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ABSTRACT 

A numerical investigation was conducted to analyze the unsteady flow and heat 

transfer characteristics for cylinders of square cross-section in a laminar channel flow. 

The study focuses on differences in the drag, lift, and heat transfer coefficients for a 

single and tandem pair of cylinders due to the proximity to a channel wall. Both uniform 

and parabolic inlet velocity profiles are considered. The cases are calculated for a flxed 

cylinder Reynolds number of 500 and a Prandtl number of 0.7. The heated cylinder is 

held at a constant temperature and is initially centered in the channel. The eddy promoter 

has side dimensions one-half of the downstream cylinder and is placed at a flxed distance 

upstream. The upstream cylinder is either located midway between the top and bottom 

cylinder surfaces (inline) or it Is centered on the top or bottom edges (offset) of the 

primary cylinder. 

The resuhs show that the cylinder Nusselt number decreases for both single and 

inline tandem cylinders as they approach the wall in a parabolic flow but remain almost 

constant in a uniform flow. This is primarily due to the reduced mean velocity near the 

wall. The time-averaged drag coefficient decreases for both single and inline tandem 

cylinders as they approach the wall in a parabolic flow. The presence of the upstream 

cylinder significantly reduces the drag on the downstream cylinder when compared to 

that of a single cylinder but has little affect on the cylinder lift. Additionally, the overall 

cylinder Nusselt number increases slightly in both uniform and parabolic flows. The 

Strouhal number is much larger for an inline tandem pair than for a single cylinder for all 
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cylinder positions. The amplitude of eddy-shedding induced oscillations is significantly 

dampened as the cylinder(s) approach the channel wall. Offsetting the eddy promoter 

causes a significant reduction in the heat transfer and a large increase in the drag 

coefficient for the channel-centered cylinder when compared to the inline tandem case. 

The offset cylinder is found to slightly reduce the overall heat transfer and increase the 

drag from the downstream heated cylinder for the other two cross-stream locations. The 

study also indicates that placing the eddy promoter in higher velocity fluid increases the 

Strouhal number of the downstream cylinder. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

This chapter presents an introduction to the numerical investigation of the two-

and three-dimensional, unsteady flow and heat transfer associated with a single and 

tandem pair of square cylinders (prisms of square cross-section) in a chaimel. The 

purpose of the study is to establish a fundamental understanding of basic flow dynamics 

in the cooling of electronic components. This knowledge is essential for the examination 

of more complicated three-dimensional configurations. The following sections introduce 

the problem of interest and give a brief deflnition. A description of the flow 

configuration is given in Section 1.2. The objectives and motivation for the investigation 

are listed in Section 1.3, and an outline of the chapters presented in the dissertation is 

given in Section 1.4. 

1.2 Problem of Interest 

The unsteady, viscous flow past two-dimensional bluff bodies and the resultant 

vortex shedding have been the focus of numerous numerical and experimental 

investigations. The purpose behind these studies has been to understand fundamental 

physics and to find practical applications in industrial processes. These investigations 

have examined the unsteady nature of the flow behind the bluff bodies and the effects of 

flow blockage on the heat transfer and Strouhal number. The two-dimensional flow 

around cylinders of circular cross-section has been studied in great detail but, recently. 
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rectangular cylinders, flat plates, and other blunt cross-sections have received renewed 

attention because of their relevance to engineering applications. The motivation behind 

the current analysis is of a fundamental nature, yet it also relates to the cooling of 

electronics. 

The flow over a three-dimensional bluff object is very different from that of a 

two-dimensional bluff body and is exceedingly complex, as illustrated by experimental 

observations (Moffat and Ortega (1988)). Furthermore, the computing time required to 

perform a three-dimensional calculation is significantly greater than the time required for 

a two-dimensional simulation. Therefore, the present investigation is concerned with the 

two-dimensional, laminar flow and heat transfer for a conflned square cylinder with an 

inline or offset upstream eddy promoter. The geometry presents a simple yet essential 

paradigm for understanding the convective heat transfer in air-cooled passages containing 

bluff objects, as in the cooling of printed circuit boards. Despite its geometric simplicity, 

the fluid flowing past the cylinders displays a complicated unsteady motion and presents 

an opportunity for understanding basic fluid mechanics that occur in various 

technologies, especially in the cooling of electronics. The dynamic properties of the 

present flow are selected to remain below a critical Reynolds number value of 5314, 

which is calculated as the transition from laminar to turbulent flow in a channel 

(Schlichting (1987)). It has also been reported (Li and Humphrey (1995)) that flows over 

square cylinders in the Reynolds number regime of about 500 are laminar to transitional 

in nature. However, the assumption of laminar flow is not unreasonable since the 

presence of the channel walls tend to stabilize the flow. The long-range goal of this work 
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is to understand the fundamental mechanisms of unsteady flow interactions in air-cooled 

channels, beginning with two-dimensional cases, as in the present study, and continuing 

to three-dimensional situations. 

1.3 Objectives and Motivation 

The current study will focus on the heat transfer and the fluid flow characteristics 

of a single square cylinder and the interaction of two square cylinders located in a 

channel. This analysis is a preliminary exploration into the effects of the geometric 

placement of the cylinders in the channel, and will be used to Identify important 

parameters for future work. The main objective of this investigation is to perform 

numerical calculations to understand the effects of the cylinder arrangements on 

aerodynamic and heat transfer values for forced convection in a channel. From the 

literature it is clear that the critical Reynolds number for transition firom steady to 

unsteady-periodic laminar flow over bluff objects in a channel is well within the range 

encountered in air cooling of electronics at velocities of the order of 1 m/s. This evidence 

is derived from studies in which the object(s) have been centered in the chaimel. In the 

cooling of electronic components placed on printed circuit boards, the effects of 

geometrical layout and of the channel-bounding wall are of obvious importance. Several 

issues, therefore, motivate the present study; among them are: 

(1) How does the proximity to a bounding wall affect the vortex shedding from a 

single square cylinder? 

(2) How does a uniform inlet velocity profile compare to a parabolic inlet velocity 

profile in heat transfer removal from the primary cylinder? 



55 

(3) How does flow unsteadiness affect the heat transfer from the primary cylinder? 

(4) How does the presence of an upstream eddy promoter affect the flow and heat 

transfer from the primary cylinder and is it equally effective in reducing drag and 

increasing heat transfer from the primary cylinder when the channel walls are in 

close proximity? 

1.4 Outline 

The remainder of the dissertation is organized into six chapters that describe the 

numerical procedure and the results of the investigation. A review of previous numerical 

and experimental investigations for single and tandem rectangular cylinders is presented 

in Chapter 2. This chapter thoroughly examines two-dimensional flows and presents a 

limited review of three-dimensional flows, which are also numerically investigated in this 

dissertation and presented in Chapter 6. The solution methodology employed to solve the 

problem of interest is presented in Chapter 3. This chapter constitutes a major portion of 

the dissertation as it details the numerical method used in the computational fluid 

dynamics code. Collections of problems that are typically used to benchmark fluid flow 

and heat transfer codes are presented in Chapter 4. Grid and time reflnement studies for 

each benchmark case are also presented in this chapter. The chapter concludes with 

numerical validation studies for the cylinder flows under investigation. The results of the 

numerical investigation for different conflgurations of the proposed problem are 

presented and discussed in Chapter 5. The results include flow visualization, phase-space 

plots, time series for drag and lift coefficients and the Nusselt number, and plots of the 

previous quantities versus the distance to the wall. Velocity and pressure proflles are 
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presented for several key cases as a fiinction of the channel height and are plotted at 

several locations downstream of the cylinder(s). Chapter 6 presents a brief introduction 

of complementary work and special topics, such as the flow bifurcation encountered 

during the numerical investigation and three-dimensional flow calculations over a single 

block located on a channel wall. Finally, a summary of the major conclusions of this 

study is given in Chapter 7, with recommendations for possible future work. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction 

This chapter presents a literature review of earlier work related to the current 

numerical investigation. These studies include laminar flow and heat transfer 

investigations about bluff bodies with single and multiple rectangular cylinders near a 

wall, in a channel, or in a freestream. A brief review of circular cylinders is given as a 

qualitative guide to the results of bluff bodies with sharp leading edges. A detailed 

review for the flow past cylinders of square and rectangular cross-section follows. A 

short review is presented for the three-dimensional flow around blocks in a channel. 

Finally, a summary of the studies presented in the literature review is given and a list of 

questions that remain unanswered following the review summary is presented as a 

justification for the current study and to demonstrate its originality. The current review 

consists of both numerical and experimental investigations. 

2.2 Circular Cylinder 

The flow past a circular cylinder is a common configuration in engineering and is 

a classical example of a bluff body flow problem. Investigations of the flow past a single 

circular cylinder have been exhaustively done and are well documented in the literature 

(Panton (1984)). The structure of the wake depends critically on the Reynolds number, 

which is defined as Re = UD/v, where U is the freestream velocity, D is the cylinder 

diameter, and v is the kinematic viscosity of the fluid. At very low Reynolds numbers, 
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the flow is called very viscous or "creeping flow," and has a nearly symmetric pattern 

both fore and aft of the cylinder. At a Reynolds number of about 4, the flow separates on 

the downstream side forming two standing eddies attached to the body. When the 

Reynolds number reaches a value of about 40, the wake downstream of the cylinder 

becomes unstable and vortices are formed and shed alternately from side to side forming 

what is known as a Karman vortex street. The flow near the cylinder remains steady with 

two attached eddies as the shed vortices travel downstream at a speed slightly less than 

the freestream velocity. As the Reynolds number is increased to somewhere between 60 

and 100, the attached eddies become unstable and also begin to detach, as the vortex 

street forms closer to the cylinder. At a Reynolds number of 200, the vortex street 

becomes unstable in the axial direction and the wake ultimately becomes turbulent. Near 

a Reynolds number of 400, the vortices become turbulent and the vortex shedding 

becomes irregular as the Reynolds number is increased. The Strouhal number, which is 

deflned as St = fD/U, where f is the shedding frequency, varies slightly with Reynolds 

number but remains around 0.2 over a wide range in the Reynolds number. 

2.3 Circular Cylinder in a Freestream 

Petrie and Simpson (1972) performed an experimental study of the heat transfer 

sensitivity for a circular cylinder exposed to freestream turbulence in the Reynolds 

number range of 5,000 to 35,000. They found that an increase of 10 percent in the 

freestream turbulence results in increases of up to 100 percent in the heat transfer at the 

rear of the cylinder. Boulos and Pei (1974) conducted a similar experiment in the 

Reynolds number range between 3,000 and 9,000. They concluded that enhancements to 



the local time-averaged heat transfer rate, due to fireestream turbulence, are the result of 

boundary layer penetration by the freestream vortices. They also found that the overall 

heat transfer rate for a constant heat flux is about 10 to 20 percent higher than for a 

constant wall temperature condition. Kamiadakis (1988) used a spectral element method 

to investigate the forced convection heat transfer from an isolated circular cylinder for 

Reynolds numbers approaching 200. For Reynolds numbers less than 40, the length of 

the attached eddies compares well with experimental results. The Strouhal number is 

found to be 0.14, 0.18 and 0.20 for Reynolds numbers of 50, 100 and 200, respectively, 

which are in good agreement with experimental results. Numerical predictions for the 

size of the wake, the temporal and spatial structure of the Karman vortex street, the 

unsteady lift and drag coefficients and the unsteady local heat transfer coefficient are all 

found to be in excellent agreement with available experimental data. Braza, Chassaing, 

and Minh (1990) also conducted a numerical study of the vortex formation behind a 

circular cylinder in the Reynolds number range of 2,000 to 10,000. They concluded that 

the mechanism generating the mixing layer eddies most likely originates from a two-

dimensional instability in the near wake region. The results show that numerical 

solutions of the two-dimensional Navier-Stokes equations correctly predict the first 

bifurcation leading to vortex shedding and the appearance of mixing layer eddies. 

2.4 Circular Cylinder in a Channel 

The flow over a circular cylinder in the vicinity of a wall has also received some 

attention because of its engineering applications. The wall influences the flow in two 

ways: it is a solid boundary inhibiting normal velocities and it is a surface on which a 
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boundary layer will grow. Bearman and Zdravkovich (1978) experimentally investigated 

the flow around a circular cylinder placed at various heights above a channel wall at 

cylinder Reynolds numbers of 25,000 and 45,000. They found that regular vortex 

shedding is suppressed for gaps less than about 0.3 cylinder diameters. For gaps greater 

than 0.3 cylinder diameters, the Strouhal number remains remarkably constant at a value 

of approximately 0.2. Regular vortex shedding is not observed when the cylinder is 

touching the wall. The vortex shedding process also becomes more tuned as the gap 

between the cylinder and the wall is reduced. The experimental data also show a mean 

force on the cylinder repelling it away from the wall. However, this force quickly falls 

off as the cylinder is moved away from the surface. Suzuki, et al. (1991) performed an 

experimental study to determine the most important factors affecting the skin friction and 

heat transfer from a plate disturbed by a cylinder. Experimental measurements are 

carried out for three different cylinder diameters and for various clearances between the 

cylinder and the plate. They determined that the clearance-to-diameter ratio is the most 

important factor influencing the skin fnction and heat transfer. 

2.5 Rectangular Cylinder in a Freestream 

The flow past a cylinder of square or rectangular cross-section in a freestream has 

also been exhaustively investigated both numerically and experimentally. Most of the 

experimental work has been performed at values of the Reynolds numbers in the 

turbulent regime. A frmdamental study by Kelkar and Patankar (1992) describes the 

onset of unsteadiness for flow around a square cylinder. Numerically, they were able to 

determine that Re = 53 is the critical Reynolds number beyond which the flow is 
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unsteady. This value is larger than the critical value of 40 found experimentally for a 

circular cylinder (Panton, 1984). Igarashi (1987) conducted an experimental 

investigation on the fluid flow and heat transfer around rectangular cylinders in the 

Reynolds number range between 7,500 and 37,500. The rectangular cylinders had width-

to-height ratios, c/d, that ranged from 0.33 to 1.5. He discovered that the Reynolds 

number has little influence on the Strouhal number. The variation of the Strouhal number 

is also minimal, St = 0.125 ~ 0.15, for c/d values below 1.0. Above this value, the 

Strouhal number decreases to a minimum of 0.05 for a c/d value approaching 2.8. The 

Strouhal number for the square cylinder remains almost constant around 0.14 for the 

range of Reynolds numbers studied. The maximum value for the drag coefficient is 

found at a value of c/d = 0.67. Davis and Moore (1982) numerically investigated the 

vortex shedding from rectangular cylinders in the Reynolds number range from 100 to 

2,800. The Strouhal number at the lower Reynolds number is found to be about 0.17 and 

is substantiated by experimental data. The Strouhal number for the square cylinder 

decreases with increasing Reynolds number and asymptotically approaches a value of 

approximately 0.145 for Reynolds numbers greater than 1,000. Experimental results 

predict an asymptotic value of about 0.13. Okajima (1982) experimentally determined 

the vortex shedding frequencies of various rectangular cylinders in the Reynolds number 

range from 70 to 20,000. The aspect ratios of the rectangular cylinders are 1, 2, 3 and 4. 

He found a range of Reynolds numbers in which an abrupt change in the flow pattern 

results in a large change of the Strouhal number. At extremely low Reynolds numbers, 

the flow reattaches just behind the leading edge. However, as the Reynolds number is 
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increased, the flow reattaches alternately between the upper and the lower surfaces within 

one period of vortex shedding. Increasing the Reynolds number causes the flow to ftilly 

detach from the surfaces. This results in a widening of the wake and a reduction of the 

Strouhai number. The critical Reynolds number for a cylinder with an aspect ratio of 2 is 

approximately 500. As the aspect ratio increases, the value of the critical Reynolds 

number also increases. Longer rectangular cylinders tend to keep the separated flow 

attached to the surfaces; this prevents the wake from expanding. These abrupt changes 

are not present in the case of a square cylinder. Okajima, et al. (1992) conducted a 

companion numerical simulation for width-to-height ratios ranging from 0.2 to 10 and 

Reynolds numbers of 1,000, 4,000 and 7000. As they approach a Reynolds number of 

1,000, a change in the flow and a drop in die Strouhai number are observed for aspect 

ratios of 2.1 and 6. For aspect ratios below 2.1, the flow completely separates and 

oscillates with a low Strouhai number value. For aspect ratios between 2.1 and 6, the 

flow alternately reattaches to the surface and oscillates with a high Strouhai number. A 

high Strouhai number value is observed for aspect ratios greater than 6, where the 

separated shear layers impinge on the cylinder surface. Igarashi (1985) experimentally 

investigated the heat transfer from a square cylinder at various angles of attack for 

Reynolds numbers between 5,600 and 56,000. He discovered a minimum in the average 

heat transfer coefficient at an angle of 12° to 13° and a maximum at an angle of 20° to 

25°. He also found no difference between the average heat transfer from a square 

cylinder with a constant heat flux or a constant temperature. Igarashi (1986) also 

performed a companion experimental study on the local heat transfer from a square 
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cylinder at various angles of attack for Reynolds numbers between 11,000 and 53,000. 

Hasan (1989) experimentally investigated the near wake structure of a square cylinder at 

various angles of attack for Reynolds numbers between 6,700 to 43,000. At an angle of 

22.5°, he found that vortices from each side of the cylinder move towards the centerline 

of the channel and merge due to the accelerating boundary layers. This merging causes a 

second harmonic component in the velocity spectra. Esfahani (1996) conducted a 

numerical investigation for flow over rectangular cylinders for Reynolds numbers below 

200. The aspect ratios of the rectangular cylinders studied are 1,2 and 4, and the angle of 

incidence to the oncoming flow is between 0° and 90°. He found that the Strouhal 

number decreases as the projected side ratio is increased. Also, flow features for angles 

of incidence less than 20° and greater than 70° are significantly different than for the 

intermediate angles. 

2.6 Rectangular Cylinder in a Channel 

Davis, et al. (1984) performed a combined numerical and experimental study of 

flow around rectangular cylinders in a channel for cylinder Reynolds numbers ranging 

from 100 to 1,850. The results of the numerical study compare well with the 

experimental study and show an increase in the drag and Strouhal number with increasing 

blockage ratio for the range of parameters investigated. The shape of the inlet velocity 

profile has a significant effect on the vortex shedding frequency. Amal, et al. (1991) 

investigated the vortex shedding from a square cylinder located on a fixed wall, on a 

sliding wall, and in a fi^estream. They found that the sliding wall has a destabilizing 

effect on the recirculation region behind the cylinder with a critical Reynolds number 
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between 50 and 100. The onset of unsteadiness for the fixed wall is observed at a 

Reynolds number of approximately 100. When compared to the freestream simulation, 

the presence of the sliding wall is found to stabilize the flow and to reduce the Strouhal 

number. They also discovered that the frequency of the vortex shedding is weakly 

dependent on the Reynolds number. Biswas, et al. (1990) numerically investigated the 

effects of mixed convection for a square cylinder in a horizontal channel. They found 

combinations of Reynolds and Grashof numbers that improve heat removal in the channel 

through mixed convection. The Strouhal number shows a slight but continuous variation 

near a value of 0.2. Durao, et al. (1991) experimentally investigated the velocity 

characteristics of the flow around a cylinder of square cross section placed near a channel 

wall at a Reynolds number of 13,600. They observed a constant Strouhal number value 

of 0.133 for values of Y/H greater than 0.35, where H is the block height and Y is the 

block distance fi-om the wall. Below this value, regular vortex shedding is suppressed. 

The proximity of the square cylinder to the wall also reduces the magnitudes of the time-

averaged normal and shear stresses. Mukhopadhyay, et al. (1992) restricted their study of 

vortex shedding to a square cylinder centered in a channel and concluded that the channel 

walls exert a damping effect on die amplitude for a long duct. They observed a slight but 

continuous change in the Strouhal number with Reynolds number. They also found that 

the Strouhal number increases as the blockage ratio increases. Suzuki, et al. (1993) also 

performed numerical studies for a single square cylinder centered in a channel. They 

performed computations for six different square cylinder sizes with different Reynolds 

numbers and different inlet velocity profiles. They found that vortices shed from a 



cylinder behave differently for confined and unconfined flows. The blockage ratio or the 

presence of the channel wall is found to be the major factor contributing to the crisscross 

motion of vortices. Li and Humphrey (1995) performed a numerical analysis for a square 

cylinder in a channel with the cylinder pitched to the mean flow for Reynolds numbers of 

100, 500, and 1,000. They found notable differences in the heat transfer coefficients as a 

function of the orientation angle. Hwang and Chia-Chi (1997) numerically investigated 

the behavior of a square cylinder placed in a boundary layer for a Reynolds number range 

between 500 and 1,500. When the cylinder is immersed in a thick boundary layer, the 

presence of the wall distorts the vortices and reduces the Strouhal number and the 

average drag coefficient. Conversely, for a thin boundary layer, the presence of the wall 

increases the Strouhal number and the average drag coefficient. Yao, et al. (1995) 

experimentally studied the flow and heat transfer from a square rod in a channel. They 

varied the rod-to-wall distances in the Reynolds number range between 9,900 and 27,700. 

They observed a crisscross motion of the Karman vortices even when the rod is placed 

off center. They discovered that an important mechanism for the enhancement of heat 

transfer is the washing action of discrete vortices appearing near the wall. 

2.7 Rectangular Cylinders in Tandem 

Tatsutani and Humphrey (1992) mvestigated the flow past square cylinders in 

tandem for Reynolds numbers ranging from 200 to 1,600 based on the downstream 

cylinder. They observed distinct flow patterns above and below a critical inter-cylinder 

spacing, Xc, given by Xc - 168 Re*^. Below the critical spacing, two counter-rotating 

eddies in the gap between the square cylinders underwent vertical oscillations due to the 
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alternating transverse pressure gradient which is driven by eddy shedding from the 

downstream cylinder. At the critical spacing, eddy shedding is initiated for the upstream 

cylinder. A reduction in the size of the eddy promoter causes an increase in the 

frequency of eddy shedding from the downstream square cylinder. Devarakonda and 

Humphrey (1992) performed experimental and numerical investigations for the unsteady 

flow past a tandem pair of square cylinders for a Reynolds number of 592 based on the 

downstream cylinder. The presence of an eddy-promoter enhances the heat transfer of 

the downstream cylinder and reduces the drag experienced by the two cylinders. The 

chaimel flow had a uniform inlet profile. Tatsutani, et al. (1993) numerically investigated 

square cylinders in a channel for Reynolds numbers ranging between 200 and 1,600 

based on the downstream cylinder. Square cylinder diameter ratios, D/d, of 1 and 2 are 

studied, where D is the dimension of the downstream cylinder and d is the dimension of 

the upstream cylinder. The configuration with two equally sized square cylinders 

provides a fundamental understanding of the flow structure as a function of the Reynolds 

number and the spacing between the cylinders. Devarakonda (1994) conducted an 

experimental study of the flow past bluff bodies at Reynolds numbers between 10,000 

and 27,500. He also performed a numerical study in the Reynolds number range between 

10 and 500. Numerically, he is able to show that for a single square cylmder placed in 

the center of the channel transition from steady state to a steady-periodic state occurs at a 

Reynolds number of approximately 30. He also found that the transition from a steady-

periodic state to a chaotic flow occurs at a Reynolds number of approximately 300. The 

heat transfer from the downstream cylinder is maximized for certain inter-cylinder 
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separations. Configurations that produce a negative or zero drag coefBcient for the 

downstream cylinder are also found. In a similar but more restricted study, Valencia 

(1996) performed a numerical investigation with equally sized rectangular cylinders with 

different separation distances. The channel blockage ratio is the dominant parameter for 

heat transfer enhancement. Matsubara, et al. (1994) numerically computed the unsteady 

flow and heat transfer for two ribs attached to a channel wall. They found that heat 

transfer enhancement due to flow unsteadiness is primarily due to the removal of hot 

fluid from the cavity by vortices and the washing action of these vortices onto the second 

rib. Sakamoto, et al. (1997) experimentally investigated the suppression of fluid forces 

acting on a square cylinder by using a flat plate located at various positions upstream of 

the cylinder at a Reynolds number of 56,000. They found about a 75% reduction in the 

total drag for a control plate of 1/10 the size of the square cylinder. The greatest 

reduction of the fluid forces occurs in flow patterns in which vortex shedding is perfectly 

suppressed. Devarakonda and Humphrey (1996) experimentally studied the turbulent 

flow in the wakes of single and tandem square cylinders for Reynolds numbers of 10,000, 

20,000 and 27,500 based on the downstream cylinder. They varied the non-dimensional 

distance, a, from the center of the primary cylinder to the channel wall. For a < 0.2, they 

observed a decrease in the drag and an increase in the lift as a is decreased. The drag has 

a maximum and the lift a minimum for 0.2 < a < 0.3. The Strouhal number is observed 

to increase with decreasing a in the range 0.2 < a < 0.5 for a single cylinder. For the 

tandem pair, a decrease in the drag and an increase in the Strouhal number are observed 

for certain inter-cylinder separations. 



2.8 Three-Dimensional Bluff Body Flows 

Rodi, et al. (1997) conducted numerical simulations for the flow over a single 

cube mounted on the wall of a channel for Reynolds numbers of 3,000 and 40,000. A 

large eddy simulation (LES), which explicitly simulates the large scales of turbulence 

while modeling the small scales, is used to compute the flow field. The flow around the 

cube reveals very complicated structures, such as secondary flows and separation. 

Streamline plots are used to identify horseshoe and arch vortices, as well as separation 

zones in the upstream and downstream comers. The upstream stagnation point Is notably 

affected by the Reynolds number and is about 1.3 and 1.0 cube lengths for a Reynolds 

number of 3,000 and 40,000, respectively. The dovmstream stagnation point is about 1.6 

cube lengths for both Reynolds numbers. Kamiadakis, et al. (1986) investigated the flow 

over a cubical element using the spectral element method at a Reynolds number of 4S0. 

The flow is stable at this Reynolds number; however, at slightly higher Reynolds 

numbers the flow becomes unsteady. Velocity vectors and temperature plots reveal 

complex three-dimensional separation regions and multiple shear layers. A relatively 

high pressure is also observed at the base of the cube due to flow curvature effects. 

Schofield and Logan (1988) experimentally analyzed the flow field surrounding obstacles 

attached to a wall. They determined that many sets of streamwise vortices generated 

within the shear layer make the flow around three-dimensional cylinders very complex. 

Four vortices are observed to form near the junction of the wall and the cylinder, which 

shed around the edges of the cylinder into the downstream flow. They also notice that 

the mean flow reattaches to the top of the three-dimensional obstacle even for small 
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streamwise lengths. They found that the separation length behind a three-dimensional 

obstacle is much smaller than that behind a two-dimension block for similar conditions 

because the flow goes around the cylmder rather than just over it. Goldstein et al. (1990) 

conducted experimental investigations of the mass transfer from a square cylinder and the 

wall in the Reynolds number range from 13,600 to 28,000. They found an extremely 

high mass transfer rate produced by the comer vortices. The enhancement of mass 

transfer is observed to extend a cylinder length upstream along the centerline. The 

magnitude of the mass transfer rate is strongly dependent on the Reynolds number and is 

only weakly dependent on the boundary layer thickness. Meinders, et al. (1998) 

experimentally measured the local convective heat transfer characteristics for a tandem 

arrangement of cubes in a channel for a Reynolds number of 3,900. They observed a 

minimum in the shedding frequency at a critical distance of Sx/H of 2.9, where Sx is the 

inline center-to-center distance and H is the obstacle width. This is coupled to a 

minimum in the face-averaged heat transfer for the south, north and top face. Noticeable 

differences in the distribution of the heat transfer coefficient over the cubes are attributed 

to flow features such as flow separation, reattachment and recirculation. Shaw, et al. 

(1991) numerically investigated the mixed convective heat transfer from a heating 

element in a channel for several Grashof-to-Reynolds number ratios. They observed a 

transverse rotation of fluid due to the non-uniform distribution of temperature above the 

heating element. The rear surface maintains the smallest heat transfer coefficient for all 

of the parameters studied. The average heat transfer rate from the heating element 

increases as the natural convection becomes stronger. 
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2.9 Summary 

This chapter has reviewed cylinders of circular and rectangular cross-sections. A 

detailed list of important findings derived from the review of rectangular cylinders is 

given below with an emphasis on the fluid and heat transfer characteristics. The review 

of circular cylinders and three-dimensional bluff body flows presented in this chapter 

serves only as a comparison to the results for flows over rectangular cylinders and is not 

summarized. The following conclusions can be drawn firom the literature review. 

(1) The critical Reynolds number beyond which the flow becomes unsteady is 

approximately 53 for a single square cylinder in a freestream. However, when the 

square cylinder is centered in a channel, the critical Reynolds number is about 30. 

(2) The Strouhal number for a square cylinder is rather insensitive to the Reynolds 

number and asymptotically decreases from a value of about 0.17 at a Reynolds 

number of 100 to a value of about 0.145 for Reynolds numbers greater than 1,000. 

(3) At a constant Reynolds number, the complete separation of the flow from the 

surface of the cylinder for small width-to-height ratios results in low Strouhal 

number values. For moderate width-to-height ratios, where the separated flow 

alternately reattaches to the surface of the cylinder, higher values of the Strouhal 

number are observed. The highest Strouhal number values are observed for large 

width-to-height ratios where the separated flow impinges on the cylinder surface. 

(4) A reduction in the Strouhal number results from a widening of the wake, which is 

usually the result for cylinders with small width-to-height ratios or high Reynolds 

number flows. 
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(5) An increase in the projected side area as a cylinder is rotated causes a decrease in 

the Strouhal number. Also, flow features for angles less than 20° and greater than 

70° are significantly different than for the intermediate angles. 

(6) An increase in the blockage ratio produces an increase in the drag coefficient and 

the Strouhal number for rectangular cylinders. 

(7) The vortex shedding frequency for rectangular cylinders is strongly dependent on 

the shape of the inlet velocity profile. 

(8) A sliding wall destabilizes the flow downstream of a square cylinder located on 

the wall, which has a critical Reynolds number between 50 and 100. The critical 

Reynolds number for a fixed wall is approximately 100. 

(9) Noticeable differences are found in the heat transfer coefficient as a function of 

the orientation angle for a square cylinder in a channel. 

(10) Distinct flow patterns are observed above and below a critical inter-cylinder 

spacing for flow past square cylinders in tandem. Below a critical spacing, two 

counter-rotating eddies undergo vertical oscillations, and at the critical spacing, 

eddy shedding is initiated for the upstream cylinder. 

(11) A reduction in the size of the upstream eddy promoter causes an increase in the 

shedding frequency from the downstream cylinder. 

(12) In a uniform flow, the presence of an upstream eddy promoter enhances the heat 

transfer from the downstream cylinder and reduces the drag experienced by the 

two cylinders. Cylinder configurations that produce a negative or zero drag 

coefficient for the downstream cylinder are also found. 
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The previous conclusions are derived from the literature review for a variety of 

rectangular cylinder configurations. However, many questions still remain unanswered 

for square cylinders in a channel. The questions that are listed below have not yet been 

addressed and in conjunction with the objectives and motivation outlined in Chapter 1 

they provide the motive for the present study. 

(1) How does the inlet velocity profile affect the flow and heat transfer characteristics 

of a single or tandem pair of square cylinders in a channel? 

(2) How does an offset upstream eddy promoter affect the flow and heat transfer 

characteristics of the primary cylinder? 

(3) How does the proximity of the channel wall affect the flow and heat transfer 

characteristics of the primary cylinder with the presence of an upstream inline or 

offset eddy-promoting cylinder. 

These and related questions will be addressed in Chapters 5, 6, and 7, which present the 

results, complementary work, and conclusions, respectively. 
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Authors Study Dimen. Regime Reynolds No. Condition 

Kelkar and 
Patankar 
(1992) 

Numerical 2D Lam. 10-100 
Freestream 
Condition 

Okajima 
(1982) 

Experimental Lam7 
Turb. 

70-20,000 Frequency 
Measur. 

Davis and 
Moore 
(1982) 

Numerical 2D Lam. 100-2,800 
Freestream 
condition 

Okajima et al. 
(1992) 

Numerical 2D Lam./ 
Turb. 

1,000-7,000 Freestream 
condition 

Hasan 
(1989) 

Experimental Turb. 6,700 - 43,000 Velocity 
Measur. 

Esfahani 
(1996) 

Numerical 2D Lam. 100,200 Frictionless 
wall 

Davis et al. 
(1984) 

Numerical/ 
Experimental 

2D Lam. 
studies 

100-1,850 Frequency 
Measur. 

Amal et al. 
(1991) 

Numerical 2D Lam. 100-2,000 Sliding wall 

Biswas et al. 
(1990) 

Numerical 2D Lam. 80 - 500 Buoyancy 

Dur3o et al. 
(1991) 

Experimental Turb. 13,600 Velocity 
Measur. 

Mukhopadhyay 
etal. 

(1991) 
Numerical 2D Lam. 60 - 800 

Channel 
Blockage 

Suzuki et al. 
(1993) 

Numerical 2D Lam. 50-150 Channel 
Blockage 

Li and 
Humphrey 
(19995) 

Numerical 2D Lam. 100-1,000 
Block Angle 
Orientations 

Hwang and 
Yao 

(1997) 
Numerical 2D Lam. 500- 1500 

Wall 
Interaction 

Table 2.1: Summary of the most significant experimental and numerical studies for the 
flow past a single square or rectangular cylinder for two-dimensional flow. 
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Authors Study Dimen. Regime Reynolds No. Condition 

Tatsutani et al. 
(1992) 

Numerical/ 
Experimental 

2D Lam. 200-1,600 Flow 
visualization 

Devarakonda 
and Humphrey 

(1992) 

Numerical/ 
Experimental 2D Lam. 592 

Flow 
visualization 

Valencia 
(1996) 

Numerical 2D Lam. 200-1,000 Channel Flow 

Matsubara 
etal. 

(1994) 
Numerical 2D Lam. 300 

Cylinders on 
Wall 

Rodi et al. 
(1997) 

Numerical 2D/3D Turb. 3,000,40,000 LES 
simulations 

Shaw et al. 
(1991) 

Numerical 3D Lam. 100 Buoyancy 

Meinders et al. Experimental 3D Turb. 3,900 Heat transfer 
Measur. 

Goldstein et al. 
(1990) 

Experimental 3D Turb. 13,600-
28,000 

Mass transfer 
Measur. 

Schofleld and 
Logan 
(1988) 

Experimental 3D Turb. — 

Flow feature 
study 

Kamiadakis 
etal. 

(1986) 
Numerical 3D Lam. 450 

Pressure and 
Heat Transfer 

Measur. 

Table 2.2: Summary of experimental and numerical studies of flow past a tandem pair of 
square or rectangular cylinders for two-dimensional flow and bluff bodies on the wall for 
three-dimensional flow. 
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CHAPTER 3 

NUMERICAL PROCEDURE 

3.1 Introduction 

This chapter presents the numerical method employed to calculate the unsteady 

viscous flow over square cylinders in a channel. An incompressible, finite-volume 

computer program, FAHTSO (Fluid And Heat Transfer SOlver), is used to perform the 

numerical calculations in this study. The program is a custom CFD/CHT solver based on 

the work of Queipo, et al. (1995, 1998). The code has been further developed to solve 

two- or three-dimensional, steady or unsteady, non-isothermal and laminar flows using 

the SIMPLE (Semi-Implicit Method for Pressure Linked Equations) algorithm described 

by Patankar (1980). The program is based on the derivation of the discretized governing 

equations using the staggered grid, control-volume formulation. The modified strongly 

implicit procedure (Schneider, et al. (1981)) is used to solve the system of algebraic 

equations. The convection terms are discretized using a third-order QUICK scheme 

while the diffusion terms are discretized using second-order central differencing. The 

fully implicit, second-order three time-level scheme is used to solve the time-dependent 

equations. A user's manual for FAHTSO written by Rosales (1999) is also available. 

The current program is an extensively modified version of the computer program 

FHTS that was developed by Queipo (1995). This code originated from R0TFL02 

developed by Hayase, et al. (1990) which, subsequently, was developed from ROTFLOl 

by Chang (1989), REBUFFS and the TEACH family of codes from Imperial College, 
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London. There are many differences that distinguish the FAHTSO code from the 

previous FHTS code. The most significant changes made to the FAHTSO code include: 

• The implementation of new types of boundary conditions. 

• The implementation of the Boussinesq approximation for natural convection. 

• Extension of the QUICK scheme for non-uniform grids into the 3"^ dimension. 

• The inclusion of second-order boundary conditions at solid walls for both 

velocity and temperature variables. 

• The appropriate d'eatment of the velocity nodes at the comers of solid obstacles 

for three-dimensional flow field calculations. 

• The enforcement of global mass conservation at the open boundaries of a three-

dimensional domain for non-Dirichlet boundary conditions. 

• The addition of a new second-order, three time-level implicit scheme for time 

dependent problems. 

• The ability to design and solve problems using only an external input file. 

The chapter provides a description of the numerical technique encoded in the 

computer program FAHTSO. A description of the conservation equations that model the 

fluid flow and heat transfer in this study is given in section 3.2. The spatial discretization 

methodology and the time-marching algorithm are presented in sections 3.3 and 3.4, 

respectively. The solution algorithm is summarized in section 3.5, and the calculation of 

the temperature field is given in section 3.6. The need for special treatment of boundary 

nodes for the velocity and temperature is given in section 3.7. The chapter concludes 

with a description of the linear system of equations solver in section 3.8. 
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3.2 Conservation Equations 

The governing equations for the flow around square cylinders in a channel are the 

continuity equation, the Navier-Stokes equations, and the energy equation. The flow is 

assumed to be unsteady, two-dimensional, non-isothermal, and laminar and the fluid is 

assumed to be Newtonian with constant physical properties. The mass and momentum 

equations in conservative form and Cartesian coordinates are given by; 

du dv .  
— + — = 0 

dx dy 

dit d{uu) ^ d(vu) 

dt dx dy 

dv d{uv) ^ 5(w) 

dt dx dy 

dp 

dx 

dp 

d^u d-u 

dx^ dy^ 

d\ d'v 
+ 

(3.1) 

+ p«,[l-^(Ar)] (3.2) 

*pg\\-0(li.T)] (3.3) 
dy ^\dx- dy\ 

A linearized gravitational term is included to model the effects of natural 

convection. The thermal energy equation for an unsteady, two-dimensional, constant 

property flow in conservative form and Cartesian coordinates is given by; 

ST ^ B(uT) ^ d{vT)' 

dt dx dy 
— ir 

'd-T d-f 
— a 

dx' dy\ 
(3.4) 

In the above equations, u and v are the velocity components in the x and y 

directions, respectively. The fluid properties, p, n, Cp, and k are the density, dynamic 

viscosity, specific heat, and thermal conductivity, respectively. The coefficient of 

thermal expansion is represented by p, T is the temperature, p is the pressure, and t is 

time. The gravitational components are gx and gy in the x and y directions, respectively. 

The equations are derived in a conservative form to make them easy to integrate over a 
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control volume cell. The numerical procedure solves the equations in terms of the 

primitive variables, velocity, pressure and temperature on a non-uniform, staggered grid. 

