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ABSTRACT

The purpose of this research was to determine the effects of placing large

roughness elements on the hot vertical wall of a two-dimensional, rectangular

enclosure on the rate of natural convection heat transfer across that enclosure. The

enclosure of interest is assumed to be vertically-oriented with isothermal vertical

walls maintained at two different temperatures, to have adiabatic horizontal walls,

and to be completely filled with a Newtonian fluid. Both sinusoidal and rectangular

roughness elements were investigated; however, the main focus of this

investigation was on the use of rectangular elements. The roughness elements were

assumed to be designed such that the total amount of fluid in the enclosure was

equal to the amount of fluid in the corresponding smooth-walled enclosure. The

consequences of not complying with this assumption were explored and shown to

be significant.

Both numerical and experimental investigations of the problem were

performed. The numerical solutions of the natural convection flows of interest in

smooth-walled enclosures and enclosures containing either sinusoidal or

rectangular roughness elements were obtained using the NACHOS finite element

code. The experimental work was performed solely for the purpose of validating

the NACHOS code for laminar, natural convection flows in two-dimensional

enclosures containing large wall roughness elements. The code was shown to

predict the temperature distributions in the fluid measured with a Mach-Zehnder

interferometer and local wall heat flux (local Nusselt number) distribution

measured with a Wollaston prism interferometer within the experimental

uncertainty. Thus, the NACHOS code was successfully verified for the purposes of

the present work.
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An extensive parametric study was performed using NACHOS. The effects

of adding wall roughness elements on the rate of natural convection heat transfer

across an enclosure are reported in terms of the ratio of the overall Nusselt

number in an enclosure containing roughness elements to the overall Nusselt

number in the smooth-walled enclosure [(F^)j^/(Nu)s1 samt aspect ratio,

W/H. The highest value of (1^)^/(5^)5 (the greatest enhancement of the heat

transfer) found in this work was 1.355; which was obtained at a Grashof number,

GrH, of 4.07 X 10^ in an enclosure containing four sinusoidal elements. The

sinusoidal elements were shown to not only increase the rate of heat transfer near

the bottom of the hot vertical wall, but to significantly increase the local rates of

heat transfer on those segments of the cold vertical wall that are directly opposite

to the elements. This effect was not observed in any of the flows investigated when

rectangular elements were employed.

The ratio of Nusselt numbers,(Nu)jj/(Nu)s, for enclosures containing

rectangular roughness elements was shown to be a function of the Grashof

number, Grn, the Prandtl number, Pr, the aspect ratio of the enclosure, W/H, and

the amplitude. A, the period, 5, and the phase shift, 60, of the roughness element

array. The values of all of these parameters, except that of the phase shift, 5o, are

shown to significantly affect the ratio of overall Nusselt numbers, (^)r/(Mi)s.
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NOMENCLATURE

A* amplitude of roughness element, see Figure 1

A  dimensionless amplitude of roughness element, A*/H

Cp constant pressure specific heat of fluid

g  magnitude of accelaration due to gravity

GrH Grashof number, gp (Th "*■- Tc*)

k  thermal conductivity of fluid

H  height of the enclosure

(N^)j^ average Nusselt number of an enclosure containing roughness
elements

0^)5 average Nusselt number of a smooth-walled enclosure

Nu(y) local Nusselt number

P* motion pressure

P  dimensionless motion pressure, P*H2/pv2

Pr Prandtl number, |iCp/k

Qw local heat flux

Q  overall rate of heat transfer

s* distance measured along the left-hand vertical wall of the enclosure
containing roughness elements

s  dimensionless distance measured along the left-hand vertical wall of
the enclosure containing roughness elements, s*/H

T* temperature

T  dimensionless fluid temperature, (T* - Tc*)/(Th'*' -Tc*)

hot wall temperature

Tc* cold wall temperature

u* X*- component of velocity

xvii



u  dimensionless x-component of velocity, u*HA'

y*-component of velocity

dimensionless y-component of velocity, v*HA'

V  velocity vector

W  width of enclosure

x*,y* spatial coordinates, see Figure 1

x,y dimensionless spatial coordinates, x*/H, y^/H

X , y local coordinates for rectangular roughness elements, see Figure 2

X, y dimensionless local coordinates for rectangular roughness elements,

x'/H,y*/H

xl* x^-coordinate of the left-hand vertical wall

xl x-coordinate of the left-hand vertical wall, xl*/H

P  coefficient of thermal expansion of fluid

\|/* stream fuction defined by equation (2.30a) and (2.30b)

y  dimensionless stream fuction, \|/*/v

6* period of roughness elements

S  dimensionless period of roughness elements, 5*/H

5o* phase shift of rectangular roughness elements

80 dimensionless phase shift of rectangular roughness elements, So^/H

H* heat function defined by equations (2.37a) and (2.37b)

H  dimensionless heat function, rt*/k(TH* - T^*)

^  phase angle of sinusoidal roughness elements

|i dynamic viscosity of fluid

V  kinematic viscosity of fluid

p  density of fluid

o  vorticity vector
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CHAPTER 1

INTRODUCTION

1.1 Motivation for the Present Research

Natural convection is one of the more active areas of heat transfer research.

A large volume of literature has been generated on this mode of heat transfer for

various geometries and boundary conditions, and for a variety of fluids.

Many engineering applications involve heat transfer by natural convection.

In recent years the cooling of electronic equipment has become one of the more

important of these applications. Because it is inherently reliable, natural

convection heat transfer is commonly used to cool electronic equipment.

Electronic circuit cards often form vertical channels, or complete enclosures,

depending on their mounting configurations and end conditions. The roughness

elements on the surfaces of such circuit cards can affect the heat transfer rates

from the cards. Thus, a fundamental understanding of the detailed mechanisms of

the natural convection heat transfer in arrays of circuit cards with rough surfaces

could lead to the more efticient design of cooling systems for electronic

equipment.

Natural convection heat transfer is also an important factor in the design of

building energy systems, since the heat transfer inside a room may be controlled

by natural convection. The walls of a room can be rough due to the presence of

windows, doors, and shelves. These roughness elements may significantly

influence the heat transfer rates to or from the walls. Therefore, the ability to

predict the influence of wall roughness elements on natural convection heat

transfer may result in more efficient building energy systems.



The literature survey in Section 1.3 shows that the details of the mechanisms

by which large surface roughness elements affect natural convection heat transfer

are presently not well understood. Thus, it may be concluded that a better

understanding of the effects of large roughness elements on natural convection

flows is required. Hence, the objective of this research is to perform a combined

numerical and experimental investigation of the effect of large wall roughness

elements on the natural convection heat transfer in one specific geometry, namely,

the rectangular enclosure.

1.2 Problem Description

Consider the natural convection heat transfer across the vertically-oriented,

two-dimensional rectangular enclosures shown in Figure 1. Each enclosure is

assumed to be completely filled with the same Newtonian fluid. The vertical walls

of the enclosures are isothermal surfaces with the left-hand vertical wall of each

enclosure maintained at a higher temperature, T*h. than the temperature of the

right-hand vertical wall, 1*^. The horizontal walls of each enclosure are adiabatic

surfaces. As a result of the temperature difference (T^h-T^c) between the vertical

walls, a natural convection flow occurs in each enclosure.

The enclosure shown in Figure (la) has smooth vertical walls. The natural

convection flows in this enclosure have been the subject of many numerical and

experimental studies. Thus, reliable correlations are available for predicting the

rate of heat transfer across this enclosure. The objective of the present research is to

determine the effect of placing large roughness elements on the hot vertical wall of

such an enclosure on the rate of heat transfer across the enclosure. As shown in

Figures (lb) and (Ic), both sinusoidal and rectangular roughness elements are of

interest. It should be noted that each enclosure with roughness elements is designed
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such that the volume of fluid in this enclosure is the same as the volume of fluid in

the conesponding enclosure with smooth vertical walls and the same aspect ratio.

This is necessary for the purpose of this investigation since attaching large

roughness elements to a vertical wall can appreciably reduce the volume of fluid in

the enclosure from that contained in the intially smooth-walled enclosure and

thereby tend to reduce the overall thermal resistance of the fluid to natural

convection heat transfer across the enclosure. This effect would preclude an

equitable comparison between the corresponding enclosures with smooth walls

and rough walls.

1.3 Literature Survev

1.3.1 General References on Natural Convection Heat Transfer

The textbooks by Jaluria (1980) and Gebhart, et al. (1988) are excellent

sources of information on all aspects of natural convection heat transfer. The

textbook by Bejan (1984) provides a vital and interesting view of natural

convection from a new perspective.

1.3.2 External Natural Convection Flows on Rough Surfaces

Yao (1983) performed an analytical and numerical study of the natural

convection heat transfer on a wavy vertical surface. He employed a coordinate

transformation which transformed the irregular wavy surface into a flat surface

for which natural convection equations were solved numerically by a finite-

difference method. To illustrate the method, Yao examined the specific case of a

vertical wall with a sinusoidal surface. His numerical results show that near the

leading edge the value of the local Nusselt number depends on the slope of the



wavy surface. He also showed that as the natural convection boundary layer grows

thicker in the downstream direction, the amplitude of the oscillating local Nusselt

number gradually decreases. Ramakrishna, et al. (1978) analytically studied the

heat transfer rate from an isothermal vertical rough surface by introducing a

firiction factor in the shear stress term of the governing equations. They used a

correlation to express the friction factor in terms of the absolute roughness height

of the surface. Their analysis shows that due to the surface roughness, the heat

transfer rate increases by about 50 percent from that of a corresponding smooth

surface. Al-Arabi and El-Refae (1978) experimentally investigated the natural

convection heat transfer in air from isothermal, upward-facing plates with

triangular corrugations. They found that the heat transfer to the surrounding air

decreases with increases of both the corrugation period and the corrugation angle.

Jofre and Barron (1967) in their experimental investigation concluded that heat

transfer from an isothermal vertical rough plate in air for Rayleigh numbers in

the range of 10^ to 2x10^ increases by a factor of two from that of a smooth plate.

The surface roughness elements used in their experiments were horizontal ribs of

triangular cross section, which were 0.76 mm high. They used the experimental

data of Eckert and Jackson (1951) for smooth plate heat transfer to determine the

heat transfer augmentation due to the surface roughness.

Several investigators studied the effects of wall roughness on heat transfer

from cylinders. Prasolov (1961) performed an experiment on the natural

convection heat transfer from a horizontal cylinder with distributed roughness

elements on the surface. He found that for Rayleigh numbers less than or equal to

10^ and greater than or equal to 3x10^ there is no increase in heat transfer. For

Rayleigh numbers in the range from 3x105 to 10^, however, he found that the heat

transfer increased by a factor of 1.5-1.9 due to surface roughness. He also



concluded that with the increase of Rayleigh number the heat transfer enhancement

increases up to some maximum value and then decreases. Prasolov's experiments

have been repeated by Heya, et al. (1982) for Rayleigh numbers from 4.8x10^ to

7.0x10^ in air and 2.4x10^ to 1.9x10® in water. They concluded that surface

roughness has little or no influence on heat transfer coefficients under those

conditions.

Fujii, et al. (1973) performed an experimental study of natural convection

in water and spindle oil along a vertical cylinder with several different types of

surface roughness elements. They found that in the turbulent regime, the local heat

transfer coefficient increases slightly in water and decreases slightly in oil. The

maximum variation of the local heat transfer coefficient is of the order of 10

percent in comparison with that for a smooth surface.

Sastri, et al. (1976) investigated natural convection from a vertical cylinder

that was roughened by wrapping it with copper wire. They performed their

investigation in air for Rayleigh numbers in the range of 7x10® to 3.5x10^ and

concluded that the overall heat transfer increases by up to 50 percent in

comparison with that from a smooth cylinder. They did not explain the differences

between their results and the results obtained by Fujii, et al. (1973).

The investigations discussed above are limited to the effects of roughness

elements on external natural convection flows, not on natural convection flows in

enclosures.

1.3.3 The Effects of Surface Roughness on Natural Convection Rows in Channels

Vajravelu and Sastri (1978) investigated the problem of natural convection

in an incompressible viscous fluid bounded by a long, vertical wavy wall and a flat

wall. In their investigation, attention was focused on the effects of wall waviness



the flow and the heat transfer in the channel, especially when the fluid motion is

generated due to the difference in the waU temperatures. The authors assumed that

the flow may be decomposed into a mean part and a perturbed part. Following this

assumption and using numerical methods, they evaluated the zeroth-order, first

order, and total solution of the problem for different values of the Grashof

number, Prandtl number, heat source or sink, wall temperature ratio, and wall-

waviness. They showed that the waviness of the wall contributed the perturbed

part of the solution. The mean part of the solution is given by the flow in a flat-

walled channel. Vajravelu and Sastri (1980) also studied the natural convection in a

channel when both of the walls of the channel were wavy surfaces. Prasada Rao, et

al. (1983) investigated the free convection flows in a vertical channel bounded by a

flat wall and an opposite wavy wall with a uniform magnetic field applied to the

fluid in the presence of heat source or sink in the fluid. They also assumed that the

flow is composed of a mean part and a perturbed part. They solved the governing

equations numerically and tabulated the values of the Nusselt numbers for

different values of the various parameters in the problem, including a "wall-

waviness" parameter and the Grashof number.

Rao (1982) investigated the effects of wall waviness on the steady, two-

dimensional, laminar free convection between two vertical walls of different

temperatures with variable internal heat sources in the fluid and accounted for the

effects of viscous dissipation. He split the goveming equations into two parts using

a linearization technique. One part governs the fully developed mean flow in a

flat-walled channel and the other part govems the perturbations to the mean flow

resulting from the waviness of the channel walls. He obtained approximate

solutions for the flow and heat transfer using the Galerkin technique. He examined

four different kinds of geometric configurations (left wall wavy and right wall



smooth, right wall wavy and left wall smooth, both walls wavy with same "wall-

waviness" parameter, and both walls wavy having different "wall-waviness"

parameters) and three different expressions for the heat source distribution

(constant heat sources, temperature-dependent heat sources, and heat sources

which vary linearly with the temperature). The author found that for all the cases

the amplitudes of the heat transfer coefficients at the walls of the channel increase

with increasing value of the heat source parameter.

Elsherbiny, et al. (1978) made experimental measurements of the free

convective heat transfer across inclined air layers that are heated from below and

bounded by one V-corrugated plate and one flat plate. They showed that the

natural convection heat transfer between the two plates is same whether the V-

corrugated plate is above or below. They also showed that in the range of Rayleigh

numbers from 10 to 4x10^ and for the same average plate spacing, the convective

heat transfer across the air layer between a V-corrugated wall and a flat plate is up

to 50 percent greater than that for two parallel flat plates.

Chinnappa (1970) experimentally investigated the heat transfer by natural

convection from a heated, 60° angle, V-corrugated plate to a cooled flat plate

above it, and obtained correlations for the Nusselt number.

1.3.4 The Effects of Surface Roughness Elements on Natural Convection Flows in

Enclosures

Review papers by Ostrach (1972), Catton (1978), Ostrach(1982), and

Hoogendom (1986) summarize much of the work done on natural convection

flows in enclosures. None of these reviews, however discuss the effects of wall

roughness elements on natural convection flows in enclosures.



Probert and Ward (1974) performed an experimental investigation of

techniques to improve the thermal resistance of vertical, air-filled, rectangular

enclosures with one vertical hot wall opposed by a vertical cold wall. They

investigated three different methods for increasing the thermal resistance of such

an enclosure; (1) locating the hot and cold vertical walls an optimum distance

apart, (2) the use of intemal baffles attached to the enclosure walls, and (3) altering

the enclosure shape. Since baffles constitute "large roughness elements", only the

second technique is of interest here. The experiments of Probert and Ward show

that the thermal resistance of an enclosure can be increased by (a) installing two

vertical baffles, one on the bottom horizontal wall near the hot vertical wall and

one on the top horizontal wall near the cold vertical wall and, (b) attaching several

horizontal baffles to the cold vertical wall.

Kaviany (1984) studied the effects on natural convection of a semi-

cylindrical protuberance, which was located on the adiabatic bottom wall of an

otherwise square cavity with isothermal vertical walls maintained at different

temperatures and adiabatic horizontal walls. His numerical study employed a finite

difference technique and assumed a fluid with a Prandtl number of 0.71 and a

range of Rayleigh numbers up to 10^. He concludes that the protuberance causes a

decrease in the local heat transfer rate on the lower portion of the cold vertical

wall. This decrease in heat transfer rate is more pronounced with increasing

Rayleigh number until a critical value of Rayleigh number is reached. Then the

rate of decrease becomes less pronounced with further increases of Rayleigh

number. For a flxed enclosure size, the critical value of the Rayleigh number

depends on the radius of the protuberance. The author reports that for an

enclosure with a nondimensional proturberance radius of 0.2, the value of the

critical Rayleigh number is 5x103. Bilski, et al. (1986) performed experimental



investigation on the laminar natural convection flows in square and partially

partitioned enclosures with two vertical isothermal walls and two horizontal

insulated walls for a range of Rayleigh numbers from 10^ to 10^ and compared

their results with those of numerical studies. In this study the vertical partitions

were attached to the top and bottom adiabatic walls. These partitions were partial;

that is, they did not extend over the full height of the enclosure.

None of the above authors studied the effects of large wall roughness

elements attached to the vertical walls of an enclosure on the natural convection

flows in an enclosure. Only three such studies could be found in the open

literature. These studies are discussed below.

Anderson and Bohn (1986) performed an experimental investigation of the

effects of large surface roughness elements on the natural convection heat transfer

in a cubical enclosure filled with water. The top and bottom horizontal walls of the

enclosure were heavily insulated. One vertical wall was a smooth, isothermal, cold

wall. The opposing vertical wall was roughened by adding distributed roughness

elements, which consisted of a series of intersecting groves rotated 45® from the

horizontal. The ratio of the height of each roughness element to the enclosure

height was 0.0034. Anderson and Bohn used both isothermal and constant flux

boundary conditions for the rough vertical wall and covered the range of Rayleigh

numbers and modified Rayleigh numbers from 7.7x10^ to 7.3x10^0 and 6.8x10^^

to 9.2x10^2, respectively. Their experiment showed that, due to the surface

roughness elements on the isothermal heated wall, the overall Nusselt number of

the enclosure was increased by 15 percent from that of a corresponding smooth-

walled enclosure at Rayleigh number 3.3x10^0. The local Nusselt number of the

rough-walled enclosure increased by about 40 percent from that of a

corresponding smooth-walled enclosure at a Rayleigh number of 4.1x10^0,
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measured at a location slightly above the midpoint of the isothermal heated wall. In

this study the investigatiors did not consider the effects of not keeping the volume

of the enclosure constant when making a comparison between smooth and rough-

walled enclosures. They also did not explore the effects of changing the aspect

ratio of the enclosure and the size of the roughness elements.

Shakerin and Loehrke (1987) performed a numerical study of the effects of

roughness elements on natural convection in a vertical enclosure bounded by two

isothermal vertical walls and two adiabatic horizontal walls. Either one or two

roughness elements were mounted on the hot vertical wall. The height of the

roughness element was of the order of boundary layer thickness. They performed

their study with an enclosure aspect ratio of unity, a range of Rayleigh numbers

from 0.72x105 to 10^, and a Prandtl number of 0.7. They also computed a case

with a Rayleigh number of 10^ and a Prandtl number of 7.0. They extended the

study for a case with an aspect ratio of 3.0, a Prandtl number of 0.7, and a Rayleigh

number of 10^. They found that regions of low heat transfer occur just below and

above the roughness elements due to the decelerated flows in these regions. The

authors concluded that for an enclosure with an aspect ratio of 1.0, filled with a

fluid with a Prandtl number of 0.7, and at a Rayleigh number of 10^, the presence

of roughness elements increased the overall Nusselt number of the enclosure by 12

percent from that of a corresponding smooth-walled enclosure. In this study, the

authors did not keep the volume of fluid in the enclosure constant in order to make

a fair comparison with a corresponding smooth walled enclosure. They also did

not study the effects of distributing the roughness elements over the entire height

of the hot vertical wall.

Shakerin, et al. (1988) performed both numerical and experimental studies

of the effects of roughness elements on natural convection in a vertical enclosure.
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This study is a continuation of the previous work by Shakerin and Loehrke (1987).

The enclosure geometry, boundary conditions, parameters ranges, and the results

of the numerical study of this paper are identical to those reported in the 1987

paper. The authors perform a qualitative comparison of their experimental results

for the flow pattem and the isotherms with their numerical results. The isotherms

in their experimental study were obtained by setting the Mach Zhender

Interferometer used in the experiment to an infinite fringe setting. In their

experimental investigation, the authors did not perform any quantitative

measurements of the heat flux distributions along the solid boundaries of the

enclosure.

The above review of previous studies of the effects of large roughness

elements on vertical walls of enclosures on natural convection may be summarized

by noting that; (1) Only three studies of this type have been performed; (2) None

of these studies maintained the volume of fluid in the enclosure constant when

roughness elements were added; thereby precluding a proper comparison of

smooth-wall and rough-wall results; (3) The combined effects of distributing large

roughness elements over the entire height of a vertical wall and changing the

aspect ratio of the enclosure have not been explored; (4) The effects of large

roughness elements other than those of rectangular shape have not been

investigated; and (5) No numerical modeling of the problem of interest here,

verified by quantitative experiments has been done.

Therefore, it may be concluded that there is a need for a continued

numerical and experimental study that will examine the effects of large wall

roughness elements on the natural convection flows in rectangular enclosures in a

more definitive manner than has been done in previous studies.
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The literature on numerical methods and experimental techniques is briefly

reviewed below.

1.3.5 Literature on Numerical Methods

Historically, the finite difference method (FDM) has been the most popular

numerical method for problems in heat transfer and fluid mechanics. Detailed

presentations of the application of the finite difference technique to {H'oblems in the

thermal sciences may be found in texts such as Roache (1976), Patankar (1980),

Anderson, et al. (1984), Jaluria and Torrance (1986), and Oran and Boris (1987).

The use of the FDM is most advantageous when each domain boundary lies along a

constant value of a spatial coordinate (i.e. for geometries with "regularly-shaped"

boundaries).

The central finite difference technique was used in the present research to

solve the Poisson equations that govem the distributions of the stream function and

the heat function (Kimura and Bejan, 1983) of the smooth-walled enclosure (Figure

la) and the enclosure with large rectangular roughness elements (Figure Ic). These

calculations constituted "post-processing" operations, since they were performed

after the solution for the natural convection flow in the enclosure had been solved

by the methods described below.

The other major technique used for the numerical solution of problems in

thermal sciences is the finite element method (FEM). Many authors such as

Huebner (1975), Zienkiewicz (1977), Baker (1983), and Minkowycz, et al. (1988)

present detailed discussions of the FEM. Significant advances have been made in

finite element methodology in recent years. Using this method, it becomes

relatively easy to formulate the discretized governing equations for nonuniform

grids and for irregular geometries. Also, as reported by Denny and Qever (1974),
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the FEM has a greater computational efficiency than the FDM in calculating

quantities like the wall heat flux.

The numerical solution of the equations governing the natural convection

flow in the enclosure was done by using the general purpose finite element code

called NACHOS, which was originally written by Dr. David K. Gartling of Sandia

Laboratories and subsequently modified by Beach (1985a) to run on the IBM 3081

at The University of Tennessee, Knoxville. The code was also used in the "post

processing" operations to solve the Poisson equation that governs the stream

function distribution of the enclosure with large sinusoidal roughness elements

(Figure lb).

Using the NACHOS code, Beach (1985b) obtained highly accurate

numerical results for natural convection flows in smooth-walled enclosures as

verified by comparison with the experimental results of Krane and lessee (1983).

The NACHOS code was easily applied to the enclosures of interest here, which

have irregular boundaries.

1.3.6 Literature on Experimental Techniques

The temperature of the solid structural elements in the experimental

apparatus was measured with copper-constantan thermocouples. Excellent

discussions of temperature measurements with thermocouples are given by Baker,

et al. (1975), and by Holman (1984).

