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ABSTRACT

NATURAL CONVECTION FROM A
HEATED, HORIZONTAL CYLINDER
WITHIN AN INCLINED RECTANGULAR
DUCT

By

Robert W. Vance

An experiment was conducted to investigate the effects of confining boundaries on the
convective heat transfer from a heated cylinder. This was accomplished by using a duct with a
rectangular cross section and embedding a horizontal cylinder inside it. The duct was then
rotated to vatious angles of inclination to ascertain any angular effects. The results show that
there is indeed an angular dependence to the heat transfer coefficient, as well as increased
natural convection heat transfer rates with the confined configuration compared to convection
in an infinite medium. Additionally, Nusselt number correlations are made, which take into
account not only modified Rayleigh number dependence but also angular dependence. Several

attempts are made to model the problem in a simple manner, but none are successful.
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NOMENCLATURE

Arabic

a - Correlation constant

b - Vertical axis intercept of linear plot
Bi - Biot number

c - Correlation constant

Cr - Specific heat at constant pressure
d - Diameter

D - Diameter

E - Energy

g - Gravitational vector

Gr* - Modified Grashoff number

he - Heat transfer coefficient

i - Electric current

k - Thermal Conductivity

L - Cylinder length

m - mass

m - Slope of linear plot



n - Mixed convection correlation constant

Nu - Nusselt number

Pr - Prandtl number

q - Heat transfer rate

Ra - Rayleigh number

Ra* - Modified Rayleigh number
Rep - Reynolds number

T - Temperature

te - time constant

v - Voltage

Vb - Buoyant velocity

Y - Weighting factor

Greek

o - Thermal diffusivity

B - Thermal expansion coefficient
) - Cylinder wall thickness

\% - Kinematic viscosity

0 - Angular inclination



D - Based on diameter
S - Surface

w - wall

©o - Free stream
Superscripts

[ - Flux



INTRODUCTION

Description of Problem

Natural convection heat transfer has been a topic of study for many years. The analysis of this
buoyancy driven phenomena has found its way into many text books devoted to the basics of
fluid flow and heat transfer. A multitude of problems have been studied ranging from natural
convection over a flat plate, to flow over a cylinder, to flow inside an enclosed cavity. The
International Journal of Heat and Mass Transfer [6] provides a wide variety of these different
problems. With so many years of research, computer simulation, and theoretical efforts one
might think that the topic of natural convection has been thoroughly studied. Although many
situations have been looked at, there are still subtle nuances to be examined which make way
for a large variety of “new problems”. Hence the present study was undertaken, a “bridging
of the gap” between two well studied problems: flow over a cylinder heated by a constant heat
flux, and natural convection from the walls of inclined ducts. A simple sketch of the problem
appears in Figure 1.

Buoyancy driven flow from a constant heat flux cylinder in an infinite fluid is a well known and
studied problem. However, if the fluid flow is confined in an unheated inclined duct, the
problem is changed and the previous solutions may no longer apply. This problem was
examined experimentally in hopes the results would offer some insight into how this subtle

difference would effect the heat transfer.

Applications

Natural convection in a duct has direct applications in electronic component cooling. Many
electronic components produce a large amount of heat which needs to be removed. The most
typical method is to install a small fan and remove this unwanted heat via forced convection.
However, fans are not always practical for components which need only a "‘small” amount of
heat removed. Designing the component casings with the drafting effect encountered from
this experiment may augment the heat transfer, reducing the need for the installation of fans.
Aside from the cooling aspects of drafting natural convection, there may be aspects that could

aid in the better design of residential fire places or industrial smoke stacks.

1



Horizontal Cylinder

Figure 1. Schematic of the drafting problem




Literature Review

It has already been discussed that the problem of drafting natural convection has been limited
to heated walls in ducts. It is for this reason that literature pertaining to this particular problem
is not in abundance. In fact, no literature was found which addressed the problem. It is
therefore necessary to compare the present results to similar cases, more specifically, cases
dealing with natural convection in an infinite medium. Although this will not solidify or refute
the results, it will indicate whether or not there is any significant increase in the average heat
transfer coefficient. The following articles have been used as references for comparative data,

and to offer insight to unexpected results.