3.3 Spatial Discretization 

The method of solution requires that the Navier-Stokes equations and the energy 

equation be discretized to yield a set of finite-difference equations. These finite-

difference equations are then solved at discrete points in both space and time. A separate 

discussion of the procedure employed for spatial and temporal discretization is given in 

this chapter. The discretization approach is based on the staggered grid, control-volume 

formulation described by Patankar (1980). 

The discretization procedure begins by subdividing the domain into a number of 

control volumes. Each control volume contains a grid point that is located at its 

geometric center and is used to store the scalar variables such as pressure and 

temperature. The scalar grid nodes will also be referred to as main grid nodes in this 

chapter. The velocities are stored at grid nodes that are staggered with respect to the 

main grid nodes and are placed midway between the scalar nodes in each direction. A 

schematic of the scalar and velocity control-volume layout in the x-y plane is shown in 

Fig. 3.1. The solid lines represent the boundaries of the scalar control volumes that 

encompass the main or scalar control nodes, which are designated by P, and surrounded 

by the neighboring scalar nodes on the east, west, north, and south locations. A u-

velocity control volume is depicted with a dashed line and a v-velocity control volume is 

depicted with a dotted line, which enclose the corresponding velocity nodes. The 

velocity control volumes are staggered to the west and south for the u and v velocities. 



respectively. Thus, the velocity node for up is located to the west of the scalar node Pp 

and the velocity node for vp is located to the south of the scalar node Pp. 

Following the choice for the grid system, an approximation of the surface and 

volume integrals has to be selected to reduce the governing equations to a set of non

linear algebraic equations. The u and v components of the Navier-Stokes equations are 

integrated over u and v velocity control volumes, respectively, and the continuity and 

energy equations are integrated over a scalar control volume. After performing the 

integration, a suitable discretization method to approximate the differential equations has 

to be chosen. The final step in the discretization procedure is to select an efficient time-

marching scheme to solve time-dependent problems. 

The discretization process produces a large system of non-linear algebraic 

equations for the velocity, pressure, and temperature. The algebraic equations for each 

variable are solved sequentially using a segregated approach. Since the equations are 

non-linear and coupled, an iterative scheme is used to solve them. This involves two 

levels of iterations: inner iterations and outer iterations. Iterations that are performed on 

each equation are called inner iterations, while iterations that cycle over all the equations 

are called outer iterations. The outer iterations deal with the non-linearity and coupling 

of the algebraic equations. The number of iterations for each level depends on whether 

the problem being solved is steady or unsteady. If the problem is steady, the number of 

inner iterations should not be taken to complete convergence and a careful choice of the 

number of inner iterations per outer iteration is necessary. For an unsteady problem, the 

solution at the end of each time step is equivalent to solving a steady problem and a 
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sufficient number of inner iterations should be performed to obtain a converged solution. 

The solution method that is employed in the FAHTSO code to solve for the velocity field 

is the SIMPLE algorithm described by Patankar (1980). The code also has an 

implementation of the SIMPLER (SIMPLE-Revised) algorithm by Patankar (1980) and 

the SIMPLEC (SIMPLE-Consistent) algorithm by Van Doormal, et al. (1984). 

3.3.1 Control-Volume Formulation of the Continuity Equation 

The partial differential equation for the conservation of mass is given by Eq. (3.1). 

The time derivative term is neglected because the flow is incompressible. The discretized 

equation is obtained by integrating the continuity equation over a scalar control volume, a 

Pp control volume. The resulting equation is given by: 

(^")e - + (M, - (Mr = 0 (3-5) 

In the above equation, u and v are the two velocity components. The variable A refers to 

the area of the control volume faces and the subscripts refer to the respective faces. The 

expression above states that the algebraic sum of the mass convected into and out of any 

control volume is zero. 

The staggered grid arrangement ensures that the velocity nodes sit on the faces of 

the scalar control nodes. Thus, no interpolation of the velocity at the control volume 

faces is required for the discretized continuity equation. With reference to Fig. 3.1, the 

equation above can be rewritten as: 

- A„Up +A„Vj^- A^Vp = 0 (3.6) 

The subscripts P, E, and N in the discretized equation above refer to the velocity control 

node locations. 
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3.3.2 Control-Volume Formulation of the Momentum Equations 

The partial differential equations for the two velocity components of the 

momentum equation are given in Eqs. (3.2) and (3.3). Since the two momentum 

equations are treated in a similar fashion, it is convenient to write them in a general 

conservative form given by: 

d<p 

Ot O X i  O X i  dx. 
+ S, (3.7) 

In the above equation, ^ stands for the velocity u or v in the x and y directions 

respectively, F is the diffusion term, and the source term, S,^, represents the pressure 

gradient terms. The discretized equation is obtained by integrating the general 

conservation equation over a velocity control node and assuming that the value ^ prevails 

over the whole control volume. The resulting equation is given by: 

-(GM). *(O.AA-(GM), 
Ot 

r.M FA'J- + TA'-i-
dx 

e 
dx 

w 
^y. 

n 
^y\ 

(3.8) 

+ 5. 

The volume of the control volume is AV, Gu and Gv denote the convection fluxes, 

pu and pv, respectively, and represents the integrated pressure gradient terms. The 

integrated pressure gradient term, for each momentum equation is given by the 

following expressions. 

~ •^wiPiy ~Pp) (3•9a) 

S ,  =  A ,{ps - PI . )  (3.9b) 
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An algebraic equation for the variable ^ can be found by evaluating the 

convection and diffusion terms at the faces of the velocity control volume. The next two 

sections will explain the process of discretizing the diffusion and convection terms. 

3.33 Diffusion Terms in tiie Momentum Equations 

The diffusion terms in Eq. (3.8) require the evaluation of the derivatives of the 

transported quantity, (|i, at the control volume faces in terms of the calculated values at the 

nodal points. The derivatives are evaluated by means of a two-point central difference 

formula. The central difference scheme uses two points lying on opposite sides of the 

point at which the derivative is approximated. For example, the diffusion term at the 

west face of the control volume is approximated by: 

dx 
 ̂'f̂ p 

X p  ~  X i i  

(3.10) 

The expression is second-order accurate when the grid spacing is uniform with 

some loss in accuracy when the grid spacing is non-uniform. The expression above is 

valid for all internal control volumes, and modifications are required for control volumes 

adjacent to a boundary. The modifications necessary for a boundary control volume are 

discussed later in this chapter. 

3.3.4 Convection Terms in the Momentum Equations 

The convection terms in Eq. (3.8) require an evaluation of the convecting 

velocities and the convected quantities at the faces of the control volumes in terms of the 

calculated values at the nodal points. The calculation of the convected quantities depends 

on the sign of the convecting velocities. For convenience, the technique used to calculate 
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the convected quantities is described first using the QUICK scheme to evaluate the 

quantities at the control volume faces. This is followed by a brief description of the 

computation of the convecting velocities. 

The interpolation method used in FAHTSO for the convected quantities is the 

upstream-weighted, quadratic QUICK (Quadratic Upstream Interpolation for Convective 

Kinematics) scheme. This scheme uses a parabola to determine the velocity value at the 

control volume face by fitting a profile through two grid nodes located upstream of the 

face, (j>uu and (|>u, and one grid node located downstream of the face, (|)d. Figure 3.2 

shows a general one-dimensional schematic to illustrate how the QUICK scheme is used 

to evaluate the velocity, (|)face, at any control volume face. Leonard (1979) has shown that 

the scheme has good stability because it is significantly weighted towards the upstream 

values. It is also second-order accurate for both uniform and non-uniform grids. The 

sign of the convecting velocity normal to each face is used to determine the direction for 

interpolation with the QUICK scheme. The expression for evaluating the velocity, <j»faee, 

at a control volume face is given by; 

'Pface ~^UU^UU (3.11) 

where. 

fJU -77 Za b{a-b) 
(3.12a) 

_ c{c-b) 

" ~ a { a - b )  
(3.12b) 
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The variables a, b, and c in the above equations are independent geometric 

parameters that are defined as a = xd - Xu, b = xd - Xuu, and c = xd - Xface. The variable 

X represents either of the coordinate directions x, y, and z. The QUICK scheme needs 

special treatment near solid boundaries because these nodes do not have the 

corresponding neighbors beyond the wall. The modifications necessary for a boundary 

control volume are discussed later in this chapter. 

There are several possible methods for the implementations of the QUICK 

scheme available in the literature, such as Leschziner (1980), Han, et al. (1981), Pollard, 

et al. (1982), and Hayase, et al. (1992). The consistently formulated QUICK scheme for 

finite-volume, iterative calculation procedures proposed by Hayase, et al. (1992) is 

adopted in this study. The new formulation for the QUICK scheme is obtained by 

requiring that it satisfy four rules that guarantee physically realistic numerical solutions 

as suggested by Patankar (1980). The convected quantity at the control volume face, 

<j>face) is expressed as the sum of the velocity on the upwind side plus a source term using 

values of <|> evaluated at the previous iteration. The new QUICK scheme based on 

Hayase's formulation is given by: 

'Pface=<l>U+S (3.13) 

where, 

S —1.0)'^f; (3.14) 

The definition of the coefficients in Eq. (3.14) is given by Eqs. (3.12a) - (3.12c). 

This consistently derived version of the QUICK scheme is more stable and converges 

faster than any other formulations previously available in the literature. 
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The convecting velocities are determined before the convected quantities are 

calculated. The convecting velocities are always perpendicular to the face through which 

convection occurs and are considered to be constant along the entire face. The procedure 

for determining the convecting velocity at a control volume face depends on whether the 

convecting velocity is parallel or perpendicular to the convected quantity, (j). If the 

convecting velocity is parallel to the convected quantity, the value at the control volume 

face is computed by taking a weighted average of two velocities at nodes on each side of 

the face. These normal convective terms include uu evaluated on the east and west faces 

of a u control volume and w evaluated on the north and south faces of a v control 

volume. All the other convective terms in the momentum equations are perpendicular. 

As an example of parallel convection, consider a u control volume where the variable at 

the main grid point, (j), is denoted by up. The convecting velocity on the east face, Ue, is 

found by taking the weighted average of the velocities up and ue. If the convecting 

velocity is perpendicular to the convected quantity, the value at the control volume face is 

computed by taking a weighted average of two velocities on the extreme comers of the 

control volume where the face is located. The convecting velocities are computed from 

velocity values obtained in the previous iteration. 

3.3.5 Final Discretized Momentum Equations 

The general form of the discretized momentum equation is given by Eq. (3.8). A 

method for expressing the general equation in terms of an algebraic expression has been 

provided by applying the central difference scheme for the diffusion terms and the 
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QUICK scheme for the convection terms. The discretized governing equation that is 

obtained after incorporating the central difference scheme is given by: 

-cj .  +c,«».-c,$, 
St (3.15) 

* 

where. 

Cf^'(GA)j^, (3.16a) 

' t a ^  
^face (3.16b) 

face 

The coefficient, Cface, is the product of the control volume area and the convection 

flux through that face, which was defined for Eq. (3.8). The coefficient, Dface, is the 

product of the diffusion coefficient and the control volume area divided by the distance 

between the main grid nodes adjacent to the respective face. The equation above is 

expressed for the main control volume of the general convected quantity, (j>. 

The general discretized equation given by Eq. (3.15) will be in the final form 

needed for numerical work with the addition of the terms for the convection scheme. The 

corresponding equations for the QUICK scheme are given by Eqs. (3.13) and (3.14). The 

convection quantities depend on the direction of the flow and are considered positive if 

the flow is from west to east and south to north for puA and pvA, respectively. The 

quantities are considered negative if the flow is in the opposite direction. A superscript 

with the symbol '+' is used to indicate a positive flow while a superscript with the 
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symbo l i s  used  to  ind i ca t e  a  nega t ive  f l ow.  The  cond i t i ona l  s t a t emen t s  t ha t  ou t l i ne  t he  

previous assumptions and that provide the basis for the QUICK scheme are given by; 

C* =< 
Jace ' 

{p^A)fac. if l^/acc>0 

0 if 

if 

0 if 

^face 

0 if «/a«>0 

{pU^)face if 

0 if > 0 

(pf^Aace if 

(3.17) 

Following the notation given by the conditional statements in Eq. (3.17) and 

approximating the convected quantities using the QUICK scheme, the discretized form of 

the momentum equation, Eq. (3.15), becomes; 

= -c;5; -c;s; +c:5: -c;s; -c;5; +c;5; +c;s; ^ (3.i8) 

The terms that are associated with each variable, (|>node, are collected and replaced 

by coefficients. After some rearrangement, the final form of the discretized equations is 

given by; 

(3.19) AV Op(^p — +b 
dt 

where, 

ap =C* -C~ +C* -C 
P e w s 

~Q 

as=D,+C: 

b=-c:s: -c:s: ̂ c:s: -c:s: -c-„s; +c;5; +C;5; 

(3.20a) 

(3.20b) 

(3.20c) 

(3.20d) 
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3.4 Time Marching Algoritiiin 

The discretization in space of the mass and momentum equations resuhs in a set 

of ordinary differential equations in time for the velocity components. The unsteady 

momentum equation obtained in the previous section can be rewritten as: 

(3.21) 

The left-hand side of Eq. (3.21) contains the unsteady time derivative while the 

right-hand side contains the summation of the neighboring nodes (subscripted with nb), 

the integrated pressure gradient term, and the source term. This section describes the 

scheme used to integrate the momentum equations in time. 

A fully implicit scheme of second-order accuracy is obtained by using a quadratic 

backward approximation in time. The scheme is constructed by integrating over a time 

interval, At, centered about the time tn-i-i and applying the midpoint rule to both sides of 

the equation. The time derivative can then be approximated by differentiating a parabola 

forced through solutions at three time levels, tn-u tn, and tn+|. This gives the following 

implicit time scheme: 

n+I 2A/ 
(3.22) 

\ d t ) ,  

The scheme is fully implicit, second-order accurate, and easily implemented. 

However, it requires iteration at each time step and the variables at three time levels must 

also be stored. The FAHTSO code also has the first-order Euler scheme implemented, 

which is very stable but is not as accurate as the three time level method. The time 
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derivative given by Eq. (3.22) can now be substituted back into Eq. (3.21) to give the 

following discretized momentum equation in space and time. 

O p  + -
2At ^ 

(3-23) 

where. 

(3.24) 
At 2At 

The source term b in the equation above is defined in Eq. (3.20d). The velocity 

component forms of Eq. (3.23) are given by: 

apu,, =J^a„,u„i,+A,{p,y-Pp) + b (3.25) 

OpVp=^a„ ,v„ ,  +  A,{Ps  -Pp )+b  (3 .26 )  

where, 

a=ap+^^^  (3 .27 )  
' lAt ^ ' 

The superscripts for the time levels have been dropped for convenience and for 

ease in presentation. The terms in Eqs. (3.25) and (3.26) correspond to velocity control 

volumes. The numerical algorithm for solving the discretized momentum equations 

given by Eqs. (3.25) and (3.26) is described in the next section. 

3.5 Solution Algorithm 

The previous sections have shown how the partial differential equations for mass 

and momentum are discretized both in space and in time using the finite-volume method. 

The resulting discretized equations for mass and momentum can now be used to calculate 
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the velocity field with an appropriate solution algorithm. The following three methods 

are available in the FAHTSO code: the SIMPLE (Semi-Implicit Method for Pressure-

Linked Equations) algorithm by Patankar (1980), the SIMPLER (SIMPLE-Revised) 

algorithm by Patankar (1980), and the SIMPLEC (SIMPLE-Consistent) algorithm by 

Van Doormal et al. (1984). 

3.5.1 SIMPLE Algorithm 

The SIMPLE algorithm employs an iterative procedure for solving the discretized 

mass and momentum equations begirming with a guessed pressure field in the domain. 

An incorrect velocity field, u* and v*, based on the guessed pressure field, p*, results 

from the solution of the following discretized equations. 

Opu', = + A ,(p I -p'p) + b  (3.28) 

Opv'p = -p 'p)+b (3.29) 

This incorrect velocity field can be improved by adding a velocity correction, u' 

and v'. Equations for the velocity corrections are obtained by subtracting Eqs. (3.28) and 

(3.29) from Eqs. (3.25) and (3.26), respectively. 

Opu'p -Pp)+b (3.30) 

+4^ -Pp^b  (3 .31 )  

where, 

M =u -M*,  V =v -v* ,  p  = p - p *  (3.32) 

The above expressions for the velocity correction equations are fully implicit and 

need to be simplified further to be of any practical value. Explicit expressions for the 
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velocity correction equations are derived through the exclusion of the summation terms in 

Eqs. (3.30) and (3.31). The resulting expressions are referred to as the velocity correction 

formulas, which are given by; 

Up=Up+dXp\ , -Pp )  (3 .33 )  

Vp=Vp+dXps -Pp)  (3 .34 )  

where, 

d , = ^ ,  d , = 4 r  (3.35) 
Op ^ p 

The continuity equation can now be used to derive an expression for the pressure 

correction equation. The pressure correction equation is obtained by substituting Eqs 

(3.33) and (3.34) into the discretized continuity equation given by Eq. (3.6). The 

resulting discretized pressure correction equation is given by; 

^P P P  = ̂ E P E  + + b (3.36) 

where, 

(3.37a) 

Op  =a^+a^+  +0^  (3 .37b)  

b = u]YA^-u'eA^ + V;4-v'^A„ (3.37C) 

The solution method for the SIMPLE algorithm can be summarized as follows; 

1) Guess the pressure field, p*. 

2) Solve the momentum equations given by Eqs. (3.28) and (3.29) to obtain the 

starred values for the velocities, u* and v*. 
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3) Solve the pressure correction equation given by Eq. (3.36). 

4) Update the pressure by adding p' to p*. Under-relaxation is required because the 

pressure is over-predicted. 

5) Calculate the correct velocities by using the velocity correction equations given 

by Eqs (3.33) and (3.34). 

6) Solve for the temperature field using the updated velocity field. Use the corrected 

pressure and return to step 2 until a converged solution is obtained. 

3.5.2 SIMPLEC Algorithm 

The SIMPLEC algorithm is very similar to the SIMPLE algorithm except that it 

recasts the pressure correction equation such that relaxation is no longer needed. A more 

consistent approximation is made if the expression Up^a„i, is subtracted from both 

sides of Eq. (3.30) and the term ) on the right-hand side of the equation is 

omitted. Since the terms in the parenthesis are of similar magnitude, the term involving 

their difference is smaller thus producing a more consistent approximation. A similar 

operation is also performed on the velocity correction equation for the v velocity 

component given by Eq. (3.31). The resulting velocity correction equations have the 

same form as Eqs. (3.33) and (3.34) with dw and ds defined as: 

= , (3.38) 

The pressure correction equation is the same as in the SIMPLE method with the 

coefficients computed using Eq. (3.38). The algorithm for SIMPLEC is identical to the 

SIMPLE algorithm with Xp is set equal to I. The SIMPLEC algorithm does not need 
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under-relaxation of the pressure correction because the neglected term in the formulation 

of the velocity correction equations is small. 

3.5.3 SIMPLER Algorithm 

The SIMPLER algorithm was developed because the SIMPLE algorithm correctly 

adjusts the velocity field but over corrects the pressure field. This method uses a separate 

pressure equation to predict the pressure field. The velocities up and vp are represented as 

the sum of the contributions of pseudo-velocities plus a corresponding pressure term. 

The pseudo-velocities are defined as: 

u , V (3.39) 
a a p 

Hence, the velocities up and vp can be written as 

"p (3.40) 

Vp=Vp+c l , {p^ -Pp)  (3 .41 )  

where dw and ds are defined by Eq. (3.35). Substituting Eqs. (3.40) and (3.41) into the 

mass conservation equation given by Eq. (3.6) gives the pressure equation. 

^pPP  ^^EPE +asPs  +b  (3 .42 )  

where ae, aw, aw, as, ap and b are given by Eqs. (3.37a), (3.37b), and (3.37c), respectively. 

The starred velocities appearing in Eq. (3.37c) are replaced by the pseudo-velocities. In 

the SIMPLER algorithm, no approximations have been used in the development of the 

pressure equation. Thus, the correct pressure field is obtained firom the correct velocity 

field and no longer lags behind the velocity field. The additional cost is that a pressure 
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correction equation and a pressure equation must be solved during each iteration. The 

SIMPLER algorithm can now be described as follows: 

1) Start the calculation with a guessed velocity Held. 

2) Calculate the coefficients for the momentum equations and compute the pseudo-

velocities M and V given by Eq. (3.39). 

3) Calculate the coefficients for the pressure equation given by Eq. (3.42) and solve 

it for the pressure, p. 

4) Use the calculated pressure, p, as a guessed pressure and solve for the velocities 

u* and V* using Eqs. (3.28) and (3.29). 

5) Use the guessed velocity field, u* and v*, to calculate the coefficients and solve 

the pressure correction equations given by Eq. (3.36). 

6) Correct the velocity field by using Eqs. (3.33) and (3.34) with the pressure 

correction, but do not correct the pressure. 

7) Evaluate the temperature field using the updated velocity field and advance to the 

next time step. 

The SIMPLE, SIMPLEC and SIMPLER algorithms belong to the class of 

predictor-corrector iteration schemes. In each iteration, SIMPLE and SIMPLEC have a 

single corrector step (pressure correction equation), while SIMPLER has two-corrector 

steps (pressure and pressure correction equations). In principle, SIMPLER is expected to 

provide a pressure field that is closer to the final solution m a fewer number of iterations 

than SIMPLE and SIMPLEC. However, this comes with the additional expense of 

solving for an extra system of equations (pressure equation). The relative performance, 
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as measured by CPU time and robustness with respect to the under-relaxation parameter 

X of these algorithms, depends on many parameters such as the fluid flow configuration, 

the computational grid, the under-relaxation parameter values, and the flow regime. 

3.6 Solution of the Energy Equation 

The solution of the energy equation, Eq. (3.4), is relatively simple once the flow 

field has been calculated. Since the energy equation is linear and uncoupled, the solution 

methodology requires no iterations. In the FAHTSO code, the temperature field is 

calculated during each time step after a nearly divergence free velocity field is obtained. 

The time marching scheme used is fully implicit and is described in section 3.4. This 

section presents a description of the numerical procedure embedded in the program 

FAHTSO to solve the energy equation. 

3.6.1 Discretization of the Energy Equation 

The thermal energy equation is discretized in space in a manner similar to the 

component momentum equations by integrating over a scalar control volume. The 

resulting first-order ordinary differential equation in time is given by: 

pc,Ay^{T)+pcjAuTl-(AuT). ̂ (AvT), -Uvr),] 

t  

<
0

1
 

-

1 1 "P 

w 

/I  

I n .t _ 

The subscript indicates the face of the control volume considered. The variable AV 

denotes the volume of the Tp control volume and A denotes the area. The physical 

properties, p, Cp, and k are considered as constants and are placed outside the parenthesis. 

The discretized energy equation can now be integrated in time to obtain an algebraic 
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expression that can be solved using the equation solver described in section 3.8. For 

simplicity in presentation, the differential equation in time, Eq. (3.43), is discretized 

using an implicit first-order Euler scheme to give: 

-(AuTf +(^vrt' -(AvTf] 

= k 
dx [ dx 

N n+l 
(  , d T ]  

rt+l 
( J dlT' pCpAvr; 

+ A— — A— +—^—— 

Jw I ^ y j  n A/ 

(3.44) 

The temperature variable, T, is stored at the main grid nodes at the same locations 

where the pressure variable, p, is stored. The values for the velocities, u and v, are 

known at the faces of the scalar control volumes and interpolation is only required for T. 

The QUICK scheme is used for estimating the values of T at the faces of the scalar 

control volumes and central differencing is used for calculating the derivatives of T. 

The notation described previously for the momentum equations can be used to 

simplify the discretized energy equation. Defining the diffusion coefficients as l/(Ax) 

allows the discretized form of Eq, (3.44) to be rewritten as: 

pCp^VTi. 

At 
•+c:T, +C:T,-C:T^ -C-J, +c:r, +c;r^ -aj,-c-j, 

=-c;5; -c;5: +c:5: +Q5: -c:s: -c;s: +c;s; +C;5; (3.45) 

+ ^n^P ^s^P •*" •*" 
PCpAVTp 

A/ 

The superscripts for the time levels have been dropped for convenience and for 

ease in presentation. The energy equation can be further simplified and expressed as a 

general discretized equation given by: 

dpTp =a£T^ +6 (3.46) 
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where, 

= D„ -C;, as = D, + C; (3.47a) 

a ,=D, -C ; ,  a ty=D,+C:  (3 .47b)  

fl/,=c;-c,;+c;-c; (3.47c) 

b = -c:s: -c:s: +c;s: +c;s; -c;s; -c.-s; +c;s; +c;s; +£fz^(3.47d) 
A/ 

Steady-state results can be achieved through time marching or by solving the 

steady-state form of Eq. (3.43). The discretized equation can be solved for nodes away 

from the walls or boundaries enclosing the domain; however, special attention has to be 

given to nodes near boundaries. 

3.7 Implementation of Boundary Conditions 

In the staggered grid used by the FAHTSO code, the boundary surface of the 

domain contains the nodal points for the velocity components normal to the faces. The 

specification of various types of boundary conditions for the velocity is available in the 

program, such as fixed velocity boundary conditions. The implementation of a fixed 

velocity is not restricted to the edges of the computational domain, and any point can 

have a fixed velocity, which allows for the simulation of solid objects in the flow. The 

difficulty with implementing a fixed velocity boundary condition is associated with the 

modification of convective and diffusive terms for nodes near the boundaries. A detailed 

discussion of the modifications required for diffusive and convective fluxes for nodes 

adjacent to a boundary is given in this section. 
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3.7.1 Special Treatment of Velocity Boundary Nodes 

While a variety of boundary conditions can be incorporated in FAHTSO, only 

those relevant to this work are described. The boundary conditions of interest correspond 

to boundaries with known velocities. The presence of boundaries where the velocities are 

known affects the computation of the convected quantities using the QUICK scheme and 

the diffusion terms using the central difference approximation. 

Two types of convection and diffusion terms are distinguished: normal and 

transverse. Normal convection corresponds to the situation where the convected quantity 

(|) is convected through normal faces by the velocity component parallel to it. Transverse 

convection refers to ^ being convected through parallel faces by the velocity component 

perpendicular to it. For example, the term uu evaluated at the east or west faces of a u 

control volume, or the term w evaluated at the north or south faces of a v control volume 

correspond to normal convection. The rest of the convective terms are transverse. 

Normal and transverse diffusion terms describe whether the velocity component 

being considered is normal or parallel to the control volume face where the derivative is 

to be found. The normal diffusion terms are those evaluated at the east and west faces of 

the u-velocity component control volumes and at the north and south faces of the v 

control volumes. All the other diffusion terms in the momentum equations are 

transverse. 

The treatment of normal and transverse convection and diffusion terms affected 

by the presence of boundary conditions will be described for the west face and for the 

south face of a u control volume, respectively. It can be shown that all other cases are 
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analogous to one of these cases. Figures 3.3 and 3.4 depict the type of u-velocity nodes 

that are affected by the presence of a boundary where the velocity is specified. 

Type I: (Normal convection): If Cw > 0, the second upstream velocity node is inside a 

solid region and it would be incorrect to use the QUICK scheme to compute Uw Instead, 

Uw is estimated through interpolation by fitting a parabola through Uboundary. up, and ue. 

Type 11: The south face of this control volume has a solid segment and a fluid segment, 

as shown in Fig. 3.4. As a result, both transverse convection and transverse diffusion 

terms require special treatment. These terms are calculated by splitting the control 

volume into two control volumes so that each control volume has a southern face of a 

single material. The control volume with the south face as a fluid segment is denoted as 

II-1 and the control volume with the solid segment is denoted as II-2. 

Both transverse diffusion and convection terms are computed using linearly 

interpolated values of u velocity nodes, at the vertical centerline of II-1 and II-2, which is 

shown in Fig. 3.5. Using these interpolated values, the transverse convection and 

diffusion terms for II-1 are computed as in a standard u-velocity node while the 

transverse convection and diffusion terms in II-1 are computed as in a type III node. 

Type m (Transverse convection); The velocity at the south face, Us, is the velocity at 

the boundary Uboundary- (Transverse difiusion): The transverse diffusion term at the south 

face is computed through a central difference approximation using up and Uboundary-

Type rv (Transverse convection): If Cs > 0, it would be incorrect to compute Us using 

the QUICK scheme. Instead, the velocity at the south face of this control volume is 

computed by fitting a parabola through the points Uboundaiy> up, and un. 
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3.7.2 Special Treatment of Pressure Boundary Nodes 

For scalar control volumes adjacent to domain boundaries, Fig. 3.6, the normal 

velocity component at the control volume faces is known. These known velocity values 

can then be directly substituted into the discretized continuity equation for the scalar 

control volumes adjacent to the domain boundaries. Since the velocities are known, the 

velocity conections are not required and the resulting expressions break the pressure link 

on the boundaries of the domain. The implementation of the algorithm in the code 

calculates the coefficients for the pressure correction equation throughout the domain. 

Then the coefficients that link the pressure nodes on the boundaries are set to zero. 

3.7.3 Special Treatment of Temperature Boundary Nodes 

The calculation of the convective and diffusive terms in Eq. (3.43) needs to be 

modified for nodes near domain boundaries. The specification of a fixed temperature 

boundary condition is done in a similar maimer to the implementation of a fixed velocity 

boundary condition explained earlier in this chapter. The presence of these boundaries 

affect the computation of the convected quantities using the QUICK scheme and the 

diffusion terms using the central difference scheme in temperature control volumes close 

to those boundaries. The treatment of these control volumes is described by considering 

the calculation of the convection and diffusion terms on the east face of a control volume 

as shown in Fig. 3.7. 

Type I: If Ue > 0, it would be incorrect to use the QUICK scheme to estimate T at the east 

face corresponding to the normal convection term. Instead, Te is calculated by fitting a 
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parabola through Te, Tp, and depending on the boundary condition at the wall, Tboundary or 

a Hxed temperature gradient at the boundary. 

Type II: If Ue < 0, Te is estimated by a parabola fitting through Tp, Te and at the 

boundary, Tboundary or a fixed temperature gradient, depending on the boundary condition 

at the boundary. 

Type III: If the boundary condition at the boundary is constant temperature, Te is equal 

to Tboundary- The temperature gradient at the east face of the control volume for the 

computation of the difflision term is approximated through central differences using 

Tboundary and Tp. 

If the boundary condition is a fixed temperature gradient, the value of Te is calculated by 

fitting a parabola through Tw, Tp, and the specified temperature gradient at the boundary 

irrespective of the sign of Ue. The term (9T/5x)e for computing the diffusion term at the 

east face is made equal to the specified temperature gradient at the boundary. 

3.8 Linear System of Equations Solver 

This section describes the modified strongly implicit (MSI) procedure (Schneider, 

et al. (1981)) for solving a system of equations resulting from the discretized governing 

equations. The linear system of equations for the variable (j> can be described by the 

following matrix equation. 

Wo} = {S,| (3.48) 

where A is the coefficient matrix, O is a vector containing the variables of interest at 

discrete locations and Sid is a vector holding the corresponding source terms. A special 

feature of this matrix equation is the fact that the matrix A has zero in most of its entries 



102 

except in a well-defined band around its diagonal; that is, the coefficient matrix has a 

well-defined structure. The matrix equation given by Eq. (3.48) can be solved using 

direct or iterative methods. 

Iterative methods may provide approximate solutions to the matrix equation, 

recognize the well-defined structure of coefficient matrix and solve large systems of 

equations effectively. In this investigation, an iterative method called the modified 

strongly implicit method is used. The MSI method by Schneider et al. (1981) is an 

improved version of the strongly implicit procedure proposed by Stone (1968). The MSI 

has been shown to outperform the alternating direction implicit method for a variety of 

problems, in particular, as the size of the linear system of equations increases. In the MSI 

method, the iteration equation has the form: 

[a + = {5}+ (3.49) 

[/f'Ko}"*' = {5} + iSfo}" (3.50) 

Where B is a matrix which makes the decomposition of [A + B] into a lower, L, and an 

upper, U, triangular matrix product, of much less computational cost than the direct 

decomposition of A. Hence, the matrix A' can be written as: 

[lIC/] = M (3.51) 

The coefHcients of the matrix L and U are determined using the defining 

equations provided by the LU product. Also, the coefficients of the matrix A' in the 

location of the nonzero entries of the original matrix A are expected to be identical with 

those of the original A matrix. 
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The solution of a linear system of equations is then conducted as follows. First, 

the iteration equation, Eq. (3.49), is rewritten as: 

[A  +  =  { -  [^KO}" + s}+ [A  + fijd)}" (3.52) 

Then, a difference vector 3, and a residual vector, R, are defined according to the 

relations: 

{(»}"'-{(I)}" (3.53) 

{A}"={S}-[4<I>(" (3.54) 

Hence, the iteration equation, Eq. (3.49) becomes: 

+ ={^}" (3.55) 

Replacing [A + B] by its lower-upper triangular product, LU, the equation becomes: 

= {/?}" (3.56) 

An auxiliary vector, V, is defined by: 

=[C/]{jr' (3.57) 

The solution of the linear system takes the two-step process given by: 

= {/?}" (3.58) 

(3.59) 

The resulting two-step operation, Eqs. (3.58) and (3.59), consists of one backward 

and one forward triangular substitution. Thus, each iteration of the MSI procedure 

evaluates the difference vectors and a new residual by a forward and backward triangular 

substitution procedure, respectively. 
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Figure 3.1; Grid layout with scalar and velocity grid nodes and control volumes. 

Figure 3.2: One-dimensional schematic of the geometric interpolation employed by the 
QUICK scheme in the direction of <|>. 
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Boundary 

Figure 3.3: Schematic for the boundary of a U-velocity control volume of type I. 

IV 

Solid Object 

Figure 3.4: Schematic for U-velocity control volumes of types II, III, and IV. 



Interpolated values 

Figure 3.5: Schematic for a U-velocity control volume of type II. 

Boundary 

Figure 3.6: Schematic of a pressure node adjacent to a boundary. 
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Figure 3.7: Types of temperature control volumes that are affected by the presence of 
boundaries. 
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CHAPTER 4 

BENCHMARK TESTS AND PRELIMINARY 

NUMERICAL VALIDATION STUDIES 

4.1 Introduction 

This chapter presents the benchmark cases used to test the accuracy of the 

numerical code, FAHTSO. It also contains the numerical validation studies for the 

cylinder flows under investigation. The parent code has been carefully tested and applied 

to several fluid dynamic and thermal problems by Queipo (1995); however, additional 

tests are required because of the extensive modifications performed to the numerical 

algorithm. The first three cases investigate the accuracy of the momentum equations. 

The next two cases examine the numerical implementation of the energy equation, while 

the final case investigates the precision of the newly implemented time-marching 

algorithm. The cases are selected to demonstrate the successful performance of the 

numerical code. The chapter concludes with validation studies used in the preliminary 

stages of the numerical investigation, such as grid and time-step independent studies. 

4.2 Benchmark Cases 

The benchmark cases are used to test the ability of the numerical program to 

accurately calculate both steady and unsteady, laminar, non-isothermal and 

incompressible flows. The test cases are chosen because they represent standard 

benchmarks in the field of computational fluid dynamics (CFD) that have been carefully 

studied with a variety of numerical methods. The cases are well documented and provide 
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accepted results used as a basis for evaluating the stability and accuracy of numerical 

codes. The benchmarks are also selected because they cover a variety of physical 

situations ranging from one-dimensional steady convection to two-dimensional 

buoyancy-driven and unsteady flows. 

A total of six cases are used to test the performance of the FAHTSO code. The 

following three benchmark cases are selected to evaluate a steady, two-dimensional flow. 

• Developing flow in a channel. 

• Lid-driven flow in a square cavity. 

• Flow over a backward-facing step. 

The developing flow between parallel plates is a basic benchmark used in the 

evaluation of CFD software. For a horizontal charmel, the accuracy of the convection 

and diffusion terms is examined in the x- and y-directions, respectively. Therefore, the 

flow is computed for both a horizontal and a vertical channel to confirm the coding 

precision. The lid-driven cavity benchmark is used to test the convection terms because 

the flow is highly skewed to the grid lines. The low velocity recirculation region that is 

found in this problem also makes diffusion an important parameter. The flow over a 

backward-facing step is a non-trivial problem that combines the physical aspects of the 

two previous benchmarks. The flow enters the channel through the upper half of the 

channel inlet with a parabolic velocity profile. A strong recirculation region develops 

behind the backward-facing step with a smaller recirculation region developing on the 

upper channel wall. The flow eventually becomes parabolic farther downstream in the 

channel. The steadiness of this benchmark at a Reynolds number of 800 has been 



110 

questioned in the past (Gresho, et al. (1993)); however, several methods have been used 

to show that the flow is indeed steady. Therefore, convection and dif^sion schemes 

must be properly encoded to obtain a steady and stable solution. The following two 

benchmark cases are selected to solve for a steady thermal field. 

• Developing thermal fleld in a channel. 

• Buoyancy-driven flow in a square cavity. 

A uniform slug flow is used to determine the thermal fleld in the channel. The 

numerically calculated temperature profiles are compared with analytically determined 

proflles. This problem evaluates the accuracy of the energy equation in the code. The 

buoyancy-driven problem couples the momentum and energy equations. The flow is also 

completely driven by buoyancy forces caused by two differentially heated vertical walls. 

The density variation is considered to be negligible because of small temperature 

differences. This benchmark is used to further validate the energy equation and the 

implementation of the Boussinesq approximation. 

The previous cases are speciflcally selected to test a basic physical aspect in the 

code, such as convection and difllision, using steady flow simulations. However, the 

dissertation topic of interest deals with cylinder configurations that are flmdamentally 

unsteady in nature. Therefore, a standard transient benchmark with widely computed and 

accepted results is essential. The following benchmark case is selected to test the time-

marching algorithm implemented in the code. 

• Unsteady flow over a square cylinder in a fireestream. 
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A square cylinder situated in a freestream is an ideal case to study because the 

flow is very similar to the current research problem. The unsteady vortex sheddmg 

generated by a square cylinder located in a freestream has been investigated in several 

journal papers and makes an excellent test case because results for the shedding 

frequency and drag coefficient are readily available. The benchmark will also validate 

the accuracy of the new time algorithm: the fully implicit, second-order, three-level time 

scheme. 

The benchmarks are prefaced with an introduction and brief literature review. A 

complete description of the geometry and the initial or boundary conditions is given next. 

A brief discussion of the number of iterations required for the steady flow problems to 

satisfy mass, velocity and temperature convergence criteria of 0.1 x 10'^ is presented. 

The grid structures used in the grid independent study are also reported for each case. 

The results are analyzed with flgures of the flow field and plots that compare the current 

data to previous analytical or experimental results. A summary of the performance of the 

numerical program is presented for each case. 

