MONTANA

STATE UNIVERSITY

Instrumentation requirements and design of a facility for turbulent natural convection studies
by David Allyn Pracht

A thesis submitted in partial fulfillment of the requirements for the degree of Master of Science in
Mechanical Engineering

Montana State University

© Copyright by David Allyn Pracht (1983)

Abstract:

A facility was designed and constructed which is to be used for turbulent natural convection boundary
layer studies in air adjacent to a heated vertical thin wire. The apparatus was shown experimentally, by
the use of anemometer bridge voltage output fluctuations, to be of a suitable size to achieve fully
developed turbulent flow. From these fluctuations transition to turbulence has occurred by Rax. =
1.2x10710 and by Rax = 7.8x10"11 the flow has become fully turbulent. Measurements of the mean
velocity and temperature profiles were made and the qualitative results obtained compare very
favorably with experimental data of other research efforts. As the distance along the wire is increased
the mean velocity profiles indicate a decrease in maximum velocity and a widening of the velocity
boundary layer. The temperature profiles tend to retain the same basic shape over the entire length of
the wire. A slight increase in the thermal boundary layer thickness was observed as measurements were
made further up the heated vertical wire.
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NOMENCL ATURE

Description

Specific heat at constant pressure, BTU/1b°F
( J/kgoC ).

Correction factor used to correct bridge voltage
output for variations in fluid temperature.

Local kinetic energy flux, e = G#(Vz/gxs)zlls.

Anemometer bridge voltage output with variable
fluid temperature, volts.

Anemometer bridge voltage output with variable
overheat resistance, volts.

Gravitation&l acceleration, 32.17 ft/sec2

(9.81 m/sec”).
. .
s(er, /5)1/7,
.3 2
Grashof number, Gr = gPx ATWA) .

Modified Grg;hof n%mber or uniform heat flux
surface, Gr, = gPx q'/kv”.

Heat gfransfer coefficient, BTU/hrftPtZPt°F
( W/m°C ). :

Thermal conductivity, BTU/hr .ft°F ( W/m°C ).

Nusselt number Nu, hx/k.

Prandtl number, Pr = pec/k.

2 ( W/m2 ).

Uniform heat flux, BTU/hr ft
distance from the heated vertical wire, in.
( cm ).

Change in overheat resistance to simulate fluid
temperature variations, ohms.

Overheat probe resistance, ohms.




Description

Rayleigh number, Ra, = Gr_Pr.

Modified Ray%eigh ngmber for uniform heat flux
surface, Rax = er Pr.

Mean temperature of the fluid, °F (°C).

Calibration temperature of the hot—-wire sensor,
°F (°C).

Reference temperature, °F (°C).

Hot-wire sensor temperature, °F (°C).
Temperature of the heated surface, °F (°C).
Ambient temperature, °F (°C).

Local temperature differemnce, AT = T-T_, °F
(eC).

Surface temperatﬁre difference AT_ = T ~T_, °F
(oC). o

Meanvelocityinthexdirection,ft/sec
(m/sec).

Distance from the leading edge of the plate/
wire, ft (m).

Horizontal distance from the flat plate, in,
(cm).

Thermal diffusivity e = k/pc.
Coefficient of thermal expansion, 1/°F (1/°C).
Velocity boundary layer thickness, in. (cm) .

Inner length sc&le for cons£7gt temperature
surface, n = l[a /gB(Tw—Tm)] .

Resistance coefficient of temperature for hot-
wire semnsor, 1/°F (1/°C).

viscosity, 1lb/sec ft (kg/sec m).

Kinematic viscozsit'y evqlluated at themean
temperature, ft“/sec (m“/sec).




Symbol Description

v . Kinematic viscoiity eva&uated at the surface
temperature, ft“/sec (m“/sec).

Vo Kinematic viscoiity evaiuated at the ambient
temperature, ft“/sec (m“/sec).

p Density, 1p/£¢3 (kg/ms).
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ABSTRACT

A facility was designed and constructed which is to be
used for turbulent mnatural convection boundary layer
studies in air adjacent to a heated vertical thin wire.
The apparatus was shown experimentally, by the use of
anemometer bridge voltage output fluctuations, to be of a
suitable size to achieve fully developed turbulent flow.
From these fluctuations transition to turbulence has
occurred by Ra, = 1.2x1010 and by Rax = 7.8x101 the flow
has become fully turbulent. Measurements of the mean
velocity and temperature profiles were made and the
qualitative results obtained compare very favorably with
experimental data of other research efforts. As the
distance along the wire is increased the mean velocity
profiles indicate a decrease in maximum velocity and a
widening of the velocity boundary layer. The temperature
profiles tend to retain the same basic shape over the
entire length of the wire. A slight increase in the
thermal boundary layer thickness was observed as
measurements were made further up the heated vertical wire.