Perhaps the most useful piece of literature was the 1987 article by Ahmad and Qureshi [2]
dealing with a numerical solution for laminar natural convection around a horizontal cylinder
subject to an uniform heat flux boundary condition. This article allowed the comparison of
both computational and experimental results for the infinite fluid case to that of inclined duct
flow. The 1992 paper by Ahmad and Qureshi [1] examined mixed convection around a
horizontal cylinder subject to an uniform heat flux. This also was a computational study that
looked at the relationship between Reynolds numbers, Grashoff numbers, drag coefficients,
and Nusselt numbers. The following three articles examined the infinite fluid problem and
provided comparative results: a 1975 article by Morgan [8], and the 1974 and 1975 papers by
Churchill [ 3,4].

Papers dealing with duct flow natural convection are fairly common, but offer little insight to
this problem as they deal with heated walls, not cylinders. However, the 1993 article by Yan [9]
looked at inclining the duct at various angles of inclination. Although the walls were still
heated, the trends encountered were useful in interpreting the results of the present
investigation. Deschamps [5] modeled a horizontal heat flux cylinder as a line source for
numerical work. This paper is more concerned with fluid mechanics than heat and mass
transfer, but does provide interesting results for enclosed natural convection. Finally, the text
by Mills [7] was useful in examining mixed convection, in particular modeling a buoyant

velocity for the natural convection.



Road Map

In the following three chapters, the experimental apparatus and the procedure which was used
to derive a heat transfer coefficient will be discussed. The results will be presented and
discussed, as well as compared with existing data for similar cases. Finally, conclusions will be

drawn and recommendations for future work will be made.



METHOD OF SOLUTION

Apparatus
The experimental apparatus used in examining this problem is a simple one. The configuration

consists of a horizontal, hollow aluminum cylinder with a copper-constantan thermocouple
embedded in it, a Hewlett Packard 6011A DC power supply which is used to run a variable
current through the cylinder, and a Hewlett Packard 34G8A digital multi-meter to record the
voltage drop across the cylinder and the thermocouple. The cylinder is confined in a Plexiglas
duct eleven inches in length. The duct is attached to a stationary frame which allows it to be
rotated to the desired angle of inclination. It is assumed that the cylinder is thermally lumped,
thus leading to the neglecting of any angular variation in temperature. This allows any internal
natural convection and radiation to be ignored. These assumption will be examined latter in

this chapter. A schematic of the setup appears in Fig. 2.

Procedure
The evaluation of the natural convection heat transfer coefficient was done under steady
conditions so an energy balance of the cylinder would produce an easily evaluated expression

for hc. Performing the energy balance (energy in equals energy out) yields the relation in
Equation (1).

h Vi

@ Tomi ®

Now that a relation for the heat transfer coefficient exists, it is necessary to evaluate it for
various cases. This was done by starting with the duct in a horizontal position and recording
the needed values for eight different current settings of the power supply. The duct was then
rotated to various angles of inclination, from horizontal to vertical, and the data was recorded
for these cases. The fluid properties needed to map the heat transfer coefficient to a Nusselt
number are evaluated at the film temperature of the air. This is done by using a curve fit for
the various properties which is valid over the temperature range encountered in this

experiment. These curve fits can be found in appendix A.



Figure 2. Schematic of experimental setup



Recording the surface temperature, and hence voltage drop, was not as straight forward as it
might seem. As it turns out, natural convection with a constant heat flux boundary condition
has an oscillating steady state. That is, in order to keep the heat flux constant the temperature
and voltage drop are constantly adjusting. It was, therefore, necessaty to either use a data
acquisition system to record the data every few seconds, or make a judgment on the
temperature and voltage. Both these methods were employed for several cases, and the results
are shown in the next chapter. The data acquisition used was a National Instruments Lab
View virtual instrument template. However, the data acquisition system proved to be too time
consuming, as it was necessary to get enough full oscillations to justify the use of this method,
Fig. 3 shows a one hour profile for the surface temperature. Thus, a means to consistently

record the data was needed.