4.3 Developing Flow Field in a Channel 

4.3.1 Problem Statement 

The purpose of this benchmark study is to numerically investigate the 

development of an incompressible, laminar flow in a two-dimensional chaimel. The 

streamwise velocity component gradually changes from the inlet proflle to a parabolic 

profile at some location downstream in the channel. The entrance flow has two distinct 

regions: an inviscid core region in the central portion of the channel with a viscous layer 
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developing near the wall, and a region where the viscous effects influence the entire 

channel. The entrance length in a channel is defined as the distance firom the inlet of the 

channel to a point where the centerline velocity reaches 99% of the fully developed 

centerline value. 

AbdulNour, et al. (1990) performed a numerical study using a vorticity-stream 

function formulation for Reynolds numbers ranging from 20 to 2,000. They calculated 

the inviscid-core length, the profile-development length and the entrance length for the 

various Reynolds numbers. Abarbanel, et al. (1970) numerically studied the features in 

the velocity field in the inlet region of a straight channel. They modified the initial 

conditions in the entrance region to remove the singularity at the inlet and found that the 

overshoot in the velocity persisted. They concluded that this feature is not simply a 

numerical effect. In a similar study, Darbandi, et al. (1998) conducted a numerical 

investigation to study the behavior of the flow in the developing region of the channel 

using a control-volume based finite element method. They performed mesh refinement 

studies and found that the overshoot behavior approaches a limiting value. As the 

Reynolds number increases, the overshoot values range from 7.5% to 17% above the 

centerline velocity. McDondd, et al. (1972) obtained numerical solutions of the Navier-

Stokes equations in the inlet region of a channel using the vorticity-stream function 

equations. They compared the solutions for both uniform and irrotational initial 

conditions and found discrepancies near the entrance region. The results show an 

overshoot in the velocity profile at the entrance of the channel for both conditions. 
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4.3.2 Geometry and Boundary Conditions 

The flow is assumed to be steady, laminar, two-dimensional and Newtonian with 

constant physical properties corresponding to air at 300 K and 101.3 KPa. The channel 

height, H, is 0.01 m with an overall channel length, L, of 0.20 ra. The initial flow in the 

channel is set equal to the average inlet velocity throughout the entire fluid domain. The 

inlet velocity profile is uniform with an average value of 0.236 m/s, such that the 

Reynolds number is 150 based on the channel height, H. No-slip, impermeable boundary 

conditions for the velocity are used on the upper and lower channel wails. The first 

derivatives of the velocity components are imposed at the exit boundary along with the 

condition of global mass conservation. 

A grid independent study is performed to determine the correct grid structure for 

these channel flow calculations. Grid structures of 60 x 30, 100 x 50 and 130 x 70 

internal control nodes are used to test for grid independent results. Figure 4.1 shows the 

three non-uniform grid structures used for the numerical calculations. The grids are 

refined near the channel walls to correctly capture the large gradients in the developing 

boundary layers. The number of iterations required to meet the convergence criteria of 

0.1 X 10'^ are 36, 96, and 176 for the 60 x 30, 100 x 50, and 130 x 70 grid structures, 

respectively. An investigation of the developing centerline velocity distribution shown in 

Fig. 4.2 reveals that the intermediate grid with 100 x 50 internal control nodes is adequate 

for the simulation of the developing flow. The difference in the final centerline velocity 

value at the channel exit between the two largest grid structures is less than 1%. 
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4.3.3 Analysis of Results 

Calculations for the developing velocity profile are performed for both a 

horizontal and vertical channel. The results of the two configurations are identical and 

only those for a horizontal channel are shown. The entrance length of the chaimel is 

found by locating the horizontal channel location where the centerline velocity is equal to 

99% of the fmal channel centerline velocity. The entrance length for this study is found 

to be 6.72 channel heights downstream of the channel entrance. This is in excellent 

agreement with the value of 6.63 found by AbdulNour, et al. (1990). Figure 4.3 displays 

the development of the velocity profile at different values of x/H along the length of the 

channel. The overshoot phenomenon is present in the velocity profiles near the entrance 

to the channel. The rapid deceleration of the fluid caused by the wall is the main factor 

for the overshoot phenomenon. Streamwise velocity profiles at two x/H locations of 0.5 

and 2.0 are shown in Figs. 4.4 and 4.5, respectively. The velocity profiles for the present 

study are in excellent agreement with those of McDonald, et al. (1972). 

4.4 Lid-Driven Cavity Flow 

4.4.1 Problem Statement 

The purpose of this benchmark study is to numerically investigate the 

development of recirculating flow in a two-dimensional square enclosure. The top wall 

of the cavity moves with a uniform velocity along the plane in the positive x-direction. 

The condition of a sliding upper wall produces a large central vortex with two minor 

comer vortices in the cavity. Two flow singularities exist at the upper comers of the 

cavity, as the flow changes from the sliding wall value to a value of zero. A molecular 
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dynamics simulation of the small scale structures shows that the flow behaves as a Non-

Newtonian fluid in the vicinity of the singularity (Koplik, et al. (1995)); however, the 

overall flow field is correctly represented by the Newtonian assumption. 

Ghia, et al. (1982) performed a numerical investigation of the lid-driven flow in a 

square cavity using a vorticity-stream function formulation for Reynolds numbers as high 

as 10,000. They used a highly refined uniform mesh to capture the presence of one or 

more secondary vortices in the flow field. They observed that the center of the primary 

vortex moves from the top right comer towards the geometric center of the cavity as the 

Reynolds number increases. Ramaswamy, et al. (1992) conducted numerical calculations 

of the lid-driven cavity flow using the finite element method for Reynolds numbers of 

100, 200,400, and 1,000. They tabulated the characteristic lengths and vortex centers for 

the primary and secondary vortices. Thakur, et al. (1993) studied the recirculating flow 

In a lid-driven cavity using a control-volume formulation for a Reynolds number of 

1,000. They studied the problem to investigate different convective schemes and found 

that the second-order upwind and QUICK schemes produce results that are in good 

agreement with the results of Ghia, et al. (1982), 

4.4.2 Geometry and Boundary Conditions 

The fluid is assumed to be steady, two-dimensional and laminar with constant 

physical properties corresponding to air at 300 K and 101.3 KPa. The square enclosure 

has a side dimension, H, of 0.1 m. The velocity of the internal domain is initially set to 

zero and the sliding wall is given a velocity of 0.1575 m/s, such that the Reynolds 
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number is 1,000 based on the enclosure side dimension, H. No-slip, impermeable 

boundary conditions are used on all of the walls of the enclosiu^. 

A grid independent study is performed to correctly capture the vortical structures 

in the square enclosure. Grid structures of 20 x 20, 40 x 40 and 60 x 60 are used in the 

numerical analysis to test for grid independent solutions. Figure 4.6 shows the three non

uniform grid structures used to calculate the flow field in the square cavity. The grids are 

refined near the walls to capture the large velocity gradient that develops near the upper 

sliding wall and the recirculating flow in the comer vortices. The number of iterations 

required to meet the prescribed convergence criteria of 0.1 x 10'^ are 53, 121, and 219 for 

the 20 X 20, 40 x 40, and the 60 x 60 grid structures, respectively. A comparison of the 

horizontal and vertical velocity profiles in Figs. 4.7 and 4.8 shows that the intermediate 

grid structure with 40 x 40 internal control nodes is sufficient for capturing the flow field 

in the square enclosure. The biggest difference in the values of the velocities near the 

bends, where the maximum velocity discrepancies occur, is less than 1% for the two large 

grid structures. 

4.4.3 Analysis of Results 

Velocity vectors and vorticity contours for the square enclosure at a Reynolds 

number of 1,000 are shown in Figs. 4.9 and 4.10. The velocity vectors are purposefully 

made of equal length to display the two minor vortices in the lower comers of the 

enclosure. The center of the primary vortex is shifted towards the top right comer of the 

cavity, which is in agreement with Ghia, et al. (1982). The vorticity contour plot shows 

that the negative vortici^ generated on the sliding wall is convected towards the center of 
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the square enclosure. Ramaswamy, et al. (1992) provides non-dimensional results for the 

characteristics of the primary and secondary vortices. Horizontal and vertical values of 

0.5326 and 0.5631, respectively, for the center of the primary vortex compare well Avith 

the present values of 0.5292 and 0.5601. The horizontal and vertical values for the center 

of the bottom right vortex computed in the present study are 0.8605 and 0.1103, 

respectively. These compare very well with the cited reference, which provides values of 

0.8612 and 0.1108 for the horizontal and vertical values, respectively. The horizontal 

and vertical values for the center of the bottom left vortex found in the current study are 

0.0879 and 0.0855, respectively. Again, the values compare well with the horizontal and 

vertical values of 0.0845 and 0.0769, respectively, found in the cited reference. The 

present study predicts horizontal and vertical lengths for the bottom right vortex of 

0.3030 and 0.3696, respectively, and for the bottom left vortex of 0.2350 and 0.1788, 

respectively. These results are also in excellent agreement with the results of 

Ramaswamy, et al. (1992). A comparison of the velocity profiles on the horizontal and 

vertical planes of the enclosure for the current study and those of Ghia, et al. (1982) are 

shown in Figs. 4.11 and 4.12, respectively. The results obtained in the current study are 

in excellent agreement with the values from the cited reference. 

4.5 Backward-Facing Step 

4.5.1 Problem Statement 

The purpose of this benchmark study is to numerically investigate the 

development of separation regions in an incompressible, laminar flow inside a channel 

with a backward-facing step. A large recirculating region immediately downstream of 
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the step and a second recirculating region on the upper wall of the channel characterize 

the flow. The second recirculating flow is only present for Reynolds numbers greater 

than about 200 (Zebib, et al. (1984)). The length of the large recirculating region is 

strongly dependent on the Reynolds number and the step height. 

Tatsutani, et al. (1992) computed the steady, two-dimensional flow over a 

backward-facing step using an explicit, finite-difference numerical formulation for a 

Reynolds number of 800. They calculated the reattachment point on the lower wall for 

the primary vortex and the separation and reattachment points for the secondary vortex. 

They found excellent agreement with the results of an earlier study by Gartling (1990). 

Chan, et al. (1996) performed a large-eddy simulation for the backward facing step flow 

using a least-squares spectral element method for Reynolds numbers of 389 and 800. 

Their predicted results are in excellent agreement with benchmark data available in the 

literature. The need to perform a grid independent study to prevent unsteady flow 

phenomena due to numerical errors is highly recommended. Zebib, et al. (1984) study 

the flow over a backward-facing step using a finite-difference procedure for Reynolds 

number as high as 350. They conclude that the separation of the secondary vortex on the 

top wall of the channel is caused by an adverse pressure gradient along the top of the 

channel. They investigate the flow with a wide range of step heights to examine the 

details of the secondary separation along the top surface. 

4.5.2 Geometry and Boundary Conditions 

The flow is assumed to be steady, two-dimensional, and laminar and the fluid is 

assumed to be Newtonian with constant physical properties corresponding to air at a 
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temperature of 300 K and a pressure of 101.3 KPa. The dimensional values for the 

channel length, L, and height, H, are 0.20 m and 0.01 m, respectively. The step occupies 

the lower half of the entrance to the channel and has a height, H/2. The internal domain 

is initially set equal to the average inlet velocity throughout the entire channel. A 

parabolic inlet velocity profile with an average value of 1.26 m/s is prescribed over the 

upper-half of the channel entrance, such that the Reynolds number is 800 based on the 

total channel height, H. No-slip, impermeable boundary conditions for the velocity are 

imposed on the upper and the lower channel walls and on the step face. The first 

derivative boundary condition for the velocity is enforced at the exit of the channel along 

with the condition of global mass conservation. 

A grid independent study is performed to accurately predict the lengths of the 

primary and secondary recirculating regions in the channel. Grid structures of 80 x 60, 

100 X 80, and 120 x 100 intemal control nodes are used to test for grid independent 

results. The grids are uniformly distributed to capture the velocity gradients throughout 

the channel. The small grid structure with 80 x 60 intemal control nodes failed to 

produce a steady solution after a prescribed number of iterations. The 100 x 80 grid 

structure is selected for the benchmark study because the results for the two larger grid 

structures are identical. It should be noted that a non-uniform grid structure with 80 x 60 

control nodes produced a steady solution with values comparable to the larger uniform 

grid structures. For brevity, only the uniform grid structure used for the numerical 

calculation is shown in Fig. 4.13a. The number of iterations required to meet the 

convergence criteria of 0.1 x 10"^ are 1779 and 2529 for the 100 x 80 and 120 x 100 grid 
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structures, respectively. The solution on the smallest grid structure, 80 x 60, failed to 

converge after 3,000 iterations. This unsteadiness is most likely caused by a lack of grid 

refinement. The length of the vortices and the velocity profiles at several locations along 

the channel are identical for the two larger grid structures. 

4.5.3 Analysis of Results 

Velocity vectors, streamlines, and vorticity contour plots for the backward facing 

step are shown in Figs. 4.13b, 4.13c and 4.13d, respectively. The vector plot shows that 

the flow eventually becomes parabolic farther downstream in the channel. The primary 

and secondary recirculating regions are clearly visible in the streamline plot. The 

separation and reattachment points can be identified in the vorticity contour plot by the 

transition fi:om a solid to a dashed line. The parabolic flow that enters the channel 

through the upper half of the channel inlet is allowed to expand as it flows past the two 

stationary recirculating regions. This expansion causes an adverse pressure that keeps the 

flow along the upper chaimel wall separated. The length of the primary vortex found in 

this study is 6.07 channel heights downstream of the inlet. This is in excellent agreement 

with the value of 6.10 predicted by Gartling (1990). The locations of the separation and 

reattachment points for the secondary recirculating region are 4.95 and 10.42 channel 

heights downstream of the inlet, respectively. These values agree very well with the 

values of 4.85 and 10.48 obtained by the cited reference. The present results are also in 

excellent agreement with the values computed by Tatsutani, et al. (1992). The 

streamwise velocity profiles for x/H locations of 7 and 15 are shown in Figs. 4.14 and 

4.15, respectively. The results of the present study are in excellent agreement with the 
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results obtained by Chan, et al. (1996). The cross-stream velocity profiles for x/H 

locations of 7 and 15 are shown in Figs. 4.16 and 4.17, respectively. Once again, the 

results compare very well with the previous reference. The vorticity profiles for x/H 

locations of 7 and IS are also determined and show excellent agreement with the cited 

reference as shown in Figs 4.18 and 4.19. 

4.6 Developing Thermal Field in a Channel 

4.6.1 Problem Statement 

The purpose of this benchmark study is to numerically investigate the developing 

thermal boundary layers in an incompressible, laminar flow inside a two-dimensional 

channel. The thermal boundary layer on each wall of the channel begins to grow at the 

inlet to the channel until it merges with the thermal boundary layer on the opposite wall. 

The thermal entrance length is characterized by the invariance of the temperature profile 

with channel length. The thermal boundary layer is greatly affected by the Reynolds 

number and decreases as the Reynolds number increases. 

Burmeister (1983) analytically solved the thermal entrance problem in a channel 

with slug flow and constant temperature boundary conditions. The analytical equation 

for the solution to the thermal development between parallel plates is given below in non-

dimensional form. 

/J 4 vC-O" 0 = — • > —— • cos 
;r ^o2n + l 

|.(2« + lX2)'-l) exp -(2« + l) 
2 4;r 

Gz 
(4.1) 

where, « = y = jf. D„=2H, Re = ̂ ^ 
T^-T^ H [xlDf,) V 
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The variable Gz in the equation above defines the Graetz number. Similarly, 

Burmeister (1983) also provided an analytical solution for the Nusselt number with slug 

flow and constant temperature boundary conditions. 

n~ •^exp[-(2« + l)^ 

Nu = ^ (4.2) 

^ [l/(2n +1)4 exp[- {2n +1)^ • I Gz] 
n=0 

The limiting Nusselt number given by the analytical equation above is 9.87, which is 

greater than the limiting Nusselt number of 7.54 for a parabolic velocity distribution. 

4.6.2 Geometry and Boundary Conditions 

The flow is assumed to be steady, laminar, non-isothermal and Newtonian with 

constant physical properties corresponding to air at 300 K and 101.3 KPa. The channel 

height, H, is 0.01 m with an overall channel length, L, of 0.20 m. The inlet velocity 

proflle is uniform with an average value of 0.236 m/s, such that the Reynolds number is 

150 based on the channel height, H. This uniform velocity profile is used throughout the 

internal domain to simulate a slug flow condition. A uniform temperature of 300 K is 

fixed at the inlet plane. The walls are isothermal with a flxed temperature of 310 K. The 

flrst derivative is used as the boundary condition for the temperature at the exit plane. 

The momentum equations are not solved because the velocity field is already known and 

only the energy equation is used in the simulation. 

A grid independent study is performed to determine the correct grid structure for 

the thermal field calculations. Grid structures of 60 x 30, 100 x 50 and 130 x 70 internal 

control nodes are used to test for grid independent results. Figure 4.1 shows the three 
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non-unifonn grid structures used for the numerical simulations. These grid structures are 

also used in the developing flow simulation. The grids are refined near the channel walls 

to correctly capture the developing thermal boundary layer. The number of iterations 

required to meet the convergence criteria of 0.1 x 10"^ are 150 and 389 for the 60 x 30 

and the 100 x 50 grid structures, respectively. The calculation on the 130 x 70 grid 

structure reached an iteration limit of 1,000. An investigation of the developing 

centerline temperature distribution shown in Fig. 4.20 reveals that the first grid structure 

consisting of 60 x 30 internal control nodes is adequate for the simulation of the 

developing thermal field. The grid structure required to solve the thermal field is smaller 

than the one required to solve the flow field. However, the number of iterations required 

for convergence of the solution is greater for the thermal problem. 

4.6.3 Analysis of Results 

Figure 4.21 shows the development of non-dimensional temperature profiles at 

different x/H locations along the length of the channel. For a sufficiently large channel, 

the calculated temperature proflle will eventually become a straight line. Non-

dimensional temperature profiles at four x/H locations of 2, 6, 13 and 18 are shown in 

Fig. 4.22. The numerically computed temperature profiles are in excellent agreement 

with the analytical results given by Eq. (4.1). Figure 4.23 shows the value of the local 

Nusselt number along the channel wall, which asymptotes to a value of 9.85. This 

limiting Nusselt number value differs fi-om the analytical value of 9.87 by only 0.2%. 

The Nusselt number distribution determined with the numerical code is in excellent 

agreement with the analytical solution given by Eq. (4.2). 



124 

4.7 Buoyancy-Driven Flow 

4.7.1 Problem Statement 

The purpose of this benchmark study is to numerically investigate the natural 

convection of an incompressible, laminar flow in a two-dimensional square enclosure. 

The condition of different temperatures on the sidewalls with insulated top and bottom 

walls produces a recirculating flow that is driven entirely by temperature gradients. The 

number of recirculating regions is dependent on the Rayleigh number. Only small 

temperature differences are considered in this investigation to ensure the accuracy of the 

Boussinesq approximation. 

De Vahl Davis (1983) conducted a numerical investigation of natural convection 

in a square cavity and provides benchmark numerical solutions for Rayleigh numbers 

ranging from 10^ to 10^. Values for the Nusselt number and other relevant quantities 

have been tabulated for the Rayleigh numbers considered. He found that the total heat 

flux across any line joining the two insulated horizontal boundaries must be the same. 

Mohamad, et al. (1989) performed a comparative study of discretization schemes for 

natural convection in low Prandtl number fluids. They discovered a weak circulation at 

the comer of the cavity for a Grashof number greater than 10^. Sinusoidal oscillations in 

the temperature are observed at some locations and have been verified experimentally. 

The use of higher-order schemes is recommended when solving low Prandtl number 

fluids. Hortmann, et al. (1990) use a multigrid numerical method to simulate the natural 

convection flow in a square cavity at Rayleigh numbers of 10'', 10® and 10^. They 

compared their values to the results of De Vahl Davis (1983) and found excellent 
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agreement. Betts, et al. (1983) use a stream-function finite element method to compute 

two-dimensional, natural convection in a square enclosure for Rayleigh numbers in the 

range of 10^ to 10^ with a Prandtl number of 0.71. They present tabulated values of 

relevant quantities along the horizontal and vertical mid-planes of the square cavity. A 

noticeable source of error for the Nusselt number is found near the comers for lower 

order discretization methods. 

4.7.2 Geometry and Boundary Conditions 

The flow is assumed to be steady, two-dimensional, non-isothermal and laminar 

with constant physical properties corresponding to air at a temperature of 300 K and 

101.3 KPa, The enclosure has a side dimension, H, of 0.1 m. The velocity is initially set 

to zero, while the temperature is set to 300 K throughout the entire domain. The top and 

bottom walls of the enclosure are insulated and the left and right walls are held at a 

constant but different temperature. The cold temperature, Tc, on the right wall is fixed at 

300 K. for all of the simulations, while the hot temperature, TH, on the left wall is 

prescribed to give Rayleigh numbers of 10^, 10^ and 10^. The Rayleigh number is 

defined as follows: 

/?fl = Gr.Pr = -^^^-2^^-^tipr (4.3) 
v '  

In this equation, g is the gravity, P is the thermal expansion coefficient, and v is 

the kinematic viscosity. The non-dimensional numbers are the Grashof number, Gr, and 

the Prandtl number, Pr. No-slip, Impermeable boundary conditions are used for the 

velocity on all of the walls of the enclosure. 
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A grid independent study is performed to correctly capture the vortical structures 

in the square enclosure. Grid structures of 20 x 20, 40 x 40 and 60 x 60 are used in the 

numerical analysis to test for grid independent solutions. Figure 4.6 shows the three non

uniform grid structures utilized in this study and also used to calculate the flow field in 

the lid-driven square cavity. The grids are refined near the walls to capture the thermal 

gradients that develop. The number of iterations required to meet the convergence 

criteria of 0.1 x 10"^ are 476 and 910 for the 20 x 20 and the 40 x 40 grid structiu-es, 

respectively. The calculation on the 60 x 60 grid structure reached an iteration limit of 

2,000. A smaller convergence criterion is used in this investigation to correctly capture 

the gradual development of the velocity and temperature fields. A comparison of the 

velocity profiles along the centerline of the enclosure reveals that the intermediate grid 

structure with 40 x 40 internal control nodes is adequate for the simulation of natural 

convection in a square cavity. A comparison of the velocity profiles for the three grid 

structures is omitted for brevity. 

4.7.3 Analysis of Results 

Velocity vectors and temperature contour plots are shown in Figs. 4.24 and 4.25, 

respectively. The wall on the left-hand side is heated to a value of l/IOO"' of a degree 

higher than the wall on the right-hand side. This small temperature difference produces a 

recirculating region that is nearly circular, as shown in Fig. 4.24, with the center of the 

vortex located near the geometric center of the cavity. The temperature contours are only 

minimally skewed from the vertical in the square cavity in Fig. 4.25. However, when the 

temperature difference is increase to I/IO*** of a degree, the velocity field becomes more 
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elongated as shown in Fig. 4.26. The temperature contours in Fig. 4.27 are now highly 

distorted as the fluid motion in the cavity increases. Two vortical structures are produced 

in the velocity field in Fig. 4.28 when a temperature difference of 1 degree is used. The 

temperature increase produces large temperature gradients near the vertical walls as 

shown in Fig. 4.29. The plots for the present study are qualitatively in excellent 

agreement with those of De Vahl Davis (1983). Figures 4.30 and 4.31 show velocity and 

temperature profiles along a vertical line located at x/H of 0.5. A comparison of the 

velocity and temperature profiles in Figs. 4.30 and 4.31 for Rayleigh numbers of 10^, lO"* 

and 10^ show excellent agreement to the results obtained by Betts, et al. (1983). 

4.8 Unsteady Flow Over a Square Cylinder 

4.8.1 Problem Statement 

The purpose of this benchmark study is to numerically investigate the unsteady, 

vortex shedding from a square cylinder inmiersed in an incompressible, laminar flow in a 

two-dimensional domain. At a Reynolds number of 100, unsteady, periodic flow with 

regular vortex shedding develops downstream of the cylinder. The vortices are 

distributed asymmetrically downstream of the cylinder and are of equal strength. This 

asymmetric wake flow pattern is referred to as a Karman Vortex street. 

Kelkar, et al. (1992) numerically investigated the onset of unsteadiness for the 

flow around a square cylinder at several Reynolds numbers. They used a linear stability 

analysis to examine the growth rate of small perturbations and determined the critical 

Reynolds number beyond which the flow is unsteady. They also predicted the Strouhal 

number and Nusselt number values for a square cylinder at a Reynolds number of 100. 
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Robichaux, et al. (1999) studied the onset of three-dimensionality in the periodic wake of 

a square cylinder. They discovered several disturbance modes that become unstable 

between a Reynolds number of 161 to 200. A comparison of the Strouhal number and 

mean drag coefficient at a Reynolds number of 100 compared will with those predicted 

by various sources. Amal, et al. (1991) investigated the vortex shedding from square 

cylinders located in a freestream, on a fixed wall, and on a sliding wail for a Reynolds 

number range fi-om 100 to 2,000. They found that the sliding wall causes the flow past 

the cylinder to become unstable at a lower Reynolds number than a stationary wall; 

however, it also stabilizes the vortex shedding frequency. Sohankar, et al. (1999) 

performed a direct numerical simulation for the two-dimensional unsteady flow around a 

square cylinder in the Reynolds number range between 150 to 500. They found that the 

flow transitions firom two-dimensional to three-dimensional vortex shedding in the 

Reynolds number range between 150 and 200. Tabulated data of flow quantities of 

interest, such as the Strouhal number and the drag coefficient, are also presented. 

4.8.2 Geometry, Boundary and Initial Conditions 

The flow is assumed to be unsteady, laminar, non-isothermal and Newtonian with 

constant physical properties corresponding to air at 300 K and 101.3 KPa. The density 

and the dynamic viscosity have values of 1.1766 kg/m^ and 18.53 x 10"^ m^/s, 

respectively, while the values for the thermal difflisivity and constant specific heat are 

22.1 X 10"® mVs and 1005.0 J/kg-K, respectively. The dimensional value for the heated 

cylinder diameter, D, is 0.01 m. The domain height, H, is 0.13 m with an overall domain 

length of 0.355 m. The distance between the inlet plane and the front surface of the 
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cylinder, Lu, is 0.105 m, and the distance between the back surface of the cylinder and the 

exit plane, Ld, is 0.24 m. The upper and lower domain boundaries are 6 cylinder 

diameters above and below the top and bottom cylinder surfaces, respectively. The inlet 

velocity profile is uniform with an average velocity of0.1575 m/s, which give a Reynolds 

number of 100 based on the cylinder diameter, D. A uniform temperature of 300 K is 

fixed at the inlet plane. No-slip, impermeable boundary conditions for the velocity are 

imposed on the cylinder surfaces. Symmetry boundary conditions are used on the upper 

and lower domain boundaries for the velocity and a constant temperature equal to the 

inlet temperature is applied. The wave equation is used at the exit boundary condition to 

minimize the distortion of unsteady vortices shed from the cylinder and to reduce 

perturbations that reflection back into the domain. 

The grid structure for the benchmark case is based on the grid independent studies 

performed for the dissertation problem and has a grid size of 172 x 114 internal control 

nodes. The grid distribution around the cylinder is unchanged while the grids are 

adjusted near the boundaries of the domain. Figure 4.32a shows the non-uniform grid 

structure used for the numerical calculation. The grids are highly refined near the 

cylinder to capture the strong velocity gradients. A time step of 0.125E-03, which is 

selected for the cylinder flows in a channel, is also used in this investigation. This is a 

very conservative estimate for the time step because the Reynolds number for the current 

study is only 1/5"* of the Reynolds number for the dissertation problem. The number of 

time steps used is 40,000 for a total time of 5 seconds. This time interval allows the time-
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averaged values for unsteady, oscillatory quantities, such as the drag coefficient, to be 

accurately calculated. 

4.8.3 Anafysis of Results 

Figure 4.32b shows the velocity vectors for the square cylinder immersed in a 

uniform freestream flow. The velocity field shows undulating vectors downstream of the 

cylinder, which is indicative of an unsteady flow. The disturbance in the velocity field 

remains in a narrow region directly behind the cylinder. A close examination shows that 

the flow separates from the downstream comers of the cylinder and forms a short wake 

before the vortices detach and shed from the cylinder. Figures 4.32c and 4.32d show the 

vorticity and temperature contour plots, respectively. The structure present in the 

vorticity contours clearly demonstrates the periodicity of the flow. Clockwise vorticity is 

shed from the top surface of the cylinder and an equal amount of counterclockwise 

vorticity is shed from the bottom surface over one shedding cycle. The temperature 

contours closely resemble the vorticity contours as expected. A qualitative comparison 

of the vorticity contours shows good agreement with vorticity contour plots presented by 

Amal, et al. (1991). Figure 4.33 shows the instantaneous drag and lift coefficients for the 

square cylinder. The drag coefficient is observed to oscillate at twice the frequency of 

the lift coefficient. The drag coefficient deviates very little fi-om its average value at this 

Reynolds number, while the lift coefficient oscillates around a value of zero for this 

configuration. The value of the drag coefficient found in this study is 1.52. This value is 

in excellent agreement with the value of 1.53 calculated by Robichaux, et al. (1999). The 

shedding fi-equency produces a single peak in Fig. 4.34 with a Strouhal number value of 
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0.1 SS. This value is also in excellent agreement with the cited reference which gives a 

shedding Strouhal number value of 0.154. The overall Nusselt number value for the 

cylinder obtained in the current study is 3.9, while Kelkar, et al. (1992) predict a value of 

3.25. This discrepancy may be due to the limited number of grids used in the cited 

reference of only 80 x 80 grid nodes. 

4.9 Validation Studies 

The accurate prediction of fluid flow and heat transfer from a cylinder or pair of 

cylinders in a channel requires the correct specification of the relevant numerical 

parameters. These parameters include the time step, the grid size, and the channel entry 

and exit lengths. Physical quantities such as the time-averaged and root-mean-square 

(rms) values for the drag and lift coefRcients and the Nusselt number on the cylinder are 

measured for different values of these parameters. The validation of the numerical 

parameters for cylinders in a channel consists of the following studies: 

• Time-step independence. 

• Grid-size independence. 

• Channel entry and exit lengths. 

• Influence of Buoyant forces, Gr/Re^ < 10. 

A complete investigation and discussion for each study listed above is presented 

in this section. These studies to conflrm parameter independent results are a preliminary 

step in this numerical analysis. 

The initial size of the domain and the number of grids in the grid structure are 

obtained from the numerical investigation previously conducted by Devarakonda (1994). 
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An initial channel length of 0.25S m and a height of 0.0727 m are used as a preliminary 

size to begin the investigation of the problem. The heated square cylinder dimension is 

0.01 m and is positioned such that the upstream and downstream channel lengths are 

0.105 m and 0.14 m, respectively, from the upstream and downstream surfaces of the 

cylinder, respectively. The initial exit boundary condition used for the numerical studies 

was the second derivative in the streamwise direction set to zero for u, v and T. 

However, this outlet boundary condition proved to be unstable for many of the cases and 

has been replaced by the wave boundary condition. Pne wave boundary condition 

requires that the flow be directed out of the channel and becomes unstable for 

recirculating flow at the exit plane. Thus, the downstream channel length is selected to 

ensure that no flow reenters through the outlet plane. The time-step independent study is 

performed using a second-order, time scheme, which is newly implemented in the code. 

This section will present the results of time-step and grid size independent studies. 

A brief discussion of the results from a study that investigated the upstream and 

downstream channel lengths is also given. Three upstream and three downstream 

channel lengths are initially investigated and the reasons for selecting the final values are 

presented. Initial symmetric and asymmetric velocity conditions also are investigated to 

determine the final long-term results. The section concludes with a study that examines 

the accuracy of neglecting the effects of free convection in the channel. 

4.9.1 Time-Step Independent Study 

The main criteria for choosing the time step are the adequate resolution of the 

eddy-shedding frequency and the root-mean-square deviation for the drag and lift 
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coefficients and the Nusselt number. The average drag and lift coefficients and the 

average Nusseh number on the cylinder are not used exclusively as they are rather 

insensitive to variations in the time step. The time-step study is performed in the 

preliminary phases of the investigation under the conditions of a uniform inlet velocity 

profile for a single cylinder. The shedding frequencies computed are comparable to those 

observed for a parabolic inlet velocity profile and hence are felt to be sufficiently 

representative of the parabolic profile case to qualify the required time step. The time 

steps investigated are 0.5E-03, 0.25E-03, 0.125E-03 and 0.8E-04 seconds. The first two 

time steps produce differences in values that exceed 15% for critical variables such as the 

lift coefficient when compared to the final time step. The results of the investigation are 

shown in Figures 4.35 through 4.38. The time-averaged and rms values of the drag and 

lift coefficients are shown in Figs. 4.35 and 4.36, respectively. As the time step is 

reduced, the values for the drag and lift coefficients approach a limiting value. This 

behavior is also visible for the time-averaged and rms values of the Nusselt number 

shown in Fig. 4.37. The percent change for all of the mean and rms values between the 

final two time steps is less than 5%. An eddy-shedding Strouhal number of 0.205 also 

compares well with the results obtained by Devarakonda (1994). Figure 4.38 shows the 

variation in the Strouhal number as the time step is reduced. Hence a time step of 

0.125E-03 seconds is determined to be sufficiently small to obtain results that are 

essentially time-step independent. 
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4.9.2 Grid Independent Study 

A thorough investigation is conducted to adequately capture the highly unsteady 

flow features present in these laminar channel flow calculations. Numerous simulations 

are performed to determine the appropriate grid structure. An initial estimate of the grid 

refinement is given by the work of Devarakonda (1994) on the flow past a single cylinder 

in a channel. In the present study, the grid is divided into four separate zones in the x-

direction and three separate zones in the y-direction and a non-uniform grid distribution 

is employed. Solid walls on the upper and lower boundaries enclose the physical domain 

and clustering must be considered on both surfaces. The following algebraic equation 

given by Hofteann (1989) is employed to generate the grids. 

In the equation above, P is the clustering parameter and a defines where the 

clustering takes place. If a is set to zero, the clustering takes place at y = H, while if a is 

equal to 0.5, the clustering is equally distributed at y = 0 and y = H. 

In the x-direction, a more refined grid is generated immediately upstream and 

downstream of the cylinder. In the y-direction, the grid also is refined above and below 

the cylinder. To accurately capture wake-wall interactions, the grid is also refmed near 

the channel walls. The grid ratios between the adjacent grid structures are set to be 

approximately 1.0 and the clustering parameters are set to produce a uniform change in 

the grid spacing to avoid numerical inaccuracies in the solution of the flow field. Four 

non-uniform grids are used in the grid resolution study. 

(4.4) 
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The four grids evaluated for the single cylinder configuration contain 118 x 72, 

144 X 92, 172 X 114 and 196 x 128 internal control nodes. These non-uniform grid 

structures are shown in Fig. 4.39. Figure 4.41 through 4.43 show the results of the grid 

study. The time-averaged and rms values for the drag and lift coefficients are shown in 

Figs. 4,40 and 4.41, respectively. The time-averaged value of the drag coefficient is 

relatively insensitive to the number of grids in the grid structures. However, the rms 

value of the drag coefficient serves as an improved indicator and approaches a limiting 

value as the number of grids is increased. Conversely, the time-averaged value of the lift 

coefficient in Fig. 4.41 shows an increased sensitivity to the number of grids present. 

The time-averaged and rms values for the Nusselt nimiber versus the number of grids in 

the domain are shown in Fig. 4.42. The rms value of the Nusselt number shows more 

sensitivity to the number of grids present than does the time-averaged value. The 

Strouhal number is also relatively insensitive to the number of grids in the domain as 

shown in Fig. 4.43. An examination of the time-averaged and rms values for quantities 

such as the drag and lift coefficients and the Nusselt number, indicate that the 172 x 114 

grid structure is sufficiently refined to resolve the flow field. The first two grid structures 

produce differences in these key quantities that exceed 15% when compared to the most 

refined grid structure. The percent change in the quantities between die final two grid 

structures is less than 5%. The size of the grid structure used for the tandem pair of 

cylinders is based on the single cylinder studies and consists of 188 x 114 grid nodes. 
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4.9.3 Additional Studies 

In the preliminary stages of the investigation, several configurations are used to 

study the effects of the locations for the inlet and exit planes of the channel. Three 

upstream channel lengths, Lu, of 0.075 m, 0.105 m, and 0.155 m are used to examine the 

effects on the following cylinder quantities; drag and lift coefficients and the Nusselt 

number. The results for the two larger upstream chatmel lengths are essentially identical 

and differ by less than 2%, while the shorter channel entry length produces differences of 

greater than 10%. Therefore, a value of 0.105 m is chosen as the upstream chaimel 

length. Three downstream channel lengths, Ld, of 0.105, 0.14 m, and 0.24 m are used to 

investigate the sensitivity of relevant quantities to the exit boundary location. Due to 

instabilities, the shortest downstream channel length can only be solved using a first-

derivative boundary condition for the velocities. For this location, several values for the 

quantities of interest differ by more than 15% when compared to the other two exit 

lengths. Because of recirculating flow at the exit, the wave boundary condition becomes 

unstable at an exit length of 0.14 m. Unfortunately, the second-derivative boundary 

condition is also unstable for most of the cylinder flow configurations. A comparison of 

the relevant quantity values at a downstream channel length of 0.24 m, using the wave 

boundary condition, differed by about 5% with a converged solution at a downstream 

chaimel length of 0.14 m. A downstream chaimel length of 0.24 m is selected to ensure 

that all of the cylinder flow configurations can be simulated without having stability 

problems. This condition also reduces the distortion of vortical structures exiting the 

channel. A full discussion of the wave boundary exit condition is given in Chapter 5. 
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The effects of an initially symmetric and asymmetric velocity condition within the 

channel are investigated to determine the final values for the drag and lift coefficients and 

the Nusselt number. This study is performed to demonstrate the insensitivity of the final 

results to the initial conditions in the channel. The simulations are computed until the 

effects of the transient start up have disappeared. Initialization of the internal flow field 

with a uniform velocity profile throughout the domain and a uniform velocity profile over 

the upper half of the domain produces values for the quantities of interest that are 

essentially identical. 

The effects of free convection must be investigated whenever a heated object is 

placed in the flow. The current configurations contain a square cylinder that is heated to 

a temperature of 10 K above the ambient fluid temperature. Thus, to correctly assume 

that forced convection dominates the channel flow, it is necessary to show that following 

expression is satisfied (Holman (1990)). 

^<10 (4.5) 
Re* 

The Grashof number, Gr, is defined in Eq. (4.3). This expression states that when 

the ratio of the Grashof number divided by the square of the Reynolds number is less than 

10, free convection is negligible in the channel. The ratio calculated for the current 

cylinder flow configurations is about 0.0053, which suggests that natural convection 

effects are insignificant. 

4.10 Conclusions 

This chapter has presented the results of several benchmark cases used to test the 

accuracy of the momentum and energy equations in the FAHTSO code. The benchmark 
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cases have well-established results that are used to validate CFD programs and are 

excellent problems for comparison. Three benchmark cases have been used to examine 

the steady flow field: a developing flow in a channel, the lid-driven cavity flow, and the 

backward-facing step. The results of the numerical calculations in the current study are 

in excellent agreement with published results found in the literature. Two benchmark 

cases have been used to examine the steady thermal field: a developing thermal field in a 

channel, and the buoyancy-driven flow in a cavity. Excellent agreement to other 

benchmark studies is observed. The final benchmark case is used to validate the newly 

implemented time scheme: flow over a square cylinder in a fireestream flow. The results 

firom the present investigation show very good agreement with unsteady calculations 

presented in the literature. The results of the benchmark studies indicate that the 

FAHTSO code has performed extremely well and is capable of solving the highly 

complicated flow structures that are present in the cylinder configurations of interest in 

this dissertation. 