CHAPTER 1,

INTRODUCTION AND STATEMENT OF THE PROBLEM

A thorough understanding of the mechanics of
transition and turbulence is essential to the continued
development and advancement of aerospace, nuclear reactor,
and turbomachinery technology. To date, many studies of
forced and free comnvective turbulence have provided Nusselt
number relationships and general temperafure and velocity
profiles in ﬁhe'turbulent boundary layer, both within
énclosu;es and in an infinite atmosphere. Generally the
onset of free convective turbulence is considered similar
in nature to forced convective turbulence. Beyoﬁd the
initial stages of transition, however, the mechanics of
free tnrbuience are still fairly unclear, with simple and
accurate mathematical models an elusive éoal. The actual
mechanics of the transition stage are even less well
defined.

In this study, the distributions of the meaﬁ
velocities, mean températufes, and turbulent velocity
fluctuations have been investigated in order to provide
further definition of the turbulent free convection

process. Measurements were taken at four locations in the




range of 1010 < Rax< 1012 in the buoyancy driven flow
field around a 24.0 ft. (7.32 m) long heated vertical wire.

Air was used as the fluid medium.

The objectives of the investigation may be summarized
as:

(1) To shﬁw that the facility .is of suitable size to
give turbulent flbw.

(2) To show that the instrumentation used is adequate to
make temperature and velocity measurements.

(3) To experimentally determine profiles of mean
velocity and mean temperature in the boundary layer over a
range of values of the Rayleigh number.

(4) - To estimate the boundary layer size ﬁt.various
locations.

It was realized, after several problems were
encountered, that attainment of the second objective was
not possible with the.time and resources available. This

will be discussed further in Chapters 4. and 3.




CHAPTER 2.

LITERATURE REVIEVW

The problem of turbulent natural convection boundary
layer flow next to a heated vertical surface has been the
subject of’numerous investigations. Almostvall theoretical
efforts to date have depended on analogies with the
dynamics of the férced flow boundary layer. Experimental
studies have included heat transfer relatioms, velocity and
temperature profiles and‘fluctuations, and investigations
of the mechanisms involved in the transitiom to turbuleéce,
with typical geometries being the flat plate as well as
curved surfaces.

The buoyancy induced flow of a fluid along a surface
can be divided into three regions: laminar, transition to
turbulence, and turbulent. The laminar region ﬁas been
analyzed by m;ny investigators in the past and will not be
discussed further. The remainder of this chapter i;
intended to provide a useful background for this partiéular
investigation and is not a complete survey of natural
convection research. The following discussion will include
the transition to turbulent and turbulent studies done in

the past. A discussion of velocity measurement teéhniques




used by previous investigators of natural convection heét

)

transfer is also included.

The most extensive work in the field of natural
convection transition has been carried 6u£ by B. Gebhart
and his colleagunes [41, [131, [14], and [15]. Jaluria and
Gebhart [13] hﬁve postulated that transition events can be
correlated by the ratio of the modified Grashof number to
the characteristic length, x, raised to an empiricgl pover,
n: G*/xn: where x is the distance from the lower edge of a
vertical flat plate and n is of the order 1/2. At the
firét transition event, from laminar to transition flow,
the ratio is proportional to a parameter defined as the

3)2/15. In studies

locai kinetic energy flux, e==G#(v2/gx
with water the velocity and tﬁermal transitions occur
separately at e = 13.6 and 15.2, respectively. Imn air,
where the Prandtl number is on the order of 0.7, tﬂese
values should mnearly coincide. A value of e for the
development of fully turbulent flow was not identified. In
terms of the <conventional Rayleigh number modified for
constant heat flux on the wall su?face, Rax*’ Qureshi and

Gebhart [4] have identified transition points in the range

of 1.2 x 1013 < Rax* < 4 x 1013 as the beginning of

&

transition and 5 x 1013 < Rax < 1014 for fully developed

turbulence. These values agree fairly well with the ranges




~obtained by Vliet and Liu [6] in earlier studies. Vliet
and Liu [6] define the initial transition event as the
point where the measured surface temperature begins to
decrease. Cheesewright [10] has defined the beginning of
turbulence as Ehe point where significant femperature
fluctuations in the boundary layer begin to occur. Both
studies defined the end of transition as that point where

.

the respective temperature fluctuations decreased.