The data used to evaluate the heat transfer coefficient was recorded when the surface
temperature of the cylinder was at a maximum. As can be seen from Eq. (1) this will
underpredict the heat transfer coefficient. Two different size cylinders were used in order to
get a wide variety of Rayleigh numbers. Diameters of 2.83 and 6.33 millimeters were used with
both cylinders having the same length of 85 millimeters. Both temperature and constant heat
flux based Rayleigh numbers were recorded to aid in the modeling of the problem and in
correlating Nusselt number expressions. The expressions for both Rayleigh numbers are

shown in equations 2 and 3.
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Note the following relationship between the Nusselt number and Ra* and Ra.
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Figure 3. Periodic behavior of the surface temperature.



Ra* ¢"D hD
Ra ~ ATk

= Nu,, ©

Now that a means of evaluating the driving force for the fluid mechanics, and the resulting
heat transfer coefficient exists, it is necessary to use these results to glean some insight into this
problem. In the following chapter the efforts to model this problem are examined, and

useful Nusselt number correlations are obtained.

Measurement uncertainties

When doing any experimental work it is necessary to evaluate how well a certain measurement
is being recorded. Since it is impossible to measure anything exactly, it is important that the
researcher know how much uncertainty there is in the evaluation of a particular parameter. In
regards to the present study these parameters are the heat transfer coefficient, the Nusselt
number, and the modified Rayleigh number. The method used to evaluate the uncertainties
comes from the use of multi-variant calculus, and produce the uncertainty equations shown

below.

4 n "
+-800q" dB  ,dD dg" da dv dk
dRa mk(ﬂ +q"+a+v+k) 5)
dh = vi (ﬂ £+d_D+g) dT, +dT, .
¢ amDT,-T.) v D L nDl (T, -T.)? ©
h D dh D dk
dNu, = ——( ‘+d—+—) ©)

k "h D k
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The calculations and uncertainty values can be found in appendix B. It should be noted that all
the uncertainty values were obtained from the accuracy of the measurement equipment used,
except for the temperature. Since there was the judgment call on the maximum temperature,
the uncertainty in the surface temperature was taken as the difference between the maximum

and the minimum temperatures from the time history plots. Furthermore, it was assumed that
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the fluid properties were known exactly, this is not a bad assumption since the correlations are

very accurate and their effect would be quite small.

Using the above method there was found to be an average uncertainty of seven percent for the
heat transfer coefficient, of ten percent for the Nusselt number and of eleven percent for the

modified Rayleigh number.

It is necessary to justify the assumptions made at the beginning of this chapter. To verify the
lumped capacitance model the Biot number is examined. The Biot number represents a
comparison between the energy transported by convection and the energy transported via
conduction within the solid. The Biot number is defined in Eq.(8),

Bi= h;f ®)

where § is the hollow cylinder wall thickness. This number is found to be on the order of 105
which is much smaller than the standard value of 0.1 which is accepted as the maximum value

for the Biot number to validate the use of a lumped capacitance model.

Having verified the model it is necessary to evaluate the system time constant and compare it
to the transient response of the periodic steady state. Using the lumped capacitance model the

system time constant is given by the relation,

t_mC,,
‘" hA

c

®)

where m is the cylinder mass, and A is the surface area. Evaluating this time constant a value
of roughly 20 seconds is obtained. Comparing this to the petiod of oscillation of
approximately 120 seconds it is found to be significantly less. Since the system time constant is

smaller than the oscillation time the temperature results are indicative of the actual process.

The final justification for using a steady state approximation is the comparison of terms from
the lumped capacitance model. These terms are the transient energy storage term, the energy

output term, and the energy input term. These appear in Eqs.(10-12), respectively.



11

dT
E stored = mCP E (l O)
E, =hAT,-T) 1)
E,=vi (12)

in

Comparing the transient storage term to the energy output term, it can be seen that
Estored/Ein= 0.95, and Eou/Ein=0.02. From these results it can be seen that the neglecting of

the transient term is not a poor assumption since it is much smaller than the other two terms.