An extensive investigation of parameter values that influence the results of the 

numerical calculations for square cylinders in a chaimel has been performed. These 

studies are used to validate the appropriateness of the resuhs derived from the 

investigation. The sensitivity of the average value and the rms deviation for physical 

quantities like the drag and lift coefficients and the Nusselt number have been used to 

determine the independence of the flow calculations to numerical parameters, such as the 

time step and the grid size. A complete investigation has been performed to ensure that 

an accurate, physically realistic solution is obtained. 
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Figure 4.1a: Non-uniform computational grid structure for the developing flow in a 
channel with 60 x 30 internal control nodes (Not to scale). 

Figure 4.1b: Non-uniform computational grid structure for the developing flow in a 
channel with 100 x SO internal control nodes (Not to scale). 

Figure 4.1c: Non-uniform computational grid structure for the developing flow in a 
channel with 130 x 70 internal control nodes (Not to scale). 
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Figure 4.2; Centerline velocity distribution for the developing flow in a channel at a 
Reynolds number of 150. 
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Figure 4.3: Velocity profile development at different x/H locations along the channel 
length for the developing flow in a channel at a Reynolds number of 150 with 100 x 50 
internal control nodes. 
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Figure 4.4: Comparison of streamwise velocity profile at x/H = 0.5 for the developing 
flow in a channel at a Reynolds number of 150 with 100 x 50 internal control nodes. 

0.9 

0.7 

0.6 

5 0.5 

04 

0.3 

Present study 
McDonald, el at. (1972) 0.2 

0.25 0.50 1.25 1.50 0.75 

u/U, 

1.00 

Figure 4.5: Comparison of streamwise velocity profile at x/H = 2.0 for the developing 
flow in a channel at a Reynolds number of 150 with 100 x 50 internal control nodes. 
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Figure 4.6a: Non-uniform computational grid structure for the lid-driven cavity flow 
with 20 X 20 internal control nodes. 

Figure 4.6b: Non-uniform computational grid structure for the lid-driven cavity flow 
with 40 X 40 internal control nodes. 

Figure 4.6c: Non-uniform computational grid structure for the lid-driven cavity flow 
with 60 X 60 internal control nodes. 
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Figure 4.7: Horizontal velocity profile at y/H = 0.5 for the lid-driven cavity flow at a 
Reynolds number of 1000. 
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Figure 4.8: Vertical velocity profile at x/H = 0.5 for the lid-driven cavity flow at a 
Reynolds number of 1000. 



144 

- - N.\VU 

w 
11. jnitiin imnn 
imru/ 
m t i n /  
n t t m t  
m i n n  
m t t t t t  
ttitrrri 
i iiitttt  
Htnut 
nnitii  
niniu 
nnuvv 
nmvw 

i  i  t  /  f  / 
l i l t /  / 
r r f ( f / 
r I i t I I 
I 1 \ \ I \ 
I \ \ \ \ \ 
\ \ \ \ \ s 
\  V V \  V V 
\  N N S  S  V 

fcwwww \ V \ N V ^ 
JRWWWN S V "S. V s. N. 
llNWSSSSN S V V -v *. 
T^VSSVS \ V V V ^ 
(^^•s^VSNN. S. V 

{IT. «SNN S N "v "s «>. 

/  X — 
/ ^ -

/ / / ^ 

' ' W 
\ \ ^ 

\ V — ^ 
• / 

vV\UtUl( vvvvimiiw ^ V N V \  I lUlilU 
-  ̂  s \  \ V w Vljum 

N \  V \  V 11 mum 
^ \  V \  \ V I  t  iKtitui 

\  X MM i lilltiu 
1 1 1 I u tntulu 
;  / /  / /  /  /ntiiui 
/  i  /  t  1 1 1 i t m a l  

t t t t / ufiimi 

V V V 
\ \  \  

I  I  I  

/  /  n i i i i i i i  

/  f  n n i i i i  

^  ^ • f  

' ' ' 

Figure 4.9: Velocity vectors for the lid-driven cavity flow at a Reynolds number of 1000 
with 40 X 40 internal control nodes. The velocity vectors are represented with segments 
of uniform length to clearly display the primary vortex and the comer vortices. 

Figure 4.10: Vorticity contours for the lid-driven cavity flow at a Reynolds number of 
1000 with 40 X 40 internal control nodes. Solid lines denote positive vorticity while 
dashed lines denote negative vorticity. 
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Figure 4.11: Comparison of the velocity profile at y/H = 0.5 for the lid-driven cavity 
flow at a Reynolds number of 1000 with 40 x 40 internal control nodes. 
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Figure 4.12: Comparison of the velocity profile at x/H = 0.5 for the lid-driven cavity 
flow at a Reynolds number of 1000 with 40 x 40 internal control nodes. 
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Figure 4.13a: Unifonn computational grid structure for the backward facing step flow 
with 100 X 80 internal control nodes (Not to scale). 
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Figure 4.13b: Velocity vectors for the backward facing step flow at a Reynolds number 
of 800 with 100 X 80 internal control nodes (Not to scale). 

Figure 4.13c: Streamlines for the backward facing step flow at a Reynolds number of 
800 with 100 X 80 internal control nodes (Not to scale). 

Figure 4.13d: Vorticity contours for the backward facing step flow at a Reynolds number 
of 800 with 100 X 80 internal control nodes. Solid lines denote positive vorticity while 
dashed lines denote negative vorticity (Not to scale). 
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Figure 4.14: Comparison of streamwise velocity profile at x/H = 7 for the backward 
facing step flow at a Reynolds number of 800 with 100 x 80 internal control nodes. 
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Figure 4.15: Comparison of streamwise velocity profile at x/H = 15 for the backward 
facing step flow at a Reynolds number of 800 with 100 x 80 internal control nodes. 
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Figure 4.16: Comparison of cross-stream velocity profile at x/H = 7 for the backward 
facing step flow at a Reynolds number of 800 with 100 x 80 internal control nodes. 
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Figure 4.17: Comparison of cross-stream velocity profile at x/H = 15 for the backward 
facing step flow at a Reynolds number of 800 with 100 x 80 internal control nodes. 
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Figure 4.18: Comparison of vorticity profile at x/H = 7 for the backward facing step flow 
at a Reynolds number of 800 with 100 x 80 internal control nodes. 
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Figure 4.19; Comparison of vorticity profile at x/H = IS for the backward facing step 
flow at a Reynolds number of 800 with 100 x 80 internal control nodes. 
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Figure 4.20: Centerline temperature distribution for the developing thermal field in a 
channel at a Reynolds number of 150. 

e 
Figure 4.21: Temperature profile development at different x/H locations along the 
channel length for the developing thermal field in a channel at a Reynolds number of 150 
with 60 X 30 internal control nodes. 
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Figure 4.22: Comparison of temperature profiles at x/H = 2, 6, 13 and 18 for the 
developing thermal field in a channel at a Reynolds number of 150 with 60 x 30 internal 
control nodes. 
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Figure 4.23: Comparison of the Nusselt number on the wall for the developing thermal 
field in a channel at a Reynolds number of 150 with 60 x 30 internal control nodes. 
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Figure 4.24: Velocity vectors for a buoyancy-driven flow at a Rayleigh number of 10^ 
with 40 X 40 internal control nodes. The velocity vectors are represented with segments 
of uniform length to clearly display the recirculation region. 

Figure 4.25: Temperature contours for a buoyancy-driven flow at a Rayleigh number of 
10^ with 40 X 40 internal control nodes (AT = 0.000625 K). 
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Figure 4.26: Velocity vectors for a buoyancy-driven flow at a Rayleigh number of 10'' 
with 40 X 40 internal control nodes. The velocity vectors are represented with segments 
of uniform length to clearly display the recirculation region. 

Figure 4.27: Temperature contours for a buoyancy-driven flow at a Rayleigh number of 
lO"* with 40 X 40 internal control nodes (AT = 0.00625 K). 
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Figure 4.28: Velocity vectors for a buoyancy-driven flow at a Rayleigh number of 10^ 
with 40 X 40 internal control nodes. The velocity vectors are represented with segments 
of uniform length to clearly display the recirculation region. 

Figure 4.29: Temperature contours for a buoyancy-driven flow at a Rayleigh number of 
10^ with 40 X 40 internal control nodes (AT = 0.0625 K). 
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Figure 4.30: Comparison of the velocity profiles at x/H = 0.5 for the buoyancy-driven 
flow with 40 X 40 internal control nodes. 
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Figure 4.32a: Non-uniform computational grid structure for a single cylinder in a 
freestream at a Reynolds number of 100 with 172 x 114 internal control nodes. 

Figure 4.32b: Velocity vectors for a single cylinder in a freestream at a Reynolds number 
of 100. 



157 

Figure 4.32c; Vorticity contours for a single cylinder in a freestream at a Reynolds 
number of 100. Solid lines denote positive vorticity while dashed lines denote negative 
vorticity. 

Figure 4.32d; Temperature contours for a single cylinder in a freestream at a Reynolds 
number of 100. 
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Figure 4.33; Time series of tiie instantaneous drag and lift coefficients for a single 
cylinder in a fireestream at a Reynolds number of 100. 
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Figure 4.34: Power spectrum of the lift coefficient for a single cylinder in a fireestream at 
a Reynolds number of 100. 
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Figure 4.35: Time-step independent results for the time-averaged and rms values of the 
drag coefficient for a single cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 4.36: Time-step independent results for the time-averaged and rms values of the 
lift coefBcient for a single cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 4.37: Time-step independent results for the time-averaged and rms values of the 
Nusselt number for a single cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 4.38: Time-step independent results for the Strouhal number for a single heated 
cylinder with a uniform inlet velocity profile (a = 0.108). 



161 

Figure 4.39a: Non-unifonn computational grid structure for a single heated cylinder with 
118 X 72 internal control nodes (a = 0.108). 

Figure 4.39b: Non-uniform computational grid structure for a single heated cylinder with 
144 X 92 internal control nodes (a = 0.108). 

Figure 4.39c: Non-uniform computational grid structure for a single heated cylinder with 
172 X 114 internal control nodes (a = 0.108). 

Figure 4 J9d: Non-uniform computational grid structure for a single heated cylinder with 
196 X 128 internal control nodes (a = 0.108). 
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Figure 4.40: Grid independent results for the time-averaged and rms values of the drag 
coefficient for a single cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 4.41: Grid independent results for the time-averaged and rms values of the lift 
coefiRcient for a single cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 4.42: Grid independent results for the time-averaged and rms values of the 
Nusselt number for a single cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 4.43: Grid independent results for the Strouhal number for a single heated 
cylinder with a uniform inlet velocity profile (a = 0.108). 
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CHAPTERS 

NUMERICAL RESULTS AND DISCUSSION 

5.1 Introduction 

This chapter presents the results obtained from a numerical calculation of the 

unsteady flow and heat transfer for a single and tandem pair of cylinders of square cross-

section in a channel. Both uniform and parabolic (fully developed) inlet velocity profiles 

are considered. The first cases investigated correspond to a single heated square cylinder 

placed at the center of the channel at a position midway to the wall and at a position very 

near to the wall. The same cases are then repeated with an eddy-promoting cylinder 

placed upstream and inline with the downstream heated cylinder. In the Hnal cases 

examined, the heated square cylinder is positioned in the same locations as the previous 

configiurations and the eddy-promoting cylinder is offset and centered on the top or 

bottom edges of the primary cylinder. All of die calculations are performed for a fixed 

cylinder Reynolds number of 500, based on the dimensions of the heated cylinder, and a 

Prandtl number of 0.71. The tandem cylinder configurations have a fixed inter-cylinder 

spacing and a fixed eddy-cylinder-to-primary-cylinder diameter ratio. A summary of the 

cases investigated is presented in Table 5.1. The flows investigated are visualized by 

means of plots of the velocity vectors, particle streaklines, and vorticity and temperature 

contours. Furthermore, several plots and figures are included to enhance and clarify 

selected cases. The complex dynamics of the flow field is illustrated using phase-space 

diagrams. Portions of the time histories for the drag and lift coefficients, Nusselt number 
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and the monitored cross-stream velocity are presented. The Strouhal number of the 

dominant flow oscillation frequency in the wake of the cylinder is found fi'om power 

spectra of the cross-stream velocity and the lift coefficient. Also, the time-averaged and 

rms values of the previous quantities are plotted as a function of the distance from the 

wall, and the resuhs due to the addition of an eddy promoter are compared against those 

for a single cylinder. Finally, velocity and pressure profiles are presented for several key 

cases as a function of the channel height and are plotted at several locations downstream 

of the cylinder(s). 

All of the numerical calculations are performed on an SGI 0rigin2000 system at 

the Center for Computing and Information Technology (CCIT) at the University of 

Arizona. Although the actual CPU time is not determined for any of the computations, a 

typical run on a 172 x 114 grid structure requires approximately 48 hours of computing 

time to advance the simulation through 5 seconds using the selected time step. 

5.2 Geometry and Physical Properties 

The flow is assumed to be laminar, non-isothermal and Newtonian with constant 

physical properties corresponding to air at 300 K and 101.3 KPa. The values for the 

density and the dynamic viscosity are 1.177 kg/m^ and 18.53 x 10"^ m^/s, respectively, 

and those for the thermal diffiisivity and the constant specific heat are 22.1 x 10'^ m^/s 

and 1005.0 J/kg-K, respectively. Schematics of the single and tandem cylinder 

configurations studied are shown in Fig. 5.1. The flow arrangement is a simplified 

representation of a two-dimensional channel in an air-cooled electronics package. The 

top and bottom surfaces of the eddy promoter and the heated cylinder are parallel to the 
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upper and lower channel walls. The dimensional values for the heated cylinder diameter, 

D, and the eddy promoter diameter, d, are 0.01 m and 0.005 m, respectively. The tandem 

cylinder arrangement has a fixed inter-cylinder spacing, L, of 0.02 m. The channel 

height, H, is 0.0727 m and the overall channel length is 0.355 m. The distance between 

the inlet plane and the firont surface of the upstream cylinder, Lu, is 0.105 m and 0.08 m, 

for the single and tandem cylinder configurations, respectively. The distance between the 

back surface of the downstream cylinder and the channel exit plane, Ld, is 0.24 m. A 

discussion of the study performed to select the dimensions of the upstream and 

downstream channel lengths is given in Chapter 4. A systematic study to investigate 

fluid dynamic and thermal characteristics in the channel is performed by varying the 

distances, a and b, between the top edges of the cylinders and the upper channel wall. 

5.3 Boundary and Initial Conditions 

An accurate solution of the flow configuration of interest requires the correct 

implementation of boundary and initial conditions. Therefore, a careful investigation is 

made to select conditions that are physically realistic. The transient calculations are 

initiated with the flow velocity set equal to the average inlet velocity and a uniform 

temperature of 300 K specified throughout the fluid domain. The perturbation required to 

transition the flow from a steady to an unsteady condition is initiated by computer round

off errors, thus eliminating the need to perturb the solution. An examination of an 

asymmetric and a symmetric start-up velocity fleld shows negligible differences in the 

final cylinder values being measured. Furthermore, the time required for the flow to 

become unsteady is similar for both initial velocity flelds. A discussion of the start-up 
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conditions is given in Chapter 4. The inlet velocity profile is either uniform or parabolic 

with an average velocity of 0.7875 m/s, which is determined from a fixed cylinder 

Reynolds number of 500. A uniform temperature of 300 K is fixed at the inlet plane. 

No-slip, impermeable boundary conditions for the velocity are imposed on the upper and 

lower channel walls and on the cylinder surfaces. The channel walls are specified as 

adiabatic, as is the upstream eddy promoter. The downstream, heated cylinder is held at a 

constant temperature of 310 K. The exit boundary conditions are chosen to minimize the 

distortion of the unsteady vortices shed from the cylinders and to reduce the perturbations 

that reflect back into the domain. 

A comprehensive investigation found that the wave equation is the most 

computationally efficient mathematical condition compatible with the physics at the exit 

plane, i.e.; 

= 0 (5.1) 
dt dx ' 

where the variable (j) is the independent variable u, v, or T. Equation (5.1) is enforced at 

the exit plane for the momentum and energy equations, Eqs. (3.2) through (3.5), along 

with the condition of global continuity for the velocity. The wave speed, c, is the mean 

velocity at the channel inlet, Uq. A detailed study by Kobayashi, et al. (1993) found that 

the wave equation produced little reflection of the vortices at the exit plane and is highly 

suitable for unsteady flows. Setting a wave equation boundary condition at the exit plane 

requires that the velocity at that boundary be positive everywhere (meaning directed out 

of the channel), otherwise the calculation becomes unstable as demonstrated by Iglesias, 
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et al. (1993). Setting the first derivatives of the variables u, v, and T equal to zero at the 

exit plane is appropriate if the transverse velocity is negligible at that boundary, which is 

not necessarily true for unsteady wakes exiting the channel. Setting the second 

derivatives equal to zero at the exit is found to be more accurate but does not result in an 

unconditionally stable procedure and is not as accurate as the wave boundary condition. 

An alternate choice would be to use a static pressure boundary condition. However, 

based on the study of exit boundary conditions and downstream channel lengths, the 

static pressure boundary condition does not give more accurate results. An additional 

investigation of the wave boundary condition was performed to examine the sensitivity of 

the measured cylinder quantities with the value of the wave speed, c, A comparison of 

the wave speed, c, shows that the results are not affected when the average inlet velocity 

is replaced with the local velocity. These results demonstrate that the exit channel plane 

is sufficiently far downstream and does not affect the results upstream in the channel near 

the cylinder(s). However, the vorticity and pressure fields are affected at the edges of the 

exit plane where the velocity is overcorrected by using an average value of the inlet 

velocity for the wave speed. The results confirm that a local velocity value should be 

used for the wave speed to allow a smooth transition across the entire exit plane. 

5.4 Parameters Investigated 

The instantaneous values of the drag and lift coefficients and the Nusselt number 

on the heated cylinder are calculated at each time step and plotted versus time. The time-

averaged and rms values of these quantities are also determined for each case. The time 

histories of the drag and lift coefficients and of the transverse velocity in the cylinder 
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wake are used to determine the cylinder shedding frequency. A shedding cycle is 

composed of a pair of opposite signed vortices being shed from the downstream cylinder. 

The number of shedding cycles that are produced depends on the number of cylinders, 

the cylinder(s) position in the channel and the inlet velocity profile. The number of 

shedding cycles that are used to determine the time-averaged quantities in this 

investigation range fi*om a minimum and maximum of 44 and 140, respectively, over a 

calculation period of S seconds. 

The time-averaged value for a quantity is determined by summing up the 

quantities at each time step and dividing by the total number of time steps in the 

calculation. A sufficient amount of time is needed to ensure that the time-averaged 

values are independent of the time span and to guarantee that initial flow transients are 

not included in the averaging procedure. In addition to being used as a criterion for grid 

and time-step independence, the rms deviation gives a measure of the amplitude of the 

unsteady cylinder wake oscillations. The equations used to determine the time-averaged 

value and the rms deviation for a quantity are given by: 

The time-averaged Nusselt number for each surface of the heated cylinder as well 

as the total time-averaged cylinder Nusselt number is also determined. The time-

averaged Nusselt number for a surface is found by first determining the surface-averaged 

VI/ - -^<=1 ' 
^ monn . _ mean (5.2) 

(5.3) 
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Nusselt number, by averaging the local Nusselt numbers over a surface, and subsequently 

averaging these values over time. The Nusselt nimiber is defined in this study as: 

N u = ^  ( 5 . 4 )  
k 

where h is the convection heat transfer coefficient and k is the thermal conductivity of the 

fluid. The channel inlet temperature is used as the reference temperature in the 

calculation of the heat transfer coefficient. 

The viscous and pressure forces acting on the cylinder are used to calculate the 

drag and lift coefficients. The drag and lift coefHcients are defined as: 

Co = , (5.5) 

Ci^ = , (5.6) 

where Fd  and Fl  are the drag and lift forces exerted by the fluid on the cylinder, 

respectively. These forces are found by integrating the pressure and viscous shear forces 

over the surface of the cylinder. The drag and lift forces due to viscous stresses are 

observed to be small in comparison to the drag and lift forces due to the pressure force. 

These forces are determined with the following expressions: 

= Jf [̂ r W + + Jf' [Pf (y) - {y)]dy (5.7) 

iy)\dy +\pa W - pt (5.8) 

where T(X) is the shear stress acting on the top and bottom cylinder surfaces and T(y) is 

the shear stress acting on the fi'ont and rear cylinder surfaces. 
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A Fast-Fourier transform of the time series for the drag and lift coefficients and 

the cylinder wake cross-stream velocity is used to determine the eddy-shedding Strouhal 

number. The Strouhal number is calculated with the following equation: 

= ^ (5.9) 
uo  

where f is the frequency of the dominant flow oscillation in the wake of the cylinder. 

5.5 Computational Grids 

A grid independence study is performed to determine the correct grid structure for 

flow over a single square cylinder in a channel. A detailed discussion providing the 

numerical accuracy for the different grids used in this study is given in Chapter 4. Four 

non-uniform grid structures are evaluated for the single cylinder configuration. An 

examination of the time-averaged and rms values for quantities such as the drag and lift 

coefficients and the Nusselt number indicates that a grid of 172 x 114 nodes is adequate 

for capturing the unsteady flow features. A grid size of 188 x 114 nodes is used for both 

the inline and offset cylinder configurations. The grid structures for the tandem 

arrangements are based on the single cylinder studies and no grid independent studies are 

done. Additional grids are used to incorporate the eddy-promoter in the computational 

domain while keeping the grid distribution around the primary cylinder unchanged. 

5.5 Single Square Cylinder 

The results obtained from the numerical calculations of laminar flow past a single 

heated square cylinder in a chaimel for a Reynolds of 500 are presented in this section. 

Numerical calculations are performed for six cases, which are summarized in Table 5.1. 
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Uniform and parabolic inlet velocity conditions are investigated and differences in the 

flow and heat transfer characteristics are discussed. An investigation of the effects of the 

wall proximity on the cylinder is then performed. The heated cylinder is initially placed 

at the center of the channel (a = 0.431), and then at a location midway to the upper wall 

(a = 0.216), and finally at a location near the wall (a = 0.108). Figure 5.2a shows the 

non-uniform grid structure used for a single square cylinder in a chaimel with a = 0.431. 

The non-uniform grid structures used for a single cylinder in a channel with a = 0.216 

and a = 0.108 are shown in Figs. 5.2b and 5.2c, respectively. 

Issues motivating the present study are: (1) How does a uniform inlet velocity 

profile compare to a parabolic inlet velocity profile in heat transfer removal from the 

cylinder? (2) How does the proximity to a bounding wall affect eddy shedding firom a 

square cylinder? (3) How does the flow unsteadiness affect the heat transfer from the 

cylinder? The present research seeks to clarify these questions while recognizing that 

this study is only a partial contribution to a larger systematic investigation. Ultimately, 

the objective is to develop robust rules for the optimum thermal layout of electronic 

components in convectively cooled configurations. 

5.5.1 Single Cylinder in Uniform Flow 

Visualization of a single heated square cylinder in a chaimel with a uniform inlet 

velocity profile is performed with plots of the velocity vectors, particle streaklines, and 

vorticity and temperature contours in Figs. 5.3 through 5.7. Figure 5.3a shows the 

velocity vectors for a single heated cylinder in a channel with a uniform inlet velocity 

profile. The unsteadmess in the wake of the cylinder is clearly evident by the undulating 
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velocity vector profiles. A recirculating region is visible immediately downstream of the 

cylinder where vortices form and detach. The particle streaklines, depicted in Fig. 5.3b, 

show the complicated nature of the flow downstream of the cylinder. The particles 

accumulate in the vortices that form behind the cylinder, which are then convected 

downstream and connected by a trail of particles. Figures S.3c and 5.3d show contours 

for the vorticity and the temperature fields, respectively. The close resemblance between 

the two plots indicates that the energy convected away from the cylinder surface is bound 

tightly inside the vortices. A strong interaction between the vortices being shed and the 

channel wall boundary layers is observed in Fig. 5.3c. 

Figures 5.4 and 5.5 show plots of the unsteady flow fields for a cylinder 

approaching the upper channel wall. Velocity vector plots for a single cylinder situated 

at a = 0.216 and a = 0.108 are shown in Figs. 5.4a and 5.5a, respectively. An undulating 

motion in the velocity vector fields similar to the previous velocity vector plot can also be 

observed in these figures. Particle streaklines in Fig. 5.4b show that the number of 

vortices shed from the cylinder is reduced by moving the cylinder off-center to a = 0.216. 

The vorticity and temperature contour plots shown in Figs. 5.4c and 5.4d, respectively, 

demonstrate the effective transport of energy away fi'om the cylinder by the vorticity 

field. The vorticity contour plot shows a strong interaction between the vortices and the 

upper channel wall boundary layer. This interaction occurs within two cylinder 

diameters downstream of the cylinder. A comparison of Figs. 5.4c and 5.4d clearly 

shows that some of the vortices in the flow are extracted firom the boundary layer on the 

upper wall. This is evident in that no energy is transported by the vortices dislodged 
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from the boundary layer. When the cylinder is placed near the upper wall of the channel 

with a = 0.108, the boundary layer is disrupted immediately downstream of the cylinder. 

A large reduction in the velocity magnitude occurs near the wall downstream of the 

cylinder as seen in Figure 5.5a. This reduction in the velocity field results in an 

accumulation of particles near the upper wall as shown in Fig. 5.5b. An examination of 

Fig. 5.5b reveals that a strong flow of fluid emanates from between the top surface of the 

cylinder and the upper wall. This flow jets downward and outward sending particles into 

die central region of the channel. The presence of the cylinder tends to channel the flow 

between its top surface and the wall. This causes the fluid to accelerate in the narrow 

gap, as observed in plots of the streamlines and cross-sectional velocity profiles shown in 

Figs. 5.6 and 5.7, respectively. The streamlines in Fig. 5.6 show the complicated nature 

of the flow around the cylinder. A recirculating region forms on the wall immediately 

downstream of the cylinder as the flow separates from the wall. Cross-sectional velocity 

profiles at the leading edge, at the center, and at the trailing edge of the heated cylinder 

are shown in Fig. 5.7. The velocity of the fluid in the narrow gap accelerates to a 

velocity greater than the velocity in the space between the bottom surface of the cylinder 

and the lower channel wall. The similarity between Figs. 5.5c and 5.5d indicates that 

thermal energy removed from the cylinder is strongly bound by the vortices being shed. 

This conclusion is supported by Fig. 5.5d, which shows that no energy is allowed to 

diffuse into the low velocity region near the wall. An examination of Fig. 5.5c shows 

that the vortex sheet formed on the top surface of the cylinder (clockwise) jets downward 

and outward severing the vortex sheet formed on the bottom surface of the cylinder 
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(counterclockwise). This cloclcwise vortex remains on the bottom of the vortex pair as 

they interact with one another and are advected downstream. 

5.5.2 Single Cylinder in Parabolic Flow 

Figures 5.8 through 5.13 show the flow field for a single heated cylinder with a 

parabolic inlet velocity profile. The cylinder is positioned in the same locations as the 

previous cases for the uniform flow configurations. For a uniform approach velocity 

profile, the dominant effect observed is the transition from a channel-centered situation, 

in which the time-mean flow deflection is symmetric, to the asymmetric flow state 

encountered as the cylinder is displaced towards the wall. However, when a cylinder is 

placed at the center of a charmei with a parabolic inlet velocity profile, the cylinder 

experiences a maximum velocity causing maximum shear. As the cylinder is moved 

towards the wall, it experiences a lower mean velocity therefore producing lower shear. 

When placed off-center, the surface of the cylinder closest to the channel wall encounters 

a lower average fluid velocity than the opposite surface. 

Figure 5.8a shows the velocity vectors for a charmel-centered heated cylinder. 

The oscillations of the velocity vectors confirm the unsteadiness of the flow field. Except 

for the parabolic inlet velocity profile, the velocity vector plot looks similar to that for a 

single cylinder in a uniform flow as shown in Fig. 5.3a. Differences in the behavior 

between a parabolic and a uniform inlet velocity profile can be seen in plots of the 

particle streaklines presented in Figs. 5.3b and 5.8b. Larger, more coherent vortices are 

visible in the uniform flow configuration, while smaller, highly distorted vortices appear 

in the parabolic flow simulation. Vorticity and temperature contours for the single 
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cylinder are shown in Figs. 5.8c and 5.8d, respectively. The amplitude of the flow 

oscillations resulting &om vortex shedding is large enough to distort the boundary layers 

on the channel walls downstream of the cylinder. Wake-wall interactions are apparent 

six cylinder diameters downstream of the cylinder. 

Figures 5.9a and 5.9b show plots of the velocity vectors and particle streaklines, 

respectively, for a single cylinder in a channel with a = 0.216. Plots of the particle 

streaklines in Figs. 5.4b and 5.9b, for uniform and parabolic velocity profiles, 

respectively, show a difference in the behavior of the flow. In a uniform flow, vortices of 

comparable strength are formed on both the top and bottom cylinder surfaces. However, 

the reduced mean velocity diminishes the strength of vortices shed firom the top surface 

of a cylinder in a parabolic flow. A close examination of Fig. 5.9c shows that only 

counterclockwise vortices formed on the bottom cylinder surface exit the channel. The 

weaker, clockwise vortices formed on the top cylinder surface are distorted and diffuse 

quickly into the surrounding fluid. The presence of the cylinder significantly affects the 

upper channel wall boundary layer within three cylinder diameters. Most of the thermal 

energy removed from the cylinder is carried away by the counterclockwise vortices as 

shown in Fig. 5.9d. 

A plot of the velocity vectors for a square cylinder located at a = 0.108 is given in 

Fig. 5.10a. The interaction between the wake and the boundary layer occurs almost 

immediately downstream of the cylinder for this near-wall location. Unlike the particles 

in Fig. 5.5b, which are convected into the central region of the channel, an examination 

of Fig. 5.10b shows that particles flowing through the narrow gap remain close to the 
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wall downstream of the cylinder. A marked contrast in the vorticity field can be seen in 

Figs. 5.5c and 5.10c. Vorticity of opposite signs is shed from the cylinder in Fig. 5.5c 

while vorticity of only one sign is shed from the cylinder and advected downstream in 

Fig. 5.10c. The weak clockwise vortex formed behind the heated cylinder is distorted by 

the stronger counterclockwise vortex and quickly diffuses into the fluid. Most of the 

energy is carried downstream by the counterclockwise vortices as shown in Fig. 5.10d. 

Plots of the streamlines and cross-sectional velocity profiles demonstrate that the 

cylinder tends to channel flow in the narrow gap between the top cylinder surface and the 

upper channel wall as shown in Figs. 5.11 and 5.12, respectively. The streamline plot in 

Fig. 5.11 shows the flow structure in the vicinity of the cylinder. Cross-sectional velocity 

profiles in Fig. 5.12 show the flow at the leading edge, at the center, and at the trailing 

edge of the cylinder. This flow jets downward and outward, as seen in Fig, 10a, severing 

the vortex sheet formed on the bottom surface of the cylinder. Temperature contours in 

Fig. 5.10d show a close resemblance to the vorticity contour plot in Fig. 5.10c as 

expected. The occurrence of low frequency "beating" is observed for a single cylinder 

with a = 0.108. This event is characterized by the low frequency variation in the 

amplitude of cylinder quantities, such as the lift and drag coefficients, with time. (This 

behavior is best seen in the time records of the unsteady drag and lift coefficients shown 

in Fig. 5,25). Higher fi'equency cycles, due to vortex shedding from the cylinder, are 

superimposed on the longer cycle. The plots shown in Fig. 5.10 depict the flow during a 

"low" in the amplitude variations, corresponding to a time of around 0.1 to 0.2 seconds in 

Fig, 5.25, discussed below. An increase in the positive lift on the cylinder, indicating an 
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increase in the flow velocity in the gap, occurs during a crest in the low-frequency cycle, 

corresponding to a time of about 0.6 to 0.7 seconds in Fig. 5.25. The accelerated flow in 

the gap produces a strong jet, which firmly severs and rotates the vortex sheet forming on 

the bottom surface of the cylinder. This mechanism is responsible for producing the 

highly coherent vortex structures shown in Fig. 5.13. 

5.5.3 Phase-Space Representation 

This section presents a dynamic characterization of the flow past a single square 

cylinder in a channel. The non-dimensional cross-stream velocity and the non-

dimensional streamwise velocity components are used to create the phase-space plots. 

The velocity components are measured at a location centered on the mid-plane of the 

heated cylinder and located one-and-a-half cylinder diameters downstream of the primary 

cylinder. The phase-space plots use data from a 5-second interval for the six cylinder 

cases studied. The phase-space plots are used to qualitatively investigate the flow 

dynamics and to determine whether the flow is steady periodic, quasi-periodic, or 

aperiodic and chaotic. A trajectory path that follows a single closed loop or nearly closed 

loops represents an unsteady periodic or unsteady quasi-periodic flow while a trajectory 

path with a complicated appearance represents an unsteady aperiodic and chaotic flow 

(Majumdar, et al. (1992)). 

Figure 5.14 shows the phase-space plot for a single cylinder centered in a channel 

with a uniform inlet velocity profile. The trajectory follows a multitude of curves with 

nearly the same shape indicating a quasi-periodic flow. However, when the cylinder is 

moved closer to the upper channel wall (a = 0.216), the trajectory becomes highly 
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disorganized and unpredictable as shown in Fig. 5.15, indicating an aperiodic and chaotic 

flow state. Figure 5.16 represents the phase-space plot for a single cylinder placed near 

the wall (a = 0.108). The trajectory follows two well-defined paths, which indicates that 

the flow is highly periodic. Figure 5.5c shows the formation of highly periodic and 

coherent vortex pairs in the wake of the cylinder confirming the results of the phase-

space plot. 

The phase-space plot for a single cylinder in a channel with a parabolic inlet 

velocity profile is shown in Fig. 5.17. Although highly convoluted, the paths formed 

seem to follow a similar pattern, which indicates that the flow is quasi-periodic to chaotic 

in nature. A similar conclusion can be made about the phase-space plot in Fig. 5.18 for a 

single cylinder in a parabolic flow with a = 0.216. The trajectory is non-repeating but 

has a distinct pattern, which indicates that the flow is in the quasi-periodic to chaotic flow 

regime. Figure 5.19 shows the phase-space plot for a single square cylinder placed near 

the wall with a = 0.108. The phase-space trajectory follows winding non-repeating loops 

with similar appearances indicating that the flow is quasi-periodic to chaotic. A more 

complete discussion about the behavior of this flow is given later in this chapter. 

5.5.4 Drag and Lift Coefficients 

Time histories of the drag and lift coefficients for a single cylinder with uniform 

and parabolic inlet velocity profiles are presented in Figs. 5.20 through 5.25. The 

behavior of the drag and lift curves is correlated to the flow regime found with the phase-

space plots. All of the drag and lift traces display a highly complicated nonlinear 

behavior. Figure 5.20 presents the drag and lift traces for a single cylinder centered in a 
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channel with a uniform inlet velocity profile. The drag and lift traces appear to repeat but 

a careful examination reveals that the curves are quasi-periodic. This results in multiple 

loops tracing out a similar pattern in the phase-space plot in Fig. 5.14. A careful study 

reveals that the average lift coefHcient value may switch signs, depending on how the 

flow is initiated, leading to the hypothesis that an asymmetric solution exists due to a 

bifurcation m the flow. Figure 5.21 shows the drag and lift traces for a single cylinder 

with a uniform inlet velocity profile located at a = 0.216. The traces appear irregular and 

chaotic signifying an aperiodic flow as predicted by the phase-space plot in Fig. 5.15. 

When the cylinder is placed at a = 0.108, the drag and lift curves in Fig. 5.22 show the 

periodicity of the flow. Although difficult to detect, the peak-to-peak values for both the 

lift and drag curves vary minutely. This variation results in the two well-defined loops in 

the phase-space plot in Fig. 5.16. This information also reveals that the flow advances 

through two vortex-shedding cycles before it repeats itself 

Figure 5.23 shows the drag and lift traces for a single cylinder with a parabolic 

inlet velocity profile. A slight tendency for repeated patterns exists, but the phase-space 

ttajectory in Fig. 5.17 shows that the flow is quasi-periodic to chaotic in character. This 

is in contrast to the flow for a cylinder with a uniform inlet velocity profile, which is 

classified as a quasi-periodic flow. Fig. 5.24 shows the time history of the drag and lift 

coefficients for a cylinder located at a = 0.216. The flow has similar characteristics to 

the channel-centered cylinder, which shows non-repeating patterns. A review of the 

phase-space plot in Fig. 5.18 indicates that the flow is quasi-periodic to chaotic in nature. 

Very interesting behavior is visible in the time series of the lift and drag coefficients in 
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Fig. 5.25. The "beating" effect is characterized by high frequency, variable-amplitude 

oscillations enveloped in a low frequency "pulse." The behavior of the "pulse" is 

dependent on the flow velocity in the gap between the top cylinder surface and the upper 

channel wall. The "pulse" progresses from low velocity, low amplitude cycles through 

high velocity, high amplitude oscillations in the trace of the lift coefficient. An increase 

In the drag, during the high amplitude cycles, is due to the increased shear stress on the 

top surface of the cylinder. Weak, non-coherent vortices are formed during the low 

amplitude cycles, while highly coherent vortices are formed during the high amplitude 

cycles, which are shown in Figs. 5.10 and 5.13, respectively. This highly complicated 

flow requires further study to understand and is a topic for future work. 

S.5.5 Instantaneous Nusselt Number 

Figures 5.26 through 5.31 show the instantaneous Nusselt number for each 

surface of a single heated cylinder with uniform and parabolic inlet velocity profiles. The 

behavior of the time series closely follows those for the corresponding drag and lift traces 

presented in the previous section. The front cylinder surface consistently displays the 

highest Nusselt number, the rear surface always has the second largest value, followed by 

the top and bottom cylinder surfaces, whose Nusselt number differs as the wall is 

approached. For a uniform velocity profile, the Nusseh number traces on the front 

cylinder surface have a similar value, as seen in Figs. 5.26 through 5.28. Figure 5.29 

shows that the front surface of a channel-centered cylinder in a parabolic flow displays 

the highest Nusselt number. In Fig. 5.30, the Nusselt number decreases to a value similar 

to the uniform flow cases, and then decreases to a minimum value near the wall as shown 
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in Fig. 5.31. Because the top, bottom, and rear cylinder surfaces are cooled by an 

alternating separating and reattaching flow whose magnitude is coupled to the amplitude 

of the downstream transverse wake fluctuations, it is expected that the convective heat 

transfer from these surfaces exhibits the greatest degree of unsteadiness. Indeed this is 

seen in Figs. 5.26 through 5.31. The fluctuations of the Nusselt number on the rear 

surface are significantly higher than the values for the other surfaces for all of the cases. 

