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NOMENCLATURE 

Cf skin friction coefficient = 

Cp pressure coefficient = Ap/p V jY2 

Cp specific heat of air at jet inlet, J/kg-K 

f excitation frequency, s"^ 

g gravitational constant, m/s-

Gr Grashof number 

Gz Graetz number 

h heat transfer coefficient = q/(Tw - Tj). W/m--K 

H nozzle-plate spacing, m 

k thermal conductivity, W/m-K 

L channel length, m 

Nu Nusselt number based on hydraulic diameter = h - 2W/k 

p pressure. Pa 

Pe Peclet number = RePr 

Pr Prandtl number = v fa  

q heat flux at target wall, W/ tn^ 

Re Reynolds number based on hydraulic diameter = 2W • W Jv 

S source term in general equation 

t time, s 
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T temperature, K 

u velocity in jet transverse direction, m/s 

V velocity in jet streamwise direction, m/s 

Vj jet inlet velocity, m/s 

W jet nozzle width, m 

X jet transverse coordinate, m 

y jet streamwise coordinate, m 

Subscripts/Superscripts 

avg average 

d downstream 

i initial 

j jet 

w target wall 

n north (control volume face) 

s south (control volume face) 

e east (control volume face) 

w west (control volume face) 

u upstream 

00 free-stream 



NOMENCLATURE - Continued 

Greek Symbols 

a fluid thermal diffiisivity, m'js 

5 boundary layer thickness, m 

V Div/ Del operator 

dependent variable in general equation 

r diffusion coefficient in general equation 

V kinematic viscosity, vccfs 

p density, kg/m^ 

6 non-dimensional temperature 

wail shear stress, N/m" 



A numerical finite-difference model, derived using a control-volume approach, is 

used to compute the fiow and heat transfer characteristics of a confined laminar air jet 

impinging on an isothermal surface. Four cases are considered, with Re = 250, 500, 650 

and 750, and nozzle-to-plate spacing, H/W = 5. 

At Re = 250, the boundary layer developing on the target plate separates. At Re = 

500, the boundary layer develops without separation off the target wall, the jet 

momentum is sufficient to overcome the adverse outer field and wall effects. The flow is 

symmetric at these Reynolds numbers, and maximum values for pressure, friction and 

heat transfer coefficients occur at the stagnation point. 

The flow at Re = 650 displays asymmetry as the jet buckles, both flow and heat 

transfer indicate a transition to an unsteady regime. The critical Reynolds number for the 

onset of unsteady flow is between 585 and 610. When Re is fiirther increased to 750, the 

jet "buckles" severely and vortices are shed in the high shear regions. The spectral 

distribution of the velocity in the jet streamwise and spanwise directions at three distinct 

locations in the jet, point out three dominant firequencies. 

The lowest fi-equency, at 3.66 Hz, is associated with the jet "sweeping" the wall, 

identified as the "flapping" motion. The highest frequency, 12.96 Hz, is related to the 

"buckling" motion of the jet at the frequency at which vortices are formed in the jet shear 

layer. As a result of the two combined unsteady modes, the peak heat transfer is 

enhanced and the lateral extent of the effective cooling is broadened. A distinct 
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demarcation in time averaged Nusselt number was observed between the steady 

behavior for Re < 600, and the unsteady behavior for Re > 600. 

The jet subjected to twenty-four types of forcing reveals two cases relevant in 

terms of flow and heat transfer control. The out-of-phase forcing at the dominant 

frequency of 10.68 Hz, Re = 650, stabilizes one side of the confined impinging jet. This 

results in an enhanced wall heat transfer and peculiar behavior of the hydrodynamic field. 

When forcing out-of-phase at a dominant frequency of 12.96 Hz, Re = 750, the jet 

is stabilized completely. The forcing suppresses the high-amplitude low-frequency 

"flapping" jet motion, and the jet tip displacement on the target wall captures only the 

high-frequency low-amplitude oscillatory motion of the jet. The suppression of the jet 

"flapping" motion leads to a smaller "patch" heat transfer coefficient. However, since 

the jet washes the target wall without separation, the wall-averaged heat transfer is much 

higher than the unforced cases. For the out-of-phase forcing at 12.96 Hz, the "patch" 

heat transfer is 24% lower than the unforced case, while the wall-averaged heat transfer is 

35% higher. 
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CHAPTER 1 

1. INTRODUCTION 

1.1 Motivatioo 

Impinging jets are used in many industrial applications due to their effective 

transport capabilities, producing high transfer coefficients with relatively low pressure 

drop. Applications range firom turbine blade cooling to the down draught of vertical take

off aircraft. 

Forward facing surfaces of civil aircraft are conmionly protected from potentially 

hazardous ice build-up by thermal anti-icing systems. Typically, air is tapped from the 

engine compressor and ejected in the form of discrete jets impinging to the area requiring 

protection. For impingement cooling in gas turbines, air is usually directed against the 

irmer surface of gas turbine blades, namely to the leading edge region, where high heat 

transfer at the stagnation point results in high heat loads to the turbine blade. Thermal 

processing such as automotive glass constitutes another significant application of heat 

transfer for the impinging jets. 