The earliest attempt to analyze the turbulent natural
convection boundary layer omn vertical surfaces was due to
Eckert and Jacksom [7] whose empirical approach was based
on the assumed similarity between forced amnd free
convection, This analysis provided reasonable predictions
for the rate of heat transfer, but has not been found to be
consistent with experiﬁentél d;ta for the mean velocity
profile.obtained by VWarner and Arpaci [1]’or Cheesewright
[10]. Eckert and. Jackson [7] found the heat transfer-
Rayleigh number relation to be:

Nu_ = (.021)Ra_2/5, (2.1)

More recently there ﬁave been a number of partialiy
succes?ful attempts to apply turbulence computational
models to the calculation of buoyant flows next to vertical

surfaces. Kato et al [12] applied the integral method by

assuming an eddy diffusivity relationship and a




distribution of the heat flux across the boundary layer and
so derived the profiles of velocity and temperature rather
than assuming'them. They then found a local Nusselt number
relation to be: |
Nu, = .1490(v/a)*173-.551(6z,) 36, (2.2)

The results are ﬁot very different from those of
Eckert and Jackson [7]. Cebeci and Khattab [8] have
integrated the continui'ty, momentum, and energy equations
numerically. In their study they consider the eddy
vi#cosity formulation developed for forced convection flows
and apply it to free convection floﬁs to‘predict heat
transfer rates, velocity profiles, and temperature prqfiles
on vertical flat plates. They report that their Nusselt
nqmber versus Rayleigh number curves agree yith the
experimeﬁtal data of Warner and Arpaci [1] ©but disagre;
with the predictions of' Eckert and Jackson.

Mason and Seban [9] used a modification of a program
of the Patankar—-Spalding type to numerically predict heat
transfer coefficients. After a substantial exploration of
empirical constants adjusted to fit the experimental data,
they were able to obtain ;esults that agreed fairly well
with:available measured data. Their report also used
turbulence parameters which successfully predicted forced

convection flows modified for free convection flows from

vertical surfaces.




A more recent analysis has been'done by George and
Capp [2] in which classical scaling arguments were used to
predict the existence of a two layer turbulent mnatural
convection boundary layer for flows aajacent to vertical
heated surfaces. The two layers include: an outer région
consisting of most of the boundary layer in which viscous
and conduction terms are mnegligible, and an inner.region in
which the mean convection terms are mnegligible. The inner
layer is identified as a constant heat flux layer. The
results of their'anélysis compared well with experimental
data of several authors.

Many different measurements of the heat transfer and
temperature and velocity profiles have been made for
turbulent natural convection past a vertical surface. The
"most common geometry used has been the flat plate. One of
the earliest and most recognized of these works was
conducted fy Chéesewfight [10], who measured temperature
profiles next to a constant température wall in air. Both
distance along the plate and wall temperature were varied.
The experiments were carried out over a range of Grashof
numbers from 104 to 1.5 x1011. For er> 2x1010 the boundary
layer is reporfed as being turbulent. One problem
encountered was due to the side screens of the apparatus
causing a lack of two—dimensionality,'but Cheesewright felt

that the plate was sufficiently wide so that measuremeénts




down the center—-line were not significantly affected.
Temperature profiles are plotted as AT/AT  versus (y/'q)_l/‘3
so that the buoyant subrangé, as predicted by George and
Capp [2], appears as a straight line. The data not only
collapéed to a single curve, but also eéxhibited a well
defined inverse cube root region where the buoyant sublayer
would appear, as well as tﬁe linear region next to the
wall. The daéa are shown to be in reasonable agreement with
the empirical results of Eckert and Jackson [7] also.

More recently Cheesewright and Doan [21] have measured
spacial correlations normal to a heated vertical flat plate
and longitudinal space—-time coirelations of temperatuié
fluctuations in the transition and fully ¢1eve10peﬁ
turbulent regions. The flow in the viscous sublayer was
shown to be relatively independent from that outside. Also
a fairly uniform turbulence structure outside the sublayer
was found, as mnoted bf the slow variation of the
dissipation length and correlation length scales of
turbulence with distance normal to the wall.

Anothe; investigation of the flat plate geometry was
undertaken by Warner and Arpaci [1], wusing a single
aluminum flat plate. They.showed that for a single constgnt
wall temperature in air, most of the temperature profile
data could be collapsed when plotted as AT/ATw versus ¥,

the dimensional distance from the wall. An experimental

o




study done by Fujii [11] with a vertical cylinder in
ethyleneglycol provides the following Nusselt number
relationships based on temperature distributions in the

boundary layer:

9

2
o
il

.49 (Ra ) 1/4 Ra_ < 8.5 x10
o (2.3)

.87 (Ra_)1/4 8.5x10°¢ Ra_<8x1010

2
[~}
I

X

Comparison of these results with those of Warmer and
Arpaci [1] at similar Rayleigh numbers shows a poor
agreement. This seems to indicate that the relations of
Fujii are useful only in the Prandtl number range, (Pr=55),
used in his experiment. It should be noted however that
because of physical dimensions, length / diameter ratio =
4.34, Fujii's c¢cylindrical apparatus may have produced a
significant curvature effect. There were no velocity
profiles measured for tﬁis geometry.