RESULTS AND DISCUSSION

Introduction

The analysis of the data is primarily concerned with developing useful Nusselt number
correlations. Additionally, comparisons to parallel problems are studied to help support
conclusions drawn about the “drafting” effect of the inclined duct. Along with these
comparisons are several lab tests to further enhance the notion of “drafting” flow. Modeling

efforts are also undertaken in this chapter.

Results

Convective heat transfer analysis is generally concemed with examining the Nusselt numbers
dependence on a driving force parameter. For forced convection this parameter is the
Reynolds number, for natural convection the driving force is characterized by the Rayleigh
number. It is for this reason that this studies data is presented in Nusselt number versus
Rayleigh number plots. These plots appear below in two figures, the first illustrates low
Rayleigh number dependence, and the overall Ra* dependence.

These graphs not only provide a concise way to present the data, they provide an indication
that there may be a drafting effect present. This conclusion is drawn by comparing the lower
angle Nusselt numbers to those for the larger inclination angles. It is clear that the larger angles
induce a larger convective heat transfer rate. Furthermore, the functional relationship between
the Nusselt number and the modified Rayleigh number changes as Ra* increases. This will
greatly effect the correlations made at the end of the chapter. In the following section, basic

trends encountered are discussed, as well as the air flow characteristics.

Trends
Any trends that exist in the heat transfer coefficient are due to trends in the fluid flow. For

pure natural convection the fluid flow is described as plume flow. This type of flow is a

12
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buoyancy driven flow caused by the density difference between the hot air near the cylinder

surface and the colder free stream air. This flow is in the vertical direction, 180 degrees from
the direction which gravity acts. It is hypothesized that there may also exist a different type of
fluid motion, drafting flow. This flow type would be caused by confining walls of the duct.
That is, as the air comes in from the bottom opening of the duct to replace the air taken away
by the plume flow, it pushes the excess air out of the top opening of the duct(since the applied

pressure gradient inside the duct is assumed zero).

In order to assess whether “drafting” was indeed occurring , two methods were employed.
The first method was to place thermocouples on the top and bottom of the duct, before and
after the cylinder. If the convection from the cylinder was a natural plume, one would expect
the top thermocouple after the cylinder to register a higher voltage drop, i.e. be hotter, than the
others. The data for several angles of inclination, for approximately the same Rayleigh

number, are shown in table 1.

Table 1. Thermocouple voltages at various locations on the duct.

e ition Top/After Top/Before Bottom/After | Bottom/Before
0 degrees 0.48 volts 0.52 0.15 0.13
10 degrees 0.54 0.26 0.1 0.1
63 degrees 0.07 0.03 0.04 0.04
71 degrees 0.01 0.02 0.05 0.08

The data in table 1 shows that for near horizontal angles of inclination the top thermocouple
temperatures are much higher than those on the bottom. This would indicate a plume effect
of the hot air rising. At larger angles of inclination all the thermocouple readings are about the
same, showing the plume effect not to be the dominate flow. As has been stated, the “steady
state” for this case is oscillatory in nature. The non-steady behavior of the heat transfer
indicates a non-steady behavior in the fluid flow. Therefore, even though the thermocouple
readings at higher angles of inclination show a more streamline flow field, this is not really the

case. A more accurate means of evaluating flow behavior was needed.

The flow was visualized by placing a small amount of baby oil on the surface of the heated
cylinder. Baby oil produces a light gray smoke which, presumably, will illustrate the flow
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direction. By photographing this flow a better understanding of the flow phenomena was

obtained. The flow around the cylinder can be broken up into three stages: plume flow,
drafting flow, and flow reversal. The first two stages seem to interact periodically, as was
illustrated by the periodic “steady state” of the heat transfer. The reversal stage only happens
on the rare occasion when the transition from drafting flow to plume flow occurs quickly.
This stage is characterized by much mixing about the cylinder as the flow tries to restore the
plume. Photographs of these regions appear in Fig. 6 and 7.

The flow reversal region, was very difficult to photograph as its duration was very short and
the mixing of light gray smoke did not show up well in the pictures. It is obvious from the
two photographed cases that there is indeed some excess fluid motion beyond pure natural
convection. Although finding exact solutions to the fluid motion would be difficult, and
probably has to be done numerically as opposed to experimentally, it is desirable to have a
simple model to describe the “drafting” problem. The attempts to use a simple model to

describe this problem are the topic of the next section.