Figures 5.28 and 5.31 show that the presence of the wall significantly dampens the 

amplitude of the fluctuations in the Nusselt number. This is also observed in the plots of 

the instantaneous drag and lift coefficients. Figures 5.26 and 5,29 show a notable 

difference in the amplitude of the traces for the top and bottom cylinder surfaces for 

square cylinders centered in the channel. This is evidence of the asymmetry caused by a 

flow bifurcation, which is discussed in Chapter 6. 

5.5.6 Cross-Stream Velocity and Power Spectrum 

Time histories of the instantaneous cross-stream velocities and the corresponding 

power spectra for a single cylinder in a chaimel are shown in Figs. 5.32 through 5.43. 

The cross-stream velocity component is chosen to determine the shedding frequency of 

the cylinder because it captures the transverse fluctuations in the wake of the cylinder. 

The velocity is monitored at a point centered on the cylinder and located one-and-a-half 

cylinder diameters downstream of the cylinder. A Fast-Fourier transform of the time-

series data is used to produce a power spectrum of the cross-stream velocity. The highest 

and lowest frequencies that can be resolved in the flow are about 400 Hz and 0.6 Hz, 

respectively, which correspond to wavelengths on the order of 20 time steps and one-
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third of a sampling period, respectively. A qualitative description of the fluctuating 

velocity is given and the corresponding power spectrum is associated with the appropriate 

phase-space plot. 

The cross-stream velocity trace for a single, charmel-centered cylinder in a 

uniform flow is shown in Fig. 5.32. The frequency of the wake oscillations shown in the 

1-second interval corresponds to a Strouhal number of 0.208 in Fig. 5.33. The presence 

of this well-defined peak in the power spectrum supports earlier observations of a nearly 

periodic flow. A subharmonic peak, with a Strouhal number of one-half of the dominant 

wake frequency, is also shown in Fig. 5.33. This lower frequency corresponds to the pair 

of alternating high and low amplitude cycles visible in Fig. 5.32. The higher harmonics 

in the power spectrum plot result from "dimpling" in the peaks of the larger cycles. The 

sharp peaks with small "spikes" around the base in the power spectrum plot correspond to 

multiple loops with a well deflned pattern in the phase-space plot in Fig. 5.14. When the 

cylinder is placed closer to the wall with a = 0.216, the wake oscillations become more 

disorganized as shown in Fig. 5.34. This results in a broadening of the spectrum shown 

in Fig. 5.35, which indicates vortex shedding at several frequencies. This also produces 

the complicated spiraling loops present in Fig. 5.15. This cylinder configuration still 

possesses a clear dominant vortex-shedding frequency, which yields a Strouhal number 

of 0.112. This reduction in the vortex-shedding frequency is qualitatively observed by 

comparing Figs. 5.3b and 5.4b. As concluded earlier, the presence of the wall stabilizes 

the flow when the cylinder is located at a = 0.108. This is evident by the highly periodic 

cycles for the cross-stream velocity in Fig. 5.36. This periodic flow produces a very 
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dominant and narrow peak with a Strouhal number of0.202 in Fig. 5.37. A slight "kink" 

in each cycle of the cross-stream velocity creates a small harmonic peak at a Strouhal 

number near 0.4 in Fig. 5.37. Small peak-to-peak variations in the velocity cycles 

produce a minute peak near a Strouhal number of 0.1 and the well-defined, double loop 

shown in Fig. 5.16. 

The cross-stream velocity trace for a single, channel-centered cylinder in a 

parabolic flow is shown in Fig. 5.38. The trace exhibits a quasi-periodic behavior, which 

partly confirms the prediction made by analyzing the phase-space plot in Fig. 5.17. The 

flow regime also exhibits a broad-based frequency spectrum indicative of chaotic flows. 

The single dominant peak corresponds to a Strouhal number of 0.242 in Fig. 5.39. When 

the cylinder is placed midway to the wall (a = 0.216), a trace with similar characteristics 

to the charmel-centered case is produced as shown in Fig. 5.40. Figure 5.41 shows a 

dominant peak with a Strouhal number of 0.171 sunounded by smaller peaks within a 

broad interval. The results of the power spectrum analysis indicate that the flow is quasi-

periodic to chaotic. This is in agreement with the phase-space plot shown in Fig. 5.18, 

which shows a random trajectory path. Figure 5.42 shows the velocity U-ace for a single 

square cylinder placed near the wall with a = 0.108. The low frequency "beating" 

produces a few peaks around a Strouhal number of 0.02 in Fig. 5.43. This confirms the 

presence of a variation in the wavelength of the low frequency cycles. The eddy-

shedding frequency produces a dominant peak with a Strouhal number of 0.136. The 

narrow peaks with smaller spikes near the base in the power spectrum characterize the 

flow as quasi-periodic. The decrease in the shedding frequencies of the cylinder for the 
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three locations approaching the upper channel wall shows a clear dependence on the local 

mean velocity. 

5.5.7 Summary of Earlier Work 

The previous sections presented mostly graphical information for the results of a 

single cylinder in a channel. The current section presents time-averaged information for 

the quantities investigated and compares them to an earlier companion study performed 

by Devarakonda (1994). The numerical code, CUTEFLOWS (Computing Unsteady 

Three-dimensional Elliptic FLOWS), was used to perform the numerical studies in the 

earlier investigation. The code is an unsteady, three-dimensional, Navier-Stokes solver 

that is fully explicit in time and second-order accurate in both space and time. The 

problem geometry in both studies is identical except for the downstream channel length, 

which is longer in this study. A comparison of the results for both studies and a 

discussion of the differences are presented. 

Figure 5.44 compares the Strouhal number value for a single heated cylinder in a 

channel with a uniform inlet velocity profile. When the cylinder is centered in the 

channel, the current study predicts a value of 0.208. The earlier study predicts a value of 

about 0.16, which differs from the current value by 23%. Both studies display a decrease 

in the Strouhal number, as the cylinder is moved off-center, followed by an increase as it 

approaches the channel wall. The near-wall values compare well, but large differences in 

the Strouhal number exist for the intermediate locations. This discrepancy is believed to 

occur because of the lack of grid refinement in the previous study. Due to more limited 

computer resources in the previous investigation, a grid structure of only 144 x 92 nodes 
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was used in the study, as compared to the 172 x 114 nodes used in the current analysis. 

A comparison of the drag coefficients in Fig. 5.45 shows good agreement between the 

two studies. The largest variation in the drag coefficient occurs for the channel-centered 

configuration, which differs by only 9.6%. Figure 5.46 shows a comparison of the lift 

coefficient for the two studies. The earlier study shows that the lift on the cylinder 

changes very little as the wall is approached, while a noticeable increase in the lift is 

observed in the current investigation. The non-zero value for the lift on the channel-

centered cylinder, in the current investigation, is the result of a biftircation allowing two, 

very similar, flow fields as discussed in Chapter 6. A final comparison between the two 

studies Is made for the heat transfer coefficient on the cylinder as shown in Fig. 5.47. 

When centered in the channel, the Nusselt number compares very well, however, as the 

wall is approached the curves deviate and differ by approximately 9.4% near the wall. 

The results from the two studies agree reasonably well with each other, although 

noticeable discrepancies are seen in the Strouhal number curves. 

5.5.8 Effects of Wall Proximity 

Figure 5.48 shows the Strouhal number for a single cylinder with uniform and 

parabolic inlet velocity profiles. When the cylinder is centered in the channel, Strouhal 

numbers of 0.208 and 0.242 are found for the uniform and parabolic flows, respectively. 

As the cylinder approaches the wall, a linear decrease in the Strouhal number is observed 

for the cylinder in a parabolic flow. Placing the cylinder midway to the upper wall with 

a = 0.216 causes an appreciable drop in the Strouhal number for the uniform flow case. 

When placed next to the wall with a = 0.108, the Strouhal number increases to a value 
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comparable to the channel-centered position. The behavior of the Strouhal number in a 

parabolic flow is attributed to the decreasing mean velocity as the wall is approached. 

However, this trend is clearly not observed for the cylinder in a uniform flow. The 

behavior observed appears to be coupled to the flow asymmetry produced when the 

cylinder is offset from the center of the channel and the proximity to the upper wall. 

Figure 5.49 shows the time-averaged and rms values of the drag coefficient for a 

single cylinder with uniform and parabolic inlet velocity profiles. A constant approach 

velocity on the front cylinder surface in a unifomi flow produces an almost constant drag 

on the cylinder. The rms value remains similarly constant, which is indicative of 

comparable wake oscillation amplitudes for the different cylinder positions. As expected, 

the decreasing approach velocity in a parabolic flow causes a decrease in the drag and 

rms values as the cylinder approaches the wall. In the channel-centered location, the 

cylinder experiences a considerably larger drag in a parabolic flow. The drag coefficients 

are 2.70 and 4.88 in uniform and parabolic flows, respectively. The drag values are 

comparable when the cylinder is located at a = 0.216, and larger in a uniform flow when 

positioned at a = 0.108. This large decrease in the drag coefficient in a parabolic flow is 

clearly due to the reduced mean velocity near the wall. 

Figure 5.50 shows the time-averaged and rms values of the lift coefficient for a 

single cylinder with uniform and parabolic inlet velocity profiles. In the channel-

centered position, both inlet velocity profiles produce a small but noticeable lift on the 

cylinder with signs dependent on the asymmetric solution due to a flow bifurcation. In a 

parabolic flow, the displacement of the cylinder towards the upper channel wall produces 
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a negative lift on the cylinder. This negative lift is due to the presence of a higher 

velocity, lower pressure fluid on the bottom surface of the cylinder. This trend is 

observed in Fig. 5.50. In a uniform approach velocity, the displacement of the cylinder 

towards the upper channel wall causes an acceleration of the flow m the reduced gap 

between the top cylinder surface and the upper channel wall. The acceleration of the 

velocity produces a positive lift on the cylinder. The strength of vortex shedding is only 

minimally reduced in a uniform flow causing a gradual decrease in the rms value for the 

lift coefficient. In contrast, a large reduction in the strength of the vortices shed from the 

cylinder is observed for a parabolic flow. This reduction results in a large decrease in the 

rms value for the lift coefficient. 

Figure 5.51 shows the time-averaged and rms values of the Nusselt number for a 

single cylinder with uniform and parabolic inlet velocity profiles. The Nusselt number 

and the rms decrease gradually as the wall is approached for a cylinder with a parabolic 

inlet velocity profile. However, a cylinder with a uniform inlet velocity profile has an 

almost constant Nusselt number and rms. This consistency is due to the essentially 

unchanging approach velocity experienced by the cylinder in a uniform flow. When 

centered in the channel, the higher approach velocity in the parabolic flow produces a 

larger overall cylinder Nusselt number. A comparable value for the Nusselt number is 

obtained for a = 0.216. When placed near the wall with a = 0.108, the reduced mean 

velocity in the parabolic flow gives a lower overall cylinder Nusselt number. 

Figures 5.52 and 5.53 show the time-averaged and rms values, respectively, of the 

Nusselt number for each surface of a single cylinder with a uniform inlet velocity profile. 
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The Nusselt number on the front cylinder surface always has the largest value and 

remains almost constant as the cylinder is moved towards the wall. This consistency in 

the Nusselt number is due to the unchanging approach velocity impinging on the front 

surface. The Nusselt number on the rear surface of the cylinder initially increases when 

displaced from the center of the channel and then decreases when placed near the wall. 

The rear surface always has the second largest Nusselt number, which approaches the 

value on the top surface when located next to the wall. The top and bottom surface 

Nusselt numbers differ in value when the cylinder is located in the center of the channel 

because of a flow bifurcation. When the cylinder is moved towards the wall, the Nusselt 

number on the bottom surface remains nearly constant because it is located in a constant 

fluid velocity. In contrast, the top surface displays an appreciable increase in the Nusselt 

number near the wall with a value 23.5% larger than the bottom surface. This increase is 

due to the acceleration of the flow over the top surface as the wall is approached. 

Evidence for the acceleration of the flow in the narrow gap between the top cylinder 

surface and the upper channel wall is given in Fig. S.7. The rms of the Nusselt number 

on the front cylinder surface, Fig. 5.53, shows minimal change as the cylinder is 

positioned closer to the wall. This explains the steadiness observed in the value of the 

Nusselt number on this surface. The rms value for the Nusselt number on the rear surface 

follows the same trend observed for the time-averaged value. The large increase in the 

rms value at a = 0.216 produces an increase in the time-average Nusselt number. A 

noticeable discrepancy in the rms values for the top and bottom cylinder surfaces for a 
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channel-centered arrangement is a consequence of a flow bifurcation. Evidence for the 

reversal of the Nusselt numbers on the top and bottom surfaces is presented in Chapter 6. 

Figures 5.54 and 5.55 show the time-averaged and rms values of the Nusselt 

number for each surface of a single cylinder with a parabolic inlet velocity profile. A 

gradual decrease in the Nusselt number is observed for all of the surfaces, as the cylinder 

is placed closer to the wall. The front surface consistently displays the highest Nusselt 

number, which drops from a value of 20.8 at a = 0.431 to a value of 15.8 at a = 0.108. 

The value of the rear cylinder surface always has the second largest Nusselt number. The 

top and bottom cylinder surfaces have comparable values of the Nusselt number when the 

cylinder is centered in the channel. Because of the difference in the mean approach 

velocity experienced by each surface, the Nusselt numbers begin to deviate as the wall is 

approached. The bottom surface exhibits a larger Nusselt number because of the higher 

velocity fluid towards the center of the channel. As expected, the rms values for the 

Nusselt number of each cylinder surface also decrease as the cylinder is moved towards 

the wall as shown in Fig. 5.55. Minimal to moderate decreases for the rms values are 

observed for the front surface and the top and bottom surfaces of the cylinder, 

respectively. However, a significant decrease in the rms value is observed for the rear 

cylinder surface, which drops from 4.2 at a = 0.431 to 0.57 at a = 0.108. This reduction 

in the values of the rms deviation is consistent with the results obtained for the drag and 

lift coefficients. 
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5.6 Inline Tandem Square Cylinders 

This section presents the numerical results for an inline tandem pair of square 

cylinders in a channel. A total of six cases are numerically investigated, as summarized 

in Table 1. Both uniform and parabolic inlet velocity profiles are studied. The primary, 

heated square cylinder is located in the same three positions investigated in the single 

cylinder configurations. The cylinder pair is initially centered in the channel with the top 

and bottom surfaces held parallel to the upper and lower channel walls. The cylinder pair 

is then successively moved closer to the upper channel wall by decreasing the distance 

between the top surface of the cylinders and the wall. The upstream, eddy-promoting 

cylinder is centered between the top and bottom cylinder surfaces (inline) and has a Hxed 

eddy-promoter-to-primary-cylinder length-scale ratio. The non-uniform grid structures 

used in the investigation of the inline tandem square cylinders are shown in Fig. 5.56. 

Issues motivating the present study are: (1) How do inline tandem square cylinders 

compare to single square cylinders in heat transfer removal? (2) How does a uniform 

inlet velocity profile compare to a parabolic inlet velocity profile for a tandem cylinder 

configuration? (3) How does the addition of an upstream eddy promoter affect eddy 

shedding from the primary cylinder in close proximity to a channel wall? 

5.6.1 Tandem Cylinders in Uniform Flow 

Figures 5.57 through 5.61 show plots of the velocity vectors, particle streaklines, 

and vorticity and temperature contours for an inline tandem pair of cylinders in a uniform 

flow. Figure 5.57a shows the velocity vectors for a cylinder pair centered in a chaimel. 

The unsteady, undulating motion in the vector field is confined to a narrow path along the 
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center of the channel. Also, a region of recirculating flow develops between the two 

cylinders. Particle streaklines in Fig. 5.57b show that no particles become trapped in the 

recirculating flow between the two cylinders indicating that little if any fluid is 

exchanged with the outer channel flow. The particles are bound in the shedding vortices 

and are carried downstream in a well-structured vortex street. Figures 5.57c and 5.57d 

show contours of the vorticity and temperature fields, respectively. A pair of bound 

symmetric vortices develops between the two cylinders. The vorticity contours show that 

the boundar>' layers on the channel walls are only minimally disturbed by the presence of 

the tandem cylinder pair. The energy from the heated cylinder is removed and convected 

downstream by the shed vortices and is also transferred upstream into the bound, 

recirculating eddies. Figure 5.58a shows the velocity vectors for a tandem cylinder pair 

with a = 0.216. Oscillations in the velocity vectors are present in a larger portion of the 

channel for this case. A close examination of the vector field reveals that vortex 

shedding from the upstream eddy promoter has now appeared. This is clearly evident in 

Fig. 5.58b, which shows an accumulation of particles between the two cylinders. The 

onset of vortex shedding is due to the asymmetry produced by displacing the cylinder 

pair firom the center of the channel. The vortex street in the vicinity downstream of the 

cylinder shows a resemblance to the channel-centered configuration. However, a strong 

wake-wall interaction quickly disrupts the periodic vortex pattern as shown in Fig. 5.58c. 

The boundary layer on the wall is affected within three cylinder diameters downstream of 

the primary cylinder. Temperature contours in Fig. 5.58d look similar to the vorticity 

field indicating that the energy convected away firom the heated cylinder is held tightly in 
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the shed vortices. Figure 5.59 shows the flow field for a tandem cylinder pair positioned 

close to the wall. A region of low velocity fluid is present near the wall downstream of 

the cylinder as shown in Fig. 5.59a. This reduction in the velocity field is also observed 

for the single cylinder arrangement. Particles that flow around the cylinders accumulate 

in the low velocity region as shown in Fig. 5.59b. A close examination of the particle 

streaklines also shows that particles are being expelled into the center region of the 

channel by a strong jet emanating from the narrow gap between the top cylinder surface 

and the upper chaimel wall. Because most of the particles flow underneath the cylinder, 

the jet becomes visible as a particle-free zone issuing from the narrow gap. The 

clockwise vortex formed on the top cylinder surface streams downward and outward 

severing the counterclockwise vortex sheet formed on the bottom cylinder surface. The 

weaker clockwise vortices remain near the bottom of the vortex pair as they interact with 

each other and are convected downstream. The vortices shed from the upstream eddy 

promoter further complicate the behavior of the flow around the downstream cylinder as 

shown in Fig. 5.59c. The eddy vortices impinge on the front cylinder surface and remove 

energy from the heated cylinder. A counterclockwise vortex can be seen removing 

energy from the lower left comer of the heated cylinder in Fig. 5.59d. The interaction of 

these vortices with the primary cylinder and the wall results in a transfer of energy to the 

near-wall region. Figure 5.60 shows the streamlines around the tandem cylinders. The 

acceleration of the flow in the narrow gap is less than that for a single cylinder, which 

sheds vortices of comparable strength as shown in Fig. 5.5c. The magnitude of the flow 

velocity in the narrow gap is comparable to the velocity in the space between the bottom 
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cylinder surface and the lower channel wall. This is verified with cross-sectional velocity 

profiles at the leading edge, at the center, and at the trailing edge of the primary cylinder 

as shown in Fig, 5.61. In comparison, the flow in the narrow gap for a single cylinder 

accelerates to a much greater velocity than the main channel flow as shown in Fig. 5.7. 

5.6.2 Tandem Cylinders in Parabolic Flow 

Figure 5.62 shows the flow field for a charmel-centered, inline tandem cylinder 

pair with a parabolic inlet velocity profile. The undulations in the velocity vectors are 

confined to a region along the center of the channel in Fig. 5.62a. In contrast to the 

steady symmetric pattern displayed by the bound vortices in the uniform flow case, an 

asymmetry is visible in the flow between the two cylinders in a parabolic flow. A 

discussion of the flow bifiircation that occurs in this flow is given in Chapter 6. A close 

inspection of the particle streaklines in Fig. 5.62b reveals two significant differences 

between uniform and parabolic flows. Firstly, no fluid is exchanged between the main 

flow and the bound region between the two cylinders in a uniform flow. However, there 

is a small exchange of fluid in a parabolic flow, which is confirmed by the presence of a 

few particles between the two cylinders. Secondly, nearly circular vortices that are only 

slightly distorted as they exit the channel are produced in a uniform flow. Whereas the 

vortices produced in a parabolic flow are quickly distorted and strongly elongated when 

they exit the channel. The large mean velocity in the central region of the parabolic 

profile produces a strong shear that causes an elongation of the vortices. This behavior 

can be seen in plots of the vorticity and temperature contours in Figs. 5.62c and 5.62d. 

The vortices quickly difHise because of the interaction with each other leaving only small 
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central vortex cores as they exit the channel. The boundary layers on the channel walls 

are nearly undisturbed by the presence of the tandem cylinder pair. Temperature 

contours merge as they convect downstream because of the strong distortion and 

elongation of the vortices. Figure 5.63a shows the velocity vectors for a tandem cylinder 

pair with a = 0.216. Strong oscillations in the vector field are visible just downstream of 

the primary cylinder. This downstream region exhibits a complicated flow pattem visible 

in the particle streakline plot in Fig. 5.63b. The long particle trails are similar to those 

found for a single cylinder. A complex vorticity field composed of vortices shed fi-om 

both cylinders is shown in Fig. 5.63c. The higher shear on the bottom surface of the 

heated cylinder produces stronger counterclockwise vortices, while only remnants of the 

clockwise vortices persist in the channel downstream of the cylinders. Vortices that are 

shed fi-om the upstream eddy promoter impinge and "roll-over" the downstream heated 

cylinder. The temperature contours in Fig. 5.63d show a close resemblance to the 

particle streakline plot. Figure 5.64 shows the flow field for a tandem pair of cylinders 

placed next to the wall with a = 0.108. The presence of the tandem cylinder pair near the 

wall causes a reduction in the velocity that persists downstream of the cylinders as shown 

in Fig. 5.64a. The streakline plot in Fig. 5.64b shows the "roll-up" and accumulation of 

particles near the wall, which is also observed in Fig. 5.10b. The formation of coherent 

counterclockwise vortices is shown in Fig. 5.64c. A jet of fluid streams downward firom 

the nanow gap between the top cylinder surface and the wall severing the vortex sheet 

formed on the bottom cylinder surface. This is the same mechanism observed for the 

single cylinder case. Only counterclockwise vortices exit the channel as the weak. 
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clocicwise vortices formed on the top cylinder surface quickly dissipate. Figure 5.64d 

shows that nearly all of the energy carried downstream of the cylinder pair is contained in 

the counterclockwise vortices. A complicated streamline pattem around the tandem 

cylinders is shown in Fig. 5.65. The acceleration of the flow in the narrow gap between 

the top surface of the primary cylinder and the upper wall is shown in Figure 5.66. A 

comparison of Figs. 5.12 and 5.66 indicates that the upstream eddy promoter does little to 

augment the velocity of the fluid in the narrow gap. 

5.6.3 Phase-Space Representation 

Figure 5.67 shows the phase-space plot for an inline tandem cylinder pair 

centered in a channel with a uniform inlet velocity profile. The trajectory follows a 

single loop that intersects itself once indicative of a highly periodic flow. This 

periodicity results in the remarkably coherent Vortex Street shown in Fig. 5.57. When 

the tandem cylinder pair is moved to a = 0.216, the flow loses its periodicity and 

becomes quasi-periodic to chaotic. This is visible in the phase-space plot in Fig. 5.68, 

which shows numerous loops that tend to follow a similar path. When placed near the 

wall with a = 0.108, a single cylinder generates a periodic flow downstream of the 

cylinder. However, the addition of an eddy promoter upstream of the cylinder results in 

trajectories with completely erratic paths in Fig. 5.69. The phase-space plot indicates that 

the flow is chaotic, which is supported by the randomly shaped vortices shed from the 

heated cylinder in Fig. 5.59. 

When the channel-centered, tandem cylinder pair is exposed to a parabolic flow, a 

periodic wake develops downstream of the cylinders. A close inspection of the phase-



197 

space plot in Fig. 5.70 shows that there are actually a few trajectory paths that form a 

very tight loop. Thus, the flow deviates slightly from being perfectly periodic. The 

variation in the size and shape of the two cycles formed by the loop conflrms the 

presence of a flow bifurcation. When the cylinders are moved to a = 0.216, the flow 

becomes chaotic downstream of the tandem pair. This chaotic behavior can be 

determined from an examination of the phase-space plot in Fig. 5.71. When the tandem 

cylinder pair is located at a = 0.108, two closed cycles that intersect each other twice are 

produced in Fig. 5.72. The flow is highly periodic because the trajectory follows the 

exact same path in the phase-space plot. The presence of the two cycles indicates that 

two vortex-shedding events are required for the flow to repeat itself. The well-structured 

vortices that are formed downstream of the tandem pair in Fig. 5.64 confirm the results 

deduced from the phase-space curve. 

5.6.4 Drag and Lift Coefficients 

Time histories of the drag and lift coefflcients for inline tandem cylinders with 

uniform and parabolic inlet velocity profiles are presented in Figs. 5.73 through 5.78. 

Figure 5.73 shows the drag and lift traces for a tandem cylinder pair centered in a channel 

with a uniform inlet velocity profile. The eddy promoter experiences an almost constant 

drag force and is subjected to small amplitude oscillations due to the lift force. This 

shows that the bound vortices between the cylinders fluctuate only slightly because of 

disturbances caused by the alternating pressure fluctuations due to shedding from the 

primary cylinder. The heated cylinder experiences small amplitude oscillations from the 

drag force and large amplitude oscillations due to the lift force. A close inspection 
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reveals that the drag and lift forces oscillate at different frequencies: the drag goes 

through two cycles for every lift cycle. The formation and shedding of one vortex 

constitutes one drag cycle while the lift cycle requires the formation and shedding of a 

vortex from the top and bottom surfaces of the cylinder. The drag and lift cycles are also 

slightly shifted in phase by about 3%. A comparison of the lift traces for the eddy 

promoter and the heated cylinder reveals that they shed at the same frequency. However, 

a phase shift of about 7% confirms that the eddy promoter leads the primary cylinder in 

the shedding cycle. The drag and lift curves for the heated cylinder in the tandem pair 

become irregular when the cylinders are located at a = 0.216. The lift trace displays 

cycles with a recurring wavelength accompanied by high and low random amplitude 

fluctuations. This constitutes a quasi-periodic to chaotic flow as predicted by the phase-

space plot in Fig. S.68. The drag and lift traces for the upstream eddy promoter show a 

more regular shedding pattern. However, the nonlinear coupling between the cylinders 

disrupts the periodicity of the upstream eddy shedding. A phase difference of between 

13% to 25% is observed in the lift traces of the eddy promoter and the primary cylinder. 

This variation is a result of the quasi-periodic to chaotic behavior of the flow. The drag 

and lift plot for a tandem cylinder pair placed next to the wall is shown in Fig. 5.75. The 

primary cylinder displays a highly irregular shedding pattern, which is characterized by 

the random vortex shapes in Fig. 5.59. A comparison of Figs. 5.74 and 5.75 shows a 

similar behavior for the drag and lift traces, which indicates that the presence of the wall 

does little to stabilize the flow for a tandem cylinder pair in a uniform flow. A phase 
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difference in the lift curves is also observed in this configuration which varies firom about 

21% to 34%. 

Figure 5.76 shows the time histories of the drag and lift coefficients for an inline 

tandem cylinder pair centered in a channel with a parabolic inlet velocity profile. This 

configuration produces a remarkably periodic flow downstream of the cylinder. The 

absence of vortex shedding from the upstream cylinder results in a nearly constant drag 

force and small amplitude oscillations in the lift force on the eddy promoter. The lift 

trace of the eddy promoter is shifted to a negative value because of a flow bifiircation. 

This asymmetric solution also affects the heated cylinder by shifting the lift curve slightly 

to a positive value. Another outcome of this phenomenon is the peak-to-peak variations 

in the primary cylinder drag curve. The asynunetry is first observed in Fig. 5.62 and 

support for the presence of the bifurcation is made with the phase-space plot in Fig. 5.70. 

Results of the bifurcation study for this configuration are given in Chapter 6. The 

periodicity of the flow produces a constant phase difference of about 10% in the traces of 

the lift coefficients of both cylinders. When the cylinders are displaced to a position 

midway to the wall, the flow becomes completely chaotic. Figure 5.77 shows that the lift 

coefficient traces for both cylinders follow a highly irregular pattern. This is in contrast 

to the uniform flow configurations where the eddy promoter displays periodic to semi-

periodic behavior for the three locations studied. A phase difference that varies from 

about 14% to 25% is observed for the lift traces of both cylinders. When the cylinders 

approach the wall, a periodic flow is again established. The phase space plot in Fig. 5.72 

shows that the flow is very periodic and repeats after every two shedding cycles. These 
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conclusions are confinned in Fig. 5.78, which shows regular repeating cycles for the 

primary cylinder that altemate between high and low amplitudes oscillations. The lift 

trace for the eddy cylinder shows a similar alternating pattern that is influenced by the 

alternating pressure variations transmitted upstream from the primary cylinder shedding. 

The phase difference between the eddy cylinder and primary cylinder lift coefficients is 

about 21%. 

5.6.5 Instantaneous Nusseit Number 

Figures 5.79 through 5.84 show the instantaneous Nusseit number for each 

surface of the heated cylinder in an inline tandem pair for both uniform and parabolic 

inlet velocity profiles. The channel-centered configuration in a uniform flow produces 

periodic wake oscillations downstream of the cylinders. The periodicity in the vortex 

shedding creates regularly repeating curves in the surface Nusseit number. The small 

fluctuations present in the bound vortices between the cylinders and the minimal fluid 

exchange with the main channel flow causes the Nusseit number on the front surface to 

drop below the values for the top and bottom cylinder surfaces. The steadiness of the 

bound vortices also produces small oscillations in the Nusseit number curve on the firont 

surface as shown in Fig. 5.79. The top and bottom surfaces of the cylinder oscillate with 

the same magnitude but are out of phase by 50%. Thus, when the top surface experiences 

a maximum in the Nusseit number, the bottom surface has a minimum value. The 

separated flow firom the upstream, eddy promoter reattaches on the top and bottom 

siufaces of the downstream cylinder increasing the heat transfer from these surfaces. 

Because the reattached flow on the top and bottom cylinder surfaces separates from the 
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back comers of the heated cylinder, weak vortices are shed from the cylinder reducing 

the heat transfer from the rear surface. This is in contrast to the formation of eddies from 

the leading edges of a single cylinder where vortices with strong oscillations are 

produced as shown in Fig. 5.26. Positioning the cylinder pair at a = 0.216 causes a 

significant change in the behavior of the flow. The front surface of the heated cylinder 

has the highest heat transfer removal and experiences large magnitude variations in the 

Nusseh number due to vortex shedding from the upstream cylinder. Amplitude 

oscillations of nearly equal magnitude occur on the rear, top, and bottom cylinder 

surfaces as shown in Fig. 5.80. When the tandem cylinders are displaced towards a 

position near the wall (a = 0.108), the cylinder surfaces experience large amplitude 

variations from vortex shedding. The front surface has regularly repeating oscillations as 

shown in Fig. 5.81. This periodicity is also observed for the other surfaces; however, the 

random variations in the peak-to-peak oscillations produce a chaotic flow as predicted by 

the phase-space curve in Fig. 5.69. 

Figure 5.82 shows the instantaneous Nusselt number for each surface of the 

heated cylinder in a parabolic flow. Unlike the symmetry observed for the Nusselt 

number values on the top and bottom surfaces of the cylinder in a uniform flow, a notable 

difference in the amplitude of the cycles exists between the two surfaces in this case. 

Larger magnitude oscillations of the instantaneous Nusselt number occur on the bottom 

surface than on the top surface because of a flow bifurcation. The Nusselt number on the 

front surface is less than the values on the top and bottom surfaces because the upstream 

cylinder diverts the flow that would otherwise impinge directly on the front surface. The 
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rear surface experiences alternating peak-to-peak values which reflect the asymmetry in 

the vortex shedding. The frequency of the Nusselt number oscillations on the rear 

surface is twice those of the other surfaces. This occurs because the rear surface 

experiences the shedding of two vortices, one from the bottom and one from the top, for 

every single cycle on the other surfaces. An asymmetry in the front surface Nusselt 

number trace is also visible in the time history plot. Figure 5.83 shows the instantaneous 

Nusselt number values for each surface of the heated cylinder in a tandem cylinder pair 

located at a = 0.216. Large random fluctuations of the Nusselt number on each cylinder 

surface result from the asymmetry produced by displacing the cylinder from the center of 

the channel. The rear, top, and bottom surfaces experience nearly equal amplitude 

fluctuations. An inspection of the random traces of the Nusselt number curves confirms 

that the flow is chaotic as predicted by the phase-space plot in Fig. 5.71. When the inline 

tandem pair is positioned next to the wall, a periodic flow develops downstream of the 

cylinders. The trace of the front surface Nusselt number shown in Fig. 5.84 shows a 

regular pattern that repeats after every two cycles. This dual cyclic attribute is also 

visible for the heat transfer curves on the other surfaces. The largest amplitude 

oscillations are observed on the front and top surfaces, while the rear surface has the 

smallest fluctuations. The dual nature of the cyclic variations resuhs in a double loop in 

the phase-space plot in Fig. 5.72. The behavior of the Nusselt number time histories for a 

single cylinder is coupled to the velocity profile and to the proximity of the wall. 

However, the addition of an upstream eddy promoter complicates the flow field because 

of the nonlinear interaction between the cylinders. 



203 

5.6.6 Power Spectrum 

The power spectra for a pair of tandem cylinders in a channel with uniform and 

parabolic inlet velocity profiles are shown in Figs. 5.85 through 5.90. The time histories 

of the instantaneous lift coefficients are used to determine the wake shedding Strouhal 

number. The periodic shedding displayed by a tandem cylinder pair centered in a 

channel with a uniform inlet flow results in a single, well-defined peak in Fig. 5.85. The 

absence of any other peaks is indicative of the perfect periodicity of the flow downstream 

of the cylinders. When the cylinders are moved to a = 0.216, vortex shedding at several 

firequencies is observed, which indicates that the flow is quasi-periodic to chaotic in 

nature. The dominant flow oscillation in the wake of the heated cylinder produces a large 

peak at a Strouhal number of 0.267. An inspection of the lift coefficient trace shows that 

approximately three small peaks separate single large amplitude oscillations. This pattern 

gives a subharmonic peak in Fig. 5.86 with a Strouhal number of about 0.20. When the 

cylinders are located at a = 0.108, a broad spectrum is produced in Fig. 5.87. An 

examination of the lift trace in Fig. 5.75 shows that two, three and even four small cycles 

separate the large amplitude cycles. This variation in the lift trace produces the multiple 

peaks between 0.15 and 0.20 in Fig. 5.87. The dominant wake oscillation has a Strouhal 

number value of 0.279. 

When the tandem pair is placed in the center of the chaimel with a parabolic inlet 

velocity profile, a well-defined shedding pattern is produced downstream of the cylinders 

as shown in Fig. 5.62. The periodicity of the flow downstream of the cylinders results in 

a single peak with a Strouhal number of 0.357, as seen in Fig. 5.88. The greater mean 
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velocity in a parabolic flow gives a larger Strouhal number value than the channel-

centered, uniform flow configuration. When the cylinders are placed midway to the wall, 

a broad frequency band is produced in Fig. 5.89. Vortex shedding firom the downstream 

cylinder is observed to occur at a Strouhal number of 0.267. The lift trace in Fig. 5.77 is 

interspersed with small and large amplitude cycles. The number of small amplitude 

cycles during a period of 1 second corresponds to the second strong peak at a value of 

about 0.17. When the cylinders are placed next to the wall with a = 0.108, a dual cycle 

periodic flow is produced. The frequency of vortex shedding from the downstream 

cylinder corresponds to a Strouhal number of 0.208 in Fig. 5.90. The alternating high 

and low amplitude cycles visible in the lift trace in Fig. 5.78 produce the subharmonic 

peak at a value of about 0.1. Although difficult to detect in the lift trace, a combination 

of the "dimples" in the peaks in the drag trace creates the higher harmonic peaks which 

are regularly spaced in Fig. 5.90. 

5.6.7 Effects of Wall Proximity 

Figure 5.91 shows the change in the Strouhal number as the wall is approached 

for an inline tandem cylinder pair in both uniform and parabolic flows. Strouhal numbers 

of 0.264 and 0.357 are found for the channel-centered cylinders in uniform and parabolic 

flows, respectively. The addition of an upstream eddy promoter increases the vortex 

shedding from the downstream cylinder for both inlet flow conditions. The behavior of 

the curve for the tandem cylinder pair in a parabolic flow is qualitatively similar to the 

single cylinder case, which decreases as the wall is approached. A small but steady 

increase in the Strouhal number is observed for the uniform flow configuration, which is 
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in contrast to the large "dip" observed in the Strouhal number for a single cylinder. The 

value of the Strouhal number found in a similar study by Devarakonda (1994) for a 

channel-centered tandem cylinder pair in a uniform flow compares very well with the 

current study. 

Figure 5.92 shows the time-averaged and rms values for the drag coefficient as a 

fimction of the cylinder position for the primary cylinder in an inline tandem pair. The 

eddy promoter greatly reduces the drag force on the downstream cylinder by diverting the 

flow that would otherwise impinge directly on the front cylinder surface. A gradual 

increase in the drag force occurs on the heated cylinder in a uniform flow as the cylinders 

are moved towards the wall. For a parabolic flow, as the cylinders are moved into lower 

mean velocity fluid, the drag on the primary cylinder decreases. The initiation of vortex 

shedding from the upstream cylinder is coupled to the asymmetry in the channel and the 

velocity proflle. The rms deviation in a uniform flow shows a slight but constant increase 

as the cylinders near the wall. A signiflcant increase in the rms occurs when the 

cylinders are moved from the center of the charmel in a parabolic flow. However, a 

combination of the reduced mean velocity and the damping effects of the wall cause a 

decrease near the channel wall. Time-averaged and rms values found by Devarakonda 

(1994) in an earlier investigation are in excellent agreement with the present data. 

The time-averaged and rms values of the drag coefflcient for the eddy promoter 

are shown in Fig. 5.93. The time-averaged values follow nearly the same trend as those 

for the heated cylinder in Fig. 5.92. A gradual increase is also observed for the drag on 

the eddy cylinder as the upper wall is approached in a uniform flow. In a parabolic flow, 
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a decrease in the drag on both cylinders results from a decrease in the mean velocity 

approaching the cylinders. The amplitude of the eddy-shedding oscillations remains 

small as the wall is approached for both inlet velocity conditions. The results compare 

well with the values calculated by Devarakonda (1994) in an identical investigation. 