Fujii et al [3] conducted an extensive series of
experiments wusing vertical cylinders at constant wall
température. Since the heat transfer at the wall is
entirely governed by tﬂe wali layer, it can be expected
that the heat transfer relation will be the same as that
for flat plates as long as the radiuws of qurvatpre is much
greater than the wall layer thickmness. They found that for
a narrow range of Prandtl numbers, the temperature profiles
Qeasured over a wide range of wall conditions collapsed

onto a single curve over most of the boundary layei. The
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profiles for substantially different Prandtl numbers were
different as expected. Their results for water, spindle
0il, and Mobiltherm o0il could be shown to correlate as:
(Nu ) (v, /vg) *21= (13 (Ra ) 1/3 (2.4)
1010¢ Rra_

These results are in excellentvagreement with George
and Capp [2]. It was also determined by mirage method, a
method based on the principle that the refractive index of
fhe fluid in the boundary layer decreases with temperature
rise, that turbulence began at Ra,= 2 lell for spindle
oil. Again, there were no velocity profiles given,

VELOCITY MEASUREMENT TECHNIQUES

Although the main interest:of %he work was in the
turbulent flow region, it was none the less intemnded to
make some measﬁrements in laminar flow, particularly for
calibration purposes. It was therefore desirable that the
measuring technique should be such as to permit the
measurement of mean veiocities both in laminar and
turbulent flows. For mean velocity measuarements in the
latter, the outﬁut of any suitabie measuring instrument had
to be capable of ﬁeing averaged over a period of one minute
or longer, because of the expected low frequen;ies of the
turbulence.- Many techniques for the measurement of fluid
velocities have been developed and several are described

below, along with a discussion of three calibration
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procedures that have been used by'Hollasch and Gebhart
[16], Cheesewright [10] and Aydin and Leutheusser [22].

One of the most commonly used techniques for measuring
flow velocities is that invol#iqg the measurement of the
difference between the local static pressure and the local
stagnation pressure at a point in the fluid, using a pitot-—
static tube aﬁd soﬁe form of manometer. It was immediately
obvious that +this fechnique could not be wused in the
present problem.becaUSe the maximum pressure difference
involved would be of the order of 9510”4 in. (21:10_3 cm) of
water, much too small to be measured with any degree of
accuracy, particularly in view of the need for long time
period averaging.

A straight forward optical techmnique of photographing
tracer particles, most often heiium filled bubbles, and
measuring track lengths has been used with limited success.
This method‘would require a large amount of work involving
the analysis - of fhe photographs in turbulent flow. It
woﬁld not be sufficient to make velocity ;nd velocity
fluctuwation measurements of the type mneeded in this
investigation, due to the random movement of the air
especially mnear the heatéd vertical wire where good
accuracy is essential.

Another commonly used technique, hot-wire anemometry,

is based on the relationship between the rate of heat
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transfer from a heated wire and the velocity of the fluid
flowing past it. Since this was the method that was
eventually used to make velocity measurements, its use in
previous natural convection heat transfer investigations
and the respective calibration procedures, will be
discussed in the remainder of this chapter;

Although hot-wire calibration at high velocites,
greater than 10.0 ft/sec (3.0 m/sec); is a relafivelj
simple task using a pitot-static tube and thermocouple to
determine a known velocity and temperature, calibration at
low velocities is far more complicated. Ope reason is due
to the lack of an instrument comparable to the pitot-static
tube that can accurately determine low velocities with
which an anemometer output éignal can be matched. Another
problem encountered is due to the importance of the natural
convection cooling of the hot-wire sensor combined wigh the
forced convection flows that are to be measured. This
makes it necessaiy th;t the direction of the flow in the
calibration facility is the same as that in the actwunal
experimental apparatus.

Since the anemometer output'bridge voltage is govermned
by the temperature as well as the velocity of thg fluid
being measured, calibration must be made at ?he exact
temperaturé encountered in the flow or a temperature

"correction factor becomes mnecessary.
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Hollasch and Gebhart [16] presented a method of
calibrating a constant-temperature hot-wire probe for
variations in fluid temperature. Their method consisted of
varying the wire overheat during calibration at a constant
fluid temperature. A “relation “was ithen derived
analytically relating anemometer output with a variable
overheat resistance (Ec) to anemometer output with fluid
temperature variations (Eb)' Their relation, with a first-
order correction term to account for property variations

18

2 2

gl 2ip=
E,“= E %+ 9E_“(R=0,U)|R

* R{Tg= T,* Ry A
—— — (27%8)
aR A A Ry

An experimental study was then presented by Hollasch
and Gebhart to verify the analysis. The maximum percent
error in velocity measurements without using the variable
property correction term was approximately 9.0%. The error
is not significantly improved using the correction term, in
fact, the error is greater in the low velocity range where
natural convection caused by the hot-wire sensor
temperature is equally as important as forced convection in
the cooling of the wire. The use of the variable property
correction term is not recommended by the authors [16].