The temperature distribution in the air in the test enclosure was measured

with a Mach Zhender Interferometer, while a Wollaston Prism Interferometer was

used to measure the heat flux distributions along the enclosure walls. Detailed

discussions of the design, construction, and use of these interferometers are given
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by Eckert and Goldstein (1976), Semas (1977), Heidari and Parsons (1980), Irby

and Parsons (1981), and lessee (1985).
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CHAPTER 2

FORMULATION OF THE ANALYTICAL MODEL

2.1 Introduction

The governing equations and the boundary conditions for the natural

convection flows in the enclosures shown in Figure 1 are presented below, as are

the governing equations and boundary conditions for the stream function and the

so-called "heat function" (Kimura and Bejan, 1983). The stream function and heat

function are of interest since they are used along with isotherms to graphically

portray the numerical results obtained in this investigation.

After recasting all of the governing equations and boundary conditions in

terms of nondimensional variables, the resulting nondimensional parameters are

identified and their physical meanings are discussed.

2.2 Modeling Assumptions

For the present work it is assumed that the flows of interest are steady-state,

two-dimensional, laminar natural convection flows of a Newtonian fluid, which

completely fills the enclosure being considered. It is also assumed that the

Boussinesq approximation is valid, that the fluid is a radiatively nonparticipating

medium, and that viscous dissipation and compressive work are negligibly small.

The objective of this research is to determine the effect of placing large

roughness elements on the hot vertical wall of a vertically-oriented, rectangular

enclosure on the rate of heat transfer across such an enclosure. To meet this

objective, it is necessary to compare the overall rate of heat transfer across a

smooth-walled enclosure to that across the corresponding enclosure to which

roughness elements have been added. In order to insure that any difference in the
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rates of heat transfer across the two enclosures is solely due to the addition of the

roughness elements, two conditions must be met. First, it is obvious that both

enclosures must contain the same Newtonian fluid. The second condition is a bit

more subtle. It requires that the total amount of fluid in each of the two enclosures

being compared must be kept the same. The satisfaction of this condition is

necessary since mounting large wall roughness elements in a smooth-walled

enclosure without otherwise altering the enclosure geometry reduces the amount

of fluid in the enclosure. In general, this would cause a change in the overall

resistance offered by the fluid to heat transfer across the enclosure. In this case it

would be impossible to determine whether it was an alteration of the flow in the

enclosure, or the decrease in the amount of fluid in the enclosure due to the

addition of the roughness elements, or both of these effects, that caused any change

in the rate of heat transfer across the enclosure. This condition has been ignored by

other investigators even though (as will be shown below) it can be quite important.

Both sinusoidal and rectangular roughness elements were employed in this

investigation. The requirement for keeping the amount of fluid in the enclosure

identical to that in the corresponding smooth-walled enclosure is quite simple to

satisfy for the sinusoidal roughness elements. As shown in Figure (lb), it merely

requires that the origin of the sine wave that forms the left-hand vertical wall lie on

the plane x* = 0, which coincides with the location of the left-hand vertical wall in

the corresponding smooth-walled enclosure. The analogous requirements for the

rectangular elements may be determined by inspection of Figure 2, which shows

the detailed geometry of one period of a rectangular roughness element array.

Figure 2 shows that, if the amount of fluid in the enclosure is to be kept equal to the
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amount of fluid in the corresponding smooth-walled enclosure, that (area 1) must

be equal to (area 2), or

=  . (2.1)

Figure 2 also shows that, in general, the spacing between the elements, 5i*, is not

equal to the width of the elements, 62*. For all of the cases considered in this

investigation, however, it was assumed that the amplitudes and K2 are equal,

or

Ai^ = A2*sA^ (2.2)

such that the spacing between the elements and the width of the elements are

identical; that is,

6i"^ = 52* = 5*/2 (2.3)

where d* is the period of the roughness element array. It was also assumed that

(H/d*) is always an integer. This integer is denoted by Nper. These two

assumptions serve to reduce the total number of cases considered in the

computational and experimental studies to a reasonable size.
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2.3 Governing Equations and Boundary Condirions for the Natural Convection

Flows in the Enclosures

2,3.1 The Governing Equations In Physical Variables

Based on the modeling assumptions stated above, the governing equations

for the natural convection flows in the enclosures are given in terms of physical

variables by

Conservation of Mass

9u* 3v* ^ /o >1 \+ ay* - 0 (2.4a)

Newton's Second Law (x*- Direction')

r,au* ,au*-| d?* r

Newton's Second Law (V*- Direction')

r  ,av" i ap* r aV aV i . ,
pL"S? + ̂ ^J=-57 + pL J + pgP(T*-rc) (2.4c)

and,

Conservation of Energy

r,ar .ari , r a^r a^r i
p'^L''^ ST'J = ■= L J «•«)
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where, u* and v* are the velocity components in the x*- and y*-directions, T* is the

temperature, P* is the "motion pressure" (defined as the actual pressure in the fluid

less the ixessure when the fluid is at rest at the reference temperature), g is the

magnitude of the acceleration due to gravity, and p, |X, |3, Cp, and k are the density,

dynamic viscosity, coefficient of volumetric thermal expansion, constant pressure

specific heat, and thermal conductivity of the fluid, respectively. The temperature

of the cold vertical wall of the enclosure, T*c, serves as the reference temperature

in the buoyancy force term in the Newton's second law (equation 2.4c).

Equations (2.4) govem the flows in both the smooth-walled and rough-

walled enclosures shown in Figure 1.

2.3.2 The Boundarv Conditions In Phvsical Variables

The boundary conditions for the top and the bottom horizontal walls, the

right-hand vertical wall (the "cold wall"), and the left-hand vertical wall (the "hot

wall") are the same for each of the three enclosures shown in Figure 1. For the top

horizontal wall the boundary conditions are given by:

u''(x",H) = 0 (2.5a)

v"'(x*,H) = 0 (2.5b)

aT*(x*,H)
-0 (2.5c)

and.

for(-A*<x*^W).
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Similarly, the boundary conditions on the bottom horizontal wall are given by:

u*(x^0) = 0 (2.6a)

v''(x^0) = 0 (2.6b)

and,

^  -0 (2.6c)

for(-A^<x*<W).

The boundary conditions on the right-hand vertical wall (the "cold wall") of

each enclosure are given by:

u*(W,y*) = 0 (2.7a)

v^(W,y'') = 0 (2.7b)

and,

r (W, y* ) = rc (2.7c)

for(0<y*<H).

The boundary conditions on the left-hand vertical wall (the "hot wall") are

given by:

u* ( y*) = 0 (2.8a)

v'(x\,y*) = 0 (2.8b)

T(x\,y^) = rH (2.8c)
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where, x*l is the x*-coordinate of the left-hand vertical wall and (0 < y* < H). For

the smooth-walled enclosure shown in Figure (la)

x\ = 0 (2.9)

For the enclosure with sinusoidal roughness elements (Figure lb)

x\ = A"'Sin(27c|^+(l)) (2.10)

where (j) is a phase angle defined such that (0 < <|) < 2n). Finally, for the enclosure

with rectangular roughness elements (Figure Ic) x*l is given for each period of the

roughness element array by the following set of equations:

(- A*i < x*L ̂ 0) for ̂  = 0 (for all n, except n = 2 when 5*o = 0) (2.11a)

x*l = -A*i for^ = 0 (when n = 2 and 5*0 = 0) (2.11b)

x*l = -A*i for(0<^<6*i) (2.11c)

(- A*i < x*L < A*2) for = 5*1 (for all n, except n = NpER +1 when 5*o = 5*/2)

(2.1 Id)

x*L = -A*i for^ = 5*1 (whenn = NpgR +1 and5*o = 5*/2) (2.lie)

x*l = A*2 for(5*i<>r<6*) (2.1 If)

and,
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(0<x*l<A*2) for y =5* (2.11g)

where, y* is a local coordinate used to define a single period of the wall roughness

element array as shown in Figure 2.

As noted in section 2.2, in the present work the amplitudes A^i and A*2 are

assumed to be equal, or

A\ = A*2 = A* (2.2)

such that the spacing between the elements and the width of the elements are

identical, that is

d>\ = b*2 = S'/2 . (2.3)

Substituting equations (2.2) and (2.3) in equations (2.11) yields the following set

of relations for x»l for an enclosure with rectangular roughness elements:

(- A* < x^L ̂ 0) for ̂  = 0 (for all n, except n = 2 when 5*o = 0) (2.12a)

x*l = -A* for^ = 0 (whenn = 2and 5*0 = 0) (2.12b)

x*L = - A* for (0 < y" < 5*/2) (2.12c)

(- A* < x*L ̂  A*) for y* = 5*/2 (for all n, except n = NpgR +1 when 5*o = 5*/2)

(2.12d)
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x*L = - A* for y = 6*/2 (when n = Np^R +1 and 6*0 = 5*/2) (2.12c)

x\ = A" for(5"/2<^<6^ (2.12f)

and,

(0<x\<A*) for^ = 5V (2.12g)

The vertical coordinate indicating the distance of each point on the hot wall

above the bottom of the enclosure is given by the relation

y"' = y* + (n-2)5V6^0 (2-13)

where, 5* is the period of the wall roughness element array, 5*o accounts for any

phase shift of the array, and n is a positive integer that identifies a speciHc period

in the array, (n) is defined such that it assumes a value of 1 for y* ̂  5*o and then

increases in increments of 1 for each period traversed in moving up the wall

roughness element array until it reaches a maximum possible value of nma;j = (H/5*

+ 1) = (NpER +1).

The boundary conditions u* = v* = 0 reflect the well-known requirement

that the velocity of a viscous fluid, relative to solid surface, must be zero at the

surface. The thermal boundary conditions T*(x*l» y") = T*h and T'CW, y*) = T^c

correspond to the specified isothermal conditions on the vertical walls, the

condition 9T*/9y* = 0 on the top and bottom horizontal walls is required by the

adiabatic nature of these surfaces.
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2.3.3 The Overall Rate of Heat Transfer Across an Enclosure

The local heat flux distribution along either vertical surface of an enclosure

is given by

% = = -k|^ (2.14)

where the derivative of the temperature is taken in the direction locally normal to

the surface.

The overall rate of heat transfer across an enclosure, Q, is of primary

importance in the present work. This quantity is easily computed after a solution

of the goveming equations has been completed. The computation merely involves

the integration of the local heat flux distribution along either vertical wall of the

enclosure. For convenience, the right vertical wall was chosen for this purpose

since it is always a plane surface, even in an enclosure containing roughness

elements. Thus, we have

Q=rqwdy*=-]
Jo

.  (2.15)
OX

2.3.4 The Nondimensional Form of the Goveming Equations

Substituting the nondimensional variables

u = (2.16a)
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v = aT7^ (2.16b)(v/H)

(2.16c)
P(v/H)2

H

and,

c
H

x = Tr

y=?r

T* - TVT = ;= ^ (2.16d)
1 H - 1 C

 (2.16e)

 (2-i6f)

into equations (2.4) yields the following nondimensional set of governing

equations for the natural convection flows in the enclosures :

Conservation of Mass

1^1=0 (2.17a)

Newton's Second Law (x-Direction')

5u 0u 3P 3^ ^u .

Newton's Second Law Cv-Direction')

3v dv 3P 3^ 3^ r /-. TT
(2.17c)
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and,

Conservation of Energy

ar ar i
(2.17d)

where:

OfH = . Grashof number ̂  ] (z.iga)"  v2 L VISCOUS force -■ ^ '

Cp}i ^ , , r diffusivity of momentum 1 ^Pr = -^= Prandtl number = I ^ r : I . (2.18b)k  •- diffusivity of thermal energy -• ^ ^

2.3.5 The Nondimensional Forms of the Boundary Conditions

Rewriting equations (2.5) in terms of the nondimensional variables given in

equations (2.16) gives the following boundary conditions for the top horizontal

wall of an enclosure:

u(x. 1) = 0 (2.19a)

and,

v(x, 1) = 0 (2.19b)

ax ( X, 1 )ay -=0 (2.19c)
for(-A<x<W/H).

Similarly, the boundary conditions on the bottom horizontal wall given by

equations (2.6) are transformed into the following nondimensional forms
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u (X, 0) = 0 (2.20a)

V (X, 0) = 0 (2.20b)

and,
3T ( X, 0 )^Q ^2.20c)

dy

for(-A<x<W/H).

Rewriting equations (2.7) in terms of the nondimensional variables yields

the following set of nondimensional boundary conditions for the right-hand

vertical wall of each enclosure:

u(^,y) = 0 (2.21a)

v(§,y) = 0 (2.21b)
and,

T c H

for(0<y < 1).

The nondimensional form of the boundary conditions on the left-hand

vertical wall are found by rewriting equations (2.8) in terms of the

nondimensional variables to get

T(^,y) = 0 (2.21c)

U (xl . y) = 0 (2.22a)

V (xl , y) = 0 (2.22b)

and,

T(xL,y)=l (2.22c)
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where xl = (x*l/H) is the x-coordinate of the left-hand vertical wall and

(0 < y < 1). For the smooth-walled enclosure shown in Figure (la) equation (2.9)

gives

XL = 0 . (2.23)

For the enclosure with sinusoidal roughness elements as shown in Figure (lb)

XL = ASin(27c|+(l)) (2.24)

where A = A^/H is the dimensionless amplitude of the elements, 5 = 6*/H is the

dimensionless period of the sinusoidal roughness element array, and, as before, (|>

is the phase angle of the array, which is defined such that (0 < <|) < 27c). For the

enclosure with rectangular roughness elements, as shown in Figure (Ic), the

nondimensional forms of the equations which give xl for each period of the

roughness element array are found by substituting the nondimensional variables

into equation (2.12) to get

(- A < Xl < 0) for y = 0 (for all n, except n = 2 when Sq = 0) (2.25a)

Xl = - A for y = 0 (when n = 2 and Sq = 0) (2.25b)

XL = - A for (0 < y < 5/2) (2.25c)

(- A < Xl ̂  A) for y = 5/2 (for all n, except n = NpgR +1 when 5o = 5^2)

(2.25d)
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xl = - A for y = 6/2 (when n = N^r +1 and 5o = 6^2) (2.25e)

xl = A for(5/2<y<6) (2.25f)

and,

(0<xl<A) fory = 5 (2.25g)

where A = A^/H is the nondimensional amplitude of the rectangular roughness

elements, 5 = 6*/H is the nondimensional period of the roughness element array and

y = y^/H is the dimensionless local vertical coordinate for a single period of the

array. Finally, the dimensionless distance of a point on the hot vertical wall above

the bottom of the enclosure is found by substituting the nondimensional variables

into equation (2.13) to get

y = y + (n-2)6 + 5o (2.26)

where 6o = 5*o/H is the dimensionless phase shift of the array. As before, n is a

positive integer, the value of which identifies a specific element in the array. In

nondimensional terms, n is defined such that it assumes a value of 1 for y < 6o and

increases in increments of 1 for each period traversed in moving up the wall

roughness element array until it reaches a maximum possible value,

(1/5 + 1) = (NpER +1).

2.3.6 The Dimensionless Form of the Overall Rate of Heat Transfer Across an

Enclosure

Rewriting equation (2.14) for the local heat flux distribution along a vertical

wall of an enclosure in terms of dimensionless variables yields
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where Nu(y) is the local Nusselt number. Similarly, rewriting equation (2.15) in

terms of dimensionless variables gives the following expression for the overall

rate of heat transfer across an enclosure

I-kd'H - T'c) ̂
"3T(W«.y)

ox

where ̂  is the overall Nusselt number for an enclosure.

The nondimensional forms of the goveming equations (Equations 2.17) and

the boundary conditions (Equations 2.19-2.26) show the following functional

dependencies of the overall Nusselt number for :

(1) a smooth-walled enclosure

(Nu)s= Nus[GrH, Pr, W/h] , (2.29a)

(2) an enclosure with sinusoidal roughness elements

(Nu)r = Nur [Crn, Pr, W/H, A, 5, (|)] , (2.29b)

and,

(3) an enclosure with rectangular roughness elements

(Nu)r = NuR[GrH, Pr, W/H, A, 6, Sq] . (2.29c)
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2.4 The Governing Equations and Boundary Conditions For the Stream

Function and the Heat Function

2.4.1 Introduction

Most of the numerical results in this investigation are presented in graphical

form using plots of the isotherms, streamlines and heat lines to portray the flows in

the enclosures. An isotherm plot is obtained by submitting the discrete

temperature distribution computed as part of the solution of the governing

equations for the flow in the enclosure to a contouring program. The

corresponding distributions of the stream function and the heat function, however,

must be computed from their governing equations before they can be submitted to

the contouring program to obtain the streamline and heat line plots. Thus, the

goveming equations and the boundary conditions for the stream function and the

heat function are developed below.

2.4.2 The Goveming Equation and Boundarv Conditions For the Stream Function

The stream function, y*, is defined by the following relations

u* = ̂  (2.30a)
and,

=  (2.30b)

which are designed such that y* satisfies the equation (2.4a) for conservation of

mass exactly. The goveming equation for V)/* is found from the definition of the

vorticity vector, o3*. Nvhich is given by
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co* = vxv* (2.31)

where V is the velocity vector. For the two-dimensional flows of interest here,

equations (2.30) and (2.31) are easily shown to give

fSr + ̂  = (^ -57) (2-32)

which is the goveming equation for the stream function in physical variables. The

right-hand side of this equation is evaluated using the velocity distribution obtained

from the solution of the goveming equations for the flow in the enclosure. The

boundary conditions for equation (2.32) are given by

,y*) = 0 (2.33a)

for (0 < y* < H), and

V|/'(W,y*) = 0 (2.33b)

V*(x^, 0) = 0 (2.33c)

Yix*, H) = 0 (2.33d)

for(0<x*<W).

Recasting equations (2.32) and (2.33) in terms of the dimensionless variables gives

the following nondimensional forms of the goveming equation and the boundary

conditions for the stream function as
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and,

for (0 < y < 1), and

¥(xl . y) = 0 (2.35a)

\|<W/H,y) = 0 (2.35b)

\j<x, 0) = 0 (2.35c)

\|/(x,l) = 0 (2.35d)

for (0 < X < W/H), where

the dimensionless stream function is given by:

.  (2.36)

2.4.3 The Governing Equations and Boundary Conditions For the Heat

Function

Kimura and Bejan (1983) defined the heat function, H", by the relations

^  , dV r total transport crfenergy by convection "1 .
3-;r= pCpU (T^ - rr)-k3-r = I % I (2.37a)
cy ox L andcoixiuctioninthex -direcuon J

r total transport of energy by convection ~|
dx* ^c) ~|_ and conduction in die y*-direction J
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such that H* satisfies the equation (2.4d) for conservation of energy exactly.

Differentiating equation {l.TId) with respect to y* and equation (2.37b) with

respect to x* and subtracting the results gives the following governing equation for

H* in physical variables:

^  {pcp} [u-(r-rc)] - JiT[v'cr -Tc)] } . (2.38)

The right hand side of equation (2.38) is evaluated using the velocity and

temperature distributions obtained from the solution of the goveming equations

for the flow in the enclosure. The boundary conditions for equation (2.38) are

given below. Along the bottom horizontal wall

HV,0) = 0 (2.39a)

for (x*L ̂  X* < W). Along the left-hand vertical wall

H (xL,y^=| q^ds* = (2.39b)
Jo

for (0 < y* < H), where s* is the total distance measured along the surface of the

left-hand vertical wall starting from the intersection of this wall with the bottom

horizontal wall of the enclosure, s* varies in the range

(0 < s* <
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where s*Max = s* at y* = H is the maximum possible length measured along the left-

hand vertical wall. For a smooth-walled enclosure, s*Max = while for an

enclosure containing roughness elements, s*Max > f^us, along the top horizontal

wall

H (x'3) = = (Constant) = Q (2.39c)

for (x^L ̂  X* < W), where Q is the total rate of heat transfer across the enclosure

given by equation (2.15). Finally, along the right-hand vertical wall

H'(W.y*)=Q+
aT'(W.y')

dx')dy' (2.39d)

for (0 < y* < H).

Rewriting equations (2.38) and (2.39) in terms of the dimensionless

variables gives the following nondimensional forms of the governing equation and

boundary conditions for the heat function

H(x , 0) = 0 for (xl I Q - * -W/H) (2.41a)
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I*s

rt(xL,y)=| Nu(y)ds= for(0<y<l) (2.41b)

rt(x,l)=| (-3-Ids=(Constant)=Nu for(xL <x<W/H) (2.41c)
y=l

.J'(-^-y>)dy forcosyil)H(l,y)=Nu+ / ^Hwm,y;x^ for(0<y<l) (2.41d)

K*
where, H = 1—7?* ^f*~T is the nondimensional heat function and Nu(y) and

K (1 H - 1 c)

Nu are the local and overall Nusselt numbers given by equations (2.27) and (2.28),

respectively.

2.4.4 The Physical Interpretation of the Heat Function

The physical meaning of the heat function, H, is easily understood through a

comparison with the stream function, \)/. As is well-known: (1) the stream function

is defined such that it satisfies the equation for conservation of mass exactly, (2)

lines of constant y, called "streamlines", are everywhere tangent to the velocity

vector so that there is no mass flowrate across a streamline, and (3) the mass

flowrate between two neighboring streamlines is a constant. Thus, a contour plot

of the stream function shows the streamlines, which provide a "picture" of the

flowfield. By analogy: (1) the heat function, H, is defined such that it satisfies the

equation for conservation of energy exactly, (2) lines of constant H, called "heat

lines", are everywhere tangent to the total energy flux vector, which accounts for
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the total transport of thermal energy by the combined action of conduction and

convection, and (3) the total rate of thermal energy transport between any two

neighboring heat lines is a constant. Thus, for the heat function a contour plot

shows the heat lines, which provide a "picture" of the energy transport paths by the

combined effects of convection and conduction through a flowfield.

The use of isotherm, streamline and heat line plots to graphically portray the

numerical results of this study facilitates the physical explanation of these results.

Equations (2.41) show that the horizontal walls of an enclosure are heat lines with

heat function, H, equal to zero on the bottom horizontal wall and to the overall

Nusselt number on the top horizontal wall. The heat function increases from zero

at the bottom of the left-hand vertical wall to the overall Nusselt number at the top

of that wall as heat is transfered from this (hot) wall to the fluid. Thus, a series of

heat lines will appear to emanate from the left-vertical wall. These particular heat

lines, which are locally normal to the left-hand vertical wall, will extend across the

width of the enclosure until they intersect the right-hand vertical wall where they

are also locally normal to the surface. Thus, the heat function decreases in value

from that of the overall Nusselt number at the top of the right-hand vertical wall to

zero at the bottom of this wall as heat is transfered from the fluid to this (cold)

wall.
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CHAPTER 3

THE NUMERICAL INVESTIGATION

3.1 Introduction

This chapter and its associated appendices describe the numerical techniques

used to solve the goveming equations for: (1) the natural convection flow in an

enclosure, and (2) the stream function and heat function for such a flow. The

overall scope of the numerical investigation is outlined in the form of the

computational matrix. Finally, a brief discussion of the computational grid is

included.

3.2 The Numerical Solution of the Goveming Equations for the Natural

Convection Flows in the Enclosures

Numerical solutions of equations (2.17), which govern the natural

convection flows in the enclosures, were obtained for smooth-walled rectangular

enclosures and for rectangular enclosures containing sinusoidal and rectangular

wall roughness elements using the finite element code NACHOS. The boundary

conditions on the horizontal walls and on the right-hand (cold) vertical wall are

given by equations (2.19), (2.20) and (2.21) for all three types of enclosures. The

boundary conditions on the left-hand (hot) vertical wall are given by equations

(2.22) and (2.23) for a smooth-walled enclosure, by equations (2.22) and (2.24)

for an enclosure with sinusoidal roughness elements, and by equations (2.22),

(2.25) and (2.26) for an enclosure with rectangular roughness elements.

The NACHOS code was developed by Dr. David K. Gartling of Sandia

Laboratories (Gartling, 1977a,b). The code was later modified by Mr. Tim Beach

at the University of Tennessee, Knoxville to run on the IBM/3081 (Beach, 1985).
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NACHOS is based on the Galerkin form of the finite element method and is

designed for the solution of both transient and steady-state, two-dimensional,

laminar flows that are govemed by the Navier-Strokes Equations. The detailed

derivations of the finite element equations on which NACHOS is based and an

extensive discussion of this program are given by Gartling (1977a,b). Following

Said (1986), abbreviated discussions of the formulation of the finite element

equations, the element construction, and the solution algorithm for the NACHOS

code are given in Appendix A.

