(Y)+0.016
IF(YAB.GE..032) GO TO 20
DELV = .069207 - .0057827/ YAB +.00141551 /YAE * *2 - .00000079467

*/YAB**3
VRUN=VRUN-DELV
CONVERSION OF COORDINATES TO ONE SIDE OF CHANNEL
20 IF(Y.GE.0.)G0 TO 12
I=AR

YACT=D(I)+Y-0.016
GO TO 14
12 YACT=Y+0.016
14 RRUN=6.8826+0.3057*T01
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R=100.*RRUN
LR=R
R=LR
R=R/100.
ROORR=RRUN-R
CORRECTION FACTOR =11.25V/OHM
VRUN=VRUN+11.25*RCORR
V=VRUN-VREST
VEL=.40251+67.7442*V-32.6455*V**2+20.9127*V**3
WRITE(11,16)YACT,VEL

16 FORMATOX,2F10.5)
GO TO 13
50 STOP
END
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PROGRAM VELOCITY
PROGRAM VELOCITY INPUTS Y-POSITION, THERMOCOUPLE,
RESISTANCE DECADE SETTING, RUN AND REST VOLTAGES TO
OUTPUT CORRECTED POST ION, VELOCITY AND TEMPERATURE.
V1=TTYIN(31W1=)
V2=TTYIN(3HV2=)
AMP1=TTYIN(3HI1=)
AMP2=TTYIN(3HI2=)
Q=CAMP1 *V1+AMP2*V2)*3.4129/0.1535/2.
WRITE(61,10)0
10 FORMAT(1X,19HTOTAL HEAT FLUX IS ,F7.2,13H ETU/HR-FT**2)
AR=TTYIN(3HAR=)
X=TTYIN(2HX=)
TINF=TTYIN(4HTINF,1H=)
T=30.8285+35.3359*TINF
WRITE(61,14)T
14 FORMAT(' THE AMBIENT TEMPERATURE IS ',F9.5,' DEG.F.')
RR=6.29
RREST=5.9141+0.26247*TINF
RCOR2=RREST-RR
WRITE(61, 13)

13 FORMAT(////'
Y-POSITION
VELOCITY TEMPERATURE',/)
VR=TTYIN(3HVR=)
5 READ(10, 11 )Y,TC1,R,VRUN
11 FORMAT(F5.3,F7.4,F5.2,2F7.3)
IF(E0F(10))5TOP
CORRECTION FOR THE EFFECT OF THE METAL PLATE
YACT=Y+0.015
IF(YACT.GE..032)G0 TO 20
DELV=.069207-.0357827/YACT+.000141551/YACT**2
1-.00000079467/YACT**3
VRUN=VRUN-DELV
20 RRUN=5.9141+0.26247*TC1
RCOR1=RRUN-R
VRUN=VRUN+14.0*RCOR1
VREST=VR+14.0*RCOR2
V=VRUN-VREST
VEL=4.0755+56.932*V+26.946*V**2-17.015*V**3
TEMP=30.8285+35.3359*TC1
VaITE(61,12)YACT,VEL,TEMP
12 FORMAT(1X,3F12.5)
GO TO 5
END