Three hot—-wire sensors, calibrated in this manner,

were used by Bill and Gebhart [14] to measure

longitudinal and normal components of velocity in the
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transition flow regime of the buoyancy induced boundary
layer adjacent to a constant heat flux vertical flat
surface. These measurements were uged to determine growth
characteristics and profiles of velocity fluctuation
levels. |

Cheesewright [17], attempting to determine
distributions of mean velocity inha turbulent boundary
layer, wused the laminar natural convection boundary layer
as a calibration medium, assuming that the velocity
distribution therein was that given by theory. Three
calibration tests were made at different positioms in the
laminar boundary layer. In each test the local (plate)
Grashof number was calculated from the local plate and
ambient temperatures. Readings ~of the cold wire
resistance, the hot wire resistance, and the power input to
the hot wire were then made at a number of points in the
boundary lafer, selected so as to give a reasonable
distribution of theoretical velocities. From these
readings and the theoretical velocities, values of the
Nusselt and Reynolds numbers for the hot-wire probe were
calculated and these results were then graphed.

It was concluded by the anthors that the calibration
curves obtained in this manner may have been in error by up
to 15% for the highest Reynolds numbers. ‘This error was

divided into two partsL One due to the assumption that the
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velocity was that given by tﬁeory and the other was due to
errors in measurements. An estimate of the first éf these
may be made by considering a comparison of other hot-wire
anemometry measurements of laminar natural convection
velocities with the theory and was reported to be of the
order of 10%.

Aydin and Leutheusser.[22] used a towing facility
consisting of a square aluminum tube witﬂ a narrow slot inmn
its bottom surface. The probe to be calibratea was moved
inside the tube_by a towing carriage, which was timed over
a precisely measured base distance with a digital timer
actuated by magnetic switches at the two end poinis of the
base distance. Calibration was carried out in the range of
0 to 10.0 ft/sec (3.0 m/sec), and the calibrated probes
were unsed to experimentally determimne the velocity
dist?ibution in laminar plane Couette flow. The resulés
obtained were in excellent agreement with tﬁe analytically

predicted linear velocity distribution.
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CHAPTER 3.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

A 0.035 in. (0.89 cm) diameter tin alloy wire, which
was supported from a beam écross the top ceﬁter of a
cylindrical shroud and weighted at the bottom with a 4.5
1b. (2.04 kg) cylindrical weight, provided the heated
surface for the experiment. The weight was used to keep
tension on the wire and to keep the wire' straight and
vertical. To each of the two ends of this heated wire a
copper lead wire was attached and these leads were
connected to a variac power supply. With this variéc the
voltage to the wire and therefore the'temperature of the
wire could be controlled. The length of the heated wire
after applying voltage was 24.0 ft. (7.32 m), which will be
demonstrated later to be of sufficient length to obtain
fully turbuient flow.

The heated vertical wire was surrounded in this
investigation, by a 5.0 ft. (1.52‘m) diameter shroud
illustrated in Figures 1. and 2. The purpose of the shroud
was to minimize ambient influences and yet be large enough

to not interfere with the mnatural convective flow from the
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Tower with Supporting Structure

Figure 1.
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heated vertical wire. It was constructed by placing two
4.0 ft. (1.22 m) by 8.0 ft. (2.44 m) ;heets of 0.125 in,
(0.32 ¢cm) plexiglass end to end and then forming them into
a cylinderical section by placing the two free ends
together. Plexiglass was used because(@isibility through
the shroud was essentiai for flow visumalization techniques
and for determining an initial radial &istance from the
wire. An aluminum plate 2.5 in. (6.35 cm) wide by 0.375 in.
(0.95 ¢cm) thick with a groove along either edge of its
entire 4.0 ft. (1.22 m) length was used to hold together
the ends of these plexiglass sheets. Along the center—1line
of this plate a slot was cut 46.0 in. (116.8 cm) long by
0.375 in. (0.95 cm) wide which served as an access to the
interior of the shroud. Through these slots the hot wire
probe and support was placed and the‘measurements'were made
radially outward from tﬁe heated vertical wire.

Five of these cylindrical sections were then
stacked on top of one amother and a sixth section
constructed of 0.125 in. (0.32 c¢cm) masonite in the manner
described above was placed on the bottom as‘a base. The
masonite was used to help reduce costs since visibility
through the bottom section was not required for the
experiment;

The plexiglass and masonite sections were fitted

together with an aluminum connecting strap; 0;375 in:(0:95
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cm) thick by 0.75 in. (1.91 cm) wide, by‘placing the top
and bottom of adjacent sections into a 0.55 in. (0.64 cm)
deep groove that had been cut along either edge. A detail
of the connecting straps and the grooved plate described
egrlier is shown in Figure 3. on page 23. These six
sections gave a total height of 24.7 f£t. (7.53 m). The
bottom of the tower rested on.a particle board platform,
while a masonite top was used for completg enclosure,

HOT-WIRE ANEMOMETRY

Constant temperature hot—-wire anemometry equipment was
utilized for all velocity measurements in the present
investigation, ;nd since the theory of hot-wire anemometry
equipment operation has become well known in recent yeais,
only a brief description will be presented here. For
further details concerning the following discussion refer

to [18]1 - [20].