3.3 The Numerical Solution of the Governing Equations for the Stream

Function and the Heat Function

Equation (2.34) is the governing equation for the stream function. The

boundary conditions for this equation are given by equations (2.35). Similarly,

equation (2.40) is the governing equation for the heat function and its boundary

conditions are given by equations (2.41). Equations (2.34) and (2.40) are Poisson

equations that cannot be solved until the equations governing the natural

convection flow in the enclosure have been solved because the right-hand members

of these equations are functions of the fluid velocity components, u and v, and the

fluid temperature, T. The solutions of equations (2.34) and (2.40) were obtained

numerically using the finite difference techniques that are presented in Appendix

B. These computations were performed only for the flows in the smooth-walled

enclosures and the enclosures containing rectangular roughness elements. The

streamlines, isotherms and heat lines were plotted for all these flows using the

contouring program SURFACE II.

The streamlines and isotherms for the flows in enclosures with sinusoidal

wall roughness elements were computed and plotted using the post-processing
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capabilities of the NACHOS code. The heat function was not computed, nor the

heat lines plotted, for these flows.

3.4 The Computational Matrix

The functional dependencies of the overall Nusselt number for the

enclosures investigated in this research are given by equations (2.29). These

relationships were used to develop the computational matrix that is presented

below in the following tables.

For the smooth-walled enclosures, it was shown that the Nusselt number is

given by

(Nu)s= NustGrji, Pr, W/H] (3.1)

where Gru is the Grashof number built on the enclosure height, Pr is the Prandd

number, and W/H is the aspect ratio of the enclosure. As shown in Table 1, a total

of 14 cases were run for smooth-walled enclosures. The results of these cases

enable the comparisons required to determine any changes in the rates of heat

transfer for corresponding enclosures with roughness elements.

The Nusselt number relationship for an enclosure with sinusoidal roughness

elements is given by

(Nu)r= NuRlGrjj, Pr, W/H, A, 5, ((>] (3.2)

where Gr^, Pr, and W/H are as defined above, A is the dimensionless amplitude of

a roughness element, 5 is the dimensionless period of the roughness element array,

and <j) is the phase angle of the array. The values of these parametCTS for the 9 cases
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Table 1. Cases Run for Smooth-Walled Enclosures

Case No. Grn Pr W/H

1 1.55x103 0.72 1.0

2 1.49 X 104 0.72 1.0

3 1.43x105 0.72 1.0

4 3.41 X 105 4.52 1.0

5 1.69x106 0.72 0.4

6 1.90x106 0.72 0.4

7 4.07 X 103 4.52 0.4

8 4.07 X 104 4.52 0.4

9 4.07 X 105 4.52 0.4

10 4.07 X 106 4.52 0.4

11 6.64x103 4.52 0.34

12 6.64 X 104 4.52 0.34

13 6.64 X 105 4.52 0.34

14 6.64 X 106 4.52 0.34
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(15-23) that were run for enclosures with sinusoidal roughness elements are

presented in Table 2.

Finally, the Nusselt number relationship for enclosures with rectangular

roughness elements is given by

(Nu)R = i^R[GrH, Pr, W/H, A, 5, Sq] (3.3)

where Grn, Pr, and W/H are as defined above, A is the dimensionless amplitude of

a rectangular roughness element, 6 is the dimensionless period of the roughness

element array, and Sq is the dimensionless phase shift of the array. The values of

these parameters for the 29 cases (24-52) run for enclosures with rectangular

roughness elements are presented in Table 3.

As discussed in Chapter 2, the amount of fluid in the corresponding

enclosures with and without roughness elements was kept the same in this work in

order that the true effects of adding the roughness elements on the heat transfer

could be determined. To explore the effects of adding rectangular roughness

elements in such a manner that the total amount of fluid in the corresponding

enclosures is nfii kept constant, the four cases (53-56) shown in Table 4 were run.

3.5 The Computational Grid

A typical finite element grid used by NACHOS to perform the computations

in an enclosure with rectangular roughness elements is shown in Figure 3. This

particular grid, which was used for enclosures with W/H = 0.4, 6 = 0.25, A = 0.12,

and 6o = 0.125, is nonuniform and contains 399 elements. The elements were

arranged such that more of them are packed into regions in which there are large

gradients in the velocity and/or temperature.
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Table 2. Cases Run for Enclosures with Sinusoidal Roughness Elements

Case No. GfH Pr W/H A 6 0

15 1.55 X 103 0.72 1.0 0.12 0.25 0

16 1.49 xlCH 0.72 1.0 0.12 0.25 0

17 1.43 X 105 0.72 1.0 0.12 0.25 0

18 3.41 X 105 4.52 1.0 0.12 0.25 0

19 4.07 X 103 4.52 0.4 0.12 0.25 0

20 4.07 X 104 4.52 0.4 0.12 0.25 0

21 4.07 X 105 4.52 0.4 0.12 0.25 0

22 4.07 X 106 4.52 0.4 0.12 0.25 0

23 4.07 X 106 4.52 0.4 0.12 0.50 0
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Table 3. Cases Run for Enclosures with Rectangular Roughness Elements

Case No. Grn Pr W/H A 5 5o

24 4.07 X 103 4.52 0.4 0.12 0.25 0.125

25 4.07 X 103 4.52 0.4 0.06 0.25 0.125

26 4.07 X 103 4.52 0.4 0.12 0.50 0.25

27 4.07 X 103 4.52 0.4 0.06 0.50 0.25

28 4.07 X 103 4.52 0.4 0.12 0.25 0

29 4.07 X 103 4.52 0.4 0.12 0.50 0

30 4.07 X 104 4.52 0.4 0.12 0.25 0.125

31 4.07 X 104 4.52 0.4 0.06 0.25 0.125

32 4.07 X 104 4.52 0.4 0.12 0.50 0.25

33 4.07 X 104 4.52 0.4 0.06 0.50 0.25

34 4.07 X 104 4.52 0.4 0.12 0.25 0

35 4.07 X 105 4.52 0.4 0.12 0.50 0
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Table 3 (Cont'd). Cases Run for Enclosures with Rectangular Roughness
Elements

Case No. Grn Pr W/H A 5 5o

36 4.07 X 105 4.52 0.4 0.12 0.25 0.125

37 4.07 X 105 4.52 0.4 0.06 0.25 0.125

38 4.07 X 105 4.52 0.4 0.12 0.50 0.25

39 4.07 X 105 4.52 0.4 0.06 0.50 0.25

40 4.07 X 105 4.52 0.4 0.12 0.25 0

41 4.07 X 105 4.52 0.4 0.12 0.50 0

42 4.07 X 106 4.52 0.4 0.12 0.25 0.125

43 4.07 X 106 4.52 0.4 0.06 0.25 0.125

44 4.07 X 106 4.52 0.4 0.12 0.50 0.25

45 4.07 X 106 4.52 0.4 0.12 0.25 0

46 4.07 X 106 4.52 0.4 0.12 0.50 0
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Table 3 (Cont'd). Cases Run for Enclosures with Rectangular Roughness
Elements

Case No. Grn Pr W/H A 5 So

41 6.64 X 103 4.52 0.34 0.06 0.25 0.125

48 6.64 X 104 4.52 0.34 0.06 0.25 0.125

49 6.64 X 105 4.52 0.34 0.06 0.25 0.125

50 6.64 X 106 4.52 0.34 0.06 0.25 0.125

51 1.69x106 0.72 0.4 0.12 0.25 0

52 1.90x106 0.72 0.4 0.12 0.25 0
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Table 4. Cases Run for Enclosures with Rectangular Roughness Elements that
Do Not Contain the Same Amounts of Fluid As the Corresponding
Smooth-Walled Enclosures

Case No. Grn Pr W/H A 5 8o

53 4.07 X 103 4.52 0.4 0.06 0.25 0.125

54 4.07 X 104 4.52 0.4 0.06 0.25 0.125

55 4.07 X 105 4.52 0.4 0.06 0.25 0.125

56 4.07 X 106 4.52 0.4 0.06 0.25 0.125
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W/H = 0.4
A = 0.12

6 = 0.25
60 = 5/2 = 0.125

No. of Elements = 399

Figure 3. Typical Nonuniform Computational Grid
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The number of elements in the nonuniform grids used to compute the flows

in the smooth-walled enclosures, enclosures with sinusoidal roughness elements,

and enclosures with rectangular roughness elements are shown in Tables 5, 6, and

7, respectively, as functions of the geometric parameters for each of these types of

enclosures.

The finite difference calculations for the stream function and the heat

function (Appendix B) were always performed with the same grid spacing used in

NACHOS to compute the corresponding flow field.
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Table 5. Number of Elements Used for Computations in Smooth-Walled
Enclosures

W/H No. of Elements

1.0 256

0.4 336

0.34 280

Table 6. Number of Elements Used for Computations in Enclosures with
Sinusoidal Roughness Elements

W/H 5 A <1) No. of

Elements

1.0 0.25 0.12 0 256

0.4 0.25 0.12 0 160
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Table 7. Number of Elements Used for Computations in Enclosures with
Rectangular Roughness Elements

W/H 6 A 5o No. of

Elements

0.4 0.25 0.12 0.125 399

0.4 0.25 0.06 0.125 352

0.4 0.50 0.12 0.25 395

0.4 0.50 0.06 0.25 338

0.34 0.25 0.06 0.125 352

0.4 0.25 0.12 0 399

0.4 0.50 0.12 0 395
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CHAPTER 4

THE EXPERIMENTAL INVESTIGATION

4.1 Introduction

This chapter discusses the major aspects of the experimental investigation

including the apparatus, the instrumentation and data acquisition systems, the

experimental and data reduction procedures, and the dimensionless parameters for

the experiments.

4.2 Objective of the Experimental Investigation

The NACHOS finite element code was validated for natural convection

flows in smooth-walled rectangular enclosures by Beach (1985b) who compared

results computed with this code with the experimental results of Krane and lessee

(1983). No such validation of the NACHOS code has been made, however, for

natural convection flows in enclosures containing large wall roughness elements.

Thus, the objective of the present experimental investigation is to validate the

NACHOS code for natural convection flows in rectangular enclosures that contain

large wall roughness elements. The achievement of this objective should provide

the necessary confidence in the numerical results of the present work.

4.3 Selection of the Test Fluid

The choice of a specific test fluid influences both the size of the experimental

apparatus and many of the details of its design. Thus, the test fluid must be chosen

before the detailed design of the apparatus can be accomplished. For reasons of

simplicity in both the design and operation of the apparatus, air was selected as the

test fluid. This choice of test fluid also permitted the use of an enclosure that is
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small enough for the entire flowfield to be viewed in each of the interferometers

used in the experiments without moving either the enclosure or the

interferometers.

4.4 The Overall Design of the Experiments

In order to perform the desired experimental validation of the NACHOS

code, it was necessary to design and construct an apparatus that enabled the

controlled reproduction of the natural convection flows of interest in the

laboratory and to employ instrumentation systems that permitted accurate,

repeatible measurements of these flows. An enclosure with large rectangular

roughness elements of the type shown in Figure Ic was chosen for the experiments

since most of the numerical calculations were performed for roughness elements

of this type. It was also much easier to manufacture this enclosure than an

enclosure with sinusoidal roughness elements.

It was decided to perform the experimental validation of NACHOS by

comparing temperature distributions in the fluid and the heat flux distributions on

the walls of the enclosure computed with this code with the corresponding

temperature and heat flux distributions measured, respectively, with a Mach-

2^hnder interferometer and a Wollaston Prism interferometer.

4.5 Design of the Experimental Apparatus

4.5.1 General description of the Apparatus

The apparatus consists of the following major parts: (1) an outer enclosure

made from 1/4 inch and 1/2 inch thick aluminum plates, (2) a smooth, isothermal,

vertical, enclosure wall made of copper, (3) an isothermal, vertical enclosure wall
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which is made of copper and has large rectangular roughness elements, (4) two

heavily insulated horizontal walls, (5) two 1 inch thick plexiglas end pieces, (6)

two glass end windows, and (7) numerous screws and gaskets for assembly,

alignment, and sealing purposes. All of these parts are shown in the transverse and

longitudinal cross-sectional views of the apparatus given in Figures 4 and 5.

As shown in Figures 4 and 5, the basic "two-dimensional" test enclosure

contains air and is bounded by the two copper vertical walls (one smooth and the

other having roughness elements), the two heavily insulated horizontal surfaces,

and the glass end windows, which restrict the third dimension of the enclosure to a

finite extent. The enclosure height, H, and width, W, (both of which are shown in

Figure Ic) are 3.448 (in) and 1.379 (in), respectively. The length of the enclosure

in the longitudinal direction is 9.7 (in). These enclosure dimensions were chosen

so that: (1) a single interferogram could capture the entire flowfield in the

enclosure on both of the interferometers used, (2) the flows in the enclosure are

essentially two-dimensional over most of the length of the enclosure, and (3) the

roughness elements on the hot vertical wall could be easily manufactured.

4.5.2 Design of the Isothermal Walls

The design details of the vertical walls of the enclosure are shown in Figures

6 and 7. These walls are constructed of copper because the high thermal

conductivity of this material permits each wall to be maintained in an essentially

isothermal condition.

The thermal conditioning of the vertical walls of the enclosure is

accomplished by using a Haake Model NK22 constant temperature bath and

circulator to pass a stream of hot (or cold) water through the heat exchanger

passages milled in the back of each wall. The geometry of these heat exchanger
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passages is shown in Figure 7. The back surface of each vertical wall is formed by

a 1/4 (in) thick copper cover plate, which is attached to the main body of the wall

by screws and is sealed by a rubber gasket. Two 0.335 (in) I.D. copper tubes

attached to each cover plate serve as the inlet and outlet for the flow of water used

to heat, or cool, that wall.

The cold vertical wall has a smooth surface as shown in Figure 6b. The hot

vertical wall, as shown in Figure 6a, has a periodic array of four roughness

elements. The period of each element in the array, 6*, is 0.862 (in). The distance

between two elements, 81*, and the thickness of each element, 82*, are both 0.431

(in). The distance between the crest and the trough of each roughness element is

0.827 (in). Since the period of the lowest element in the array begins at the bottom

surface of the enclosure, the phase angle, bo*, of the array is zero.

The vertical walls contain numerous thermocouple wells which will be

described below.

4.5.3 Design of the Insulated Walls

The top and bottom horizontal walls of the test enclosure are heavily

insulated surfaces of identical construction. Each wall is made from a 0.03 (in)

thick film of clear plastic insulating material. This material, which has a low

thermal conductivity and is normally used to insulate windows during the winter,

is manufactured by the Home Products Division of the 3M Corporation, St. Paul,

Minnesota. As shown in Figure 4, a film is stretched tightly across the one open

side of each of two rectangular plexiglas boxes which are mounted above and

below the vertical walls and are oriented such that the insulating films form the top

and bottom horizontal surfaces of the test enclosure. The film is attached to each

plexiglas box by double-sided transparent tape. A great deal of care was taken in
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mounting the film on the boxes since the interferometric techniques used to

measure the temperature and heat flux distributions on the enclosure walls require

that these surfaces be as smooth and flat as possible.

The thin-film horizontal walls of the enclosure are each backed by a 1.375

(in) thick layer of silica aerogel, an insulating material that comes in the form of a

powder. Silica aerogel, which is manufactured by Monsanto Chemical Company

of St. Louis, Missouri, has a thermal conductivity approximately 85% that of air.

The 1.375 (in) thick layers of silica aerogel that back the thin-film horizontal walls

were formed by filling each of the two plexiglas boxes with silica aerogel through

a 1/2 (in) diameter hole drilled in a sidewall of the box for that purpose. During

the filling process each box was shaken vigorously in all directions and a 3/8 (in)

diameter wooden dowel was used to pack the powder inside the box through the

1/2 (in) hole. It was anticipated that these actions taken during the filling process

might mar, or even rupture, the thin-film wall of the box. Thus, a 1/4 (in) thick

plexiglas plate was put over this delicate surface and held in place by several C-

clamps. This plate was then removed before the box was installed in the apparatus.

4.5.4 Design of the End Pieces and Windows

The design details of the transverse vertical end pieces are shown in Figure

5. Each end piece was cut from a 1 (in) thick block of plexiglas and is fastened to

the outer aluminum frame of the apparatus by four assembly screws. A thin rubber

gasket is installed between each end piece and the aluminum frame. A 4 9/16 (in)

high by 2 1/2 (in) wide rectangular hole was cut in each end piece to accomodate

the glass end window, which fits snugly into this hole. The glass end windows are

made from 3/16 (in) thick float glass, which was handpicked to insure the highest

possible optical quality. As may be seen in Figure 5, a highly compressible foam
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rubber gasket (0.185 in thick) is used to insulate the end windows from the

enclosure walls and to seal the test enclosure.

A 3.25 (in) long by 1/4 (in) high by 1/8 (in) wide steel pressure plate is glued

along each vertical edge of the outer surface of each window. Three adjustment

screws are provide for each window. Two of the screws bear on one pressure plate

and the third screw on the other pressure plate. When these screws are properly

adjusted they: (1) seal the enclosure by compressing the foam rubber gasket, and

(2) align each window such that the two windows are parallel to each other and

perpendicular to the optical paths of the interferometers.

4.6 Descriptions of the Instrumentation and Data Acquisition Svstems

4.6.1 Required Measurements

In order to achieve the objective of the experimental investigation it was

necessary to measure: (1) the air temperature in the laboratory, (2) the

temperatures of the vertical walls of the enclosure, (3) the temperature

distribution in the air in the test enclosure, and (4) the local heat flux distributions

on all four walls of the enclosure. The air temperature in the laboratory was

measured using an accurate mercury-in-glass thermometer and the temperatures

of the vertical walls of the enclosure with thermocouples.

In order to avoid the insertion of any physical probes that would disturb the

relatively weak natural convection flows in the enclosure, purely optical

techniques were employed to make all of the measurements inside the enclosure. A

Mach-Zehnder interferometer was used to measure the temperature distribution in

the air in the enclosure and a Wollaston Prism interferometer to measure the local
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heat flux distributions on the enclosure walls. All of the instrumentation systems

and the data acquisition system for the thermocouples are discussed below.

4.6.2 The Thermocouple and Data Acquisition Systems

The temperatures of the vertical (copper) walls of the enclosure were

measured using 36 gauge copper-constantan thermocouples manufactured by

Omega Engineering Corporation. Twenty four such thermocouples were used to

measure the temperature distribution in the hot (rough) wall, while nine were used

to measure the temperature distribution in the cold wall. All of these

thermocouples are inserted in 1/16 (in) diameter wells that are drilled to within

0.04 (in) of the front faces of the walls and are held in place by thermally-

conductive glue. The exact locations of the thermocouple wells are shown in

Figure 7. The thermocouple leads, which are approximately 7 feet long, pass

through matching holes in the back cover plates of the vertical walls. As shown in

Figure 6, the 24 thermocouples mounted in the hot wall are grouped into three

vertical arrays with each array containing 8 thermocouples. Each of these

thermocouples is located in the center of a crest, or trough, of the roughness

element array except those which are located nearest to the top and bottom edges

of the hot wall.

The thermocouple output voltages were read, converted to ^C, and

recorded, by a Hewlett-Packard 9826 micro-computer in conjunction with an HP

3497-A data acquisition system.

4.6.3 The Mach-Zehnder Interferometer (MZF)

An MZI was used to measure the temperature distribution in the air in the

enclosure. The basic therory of this instrument is quite simple. A beam of light
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from a source is split into two seperate beams. One of these beams is passed

directly through the test section and the other beam, called the "reference beam", is

guided around the test section. The beams are then recombined and focused on a

screen. The nonuniform temperature distribution in the test fluid causes a

nonuniform distribution of the index of refraction in this fluid. Thus, the beam

that passes through the test section is deflected and when it it is recombined with

the reference beam an interference pattern is formed on the screen. If the

instrument is operating in the "infinite fringe mode", the interference pattern

shows the distribution of isotherms in the fluid. In the "wedge fringe mode", the

local deflection of each fringe in the interference pattern from its reference

position; that is, the position corresponding to a uniform temperature distribution

in the test section, is proportional to the change in the temperature of the fluid at

the point from the reference temperature. Thus, if the interference pattern is

recorded on film (which is called an interferogram), the temperature distribution

in the fluid can be determined by measuring the deflections of the wedge fringes

from their reference positions. More detailed explanation of the theory of the

design and operation of the MZI may be found in the works by Hauf and Grigull

(1970), Merzkirch (1974), and Eckert and Goldstein (1976).

The Aerolab 6-inch MZI located in the Natural Convection Laboratory at

the University of Tennessee, Knoxville was used in the present investigation. The

optical arrangement of this instrument is shown in Figure 8. The MZI was adjusted

to obtain the desired fringe mode and the He-Ne laser beam collimated using the

procedures developed by lessee (1985). When this instrument was operated in the

wedge fringe mode, a photograph was first taken of the undisturbed fringes. Then,

the test section was heated and cooled and a second photograph was taken of the

deflected fringes. A Nikon Shopscope measuring microscope was then used
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to"read" these interferograms; that is, to measure the deflections of the fringes.

The resulting data was reduced according to the procedures developed by lessee

(1985). These procedures are outlined in Appendix C.

The interferograms were taken with a polaroid camera using Polaroid Type

55 Positive-Negative film.

4.6.4 The Wollaston Prism Interferometer fWPD

The local heat flux distributions on the enclosure walls were measured with

a WPI. Like the MZI, the WPI depends on the presence of a nonuniform

distribution of the index of refraction in the test fluid for its operation. With the

WPI, however, the measured deflection of a fringe is proportional to the

temperature gradient, which is related through the Fourier conduction law to the

local heat flux. Detailed explanations of the theory of the design and operation of

the WPI are given in Hauf and Grigull (1970), Semas, et al (1972), Merzkirch

(1974), and Eckert and Goldstein (1976).

The WPI used in the present experiments was custom-designed and built by

Dr. J. R. Parsons and his students at the Natural Convection Laboratory of the

University of Tennessee, Knoxville. The optical arrangement of this instrument is

shown in Figure 9. The instrument was adjusted and the He-Ne laser beam

collimated using the procedures reported by Irby and Parsons (1981). As with the

MZI, two photographs were taken for each experiment: one with the test fluid at a

uniform temperature and the other with a nonuniform temperature distribution in

the test fluid. The Nikon measuring microscope was used to read these

interferograms. The resulting data were reduced using the procedures of Semas

(1977), which are outlined in Appendix D.
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4.7 Descriprion of the Experiments Performed

4.7.1 The Dimensionless Parameters for the Experiments

In order to achieve the experimental objective of validating the NACHOS

code for natural convection flows in rectangular enclosures that contain

rectangular wall roughness elements, two experiments were performed: one to

measure the temperature distribution with the Mach-Zehnder interferometer and

the other to measure the wall heat flux distributions with the Wollaston Prism

interferometer. The values of the dimensionless parameters for these experiments

are given in Table 8. Ideally, both interferograms should have been made for the

same flow. In practice however, it was necessary to take one interferogram, move

the experiment, and then take the other interferogram at a later time. Thus, as

shown in Table 8, the values of the Grashof numbers for the two interferograms

differ by approximately 12% due to the variations of the temperature difference

between the vertical walls and the average fluid temperature [(Th* - Tc*)/2] in the

two experiments. The enclosure geometries for the two experiments, as defined by

the parameters W/H, A, 5 and Sq, were identical. The difference in the Grashof

numbers at which the two interferograms were taken, however, required that the

experimental results for the temperature and wall heat flux distributions be

compared with the numerical results of two seperate runs made with NACHOS

using the exact Grashof numbers in the experiments (1.69 x 10^ for the MZI

experiment and 1.90 x lO^ for the WPI experiment).
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Table 8. Dimensionless ParametCTS And the Type of Data Taken In Each
Experiment

Expt
No. GrH Pr W/H A 6 5o

Data Taken

MZI WPI Wall Temps.