Figures 5.94 and 5.95 show the time-averaged and rms values of the lift 

coefficient for the primary and eddy cylinders, respectively. The lift on the primary 

cylinder in a uniform flow remains close to zero for the three locations studied. This 

differs firom the single cylinder case where a strong positive lift is observed on the 

cylinder. The result indicates that the presence of the upstream cylinder hinders the 

process of channeling flow in the narrow gap between the top surface of the primary 

cylinder and the upper channel wall. The upstream cylinder in a uniform flow 

experiences a modest positive lift as the wall is approached. However, the unsteady flow 

oscillations downstream of the eddy promoter divert some of the flow away from the 

narrow gap. The primary cylinder in a parabolic flow acquires a negative lift that 

increase towards the wall because of the greater mean velocity on the bottom cylinder 

surface. An asymmetry in the flow provides a negative lift on the upstream cylinder 

when centered in the channel. The negative lift tends towards a zero value as the wall is 

approached. The rms deviation for the primary cylinder in a uniform flow increases 

when placed midway towards the wall and then remains almost the same when placed 

next to the wall. The same behavior is observed for the cylinders in a parabolic flow 

except that a large decrease in the rms deviation occurs when the cylinders approach the 

wall. The upstream, eddy promoter follows a similar trend for both types of inlet velocity 
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conditions except that the values are nearly identical when the cylinders are located in the 

center of the channel. A comparison of the time-averaged and rms values of the lift 

coefficient for the primary and eddy cylinders with results calculated by Devarakonda 

(1994) are in excellent agreement. 

Figure 5.96 shows the time-averaged and rms values of the Nusselt number for 

the heated cylinder in an inline tandem configuration. Results for both uniform and 

parabolic inlet velocity profiles are included in the plot. The cylinder Nusselt number 

remains nearly constant for the heated cylinder in a uniform flow. The rms deviation 

increases slightly as the wall is approached. This constant trend is also observed for the 

single cylinder case. For the tandem cylinders in a parabolic flow, the cylinder Nusselt 

number decreases as the wall is approached. Conversely, a moderate increase in the 

overall unsteadiness in the Nusselt number occurs as the cylinders are moved towards the 

wall. However, the increased unsteadiness cannot compensate for the reduced mean 

velocity impinging on the cylinder pair in enhancing the heat transfer of the primary 

cylinder when displaced from the center of the channel. 

Figures 5.97 and 5.98 show the time-averaged and rms values, respectively, of the 

Nusselt number for each surface of the heated cylinder with a uniform inlet velocity 

profile. The front cylinder surface always has the highest Nusselt number except when 

the cylinders are centered in the channel. In the channel-centered configuration, the flow 

is deflected around the front surface by the upstream cylinder and reattaches on the top 

and bottom surfaces. However, when the cylinders are displaced from the center of the 

channel, the flow is able to impinge on the front cylinder surface. As the cylinders 
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approach the channel wall, a strong deviation in the values of the Nusselt number on the 

top and bottom surfaces can be observed in Fig. 5.97. The accelerated flow through the 

narrow gap between the top cylinder surface and the wall removes a greater amount of 

heat from the top cylinder surface than from the bottom cylinder surface. The rear 

cylinder surface shows a gradual increase in the Nusselt number and convects away more 

energy than the bottom surface when the cylinders are located next to the wall. The 

unsteadiness in the Nusselt number values is shown in Fig. 5.98. The front and rear 

surfaces show a large increase in the rms values of the Nusselt number as the cylinders 

are moved towards the wall. The increased unsteadiness results in small to moderate 

increases in the overall cylinder Nusseh number for the corresponding surfaces. When 

the cylinder are centered in the channel, the rms values for the top and bottom surfaces 

are similar. The rms values begin to deviate as the wall is approached with the top 

surface of the cylinder experiencing a greater unsteadiness. The increase in the rms 

deviation for the top and bottom surfaces does not increase the overall heat transfer from 

those surfaces because the flow separates from the leading edges of the cylinder. In the 

channel-centered arrangement, the small fluctuations and the efficient removal of energy 

from these surfaces are a result of the direct impingement of the diverted flow from the 

upstream cylinder. 

Figures 5.99 and 5.100 show the time-averaged and rms values of the Nusselt 

number on each primary cylmder surface for a tandem cylinder pair with a parabolic inlet 

velocity profile. The Nusselt number on the front cylinder surface increases as the 

cylinders are displaced from the center of the channel and then decreases slightly when 
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the cylinders are next to the wall. The initiation of vortex shedding from the eddy 

promoter causes the increase in the Nusselt number on the front surface. The top and 

bottom surfaces have the largest Nusselt numbers when the cylinders are centered in the 

channel. A small difTerence in the values between the two surfaces is a result of a flow 

bifurcation. The reduced mean velocity flowing past the cylinder pair as the wall is 

approached causes a reduction in the Nusselt number values on the top and bottom 

surfaces. The rear surface consistently displays the lowest Nusselt number value, which 

decreases slightly as the cylinders are moved towards the wall. The rms value on the 

bottom surface. Fig. 5.100, shows an increase followed by a decrease as the cylinder 

nears the wall. The rear surface follows the same Urend as the bottom surface. An initial 

increase in the rms values is due to vortex shedding caused by the flow asynunetry 

produced by displacing the cylinders from the center of the chaimel. A decrease in the 

rms deviation that follows is a result of the diminishing mean velocity near the wall. The 

plot shows a constant increase in the rms values for the front and top surfaces. The 

increase in the rms deviation on the front cylinder surface is a result of the vortex 

shedding from the upstream cylinder, while the increase on the top surface is a result of 

the periodic acceleration of the flow between the top cylinder surface and the upper 

channel wall. 

5.7 Offset Tandem Square Cylinders 

This section presents the results for the numerical simulation of laminar flow past 

an offset pair of cylinders in a channel. Numerical calculations are performed for ten 

cases, which are summarized in Table 1. Uniform and parabolic inlet velocity profiles 



210 

are examined and compared in this study. The heated cylinder is placed at the center of 

the channel and at two locations approaching the wall. The eddy promoter is offset and 

centered on the top or bottom edges of the primary cylinder at each location. When the 

heated cylinder is centered in the channel, placing the eddy promoter on the lower edge 

of the primary cylinder is equivalent to the inverted solution of placing the eddy promoter 

on the upper edge of the primary cylinder. Thus, for computational efficiency, the eddy 

promoter is offset only to the upper edge. A fixed eddy-cylinder-to-primary-cylinder 

diameter ratio is also used in this investigation. The non-uniform grid structures used in 

the numerical investigation of the offset tandem cylinders are shown in Fig. 5.101. The 

main issues motivating the present study are: (I) How do offset tandem pairs compare to 

inline tandem configurations in heat transfer removal? (2) How does the presence of the 

wall affect the flow and heat transfer for the offset tandem configuration? (3) Is the flow 

unsteadiness altered significantly by offsetting the eddy promoter? 

5.7.1 Tandem Cylinders in Uniform Flow 

Figures 5.102 through 5.110 show the flow field for the offset tandem pairs with a 

uniform inlet velocity profile. The velocity vector field for a channel-centered heated 

cylinder with an offset eddy promoter is shown in Fig. 5.102a. The oscillations in the 

velocity vector field are much more pronounced than the channel-centered inline 

configuration shown in Fig. 5.57a. The asymmetry produced by offsetting the upstream 

cylinder to the upper edge of the primary cylinder creates large vortex structures that are 

visible in the streakline plot in Fig. 5.102b. This is in contrast to the well-structured 

vortex street produced downstream of the inline cylinders. Vorticity and temperature 
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contours are shown in Figs. 5.102c and 5.102d. The vortices shed from the offset tandem 

cylinders mix and coalesce distorting the channel walls about eight cylinder diameters 

downstream. A distorted counterclockwise vortex shed from the upstream cylinder is 

visible just downstream of the upper right-hand comer of the primary cylinder while a 

clockwise vortex is about to "roll-over" the upper left-hand comer. The presence of a 

counterclockwise vortex on the front surface in the lower left-hand comer of the 

downstream cylinder demonstrates that vortices shed from the eddy promoter convect 

around both sides of the heated cylinder. The distortion of the temperature contours 

around the primary cylinder by the upstream vortices is visible in Fig. 5.102d. The 

temperature field resembles the vorticity field as expected. The velocity vector field with 

the primary and eddy cylinders located at a = 0.216 and p = 0.319, respectively, is shown 

in Fig. 5.103a. A large disruption of the boundary layer occurs on the upper channel 

wall. This happens because the cylinder combination tends to channel the approaching 

flow through the upper gap between the primary cylinder and the upper channel wall. 

The accelerated flow near the wall encounters an adverse pressure gradient after exiting 

the gap that causes it to separate. This mechanism is also observed in single and inline 

tandem configurations near the wall. The generation of highly elongated and distorted 

vortices can be seen in the particle streakline plot in Fig. 5.103b. The vorticity plot in 

Fig. 5.103c shows a complicated conglomeration of opposite signed vortices shed by the 

cylinders and advected downstream in the channel. Clockwise vortices shed from the 

eddy promoter impinge on the front heated cylinder surface and are then vigorously 

stretched by the mean channel flow around the lower edge of the cylinder. A careful 
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examination also reveals that clockwise vortices near the upper edge of the primary 

cylinder begin to merge just downstream of the heated cylinder. This indicates that 

vortices shed from the upstream cylinder flow around both sides of the downstream 

heated cylinder. A strong interaction with the upper channel wall occurs within five 

cylinder diameters. The interaction between the vortices allows the energy to quickly 

diffuse downstream as shown in Fig. 5.103d. When the eddy cylinder is moved to the 

upper edge of the primary cylinder with p =0.181, a difference in the behavior of the 

flow is visible. The upstream cylinder reduces the flow rate between the primary 

cylinder and the upper channel wall. The through flow still separates from the wall but 

distortions in the downstream velocity vector field are reduced as shown in Fig. 5.104a. 

Particle streaklines in Fig. 5.104b show the formation of vortices with particle trails 

coming off of the channel wall. A strong elongation and merging of vortices is visible in 

the vorticity contour plot in Fig. 5.104c. Vortices shed from the eddy promoter flow into 

the nanow gap between the primary cylinder and the upper channel wall disrupting the 

flow in the gap. This causes a decrease in the mean flow through the gap. The 

temperature plot in Fig. 5.104d shows no energy near the wall indicating that the energy 

removed from the heated cylinder is mainly bound in the shed vortices. The merged 

contour structures just downstream of the cylinders demonstrate the highly complex, 

nonlinear flow present in this configuration. Figure 5.105a shows the velocity vector 

field for a heated cylinder located at a = 0.108 with the eddy promoter offset to the lower 

edge of the primary cylinder (p = 0.211). A momentum deficit similar to that observed 

for an inline tandem pair is visible near the wall downstream of the cylinders. The 
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particle streakline plot is shown in Fig. 5.105b. The combination of vortex shedding 

from both cylinders produces billows of particles emanating from the wall and advecting 

downstream in the chatmel. A highly complicated association of vortices is visible 

immediately downstream of the cylinder pair in Fig. 5.105c. The chaotic collection of 

vortices disappears farther downstream as the vortices diffuse and coalesce. A close 

examination of the temperature field shown in Fig. 5.105d shows that positive vorticity is 

vigorously extracted from the wall. The vorticity removed from the wall is easily 

identified because it transports little to no energy. The instantaneous streamlines in the 

vicinity of the offset cylinder pair are shown in Fig. 5.106. Figure 5.107 shows cross-

sectional velocity profiles at the leading edge, at the center, and at the trailing edge of the 

downstream heated cylinder. A comparison of Figs. 5.61 and 5.107 demonstrates that the 

offset tandem cylinders create larger flow accelerations around the heated cylinder. A 

portion of the flow that runs between the eddy promoter and the upper channel wall is 

diverted underneath the primary cylinder producing large velocities that lead to flow 

separation from the cylinder. A consequence of the large flow separation from the 

surfaces of the heated cylinder is the reduction of heat transfer removal. Figure 5.108a 

shows the velocity vector field for an eddy promoter positioned at the upper edge of the 

primary cylinder with P = 0.0734. A small stream of fluid from the narrow gap between 

the heated cylinder and the upper channel wall quickly jets downward towards the center 

of the channel. Figure 5.108b shows that the particles flowing past the cylinders begin to 

"roll-up" near the wall and are ejected into the central region of the channel farther 

downstream. The flow issuing from the narrow gap severs the vortex sheet forming on 
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the bottom surface of the primary cylinder as shown in Fig. 5.108c. The boundary layer 

on the upper channel wall is vigorously disrupted in the vicinity of the cylinders. 

Vortices that are shed from the upstream cylinder impinge on the front surface of the 

heated cylinder and "roll-over" the top or bottom surfaces of the primary cylinder. 

Vortices that travel through the narrow gap above the heated cylinder and the wall 

introduce energy into the near-wall region as shown in Fig. S.lOSd. The instantaneous 

streamlines around the offset tandem cylinder pair are shown in Fig, 5.109. Figure 5.110 

shows the cross-sectional velocity profiles at the leading edge, at the center, and at the 

trailing edge for this configuration. A reduction in the velocity magnitude in the narrow 

gap is evident when compared to the cross-sectional plots in Fig. 5.107. The location of 

the eddy cylinder helps to keep the flow from separating on the top surface of the primary 

cylinder, which is beneficial for heat transfer removal. The previous results show that a 

significant difference in the flow characteristics results from the different offset locations 

for the eddy promoter. 

5.7.2 Tandem Cylinders in Parabolic Flow 

Figures 5.111 through 5.119 show the flow field for offset tandem cylinder 

configurations with a parabolic inlet velocity profile. The velocity vectors for a channel-

centered heated cylinder, with the eddy promoter offset to the upper edge of the primary 

cylinder, are shown in Fig. 5.11 la. A more extensive wake region than the uniform flow 

case is visible immediately downstream of the primary cylinder. The larger recirculating 

region is due to the greater mean velocity approaching the cylinders. The coherent vortex 

structures that are visible in Fig. 5.102b are no longer present in the particle streakline 
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plot in Fig. 5.111b, which shows elongated and distorted vortices downstream of the 

cylinder pair. The number of vortices present downstream of the cylinders in the 

vorticity plot in Fig. 5.111c indicates that the vortex shedding frequency is greater in a 

parabolic flow than in a uniform flow. Significant wake-wall interaction takes place 

approximately six cylinder diameters downstream of the tandem pair. The eddy promoter 

diverts a large portion of the high velocity fluid away firom the top surface of the heated 

cylinder. Evidence for this assumption is found in the temperature contour plot shown in 

Fig. 5.1 lid, which shows the shortage of temperature contours in the locations of the 

clockwise vortices formed on the top cylinder surface. Figure 5.112a shows the velocity 

vector field when the cylinders are placed at a = 0.216 and P = 0.319. Placing the eddy 

promoter on the lower edge of the primary cylinder helps to divert flow between the 

primary cylinder and the upper channel wall as shown in Fig. 5.112b. Although a few 

particles pass between the two cylinders, most of the particles flow over the heated 

cylinder surface. The higher velocity fluid going underneath the heated cylinder shears 

the lower velocity fluid causing the particles to "roll-up" as they advect downstream. 

The particles are expelled towards the center of the channel by a weak jet that streams 

downward fi:om the narrow gap. The jet is visible in the streakline plot as a particle-free 

stream emerging firom the wall. The vorticity plot in Fig. 5.112c shows that the wall 

boundary layer is strongly disturbed by the presence of the cylinders within three cylinder 

diameters and is completely removed from the upper channel wall farther downstream. 

The intense shear produced on the bottom cylinder surfaces generates strong 

counterclockwise vortices that dominate the region downstream of the cylinders. This 
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dominance is also observed for the inline tandem cylinders. Temperature contours are 

shown in Fig. 5.112d. Figure 5.113 shows the flow field for an eddy promoter placed at 

the upper edge of the primary cylinder. A complicated flow pattern is visible in the wake 

region immediately downstream of the primary cylinder, as shown in the velocity vector 

plot in Fig. 5.113a. The streakline plot in Fig. 5.113b shows the "roll-up" of particles 

that remain near the wall because of the reduced flow rate between the primary cylinder 

and the upper channel wall. The interaction of the cylinders with the upper channel wall 

produces a complex collection of vortices downstream of the cylinders. Only vortices of 

a single sign are visible far downstream in the channel as shown in Fig. 5.113c. The 

presence of energy in the near-wall region in Fig. 5.113d is a result of the interaction of 

the vortices with the wall. Figiu*e 5.114a shows the velocity vectors for a heated cylinder 

placed near the wall with the eddy promoter aligned on the lower edge of the primary 

cylinder. The presence of a jet is visible issuing from the narrow gap between the top 

cylinder surface and the upper channel wall. The particle streakline plot in Fig. 5.114b 

shows that particles are diverted both above and below the primary cylinder. The fluid 

that flows above the heated cylinder jets downward moving particles away from the wall 

and causing the formation of large particle "roll-ups" downstream in the channel. The 

weak vortices formed on the top cylinder surfaces are quickly distorted and diffused by 

the stronger vortices formed on the bottom cylinder surfaces. The strong vortices 

advance towards the exit of the channel completely disrupting the upper wall boundary 

layer as shown in Fig. 5.114c. The formation of weak, elongated clockwise vortices are 

visible on the top surfaces of both cylinders. Figure 5.114d shows that the energy 
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removed from the heated cylinder is predominantly carried away by the counterclockwise 

vortices. The instantaneous streamlines around the offset tandem cylinders are shown in 

Fig. 5.115. Cross-sectional velocity profiles at the leading edge, at the center, and at the 

trailing edge of the primary cylinder are shown in Fig. 5.116. Figiu-e 5.117a shows the 

velocity vectors for the cylinders positioned at a = 0.108 and p = 0.0734. The velocity 

vector plot looks very similar to the inline tandem cylinder case in Fig. 5.64c. The 

particle streakline plot in Fig. 5.117b shows the formation of vortex structures shedding 

from the primary cylinder. The particles flowing around the cylinders are located in 

lower velocity fluid that is sheared by the higher velocity flow towards the center of the 

channel. The shearing mechanism causes the particles to "roll-up" as they move along 

the channel wall. The vorticity plot in Fig. 5.117c shows that remarkably coherent 

vortices of a single sign are shed from the heated cylinder. A stream of fluid jetting from 

the narrow gap between the top heated cylinder surface and the upper wall severs the 

vortex sheet that forms on the bottom cylinder surface. Vortices that are shed from the 

upstream cylinder impinge on the front heated cylinder surface and move through the 

narrow gap. The presence of the offset cylinders causes the complete disruption of the 

upper wall boundary layer. Energy removed from the heated cylinder is convected 

downstream in the coherent vortices and diffused into the region near the wall as shown 

in Fig. 5.117d. The phenomenon of "beating," which is extensively described for a single 

cylinder in a parabolic flow near the wall, is also observed for this case. A comparison 

with a single cylinder near the wall in Fig. 5.10 shows a striking resemblance to the 

previous figures for an offset tandem pair. The near-wall instantaneous streamlines 
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around the offset cylinder pair are shown in Fig. S.l 18. A comparison of the streamline 

plots in Figs. 5.115 and 5.118 shows that a larger flow rate is achieved by placing the 

eddy promoter on the lower edge of the primary cylinder. Cross-sectional velocity 

profiles at the leading edge, at the center, and at the trailing edge of the heated cylinder 

are shown in Fig. 5.119. 

5.7.3 Phase-Space Representation 

The phase-space plots in Figs. 5.120 through 5.129 show that staggering the eddy 

cylinder produces very complicated flow structures around the cylinders. Figure 5.120 

shows the phase-space plot for an offset tandem pair of cylinders in a uniform flow with 

a = 0.431 and p = 0.397. The trajectory follows a series of curves that form a similar 

complicated shape. The curves converge through a certain portion of the loop and spread 

out in the rest of the loop. The behavior of the trajectory indicates that the flow tends to 

be periodic. When the primary cylinder is moved midway to the wall with the eddy 

promoter located at the lower edge of the cylinder, the flow becomes somewhat 

aperiodic. The trajectory in the phase-space plot in Fig. 5.121 follows a similar non

repeating path, which would classify the flow as quasi-periodic to chaotic. When the 

eddy promoter is moved to the upper edge of the primary cylinder, the flow downstream 

of the cylinders exhibits a highly intricate behavior. The phase-space plot in Fig. 5.122 

shows a complicated trajectory path that twists around in an irregular pattern. The flow 

structures in Fig. 5.104 consist of only a few vortex-shedding events that form a complete 

repeating cycle. The flow is not perfectly periodic since the curve paths deviate from a 

single line. When the cylinders are moved to a = 0.108 and p = 0.211, the damping 
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effect of the wall produces a phase-space trajectory with a reduced amplitude as shown in 

Fig. 5.123. The trajectory follows various paths with a similar shape, which is a 

characteristic of a quasi-periodic flow. The irregular structures visible in the vorticity 

contour plot in Fig. 5.105c appear to be more typical of a chaotic flow. However, an 

examination of the temperature contours in Fig. 5.105d shows that a quasi-regular 

shedding pattern exits. When the eddy promoter is moved to the upper edge of the 

primary cylinder, the flow becomes completely chaotic. A fully irregular trajectory path 

in the phase-space plot in Fig. 5.124 confirms the chaotic nature of the flow. 

The phase-space plot for offset tandem cylinders immersed in a parabolic flow 

with a = 0.431 and p = 0.397 is shown in Fig. 5.125. The trajectory follows spiraling 

non-repeating loops with a similar pattern indicating that the flow is quasi-periodic. The 

irregular Vortex Street downstream of the cylinders in Fig. 5.11 Ic conflrms the previous 

flow characterization. When the primary cylinder is moved to a = 0.216 with the eddy 

promoter aligned along the lower edge of the cylinder, the flow becomes completely 

chaotic. The absence of periodic structures in Fig. 5.112 and the convoluted trajectory 

path in Fig. 5.126 substantiate the chaotic designation of the flow. Figure 5.127 shows 

that the flow remains chaotic when the eddy promoter is moved to the upper edge of the 

primary cylinder. A quasi-periodic flow develops when the heated cylinder is placed 

next to the wall with the eddy promoter moved to the lower edge of the cylinder. The 

magnitude of the flow oscillations is also reduced as depicted in the phase-space 

trajectory in Fig. 5.128. The flow is characterized by the formation of large vortical 

structures near the wall as shown in the streakline plot in Fig. 5.114b. When the eddy 
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promoter is placed along the upper edge of the cylinder, the formation of well-structured 

vortices results downstream of the cylinders. The size and shape of the vortices produced 

downstream of the primary cylinder change as the flow progresses through low frequency 

cycles that resuh from the "beating" phenomenon. This progression is chaotic as 

illustrated by the irregular trajectory path shown in the phase-space plot in Fig. 5.129. 

5.7.4 Drag and Lift Coefficients 

Time-histories of the drag and lift coefficients for the primary cylinder and offset 

eddy cylinder in a uniform flow are presented in Figs. 5.130 through 5.134. A 

comparison of the lift coefficient traces for both cylinders shows that they shed at the 

same fi-equency. However, the traces are out of phase, with the eddy promoter lift trace 

leading the heated cylinder lift trace. A variation in the phase shift is observed for the 

different cylinder configurations. A qualitative discussion of the shedding fi'equencies 

observed for the different configurations is presented later. Figure 5.130 shows that the 

lift coefficient ttace for the primary cylinder has a recurring pattern after every three 

shedding cycles. The cycles are not entirely periodic, which leads to a series of traces 

following a similar pattern in Fig. 5.120. The lift traces for the primary and eddy 

cylinders have a phase shift of about 22%. A careful inspection of the phase-space plot 

reveals that there are three main loops formed by the trajectory, which is a result of the 

three-cycle variation in the lift trace. The same behavior can be found in the trace of the 

drag coefficient for the primary cylinder. Figure 5.131 shows the lift and drag traces for 

the cylinder pair when the cylinders are located at a = 0.216 and P = 0.319. The curves 

appear to have a very regular shedding firequency; however, the random variation in the 
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peak-to-peak values indicates that the flow is chaotic. This results in the trajectory path 

with a broad area in the phase-space plot in Fig. 5.121. The lift traces for the cylinders 

show a phase difference of between 6% to 23%. A complicated shedding pattern is 

produced when the eddy promoter is placed on the upper edge of the primary cylinder. A 

close examination of Figure S.132 shows that it takes about six shedding cycles to 

advance through one complete repeated interval. This behavior is clearly seen in the drag 

and lift traces for the primary cylinder. The phase lag of the lift curve for the primary 

cylinder varies from about 14% to 19% from the lift curve for the upstream, eddy 

promoter. Figure 5.122 shows the convoluted trajectory path formed due to the 

complicated, nonlinear behavior exhibited by the flow. When the primary cylinder is 

placed next to the wall with a = 0,108, two very distinct flows develop downstream of 

the heated cylinder for the two eddy promoter positions. A quasi-periodic flow is 

produced in the channel when the eddy promoter is aligned with the lower edge of the 

cylinder. This quasi-periodicity can be seen in the drag and lift traces in Fig. 5.133. A 

phase shift between the two lift ttaces of approximately 6% is observed. However, when 

the eddy promoter is located on the upper edge of the primary cylinder, the flow becomes 

completely chaotic. The absence of repeated shedding cycles in the drag and lift traces in 

Fig. 5.134 and the complex trajectory path in the phase-space plot shown in Fig. 5.124 

confirm the chaotic nature of the flow. A large deviation in the phase lag between 24% 

to 53% is observed between the lift traces of the eddy promoter and primary cylinder, 

respectively. 
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The instantaneous drag and lift traces for offset, tandem cylinders in a parabolic 

flow are shown in Figs. 5.135 through 5.139. The time-series of the drag and lift 

coefficients for a cylinder pair with a = 0.431 and P = 0.397 is shown in Fig. 5.135. An 

inspection of the lift trace for the primary cylinder shows that the curve repeats after 

every three shedding cycles. However, the phase-space plot in Fig. 5.125 indicates that 

the flow is quasi-periodic and somewhat chaotic because the trajectory forms a broad 

loop. This behavior produces a phase shift between the lift traces from about 6% to 24%. 

When the primary cylinder is moved to a = 0.216, a chaotic flow is produced 

downstream of the cylinders for both locations of the upstream, eddy promoter. The time 

histories of the drag and lift coefficients for lower edge and upper edge offsetting are 

shown in Figs. 5.136 and 5.137, respectively. A large variation in the trace patterns for 

the lower edge offset configuration results in a more widespread chaotic trajectory path in 

the phase-space plot in Fig. 5.126. However, the more organized traces for the upper 

edge offset arrangement produce a more condensed chaotic trajectory path in the phase-

space plot in Fig. 5.127. A large variation in the phase shift is observed for both cylinder 

configurations. A variation of between 5% and 21% is observed for the lower edge offset 

eddy cylinder, while a difference between 11% and 31% is observed for the upper edge 

offset eddy cylinder. When the primary cylinder and eddy promoter are moved near the 

wall with a = 0.108 and p = 0.211, respectively, a quasi-periodic flow develops 

downstream of the cylinders. The quasi-periodicity in the flow produces a phase shift 

from about 11% to 12% between the lift traces of the eddy and primary cylinders. The 

lift trace in Fig. 5.138 for the primary cylinder reveals that the flow advances through two 
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eddy-shedding cycles before it repeats itself. This variation in the flow produces two 

unconflned loops in the phase-space plot in Fig. 5.128. The appearance of low frequency 

"beating" with irregular vortex shedding patterns is shown in Fig. 5.139. The random, 

high frequency shedding cycles generate a chaotic flow in the channel as confirmed by 

the phase-space plot in Fig. 5.129. Very complicated lift traces are found for the 

cylinders, which are phase shifted from between 32% to 51%. The development of 

"beating" in a flow is a subject for further study. 

5.7.5 Instantaneous Nusselt Number 

Figures 5.140 through 5.149 show the instantaneous Nusselt number values for 

each surface of the heated cylinder in an offset tandem pair with uniform and parabolic 

inlet velocity proflles. The offset, upstream cylinder allows a portion of the approaching 

flow to impinge directly on the front surface of the downstream cylinder. This allows the 

front surface of the heated cylinder to experience the largest Nusselt number for all of the 

cases investigated. Comparable curve features are observed when comparing the Nusselt 

number traces with the corresponding drag and lift traces in the previous section. The 

Nusselt number values for a channel-centered cylinder in a uniform flow with the eddy 

promoter offset to the upper edge is shown in Fig. 5.140. The top surface of the heated 

cylinder exhibits larger heat transfer fluctuations than the bottom surface because of 

unsteady vortex shedding produced by the upstream cylinder. When the cylinders are 

moved to a = 0.216 and P = 0.319, comparable amplitude fluctuations are visible for both 

the top and bottom surfaces in Fig. 5.141. The bottom cylinder surface feels the effects 

of enhanced flow unsteadiness caused by the eddy promoter. However, a comparable 
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amount of energy is also removed from the top surface because the flow is channeled 

between the primary cylinder and the upper chaimel wall. When the eddy promoter is 

moved to the upper edge of the primary cylinder, that surface experiences the combined 

effects of vortex shedding from the upstream cylinder and an accelerated flow due to 

flow channeling. These effects produce larger fluctuations on the top surface than on the 

bottom surface as shown in Fig. 5.142. Figure 5.143 shows the Nusselt number traces for 

a cylinder near the wall with the eddy promoter aligned with the lower edge of the heated 

cylinder. The heat transfer from the bottom surface is less than the top surface for this 

configuration. Thus, flow unsteadiness caused by vortex shedding from the eddy 

promoter is less effective in removing energy fi-om the cylinder than the accelerated flow 

caused by channeling the flow. When die eddy promoter is moved to the upper edge of 

the primary cylinder, more energy is removed firom the top cylinder surface as shown in 

Fig. 5.144. In this configuration, the top surface encounters vortex shedding from the 

upstream cylinder and an increased velocity due to flow channeling between the primary 

cylinder and the upper channel wall. 

Figures 5.145 through 5.149 show the Nusselt number values for each surface of 

the heated cylinder in an offset tandem pair with a parabolic inlet velocity profile. In the 

previous five uniform flow cases, the heat transfer is affected by the asymmetry produced 

by the offset eddy promoter and the proximity to the wall. For the parabolic flow cases, 

the reduced mean velocity also affects the heat transfer as the cylinders approach the 

wall. Nusselt number traces on the surface of the heated cylinder, for cylinder positions 

of a = 0.431 and P = 0.397, are shown in Fig. 5.145. Nearly equal amplitude fluctuations 
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are observed for both the top and bottom cylinder surfaces; however, the mean Nusselt 

number on the bottom surface is slightly greater. The fluid flowing past the eddy 

cylinder is diverted around the top surface because of the large approach velocity. This 

effect neutralizes the benefits of vortex shedding from the eddy promoter. When the 

cylinders are located at a = 0.216 and p = 0.319, the high velocity fluid approaching the 

eddy promoter and bottom cylinder surface produces a similar result. The eddy-free top 

surface of the heated cylinder convects away more energy than the bottom surface as 

shown in Fig. 5.146. However, when the eddy promoter is moved to the upper primary 

cylinder edge, a slightly greater Nusselt number value is found on the top surface than on 

the bottom surface. Vortex shedding from the eddy promoter causes the heat transfer 

enhancement on the top surface. Comparable Nusselt number curves for the top and 

bottom surfaces are observed in Fig. 5.148 for a near-wall cylinder with an eddy 

promoter aligned along the lower edge of the heated cylinder. The top cylinder surface is 

exposed to an accelerated mean velocity because of flow channeling between the top 

heated cylinder surface and the upper channel wall. This increase in the mean flow 

velocity compensates for the lack of eddy shedding. When the upstream cylinder is 

moved to p = 0.0734, the top wall experiences large Nusselt number fluctuations as 

observed in Fig. 5.149. However, the eddy cylinder tends to divert the flow away from 

the narrow gap between the heated cylinder and the upper wall. Consequently, more 

energy is convected away from the bottom surface than from the top surface. The energy 

removed from the rear surface of the heated cylinder is on the same order of magnitude as 

the energy removed from the top and bottom cylinder surfaces. 
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5.7.6 Power Spectrum 

Power spectra of the lift coefficient for an offset tandem pair of cylinders in a 

uniform flow are shown in Figs. S.150 through 5.154. A Fast Fourier transform of the lift 

coefficient for the primary cylinder is performed to determine the dominant shedding 

Strouhal number in the wake of the downstream cylinder. Although not examined in 

detail, a comparable power spectrum plot is expected for the eddy cylinder because of the 

similarity in the frequencies observed in the lift traces for both cylinders. Several peaks 

are visible in the power spectrum plot for an offset tandem cylinder pair in a channel with 

a = 0.431 and p = 0.397. The dominant eddy-shedding Strouhal number in the wake of 

the cylinder has a value of 0.257. A large subharmonic peak at a value of about 0.17 is 

shown in Fig. 5.150. This peak develops from the patterns formed, in the lift coefficient 

trace of the primary cylinder, by the single large cycle and the union of the two smaller 

cycles in Fig. 5.130. The second subharmonic peak with a Strouhal number value of 

about 0.9 arises from the combination of die three eddy shedding cycles. The larger 

harmonics visible in the power spectrum plot are a result of "kinks" in the lift curve. 

When the heated cylinder is placed midway to the upper channel wall with the eddy 

promoter offset to the lower edge, a very prominent peak develops in the power spectrum 

plot in Fig. 5.151. A Strouhal number value of 0.273 is calculated for this peak, which 

corresponds to the dominant wake shedding firequency. An examination of the primary 

cylinder lift trace in Fig. 5.131 shows that the curve alternates between high and low 

amplitude fluctuations. This variation results m a subharmonic peak with a Strouhal 

number value of about 0.14. The small "spikes" around the base of the two peaks reflect 
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the quasi-periodic nature of the flow. When the eddy promoter is moved to the upper 

edge of the primary cylinder, several peaks are produced in the power spectrum plot in 

Fig. 5.152. The dominant peak in die plot corresponds to an eddy-shedding Strouhal 

number of 0.174. The subharmonic peak at a value of about 0.9 results from the patterns 

formed by the large amplitude oscillations in the lift trace for the primary cylinder as 

shown in Fig. 5.132. The patterns formed by the individual large and small amplitude 

cycles in the lift trace create the harmonic peak at a Strouhal number value of about 0.26. 

The nonlinear flow behavior for this conflguration produces the complicated phase-space 

trajectory in Fig. 5.122. When the primary cylinder is placed next to the upper channel 

wall, the wake shedding frequencies for the two conflgurations are nearly the same. 

Similar values for the Strouhal number of 0.285 and 0.291 are shown in Figs. 5.153 and 

5.154 for lower and upper edge offset eddy promoters, respectively. A single dominant 

peak is observed in Fig. 5.153, which confirms the quasi-periodic nature of the flow. A 

broad range of small "spikes" is visible in the power spectrum plot in Fig. 5.154. This 

large variation in the shedding frequency results in the chaotic trajectory in the phase 

space plot shown in Fig. 5.124. 

Power spectra of the lift coefficient for an offset tandem pair of cylinders in a 

parabolic flow are shown in Figs. 5.155 through 5.159. The power spectrum for a 

tandem pair of cylinder located at a = 0.431 and P = 0.397 is shown in Fig. 5.155. The 

multiple peaks present in the plot bear a resemblance to the results for the identical 

configuration in a uniform flow. The dominant peak in the power spectrum has a 

Strouhal number value of 0.332. The peak value for an inline tandem cylinder pair in a 
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parabolic flow is slightly larger with a Strouhal number of 0.357. Combinations of the 

shedding cycles in the lift trace of the primary cylinder in Fig. 5.135 produce the two 

subharmonic peaks around values of 0.11 and 0.22. The appearance of "kinks" in the lift 

trace leads to the higher harmonics present in the power spectrum plot. The resulting 

phase-space plot for this configuration is shown in Fig. 5.125. When the primary 

cylinder is moved to a = 0.216, the flow becomes chaotic for both eddy promoter 

positions. The wide range of small "spikes" around the dominant peak in Fig. 5.156 

coincides with the large trajectory pattern produced in Fig. 5.126. The multiple peaks in 

the power spectrum plot between O.I and 0.2 are a result of having single, double and 

uiple small amplitude cycles separating large amplitude oscillations. The narrower range 

with smaller "spikes" around the dominant peak in Fig. 5.157 produces the more compact 

phase-space trajectory in Fig. 5.127. A significant difference is observed in the Strouhal 

number values for the two locations of the eddy promoter. When the heated cylinder is 

moved to a = 0.108, lower and upper edge staggering produce quasi-periodic and chaotic 

flows, respectively. Figure 5.138 shows an alternating high and low peak-to-peak 

variation in the lift trace of the heated cylinder. The individual shedding cycles produce a 

dominant peak with a Strouhal number of 0.245 in Fig. 5.158. The combination of the 

two cycles creates a small subharmonic peak at a value of one-half of the dominant 

harmonic. A small "kink" on the forward slope of the smaller cycle leads to the 

harmonic peak near a Strouhal number of 0.37. The continuous frequency spectrum 

observed in the lower values of the power spectrum plot in Fig. 5.159 is caused by the 

irregular shedding cycles visible in Fig. 5.139. The widely distributed "spikes" in the 
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power spectrum is an indication of a chaotic flow. The phase-space plot in Fig. S.129 

verifies that the flow is chaotic. A single peak near a Strouhal number of 0.01 is 

produced by the "beating" phenomenon, which is in contrast to the multiple peaks 

produced in the single cylinder configuration. 

5.7.7 Effects of Wall Proximity 

Figures 5.160 through 5.165 present the variations in the quantities of interest as a 

function of the distance from the wall. Numerical simulations for the channel-centered 

cylinder are only performed with an eddy promoter offset to the upper edge. Therefore, a 

logical extension of the results is performed to obtain the values for an eddy promoter 

offset to the lower edge. Most values, such as the drag coefficient, remain the same, 

while other values, such as the lift coefficient, are corrected. Figure 5.160 shows the 

change in the Strouhal number as the wall is approached for the offset tandem cylinders 

in both uniform and parabolic flows. In a uniform flow, the two eddy cylinder positions 

for a channel-centered cylinder give a Strouhal number of 0.257. As the cylinders 

approach the wall, a gradual linear increase is observed for a lower edge offset eddy 

promoter. For the upper edge offset eddy promoter, a large decrease in the Strouhal 

number is calculated followed by an increase to value comparable with the lower edge 

offset configuration. The larger mean velocity in a parabolic flow produces a Strouhal 

number value of 0.332 for both eddy promoter locations. The displacement of the 

primary cylinder into a progressively lower mean velocity fluid causes a decrease in the 

Strouhal number for both offset positions. The lower edge offset cylinder configuration 

consistently exhibits a higher Strouhal number than the upper edge offset arrangement. It 
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has been observed in the lift traces that the downstream heated cylinder locks on to the 

shedding frequency of the eddy promoter. This causes both cylinders to shed at the same 

frequency. The shedding frequency of the eddy promoter depends upon the local mean 

velocity; and therefore, on its location in the channel. The largest value of the Strouhai 

number is observed for the channel-centered inline configuration. When the eddy 

cylinder is offset and placed in a lower mean velocity fluid, the Strouhai number 

decreases. A different behavior is observed for a uniform flow where the cylinders 

experience a nominally uniform approach velocity. 