Basically, hot—-wire anemometry is concerned with the

‘determination of the convective heat transfer from a heated

wire as fluid mové; past the wire. If the fluid
composition remains congtant, the convective heat transfer
depends only on the fluid velocity, temperature difference.
betveen the wire and the fluid, and the fluid temperature
and thermodynamic properties. In a constant temperature
hot-wire anemometer, the heated sensoris maintained at a

constant temperature, so that in an isothermal flow the
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he;t transfer depends only upon the fluid velocity.
Maintenance of the wire at a constant temperature 1is
obtained by connecting the wire as one leg of a Wheatstone
bridge circuit. As the fluid velocity past the wire
changes, a change in current passing through the wiie is
required to maintain the constant temperature, and this is
accqmplished by means of a feedback loop. The anemometer
circuitry is arranged so that the output bridge voltage is
proportional to the current through the hot-wire.

ihe longitudinal mean velocity component can be
conveniently measured by placing the hot-wire probe normal
Fo the mean flow dirqction, and reading the output bridge
voltage. However, before the output.bridge voltagés could
be qonverted to velocities, it was necessary to determine
the relationship between the two by means of a calibration.

CALIBRATION FACILITY

The calibration of thé hot—-wire probe was accomplished
using a blower and duct work to determine a known velocity
once the flow rate through the duct work was found. The
flow ¥ate was found by using a TSI model 4100 Airflow
Meterj To find a vélocity from thishflow rate it was
necessary to have a éonstant ;rea test section which
consisted of a bell shaped~nozzle at the entrance to the
duct work. The test section was 18.0 in. (45.7 ¢cm) from

the wentrance and at a point where the diameter became a
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constant 4.86 in. (12.34 cm). Figure 4. shows the nozzle
used, the electronic equipment, and the hot—-wire probe
support with the traverse.

Bridge voltages were recorded at the center—line of
this test section, and assuming a constant velocity proéile
with the mean velopity equal to the center-line velocity, a
'velocity was matched to each bridge voltage.

Traverses of one half the diameter were then made
across the test section to determine the actual shape of
the velocity profi}e at each flow =rate used. From these
prinles an iterative ©procedure was used to correct the
constant velocity profile assumption to determine actual
velocities at the center—line of the test section.

Once each probe wa; calibrat;d in this manner at a
constant temperature, it could be used to determine
velocities im the experimental apparatus if the fluid was
at the same temperature as the calibration facility.
hecause of thejheated vertical wire in the experiment; the
temperatures varied greatly from the calibration
temperature. It was therefore necessary to correct each of
the bridge voltages for this tempeiature differencei The
most accurate approach is to calibrate the probe over the
range of temperatures that will be encountered in the

experiment; Measurement of temperature along with bridge

voltages in the expexriment wouvld then be made and these
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Figure 3. Plexiglass with Aluminum Connecting Straps

Figure 4. Calibration Equipment and Instrumentation
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bridge voltages recorded would be m;tched to a velocity for
the temperature measured. |

Bowever because of a lack of a suitable calibration
facility, one that would allow temperatures in the range
encountered in the exp;riment, this method could not be
used. Therefore the Eb readings were corrected by

multiplying by the factor:
CF = { ————- , (3.1)

as suggested in [20]. The use of this correction factor is
reported [20] to be satisfactory im flows 'with a
temperature difference up to 100°F (56° C), although this
upper limit of temperature difference is justified’ﬁsing an
examfle of a hiéh speed flow, ﬁonsiderably higher than
those encountered in the present investigationf The reason
the magnitude of the flow velocity should be an.important
consideration is due to the fact that natural convection
dominates over forced conveétion in the cooling of the:
gensor wire at near zero.velocity flows, and the ambient
-temperature govermns the amounf of heat transferred by
natural convection from a constant temperature semnsor wire. '
The temperature'différence between values measured at 0.05
in. (0.13 ¢cm) from the wire and the calibration facility

temperature was approximately 100°F‘(56° C). This high

temperature difference, along with the low velocity. flows,
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raised considerable questions as to the validiti of this
temperature correction multiplying factor. The temperature
correction factor also neglects the effects that variable
thermodynamic properties hﬁve on the flwuid.

Although there were several problems encountered in
the use of this correction factor, it remains the only
correction mgde for temperature variations. Td help to
reduce the errors involved in using this correction, a high
sensor temperature was used and the calibration temperature
was increased to the highest obtainable (81°F) (27°C) with
the a;ailaSIe equipment. By increasing these temperatures,
Equation 3.1 was made as near to one as possible.