1 1.69x106 0.72 0.4 0.12 0.25 0 >/ V

2 1.90x106 0.72 0.4 0.12 0.25 0 V

4.7.2 Test Procedure

Before performing the experiments, the enclosure was assembled and

aligned as described in detail in Appendix E. The distance between the hot and cold

vertical walls of the enclosure was such that the aspect ratio (W/H) was 0.4.

The assembled enclosure was then placed in the optical path of the Wollaston

Prism interferometer. The end windows were adjusted and the test section was

aligned in the He-Ne laser beam as described in Appendix E. An interferogram of

the undisturbed fringes in the test section was then recorded photographically.

Next, the constant-temperature baths and circulators were started and allowed to

run for six hours until the test section reached a steady-state condition for which

the Grashof number, Grn, was 1.9 x 10^. After the enclosure reached steady-state,

the following operations were performed: (1) an interferogram of the disturbed

fringes in the flow field was recorded photographically, (2) the readings of the

thermocouples embedded in the vertical walls of the enclosure were recorded, and

(3) the room temperature was recorded. Finally, the interferograms were read to

70



determine the fringe shifts, which were employed to determine the local heat flux

distributions on the vertical walls as described in Appendix D.

After reducing the WPI data, the test enclosure was moved into the optical

path of the Mach-Zehnder interferometer and the end windows along with the test

section were aligned again according to the procedure described in Appendix E.

Using the technique described by lessee (1985), the MZI was then adjusted to the

wedge fringe setting and an interferogram of the undisturbed wedge fringes was

recorded photographically. The constant-temperature baths and circulators were

then started and allowed to run for six hours until the test enclosure reached a

steady-state condition for which the Grashof number, Gru, was 1.69 x 10®. After

the steady-state condition was achieved, the following operations were performed :

(1) an interferogram of the disturbed fringes was recorded photographically, (2)

the readings of the thermocouples embedded in the vertical walls of the enclosure

were recorded, and (3) the room temperature was recorded. Following the

procedure specified by lessee (1985), the MZI was then adjusted to the infinite

fringe setting to produce a fringe pattern that portrays the isotherms in the flow

field and an interferogram was recorded photographically. The wedge fringe

interferograms from the MZI were then read and the resulting data used to

determine the temperature distribution in the flow field as described in

Appendix C.

All of the data taken in the experiments, including the interferograms, are

p-esented in Aj^ndices F and G, and discussed in Ch^ter 5.
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CHAPTER 5

PRESENTATION AND INTERPRETATION OF RESULTS

5.1 Introduction

Extensive discussions of both the experimental and numerical results of this

work are given below. The initial discussion, which is concerned with the

experimental validation of the NACHOS code, is followed by discussions of the

numerical results for the natural convection flows in ; (1) smooth-walled

enclosures, (2) enclosures containing large sinusoidal roughness elements, and (3)

enclosures containing large rectangular roughness elements.

5.2 Fidelitv of the Experimental Conditions to the Assumptions of the

Theoretical Model

As stated in Chapter 4, the objective of the experimental investigation is to

validate the NACHOS code for natural convection flows in rectangular enclosures

that contain large wall roughness elements. Two experiments were carried out in

the same enclosure that contain rectangular wall roughness elements using air as

the test fluid. In one experiment, for which the Grashof number was 1.69 x 10^,

the temperature field in the enclosure was measured with the Mach-Zehnder

interferometer. In the other experiment, which was conducted at a Grashof

number of 1.90 x 10®, the Wollaston prism interferometer was used to measure the

local heat flux distribution on the walls of the enclosure. All of the remaining

dimensionless parameters were identical for both experiments, that is, the Prandtl

number (Pr) was 0.72, the aspect ratio of the enclosure (W/H) was 0.4, the

dimensionless roughness element amplitude (A) was 0.12, the dimensionless
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period of the roughness element array (5) was 0.25, and the dimensionless phase

shift of the array (Sq) was 0 for both experiments.

Before comparing the results of these experiments with the numerical

results, it should be shown that the experimental conditions adequately represented

the assumptions in the theoretical model. Specially, the theoretical model assumes

that the flows of interest are two-dimensional, steady-state, laminar natural

convection flows that occur in rectangular enclosures with large roughness

elements on one vertical wall. The vertical walls of the enclosure are assumed to be

isothermal surfaces maintained at two different temperatures and the horizontal

walls are assumed to be adiabatic surfaces. The fidelity of the experimental

conditions to these assumptions will now be addressed.

First, it is obvious that the geometry of the experimental enclosure is

identical to the geometry specified in the theoretical model, except that it has a

finite length in the direction parallel to the isothermal vertical walls. Arnold

(1978), however, demonstrated that when the ratio of the length of the enclosure to

the distance between the vertical walls is greater than approximately 6.5, that

three-dimensional effects are negligibly small and the rate of heat transfer across

the enclosure may be accurately computed using a two-dimensional model. Since

this ratio is slightly greater than 7 for the present experimental enclosure, it may

be concluded that the flows in these experiments were essentially two-dimensional.

In order to achieve steady-state conditions in the experiments, the constant-

temperature baths and circulators were turned on and the apparatus was left

undisturbed for a period of six hours before any data was taken. At the end of the

six hour period, thermocouple readings indicated that the enclosure wall

temperatures were not changing with time and visual inspection of the interference
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fringes on a screen did not detect any fluctuations in the flow field. Thus, the

experimental flows were both steady-state and laminar.

The measured temperature distributions in the hot and cold vertical walls of

the enclosure for the Wollaston prism interferometer experiments are shown in

Figure 10. As may be seen in this Figure, the average temperature of the hot wall

was 29.31 (OC) [84.76 (®F)]. The maximun deviation of any temperature from this

average temperature was 0.22 (^C) [0.40 (^F)] and the difference between the

maximum and minimum temperatures measured was 0.42 (^C) [0.76 (®F)].

Similarly, the average temperature of the cold wall was 10.08 (^C) [50.14 (^F)].

The maximum deviation of any temperature from this average temperature was

0.17 (OC) [0.31 (OF)] and the difference between the maximum and minimum

temperatures measured was 0.30 (OC) [0.54 (OF)]. Thus, it may be concluded that

the vertical walls of the enclosure in the Wollaston prism interferometer

experiment were essentially isothermal surfaces. The corresponding temperature

distributions given in Figure 11 yield virtually identical statistics and lead to the

same conclusion for the experiment performed with the Mach-Zehnder

interferometer.

£1 Sherbiny, Hollands and Raithby (1982) claim that to obtain an adiabatic

boundary condition in a natural convection flow in an enclosure when the test fluid

is air at near atmospheric conditions, that the enclosure boundary must be made

from a material with a thermal conductivity at least an order of magnitude smaller

than that of air. Since such materials do not exist, they state that"... the adiabatic

boundary condition is not attainable in air." This consideration led to the design of

the horizontal walls used in the present experiments, which is described in section

4.5.3. These walls are made from 0.03 inch thick £lms of clear plastic window

insulation backed by 1.375 inch thick layers of silica aerogel. This material has
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a thermal conductivity approximately 85% that of air, which is extremely low, but

still does not meet the criterion of El Sherbiny, et al. This thermal conductivity is

much lower, however, than that of any other materials used to build "adiabatic"

surfaces in previous experiments. Thus, it was anticipated that the horizontal walls

in the present experiment would more closely approximate the desired adiabatic

boundary condition than did the insulated surfaces used in all previous

experiments.

The heat fluxes on all of the internal surfaces of the enclosure were

measured with the Wollaston prism interferometer. The resulting interferograms

and the raw data taken from these interferograms are presented in Appendix G. No

fringe shifts could be detected on the horizontal walls of the enclosure. Thus.

within the experimental uncertaintv of the WPI (\3.92%) the horizontal walls

were essentiallv adiabatic surfaces. A "rule-of-thumb" in Wollaston prism

interferometry suggests that experimental conditions should be such that fringe

shifts are not less than 1/2 the width of a fringe. Inspection of the interferogram in

Figure 02 shows that this criterion was not completely satisfied in the present

experiment. Thus, general conclusions about the viability of the new design used

for the adiabatic walls cannot be drawn until more definitive experiments have

been performed. For the present purposes, however, it seems safe to state that the

heat fluxes on the horizontal walls in the experimental apparatus were negligibly

small. Therefore, it may be conclude that: (1) within the limits of experimental

uncertainty, the experimental conditions closely approximate the conditions

assumed in the theoretical model, and (2) the experimental results may be used to

validate the NACHOS code.
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5.3 Experimental Validation of the NACHQS Code

As mentioned above, the Wollaston prism interferograms and the raw data

taken from these interferograms are presented in Appendix G. Both the calculated

and the experimentally-determined local Nusselt number distributions along the

entire length of the hot (rough) vertical wall are presented in Figure 12. As may be

seen in Figure 12, the agreement between these numerical and experimental results

is reasonably good. Numerical integration of the local heat flux distribution on the

hot wall yields an overall Nusselt number, Nu. (= ̂H/k), of 9.77, while integrating

the corresponding experimental results gives an overall Nusselt number of 10.4.

The 6.45% discrepancy between these two values is well within the experimental

uncertainty (13.92%) of the WPI.

The numerically and the experimentally determined local Nusselt number

distributions on the cold (smooth) vertical wall are presented in Figure 13.

Reasonable quantitative agreement is obtained over the central portion of the cold

wall and NACHOS correctly predicts the qualitative trends of the experimental

data near the top and bottom of this wall. Nontrivial deviations between the

numerically and experimentally determined local Nusselt number distributions do

occur, however, near the top and bottom of the cold wall. The deviations near the

bottom of the cold wall are easily explained, since the heat fluxes in this region are

so low that they cannot be resolved with the WPI. Thus, the three experimental

values of the local Nusselt number near the bottom of the cold wall are shown in

Figure 13 as zero, while the corresponding numerical values vary in the range

from approximately 1 to 3. No comparable explanation for the deviations near the

top of the cold wall is readily available.

The overall Nusselt number, Nu. is given by numerical integration along the

cold wall as 10.05, while the corresponding experimentally determined value is
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9.33. The 7.16% discrepancy between these two values is well within the

experimental uncertainty of the WPI (13.92%) as is the 11.4% discrepancy

between the experimentally determined values of the overall Nusselt numbers on

the hot and cold walls (10.4 and 9.33, respectively). The 2.7% discrepancy

between the numerically determined values of the overall Nusselt number on the

hot wall (9.77) and that for the cold wall (10.05) is more difficult to explain, but is

probably due to the relatively crude trapezoidal rule that was used to perform the

numerical integrations of the local Nusselt number distributions.

As discussed above, since no fringe shifts could be detected on the horizontal

walls of the enclosure, these walls are assumed to have behaved (within the

experimental uncertainty of the WPI) as adiabatic surfaces in the experiment. The

computed heat fluxes on these surfaces are, of course, identically zero.

The temperature distributions in the enclosure were measured with the

Mach-Zehnder interferometer. The interferograms from the MZI and the raw

data taken from these inteferograms are presented in Appendix F. An uncertainty

analysis of the MZI data is given in Appendix H. It shows that the uncertainty in the

measured temperatures is ± 1.28 OR. This corresponds to a maximum uncertainty

of 0.06 in the demensionless temperature, T.

A comparison of the numerically and experimentally determined

dimensionless temperature distributions along the horizontal plane across the

enclosure at y*/H = 0.56 is presented in Figure 14 and shows good agreement

between these results. Similar comparisons of the temperature distributions along

the bottom and top horizontal walls of the enclosure are presented in Figures 15

and 16, respectively. The quantitative agreement between the numerical and

experimental results is not as good along the bottom and top horizontal surfaces as

it is along the horizontal plane at y*/}i. = 0.56, although NACHOS correctly
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predicts the qualitative trends of the temperature distributions on these surfaces.

The lack of better quantitative agreement for the temperature distributions on the

horizontal walls may be attributed to two probable sources of error. First, the

Mach-Zehnder interferogram was more difficult to read on the horizontal walls

due to slight imperfections (wrinkles and sagging) on these surfaces. The second

source of error is associated with the fact that the horizontal walls were not

perfectlv adiabatic surfaces (even though this could not be resolved with the WPI).

This is important since El Sherbiny, Hollands, and Raithby (1982) have shown that

the temperature distribution on an insulated, but not perfectly adiabatic, surface

will differ from that on a perfectly adiabatic surface due to what they call

"convectively induced conduction and radiation heat transfers".

Finally, excellent qualitative agreement is obtained between the

experimentally determined isotherms in the enclosure with those computed using

NACHOS, as is shown in Figure 17. The interferogram in Figure 17(a) was

obtained with the MZI in the infinite fringe setting.

Consideration of the above comparisons between numerical and

experimental results leads to the conclusion that the NACHOS code has been

validated for natural convection flows in rectangular enclosures that contain large

wall roughness elements. Thus, all further discussions will be focused on the

extensive numerical results computed for such enclosures using NACHOS.

5.4 Results of the Numerical Investigation

5.4.1 Preliminarv Comments

The objective of the present research is to determine the effects of placing

large roughness elements on the hot vertical wall of the smooth-walled rectangular
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enclosure shown in Figure (la) on the rate of natural convection heat transfer

across such an enclosure. This objective was achieved by performing extensive

numerical calculations with the experimentally verified NACHOS code.

Computations were completed for the natural convection flows in smooth-walled

enclosures [Figure (la)] and for enclosures containing either sinusoidal roughness

elements [Figure (lb)] or rectangular roughness elements [Figure (Ic)]. The

parametric study is composed of the 56 cases defined in Tables 1, 2, 3, and 4 in

Chapter 3. It would have been desireable to include manv more cases in the

parametric studv. however, the cost of executing additional cases with the

NACHOS code was prohibitive.

5.4.2 Results for Smooth-Walled Enclosures

In order to assess the effects of adding roughness elements on the rate of

natural convection heat transfer across an enclosure, it is necessary to first

determine the overall Nusselt number, for the original smooth-walled

enclosure. As shown before, the overall Nusselt number for a smooth-walled

enclosure is given by the functional relationship

(Nu)s= Nus [ GfH* W/H ] (5.1)

where Gr^ is the Grashof number built on the enclosure height, Pr is the Prandtl

number and W/H is the aspect ratio of the enclosure. Thus, 14 cases in which these

three parameters were varied were computed for smooth-walled enclosures. The

results of these computations, which are presentated in Table 9, served as the basis

for comparison of the rates of heat transfer across smooth-walled and rough-

walled enclosures.
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Table 9. Results of the Numerical Study for Smooth-Walled Enclosures

Case No. Grn Pr W/H (Nu)s

1 1.55x103 0.72 1.0 1.108

2 1.49x104 0.72 1.0 2.226

3 1.43 X 105 0.72 1.0 4.450

4 3.41 X 105 4.52 1.0 10.371

5 1.69x106 0.72 0.4 9.745

6 1.90 X 106 0.72 0.4 10.040

7 4.07 X 103 4.52 0.4 3.013

8 4.07 X 104 4.52 0.4 6.081

9 4.07 X 105 4.52 0.4 11.333

10 4.07 X 106 4.52 0.4 21.639

11 6.64x103 4.52 0.34 3.472

12 6.64x104 4.52 0.34 7.001

13 6.64 x 105 4.52 0.34 12.937

14 6.64 X 106 4.52 0.34 24.557
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The physics of the natural convection flows in vertically-oriented, smooth-

walled rectangular enclosures are well-understood [Bejan(1984), Gebhart, et al.

(1988)] and, therefore, will be discussed here only in enough detail to show that

NACHOS correctly computes the essential features of these flows. At low Grashof

numbers, the horizontal temperature distribution across the enclosure is almost

linear over most of the vertical extent of the enclosure, except in "end regions"

near the horizontal walls, and the heat transfer across the enclosure is mainly by

conduction. Thus, this is known as the "conduction regime". As would be

anticipated, the overall Nusselt number, approaches a value of 1.0 at the lower

end of the conduction regime. At high Grashof numbers, the so-called "boundary-

layer regime" occurs in which thin boundary regions are formed on the vertical

walls and the heat transfer across the enclosure is dominated by convection. In this

practically-important flow regime the temperature is constant across the width of

the enclosure between the thin layers on the vertical walls and the vertical

temperature distribution shows that the flow in the "core region" has a stable,

linear thermal stratification. The conduction and boundary-layer flow regimes are

separated by the "transition regime", which occurs over an intermediate range of

Grashof numbers. In the transition regime the layers on the vertical walls are

thicker than those in the boundary-layer regime and the temperature is

constant across the core region as it is in the boundary-layer regime.

The streamlines and isotherms for a flow in a square enclosure (W/H = 1.0)

at a Grashof number of 3.41 x 10^ and a Prandtl number of 4.52, which is

characteristic of water, are shown in Figure 18. The presence of the thin layers on

the vertical walls, a constant temperature on each horizontal plane across the core

region and the stable thermal stratification in the core region all indicate that this

flow is in the boundary-layer regime. This agrees with the findings of many other
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investigators [Gebhart, et al. (1988)]. It should also be noted that Beach (1985)

showed that the NACHOS code gives excellent predictions of the experimentally-

determined temperature, velocity and heat flux distributions obtained by Krane

and lessee (1983) for a natural convection flow in air (Pr = 0.71) in a square

enclsoure (W/H = 1.0) at a Grashof number of 2.66 x 10 5.

The streamlines, isotherms and heat lines for a series of flows that occur in

water (Pr = 4.52) in an enclosure with an aspect ratio of W/H = 0.4 as the Grashof

number is increased from 4.07 x 10^ to 4.07 x 10® are presentated in Figures 19

through 22. These distributions, which for the flow at Grn = 4.07 x 10^ are

portrayed in Figure 19, along with the computed value of 3.013 for the overall

Nusselt number, show that this flow is in the conduction regime.

The results for the two flows at Grashof numbers of 4.07 x 10^ and 4.07 x

105 are presented in Figures 20 and 21, respectively. These results clearly indicate

that both of these flows are in the transition regime. Finally, the streamlines,

isotherms, and heat lines for the flow that occurs at a Grashof number of 4.07 x

10^, which are presented in Figure 22, show that this flow is in the boundary-layer

regime.

Figure 23 illustrates the effect that the increasing Grashof number in this

series of four flows has on the temperature distribution across the horizontal plane

at y*/H = 0.55. The temperature distribution for the flow at a Grashof number of

4.07 X 10^, which is in the conduction regime, is essentially linear. The

temperature distribution at the highest Grashof number of 4.07 x 10^, however,

shows the large temperature changes across the thin layers on the vertical walls and

the uniform temperature across the core region between these layers that are

characteristic of the boundary-layer regime. The temperature distributions for the

flows at Grashof numbers of 4.07 x 10^ and 4.07 x 10^, which are in the transition
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regime, show that the layers that are formed on the vertical walls in this regime are

thicker than those in the boundary-layer regime and that the temperature is neither

constant, nor linearly varying, across the core region in this regime.

The local Nusselt number distributions on the vertical walls for the flow in

the boundary-layer regime (Grn = 4.07 x 10^) are presented in Figure 24. As

expected, these results show that the highest rates of heat transfer occur near the

bottom of the hot wall and the top of the cold wall.

The results presented above for smooth-walled enclosures will now be used

to assess the effects of adding large sinusoidal or rectangular roughness elements

on the rate of heat transfer across the enclosure.

5.4.3 Results for Enclosures Containing Sinusoidal Roughness Elements

The primary focus of the present work is on the effects of employing

rectangular roughness elements; however, nine cases (cases 15-23) were executed

to briefly examine the effects of using sinusoidal roughness elements. The results

of these cases are reported in Table 10. The effects of adding roughness elements

on the rate of natural convection heat transfer across the enclosure are presented in

terms of the ratio of the average Nusselt number in the rough-walled enclosure to

the average Nusselt number in the smooth-walled enclosure, or:

<®R<»gh.WaBe<>/®S>Smo«h.W3lle<l " ' (5-2)
Enclosure Enclosure

When this parameter has a value greater than, or less than, unity, the elements have

enhanced or decreased, respectively, the rate of heat transfer across the enclosure.
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Table 10. Results of the Numerical Study for Enclosures with Sinusoidal
Roughness Elements

Case No. Grn Pr W/H A 6 <|) (Nu)r
(Nu)r

a^)s

15 1.55 X 103 0.72 1.0 0.12 0.25 0 1.175 1.061

16 1.49x104 0.72 1.0 0.12 0.25 0 2.243 1.007

17 1.43 X 105 0.72 1.0 0.12 0.25 0 4.392 0.987

18 3.41 X 105 4.52 1.0 0.12 0.25 0 11.031 1.064

19 4.07 X 103 4.52 0.4 0.12 0.25 0 3.263 1.083

20 4.07 X 104 4.52 0.4 0.12 0.25 0 5.965 0.981

21 4.07 X 105 4.52 0.4 0.12 0.25 0 12.797 1.129

22 4.07 X 106 4.52 0.4 0.12 0.25 0 29.317 1.355

23 4.07 X 106 4.52 0.4 0.12 0.50 0 23.944 1.107
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This parameter is also used below to report the effects of adding rectangular

roughness elements. Beacuse of the limited extent of the parametric study for

sinusoidal roughness elements, the results of this study will not be discussed in as

great a depth as will the results of the study for the rectangular roughness

elements.

As before, the overall Nusselt number for an enclosure with sinusoidal

roughness elements is given by

(Nu)r= Nur [ GfR' W/H, A, 6, (|) ] (5.3)

where Gru, Pr and W/H are as defined above, A is the dimensionless amplitude of

a roughness element, 6 is the dimensionless period of the roughness element array

and (j) is the phase angle of the array. The effects of changing the amplitude. A, of

the roughness elements and the phase angle, <j), were not investigated. Instead, the

values of A = 0.12 and (|) = 0 were used for all of the cases presented here. Each of

the other four parameters was varied in at least one case in the study. Recall that

each enclosure with roughness elements is designed such that it contains the same

volume of fluid as the corresponding enclosure with smooth vertical walls and the

same aspect ratio.

Cases 15, 16, and 17 were all calculated for air (Pr = 0.72) in a square

enclosure (W/H = 1.0) with a roughness element period, 5, of 0.25 that gives 4

elements on the hot vertical wall. The effects of increasing the Grashof number

from 1.55 x 10^ to 1.43 x 10^ on the ratio of overall Nusselt numbers,

(Nu)j^/(Nu)g, for these three flows are shown in Figure 25. This figure shows that:

(1) over the limited range of Grashof numbers investigated, the ratio of Nusselt

numbers decreases monotonically with increasing Grashof number, (2) at the
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lowest Grashof number of 1.55 x 103 the ratio of Nusselt numbers is greater than

unity (1.061), indicating that the elements enhance the heat transfer across the

enclosure, (3) at the highest Grashof number, the ratio of Nusselt number is 0.987,

which indicates that the elements have slightly decreased the rate of heat transfer,

(4) heat transfer enhancement due to adding the elements is relatively small and

occurs at the lower values of the Grashof numbers at which conduction is a

dominant mode of heat transfer, and (5) decreases in the heat transfer due to the

presence of the roughness elements are very small (less than 2%) and occur at

Grashof numbers that are in the transition flow regime in the corresponding

smooth-walled enclosures.

The flow computed in case 18 occurs in an enclosure with the same

geometry as the flows in cases 15-17, but in water (Pr = 4.52) and at a higher

Grashof number of 3.41 x 10^. The ratio of Nusselt numbers for this flow, which

has a value of 1.064 that indicates enhancement, is also plotted in Figure 25.

Because this was the only flow calculated at a Prandtl number of 4.52 for this

geometry, it is impossible to draw any general conclusions; however, it may be

postulated that there is a strong Prandtl number effect on the ratio of Nusselt

numbers. This will be discussed further below.

The streamline and isotherm distributions for case 18 are shown in Figure

26. They indicate that: (1) this flow is in the equivalent of the boundary-layer

regime for a rough-walled enclosure, (2) the flow along the hot wall penetrates the

spaces between adjacent roughness elements less and less as it proceeds up the wall,

(3) the largest rates of heat transfer on the hot wall occur near the tips of the

roughness elements, and (4) the rate of heat transfer from each successive element

decreases rapidly as the flow proceeds up the wall, which suggests that only the
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lower elements may play an important role in altering the rate of heat transfer

across the enclosure.