Having described the fluid motion, it is necessary to describe the trends in the heat transfer. It
is expected that the heat transfer will be better at higher inclination angles than lower angles
because of the drafting flow. In order to illustrate this, the experimental Nusselt numbers were
plotted as a ratio of pure natural convection based Nusselt numbers versus Rayleigh number.

This plot is shown below as Fig. 8.

Examination of Fig. 8 shows that there is indeed a higher heat transfer rate at higher angles of
inclination than for lower. Furthermore, there appears to be little difference between 53
degrees and 85 degrees. It may be possible that there is little increase in the heat transfer
coefficient after some critical inclination angle. It would take many more experiments before
this could be verified, but it is apparent that the larger angles produce higher Nusselt numbers
than do lower angles.



Figure 7. Drafting flow visualization around the cylinder.(Graphically enhanced)
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Modeling

The first attempt at modeling the process was to treat the problem as a quasi-mixed convection
problem. It was therefore necessary to estimate the “buoyant” velocity. The Bemoulli
equation for flow along a streamline was used with the assumption that the pressure was
constant. The driving force for the flow would therefore be the density difference between the
flow at the inlet and around the cylinder. The result is a relation for vy, which is a function of
only density, and assuming an ideal gas, only a function of temperature.

_ |5 T
v = |2 )gAh (13)

By using Eq.(13) it was possible to obtain estimates for Reynolds numbers and compare the
results from the experiment to established results for numerical and experimental mixed
convection. Mill’s [7] suggests that for mixed convection there is a power relationship between
the mixed convection Nusselt number and those for natural and forced convection. The
suggested relationship is shown in Eq.(14), where the 0.3 is a correction factor for cylindrical

geometries, and n has a value of 3.

(Nu—03)" = (Nuye —03)" +(Nupe —03)" (14)

The experimental data was used in Eq.(14) to get a feel for the extent of the mixed convection.
The data did not agree well with the above relation. In fact, the left hand side only agrees with
the right when n goes to infinity. This was the first indication that either the process is not a
mixed convection phenomena or the buoyant velocity is being over predicted. Comparison to
the numerical study of Ahmad and Qureshi [2] for mixed convection around a horizontal
cylinder provided further support to this assertion. By using the buoyant velocity based
Reynolds number and a modified Grashoff number comparisons were made with the findings
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and again showed poor agreement. The estimated Reynolds numbers are of the order of 40 to

140, with Gr* of about 2. These numbers correspond to average Nusselt numbers of about
3.5, almost 70 percent higher than experimental results.

Although the buoyant velocity is being over predicted perhaps a linearly weighted combination
of forced convection and natural convection can be found to produce a simple model. The

proposed model is shown as equation 15.

Nu=YNu,c +(1-Y)NU . (15)

This model was examined over the range of inclination angles to see if the various angles
affected the Rayleigh Number averaged Y. Additionally, the Y values for one angle were
examined to find a correlation with Rayleigh Number. These results appear in figures 9 and
10, respectively.

As can be seen, the weighting factor Y is not well behaved over a range of inclination angles.
The Y values are less than 0.5 and do tend to increase with theta. This “trend” for Y is not
enough to begin to form a concrete model. If the data had behaved more lineatly, then it
would have been possible to examine this further, but as it stands this model was dropped
after the results in Fig. 10. Although Y is for the most part linear with respect to Ra, the values
are not unique. This lack of “uniqueness” cast setious doubt about whether or not this model

was capable of producing useful results, and if using the mixed convection analysis was correct.

Aside from over predicting the buoyant velocity, which can be corrected, it is necessary to
evaluate whether the process is truly mixed or not. The answer is rather simple. By looking at
the driving force for the flow, it is obvious that the only driving force is buoyancy. Although
there seems to be a higher air velocity than pure natural convection, this can most likely be

attributed to the duct area and continuity of the air flowing through the duct.
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At this point, efforts to model the problem were abandoned, hoping a better understanding of

the fluid mechanics was in the near future. Several things that could be done were to find
Nusselt number correlations for Rayleigh numbers and inclination angles, as well as compare

the experimental results to published results . These are the topics of the next two sections.