Figure 5.161 compares the values of the drag coefficient as a frmction of position 

for the offset cylinders. For a uniform inlet velocity profile, the drag on the primary 

cylinder increases slightly for a lower edge offset eddy cylinder. The location of the eddy 

promoter assists in charmeling the flow between the top heated cylinder surface and the 

upper channel wall. The accelerated channel flow impinges on the front surface of the 

downstream cylinder increasing the drag force. When the eddy promoter is aligned with 

the upper edge of the cylinder, it tends to divert the flow through the region between the 

bottom cylinder surface and the lower chaimel wall. As this region widens, the average 

mean velocity impinging on the front surface of the heated cylinder decreases slightly. A 

minute increase in the drag is observed when the cylinders are near the wall because of 

flow charmeling along the top cylinder surface. As expected, a gradual decrease in the 

drag coefflcient for the primary cylinder occurs as the wall is approached in a parabolic 

flow. The reduced mean velocity encountered by the cylinders when displaced from the 

center of the channel and moved towards the wall causes the decrease. When the primary 
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cylinder is located at a = 0.216, upper edge offsetting causes a slightly larger drag on the 

downstream cylinder. This occurs because an eddy promoter offset to the lower edge 

diverts high velocity fluid from the center of the channel away from the front cylinder 

surface. When the primary cylinder is located at a = 0.108, lower edge offsetting causes 

a larger drag on the downstream cylinder. A combination of the wall proximity and the 

location of the eddy cylinder help to direct flow towards the front surface of the 

downstream cylinder. 

Figure 5.162 shows the drag on the upstream eddy promoter as a fimction of the 

distance from the upper channel wall. The drag on the eddy promoter is mainly 

dependent on the velocity of the approaching fluid. In a uniform flow, the value of the 

drag remain nearly constant as the wall is approached followed by a slight decrease when 

placed next to the wall. This decrease near the wall appears to be caused by the reduced 

velocity in the boundary layer on the chaimel wall. In a parabolic flow, the drag on the 

eddy promoter decreases almost linearly as the wall is approached. 

The time-averaged lift coefflcient as a fimction of the primary cylinder position is 

presented in Fig. 5.163. In a uniform flow, a positive lift is produced on the cylinder 

when the eddy promoter is offset to the lower edge of the heated cylinder. The presence 

of the eddy promoter reduces the velocity of the flow on the bottom surface. The higher 

velocity flow over the top surface generates a lower pressure, thus, producing a net 

positive lift on the cylinder. The primary cylinder retains a positive lift as the wall is 

approached. However, a negative lift is produced on the primary cylinder when the eddy 

promoter is offset to the upper edge. The increased pressure, due to a reduced mean 
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velocity over the top surface, causes the heated cylinder to experience a negative lift. 

The lift on the primary cylinder remains negative as the cylinder is moved towards the 

wall. The location of the eddy cylinder deflects flow away from the wall region when the 

cylinders are at a = 0.108 and p = 0.0734, which causes the lift force to tend to zero. For 

a channel-centered heated cylinder in a parabolic flow, positive and negative lift is 

generated on the primary cylinder for lower edge and upper edge offsetting, respectively. 

Once the cylinders are displaced from the center of the channel, the lift on the heated 

cylinder tends towards zero. Interestingly, a small positive lift is produced on the 

primary cylinder for all of the off-center configurations. 

Figure 5.164 shows the lift coefficient on the upstream eddy cylinder as a function 

of the distance from the upper channel wall. The lift on the eddy cylinder is nearly zero 

when it is located near the center of the channel for both inlet flow conditions. In a 

uniform flow, the lift on the eddy cylinder becomes positive and experiences a gradual 

increase as the wall is approached. However, in a parabolic flow, a negative lift force is 

generated when the eddy cylinder is initially displaced from near the center of the 

channel. The lift force slowly approaches a value of zero as the cylinder is moved 

towards the wall. The lift curves for both uniform and parabolic inlet velocity profiles 

display the same behavior. 

The time-averaged cylinder Nusselt number for the primary cylinder is shown in 

Fig. 5.165 as a function of the distance firom the wall. When the eddy promoter is held 

on the lower edge in a uniform flow, the cylinder Nusselt number shows a slight decrease 

as the wall nears. However, when the eddy promoter is held on the upper edge, a slight 
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increase is observed in the cylinder Nusseit number. The curves appear symmetric about 

the zero axis of the plot. In a parabolic flow, a very slight increase in the cylinder Nusseit 

number is predicted for both eddy cylinder locations when the primary cylinder is placed 

midway to the wall. The cylinder Nusseit number then decreases when the cylinders are 

placed next to the wall. Upper edge offsetting is shown to produce a slightly larger 

cylinder Nusseit number for the off-center channel locations. 

5.8 Velocity Profiles and Cross-Correlations 

Figures 5.166 through 5.171 show instantaneous velocity profiles downstream of 

the cylinder(s) for selected cases at x/D locations of 0, 1, and 5 starting from the trailing 

edge of the primary cylinder. Figure 5.166 shows the velocity profiles for a single 

cylinder in a uniform fiow located near the wall. The velocity of the fluid flowing in the 

narrow gap between the top cylinder surface and the upper channel wall is greater than 

the velocity of the fluid flowing between the bottom cylinder surface and the lower 

channel wall. The jet that forms in the narrow gap separates fi-om the wall and flows 

towards the center of the channel, as can be seen in the developing velocity profiles. 

Figure 5.167 shows the velocity profiles for a single cylinder in a parabolic flow located 

near the wall. A lower velocity fluid flows between the top cylinder surface and the 

upper channel wall as compared to the uniform flow configuration. Figure 5.168 shows 

the velocity profiles for an inline tandem pair of cylinders in a uniform fiow centered in 

the channel. The presence of the upstream eddy promoter helps to produce a narrow 

wake downstream of the cylinders. A narrow wake is also observed in the velocity 

profiles in Fig. 5.169 downstream of an inline tandem pair of cylinders in a parabolic 
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flow. Figure 5.170 shows the velocity profiles downstream of an offset tandem pair of 

cylinders in a uniform flow. Staggering the eddy promoter to the upper edge of the 

primary cylinder causes the wake downstream of the cylinders to wander fi-om the center 

of the channel. The velocity deficit caused by the eddy promoter is barely visible along 

the upper edge of the primary cylinder wake in the velocity profile located at x/D of 0. 

The velocity profiles for an offset tandem pair of cylinders in a parabolic flow is shown 

in Figure 5.171. The wake caused by the eddy promoter is clearly visible along the upper 

edge of the primary cylinder wake in the velocity profiles located at x/D of 0 and I. 

A cross-correlation of the time-averaged Nusselt number from the primary heated 

cylinder with the local Reynolds number is shown in Fig. 5.172. The local Reynolds 

number is based on the local approach velocity instead of the average inlet velocity. The 

Nusselt number increase slightly as the local Reynolds number increases. The time-

averaged Nusselt number is also correlated with the local Strouhal number as shown in 

Fig. 5.173. The Nusselt number remains almost constant at the lower Strouhal numbers 

however it appears to deviate slightly as the Strouhal number increases. The plot 

compares both single and tandem cylinders and does not take into account the reduced 

velocity impinging on the primary cylinder because of the presence of the eddy promoter. 

5.9 Summary and Conclusions 

The characteristics of the fluid flow and heat transfer for a single cylinder and an 

inline and offset tandem pair of cylinders has been numerically investigated. The 

cylinders are located at several positions in the channel with both uniform and parabolic 

inlet velocity profiles. All of the numerical calculations are performed at a Reynolds 
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number of 500 based on the larger heated cylinder. The aligiunent of the tandem 

cylinders and their location in the channel determines whether a simple steady periodic or 

a complex periodic vortex shedding occurs downstream of the cylinders. The complexity 

of the unsteady flow Held produced by the cylinder configurations can be clearly 

demonstrated by numerical visualization. A simimary of the results obtained in this study 

is given below. 

5.9.1 Single Cylinder 

(1) The largest value for the drag coefficient occurs for a channel-centered cylinder 

with a parabolic inlet velocity profile. The drag coefficient varies by about 10% 

as the distance to the wall is reduced in a uniform flow. However, the drag 

coefficient shows a significant decrease in a parabolic flow as the wall is 

approached with a near-wall value of only 22% of the channel-centered value. 

(2) When displaced fi'om the center of the channel, flow channeling causes a positive 

lift on the cylinder in a uniform flow. The larger mean velocity towards the 

center of the channel produces a negative lift on the cylinder in a parabolic flow. 

(3) As the cylinder approaches the wall in a uniform flow, the overall Nusseh number 

remains nearly unchanged, while a 34% decrease is observed for a cylinder in a 

parabolic flow. The front surface of the cylinder always experiences the largest 

Nusselt number value for both inlet velocity profiles. 

(4) The largest value of the Strouhal number is found for a channel-centered cylinder 

in a parabolic flow. A large decrease in the Strouhal number occurs when the 

cylinder is displaced fi'om the center of the channel in a uniform flow. This is 



236 

followed by a large increase as the wall is approached. An almost linear decrease 

in the Strouhal number is found for a cylinder in a parabolic flow. 

(5) In a parabolic flow, modulation of the amplitude of vortex shedding apparently 

scales with the distance of the cylinder to the nearest bounding wall. Comparable 

amplitude oscillations are observed for all cylinder positions in a uniform flow. 

(6) The formation of highly coherent vortices results when the cylinder is placed near 

the wall in a parabolic flow. The vortices are shed only from the lower cylinder 

surface with a counterclockwise rotation. The asymmetric vortex shedding results 

firom the interaction of the fluid jetting from the space between the cylinder and 

the upper wall and the vortex formed on the lower surface of the cylinder. 

Vortices of both signs and comparable strengths are produced in a uniform flow 

for the three cylinder locations studied. 

(7) The presence of an asymmetric flow bifurcation has been observed for the 

channel-centered cylinder. A non-zero lift coefficient or a difference in the 

Nusselt number values on the top and bottom surfaces of the cylinder reveal the 

presence of the bifurcation. 

5.9.2 Inline Tandem Cylinders 

(1) The drag coefficient on the downstream heated cylinder increases as the wall is 

approached in a uniform flow. The increase is partly due to the initiation of 

vortex shedding from the upstream cylinder. However, a reduction in the drag 

coefRcient is observed, as cylinders are placed closer to the upper channel wall, in 

a parabolic flow. 
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(2) The direction of the lift on the primary cylinder is identical to the lift produced on 

a single cylinder for both velocity profiles. However, near the wall, the presence 

of the eddy promoter reduces the magnitude of the lift on the heated cylinder in a 

uniform flow and increases the magnitude of the lift on the primary cylinder in a 

parabolic flow. 

(3) The Nusselt number remains nearly constant as the wall is approached in a 

uniform flow, while a moderate decrease is observed in a parabolic flow. The 

presence of an eddy promoter is found to slightly increase the overall heat transfer 

from the downstream heated cylinder for both inlet velocity profiles. 

(4) The Strouhal number of the dominant wake oscillation is greatly increased when 

an eddy-promoting cylinder is placed upstream of the heated cylinder for both 

inlet velocity profiles. In contrast to a large decrease observed for a single 

cylinder in a uniform flow, the Strouhal number remains nearly constant as the 

wall is approached for the tandem pair. The Strouhal number decreases 

significantly as the wall is approached in a parabolic flow. 

(5) The downstream, heated cylinder sheds at the same frequency as the downstream 

eddy promoter, with the lift coefficient trace for the heated cylinder always 

trailing the lift coefficient trace of the eddy promoter. 

(6) Vortex shedding from the upstream cylinder is absent for the chaimel-centered 

cylinder configuration for both inlet velocity profiles. Vortex shedding is induced 

by the geometric and flow asymmetries produced by displacing the cylinders from 

the center of the channel. 
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(7) The appearance of a flow bifurcation has also been observed for the channel-

centered cylinder arrangements. A non-zero lift coefficient and differing Nusselt 

number values on the top and bottom surfaces of the heated cylinder also signify 

the presence of the bifurcation. In addition, a non-zero lift coefficient on the 

upstream eddy promoter is also detected. 

5.9.3 Offset Tandem Cylinders 

(1) The drag force on the downstream cylinder in a uniform flow varies as the wall is 

approached. A larger drag is produced when the eddy promoter is offset to the 

lower edge of the primary cylinder. This configuration promotes the channeling 

of flow between the downstream cylinder and the upper channel wall. This 

causes a greater impingement force on the front surface and a larger shear force 

on the top surface. The drag values are less than the values for a single cylinder 

but slightly greater than the values for an inline cylinder pair. In a parabolic flow, 

the drag force is coupled to the offset position of the eddy promoter and to the 

location of the heated cylinder along the parabolic profile. In general, the drag 

force on the primary cylinder is less than the single cylinder and greater than the 

inline tandem cylinders. 

(2) In a uniform flow, the lift on the primary cylinder is dependent on the location of 

the upstream eddy promoter. The surface downstream of the eddy promoter 

experiences a lower fluid velocity with a larger pressure, thus generating a lift 

directed towards the opposite cylinder surface. When displaced from the center 

of the channel in a parabolic flow, the lift force generated on the primary cylinder 
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is always positive. This outcome is a result of the coupling between the eddy 

promoter location and the reduced mean velocity due to a parabolic profile. 

(3) A variation of about 18% in the Nusselt number is observed for an offset pair of 

cylinders as the wall is approached in a uniform flow. The Nusseh number is 

slightly less than the values for a single and inline tandem pair of cylinders with 

the same distance from the wall. A similar behavior is also observed for the offset 

cylinders in a parabolic flow. 

(4) In a uniform flow, lower-edge staggering produces a nearly constant Strouhal 

number as the wall is approached. However, when the eddy promoter is offset to 

the upper edge, a large dip in the curve similar to a single cylinder results. In a 

parabolic flow, the Strouhal number from the primary cylinder is dependent on 

the placement of the smaller upstream eddy-promoting cylinder. The results 

indicate that placement of the eddy promoter in higher velocity fluid increases the 

Strouhal number. 

(5) Very complicated flow structures are produced from the interaction of the primary 

cylinder and the offset upstream cylinder. These complex features are not present 

for a single cylinder or an inline tandem pair of cylinders. 

A comparison between the effects due to uniform and parabolic inlet velocity 

profiles is one of the main objectives of this study. The present study reveals pronounced 

differences in the behavior of a single cylinder or a tandem pair of cylinders in a uniform 

flow as compared to a channel flow with an initially parabolic inlet velocity profile. 

Except for the channel-centered arrangement, the heat transfer rate in a parabolic flow is 



240 

usually equal to or less than that in a uniform flow as the wall is approached. The 

dominant mechanism seems to be the reduced mean velocity near the channel wall 

because of the parabolic velocity distribution. The addition an upstream eddy promoter 

causes a slight increase in the heat transfer when placed inline with the heated cylinder. 

Staggering the eddy promoter reduces the heat transfer for most of the primary cylinder 

locations. The eddy promoter increases the wake oscillation frequency downstream of 

the primary cylinder for most primary cylinder locations. Except for two cases, the 

vortex shedding Strouhal number is almost invariant in a uniform flow when the 

cyiinder(s) are moved towards the wall. A gradual decrease in the Strouhal number is 

observed for the primary cylinder in a parabolic flow. The heat transfer rate from the 

heated cylinder is dependent on the flow unsteadiness and the local mean velocity. An 

examination of the offset, channel-centered cylinders in a uniform flow shows that flow 

unsteadiness can increase the heat transfer rate from a surface by 21%, The addition of 

an eddy promoter for the near wall cases is seen to increase the flow unsteadiness; 

however, a steady decrease is still observed in the overall Nusselt number. Thus, flow 

unsteadiness caimot compensate for the reduced heat transfer due to a decreasing mean 

velocity. The present investigation has systematically searched for the optimum 

placement of the eddy-promoting cylinder as a function of relevant geometrical and 

dynamical parameters. However, the variation of several fixed parameters forms the 

subject of continuing work. 
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1 Case a(a/H) P(b/H) 5(d/D) X(L/D) Reo 

0.431 — — — 500 

Single 
Cylinder 

0.216 — — — 500 

0.108 — — — 500 

0.431 0.466 0.5 2.0 500 

Inline 
Tandem 

Cylinders 
0.216 0.250 0.5 2.0 500 

0.108 0.142 0.5 2.0 500 

0.431 0.397 0.5 2.0 500 

0.216 0.319 0.5 2.0 500 

Offset 
Tandem 

Cylinders 
0.216 0.181 0.5 2.0 500 

0.108 0.211 0.5 2.0 500 

0.108 0.0734 0.5 2.0 500 

Table 5.1: Summary of the single and tandem cylinder configurations that are 
investigated in this study. Both uniform and parabolic inlet velocity profiles are 
investigated for each case. 
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Figure 5.1a: Schematic of a single square cylinder in a channel and the associated 
channel parameters. 
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Figure 5.1b: Schematic of an inline tandem pair of square cylinders in a channel and the 
associated channel parameters. 
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Figure 5.1c: Schematic of an offset tandem pair of square cylinders in a channel and the 
associated chaimel parameters. 
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Figure 5.2a: Non-uniform computational grid structure for a single heated cylinder with 
172 X 114 internal control nodes (a = 0.431). 

Figure 5.2b: Non-uniform computational grid structure for a single heated cylinder with 
172 X 114 internal control nodes (a = 0.216). 

Figure 5.2c: Non-uniform computational grid structure for a single heated cylinder with 
172 X 114 internal control nodes (a = 0.108). 
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Figure 5.3a: Velocity vectors for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.431). 
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Figure 5.3b: Particle streaklines for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.431). 

Figure 5.3c: Vorticity contours for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.431). 

Figure 5 Jd: Temperature contours for a single heated cylinder with a uniform inlet 
velocity profile (a = 0.431). 
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Figure 5.4a: Velocity vectors for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.216). 
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Figure 5.4b: Particle streaklines for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.216). 
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Figure 5.4c: Vorticity contours for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.216). 

Figure 5.4d: Temperature contours for a single heated cylinder with a uniform inlet 
velocity profile (a = 0.216). 
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Figure 5.5a: Velocity vectors for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.108). 
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Figure 5.5b: Particle streaklines for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.108). 

Figure 5.5c: Vorticity contours for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.108). 

Figure 5.5d: Temperature contours for a single heated cylinder with a uniform inlet 
velocity profile (a = 0.108). 
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Figure 5.6: Near-wall instantaneous streamlines for a single heated cylinder with a 
uniform inlet velocity profile (a = 0.108). 
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Figure 5.7: Instantaneous cross-sectional velocity profiles for a single heated cylinder 
with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.8a: Velocity vectors for a single heated cylinder with a parabolic inlet velocity 
profile (a = 0.431). 
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Figure 5.8b: Particle streaklines for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.431). 

Figure 5.8c: Vorticity contours for a single heated cylinder with a parabolic inlet velocity 
profile (a = 0.431). 

Figure 5.8d: Temperature contours for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.431). 
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Figure 5.9a; Velocity vectors for a single heated cylinder with a parabolic inlet velocity 
profile (a = 0.216). 

Figure S.9b: Particle streaklines for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.216). 

Figure 5.9c: Vorticity contours for a single heated cylinder with a parabolic inlet velocity 
profile (a = 0.216). 

Figure 5.9d: Temperature contours for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0,216). 
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Figure 5.10a: Velocity vectors for a single heated cylinder with a parabolic inlet velocity 
profile (a = 0.108). 

Figure 5.10b: Particle streaklines for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.108). 

Figure 5.10c: Vorticity contours for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.108), 

Figure 5.10d: Temperature contours for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.108). 
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Figure 5.11: Near-wall instantaneous 
parabolic inlet velocity profile (a == 0.108). 
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Figure 5.12: Instantaneous cross-sectional velocity profiles for a single 

with a parabolic inlet velocity profile (a = 0.108). 

heated cylinder 
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(d) 

(e) 

Figure 5.13: Time-series of vorticity for a single heated cylinder with a parabolic inlet 
velocity profile (a = 0.108): (a) T = 0, (b) T = 0.25, (c) z = 0.50, (d) T = 0.75, (e) T = I.O. 
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Figure 5.14: Phase space of v(t)/Uo versus u(t)AJo at a tnonitoring point for a single 
heated cylinder with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.15: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for a single 
heated cylinder with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.16: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for a single 
heated cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.17: Phase space of v(t)/Uo versus u(t)AJo at a monitoring point for a single 
heated cylinder with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.18: Phase space of v(t)AJo versus u(t)/Uo at a monitoring point for a single 
heated cylinder with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.19; Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for a single 
heated cylinder with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.20: Time series of the instantaneous drag and lift coefficients for a single heated 
cylinder with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.21: Time series of the instantaneous drag and lift coefficients for a single heated 
cylinder with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.22: Time series of the instantaneous drag and lift coefficients for a single heated 
cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.23: Time series of the instantaneous drag and lift coefRcients for a single heated 
cylinder with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.24: Time series of the instantaneous drag and lift coefficients for a single heated 
cylinder with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.25: Time series of the instantaneous drag and Hit coefficients for a single heated 
cylinder with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.26: Time series of the instantaneous Nusselt number on each surface for a 
single heated cylinder with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.27: Time series of the instantaneous Nusselt number on each surface for a 
single heated cylinder with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.28: Time series of the instantaneous Nusselt number on each surface for a 
single heated cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.29: Time series of the instantaneous Nusselt number on each surface for a 
single heated cylinder with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.30: Time series of the instantaneous Nusselt number on each surface for a 
single heated cylinder with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5J1: Time series of the instantaneous Nusselt number on each surface for a 
single heated cylinder with a parabolic inlet velocity profile (a = 0.108). 



262 

100 

1.50 -

l.OO 

0.50 

0.00 

-0.50 

-1.00 

-1.50 

J H y 

i f  

- r , . , I , . , , I . , . I I , ,  I  I I I I  t  I I I I  I  I I I  r I I  I I I  I I I I . . . I I ,  I  I  

*• 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

t (seconds) 

Figure 5.32: Time series of the non-dimensional cross-stream velocity at a monitoring 
point for a single heated cylinder with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.33: Power spectrum of the cross-stream velocity versus the Strouhal number for 
a single heated cylinder with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.34: Time series of the non-dimensional cross-stream velocity at a monitoring 
point for a single heated cylinder with a uniform inlet velocity profile (a = 0.216). 
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Figure 535: Power spectrum of the cross-stream velocity versus the Strouhal number for 
a single heated cylinder with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.36; Time series of the non-dimensional cross-stream velocity at a monitoring 
point for a single heated cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 537: Power spectrum of the cross-stream velocity versus the Strouhal number for 
a single heated cylinder with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.38: Time series of the non-dimensional cross-stream velocity at a monitoring 
point for a single heated cylinder with a parabolic inlet velocity profile (a = 0.431). 
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Figure 539: Power spectrum of the cross-stream velocity versus the Strouhal number for 
a single heated cylinder with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.40: Time series of the non-dimensional cross-stream velocity at a monitoring 
point for a single heated cylinder with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.41: Power spectrum of the cross-stream velocity versus the Strouhal number for 
a single heated cylinder with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.42: Time series of the non-dimensional cross-stream velocity at a monitoring 
point for a single heated cylinder with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.43: Power spectrum of the cross-stream velocity versus the Strouhal number for 
a single heated cylinder with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.44: A comparison of the Strouhai number for a single heated cylinder with a 
uniform inlet velocity profile. 
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Figure 5.45: A comparison of the drag coefficient for a heated cylinder with a uniform 
inlet velocity profile. 
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Figure 5.46: A comparison of the lift coefficient for a heated cylinder with a uniform 
inlet velocity profile. 
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Figure 5.47: A comparison of the lift coefficient for a heated cylinder with a uniform 
inlet velocity profile. 
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Figure 5.48: Strouhal number as a function of the cylinder position for a single heated 
cylinder. 
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Figure 5.49: Time-averaged and tms values of the drag coefficient as a function of the 
cylinder position for a single heated cylinder. 
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Figure 5.50: Time-averaged and rms values of the lift coefficient as a function of the 
cylinder position for a single heated cylinder. 
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Figure 5.51: Time-averaged and rms values of the cylinder Nusseh number as a function 
of the cylinder position for a single heated cylinder. 
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Figure 5.52: Time-averaged Nusselt number as a function of the cylinder position for 
each surface of a single heated cylinder with a uniform inlet velocity profile. 
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Figure 5.53: Rms value of the time-averaged Nusselt number as a function of the 
cylinder position for each surface of a single heated cylinder with a uniform inlet velocity 
profile. 
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Figure 5.54: Time-averaged Nusselt number as a function of the cylinder position for 
each surface of a single heated cylinder with a parabolic inlet velocity profile. 
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Figure 5.55: Rms value of the time-averaged Nusselt number as a function of the 
cylinder position for each surface of a single heated cylinder with a parabolic inlet 
velocity profile. 
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Figure S.56a: Non-uniform computational grid structure for an inline tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.431). 

Figure 5.56b: Non-uniform computational grid structure for an inline tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.216). 

Figure 5.56c: Non-uniform computational grid structure for an inline tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.108). 
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Figure 5.57a: Velocity vectors for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431). 

Figure 5.57b: Particle streaklines for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431). 

Figure 5.57c: Vorticity contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431). 

Figure 5.57d: Temperature contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431). 
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Figure S.58a: Velocity vectors for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216). 

Figure 5.S8b: Particle streaklines for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216). 

Figure 5.S8c: Vorticity contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216). 

Figure 5.58d: Temperature contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216). 
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Figure 5.59a; Velocity vectors for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108). 

Figure 5.59b: Particle streaklines for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108). 
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Figure 5.59c: Vorticity contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108). 

Figure 5.59d: Temperature contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108). 
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Figure 5.60: Near-wall instantaneous streamlines for an inline tandem pair of square 
cylinders with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.61: Instantaneous cross-sectional velocity profiles for an inline tandem pair of 
square cylinders with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.62a: Velocity vectors for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431). 

Figure 5.62b: Particle streaklines for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431). 
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Figure 5.62c: Vorticity contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431). 

Figure 5.62d: Temperature contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431). 
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Figure 5.63a: Velocity vectors for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216). 

Figure 5.63b: Particle streaklines for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216). 

Figure 5.63c: Vorticity contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216). 

Figure 5.63d: Temperature contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216). 



281 

I uiiiiiiiMaiiuuuuiiuiiiig 
L 1—^ j frrrrrrrrrrr r rrrfrr^y 

Figure 5.64a: Velocity vectors for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108). 

Figure 5.64b: Particle streaklines for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108). 

Figure 5.64c: Vorticity contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108). 
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Figure 5.64d: Temperature contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0,108). 
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Figure 5.65: Near-wall instantaneous streamlines for an inline tandem pair of square 

cylinders with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.67: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an inline 
tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.68: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an inline 
tandem pair of square cylinders wdth a uniform inlet velocity profile (a = 0.216). 
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Figure 5.69: Phase space of v(t)AJo versus u(t)/Uo at a monitoring point for an inline 
tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.70: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point an inline tandem 
pair of square cylinders with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.71: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an inline 
tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.72: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an inline 
tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.73: Time series of the instantaneous drag and lift coefficients for an inline 
tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.74: Time series of the instantaneous drag and lift coefficients for an inline 
tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.75: Time series of the instantaneous drag and lift coefficients for an inline 
tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.76: Time series of the instantaneous drag and lift coefficients for an inline 
tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.77: Time series of the instantaneous drag and lift coefficients for an inline 
tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.78: Time series of the instantaneous drag and lift coefficients for an inline 
tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.79: Time series of the instantaneous Nusselt number of each surface for an 
inline tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.80: Time series of the instantaneous Nusselt number of each surface for an 
inline tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.81: Time series of the instantaneous Nusseit number of each surface for an 
inline tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.82: Time series of the instantaneous Nusseit number of each surface for an 
inline tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.83: Time series of the instantaneous Nusselt number of each surface for an 
inline tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.84: Time series of the instantaneous Nusselt number of each surface for an 
inline tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.85; Power spectrum of the lift coefficient versus the Strouhal number for an 
inline tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.86: Power spectrum of the lift coefficient versus the Strouhal number for an 
mline tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.216). 
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Figure 5.87: Power spectrum of the lift coefficient versus the Strouhal number for an 
inline tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.108). 
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Figure 5.88: Power spectrum of the lift coefficient versus the Strouhal number for an 
inline tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.431). 
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Figure 5.89: Power spectrum of the lift coefficient versus the Strouhal number for an 
inline tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.216). 
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Figure 5.90: Power spectrum of the lift coefficient versus the Strouhal number for an 
inline tandem pair of square cylinders with a parabolic inlet velocity profile (a = 0.108). 
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Figure 5.91; Strouhal number as a function of the cylinder position for the primary 
cylinder in an inline tandem pair of square cylinders. 
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Figure 5.92: Time-averaged and rms values of the drag coefficient as a function of the 
cylinder position for the primary cylinder in an inline tandem pair of square cylinders. 
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Figure 5.93: Time-averaged and rms values of the drag coefficient as a fimction of the 
cylinder position for the eddy promoter in an inline tandem pair of square cylinders. 
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Figure 5.94: Time-averaged and rms values of the lift coefficient as a function of the 
cylinder position for the primary cylinder in an inline tandem pair of square cylinders. 
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Figure 5.95: Time-averaged and rms values of the lift coefficient as a function of the 
cylinder position for the eddy promoter in an inline tandem pair of square cylinders. 
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Figure 5.96: Time-averaged and rms values of the cylinder Nusselt number as a function 
of the cylinder position for the primary cylinder in an inline tandem pair of square 
cylinders. 
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Figure 5.97; Time-averaged Nusselt number as a function of the cylinder position for 
each surface of the primary cylinder in an inline tandem pair of square cylinders with a 
uniform inlet velocity profile. 
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Figure 5.98: Rms value of the time-averaged Nusselt number as a flmction of the 
cylinder position for each surface of the primary cylinder in an inline tandem pair of 
square cylinders with a uniform inlet velocity profile. 
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Figure 5.99: Time-averaged Nusseit number as a function of the cylinder position for 
each surface of the primary cylinder in an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile. 
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Figure 5.100: Rms value of the time-averaged Nusseit number as a function of the 
cylinder position for each surface of the primary cylinder in an inline tandem pair of 
square cylinders with a parabolic inlet velocity profile. 



Figure 5.101a: Non-uniform computational grid structure for an offset tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0,431, p = 0.397). 

Figure 5.101b: Non-uniform computational grid structure for an offset tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.216, P = 0.319). 

Figure 5.101c: Non-uniform computational grid structure for an offset tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.216, P = 0.181). 



Figure S.lOld: Non-unifonn computational grid structure for an offset tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.108, P = 0.211). 

Figure S.lOle: Non-uniform computational grid structure for an offset tandem pair of 
square cylinders with 188 x 114 internal control nodes (a = 0.108, P = 0.0734). 
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Figure 5.102a: Velocity vectors for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.102b: Particle streajdines for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431, P = 0.397). 

Figure 5.102c: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431, P = 0.397). 

Figure 5.102d: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.103a: Velocity vectors for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, p = 0.319). 

Figure 5.103b: Particle streaklines for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, p = 0.319). 

Figure 5.103c: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, p = 0.319). 

Figure 5.103d: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, p = 0.319). 
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Figure 5.104a: Velocity vectors for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, p = 0.181). 

Figure 5.104b: Particle streaklines for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, (3 = 0.181). 

Figure 5.104c: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, (5 = 0.181). 

Figure 5.104d: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.216, p = 0.181). 
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Figure 5.105a: Velocity vectors for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, p = 0.211). 

Figure 5.105b: Particle streaklines for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, p = 0.211). 

Figure 5.105c: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, p = 0.211). 

Figure 5.105d: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, P = 0.211). 
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Figure 5.106: Near-wall instantaneous streamlines for an offset tandem pair of square 
cylinders with a uniform inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.107: Instantaneous cross-sectional velocity profiles for an offset tandem pair of 
square cylinders with a uniform inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.108a: Velocity vectors for an offset tandem pair of square cylinders vsdth a 
uniform inlet velocity profile (a = 0.108, P = 0.0734). 
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Figure 5.108b: Particle streaklines for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, P = 0.0734). 

Figure 5.108c: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, P = 0.0734). 

Figure 5.108d: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.109: Near-wall instantaneous streamlines for an offset tandem pair of square 
cylinders with a uniform inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.110: Instantaneous cross-sectional velocity profiles for an offset tandem pair of 
square cylinders with a uniform inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure S.llla: Velocity vectors for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431, p = 0.397). 
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Figure 5.111b: Particle streaklines for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431, p = 0.397). 

Figure 5.111c: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431, P = 0.397). 

Figure 5.1 lid: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.431, p = 0.397). 
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Figure 5.112a: Velocity vectors for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, P = 0.319). 

Figure 5.112b: Particle streaklines for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, P = 0.319), 
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Figure 5.112c: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, p = 0.319). 

Figure 5.112d: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, P = 0.319). 
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Figure 5.113a: Velocity vectors for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, p = 0.181). 

Figure 5.113b: Particle streaklines for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, |3 = 0.181). 
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Figure 5.113c: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, |3 = 0.181). 

Figure 5.113d: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.216, p = 0.181). 



312 

' f  '  j "  

liiiiil 
w f f f  s w ¥ f ¥ f w w ¥ r  f  ¥  f  f  f  f f j f i  

Figure 5.114a: Velocity vectors for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.114b: Particle streaklines for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, p = 0.211). 

Figure 5.114c: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, p = 0.211). 

Figure 5.114d: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.115: Near-wall instantaneous streamlines for an offset tandem pair of square 
cylinders with a parabolic inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.116: Instantaneous cross-sectional velocity profiles for an offset tandem pair of 
square cylinders with a parabolic inlet velocity profile (a = 0.108, P = 0.211). 
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Figure 5.117a: Velocity vectors for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, P = 0.0734). 

Figure 5.117b: Particle streaklines for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, p = 0.0734). 

Figure 5.117c: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, p = 0.0734). 

Figure S.117d: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile (a = 0.108, P = 0.0734). 
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Figure 5.118: Near-wall instantaneous streamlines for an offset tandem pair of square 
cylinders with a parabolic inlet velocity profile (a = 0.108, P = 0.0734). 
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Figure 5.119: Instantaneous cross-sectional velocity profiles for an ofifset tandem pair of 
square cylinders with a parabolic inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.120: Phase space of v(t)/Uo versus u(t)AJo at a monitoring point for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.431, p = 0.397). 
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Figure 5.121: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.216, P = 0.319). 
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Figure 5.122: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.216, (3 = 0.181). 

0,30 

0 . 3 0 ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '  

•0.10 -

-0.20 -

u(t)/U„ 

Figure 5.123: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.124: Phase space of v(t)/Uo versus u(t)AJo at a monitoring point for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.108, P = 0.0734). 
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tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.126: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.216, p = 0.319). 

1.00 

0.75 -

0.50 -

0.25 -

0.00 -

-0.25 -

-0.50 -

-0.75 -

.t 00 ' 
• -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 I.OO 

u(t)/U„ 

Figure 5.127: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.216, p = 0.181). 
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Figure 5.128: Phase space of v(t)/Uo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.108, P = 0.211). 
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Figure 5.129: Phase space of v(t)AJo versus u(t)/Uo at a monitoring point for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.130: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.431, p = 0.397). 
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Figure 5.131: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.216, p = 0.319). 
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Figure 5.132: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.216, p = 0.181). 
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Figure 5.133: Time series of the instantaneous drag and lift coefiScients for an offset 
tandem pair of square cylinders with a uniform inlet velocity profile (a = 0.108, P = 211). 



323 

u 
•a 

-1.0 -

-2.0 -

-3.0 -

4.0. 

t (seconds) 

Figure 5.134: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a uniform inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.135: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.136: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.216, p = 0.319). 
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Figure 5.137: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.216, p = 0.181). 
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Figure 5.138: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.139: Time series of the instantaneous drag and lift coefficients for an offset 
tandem pair of cylinders with a parabolic inlet velocity profile (a = 0.108, P = 0.0734). 
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Figure 5.140: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.141: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.216, P = 0.319). 
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Figure 5.142: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.216, P = 0.181). 
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Figure 5.143: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.144: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.145: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.146: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.216, p = 0.319). 
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Figure 5.147: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.216, P = 0.181). 
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Figure 5.148: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.108, P = 0.211). 
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Figure 5.149: Time series of the instantaneous Nusselt number of each surface for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.150: Power spectrum of the lift coefficient versus the Strouhal number for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.151: Power spectrum of the lift coefBcient versus the Strouhal number for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.216, P = 0.319). 
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Figure 5.152: Power spectrum of the lift coefficient versus the Strouhal number for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.216, p = 0.181). 
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Figure 5.153: Power spectrum of the lift coefficient versus the Strouhal number for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.108, p = 0.211). 
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Figure 5.154: Power spectrum of the lift coefficient versus the Strouhai number for an 
offset tandem cylinder pair with a uniform inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.155: Power spectrum of the lift coefficient versus the Strouhai number for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.431, P = 0.397), 



334 

20000 

16000 

St-0.291 

g 12000 

VI 

8000 

4000 

0.2 0.3 I 

Strouhal number 

0.0 0.4 0.5 0.6 

Figure 5.156: Power spectrum of the lift coefficient versus the Strouhal number for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.216, P = 0.319). 
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Figure 5.157: Power spectrum of the lift coefBcient versus the Strouhal number for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.216, p = 0.181). 
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Figure 5.158: Power spectrum of the lift coefficient versus the Strouhal number for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.108, P = 0.211). 
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Figure 5.159: Power spectrum of the lift coefficient versus the Strouhal number for an 
offset tandem cylinder pair with a parabolic inlet velocity profile (a = 0.108, p = 0.0734). 
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Figure 5.161: Time-averaged drag coefficient as a function of the cylinder position for 
the primary cylinder in an offset tandem pair of square cylinders. 
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Figure 5.162: Time-averaged drag coefficient as a function of the cylinder position for 
the eddy promoter in an offset tandem pair of square cylinders. 
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Figure 5.163: Time-averaged lift coefficient as a function of the cylinder position for the 
primary cylinder in an offset tandem pair of square cylinders. 
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Figure 5.164: Time-averaged lift coefficient as a function of tiie cylinder position for the 
eddy promoter in an offset tandem pair of square cylinders. 
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of the cylinder at x/D of 0, 1, and 5 for a single heated square cylinder with a uniform 
inlet velocity profile (a = 0.108). 
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Figure 5.168: Instantaneous streamwise velocity profiles downstream of the rear surface 
of the primary cylinder at x/D of 0, 1, and 5 for an inline tandem pair of square cylinders 
with a uniform inlet velocity profile (a = 0.431). 
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Figure 5.170: Instantaneous streamwise velocity profiles downstream of the rear surface 
of the primary cylinder at x/D of 0, I, and 5 for an offset tandem pair of square cylinders 
with a uniform inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.171: Instantaneous streamwise velocity profiles downstream of the rear surface 
of the primary cylinder at x/D of 0, 1, and 5 for an offset tandem pair of square cylinders 
with a parabolic inlet velocity profile (a = 0.431, P = 0.397). 
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Figure 5.172: Time-averaged Nusselt number as a function of the local Reynolds number 
for the primary cylinder. 
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CHAPTER 6 

COMPLEMENTARY WORK AND SPECIAL TOPICS 

6.1 Introduction 

This chapter presents the resuhs of secondary numerical investigations that are 

complementary to the current analysis and are not covered in Chapter 5. These studies 

include cylinder configurations that were suggested as possibly extensions to the main 

cylinder arrangements, such as the placement of an eddy controller downstream of the 

primary heated cylinder. Also included is an interesting phenomenon that arose during 

the simulation of the main work: bifurcation of the flow past a cylinder in a channel. The 

results are presented as a side interest in the dissertation and also as possible areas for 

future work. In this context, only a brief introduction and discussion is given for each 

complementary and special topic in this chapter. 