Cases 19,20,21 and 22 were all calculated for flows in water (Pr = 4.52) in

an enclosure with an aspect ratio, W/H, of 0.4 and a roughness element period, 8,

that gives four elements on the hot wall. The effect of increasing the Grashof

number from 4.07 x 10^ to 4.07 x 10^ on the ratio of overall Nusselt numbers,

(Nu)j^/(Nu)s, for these flows is presented in Figure 27. This Figure shows that: (1)

over the range of Grashof numbers investigated, the ratio of Nusselt numbers,

(Nu)j^/(Nu)s, decreases and then increases with increasing Grashof number,

(2) for all Grashof numbers, except those in a narrow range centered about a value

of approximately 2 x ICH, the elements enhance the heat transfer across the

enclosure, (3) only in this very narrow range of Grashof numbers do the elements

decrease the rate of heat transfer, (4) at Grashof numbers below this narrow range

in which the elements decrease the heat transfer, the enhancement is relatively

modest, with the ratio (Nu)j^/(Nu)g achieving a maximum value of 1.083 at a

Grashof number of 4.07 x 10^, (5) for Grashof numbers above this range,

substantial enhancements of the heat transfer are caused by the elements with the

maximum value of the ratio (Nu)j^/(Nu)g of 1.355 being obtained at the (highest)

Grashof number of 4.07 x 10^ (case 22).

Figure 28 illustrates the effect that increasing the Grashof number in this

series of four flows has on the temperature distribution across the horizontal plane

at y*/H = 0.438. The same general trend is observed here as was in Figure 23 for

flows in smooth-walled enclosures; that is, at the lowest Grashof number of 4.07 x

10^ (case 19), the temperature distribution is linear across most of the enclosure

indicating that conduction is the dominant mode of heat transfer, while at the

highest Grashof number of 4.07 x 10^ (case 22) there is a boundary-layer regime
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in which there are relatively thin boundary regions formed on the vertical walls

and the temperature between these regions is essentially constant. Convection is the

dominant mode of heat transfer in this regime. At the intermediate Grashof

numbers of 4.07 x 10^ and 4.07 x 10^, the temperature profiles show that these

flows are in a transition regime.

The streamlines and isotherms for the flow in case 22, which are shown in

Figure 29, indicate that this flow is in a boundary-layer flow regime. The

calculations for air in a square enclosure that were presented in Figure 25 showed

enhancement only in the conduction flow regime. Unlike these results, the results

for water in an enclosure with an aspect ratio of 0.4 indicate that the sinusoidal

elements will provide enhancement of the heat transfer across the enclosure in

both the conduction and boundary layer regimes. (Note: Further calculations at

higher Grashof numbers might reveal the same trend in the results for air in a

square enclosure, however, these calculations were not performed.) Both Figures

25 and 27 indicate that in the transition flow regime sinusoidal roughness elements

will either decrease the heat transfer or, at best, provide minimal enhancement. An

interesting feature of the flow in case 22 may be observed in Figure 29(b). The

local thickness of the thermal boundary layer on the cold vertical wall clearly

decreases on those segments of this wall that are directly opposite the three

uppermost elements on the hot wall. This, of course, indicates local increases in the

rate of heat transfer on the cold wall opposite these three elements.

The flow computed in case 23 also occurs in water and in an enclosure that is

identical to the enclosures in cases 19-22, except that the period of the roughness

elements, 5, is 0.5 (instead of 0.25 as in cases 19-22) so that there are only 2

elements on the hot wall in this flow. The data point for this flow, which is also

plotted in Figure 27, shows that at a Grashof number of 4.07 x lO^ the ratio of
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Nusselt numbers, (Nu)j^/(Nu)g, is only 1.107, as compared to the value of 1,355

obtained in case 22 with four roughness elements. Thus, reducing the number of

elements from 4 to 2 results in a significant reduction in the heat transfer

enhancement. The streamlines and isotherms for case 23, which are presented in

Figure 30, show that this flow is in the boundary layer regime.

5.4.4 Results for Enclosures Containing Rectangular Roughness Elements

The primary focus of the present work is on the effects of employing

rectangular roughness elements. Thus, thirty-three cases (cases 24-56) were

excuted in the parametric study being reported here for such elements. The results

of these cases are presented in Tables 11 and 12 in terms of the ratio of the overall

Nusselt numbers, (Nu)j^/(Nu)g, which was also used to report the results for

sinusoidal roughness elements.

As shown in Chapter 3, the overall Nusselt number for an enclosure with

rectangular roughness elements is given by

(N^)r= F^r [ Grn, Pr, W/H, A, 8,5o ] (5.4)

where Grn, Pr, and W/H are as defined above, A is the dimensionless amplitude of

a rectangular roughness elements, 8 is the dimensionless period of the rectangular

roughness element array, and 8o is the dimensionless phase shift of the array (8o =

8o*/H). All of these six quantities were varied in the parametric study. Each of the

enclosures for cases 24-52 was designed such that it contains the same volume of

fluid as the corresponding enclosure with smooth vertical walls and the same

aspect ratio. The enclosures for four cases (cases 53-56); however, were

pourposely designed such that the addition of the elements decreased the volumes
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Table 11. Results of the Numerical Study for Enclosures with Rectangular
Roughness Elements

Case No. Grn Pr W/H A 5 5o (Nu)r
(Nu)r

(Nu)s

24 4.07 X 103 4.52 0.4 0.12 0.25 0.125 3.451 1.145

25 4.07 X 103 4.52 0.4 0.06 0.25 0.125 3.056 1.014

26 4.07 X 103 4.52 0.4 0.12 0.50 0.25 3.284 1.090

27 4.07 X 103 4.52 0.4 0.06 0.50 0.25 2.982 0.999

28 4.07 X 103 4.52 0.4 0.12 0.25 0 3.458 1.148

29 4.07 X 103 4.52 0.4 0.12 0.50 0 3.285 1.090

30 4.07 X 104 4.52 0.4 0.12 0.25 0.125 5.786 0.952

31 4.07 X 104 4.52 0.4 0.06 0.25 0.125 5.910 0.972

32 4.07 X 104 4.52 0.4 0.12 0.50 0.25 5.799 0.954

33 4.07 X 104 4.52 0.4 0.06 0.50 0.25 5.913 0.972

34 4.07 X 104 4.52 0.4 0.12 0.25 0 5.748 0.945

35 4.07 X 105 4.52 0.4 0.12 0.50 0 5.752 0.946

111



Table 11 (Cont'd). Results of the Numerical Study for Enclosures with
Rectangular Roughness Elements

Case No. Grn Pr W/H A 5 5o (Nu)r
(Nu)r

(Nu)5

36 4.07 X 105 4.52 0.4 0.12 0.25 0.125 11.288 0.996

37 4.07 X 105 4.52 0.4 0.06 0.25 0.125 11.241 0.992

38 4.07 X 105 4.52 0.4 0.12 0.50 0.25 11.889 1.050

39 4.07 X 105 4.52 0.4 0.06 0.50 0.25 11.533 1.018

40 4.07 X 105 4.52 0.4 0.12 0.25 0 11.311 0.998

41 4.07 X 105 4.52 0.4 0.12 0.50 0 11.896 1.050

42 4.07 X 106 4.52 0.4 0.12 0.25 0.125 24.176 1.117

43 4.07 X 106 4.52 0.4 0.06 0.25 0.125 23.716 1.096

44 4.07 X 106 4.52 0.4 0.12 0.50 0.25 23.385 1.081

45 4.07 X 106 4.52 0.4 0.12 0.25 0 24.314 1.124

46 4.07 X 106 4.52 0.4 0.12 0.50 0 23.479 1.085
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Table 11 (Cont'd). Results of the Numerical Study for Enclosures with
Rectangular Roughness Elements

Case No. Grn Pr W/H A 5 <1) (Nu)r
(Nu)r

(Nu)s

47 6.64 X 103 4.52 0.34 0.06 0.25 0.125 3.593 1.035

48 6.64 X 104 4.52 0.34 0.06 0.25 0.125 6.734 0.962

49 6.64 X 105 4.52 0.34 0.06 0.25 0.125 12.942 1.0

50 6.64 X 106 4.52 0.34 0.06 0.25 0.125 27.153 1.106

51 1.69x106 0.72 0.4 0.12 0.25 0 9.743 1.0

52 1.90x106 0.72 0.4 0.12 0.25 0 10.047 1.001
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Table 12. Results for the Cases Run for Enclosures with Rectangular Roughness
Elements that Do Not Contain the Same Amounts of Fluid As the

Corresponding Smooth-Walled Enclosures

Case No. Grn Pr W/H A 5 So (Nu)r
(Nu)r

%Reduc-

tionin^

Volume

of Fluid
(Nu)s

53 4.07 X 103 4.52 0.4 0.06 0.25 0.125 3.453 1.146 15.0

54 4.07 X 104 4.52 0.4 0.06 0.25 0.125 5.779 0.950 15.0

55 4.07 X 105 4.52 0.4 0.06 0.25 0.125 11.230 0.991 15.0

56 4.07 X 106 4.52 0.4 0.06 0.25 0.125 23.130 1.069 15.0
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of fluid in these enclosures with respect to the corresponding smooth-walled

enclosures.

Cases 28, 34, 40 and 45 were all calculated for flows in water (Pr = 4.52) in

an enclosure with an aspect ratio, W/H, of 0.4, four rectangular roughness

elements (6 = 0.25) with an amplitude. A, of 0.12 and a roughness element array

phase shift, 5o, of 0. (This is the equivalent enclosure with rectangular roughness

elements to the enclosure examined in cases 19, 20, 21 and 22 that contained

sinusoidal roughness elements except that 5o = 0 for the former enclosure and (j) =

0 for the later enclosure.) The effects of increasing the Grashof number from 4.07

X 10^ to 4.07 X 106 on the ratio of overall Nusselt numbers, (Nu)j^/(Nu)g, for these

four flows is shown in Figure 31. This figure shows that; (1) over the range of

Grashof numbers investigated, the ratio of Nusselt numbers, (Nu)j^/(Nu)g, first

decreases and then increases with increasing Grashof number, (2) for all Grashof

numbers, except those in the range from approximately 2 x 10^ to 4 x 10^, the

elements enhance the heat transfer across the enclosure, (3) only in this range of

Grashof numbers do the elements decrease the rate of heat transfer, (4) at Grashof

numbers below the range in which the elements decrease the heat transfer, the

enhancement can be fairly substantial, with the ratio of Nusselt numbers,

(Nu)j^/(Nu)g, achieving a maximum value of 1.148 at the lowest Grashof number

of 4.07 X 103, (5) for Grashof numbers above this range, the enhancement of the

heat transfer by the elements is of the same magnitude as that for Grashof numbers

below this range, with a maximum value of the ratio (Nu)j^/(Nu)g of 1.124 being

obtained at the highest Grashof number of 4.07 x 10^. This behavior is

qualitatively identical to that portrayed in Figure 27 for the corresponding flows

in an enclosure that is geometrically similar to the enclosure being considered

here, except that it contains sinusoidal roughness elements with a phase angle,
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(j) = 0. The enhancement was much higher (1.355, as opposed to 1.124); however,

for the flow in the enclosure with sinusoidal roughness elements.

The streamlines, isotherms and heat lines for each of the flows in cases 28,

34, 40 and 45 are presented in Figures 32-35, respectively. These plots clearly

show that; (1) the flows at Grashof numbers of 4.07 x 10^ (case no. 28) and 4.07 x

10^ (case no. 34) are in a conduction regime, (2) the flow at a Grashof number of

4.07 X 10^ (case no.40) is in a transition regime, and (3) the flow at a Grashof

number of 4.07 x 10^ (case no. 45) is in a boundary-layer regime. This trend with

increasing Grashof numbers for the flows to progress from a conduction regime,

through a transition regime, to a boundary-layer regime is also indicated by the

horizontal temperature distributions across the plane at y*/H = 0.55 in the flows in

cases 28, 34,40 and 45, as shown in Figure 36.

Recall that the isotherm plot shown in Figure 29(b) for the corresponding

flow at a Grashof number of 4.07 x 10^ (case no. 22) in an enclosure with

sinusoidal roughness elements showed local decreases in the thermal boundary

layer thickness on the cold wall in the regions opposite the uppermost three

elements on the hot wall. As is evident in Figure 35, no such decreases in the

thickness of the thermal boundary layer on the cold wall occur in the

corresponding flow of case no. 45 for rectangular roughness elements. This

difference between these two flows in enclosures with sinusoidal and rectangular

roughness elements may also be observed in Figure 37, which does not reveal any

local increases in the Nusselt number in regions on the cold wall opposite the

rectangular elements on the hot wall.

The local Nusselt number distribution along the hot vertical wall for the

flow in case no. 45 (Gr = 4.07 x 10^) is presented in Figure 38. This figure shows

that: (1) the largest rates of heat transfer from the hot wall occur near the tips of
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the roughness elements, and (2) the rate of heat transfer from each roughness

element decreases rapidly as the flow proceeds up the wall, which suggests that (as

with the sinusoidal elements) only the lower elements may play an important role

in altering the rate of heat transfer from the hot wall. Note, however, that the

upper elements in the sinusoidal array were shown to change the rate of heat

transfer on the cold vertical wall.

The flows in cases 51 and 52 were computed for the same enclosure as the

enclosure used in cases 28, 34, 40 and 45; however, these flows were assumed to

take place in air (Pr = 0.72), instead of water. The ratios of overall Nusselt

numbers for cases 51 and 52 are also plotted in Figure 31, where they are denoted

by the square plotting symbols. These results show that: (1) there are essentially no

changes in the rates of heat transfer in these flows from those in the corresponding

smooth-walled enclosures [(Nu)j^/(Nu)g « 1.0 ], and (2) there is a significant

Prandtl number effect on the heat transfer enhancement by the roughness

elements, at least at these two Grashof numbers (1.69 x 10^ and 1.90 x 10^) in the

boundary-layer flow regime. (The curve in Figure 31 shows that (Nu)j^/(Nu)g »

1.08 at these Grashof numbers for a Prandtl number of 4.52.)

The effect of changing the dimensionless phase shift of the roughness

element array, Sq, on the ratio (Nu)j^/(Nu)g is also shown in Figure 31. The

enclosures in cases 24, 30, 36 and 42 are identical to those in cases 28, 34, 40 and

45, respectively, except that the ;latter four cases were calculated for 5o = 0, while

the former four cases were calculated for Sq = 0.125. The Nusselt number ratios

for cases 24, 30, 36 and 42, which are denoted in Figure 31 by the round plotting

symbols, are virtually identical to those for cases 28, 34, 40 and 45, respectively.

Thus, at least in the limited range of values considered here (0 - 0.125), there is a
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negligible effect of the phase shift of the roughness element array, Sq, on the ratio

of Nusselt numbers, (Nu)j^/(Nu)g.

The effect of varing the dimensionless amplitude of the roughness elements,

A (= A*/H), on the ratio of Nusselt numbers, (Nu)j^/(Nu)j, is shown in Figure 39.

The solid curve in this figure portrays the effect of changing the Grashof number

on the ratio of Nusselt numbers for flows in water (Pr = 4.52) in an enclosure that

has an aspect ratio, W/H, of 0.4,4 roughness elements in the hot wall (6 = 0.25), a

dimensionless element amplitude. A, of 0.12, and a dimensionless element array

phase shift, Sq, of 0.125. This curve was constructed using the results of cases 24,

30, 36 and 42. The analogous results for flows in water in an identical enclosure,

except that A = 0.06 instead of 0.12 , are given by the dashed curve in Figure 39,

which was constructed using the results of cases 25, 31, 37 and 43. Comparison of

these two curves show that over the range of Grashof numbers considered, that

decreasing the amplitude. A, of the elements from 0.12 to 0.06: (1) drastically

reduces the enhancement of the heat transfer in the conduction regime, (2)

broadens the range of Grashof numbers in the transition regime in which the

elements reduce the heat transfer, and (3) reduces the heat transfer enhancement

by the elements in the boundary-layer regime. Although only two amplitudes were

considered, these results lead to the conclusion that increasing the amplitude of the

elements (A) increases the enhancement of the heat transfer in both the conduction

and the boundary-layer flow regimes and decreases the range of Grashof numbers

in the transition regime in which the elements reduce the heat transfer.

The effects of varing the aspect ratio of the enclosure, W/H, on the ratio of

Nusselt numbers, (Nu)j^/(Nu)g, is also shown in Figure 39. The four data points

represented by the circular plotting symbols are for cases 47-50, which are flows

in water in an enclosure that is identical to that in cases 25, 31, 37 and 43, except
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that the aspect ratio has been reduced from 0.4 to 0.34. Thus, these four data points

should be compared with the dashed curve in Figure 39. This comparison shows

that decreasing the aspect ratio, W/H, from 0.4 to 0.34: (1) slightly increases the

enhancement of the heat transfer in the conduction regime, and (2) yields

approximately the same enhancement of the heat transfer in the boundary-layer

regime and the same reduction of heat transfer in the transition regime.

As was pointed out in Chapter 2, wall roughness elements were added to

enclosures in this study in a manner such that the volume of fluid in an enclosure

with roughness elements was identical to the volume of fluid in the corresponding

smooth-walled enclosure. If the rough-walled enclosures were not designed in this

manner and the elements were merely mounted on the hot wall of the smooth-

walled enclosure, the amount of fluid in the enclosure would be reduced. In this

case it would be impossible to determine whether it was an alteration of the flow in

the enclosure by the elements, or the decrease of the amount of fluid in the

enclosure due to the addition of the roughness elements, or both of these effects,

that caused any change in the rate of heat transfer across the enclosure. As will be

shown here, this effect, which has been ignored by other investigators, can be quite

important. Cases 53-56 were executed to investigate this effect. All of the

dimensionless parameters for these flows are identical to those for the flows

examined in cases 25, 31 37 and 43; that is, Pr = 4.52, W/H = 0.4, A = 0.06, 5 =

0.25 and 5o = 0.125. The enclosures for cases 53-56, however, were designed by

mounting the roughness elements on the hot wall of the corresponding smooth-

walled enclosure such that the volume of fluid in these enclosures is reduced from

that in cases 25, 31, 37 and 43 by 15%. This is illustrated for cases 53 and 56 in

Figures 40 and 41, respectively, in which the arrows denote the location of the hot

wall in the corresponding smooth-walled enclosure. The ratio of Nusselt numbers,
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(Nu)j^/(Nu)g, as a function of Grashof number for cases 25, 31,37 and 43 is given

by the solid curve in Figure 42. The dashed curve in Figure 42 is the analogous

result for cases 53-56 in which the volume of fluid in the enclosure is reduced by

15%. Comparison of these two curves shows that adding roughness elements such

that the volume of fluid is reduced causes: (1) a substantial increase in the heat

transfer enhancement in the conduction regime, (2) only minor changes in the

decrease in the heat transfer due to adding the elements in the transition regime,

and (3) slight reductions of the heat transfer enhancement in the boundary-layer

regime.

All of the cases in the parametric study for rectangular roughness elements

that are discussed above are for flows in enclosures with 4 elements (5 = 0.25). The

effects of changing the period of the roughness element array, 5, from 0.25 to 0.5;

that is, of reducing the number of elements from 4 to 2, will now be discussed.

Eleven cases (26, 27, 29, 32, 33, 35, 38, 39, 41, 44 and 46) were executed to

investigate these effects. The results of these cases are presented in Table 11 and in

Figures 43-47.

Curve A in Figure 43 was constructed using the results of cases 29, 35, 41

and 46. The flows in these cases take place in water (Pr = 4.52) in enclosures for

which W/H = 0.4, 6 = 0.5 (2 elements), A = 0.12 and 5q = 0. Curve A will be

compared with curve C (the dashed curve); which is for the flows in cases 28, 34,

40 and 45 that also take place in water and in an enclosure geometry that is

identical to the flows of curve A, except that the period of the roughness element

array, 6, is 0.25 (4 elements) instead of 0.5 (2 elements). Curve A shows that

increasing 5 from 0.25 to 0.5: (1) reduces the enhancement of the heat transfer

[reduces (Nu)j^/(Nu)j] in the conduction regime, (2) narrows the range of Grashof

numbers in the transition regime in which the elements decrease the heat transfer
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and shifts this range toward lower Grashof numbers, (3) increases the

enhancement of the heat transfer [increases (Nu)j^/(Nu)g] in the boundary layer

regime for Grashof numbers below approximately 2 x 10^, but decreases the

enhancement for Grashof numbers above approximately 2 x 10^. An unusual

feature of curve A is that it exhibits a leveling off with increasing Grashof number

in the boundary layer regime. The streamlines, isotherms and heat lines for the

flows at Grashof numbers of 4.07 x 10^ (case 29) and 4.07 x 10^ (case 46) are

presented in Figures 44 and 45. These figures clearly show that these flows occur

in the conduction and boundary layer regimes, respectively.

The ratios of Nusselt numbers, (Nu)j^/(Nu)g, for the flows in cases 26,32,38

and 44 are plotted in Figure 43. These results, which are denoted by the circular

plotting symbols, were calculated for the same values of all of the dimensionless

parameters as those for the flows of curve A, except that the phase shift of the

roughness element array, 5o, was increased from 0 to 0.25. As may be seen in

Figure 43, this change in Sq had virtually no effect on the ratio of Nusselt numbers,

(Nu)j^/(Nu)g, as a function of Grashof number (as given by curve A). (Recall that

similar behavior was observed in Figure 31 for flows in enclosures with 4

roughness elements.) The streamlines, isotherms and heat lines for the flows of

cases 26, (Grn = 4.07 x 10^) and 44 (Grn = 4.07 x 10^) are presented in Figures 46

and 47, respectively.

Finally, curve B in Figure 43 shows the effect of reducing the dimensionless

amplitude of the elements, A from 0.12 to 0.06. This effect is seen to be same as it

was for enclosures with 5 = 0.25 (4 elements); that is, the heat transfer

enhancement, as portrayed by the ratio of Nusselt numbers, (Nu)jj/(Nu)g, is

reduced by this change in both the conduction and boundary-layer flow regimes.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

Based on the results presented in the previous chapter, the following

conclusions may be drawn:

(1) the NACHOS code has been experimentally verified for natural convection

flows in rectangular enclosures containing large roughness elements,

(2) wall roughness elements can cause a substantial increase, or reduction, in the

rate of heat transfer across an enclosure depending on the values of the

dimensionless variables,

(3) the largest heat transfer enhancement found in this study was with sinusoidal

roughness elements [(Nu)j^/(Nu)g = 1.355],

(4) if the roughness elements are added in a manner such that the volume of

fluid in an enclosure is reduced, the heat transfer enhancement in the

conduction regime is substantially increased, but only slight changes in the

ratio of Nusselt numbers occur in the transition and boundary-layer flow

regimes, and

(5) the following parametric trends were observed for enclosures with

rectangular roughness elements:

(a) when Pr, W/H, A, 5, So are fixed and Grn is varied, three distinct

flow regimes (the conduction, transition and boundary-layer

regimes) occur in an enclosure,

(b) if only the Prandtl number is varied, there appears to be a strong

Prandtl number effect on the ratio of Nusselt numbers, with higher

Nusselt number ratios occuring at higher Pamdtl numbers,
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(c) if Grn, Pr, A, 5 and Sq are fixed and the aspect ratio WAI is reduced,

slight increases of the ratio of Nusselt numbers occur in the

conduction regime, but in the transition and boundary-layer regimes

this ratio remains essentially unchanged,

(d) if Grfi, Pr, W/H, A and Sq are fixed and the period, 6, is increased; the

ratio of Nusselt numbers is reduced in the conduction regime,

increased up to a certain value of Gry in the boundary-layer regime,

and is then again reduced above that value of Grn,

(e) if Grn, Pr, W/H, A and 5 are fixed and the phase shift, 5o, is varied;

no significant change in the ratio of Nusselt numbers is observed,

and,

(0 if Grn, Pr, W/H, 5 and Sq are fixed and the amplitude of the elements,

A, is reduced; the ratio of Nusselt numbers is reduced in both the

conduction and boundary-layer flow regimes.