Comparisons

As with most comparative analysis, it is useful to start with simple cases before attempting to
tackle the more complex ones. Comparing the case of constant heat flux natural convection in
an infinite medium to the present study provides insight. This was done by using the results of
Churchill, Morgan, and Ahmad and Qureshi. Figure 11 shows the graphical comparison of

their data to that obtained from the inclined duct problem.

The Nusselt correlation used can be found in the article by Morgan, and was adopted for
constant heat flux conditions by using the relationship, Ra*=RaNu (see the development in
chapter 2). As can be seen from Fig. 11, the non-dimensional heat transfer coefficients of the
inclined duct case are larger than those for an infinite medium. This comparison involves
published results of both numerical and experimental nature. Also, the angular trends
encountered in this experiment agree with those encountered by Yan’s numerical study of
inclined mixed convection with heated walls. In this study Yan reported that increasing the

inclination angle increased the heat transfer from the walls.

Nusselt Number Correlations

Finding Nusselt number correlations was the primary aim of data analysis. Although there are
many aspects of the problem which are not fully understood, it is possible to provide useful
equations which may help broaden the scope of “back of the envelope” calculations.
Although there is a 20 percent uncertainty inherent in all Nusselt number correlations, using a
correlation which is appropriate for a specific case will yield more reliable results than those for
similar, but slightly different one.

The first step in finding an appropriate correlation was to plot the Nusselt number data vs
modified Rayleigh to get a feel for the functional relationship between the two. These results
can be found in Fig. 4 and 5 at the beginning of this chapter.
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As can be seen there is an angular dependence on the heat transfer, where the more vertical the

duct becomes the higher the average heat transfer coefficient becomes. Although at lower
Rayleigh numbers this effect is less pronounced, it becomes noticeable as Ra* increases. This
makes intuitive sense as the driving force for the problem becomes greater, the “drafting” has a
more prominent influence. In addition to being supported by intuition, this angular
dependence is found in the results from Yan’s examination of inclined duct flow for heated
wall boundary conditions. Given this dependence on inclination angle it is expected that either
0 will appear in the correlation directly, or influence the correlation constants, indirectly

affecting the correlation.

Since it is easier to use 0 as a classification parameter for the correlation constants, this method
was preferred. The power law relationship shown in Eq(16) was first tried, with the reasoning
that these relations exist for natural convection in an infinite medium, perhaps only the

coefficients will be effected.

Nu = cRa *" (16)

This was indeed the case, as it was possible to find values for c and m which would fit data for
any inclination angle. However, the values for ¢ and m did not fit well with one another, and it

was not possible to create nice, neat correlations.

With the difficulty encountered in using a power law relation, another method was needed.
The next step was to plot Ra*-Nu indirectly, that is plot Ra* vs Ra, and noting the relation
Ra*=RaNu. The Ra*-Ra plot for Ra* less than 400 appears in Fig. 12. As can be seen the
plots are neatly linear, allowing for easy curve fitting. This linear relationship between Ra* and
Ra implies the following Nu number relation.

b -1
) )

Nu=(m+

Where m is the slope of the linear plot, and b is the y axis intercept.



Table 2. Coefficients for low Ra* correlation
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Angle m b

0-40 0.351 5.46
41-55 0.296 11.15
56-90 0.296 12.47

This method produced results which allowed a variety of inclination angles to be represented
by one set of coefficients. These results are shown in Table 2. This correlation is only valid for
Ra* less than 400, it is desirable to have a more “robust” set of correlations, that is, to
incorporate a larger range of Rayleigh numbers. Therefore, the same approach was repeated
with data for both the large and small cylinders, resulting in a range of Rayleigh numbers form
zero to 7000. This data did not produce linear plots, but rather second order curve fits, as seen
in Fig. 13. However, a linear curve fit could be made between Rayleigh numbers of 400 and
7000. Thus, the same correlation form could be used over this range with variations in the

coefficients, these will appear in table 3.