A Thermal Systems, Inc. constant temperature
anemometer, digital DC voltmeter, probe and probe support
were utilized throughout the investigation. The probes
themselves were a TSI model 1210 standard straight probe
remounted with a 0.0003 in. (0.0076 mm) diameter platinum-—
10% rhodium sensor wire with an active length of 0.05 in.
(1.27 mm). A probe support traversing mechanism which was
able to locate the frobe to within 0.005 in. (0.127 mm)
allowed precise positioning of the hot—wire probe in the
boundary layer.

EXPERIMENTALPROCEDURE

The power supply was activated, and 45.0 volts were

applied to heat the vertical wire. This resulted in a power

1
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consumption of 700 watts, and produced a wire temperature
of approximately 720°F over the entire length. A
sufficient warm-up period, normally 48 hours, allowed the
temperatures and velocities to stafilize in the boundary
layer. Dafa was then collected at 5.0, 10.0, 15.0, and 20.0
ft. (1.52, 3.05, 4.57, and 6.10 m) from the bottom end of
the wire in the following manner. A hot-wire probe was
connected to the probe support which was held in the
traversing unit. Figure 5. i11ustrates theltravgrsipg unit,
the hot-wire anemometer and other related equipment. By
extending the probe inwgrd until a certain distance from
the heated wire was obtained, usuwally 0.05 in.(0.13_cm),
the location of the zero distance from the heated wire was
recorded from the linear scale on the traverse. The
orientation of the hot—-wire probe and support with respect
to the heated vertical wire is shown in Figure 6. The
probe support was then rotated to make certain that the
sensor was perpendicular ‘to the heated wire. Next the
anemometer was turmed om and the correct ofefating
resistance was set:

A strip chart recorder graph was made of the bridge
Voltageiéutput of the anemometer to determine the changes
in velocity fluctuations from one level to another. The DBC
voltmeter time constant was set at 100 seconds and three

time constants, or 300 seconds, was allowed to elapse
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Figure 5.

Experimental Equipment and Hot-wire
Anemometer Instrumentation

Figure 6.

Orientation of the Hot-Wire Probe to the
Heated Vertical VWire
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before the'bridgé voltage output was recorded from the
digital readout of the DC voltmeter. The probe was then
moved to a new location fu?thér from the heated wire and
the above procedure was repeatéd, until the prdbe had
reached 24.0 in. (61.0 cm) from the wire. The temperature
at each of the stations was found by using the hot-wire
probe as a resistance thermometer and recording the cold
resistance. Using these résistahces the femperatﬁre was
determined;from a graph ;f resistancé versus temperature
which ha& previously been made using known temperatures and
recording resistances. The bridge voltage was then
corrected for variations in temperature from that of the
calibration facility, using-‘fhe prgviouslyv mentionea
correction factor,‘Eqn. 3.1. From the corrected E, values
a Velbcity was de?ermined using,the probe <calibration
curve of velocity versus bridge #olt;ge output. Twenty-
nine velocity daéa points and twenty—five temperature data
points were taken at each level for a total of 216 data
pbints. The data‘;an be fdund‘in the Appendi;. |

Strip chart recordings of the velocity fluctuations
were made at 1.0 and 2.0 ft. (0.30 and 0.61m) from the -
bottom end of the wire to determine where the onset of
transition to turbulemce occurred and to make certain that

;

the flow was laminar in the lower regions.
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CHAPTER 4.

EXPERIMENTAL RESULTS AND DISCUSSION

This chépter will present and discuss the experimental
results that were obtained during the investigation. It
will be divided into three sections: (1) Results of mean
temperature measurements, (2) Results of mean velocity
measurements, (3) Results of anemometer output
fluctuations,. Profiles of the mean velocities and
temperatures will be shown, and a discussion of the
boundary layer thicknesses will be presented. The
anemometer output fluctuwations will be giveh in graphical
form with a discus§ion thergof and a comparison to other
investigators results will be included.

MEAN TEMPERATURE RESULTS

The distributions of the mean temperatures are plotted
in Figures 7. and 8. The results are in terms of T, the
local fluid'tempgrature versus r, the radial distance from
the heated vertical wire. It can be seen from these
g;aphs that the témperature profiles seem to retain a
constant basic shape with increasing distance along the
wire. The primary effect of increased distance x is the

extension of the thermal layer deeper into the ambient:
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Warner and Arpaci [1] and Cheesewright [10] give
similar results for a verticalvflat plate in air with
7.9x10° ¢ Ra_ ¢ 7.9x10%% ana 7.2x10° < Ra_ < 6.0x1010
respectively. This widening of the thermal layer with
increased x will be shown to be consistent with the
velocity layer behavior in the following section. Both
investigations reported temperature results by plotting the
dimensionless temperature AT/ATW, versus y, the distance
from the vertical flat plate. Exact heated vertical wire
temperatures fo; the entire length of the wire were not
obtainable in the present investigation due to a lack of
sufficient instrumentation, and since dimensional fluid
temperatures were not provided by these investigators, mno
comparisons will be made of the magnitude .of the

temperatures measured with those of [1] and [10].