6.2 Recommendations for Further Reseamh

The following recommendations are made for future work on the present

topic:

(1) calculations should be performed for different roughness element

geometries, and,

(2) another experiment should be performed using higher temperature

difference across the enclosure to varify that the horizontal walls of the

enclosure are essentially adiabatic surfaces.
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APPENDIX A

A BRIEF DISCUSSION OF THE NACHOS FINITE ELEMENT

CODE

A.l The Formulation of the Finite Element Equations

The finite element algorithm for energy conservation in a convective flow

expressed in terms of the method of weighted residuals (MWR) deals directly with

the goveming differential equation B(q) = 0 and the boundary condition b(q) = 0.

First, an approximate solution, say, q^, is assumed to exist. Then, upon direct

substitution in the goveming equation and the boundary condition, B(qh) and

b(qh) are statements of the error in the solution approximation. More detailed

explanations are given by Baker (1983) and Gartling (1977,a).

The derivation of the finite element equations begins with the division of the

continuum region of interest into a number of simply-shaped regions called "finite

elements". Each element includes a set of nodal points at which the finite element

approximation for each dependent variable, qe(xi) is evaluated.

Hence, the semidiscrete approximation, q'Xxi) is defined as

M

q'Kxi) = X qe(Xi)
e = 1

where, qc(xi) is defined in terms of the cardinal basis as

q/Xi) = lN,(Xi)l^ {Q(t)),
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The elements of {Q(t)}e are the nodal values of qg (xj). Ng is the cardinal basis and s

is the degree of the basis.

The basic concept of the finite element algorithm as defined within the

framework of the method of weighted residuals, requires the approximation

errors in BCq*!) and b(q'') to be orthogonal to the cardinal basis, {Ng}. Combining

these linearly independent constraints by using an arbitrary constant multiplier, X,

the finite element solution algorithm for the governing equations and associated

boundary conditions can be shown to be given by:

(N,)B(ql^dT-X|^(NJb(q'Oda s [0] (A.1)

Independent of the degree, s, of the basis {Ng} equation (A.l) represents a system

of ordinary differential (and algebraic) equations written on the unknown q^Xi) of

the form

Y({Q(t)}) = [E] {Q(t)}' + [W + Z] {Q(t)} + {d} = {0} (A.2)

where the square matrices E, W, and Z represent thermal capacity, convection,

and diffusion terms respectively. The column matrix d contains all the

nonhomogeneous terms. The prime (') represents the ordinary derivative with

respect to time (t). For steady-state solution, equation (A.2) reduces to the

following form

{H((3)} =[W + Z]{Q} -^{d} = {0} . (A.3)
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The differential equations describing the laminar, two-dimensional, natural

convection flows in the enclosures can be written in tensor notation as follows

Conservation of mass ^=0 (A.4a)

^  /. Dui ^iiConservation of momentum P"^ = "'"Pgi (A.4b)

Conservation of energy (A.4c)

where the stress tensor is

= P»ij ̂  + S> <A-5a)

and the heat flux vector is given by

,8Tqi = -k^. (A.5b)

The equation of state may be written as

p = pJl-p(T-Tj] . (A.6)

In the above equations, uj is the velocity component in the x, coordinate direction, t

is the time, P is the pressure, T is the temperature, p is the density, Xy is the stress

tensor, qj is the heat flux vector, p is the viscosity, Cp is the specific heat, k is the
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thermal conductivity and j3 is the coefficient of volume expansion. D/Dt is the so-

called substantial derivative and 5ij represents the Kronecker delta.

Carrying out the general algorithm outlined above, the dependent variables

(uj, P, T) can be expressed in the following forms within each element:

"iCi'i.t) = (N,(x,)}'^ (u(t)). (A,7a)

PCXrt) = {N,(Xi)}^ (P(t)) (A.7b)

T(Xi,t) = {N,(Xi)}'^ {T(t)) . (A.7c)

In equations (A.7) the u,, P, and T are vectors of unknown nodal point

variables and Nj are vectors of interpolation or basis functions, s is the degree of

the basis, s is equal to one for a linear basis and two for a quadratic basis. The

velocity components and the temperature are approximated by quadratic basis

functions and the pressure by a linear basis function within each element. All

dependent variables are required to be continuous from element to element. This

continuity requirement is met through the appropriate summation of equations for

nodes which are common to adjacent elements. The superscript "T" denotes a

vector transpose and the subscript "i" denotes the coordinate directions, x and y.

Substituting the approximate forms given by equations (A.7) for uj, P, and T

into the field equations (equations A.4) yields the set of residuals, Rj, or error

equations, as shown below.

Conservation of mass:

fi(N2, Ui) = Ri (A.8a)
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Conservation of momentum:

f2(N2.Ni,N2,Ui,P.T) = R2 (A.8b)

Conservation of energy:

^3(^2, N2, T, Ui,) = R3 (A.8c)

As discussed earlier, to use the MWR to reduce the residuals Rj, to zero over

each element the residuals have to be made orthogonal to the basis; that is, we

require that

<fi,Ni> = <Ri,Ni> = 0 (A.9a)

< f2, N2 > = < R2, N2 > = 0 (A.9b)

and,

<f3,N2> = <R3,N2> = 0 (A.9c)

where < , > denotes the inner product defined by

<a,b> = Jyabdv (A.IO)

where v is the volume of the element.

Carrying out the above integrals yields the set of coupled matrix equations

shown below:
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Momentum and continuity:

[M] V' + [C(u)] V + [K(T)] V = F(T) (A.lla)

where = (uiT, U2^, P'O

and,

uT = (ui^, 02"^

Energy:

[N] f + [D(u)] T + [L(T)] T = G(T). (A.llb)

where the prime (') terms represent the ordinary derivative with respect to time

(t). In the above equations M and N matrices represent the mass and capacitance

terms respectively. The C and D matrices represents the convection of momentum

and energy, respectively; while the K and L matrices represent the diffusion of

momentum and energy. The F and G vectors provide the forcing functions for the

system.

For the steady-state flows of interest in this work the matrix equations can,

therefore, be reduced to the following forms:

[C(u)] V + [K(T)] V = F(T) (A.12a)

[D(u)]T + {UT)]T = G(T) . (A.12b)
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The matrix equations (A, 12) represent the discrete analogs of the conservation

equations for an individual fmite element.

Once the matrix equations have been assembled, the task of solving this large

set of strongly coupled, nonlinear equations still remains. The solution procedure

will be discussed later.

A.2 Element Construction

The element library in NACHOS consists of six-node isoparametric

triangles and eight-node isoparametric quadrilaterals. In the present study the

quadrilateral elements were employed for all the three different types of

enclosures. The quadratic basis, or interpolation, functions for the velocity

components (uj) and the temperature (T) for the quadrilateral element are given by

the vectors.

N2= 1/2 /

1/2(1-e)(l-f)(-e-f-l)

l/2(l + e)(l-f)(e-f-l)

1/2(1+ e)(l + f)(e + f-l)

1/2(1-e)(l+f)(-e + f-1)

(l-e^(l-f)

(l + e)(l-f^
(l-e2)(l + f)

(l-e)(l-f5

(A.13a)

while the linear basis, or interpolation, functions for the pressure for this element

are given by the vector:
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N,= 1/4

(l-e)(l-f)

(l + e)(l-f)

(l+e)(l + f)

(l-e)(l + f)

(A. 13b)

where, e and f are the normalized or natural coordinates for the elements.

A.3 Outline of the Solution Procedure:

For the steady-state solutions NACHOS employes an algorithm that

alternately solves equations (A. 12) while continually updating the variable

coefficient matrices to reflect the most recently computed values for the dependent

variables. This algorithm consists of the following alternating procedure: the

energy equation is advanced first using

[D(un)]Tn+i -I- [LCP)]!^! =0(1^) (A.15a)

Next, the momentum equation is advanced using

[Qu")] Vn+l + [KCPi+l)] Vn+l = F(Tn+l) (A. 15b)

The solution algorithm keeps alternating between the energy and momentum

equations, using updated values of temperature and velocity, as follows:

[D(un+1)] Tn+2 + [L(Tn+l)] = G(Tn+l)

(A.16)

etc.
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where the superscript n indicates the iteration number. The basic iteration scheme

in equation (A. 16) can often be accelerated by suitable choice of an interpolation

procedure for the dependent variables used to evaluate the coefficient matrices.

For example, the [K] or [L] matrices can be evaluated at T*("+i) using

TM = aT(n+i) +(l-a)'P . (0<a<l)

NACHOS uses the above interpolation procedure for the temperature field

with a = 1/2. No interpolation is used for the velocity field.
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APPENDIX B

FORMULATION AND SOLUTION OF THE FINITE DIFFERENCE

EQUATIONS FOR THE HEAT FUNCTION AND THE STREAM

FUNCTION

B.l Introduction

As discussed in Chapter 3, the Poisson equations (2.34 and 2.40) that govern

the distributions of the heat function and the stream function for flows in the

smooth-walled enclosures and the enclosures with rectangular roughness elements

were solved by using the finite difference techniques outlined in this appendix.

B.2 The Finite Difference Equation for the Heat Function

The governing equation (2.40) for the nondimensional heat function, H, is

rewritten here as follows:

dm dm „ r3(uT) a(vT)i■^+^ = Pr[-^-V] . (B.l)

The solution of this equation is to be obtained on the general, nonuniform
rectangular grid shown in Figure Bl. Expanding H in a Taylor series in the x-

direction and truncating to three terms gives

Hi..j = Hij. -xij) [^]^ [^], , (B.2)
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i,j+l

i-l/j ij i+lj

iJ-1

■+ X

Figure B1. Nonuniform Grid for the Finite Difference Solutions of the Heat
Function, H, and the Stream Function, \j/
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and,

ox _ ox ^. A^~\ (Xi-I i - Xj i)2 fdml^-Ij - ̂ij + (*i-lj Xij)LaxJij+ 2 Ux2-lij •

Multiplying equation (B.2) by (xj.ij - Xjj) and equation (B.3) by (xj+g - xy) and

subtracting the resulting equations gives

{(A)H„ij-(B)Ki.ij-(A-B)K,j){^ 3 ) (B.4)

where:

A = (xi.ij-Xij) (B.5a)

®  ~ Xy) • (B.5b)

Proceeding in a similar fashion, it is readily shown that

^\..= {(C)Kij„-(D)H,j.i-(C-D)Hg}{^ P ) (B.6)

where:

C = (yy-i-yy) (B.7a)

D = (yy+l-yy) . (B.7b)

Next, finite difference approximations must be found for the derivatives
a(uT) ,a(vT) . . . . .

^  appear on the nght-hand side of equation (B.l). Expanding
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the function (uT) in a Taylor series in the y-direction and truncating to three terms

gives

(U-Oy., = (uT)y + , (B .g)

and,

(uT)y., = (uT)y ̂  (yy.,-yy)[^].. + iZLapli)! [5^] , , . (B.g)

Multiplying equation (B.8) by (yy.! - yy)2 and equation (B.9) by (yij+i - yy)2 and

subtracting the resulting equations gives

[ ay ̂ ] ij ̂  D(C - D) 1" C(C - D) 1" c D

where C and D are defined by equations (B,7).

Proceeding in a similar fashion, it is readily shown that

B(A - B) ~ A(A-B)

where A and B are defined by equations (B.5).

Substituting equations (B.4), (B.6), (B.IO), and (B.ll) into equation (B.l)

gives the following finite difference approximation for the heat function:

KiJ= {E +^(F (B.12)
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where

^  ~ B(B - A) A(B - A) " D(D - C)
1

C(D - C)ccn _ c'j ̂ ij-i ' (B.13a)

F - D(C - D) C(C - D) CD ' (B.13b)

and.

°  + A(A°- B)

Equation (B.12) is the finite difference form of the governing differential

equation for the heat function, (B.l), and can be applied at any interior nodes of

the grid. The extremely complex form of this equation is due to the fact that it was

formulated for a general, nonuniform rectangular grid. For the special case of a

uniform rectangular grid, it is easily shown that equation (B.12) reduces to the

familiar central difference form.

B.3 The Finite Difference Forms of the Boundary Conditions for the Heat

Function Equation

As before, the boundary conditions on the nondimensional heat function, H,

are given by equations (2.41), which are rewritten here as follows

H = (x,0) = 0 for (XL |y=o ̂  X < W/H) (B.14a)

162



H(xL,y) = Nu(y)ds = (^)ds for (0 < y < 1) (B.14b)

rsjto /3t\ —
H(x,l) = J - jds = (constant) = Nu for (xl , = i < X < W/H) (B.14c)

and,

H(l,y) = Nu + - [^OTOy))dy foj (0 < y < 1) . (B.14d)

For both smooth-walled enclosures and enclosures containing rectangular

roughness elements, equation (B.14a) requires that

Hij = 0 (B.15)

for every nodal point on the bottom horizontal wall, while equation (B.14c)

requires that

Hij = ̂  (B.16)

for every nodal point on the top horizontal wall. The boundary condition on the

right-hand vertical wall of both of these types of enclosures is given by equation

(B.14d). The finite-difference form of equation (B.14d) is given by

Hij = Nu + I [j] bij - y,j.,] (B.17a)

163



where the summation is performed over all of the grid points between the top of

the right-hand vertical wall at x = W/H, y = 1 down to the nodal point at (xg, yjj)

and:

)ij = ( - (AIFTwj - [(A2)2 - (AlWTg }
1(A2)2(A1)-(A1)2(A2) ̂ (B.17b)

©ij-l = { - (Bl)2Ti.2j.i - [(B2)2 - (Bl^Ty.,}
HB2)2(B1)-(B1)2(B2) ̂  (B.17c)

Al.(Xi.,j-Xij) (B.17d)

A2»(Xi.y-Xy) (B.17e)

=  (B.17f)

and,

B2s(Xi.2j.i-Xij.i) . (B.17g)

The use of the simple trapezoidal rule to numerically evaluate the integral in

equation (B.14d) resulted in the summation that appears in equation (B.17a). A

three-point finite difference scheme was used to obtain the desired accuracy in the

temperature derivatives at the wall given by equations (B.17b) and (B.17c).

Preliminary calculations showed the use of the three-point scheme is necessary,
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since if a two-point scheme was employed the contour plots of the heat function, H,

did not show the heat lines to be locally perpendicular to the vertical walls as they

must be.

The boundary condition on H on the left-hand vertical wall is given by

equation (B.14b). For a smooth-walled enclosure, this equation reduces to the

simple form given by

fi ax
^(0,y) = --^dy for(0 <y < 1) . (B.18)

Using the same techniques as discussed above for the right-hand vertical wall, the

finite-difference form of equation (B.18) is easily shown to be

«ij = -E [!■] [^)y+ (^)y.,] [yy - yij.,] (B.19a)

where the summation is performed over all of the nodal points from the bottom of
the wall at X = 0, y= 0 up to the nodal point at (xy, yij) and:

©ij= - (Cl)2Ti,2j - ((C2)2 - (Cl)2]Tij}
HC2)2(C1) - (C1)2(C2)} (B.19b)

©ij-l = - (Dl)2Ti,2j., - [(D2)2 - (Dl)2]Tij.i}
i(D2)2(D1) - (D1)2(D2)J (B.19c)
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C1 = - Xjj) (B.19d)

C2 = (XMJ - lij) (B.19e)

D1 = (Xi+lJ-l - xy.,) (B.19f)

and,

D2 = (Xi+2j.i - Xij.i) . (B.19g)

Determination of the appropriate finite-difference form of equation (B.14b)

for the left-hand vertical wall in an enclosure with rectangular roughness elements

will complete the set of required boundary conditions on H. The same techniques

employed for the right-hand vertical wall will be used to develop the required

boundary conditions for the left-hand vertical wall. These boundary conditions

will be written here in terms of local coordinates for a single period of the

rectangular roughness element array. The shape of a single element in the array is

given by equations discussed in Chapter 2, which are rewritten here as follows:

(-A < XL < 0) for y = 0 (B.20a)

XL = - A for (0 < y < 6/2) (B.20b)

(-A < XL < A) for y = 8/2 (B.20c)

and.

XL = A for (5/2 < y < 5) (B.20d)
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(0 < XL < A) for y = 6 . (B.20e)

For (- A < xl ̂  0) and y = 0, equation (B.14b) may be written as

($)<E (B.21a)

which yields

}t(-A,0) = 1^ (^)dx = Hi. (B.21b)

PorxL = - A, (0 < y < 6/2) equation (B.14b) reduces to

K(-A,>^ = Kj + jj- (^)dy (B.22a)

which yields

rt(-A,5/2) = Hi + = Hj. (B.22b)

For (—A < Xl ̂  A) and y = 5/2, equation (B. 14b) reduces to

H(xl,S/2) = H2 + j_^-(^)cR (B.23a)

which yields
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rt(A,5/2) = H2 + j_ = H3 . (B.23b)

For xl = A and (5/2 < y < 5) equation (B. 14b) gives

'8/2

which yields

}t(A = Jtj + - (^)dy (B.24a)

K(A, 5) = Kj + (^)dy = . (B 24b)

Finally, for (0 < xl < A) and y = 5 equation (B.14b) reduces to

H(xl, 8) = H4 (^)dx (B.25a)

which yields

K«).8)= H4+£'-^)(E = Hp^^. (B.25b)

The above integrations are carried out for all Nper elements on the wall until K at

the top of the wall is equal to the Nusselt number,

The finite difference forms of equations B.21, B,22, B.23, B.24, and B.25

were developed using a three-point difference scheme to obtain the desired

accuracy of the normal derivative of the temperature at the wall and the

trapezoidal rule to numerically evaluate the integrals. Thus, these equations are
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quite similar to equations B.17a and B.19a and for the sake of brevity, need not be

given here.

B.4 The Finite Difference Forms of the Governing Equation and Boundarv

Conditions for the Stream Function. \|/

The goveming equation (2.34) for the nondimensional stream function, \|/, is

rewritten as follows:

9V 8u dv
9x2 9y2 ~ dy 9x ■ (B.26)

The boundary conditions for this equation require that

V = 0 (B.27)

on all solid boundaries.

Using the same procedures described in sections B.2 and B.3, the finite

difference form of the goveming equation for the stream function at any interior

node of the grid may be written as,

xgij={M + l(N + 0)]{^^:^^) (B.28)

where:

_ 1 1 1
B(B - A) A(B - A) D(D - C)

c(£) - C) ' (B.29a)
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N - - D) C(C - D) ~ D ' (B.29b)

and.

^  B(A - B) "*" A(A - B) "*" A B ' (B.29c)

The functions A, B, C, and D are defined by equations (B.5) and (B.7),

The boundary conditions for stream function on all the walls of the

enclosure are given by requiring that

yij = 0 (B.30)

on all solid surfaces.

B.5 A Brief Description of the Finite Difference Code Used to Solve For the

Stream Function and the Heat Funcrinn

A special-purpose computer code was written to solve the Poisson equations

(2.34 and 2.40) that govern the distributions of the heat function and the stream

function. This code employs the finite difference forms of these equations and

their boundary conditions that were developed in section B.4 of this Appendix.

These finite difference equations were written in general form to allow the same

nonuniform grid used by NACHOS to solve the field equations for the natural

convection flow in enclosure to be employed in the determination of the

distributions of the heat function and the stream function.
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The program begins by reading in the x and y values of the grid points and

the values of u, v and T at each grid point from the solution output file generated

by NACHOS. These values of u, v and T are required to evaluate the right-hand

members of equations (2.34) and (2.40). The program then initiates the iteration

procedure by setting the values of the stream function and the heat function at all

of the interior grid points equal to zero; however, if "better" starting values are

available, they can be substituted at this point. The over-relaxation technique is

used in the iteration process. Thus, the speed of convergence of the solution is

strongly dependent on the value of the over-relaxation factor, co. The optimum

value of CO is always between 1.0 and 2.0 and depends on the number of grid points

employed. In the present program, the optimum value of co was calculated for each

case by using the following relationship reported by Gerald (1980)

4

" 2 + [4 - (cos 7C/P + cos 7c/q) 2 ] 0.5 (B-31)
where:

p = number of mesh divisions in x-direction

and,

q = number of mesh divisions in y-direction .

Typical values of cOopt obtained using Gerald's relationship are in the range from

1.62 to 1.74.

After the solution has been completed, the code generates the appropriate

output files, which are used to supply the input data to the SURFACE II contouring

program. SURFACE II then plots the heat function and the stream function

distributions.
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APPENDIX C

DATA REDUCTION TECHNIQUES FOR THE MACH-ZEHNDER

INTERFEROMETER

The MZI can be used to obtain both qualitative and quantitative description

of the temperature distribution in a flow-field. This instrument compares the light

beam that traverses the test section with a reference light beam. The comparison is

done by superimposing the test beam and the reference beam on a screen, which

produces interference fringes. When the instrument is operating in the "infinite

fringe mode", the fringes show the distribution of isotherms in the flow-field. If

the instrument is set to operate in the "wedge fringe mode", however, the

displacements of the fringes from their positions corresponding to a uniform

temperature field in the test section can be used to calculate the temperature

distribution in the flow-field. The temperature at any point in the flow-field is

proportional to the fringe number, S, whose value is dependent on the relative

deflection of the fringe. The proportionality constant is a function of the reference

temperature, known characteristics of the instrument, and some quantities that can

be measured.

The Aerolab 6 inch MZI located in the Natural Convection Laboratory at the

University of Tennessee, Knoxville was used in the present investigation. Detailed

discussions of this instrument, the techniques for its setup and alignment, and the

data reduction procedures (used in this work) are given by lessee (1985).

In the "wedge fringe mode", the fringes must be adjusted in such a way that

the undisturbed fringes in a uniform temperature field are parallel to the direction

in which the temperature gradient is to be measured. In the present experiment, it

was decided to measure the temperature gradient across several horizontal planes
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of the enclosure. Thus, the MZI was adjusted such that the undisturbed wedge

fringes were parallel to the top and bottom horizontal walls of the enclosure; that

is, the fringes made an angle of 90 degrees with the smooth (cold) vertical wall of

the enclosure. In the data reduction technique for the MZI, a reference

temperature must always be known.

The fringe number S, is assigned in such a manner that its value is equal to

zero at the reference temperature. For the present enclosure experiment, the

reference temperature can be either the hot wall temperature or the cold wall

temperature. As mentioned by lessee (1985), the selection of the reference

temperature in an enclosure is very important to insure the accuracy of the

temperatures calculated from the interferogram fringes. lessee (1985) suggested

that at any horizontal plane in the enclosure, the selection of the hot wall or the

cold wall temperature as the reference temperature should be made on the basis of

the following two criteria: (1) the fringe on the interferogram at the reference

point should be sharp, and (2) the fringe on the interferogram at the reference

point should be relatively less deflected than the fringe at the corresponding point

on the opposite wall of the enclosure; that is, at a point of relatively lower

temperature gradient.

The selection of reference temperature also decides which equations

are to be used for reducing the data for temperature distribution in the enclosure

test section. There are two basic possibilities: (a) if cold wall temperature is the the

reference temperature, then the temperatures at different locations across the

enclosure along a particular horizontal plane are always higher than the reference

temperature; or, (b) if the hot wall temperature is the reference temperature, then

the temperatures at different locations across the enclosure along a particular

horizontal plane are always lower than the reference temperature.
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Usually, an interferogram is not of the same size as the actual test section.

Therefore, all the distances that are measured on an interferogram must be divided

by a magnification factor, M, which is defined as.

I distance measured on tfie interferogram (negative) i

]I  corresponding distance in die actual test section

As shown in Figure Cl, the reference beam was blocked and a ruler was placed in

the test section, and a picture was taken. The magnitication factor was calculated

by measuring the distances between the divisions marked on the ruler as it appears

in the picture and dividing by the actual distances on the ruler.

The method for calculating uncorrected fringe number S, as reported by

lessee (1985), will now be discussed. The value of S is equal to zero at the

reference temperature and increases in moving along the horizontal plane towards

the opposite wall of the enclosure. The technique for calculating this can be

illustrated by using Figure C2. The fringe number, S, increases by one as the

reference line (shown as dashed line in Figure C2) crosses each wedge fringe. For

the temperatures which are referenced to the cold wall temperature, the fringe

number increases in going from right to left [Figure C2(a)]. For the temperatures

which are referenced to the hot wall temperature, the fringe number increases in

giong from left to right [Figure C2(b)]. Thus, fringe number at C is equal to fringe

number at A plus one. The fringe number at any intermediate point (say at B)

between two wedge fringes is given by the equation.
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Figure C2, Designation of Points for Calculating Fringe Number and
Fractional Shift
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Sat B = Sat A + Fractional Shift. (C.2)

For the tempeartures which are referenced to the cold wall temperature,

Fractional Shift = —JlawsL 3^
yUpper yLower

and, for the temperatures which are referenced to the hot wall temperature.