Table 3. Coefficients for large Ra* correlation

Angle m b

0-20 43.9 0.2
21-45 42.4 0.2
46-70 52.8 0.17
71-90 39.2 0.18

As a final note, these correlations were derived by using a piecemeal method. That is, the
parameters were changed from their original value in hopes that a wider range of inclination

angles could be incorporated. The above correlations are based on a ten percent
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26

maximum error between the correlation value and the experimental value. If, for any value of
0, a point had more than ten percent etror, the correlation was not used for that particular
angle. Combining this with the ten percent uncertainty in the experimental Nusselt number
value, the correlations are roughly accurate within 20 percent. A graphical representation of

the correlation accuracy is shown for a 20 degrees inclination angle in Fig. 14.
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CONCLUSIONS AND RECOMENDATIONS

Several conclusions can be drawn from the work of this thesis. Primarily, it was shown that
natural convection can be enhanced by the confining of the flow. This increase in the amount
of transferred thermal energy via natural convection will not have earth shattering
consequences, but may broaden the scope of natural cooling. Perhaps in the near future this

technique could be used to cool low power electronic components.

From an academic stand point the fluid mechanics of this research provide an interesting
problem. As has been stated, the fluid motion of the drafting is quite complex. It would be
very difficult to do any analytical work on a flow that is at best two dimensional and has
regions of both laminar and turbulent flow. For this reason a computational solution to the
two dimensional Navier-Stokes equations for constant heat flux natural convection may
provide insight, not only into this problem , but also into other situations where oscillatory

steady state conditions apply.

This problem has only been cursorially tested in this study, and many other aspects need to be
examined. There are several parameters which would be easily examined from an experimental
perspective.  The inlet and exit length of the duct, the cylinder diameter to duct hydraulic
diameter ratio, high Rayleigh number effects, fluid property effects, and wall boundary
conditions are a few of the things which need to be addressed before this problem can be
adequately understood.

Although the basic trends of the data from this examination correlate well with those of similar
numerical solutions, there is still a lack of experimental data from other sources concerning this
problem. For this reason, the data from this thesis is not supported by any other source, save
for the trends encountered, and the values of Nusselt numbers obtained from the correlations

cannot be taken as absolute.
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APPENDIX A

The following property curve fits are evaluated at the film temperature for the cylinder, where
T,+T.

film= , with Kelvins as the temperature units.

Pr=0.86715-1.0209 %103 T+23688x10°T? -29019%107°T? +1.6783x 107" T*

k, =(—69091x107+9.721x102T -3.1469 x10°T?) x 10~ W/m?2K
V = (—057024 +89575x 10T + 1727 x 10~ T? - 6622 x 10 T*) X 107 m?/s

8314
Cp = 55 g7 (3653-1334x10°T+3291x 10°°T* = 191x 10 T* +275x 10" T*)

Kj/KgK

film

2=9.81 m/s?
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APPENDIX B

The following is a list of uncertainties used in calculating the error for the derived parameters.
di=0.05 A

dv=0.2 mV

dD=0.005 mm

dL=2.0 mm

dT_=0.05K

dTw= (T, -T_)x01

The approximation for the cylinder wall temperature uncertainty is based on the data obtained
from the Lab View data acquisition system which exhibited the above characteristics. This was
necessary because the data acquisition system was not used for each case. It is believed that
this uncertainty is larger than what really occurred. Furthermore, the fluid properties are
assumed to be known exactly, that is, their uncertainty is zero. This is not a bad assumption as
their contribution to the overall error would be small. Using these values in the following

equations and taking the maximum uncertainty provides a safe measure for the error in the

experiment.
gBD‘q" dB dD dq" da dv dk
ko - 1 —_—
dRa avk(ﬂ+4D+q"+a+v+k)
dh = vi (ill_+£+£+d_l)+ vi | dT, +dT,
" aDNT,-T.)'v i D 1’ aDI|(T,-T.)’
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h.D dh
dNu, = k (

h D &k

c

The maximum percent uncertainties for each parameter are as follows:
dhe=7%
dNup = 10%

dRa*=11%
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