MEAN VELOCITY RESULTS

-

Figures 9. and 10. show the dimensional velocity
profiles fhat were obtained from the expe;imental data
using the procedure and equipment discussed in Chapter 3.
They are plotted as U, the mean velocity im the x
direction, versus r, the radial distance from the heated.
vertical wire. Figﬁre 9. shows the entire profiles of the
four levels from adjacent to the heated wire to near the
outer edge of the plexiglass shroud, while figure 10. shows

a detailed graph of the profiles mnear the wire.
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Measured local velocity boundary layer thicknesses,
8., were estimated from Figure 9. HKowever, the
conventional definition of the edge of the boundary layer
as the location where the velocity has dropped to 1% of its
peak value was not practical. The profile in the outer
portion of the boundary regiomn is too flat and the peak
velocities too small., Therefore, the edge of the boundary
layer was taken as the positionvat which the velocity had

dropped to 10% of its maxzimum value. Using this definition

5v was evaluated and these values are given in Table 1.

Table 1. Velocity Boundary Layer Thicknesses for
Distances Along The Heated Vertical Wire

distance from the beginning ‘velocity bqundary
"of the wire, x . layer thickness, 8v
feet meters . in cm
5.0 1.52 13.7 34.9
10.0 3.05 | 13.4 33.9
15.0 4.57 15.5 39.4

20.0 6.10 15.9 40.4
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The boﬁndary‘layer thickness, 8 increased from the
5.0 £t (1.52 m) level to the 20.0 ft (6.10 m) level. This
is comnsistent with the results of Godaux and Gebhart [5]
who have found that the velocity and thermal boundary layer
thicknesses increase with length from the leading edge of a
vertical flat plate in water until the flow becomes fully
turbulent at which point both boundary layer thicknesses
stopped growing.

It can be noted that there is a significant increase
inlﬁv from 10.0 £t (3.05 m) to 15.0 £t (4.57 m) with only a
slight increase at the 20.0 £t (6.10 m) level. It will be
shown later that the region of large boundary layer
thickness increase (10.0 ft< x <15.0 ft) (3.05 m< x < 4.57
m) is in the transition to turbulent region. The flow at
thep20.0 ft (6.10 m) level however was found to be fully
turbulent and therefore a very small increase in boundary
layer thickness would be expected.

Figures 9. and 10. also seem to indicate a small but
significant decrease in maximum velocity with distance
along the wire, x. This could possibly be éxplained if the
recirculation of the air withim the shroud were considered.
Since the tgwer was closed at both ends it was necessary
for the upward flowing air to reverse direction near the

top of the tower and recirculate itself back down to the

bottom. With the air rising along the center—1ine of the
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wire the recirculated air was required to go down the
outside of the sh;oud. As the flow approached the top of
the shroud more air was evidently reversing direction.
Therefore, as the'dist;nce along the.wire increased, more
flow may have been diverted from the boumdary-layer,
decreasing its maximum velocity from tﬁat required to
satisfy continuity.

A decrease in maximum velocity along the wire is
consistent with experimental results of othei researchers
[iZ], [15)], however water was used as the working £luid in
both case§ and recirculation effects were present. Results
of an experiment in ai; with no recirculafion were provided
[10] and show no decrease in maximum velocity as
measurements progre;sed upward along the vertical flat
plate, rathei a slight increase was reported.

In the absence of comparable experimental or
theoretical results of a similar geometry and flwuid
composition as those used in this investigation,
comparisons were made of the general tr?nds observed in
the velocity profiles rather than actual magnitudes of the
measurements. In addition, the validity of the use of the
temperature correction factor discussed in phapter 3., CF,
is uncertaig in this particular investigation, iherefore_
the data obtained for the velocity profiles is of

questionable value.
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ANEMOMETER OUTPUT FLUCTUATICNS

As reported earlier Cheesewright [10] has defined the
beginning of turbulence as the point where significant
temperature fluctuations in the boundary layer begin to
occur. Since the anegometer bridge voltage output for a
constant temperature sensor is governed by fluctuations in
the temperature as well as the velocity of the fluid, the
variationé in output bridge voltage were used in this
expeximent to Aetermine the point at which the flow begins
the transitionm to turbulence and when fully developed
turbulence is present. Although this is slightly different
from Cheesewright's method of determining transition
events, it was felt that sufficient results could be
obtained from these fluctuations. To obtain qualitative
information on the development of the transition region,
Gebhart and other researchers [5] and [131-[15] also used
the anemometer output to determine velocity disturbance
levels.

Figure 11. demonstrates the variations determined in
the present investigation, showing the maximum amplitude of
the bridge output voltages for each of the four levels used
to obtain velocity and temperature data as well as values
obtained at the 1 ft. (0.30 m) and 2 ft. (0.61 m) levels.

It can clqarly be seen from this Figure that the two '

lowest levels are in the laminar region because of the
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