Fractional Shift = —yRefcrenss.
y Upper yLower

In equations (C.3) and (C.4), yReference» yupper» yLower the values of the y

coordinates at location B, of the reference line, upper fringe, and lower fringe

respectively.

As reported by Hauf and Grigull (1970), the refraction error ASj is given by

An n X Z
= H-T. (C.5)

In the above equation, n, which is the index of refraction for air, X, which is the

wavelength of the He-Ne laser used in the MZI, and Z, which is the length of the

test section along the light beam path are all known quantities, b is the mean value

of the fringe spacing. As reported by lessee (1985), the fringe spacing, b, is

calculated as the difference between two consecutive values of the x coordinate for

the fringe locations. The mean value of the fringe spacing, b, is the arithmatic

mean of the adjacent values of b. These calculations are shown in Tables Fl, F3,
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and F5. Next, the corrected fringe number, Sijeai. is calculated by using the

following two equations for the two different catagories discussed earlier.

For the temperatures which are referenced to the cold wall

^ideal — S + ASj — (ASj)^, (C.6)

and for the temperatures which are referenced to the hot wall

Sideai = S-ASi + (ASi)w (C.7)

where (ASi)^ is the value of ASj at the wall.

Finally, the temperatures are calculated using the following two equations.

For the temperatures referenced to the cold wall

T

'idealT = l-al. ■ • (C.8)

and for the temperatures referenced to the hot wall

^  ■ (c-9)

In the equations (C.8) and (C.9), is the wall temperature, which is also the

reference temperature. The constant, a , as repoted by Hauf and Grigull (1970), is

given by:

2 XRT^
^ "3 Z rP^j • (C.IO)
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In the above equation, X, which is the wavelength of the He-Ne laser source, Z,

which is the length of the of the test section along the light beam path, R, which is

the ideal gas constant for air, f, which is the specific refractivity of air are all

known quantities. The values of the absolute temperature of the wall, T^, and the

atmospheric pressure, Pat, are determined by seperate measurements.

The values of all the variables required to calculate the temperature, T,

using equations (C.8) and (C.9) are now known.
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APPENDIX D

DATA REDUCTION TECHNIQUES FOR THE WOLLASTON PRISM

INTERFEROMETER

The WPI actually produces a fringe shift that is directly proportional to the

^gngity gradient in the test fluid (Sernas, 1977). Fortunately, the constant of

proportionality between the measured fringe shift and the density gradient is a

function only of known characteristics of the instrument and quantities that can be

measured. Furthermore, if the test fluid is an ideal gas (such as the air used in the

present experiments) and the atmospheric pressure is known, the ideal gas law may

be used to express the density gradient in terms of the temperature gradient in the

test fluid. According to the Fourier conduction law, multiplying this temperature

gradient by the thermal conductivity of the fluid yields the local heat flux in the

direction of the temperature gradient. Thus, no calibration of the WPI is required

and the local wall heat flux, 4^, may be calculated directly from the measured

values of the fringe shift, AS, and the fringe spacing, S, using the following

relationship given by Semas (1977):

2

Kgd Zef, h"p„ Sin e j Lt j ■ (I' l)
A  r XRT„ k», 1 ("AS 1

7^^ce h P_. Sin ft J L C J *

K which is the wavelength of the He-Ne laser used in the WPI, R, which is the ideal

gas contant for air, and Kgd. which is the Gladstone-Dale constant for air, are all

known constants. The values of the absolute temperature of the wall, T^^,, and the

atmospheric pressure, Pat, are determined by independent measurements. The

thermal conductivity of the air, k^, is evaluated at the wall temperature, T^, by
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interpolating tabulated experimental data for this property for air. The methods

for determining the values of the effective length of the optical path in the test

section, the double image distance, h, and the local angle between the wall and

the direction normal to the undisturbed (straight) reference fringes, 0, the fringe

spacing, S, and the fringe displacement, AS, are described below.

First, f, the focal length of the mirror that focuses the beam of light that exits

the test section and v, the distance from the camera to the spherical mirror, must be

measured. Then, the quantity u, which is defined by the relationship

1  1 1

u = f-7 (D.2)

must be calculated. Next, the wedge angle of the Wollaston prism, (3, must be

either measured or taken from the manufacturer's specifications and w, the

distance from the focal point of the focusing mirror to the centerline of the

Wollaston prism, must be measured. Then, the double image distance, h, may be

calculated as follows:

In general, an interferogram is not the same size as the actual test section.

Thus, all distances that are measured from an interferogram must be divided by a

magnification factor, M, which is defined as:

I distance measured on the interferogram (negative) j
I  corresponding distance in the actual test section J
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For this purpose, a picture of the test section was taken by removing the Wollaston

prism from the optical setup. The magnification factor for the WPI was found by

measuring the height of the roughness element in this picture and dividing the

value by the actual measured height of the roughness element.

The appearance of a typical undisturbed (reference) fringe pattern obtained

in the enclosure with the WPI is shown in Figure Dl. As may be seen in this figure,

the Wollaston prism and the polarizers are adjusted such that the reference fringes

make an angle of 30 to 60 degrees with respect to the heated and cooled walls. This

insures that the requirement for a ftinge to terminate at a wall in order for a fringe

shift to be measured at that wall is satisfied. The coordinates of the four arbitrarily

selected points, which are numbered 1 through 4 in Figure Dl, must be measured

in order to perform the required calculations (as shown below). The origin for

measuring these coordinates on the interferogram is specified at an arbitrary

location (0,0).

The so-called "fringe angle", a, which is shown in Figure Dl, is the angle

between the undisturbed fringes and the horizontal, a is calculated using the

following expression

a=tan-i . (0 5)L y2 - yi J

The angle 0 is defined as the angle between the wall and the direction normal to the

undisturbed (straight) reference fringes. The expressions for computing 0 in terms

of the fringe angle, a, at various locations on the smooth (cold) and rough (hot)
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Figure D1. Definition of the Angle 0, and Designation of Points on the
Undisturbed (Reference) Fringes that Will be Used in the Data
Reduction Procedure
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vertical walls of the enclosure are shown in Figure Dl. For all points on the cold
wall,

e = a, (D.6)

as it is for all points located on vertically-oriented segments of the hot wall. For all

points located on horizontally-oriented segments of the hot wall, 0 is given by

e = 90-a. (D.7)

After measuring the coordinates of points 1 through 8 (as shown in Figures

Dl and D2), the following expressions given by Irby and Parsons (1981) may be

used to compute the fringe spacing, S, and the fringe displacement, (AS), as

C _ rllT (yi - y2)X4 +(X2 - Xi)y4 {x^ - X2)y^ + (y2 - yi)xi< "1
V(y, - y2)2 + (X2 - x,)2

and.

(AS1= r <yi - +<"2 - (''I - ''2)y5 + (y? - yi)x, 1
V(yi - y2)^ + (X2-

where N is ±e number of fringes between points 3 and 4.

Next, the boundary layer thickness, 6, is calculated as

C  Sjnt V(X8 - X7)2 + (ys - yj)2
o - M ~ M
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where 5int is shown in Figure D2. The determination of 5 allows the end effect

correction to the optical path length, (AZ)en(j. to be calculated using the following

expression given by Semas (1977):

(^e«l = (2) [j^ ][(f)(l-Vl - |)
+  (|)(i+'n/i - ̂  ) - (f)(y)'V' " p] •

Then, the effective optical path length in the enclosure is given by

Zeff = Z + (AZ)end • (D.12)

The values of all the variables needed to compute the local waU heat flux, Qvv,

using equation D1 are now known.
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APPENDIX E

ASSEMBLY AND ALIGNMENT OF THE TEST ENCLOSURE

The same procedure was used to align the enclosure in the optical paths of

both the WPI and the MZI. The procedures for the alignment of the WPI are

described in detail by Irby and Parsons (1981) and the corresponding procedures

for the MZI are given by lessee (1985). Thus, this Appendix is limited to a

discussion of the assembly and alignment of the test enclosure itself.

The assembly of the enclosure begins with the vertical isothermal walls.

After mounting the thermocouples in the vertical walls as described in Chapter 4,

the copper cover plates were tightly screwed to the backs of these walls. A rubber

gasket coated with silicon sealant was inserted between each wall and its cover plate

to prevent leaks. As mentioned previously, the thermocouple wires exit the

vertical walls by way of holes drilled through the back cover plates. Thus, the next

step in the assembly procedure was to seal these holes with epoxy to prevent leaks.

The cold (smooth) vertical wall was then bolted to one of the vertical

aluminum walls of the outer enclosure and the hot (rough) vertical wall was

attached to the outer vertical aluminum wall of the outer enclosure by the

alignment screws, which are shown in Figure 4. The horizontal spacing between

the hot and cold vertical walls was then set with the alignment screws such that the

aspect ratio of the enclosure, (W/H), was 0.4. A wooden spacer was inserted

between the walls during this step to insure that the walls remained parallel to each

other.

Next, the partially assembled test enclosure was mounted on a traversing

mechanism (lessee, 1985) and moved into the optical path of either the WPI or the

MZI. The traversing mechanism was then adjusted until the test section was
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centrally illuminated by the He-Ne laser light source of the interferometer. A

custom-made bubble level was then placed on the isothermal walls and the test

enclosure was leveled by adjusting the leveling screws on the base of the traversing

mechanism. The insulated horizontal walls were then installed such that the

insulating thin-film surfaces formed the top and bottom surfaces of the enclosure.

The top and bottom aluminum horizontal walls of the outer enclosure each have

four alignment screws as shown in Figure 4. These screws were tightened until the

thin-film surfaces were in firm contact with the top and bottom edges of the

vertical isothermal walls.

When using either interferometer, it is always necessary to align the

enclosure such that its walls are parallel to the beam of light that traverses the test

section. It was decided to perform this alignment using purely optical techniques.

For this purpose, two metal pins of the same length and diameter were taped to the

opposite ends of one of the rectangular roughness elements on the hot wall. The

pins were attached so that they were vertically oriented, located at the same

distance from the cold wall and their exposed lenghts in the test beam were

identical. Next, if the enclosure was located in the WPI the prism was removed, or

if it was located in the MZI the reference beam was blocked. The He-Ne laser light

source was then turned on and the images of the enclosure and the pins viewed with

a magnifying glass on the screen used to record the interferograms. The leveling

screws on the traversing mechanism were then adjusted until the two ends of the

pins were at the same level on the screen. The traversing mechanism platform was

then rotated about a vertical axis until the two images of the pins were

superimposed and became a single sharp image. These adjustments insured that the

actual test section (and not the outer aluminum enclosure) was level and parallel to

the test beam. The orientation of the enclosure with respect to the traversing
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mechanism was then fixed by attaching a locking bracket made especially for these

experiments and the pins were removed from the hot wall. Then, either the prism

was replaced in the WPI or the reference beam of the MZI was unblocked.

To complete the assembly of the enclosure, it was necessary to install and

align the glass end windows. It is important that these windows be installed such

that they are parallel to each other and perpendicular to the test beam. This was

accomplished by employing the so-called "reflection-off-the-glass" technique,

which will now be described. First, one of the plexiglas end pieces in which the

glass window was already installed was mounted on the end of the enclosure which

was the furtherest away from the laser light source. Then a small mirror was taped

to the outside surface of this window such that its silvered surface faced into the

enclosure and there was no gap between the mirror and the glass. A paper screen,

which was pierced by a small hole, was then placed between the laser and the

enclosure and the laser was tumed on. The ray of light that passed through the hole

in the screen then traversed the test section, struck the mirror, and was reflected

back onto the screen. The window alignment screws, which are shown in Figure 5,

were then adjusted such that the reflected beam passed back through the hole in the

screen. This can only occur when the glass window is perpendicular to the laser

beam. The other plexiglas end piece and glass window were then installed. The

mirror was then removed from the first window that was aligned and taped to the

outer surface of the other window with its silvered surface facing awav from the

test enclosure. The second glass window was then aligned in the same manner as

the first window and the mirror and screen were removed from the experiment.

Finally, the water hoses from the constant temperature baths and circulators

were connected to the water inlet and outlet tubes on the backs of the vertical

isothermal walls and the thermocouple wires were connected to the HP data
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acquisition system. These steps completed the assembly and alignment of the test

enclosure.

190



APPENDIX F

PRESENTATION AND REDUCTION OF THE DATA TAKEN WITH

THE MACH-ZEHNDER INTERFEROMETER

The MZI data was reduced using the procedures outlined in Appendix C.

The values of the fixed constants required to reduce this data are given by:

X s wavelength of the He-Ne laser = 2.076 x 10 - 6 (ft)

R s ideal gas constant for air = 53.35 (ft-lbf/lbm- ®R)

r s specific refractivity for air = 24.117 x 10 ■ ^

n s index of refraction for air = 1.0002719

The Mach-Zehnder interferograms for the undisturbed and disturbed

fringes are given in Figures F1 and F2, respectively. The values of the measured

variables were found to be:

Pat s atmospheric pressure = 2049.08 (Ibf/ft^)

(Tw)hot wau = temperature of the rough vertical wall = 551.23 (OR) (= 306.24 OR)

(Tw)coidwaU = temperature of the smooth vertical wall = 518.06 (OR) (= 287.81 OR)

Z s length of the test section (length of the optical path) = 0.80833 (ft)

M = magnification factor = 0.94736

After making the measurements listed above, the constant a, given by

equation C.IO was calculated for the hot wall and the cold wall. The values of this

constant were found to be

(fl)hot wall = 0.010189 (at T^ = 551.23 OR)

(^)coid wall = 0.009576 (at T^ = 518.06 OR).
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The remaining calculations had to be performed at each location where the

temperature was evaluated. The fractional shift and the mean value of the fringe

spacing, b, are calculated by using the techniques described in Appendix C. The

values of the fractional shift and the mean fringe spacing are listed in Tables F1, F3

and F5 for the locations along the bottom horizontal wall, along a horizontal plane

across the enclosure located at y/H = 0.56, and along the top horizontal wall,

respectively. It can be noted here that when the reference line (dashed line as

shown in Figure C2) crosses a wedge fringe, there is no fractional shift. The fringe

number, S, at that location is a whole number. Therefore, the corresponding

entries in Tables Fl, F3, and F5 at these locations are left blank. The refractive

error, ASj, was calculated by using equation C.5. As discussed in Appendix C, for

the temperatures which are referenced to the cold wall, equations C.6 and C.8

were used to calculate the corrected fringe number, Sideai. and the temperature, T,

respectively. Similarly, for the temperatures which are referenced to the hot wall,

equations C.7 and C.9 were used for calculating the corrected fringe number,

Sideai» ̂ d the temperature, T, respectively. The results of these calculations are

listed in Table F2 for the temperatures along the bottom horizontal wall, in Table

F4 for the temperatures along a horizontal plane across the enclosure located at

y/H = 0.56, and in Table F6 for the temperatures along the top horizontal wall.

An uncertainty analysis for the MZI is given in Appendix H.
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Table Fl. MZI Interferogram Data for the Calculation of Fringe Spacing and
Fractional Shift on the Bottom Horizontal Wall

Loca

tion

No.

x-Cordn.

Measured

Along the
Enclosure

Width (in)

Ax = b

(in)
b

(in)
yUpper
(in)

yRefetcnce
(in)

yLowcr
(in)

Fractional

Shift

1 0.01671 0.72480 0.71600 0.70480 0.56
0.08234

2 0.09905 0.08339 0.71600 ..

0.08444
3 0.18349 0.09500 0.72420 0.71600 0.70420 0.59

0.10556
4 0.28905 0.10556 0.72950 0.71600 0.71040 0.29319

0.10555
5 0.39460 0.09712 0.71600

0.08867
6 0.48327 0.09712 0.72060 0.71600 0.70170 0.75661

0.10556
7 0.58883 0.10556 0.72760 0.71600 0.70730 0.42857

0.10555
8 0.69438 0.10028 0.71600

0.09501
9 0.78939 0.10028 0.72570 0.71600 0.70380 0.55708

0.10555
10 0.89494 0.09395 0.71600

0.08234
11 0.97728 0.09395 0.72090 0.71600 0.69790 0.78696

0.10555
12 1.08283 0.10556 0.72460 0.71600 0.70200 0.61947

0.10556
13 1.18839 0.10556 0.72850 0.71600 0.70550 0.45652

0.10556
14 1.29395 0.10556 0.73010 0.71600 0.70700 0.38961

0.10555
15 1.39950 0.10556 0.73140 0.71600 0.70780 0.34746

0.10556
16 1.50506 0.10556 0.73330 0.71600 0.70960 0.27004

0.10556
17 0.14382 0.716001.61061

0.18209
18

— -- 0.716001.79270
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Table F2. MZI Data for the Temperature Distribution on the Bottom
Horizontal Wall

Loca

tion

No.

Distance Me

asured from

the Left-Hanc

Vertical Wall

of the Enclo

sure (ft)

S ASi ^ideal T(OF)

1 0.00139 5.56 0.0 5.56 87.52

2 0.00825 5.00 0.0029 5.0029 84.46

3 0.01529 4.59 0.0 4.59 82.21

4 0.02409 4.29319 0.0 4.29319 80.60

5 0.03288 4.00 0.00214 4.00214 79.04

6 0.04027 3.75661 0.0 3.75661 77.72

7 0.04907 3.42857 0.0 3.42857 75.98

8 0.05787 3.00 0.00200 3.00200 73.72

9 0.06578 2.55708 0.0 2.55708 71.39

10 0.07458 2.00 0.00228 2.00228 68.52

11 0.08144 1.78696 0.0 1.78696 67.41

12 0.09024 1.61947 0.0 1.61947 66.55

13 0.09903 1.45652 0.0 1.45652 65.72

14 0.10783 1.38961 0.0 1.38961 65.38

15 0.11663 1.34746 0.0 1.34746 65.16

16 0.12542 1.27004 0.0 1.27004 64.77

17 0.13422 1.00 0.00097 1.00097 63.40

18 0.14939 0.00 0.0 0.0 58.39
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Table F3. MZI Interferogram Data for the Calculation of Fringe Spacing and
Fractional Shift on a Horizontal Plane at y*/H= 0.56

x-Cordn.

Loca Measured

tion

No.

Along the
Enclosure

Width (in)

Ax = b

(in)
b

(in)
yUpper
(in)

yReference
(in)

yLower
(in)

Fractional

Shift

1 0.0 -- — 1.56500 -- —

0.10450
0.10450

2 0.10503 — 1.56500 -- —

0.21006
0.10556

3

0.10555
0.10556 -- 1.56500 -- —

0.315614

0.10556
0.10555 — 1.56500 — —

0.42117 0.126415

0.14725
— 1.56500 — --

0.568426

0.18779
0.16752 — 1.56500 — ..

0.756217

0.09352
0.14066 1.57250 1.56500 1.55340 0.39270

8 0.84973 0.11208
0.13063

— 1.56500 — ..

0.980369

0.10476
0.11770 — 1.56500 — ..

10 1.08512 0.10543
0.10609

1.57655 1.56500 1.55715 0.59536

11 1.19121 0.10873
0.11136

1.57900 1.56500 1.55970 0.72539

12 1.30257 0.11690
0.12244

1.57750 1.56500 1.55760 0.62814

13 1.42501 0.11770
0.11295

1.57270 1.56500 1.55205 0.37288

14 1.53796

0.08608
0.09952 1.57350 1.56500 1.55440 0.44503

15 1.62404 0.08218 -- 1.56500 --

16
0.07827

1.70231 0.06959 -- 1.56500 —

17
0.06091

0.042171.76322
-- 1.56500 ..

18
0.02343

1./8665 1 — 1.57390 1.56500 1.55360 0.43842
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Table F4. MZI Data for the Temperature Distribution on a Horizontal Plane
aty"/H = 0.56

Loca

tion

No.

Distance Me

asured from

the Left-Hand

Vertical Wall

of the Enclo

sure (ft)

S ASi Sjrfpal T(OF)

1 0.0 0.0 0.0 0.0 91.56

2 0.00871 0.0 0.0 0.0 91.56

3 0.01751 0.0 0.0 0.0 91.56

4 0.02630 0.0 0.0 0.0 91.56

5 0.03510 0.0 0.0 0.0 91.56

6 0.04737 0.0 0.00072 0.0 91.56

7 0.06302 0.3927 0.0 0.39342 89.36

8 0.07081 1.0 0.00160 0.99912 86.01

9 0.08170 2.0 0.00145 1.99927 80.56

10 0.09043 2.59536 0.0 2.59608 77.35

11 0.09927 2.72539 0.0 2.72611 76.66

12 0.10855 2.62814 0.0 2.62886 77.18

13 0.11875 2.37288 0.0 2.37360 78.54

14 0.12816 2.44503 0.0 2.44575 78.16

15 0.13534 3.0 0.00298 2.99774 75.22

16 0.14186 4.0 0.00416 3.99656 69.99

17 0.14694 5.0 0.01133 4.98939 64.89

18 0.14889 5.43842 0.0 5.43914 62.62
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Table F5. MZI Interferogram Data for the Calculation of Fringe Spacing and
Fractional Shift on the Top Horizontal Wall

Loca

tion

No.

x-Cordn.

Measured

Along the
Enclosure

Width (in)

Ax = b

(in)
b

(in)
yupfw
(in)

yRefoence
(in)

yLower
(in)

Fractional

Shift

1 0.0 _ ̂ 1.62800 ..

0.10556
2 0.10556 0.11100 1.64120 1.62800 1.62000 0.62264

0.11643
3 0.22199 0.11100 1.62800 ..

0.10556
4 0.32754 0.10556 1.63170 1.62800 1.61000 0.17051

0.10556
5 0.43310 0.10556 1.63620 1.62800 1.61420 0.37273

0.10556
6 0.53865 0.10556 1.64130 1.62800 1.61950 0.61001

0.10556
7 0.64421 0.09807 1.64600 1.62800 1.62430 0.82949

0.09057
8 0.73478 0.11353 _ ̂ 1.62800

0.13648
9 0.87126 0.08070 1.62800

0.02491
10 0.89617 0.03304 1.62800

0.04117
11 0.93734 0.03764 1.62800

0.03410
12 0.97144

— — 1.62800
--
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Table F6. MZI Data for the Temperature Distribution on the Top
Horizontal Wall

Loca

tion

No.

Distance Me

asured from

the Left-Hand

Vertical Wall

of the Enclo

sure (ft)

S ASi Sjdeai T(OF)

1 0.0 0.0 0.0017 0.0 91.56

2 0.00880 0.62264 0.0 0.62434 88.08

3 0.01850 1.0 0.00163 1.00007 86.00

4 0.02730 1.17051 0.0 1.17221 85.06

5 0.03609 1.37273 0.0 1.37443 83.95

6 0.04489 1.61001 0.0 1.61171 82.65

7 0.05368 1.82949 0.0 1.83119 81.46

8 0.06123 2.0 0.00156 2.00014 80.55

9 0.07261 3.0 0.00309 2.99861 75.22

10 0.07468 4.0 0.01845 3.98325 70.06

11 0.07811 5.0 0.01422 4.98748 64.90

12 0.08095 6.0 0.00999 5.99171 59.84
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APPENDIX G

PRESENTATION AND REDUCTION OF THE DATA TAKEN WITH

THE WOLLASTON PRISM INTERFEROMETER

The WPI data was reduced using the procedures outlined in Appendix D.

The values of the fixed constants required to reduce this data are given by:

X, s wavelength of the He-Ne laser = 2.076 x 10 * 6 (ft)

R = ideal gas constant for air = 53.35 (ft-lbf/lbn,- ®R)

(KGD)hot wall = Gladstone-Dale constant for air for the rough vertical wall

= 3.658xlO-3(ft3/lb^

and,

(KGD)cold wall = Gladstone-Dale constant for air for the smooth vertical wall

= 3.536xlO-3(ft3/lbJ.