6.2 Complementary Work 

During the course of this numerical investigation, several cylinder configurations 

were examined with the prospect of producing interesting results. These cases were 

either the idea of the author or suggestions made by the dissertation advisors. These 

studies, which are complementary to the main work, are listed below. 

• Eddy controller placed downstream of the primary cylinder. 

• Single and tandem cylinders located on the channel wall. 

• Single and tandem cylinders located in a fireestream. 

• Three-dimensional investigation of a single cube in a channel. 
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A logical extension to the investigation of an upstream eddy promoter is the 

placement of an eddy controller downstream of the primary, heated cylinder. Several 

downstream positions with both inline and offset cylinder configurations are investigated 

to study the interaction of the eddy cylinder with the primary cylinder wake. The 

principal investigation in this dissertation is concerned with the flow and heat transfer 

around single and tandem cylinders removed from the wall and neglects wall-attached 

configurations. A superficial study is provided to investigate the behavior of the flow 

field for cylinders located on a channel wall. The cylinder configurations are then placed 

in a fireestream flow to provide results that can be compared to the results for cylinders in 

a channel. The final complementary conflguration studied is the three-dimensional 

calculation of flow around a cube in a chaimel. This investigation accomplishes two 

purposes: it provides the next logical extension for the investigation of flow and heat 

transfer over bluff bodies, and it demonstrates the full capabilities of the FAHTSO code. 

The investigations are initiated with the flow velocity set equal to the average inlet 

velocity and a uniform temperature of 300 K specifled throughout the fluid domain. The 

calculations are performed until a steady periodic or aperiodic (saturated) fmal state is 

achieved. A summary of the cylinder configurations studied is given in Table 6.1. 

A description of the geometry and the initial and boundary conditions is given for 

each problem. A comparison of the current results with those of the main dissertation is 

given for relevant cases only and each study is only briefly described. The results of the 

complementary numerical investigations are analyzed with figures of the vorticity and 

temperature fields and plots of drag and lift coefflcients and Strouhal number. 
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6.3 Downstream Eddy Controller 

The first complementary study corresponds to a heated square cylinder fixed in 

the center of the channel with an eddy controller situated at several positions downstream 

of the primary cylinder. A total of six cylinder configurations are investigated. Both 

uniform and parabolic inlet velocity profiles are considered. All of the calculations are 

performed for a fixed cylinder Reynolds number of 500, based on the dimensions of the 

primary cylinder, and a Prandtl number of 0.71, The eddy-controlling cylinder is either 

centered with (P = 0,483) or offset (b = 0,414) to the upper edge of the primary cylinder. 

The non-dimensional inter-cylinder spacing, X,, varies from 0,5, 1.0 and 2.0 between the 

rear surface of the primary cylinder and the front surface of the eddy controller. A fixed 

eddy-cylinder-to-primary-cylinder diameter ratio, 6, of 0,25 is used for all of the 

calculations. The dimensions of the channel and the primary cylinder are identical to 

those used in the main dissertation problems. The flows investigated are visualized by 

means of vorticity and temperature contour plots. Finally, the time-averaged drag 

coefficient and Strouhal number are plotted as a flmction of the non-dimensional inter-

cylinder spacing. 

Figures 6.1 through 6.6 show plots of the vorticity and temperature fields for 

inline tandem cylinder configurations. Figure 6.1a shows the vorticity contours for a 

uniform inlet velocity profile with the eddy controller situated two primary cylinder 

diameters downstream of the primary cylinder. The resulting vorticity field looks similar 

to the case for the single cylinder centered in the channel, which is shown in Fig. 5.3c. 

However, the presence of the eddy controller downstream of the primary cylinder slightly 
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distorts the vortices shedding from the primary cylinder. This distortion is clearly seen 

when comparing the temperature fields in Figs. S.3d and 6.1b. Figures 6.2a and 6.2b 

show the vorticity and temperature fields when the eddy controller is situated one 

primary cylinder diameter downstream of the heated cylinder. There is less distortion of 

the vortices shed from the primary cylinder. This is clearly seen by comparing the 

temperature contours in Figs. 6.1b and 6.2b. Figures 6.3a and 6.3b show the vorticity and 

temperature contours when the eddy controller is situated only one-half of the primary 

cylinder diameter downstream of the heated cylinder. The eddy controller does not 

distort the vorticity and temperature contours and coherent temperature contours are 

clearly visible in Fig. 6.3b. The two larger inter-cylinder separations allow the eddy 

controller to sever the forming vortices in the wake of the heated cylinder. 

Figures 6.4 through 6.6 show the vorticity and temperature contours for a 

parabolic inlet velocity profile with the eddy controller situated at three locations 

^ downstream of the heated cylinder. The downstream eddy controller also distorts the 

vorticity and temperature contours that shed from the primar>' heated cylinder as shown 

in Figs. 6.4a and 6.4b. Figures 6.5a and 6.5b show the vorticity and temperature contours 

when the eddy controller is situated one primary cylinder diameter downstream of the 

heated cylinder. A difference in the distortion of the temperature contours in the vicinity 

of the eddy controller is clearly visible in Figs. 6.4b and 6.5b. Figures 6.6a and 6.6b 

show the vorticity and temperature contours when the eddy controller is situated only 

one-half of the primary cylinder diameter downstream of the heated cylinder. This 
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smaller inter-cylinder separation minimizes the distortion of the shed vortices, which can 

be clearly seen by comparing Figs. 6.4b and 6.6b. 

Figures 6.7 through 6.12 show the vorticity and temperature contours for an offset 

tandem pair of cylinders with the eddy controller located downstream of the primary 

cylinder. Figures 6.7a and 6.7b show the vorticity and temperature contours for a 

uniform inlet velocity profile with the eddy controller located two primary cylinder 

diameters downstream of the heated cylinder. The eddy controller distorts the vortices 

shed fi*om the primary cylinder. The vortices are distorted less when the eddy controller 

is situated one primary cylinder diameter downstream of the heated cylinder as shown in 

Figs. 6.8a and 6.8b. The vortex forming on the upper primary cylinder surface appears to 

form around the eddy controller as is sheds from the heated cylinder. Figures 6.9a and 

6.9b show the vorticity and temperature contours when the eddy controller is situated 

only one-half of the primary cylinder diameter downstream of the heated cylinder. A 

comparison of the temperature fields in Figs. 6.7b, 6.8b, and 6.9b shows a difference in 

the distortion of the temperature contours. 

Figures 6.10 through 6.12 show the vorticity and temperature contours for a 

parabolic inlet velocity profile. Figures 6.10a and 6.10b show the vorticity and 

temperature contours when the eddy controller is located two primary cylinder diameters 

downstream of the heated cylinder. A significant difference in the vorticity and 

temperature contours is observed when the eddy controller is situated one primary 

cylinder diameter downstream of the heated cylinder as shown in Figs. 6.11a and 6.11b. 

The vortices become elongated for this eddy controller location. Figures 6.12a and 6.12b 
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show the vorticity and temperature contours when the eddy controller is situated only 

one-half of the primary cylinder diameter downstream of the heated cylinder. A 

comparison of the temperature contours in Figs. 6.10b, 6.1 lb, and 6.12b shows that the 

location of the eddy controller downstream of the primary heated cylinder causes a 

significant change in the flow field. 

Figure 6.13 shows the time-averaged drag coefficient as a function of the non-

dimensional inter-cylinder distance, k. The drag coefficient of the primary cylinder is 

almost identical for an inline and offset eddy controller with a uniform inlet velocity 

profile. The drag coefficient decreases only slightly as the eddy controller approaches the 

primary cylinder. The pressure force on the front primary cylinder surface, which has 

little to no influence from the downstream eddy controller, causes a large portion of the 

drag. The drag coefficient on the primary cylinder is identical for an inline and offset 

eddy controller only for the largest inter-cylinder distance with a parabolic inlet velocity 

profile. A small deviation in the drag coefficient is observed as the eddy controller 

approaches the primary cylinder. The values for a single cylinder in both uniform and 

parabolic flows are compared to the largest inter-cylinder separation. The results show 

that the downstream eddy controller has very little influence on the drag coefficient. 

Figure 6.14 shows the Strouhal number as a function of the non-dimensional 

inter-cylinder distance, L Unlike the drag coefficient, the Strouhal number is strongly 

influenced by the position of the downstream eddy controller. The Strouhal number 

shows a marked decrease in both the uniform and parabolic flows as the inline eddy 

controller is displaced from the primary cylinder. The parabolic flow configuration has a 
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larger Strouhal number for all inter-cylinder distances. The offset parabolic flow 

configuration follows the same trend as the inline parabolic arrangement and has 

comparable Strouhal numbers at all inter-cylinder distances. The offset uniform flow 

configuration for X = 2.0 shows a large deviation for the Strouhal number towards the 

single cylinder value. A comparison of the Strouhal numbers for the largest inter-

cylinder distances with those for a single cylinder in uniform and parabolic flows shows 

that the presence of the downstream cylinder significantly alters the shedding frequency 

for most of the cylinder configurations. A significant reduction in the shedding 

firequency is observed for both inline and offset cases in parabolic flow. 

6.4 Single and Tandem Cylinders on tiie Wall 

The second complementary study corresponds to single and tandem cylinders 

fixed to the lower channel wall. A total of four cylinder configurations are investigated. 

Both uniform and parabolic inlet velocity proflles are considered. All of the calculations 

are performed for a flxed cylinder Reynolds number of 500, based on the dimensions of 

the primary cylinder, and a Prandtl number of 0.71. The inter-cylinder spacing for the 

tandem arrangement is fixed at a non-dimensional distance, X., of 2.0 and a fixed eddy-

cylinder-to-primary-cylinder diameter ratio, 6, of 0.5. The dimensions of the channel and 

the upstream and primary cylinders are identical to those used in the main dissertation 

problems. The flows investigated are visualized by means of vorticity and temperature 

contour plots. 

Figures 6.15a and 6.15b show the vorticity and temperature contours for a single 

cylinder located on the channel wall with a uniform inlet velocity profile. The flow 
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separates from the upper front comer of the cylinder and forms a large recirculating 

region downstream of the cylinder. The separated shear layer becomes unstable 

approximately 15 cylinder diameters downstream of the cylinder. The unsteady 

separation length extends past the exit plane of the channel at a distance of 25 cylinder 

diameters. The shear layer instability produces vortices in the vicinity of the channel exit 

plane. The temperature field in Fig. 6.15b closely resembles the vorticity field and shows 

a small recirculating region immediately ahead of the cylinder. Figures 6.16a and 6.16b 

show the vorticity and temperature contours for a single cylinder located on the channel 

wall with a parabolic inlet velocity profile. The reduced velocity magnitude near the 

channel wall produces a steady recirculating region downstream of the cylinder. The 

recirculating region also extends past the end of the channel at a distance of 25 cylinder 

diameters. Amal, et al. (1991) predict a separation distance of approximately 30 cylinder 

diameters for a parabolic inlet velocity profile. Figures 6.17a and 6.17b show the 

vorticity and temperature contours for a tandem pair of cylinders located on the channel 

wall with a uniform inlet velocity profile. Unlike the single cylinder on the channel wall 

shown in Fig. 6.15, a steady recirculating region develops downstream of the heated 

cylinder due to the presence of the upstream cylinder. The recirculating region 

downstream of the primary cylinder extends just beyond the exit plane of the channel at a 

distance of 25 cylinder diameters. A small recirculating zone also develops between the 

upstream and primary cylinders and is clearly visible in the temperature contour plot. 

Figures 6.18a and 6.18b shows the vorticity and temperature contours for a tandem pair 

of cylinders located on the channel wall with a parabolic inlet velocity profile. The 
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recirculating region downstream of the primary cylinder also extends past the exit plane 

of the chaimel at a distance of 25 cylinder diameters. The downstream recirculating 

region for uniform and parabolic flows looks very similar; however, the recirculating 

region between the cylinders is different because of the higher shear flow in the uniform 

velocity profile. All of the wall-attached cylinder arrangements are calculated using a 

transient analysis to a time of 10 seconds and unsteady flow developments are not 

investigated past this time. 

6.5 Single and Tandem Cylinders in a Freestream 

The third complementary study corresponds to single and inline tandem cylinders 

in a freestream. A total of two cases are investigated. All of the calculations are 

performed for a fixed cylinder Reynolds number of 500, based on the dimensions of the 

primary cylinder, and a Prandtl number of 0.71. The inter-cylinder spacing for the 

tandem arrangement Is fixed at a non-dimensional distance, X, of 2.0 and a fixed eddy-

cylinder-to-primary-cylinder diameter ratio, 5, of 0,5. No-slip, impermeable boundary 

conditions for the velocity are imposed on the surface of the cylinder(s), while slip, 

impermeable boundary conditions are imposed on the upper and lower domain 

boundaries. The upstream and downstream dimensions of the domain are identical to the 

dissertation problems and the distances between the upper and lower domain boundaries 

and the top and bottom primary cylinder surfaces, respectively, are identical to those for a 

similar investigation by Amal, et al. (1991). The eddy promoter and primary cylinder are 

identical to those used in the main dissertation problems. The flows investigated are 

visualized by means of vorticity and temperature contour plots. 
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Figures 6.19a and 6.19b show the vorticity and temperature contours for a single 

cylinder in a freestream. The vortex shedding downstream of the cylinder is highly 

distorted and evidence of an asymmetry is available from the time-averaged data. The 

cylinder quantities are time-averaged over a period of 5 seconds. The Nusselt number on 

the top cylinder surface is 4.95 while the Nusselt number on the bottom cylinder surface 

is 5.61 and the time-averaged lift coefficient is 0.008. Previous numerical investigations 

by Amal, et al. (1991) and Sohankar, et al. (1999) reveal similar asymmetric results. 

Amal, et al. (1991) believe that the asymmetry may be due to a very long transient or 

possibly a more complicated flow behavior which arises as the Reynolds number is 

increased. Sohankar, et al. (1999) found that the time-averaged flow patterns around the 

cylinder are not perfectly symmetric with the oncomuig flow and calculated a time-

averaged lift coefficient of -0.04. These findings were not investigated further in the 

paper. A drag coefficient value of 2.06 compares well with the values of 1.8 and 1.89 

calculated by Amal, et al. (1991) and Sohankar, et al. (1999), respectively. A Strouhal 

number of 0.155 also compares reasonably well with the values of 0.14 and 0.174 found 

by Amal, et al. (1991) and Sohankar, et al. (1999), respectively. As a comparison, the 

drag coefficient and Strouhal number calculated in the principal investigation for a single 

cylinder in a channel are 2.70 and 0.208, respectively. 

Figures 6.20a and 6.20b show the vorticity and temperature contours for an inline 

tandem pair of cylinders in a freestream. The presence of the upstream eddy promoter 

produces a symmetric and highly periodic wake downstream of the cylinders. The close 

resemblance of the vorticity contours for wall-bounded and freestream cylinders is visible 
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in Figs. 5.57c and 6.20a. The drag coefficient on the primary cylinder is 0,574, which is 

much less than the value of 0.902 for the same cylinder configuration in a channel. This 

reduction occurs because the flow is not forced to accelerate between the cylinders and 

the upper and lower channel walls. A Strouhal number of 0.264 is calculated for the 

cylinders in the channel while a Strouhal number of 0.233 is found for the same cylinder 

configuration in a freestream. This similarity in the shedding frequency occurs because 

the cylinder arrangement produces vortices in a narrow band, which is only slightly 

affected by the presence of the channel walls. The symmetric shedding pattern is evident 

from identical time-averaged Nusselt numbers on both the top and bottom cylinder 

surfaces of 11.7. 

6.6 Three-Dimensional Flow Over a Single Cube 

The final complementary study corresponds to a single heated cube mounted on a 

channel wall. These calculations are performed to demonstrate the three-dimensional 

capabilities of the FAHTSO code. A uniform velocity profile is used at the inlet channel 

plane. The calculations are performed for Reynolds numbers of 50, 100, and 200 based 

on the dimensions of the cube, and a Prandtl number of 0.71. The Reynolds numbers are 

selected to produce steady flows downstream of the cube. The flows investigated are 

visualized by means of temperature contours and streamline plots. 

Figure 6.21 shows the grid structure used for all of the flow calculations. The 

number of grid nodes in each direction is selected to capture a reasonable flow structure 

around the cube in a short amount of time and not necessarily to resolve all the fine flow 

structures. The grids are refined near the cube and the channel walls. Figure 6.22 shows 
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an isothermal surface of the temperature field for the flow over the cube at a Reynolds 

number of 200. The recirculation of flow on the front surface of the cube near the cube-

wall junction is apparent from the protrusion in the carpet plot. Figures 6.23, 6.24, and 

6.25 show the temperature contours along the vertical center plane of the channel for 

Reynolds numbers of 50, 100, and 200, respectively. Two major differences are 

observed for the different Reynolds numbers. First, the temperature contours 

downstream of the cube become more distended, and second, the temperature protrusion 

upstream of the cube near the cube-wall junction becomes thinner as the Reynolds 

number increases. The streamlines along the vertical center plane of the chaimel for 

Reynolds number of 50, 100, and 200 are shown in Figs. 6.26, 6.27, and 6.28. As the 

Reynolds number increases, the length of the recirculating region downstream of the 

cylinders increases. The recirculating region extends approximately one and three cube 

diameters downstream of the cube at Reynolds numbers of 50 and 200, respectively. The 

recirculation region near the cube-wall junction upstream of the cube also increases and 

becomes more pronounced. At these low Reynolds numbers, the flow over the top 

surface of the cube is not separated because the fluid is allowed to flow over and around 

the cube. A finer grid study is needed to confirm the current results. This is not the case 

in a two-dimensional configuration where the flow must go over the cylinder and 

separates at a much smaller Reynolds number. Figure 6.29 shows the streamlines along a 

horizontal plane one node above the channel wall at a Reynolds number of 200. 

Separation and reattachment nodes and spiral foci are readily apparent in this plot. The 

streamlines along a vertical plane parallel to the back face of the cube and one node 
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downstream of the back face are shown in Fig. 6.30. The relatively simple three-

dimensional cube configuration produces highly complicated flow structures. 

6.7 Special Topics 

The phenomenon of a bifurcation in the flow around a channel-centered cylinder 

appeared early in the numerical investigation. However, a lack of understanding of this 

asymmetric solution and disbelief led the author dirough a series of investigations to 

prevent the phenomenon from occurring. A thorough examination of the numerical 

program was performed and numerical calculations at lower Reynolds numbers were 

conducted. The numerical calculations of flow around a square cylinder at lower 

Reynolds numbers compared very well with previous results in the literature and were 

also symmetric. The first indication that an asymmetric flow can also be a solution to the 

Navier-Stokes equations occuned when the asymmetry in the flow reversed itself The 

lift coefficient changed signs and the Nusselt numbers on the top and bottom cylinder 

surfaces were reversed. The hypothesis of a flow bifurcation was strengthened when 

asymmetric solutions were found for other channel-centered single and tandem 

configurations. Although a flow bifurcation is observed for all of the channel-centered 

cylinder configurations, only the results for a single cylinder with a uniform inlet velocity 

profile and a tandem pair of cylinders with a parabolic inlet velocity profile are presented 

in this section. 

Figure 6.31 shows the time-averaged lift coefficient traces for the two asymmetric 

solutions for a single heated cylinder with a uniform inlet velocity profile. The solid lift 

trace is for a negative time-averaged lift coefficient, while the dotted lift trace is for a 
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positive time-averaged lift coefficient. The small cycle trails the large cycle in the lift 

trace for a negative lift. This pattern is reversed for a positive lift where the small cycle 

leads the large cycle in the lift trace. The solid line is also slightly skewed towards a 

negative value while the dotted line is skewed towards a positive value. The time-

averaged lift coefficient values are -0.0729 and 0.0721 over a period of 5 seconds. The 

drag traces for both solutions are basically identical. The phases for the two drag curves 

are randomly shown. 

Figure 6.32 shows the time-averaged lift coefficient traces for the two asymmetric 

solutions for a tandem pair of cylinders with a parabolic inlet velocity profile. The lift 

traces are shown for both the upstream eddy cylinder and the primary cylinder. The lift 

on the primary cylinder is negative when the lift on the upstream eddy promoter is 

positive. When the solution switches, the lift on the primary cylinder becomes positive 

and the lift on the upstream eddy promoter becomes negative. The phase differences 

between the two solutions are also randomly displayed as in the previous case. The first 

solution is subscripted LI in the legend. The lift curve for the primary cylinder is slightly 

shifted towards a negative value while the lift curve for the eddy promoter oscillates 

about a value greater than zero. The second solution, designated L2 in the legend, shows 

that the lift curve for the primary cylinder is shifted towards a positive value while the lift 

curve for the eddy promoter oscillates about a value less than zero. The Nusselt numbers 

on the top and bottom cylinder surfaces for the LI solution are 14.68 and 13.84, 

respectively. The Nusselt numbers for the L2 solution are 13.84 and 14.69 for the top 

and bottom surfaces, respectively. Figures 6.33 and 6.34 show the drag and lift 
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coefficients and the stagnation pressure location, respectively, for a single cylinder with a 

uniform inlet velocity profile. The pressure coefficients for a location approximately 

I/IO"' of a cylinder diameter downstream of the cylinder along the lower edge (le) and the 

upper edge (ue) of the cylinder are also shown in Fig. 6.34. 

Figures 6.35 through 6.38 show the vorticity contours for a single heated cylinder 

with a uniform inlet velocity profile for Reynolds numbers ranging from 100 to 400, 

respectively. Figures 6.35 and 6.36 show that the vortices shed fi^om the cylinder are 

very periodic and produce symmetric time-averaged Nusselt numbers on the top and 

bottom surfaces of the cylinder. Time-averaged Nusselt numbers of 3.86 and 3.87 are 

calculated for Reynolds number of 100 and 200, respectively. The initiation of an 

asymmetric flow condition is first observed at a Reynolds number of 300. The top and 

bottom time-averaged Nusselt numbers are 4.19 and 4.21, respectively. A larger 

difference occurs at a Reynolds number of 400. The time-averaged Nusselt number for 

the top and bottom cylinder surfaces are 4.82 and 4.79, respectively. The vortex patterns 

shed firom the cylinder at Reynolds numbers of 300 and 400 become highly irregular as 

shown in Figs. 6.37 and 6.38, respectively. 

Figures 6.39 through 6.42 show the vorticity contours for a single heated cylinder 

with a parabolic inlet velocity profile for Reynolds numbers ranging firom 100 to 400, 

respectively. The vortex pattern downstream of the cylinder at a Reynolds number of 

100 is periodic as shown in Fig. 6.39. The time-averaged Nusselt number for the top and 

bottom surfaces is equal with a value of 3.61. Figure 6.40 shows that the vortex pattern 

becomes slightly irregular at a Reynolds number of 200. A difference in the Nusselt 
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numbers for the top and bottom surfaces of 3.94 and 3.92 is found. Irregular vortex 

shedding is observed in Figs. 6.41 and 6.42 for Reynolds numbers of 300 and 400, 

respectively. The time-averaged Nusselt numbers on the top and bottom surfaces are 

4.24 and 4.35 for a Reynolds number of 300 and 6.00 and 5.30 for a Reynolds number of 

400. The flow patterns become irregular between a Reynolds number of 200 and 300 for 

a uniform inlet velocity and between 100 and 200 for a parabolic inlet velocity. The 

larger local velocity approaching the cylinder in a parabolic flow is responsible for 

producing inegular flow patterns at a lower Reynolds number. 

Figures 6.43 and 6.44 show the drag and lift coefficients and the Strouhal number 

as a fimction of the Reynolds number for uniform and parabolic flows around a single 

cylinder in a channel. A gradual increase in the drag on the cylinder is observed in a 

uniform flow as the Reynolds number is increased. In a parabolic flow, the drag initially 

increases and then levels off and then increases steeply at the larger Reynolds numbers. 

The lift on the cylinder remains small for all of the cases investigated except for a 

Reynolds number of 400 in a parabolic flow. Figure 6.44 shows the Strouhal number 

behavior for the cylinder as the Reynolds number is increased. Both velocity profiles 

initially produce a slight decrease in the Strouhal number as the Reynolds number goes 

from 100 to 300. The Strouhal number shows a gradual increase for a parabolic flow for 

a Reynolds number of 400 and 500. However, a sharp dip in the Strouhal number is 

observed for a uniform flow at a Reynolds number of 400. The Strouhal number 

increases abruptly at a Reynolds number of 500. A more detailed investigation is 

required to understand the reason for the sudden drop in the Strouhal number. The results 
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found in this investigation support the asymmetric conditions for the channel-centered 

configurations calculated in the main dissertation problems. The investigation also shows 

that above a certain critical Reynolds number, which depends on the inlet velocity 

profile, the flow bifurcates to an asymmetric solution. 

6.8 Conclusions 

This chapter has presented results that complement the problems in the principal 

investigation. A more complete investigation needs to be done for the downstream eddy 

controller. The size of the downstream cylinder and the position of the cylinder pair in 

the channel can be variables to investigate further. An abundant amount of work has 

already been performed for wall-bounded cylinders and cylinders in a freestream. The 

results presented in this chapter are merely to complement the principal results. The 

three-dimensional investigation of bluff bodies in a channel can be a topic for a 

dissertation. A three-dimensional study will also provide more realistic results. The flow 

bifurcation needs to be better understood and will be a topic of further study by the autlior 

and the dissertation advisors. 
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Case a(a/H) P(b/H) 8(d/D) ;i(L/D) Reo 

Inline 
Tandem 

Cylinders 

0.431 0.483 0.25 0.5 500 

Inline 
Tandem 

Cylinders 
0.431 0.483 0.25 1.0 500 

Inline 
Tandem 

Cylinders 

0.431 0.483 0.25 2.0 500 

Offset 
Tandem 

Cylinders 

0.431 0.414 0.25 0.5 500 

Offset 
Tandem 

Cylinders 
0.431 0.414 0.25 1.0 500 

Offset 
Tandem 

Cylinders 

0.431 0.414 0.25 2.0 500 

Single 
Cylinder 0.0 0.0 — — 500 

Tandem 
Cylinders 0.0 0.0 0.5 2.0 500 

Single 
Cylinder — — — — 500 

Tandem 
Cylinders — — 0.5 2.0 500 

3-D 
Cylinder — — — — 

50 
100 
200 

Table 6.1: Summary of the complementary cylinder configurations that are investigated 
in this chapter. Both uniform and parabolic inlet velocity profiles are investigated for the 
two-dimensional cases. 
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Case a (a/H) P(b/H) 6(d/D) X(L/D) Reo 

0.431 — — — 100 

0.431 — — — 200 

Single 
Cylinder 0.431 — — — 300 

0.431 — — — 400 

0.431 — — — 500 

Table 6.2: Summary of the cylinder configurations that are investigated in this chapter 
for the special cases. Both uniform and parabolic inlet velocity profiles are investigated. 
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Figure 6.1a: Vorticity contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0,431). 

Figure 6.1b: Temperature contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.2a: Vorticity contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile and die eddy controller situated one primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.2b: Temperature contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (a = 0.431). 
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Figure 63»: Vorticity contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.3b: Temperature contours for an inline tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.4a: Vorticity contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.4b: Temperature contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0.431). 
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Figure 6.5a: Vorticity contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.5b: Temperature contours for an inlme tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (a = 0.431). 

Figure 6.6a: Vorticity contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431). 

IW . -

Figure 6.6b: Temperature contours for an inline tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431). 
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Figure 6.7a: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0.431, p = 0.414). 

Figure 6.7b: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated two primary cylmder 
lengths downstream (a = 0.431, P = 0.414). 

Figure 6.8a: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (o = 0.431, P = 0.414). 

Figure 6.8b: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (a = 0.431, P = 0.414). 
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Figure 6.9a: Vorticity contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431, p = 0.414). 

Figure 6.9b: Temperature contours for an offset tandem pair of square cylinders with a 
uniform inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431, P = 0.414). 

Figure 6.10a: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0.431, P = 0.414). 

Figure 6.10b: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated two primary cylinder 
lengths downstream (a = 0.431, P = 0.414). 
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Figure 6.11a: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (a = 0,431, p = 0.414). 

Figure 6.11b: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one primary cylinder 
lengths downstream (a = 0.431, P = 0.414). 

It 
Figure 6.12a: Vorticity contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431, P = 0.414). 

Figure 6.12b: Temperature contours for an offset tandem pair of square cylinders with a 
parabolic inlet velocity profile and the eddy controller situated one-half primary cylinder 
lengths downstream (a = 0.431, p = 0.414). 
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Figure 6.13: Time-averaged value of the drag coefficient as a function of the eddy 
cylinder position for the tandem pair of square cylinders. 
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Figure 6.14: Strouhal number as a function of the eddy cylinder position for the primary 
cylinder in an inline tandem pair of square cylinders. 
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Figure 6.15a: Vorticity contours for a single square cylinder located on the wall with a 
uniform velocity profile at a Reynolds number of 500. 

Figure 6.15b: Temperature contours for a single square cylinder located on the wall with 
a uniform velocity profile at a Reynolds number of 500. 

Figure 6.16a: Vorticity contours for a single square cylinder located on the wall with a 
parabolic velocity profile at a Reynolds number of 500. 

Figure 6.16b: Temperature contours for a single square cylinder located on the wall with 
a parabolic velocity profile at a Reynolds number of 500. 
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Figure 6.17a: Vorticity contours for a tandem pair of square cylinders located on the 
wall with a uniform velocity profile at a Reynolds number of 500. 

Figure 6.17b: Temperature contours for a tandem pair of square cylinders located on the 
wall with a uniform velocity profile at a Reynolds number of 500. 

Figure 6.18a: Vorticity contours for a tandem pair of square cylinders located on the 
wall with a parabolic velocity profile at a Reynolds number of 500. 

Figure 6.18b: Temperature contours for a tandem pair of square cylinders located on the 
wail with a parabolic velocity profile at a Reynolds number of 500. 
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Figure 6.19a: Vorticity contours for a single square cylinder in a freestream at a 
Reynolds number of 500. 

Figure 6.19b: Temperature contours for a single square cylinder in a freestream at a 
Reynolds number of 500. 
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Figure 6.20a: Vorticity contours for an inline tandem pair of square cylinders in a 
freestream at a Reynolds number of 500. 

Figure 6.20b: Temperature contours for an inline tandem pair of square cylinders in a 
freestream at a Reynolds number of 500. 
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Figure 6.21: Solution domain for the flow over a single cube mounted on a channel wall 
with 60 X 30 X 44 internal control nodes. 

Figure 6.22: Temperature isothermal surface at 302 K for the flow over a single cube 
mounted on a channel wall at a Reynolds number of200. 
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Figure 6.23: Temperature contours along the vertical center plane for the flow over a 
single cube mounted on a channel wall at a Reynolds number of 50. 

Figure 6.24: Temperature contours along the vertical center plane for the flow over a 
single cube mounted on a channel wall at a Reynolds number of 100. 

Figure 6.25: Temperature contours along the vertical center plane for the flow over a 
single cube mounted on a channel wall at a Reynolds number of200. 
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Figure 6.26: Streamlines along the vertical center plane for the flow over a single cube 
mounted on a channel wall at a Reynolds number of SO. 

Figure 6.27: Streamlines along the vertical center plane for the flow over a single cube 
mounted on a channel wall at a Reynolds number of 100. 

Figure 6.28: Streamlines along the vertical center plane for the flow over a single cube 
mounted on a channel wall at a Reynolds number of200. 
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Figure 6.29: Streamlines along the horizontal plane near the wall for the flow over a 
single cube mounted on a channel wall at a Reynolds number of 200. 

Figure 6.30: Streamlines along the vertical plane parallel to the back face, 1 node behind 
the cube, for the flow over a single cube mounted on a channel wall at a Reynolds 
number of200. 
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Figure 6.31: Time series of the instantaneous lift coefficient for a single heated cylinder 
with a uniform inlet velocity profile (a = 0.431). Traces are shown for both positive and 
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Figure 6.32: Time series of the instantaneous lift coefficients for an inline tandem pair of 
square cylinders with a parabolic inlet velocity profile (a = 0.431), Traces are shown for 
both the heated and eddy cylinders for two cases, LI and L2. 
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Figure 6.33: Time series of the instantaneous drag and lift coefficients for a single heated 
cylinder with a uniform inlet velocity profile (a = 0.431). Traces are shown for a 
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Figure 6.34: Time series of the maximum pressure location on the surface of the cylinder 
facing the approaching flow for a single heated cylinder with a uniform inlet velocity 
profile (a = 0.431). Traces are shown for a positive time-averaged lift coefficient. 
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Figure 6.35; Vorticity contours for a single heated cylinder at a Reynolds number of 100 
with a uniform inlet velocity profile (a = 0.431). 

Figure 6.36: Vorticity contours for a single heated cylinder at a Reynolds number of 200 
with a uniform inlet velocity profile (a = 0.431). 

Figure 6.37; Vorticity contours for a single heated cylinder at a Reynolds number of 300 
with a uniform inlet velocity profile (a = 0.431). 
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Figure 6J8: Vorticity contours for a single heated cylinder at a Reynolds number of 400 
with a uniform inlet velocity profile (a = 0.431). 
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Figure 6.39: Vorticity contours for a single heated cylinder at a Reynolds numiser of 100 
with a parabolic inlet velocity profile (a = 0.431). 

Figure 6.40; Vorticity contours for a single heated cylinder at a Reynolds number of 200 
with a parabolic inlet velocity profile (a = 0.431). 

Figure 6.41: Vorticity contours for a single heated cylinder at a Reynolds number of 300 
with a parabolic inlet velocity profile (a = 0.431). 

Figure 6.42: Vorticity contours for a single heated cylinder at a Reynolds number of 400 
with a parabolic inlet velocity profile (a = 0.431). 
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Figure 6.44: Strouhal number as a function of the Reynolds number for a single heated 
square cylinder (a = 0.431). 
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CHAPTER? 

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Introduction 

This chapter presents the main conclusions and a summary of the recommended 

future work for a numerical investigation of the unsteady flow and heat transfer for a 

single and tandem pair of cylinders of square cross-section in a channel. The cylinders 

are located at several positions in a channel with uniform and parabolic inlet velocity 

profiles. All of the numerical calculations are performed at a fixed Reynolds number of 

500 based on the larger heated cylinder. The alignment of the cylinders and their location 

in the channel determine whether simple steady periodic or complex aperiodic vortex 

shedding occurs downstream of the cylinders. The complexity of the unsteady flow field 

produced by the cylinder configurations is demonstrated by numerical visualization. The 

results of this investigation contribute to the understanding of flows over bluff objects in 

a channel and serve as models for addressing more realistic three-dimensional problems. 

7.2 Conclusions 

The drag and lift coefficients and Nusselt and Strouhal numbers have been 

calculated for cylinders of square cross-section in a channel. The following major 

conclusions can be derived from the present study. 

• In a parabolic flow, both the overall heat transfer and drag are reduced as the 

single or an inline tandem pair of cylinders is positioned closer to the channel 

wall. The overall heat transfer and drag are nearly constant for the single 
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cylinder while a slight increase in the drag is observed for an inline tandem pair 

of cylinders as the wall is approach in a uniform flow. 

The presence of an eddy-promoter is found to slightly increase the overall heat 

transfer and significantly reduce the drag from the downstream heated cylinder. 

The Strouhal number fi-om the primary cylinder is greatly increased when a 

smaller eddy-promoting cylinder is placed upstream of it. Positioning the 

cylinders closer to the channel wall causes a significant decrease in the Strouhal 

number for a parabolic flow. The Strouhal number remains relatively constant 

for an inline tandem pair of cylinders in a uniform flow. 

The modulation of the amplitude of eddy shedding apparently scales with the 

distance of the single cylinder to the nearest bounding wall. 

The case of a single cylinder placed nearest to the wall introduces the formation 

of highly coherent vortices shed only from the lower cylinder face with 

counterclockwise rotation. The asymmetric vortex shedding results from the 

interaction of the fluid jetting firom the space between the cylinder and the wall 

and the vortex formed on the lower surface of the cylinder. 

As the inline or offset tandem pair of cylinders is positioned closer to a charmel 

wall, both the overall heat transfer and drag are reduced. The dominant 

mechanism seems to be the reduced velocity near the channel wall because of 

the parabolic velocity distribution. 
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• Offsetting the eddy-promoter causes a significant reduction in the heat transfer 

and a large increase in the drag for the channeUcentered heated cylinder as 

compared to the inline tandem pair. The eddy cylinder is found to slightly 

reduce the overall heat transfer and increase the drag from the downstream 

cylinder for the other two transverse locations. This is contrary to the negligible 

effects on the drag and heat transfer found for a uniform inlet velocity profile. 

• For the offset eddy promoter, little difference is found between placement of the 

promoter on the upper or lower edges of the heated cylinder. 

• The Strouhai number from the primary cylinder is dependent on the placement 

of the upstream eddy-promoting cylinder. The results indicate that placement of 

the eddy promoter in higher velocity fluid increases the Strouhai number. 

The present study reveals pronounced differences in the unsteady behavior of a 

single or tandem pair of cylinders in a fully developed parabolic channel flow when 

compared to a chaimel flow with an initially uniform inlet velocity profile. Because of 

the transverse velocity gradients in the parabolic velocity profile, it may be that the 

placement of the eddy promoting cylinder upwind and off-center may be beneficial in 

increasing the heat transfer from the downstream cylinder. The highly coherent vortices 

that were generated by a single cylinder in close proximity to the wall suggests that the 

present problem may be a useful paradigm for isolating detailed mechanisms in the 

convective heat transfer due to the interaction of unsteady vortices with boundary layers. 
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7.3 Recommendations 

The numerical results studied in this investigation have provided new information 

on the unsteady flow past cylinders of square cross-section in a channel. However, many 

new questions have arisen which need to be addressed In the future. The following topics 

are recommended for future work. 

• A more in-depth investigation should be made for a few selected cases studied 

in this dissertation. These include the offset configurations that produce flow 

patterns with complex phase space plot containing multiple loops. 

• The eddy cylinder has been investigated both upstream and downstream of the 

primary cylinder; however, a study of the eddy cylinder at a position above or 

below the heated cylinder is also needed. 

• The placement of the cylinder(s) near the channel wall produced a "beating" 

phenomenon for some of the cylinder configurations studied. This "beating" 

phenomenon needs to be studied further. 

• A flow bifurcation is observed for the channel centered cylinder arrangements. 

This bifurcation of the flow for the symmetric cases is a problem that will be 

investigated further in the near future by the author. 

• The next logical step in the investigation of bluff body flows is to study three-

dimensional problems, which contain more complex fluid dynamics and require 

longer computational times. 
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