The Wollaston Prism interferograms for the undisturbed and disturbed

fringes are given in Figures G1 and G2, respectively. The values of the measured

variables were found to be:

Pat s atmospheric pressure = 2116.8 (Ibf/ft^)

(Tw)hot wall = temperature of the rough vertical wall = 544.76 (OR)

(Tw)cold wall - temperature of the smooth vertical wall = 510.14 (OR)

f s focal length of the spherical mirror that focuses the beam of light that exits the

test section = 4.93 (ft)

V s distance from the camera to the sperical mirror = 7.63 (ft)
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Figure Gl. Wollaston Prism Interferogram (Undisturbed Fringes)
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Figure G2. Wollaston Prism Interferogram (Deflected Fringes)



w s distance from the focal point of the focusing mirror to the centerline of the

Wollaston Prism = 1,56 (ft)

Z s length of the test section (length of the optical path) = 0.80833 (ft)

P s wedge angle of the Wollaston Prism = 0.0527 (deg)

M = magnification factor = 0.53204

(xi,yi) s coordinates of reference points 1 through 4 [given in inches as measured

on the interferogram (no magnification)]

(xi.yi) = (1.06650,0.62470)

(X2,y2) = (1.52905,1.25100)

(X3.y3) = (1.22605,1.46470)

(X4,y4) = (1.48665,0.49160)

and,

N s number of fringes between reference points 3 and 4=17.

In addition to the above measurements, the x- and y-coordinates of the reference

points 5, 6, 7, and 8 (defined in Figure D2) were measured from the

interferograms for each location at which the wall heat flux was calculated. These

values are listed in Tables G1 and G2.

In order to measure the above coordinates, the interferogram was placed on

the stage of the Nikon microscope in such a way that the y-axis of the microscope

was parallel to the cold vertical wall. By positioning the interferogram in this

manner, the measurements of the coordinates yy and yg were not required to

calculate the boundary layer thickness 5, using equation D.IO. This applies to all

points on the cold vertical wall and on the vertically-oriented segments of the hot

wall because the values of and yg are identical at each of these locations.

Similarly, the measurements of the coordinates xy and xg were not required to
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Table G1. Measured Coordinates of Reference Points 5,6,7, and 8 for All
Locations on the Cold Wall

Loca

tion

No.

Distance

Measured

Along the
Wall from

the Bottom

of the En

closure (in)

*5
(in)

ys
(in) (in)

y6
(in)

*7
(in)

y?
(in)

*8
(in)

yg
(in)

1 0.138 — —
—

— — — -- —

2 0.284 ~ -- -- — —
—

..

3 0.427 — — -- — — — --

4 0.558 1.6108 0.3320 1.5071 0.2044 1.5605 — 1.6103

5 0.702 1.6102 0.4087 1.4578 0.2168 1.5444 — 1.6105

6 0.838 1.6083 0.4808 1.4330 0.2597 1.5226 1.6114 ..

7 0.982 1.6112 0.5574 1.3905 0.2811 1.5036 — 1.6120 ..

8 1.122 ^ 1.6112 0.6320 1.4323 0.4137 1.5298 — 1.6105

9 1.265 1.6112 0.7082 1.4178 0.4721 1.5238 — 1.6118

10 1.407 1.6101 0.7835 1.39220.5178 1.5091 1.6130

11 1.552 1.6101 0.8608 1.4181 0.6303 1.5190 — 1.6128

12 1.692 1.607^ 0.9350 1.4057 0.6901 1.4951 -- 1.6090

13 1.835 1.6079 1.0113 1.4075 0.7712 1.5065 .. 1.6089

14 1.975 1.608^ 1.0857 1.3994 0.8364 1.5087 — 1.6092

15 2.113 1.6064 1.1593 1.3665 0.8698 1.5166 .. 1.6093 ..

16 2.261 1.6092 1.2381 1.3979 0.9920 1.5210 1.6067

17 2.399 1.6075 1.3114 1.4058 1.0800 1.5106 — 1.6082

18 2.542 1.6075 1.3874 1.3736 1.1148 1.5031 — 1.6078

19 2.671 1.6052 1.4563 1.3756 1.1960 1.5110 — 1.6071

20 2.813 1.6037 1.5315 1.4242 1.3405 1.5145 -- 1.6049 ..

21 2.958 1.6050 1.6086 1.3709 1.3468 1.5105 .. 1.6042

22 3.095 1.6022 1.6814 1.3915 1.4536 1.5131 1.6038 ..

23 3.239 1.6003 1.7583 1.4094 1.5566 1.5221 1.6036

24 3.410 1.6014 1.8493 1.3570 1.5617 1.5188 — 1.6059 --
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Table G2. Measured Coordinates of Reference Points 5,6,7, and 8 for All
Locations on the Hot Wall

Loca

tion

No.

Distance

Measured

Along the
Wall from

the Bottom

of the En

closure (in)

X5
(in)

ys
(in)

*6
(in)

ye
(in)

x?
(in)

y?
(in)

*8
(in)

yg
(in)

1 0.087 0.6713 0.0777 0.7675 0.2207 0.7212 -- 0.6671 ..

2 0.391 —
—

— — — -- .. __

3 0.442 — — — — — -- --

4 0.878 0.9070 0.2456 0.7878 0.0947 .. 0.1797 0.2497

5 1.000 0.9723 0.2480 0.8384 0.0805 -- 0.1613 0.2497

6 1.118 1.0343 0.2500 0.8897 0.0704 0.1462 0.2516

7 1.381 1.1166 0.3258 1.3478 0.6920 1.1959 .. 1.1139

8 1.541 1.1165 0.4110 1.3993 0.8379 1.1959 1.113^ ..

9 2.456 — — — — — — -- ..

10 2.814 -- -- —
—

— — ..

11 3.073 — — -- --
—

— ..

12 3.630 1.0331 0.71990.8935 0.5437 — 0.6835 .. 0.7228

13 3.935 1.1148 0.8120 1.3560 1.1688 1.1974 .. 1.1137

14 4.087 1.1159 0.8928 1.3587 1.2488 1.1953 -- 1.1159 ..

15 4.970 ~ ~ -- -- — — --

16 5.290 — -- -- —
—

.. __

17 5.579 — — — — — «»

18 6.477 1.1182 1.2966 1.2874 1.5436 1.1800 -- 1.1116

19 6.625 1.1171 1.3745 1.3614 1.7230 1.1578 1.1171

20 7.509 ~ — -- — ..

21 7.825 — — -- —
— .. « _

22 8.095 — ~ -- —
.. ..

23 9.175 — — — — — -- — —
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calculate 6 at all points on the horizontally-oriented segments of the hot wall. As

mentioned earlier, the local heat flux on the solid walls of the enclosure is

proportional to the fringe shift AS. Thus, no measurements were taken at the

points on the interferograms where no fringe shifts could be observed. The

appropriate entries for these points in Tables G1 and G2 are, therefore, left blank.

After making the measurements listed above, the calculations described

below were performed. The thermal conductivities of the air at the hot wall and

the cold wall temperatures were found to be

(kw)hot wall = 0.01509 (Btu/hr-ft-OP) (at T^ = 544.76 OR)

(kw)cold waU = 0.01437 (Btu/hr-ft-OP) (at T^ = 510.14 OR)

respectively. The quantity, u, defined by equation D.2 was computed as 13.92 (ft)

and the double image distance, h, was given by equation D.3 as 0.1917 x 10 * 2 (ft).

The fringe angle, a, was computed using equation D.5 as 53.56 degrees. Equation

D.6 then gave the angle 0 as 53.56 degrees for all points on the cold wall and on the

vertically-oriented segments of the hot wall. Equation D.7 gave a value of 0 equal

to 36.44 degrees for all points located on the horizontally-oriented segments of the

hot wall. Finally, equation D.8 gave a value of the fringe spacing, S, as

3.862 X 10-3 (ft).

The remaining calculations had to be performed at each location on the

vertical walls where the local wall heat flux was evaluated. These calculations

entailed using equations D.9, D.IO, D.ll, D.12, and D.l to compute the fringe

displacement, AS, the boundary layer thickness, 6, the end effect correction to the

optical path length, (AZ)enci» the effective optical path length, Zeff» and the local wall

heat flux, respectively. The results of these calculations are listed in Table G3

for the cold vertical wall and Table G4 for the hot vertical wall. No fringe shifts

could be detected on the horizontal walls of the enclosure.
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Table G3. Calculated Values for All Locations on the Cold Wall

Loca AS 6 (AZ)en(i 2eff
tion No. (ft) (ft) (ft) (ft) (Btu/ht-ft2)

1 0.0 — — -- 0.0

2 0.0 — — — 0.0

3 0.0 ~ -- — 0.0

4 60.52x10-5 78.00 X 10-4 35.06x10-4 0.81184 6.929

5 67.63x10-5 10.36x10-3 39.81x10-4 0.81231 7.738

6 75.74x10-5 13.91 X 10-3 44.85x10-4 0.81282 8.661

7 10.60x10-4 16.99x10-3 48.27x10-4 0.81316 12.117

8 11.38X 10-4 12.65x10-3 43.20x10-4 0.81265 13.019

9 12.31x10-4 13.78x10-3 44.67x10-4 0.81280 14.080

10 14.00x10-4 16.27x10-3 47.55x10-4 0.81309 16.000

11 14.10x10-4 14.69x10-3 45.77x10-4 0.81291 16.118

12 13.81x10-4 17.84x10-3 49.15x10-4 0.81325 15.784

13 15.04x10-4 16.03x10-3 47.27x10-4 0.81306 17.192

14 16.45x10-4 15.74x10-3 46.96x10-4 0.81303 18.803

15 16.90x10-4 14.52x10-3 45.57x10-4 0.81289 19.326

16 19.32x10-4 13.45x10-3 44.25x10-4 0.81276 22.098

17 20.17x10-4 15.29x10-3 46.45x10-4 0.81298 23.058

18 21.27x10-4 16.40x10-3 47.67x10-4 0.81310 24.318

19 24.47 X 10-4 15.05x10-3 46.18x10-4 0.81295 27.973

20 25.36x10-4 14.02x10-3 44.96 X 10-4 0.81283 28.998

21 26.77x10-4 14.68 X 10-3 45.76x10-4 0.81291 30.606

22 27.99x10-4 14.21 X 10-3 45.19x10-4 0.81285 32.003

23 27.65x10-4 12.76x10-3 43.35x10-4 0.81267 31.619

24 20.85x10-4 13.64x10-3 44.49x10-4 0.81278 23.842
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Table G4. Calculated Values for All Locations on the Hot Wall

Loca AS 5 (^)end 2eff
tion No. (ft) (ft) (ft) (ft) (Btu/ht-ft2)

1 66.04x10-5 84.74 X 10-4 36.43 X 10-4 0.81198 8.750

2 0.0 —
— — 0.0

3 0.0 — — — 0.0

4 48.72 X 10-5 10.96x10-3 40.76x10-4 0.81241 8.737

5 64.98 X 10-5 13.85x10-3 44.75x10-4 0.81281 11.647

6 76.63x 10-5 16.52x10-3 47.79x10-4 0.81311 13.731

7 26.99x10-4 12.84x10-3 43.46x10-4 0.81268 35.733

8 22.58x10-4 12.84x10-3 43.46x10-4 0.81268 29.889

9 0.0 — — — 0.0

10 0.0 — — — 0.0

11 0.0 -- -- — 0.0

12 60.54x10-5 61.48x10-4 31.15x10-4 0.81145 10.869

13 15.63x10-4 13.11 X 10-3 43.81x10-4 0.81271 20.693

14 14.20 X 10-4 12.44x10-3 42.95 X 10-4 0.81263 18.795

15 0.0 ~ —
— 0.0

16 0.0 ~ — -- 0.0

17 0.0 —
—

— 0.0

18 93.64x10-5 10.71 X 10-3 40.38x10-4 0.81237 12.402

19 94.36 X 10-5 63.75x10-4 31.74x 10-4 0.81151 12.510

20 0.0 — — — 0.0

21 0.0 -- — — 0.0

22 0.0 -- — — 0.0

23 0.0 — — — 0.0
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An uncertainty analysis for the WPI is given in Appendix H.
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APPENDIX H

UNCERTAINTY ANALYSIS

It is important to perform some kind of analysis on all experimental data.

The uncertainties of the WPI and the MZI data will be calculated in this Appendix.

The calculations will be done by using the technique presented by Kline and

McClintock (1953). In this technique, the uncertainty of the experimental data is

calculated by a careful estimation of the uncertainties of the various experimental

measurements.

H.1 Uncertaintv Analysis of WPI Data

An uncertainty analysis of the local heat flux values obtained by WPI was

performed. To calculate the local heat flux, equation (D.l) was used. This equation

is rewritten as,

qw = r ^ ̂  K—1 r AS 1 min
4Cgd h P Sine S J LZeff J'

Assume that uncertainty in q^ is due to uncertainty in the quantities h, AS, S, T^, P,

e, Zgff. Uncertainty due to the quantities k^^, X, Kqd. and R are neglected. The

equation for the double image distance is.

h = (3(f-if+w)

then,

eh uw Q., uw,^=(f-—+w); ^=p(l+-j5-)
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du- { ' dw-P^^"p-

Assume the uncertainty of the following parameters:

(Op = 5%, (Of = 1.0 inch, 0^ = 0,15 inch, Wy = 0.25 inch,

and the values of the following parameters are:

also.

f = 59.11 inches, v = 91.50 inches, w = 18.69 inches

i=i_i
u  f V

1  vf 91.50 X 59.11 u

rl_ ~ ̂ ~ ̂  ~ ~ 1 ~ ^yf y)

3u V / 1 \2 „
^=7^+(7rT) vf

f  /_1 \2 .
Ov V - f w — f^ ̂

^ /7 Ou\ 2 / Ou\2(Ou-^(0f^) + (Wy

- Ffi nf 91.50x59.11 xi2
' "^u- LU-^Vpi 50 _ 59.11+(9150-59.1 i)2>'J +

59.11 9L50x59;11 xi2"l
^  ̂ ^91.50- 59.11 (91.50-59.11)2 J

0.5
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or, cOu = 8.02 inches = 4.81% = uncertainty in (u).

Simillarly the uncertainty in double image distance can be obtained as,

/T 9h\ 2 Oh\ 2 / 0h\ 2 / Oh

or.

r r0.0026 7C , 166.98x18.69 , „ ^
^ " L t 180 ^ 1 5901 ^ J

r, ̂  0.0527 7C « 166.98xl8.69^ 12
(59.11)2 )}

r„ ̂^0.0527 71/ 18.69m 24.{8.02-^^(-5^)}

...0.0527 7t/_ 166.98m2-i0.5+ (0.25 (1.0 -T^)} J
180 59.11

or, (Oh = 0.00315 inch = 13.70% = uncertainty in double image distance.

Assume the following uncertainties:

(o^s = 1-5% o)s = 1.5% o>r = 1.0 Or

(1)9 =1% COp = 0.705 lbf/ft2 t02eff = 1% .

From equation (H.1-1), the following expressions can be written:
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where,

aq^ XRjJk^ nr ASI -C(AS)
aZeff-LKGDhPSinesJL

3qw_ r^_2A^R_Tw^_^1 r_^] ̂ -C(AS)
3h ^Kqj) P Sine S ̂ '-ZefH h Zgff

r XRT^ 1 ni _ _c_
8AS"l-KGDhPSine SJ " Zeff

eqw_ r - X R 1 r_^-l ̂  -C(AS)
3S '-Kgd h P Sine J Lz^fH S Zgff

agyy r X R 2Tw 1 r_^"i _ 2C(as)
ax^ - LKgd h P Sine S -I LZeffJ " Zeff

8qw_ r - X R 1 r^l ̂ -C(AS)
3P '-Kgd h p2 Sine S ̂  ̂ZeffJ P Zgff

aqw_ r- X R k^ Cose 1 r_^-i ̂  - c(as)
50 ^ Kgd h P Sin^e S ZeffJ Tane Zgff

r >.RT«,^k., -]
~^Kgd h P Sine S J'

Using the technique described by Kline and McClintock (1953), the uncertainty in

local heat flux can be calculated from the following expression:
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+  (<%#)']"

For the cold wall = 50.14 Op = 510.14 OR, which gives C = 774.56.

Therefore,

f/ 0.01 ZeffCASx2 / 0.137 hCASx2 A015 AS Cn2

—hz;;r-)

f  0.015 S C AS-,2 /1.0X2)CASs2
+  SZeff T„Zeft ^

/  0.00033 P C ASx2 / 0.01 e C ASn2]05
PZeff ^ TaneZeff

or, (a- = ̂^[(-0.0l)^ + (-0.137)^+ (0.015)%(-0.015)^ +(0.00392)'
05

+ (- 0.00033)^ + (- 0.0069)^] '

or, 0A = 107.83 = uncertainty in heat flux along the cold wall.

At AS = 9.0891 X 10 ~3 inch and Zgff = 0.81282 ft, the local heat flux is

^w = 8.6613-^
hr ft
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Therefore, (Ox = 1.2058
'1. hr ft^

1.2058or, (0^^ = = 13.92% uncertainty in local heat flux along cold wall.

Similarly,

For the hot wall Tv^ = 84.76 ̂  = 544.76 ̂ R, which gives C = 896.59.

Therefore,

F/ 0.01Z,ffCASx2 / 0.1370 hCASN2 /).015 AS Cn2^ hz,„ ) )

^ /_ 0.015 SCASx2 ̂ X1.0)(2)C AS^2
S Zeff Zgff

r  0.00033 P C AS^2 / 0.01 0 C ASn210.5
PZeff ^ TanGZeff ^'J

or, tOq^ = [(- O.Ol)^ + (- 0.137)^ + (0.015)^ + (- 0.015)^ + (0.00367)^
+ (- 0.00033)^ + (- 0.0069)^]°"^

ASor, C0q^= 124.82 = uncertainty in heat flux along the hot wall.

At AS = 3.2388 x 10 -2 inch and Zgff = 0.81268 ft, the local heat flux is
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= 35.7325-^
hr ft'

Therefore, cO;: = 4.9744 7^^
hr ft^

4 9744or, o)q^ = 33 7325 = 13.92% uncertainty in local heat flux along hot wall.

The Nusselt number, Nu, is defined as

hH QvJH
k "kCTn" - Tc*) (1^.1-2)

Assume that uncertainty in Nu is due to uncertainties in the quantities Qw. H, V

and Tc*. Uncertainty due to thermal conductivity, k, is neglected. From equation

(H.1-2) the following expressions can be written:

9(Nu) H
aq^ -k(TH^-Tc^)

wu) - _iw_
8H -k(TH^-Tc^)

a(Nu) qja
aTH* - k(TH*-TcT

a(Nu) qjf
aTc* - k(TH' - Tc')2

The uncertainty in Nusselt number is given by,
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03Nu + (cOh^-^)^+ (^T-^C

Here, H = 3.448/12 = 0.2833 (ft), k = 0.015 Btu/hr-ft Op, Th" = 84.76 Op,

V = 50.14 OF, Qw = 35.7325 Btu/hr ft2 and (Oa = 4.9744 Btu/hr ft2.

Assume the following uncertainties:

0>p»^ — = 0.1 op COfj — 1%.

Substituting the above values in equation (H.1-3), the uncertainty in the Nusselt

number is obtained as:

©Nu = 2.76.

H.2 Uncertainty Analvsis of MZI Data

It is discussed in Appendix C that two equations namely equations (C.8) and

(C.9) were used to calculate the temperature distribution of the test section. In this

section, the uncertainties associated in using these two equations will be discussed

using the technique described by Kline and McClintock (1953).

H.2.1 Uncertaintv in Using Equation TC.R't

Equation (C.8) can be rewritten as

T*= (h.2-1)
1 _ 1 W Q1  P z ^
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r -21^ - a)(2.076x 10-^>(53.35) _where, 3r " (3)(24.1171 x 10"«)

Assume that the uncertainty in temperature, T*, is due the uncertainties in the

parameters T*^, P, Z, and S. Uncertainty due to Cj is neglected. According to the

technique described by Kline and McClintock (1953), the uncertainty in

temperature is given by the following expression:

0>P -'y v^P + (o)s -^) (H.2-2)

From equation (H.2-1) the following expressions can be written:

_  /C1 S\ :)t
ax* Di + (-p-2)T w

3T*w V

^)T* 'S-,2 i-r / W

or*

3Z" 57

3T* (p ^ ̂
=  D.^
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where, D, = l-(^)S

The following table is obtained by substituting nominal values of = 518.06

P = 2049.08 Ibf/ft^, Z = 0.80833 ft, and S = 0, & 5.56 (the minimum &

approximate maximum value of S).

S = 0 S = 5.56

1.0 1.116

dfT*/dP 0.0 -0.015

aT*/9Z 0.0 - 38.074

aT*/as 4.962 5.535

Thus form equation (H.2-2), at S = 0,

ci>p =>/(cot»^)^ + (4.962a)s)2

and at S = 5.56,

a>p =-\^(1.116cot«^)2 + (- 0.015(Dp)2 + (- 38.074(Oz)2 + (5.535a)s)^

Assume the following values of the uncertainties:

a>p^ = 1.0 0R cOp = 0.705 Ibf/ft^ cOz = 0.008 ft (Os = 0.1.

Substituting these values the uncertainty in temperature is obtained as follows:

220



atS = 0 a>p = 1.120R, and

at S = 5.56 a>r* = 1.28 0R.

The dimensionless temperature, T, is defined as

T= ^ (H.2-3)
t*h-Tc at

where, T*c = 518.06 OR and AT* = 33.17 OR.

The uncertainty in dimensionless temperature is given by

c«>r= (o3t*c (o^AT* 3^*)^ •' (H-2-4)

From equation (H.2-3) the following expressions can be written:

OT 1

OT* ~ AT*

dT

OT^r Ar

9T T* - T*
aCAT"") (AT'')2
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At S = 0, T* = 518.06 OR and at S = 5.56, T* = 547.19 OR. Assume that the

uncertainties in T*c and AT* are:

=1.0 Or.

Substituting the above values in equation (H.2-4), the uncertainty in

nondemensional temperature is obtained as follows:

at S = 0 a>T = 0.05, and

at S = 5.56 cOx = 0.06.

H.2.2 Uncertaintv in Using Equation (C.91

Equation (C.9) can rewritten as

T* = (H.2-5)

Assume that the uncertainty in temperature, T*, is due the uncertainties in the

parameters T*^^, P, Z, and S. Uncertainty due to C2 is neglected. Same as in section

H.2.1, equation (H.2-2) can be used to calculate the uncertainty in temperature.
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From equation (H.2-5) the following expressions can be written:

D2-(i^)T*wax* ^2 Vp2

'2

^)T* '
3P ^
ar*

2

/C2 S\ 2

ST* "

3Z "

/ Q \ 2
ar* vp 2; i w

3S

where, D2 = 1 + (^p^^) S.

The following table is obtained by substituting nominal values of T*^ = 551.23 OR,

P = 2049.08 Ibf/ft^, Z = 0.80833 ft, and S = 0, & 6 (the minimum & approximate

maximum value of S).
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II

o

8 = 6

aT*/aT*^ 1.0 0.888

aT*/9P 0.0 0.015

9T*/az 0.0 37.029

aT*/as 5.617 -4.989

Thus from equation (H.2-2), at S = 0,

cot* = + (5.617a)s)^

and at S = 6,

t«>r* = -^(0.888©t»,,)^ + (0.015cop)2 + (37.029a)z)2 + (- 4.989©s)^ •

Assume the following values of the uncertainties:

a>p^ = 1.0 OR (Op = 0.705 Ibf/ft^ coz = 0.008 ft (Os = 0.1.

Substituting these values the uncertainty in temperature is obtained as follows:

at 5 = 0 Op = 1.15 OR, and

atS = 6 (Dp = 1.06 Or.
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Same as in section H.2.1, equation (H.2-4) can be used to calculate the

uncertainty in the nondimensional temperature, T. Here, at S = 0, T* = 551.23

and at S = 6, T* = 519.51 Or. Assume that the uncertainties in T*c and AT* are:

copti^ = Wat* ~ i *0

Substituting the above values in equation (H.2-4), the uncertainty in

nondemensional temperature is obtained as follows:

at S = 0 a>r = 0.05, and

at S = 6 ©x = 0.04.
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