Jet impingement is also a viable candidate for high performance, low weight heat 

exchangers, and for many mass transf^ applications taking advantage of high transfer 

coefBcients, such as chemical vapor deposition and drying of paper during its 

manufacture. 
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Thermal overstressing is by far the most common cause of failure in modem 

electronic systems. In electronics packaging, among the major causes of electronics 

failures are 55% temperature, 20% vibration, 19% humidity and only 6% dust. It is well 

known that the probability of failure of electronic components is strongly dependent on 

the operating temperature. Critical components can be spot-cooled by impinging jets, or 

entire circuit boards cooled by an array of impinging jets. 

Most of the previous studies have focused on the free-jet cooling techniques. 

However, specifically in electronics cooling, the jet outflow is often confined between 

parallel plates (Printed Circuit Boards - PCBs). The presence of a confining top plate in 

jet impingement results in a complex flow structure, and there is little information 

available for this configuration. 

In microelectronics cooling, coolant velocities are usually around 1 m/s, hence the 

flow is laminar and heat transfer enhancement due to turbulence is impractical. 

Designers are presently improving the heat transfer from surface by incorporating 

stagnation flows by means of baffles and flow nozzles. The practice relies on the high 

convective heat transfer coefficient associated with all stagnation flows and does not 

explore other techm'ques that might enhance heat transfer processes in the impinging jet 

itself. Means to enhance heat transfer processes in impinging jet flows by forcing the jets 

can therefore be of significant interest and practical benefit. The special problems 

encountered when designing impinging cooling systems for microelectronic packaging 

motivated the present work. 



With the recent development of the Very Large Scale Integrated (VLSI) 

electronic chips, a need has arisen for cooling techniques capable of removing heat fluxes 

as high as 200 W/cmS while maintaining reasonable temperature differences between the 

cooling fluid and the chip. A conunon electronics packaging task is to design a system to 

cool the components on one or more PCBs. Typically the boards are arranged in a rack, 

with clearances between the boards as small as possible. The most often used solution is 

to blow air between the boards in a channel flow arrangement as illustrated in Fig. 1.1. 

The advantages with this arrangement are the simplicity and fairly high values of 

heat transfer as a result of the turbulent wakes of the packages on the PCB. However, 

there are two potential disadvantages. As flow passes over the PCB, the energy it 

removes from upstream elements raises the coolant temperature. As a result, downstream 

components are not exposed to the lowest temperature coolant available. A second 

disadvantage is when there are a limited number of critical components on a PCB. In 

such case, die channel flow arrangement wastes air and hence blower work on 

components which do not require cooling. 

Jet impingement cooling may be designed to address both these disadvantages 

and could provide a practical solution to the problem because of the concentration of 

intense cooling over small areas. An arrangement for the cooling of PCBs that uses 

impingement is shown in Fig. 1.2. Cool air enters a header above the PCB. Openings in 

the bottom of the header acts as jet onfices, and jets exiting the orifices impinge on the 

PCB. Each jet provides local cooling of the PCB at the maximum temperature difference 

possible. A header with orifices punched through is simpler to make than one with 
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nozzles, producing higher rates. For this reason, potential emergence of milli-scale 

impinging jets as cooling solutions requires understanding of detailed behavior that can 

be scaled downwards in physical length scales. 

1.2 Confined Impinging Jet 

Fig. 1.3 presents a schematic of the confined impinging jet. A two-dimensional 

jet is discharged at uniform velocity Vj from a rectangular nozzle of width W into a 

channel of height H and length L. The jet Reynolds number is based on the hydraulic 

diameter 2W. As the jet proceeds a distance y from the jet exit, the momentum exchange 

in the shear layer between the jet and quiescent surroundings causes the free boundary to 

broaden. The velocity profile, uniform at the nozzle exit, spreads towards the free 

boundaries and develops into a typical jet velocity profile. At the same time, the 

potential core, a region of uniform velocity and relatively little momentum, diminishes. 

Downstream of the potential core, the velocity is non-umform and the centerline 

velocity continues to decrease with distance y measured from nozzle exit. The region 

that remains unaffected by the heat transfer surface is called the free jet region. As the 

flow approaches the heat transfer surface, it is decelerated and tumed 90 degrees from the 

y-axis. This region is called the stagnation region, where the highest heat transfer 

coefScients are encountered. The flow is further accelerated in the streamwise direction 

(x), but continues to entrain fluid fix)m the surroundings. 

Due to the finite breadth of the jet and the exchange of momentum with its 

quiescent surroundings, the flow is decelerated as it moves further downstream with the 
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growing boundary layer near the heat transfer surface. This region is called the wall jet 

region. 

The entrainment of ambient fluid into the impinging jet flow affects the heat 

transfer: the high rate of entrainment is accompanied by a strong local mixing therefore 

enhancing the heat transfer. Whereas the stabilizing effect of acceleration keeps the 

boundary layer laminar in the stagnation zone, transition to turbulence may occur in the 

decelerating flow region. 

The impinging flow from arrays of nozzles generally shows the same three flow 

regions - free jet, stagnation zone, and wall jet, but in addition there are secondary 

stagnation zones where the wail jets of adjacent nozzles impinge upon each other. The 

secondary stagnation zones are characterized by boundary layer separation and eddying 

of the flow, especially for smaller spacings between nozzles. 

1.3 Objectives 

A literature survey of previous studies revealed that the behavior of the two-

dimensional impinging jet in the laminar and transitional regime is not at all well known. 

An improved understanding of the complex flow arising in confined jets is required. 

Since the stability of this fundamental flow is not well documented, there is particular 

interest in the present work in identifying transitions to unsteady regimes and their effect 

on the heat transfer. 

Because of the possible similarities with many other rotating flows, the 

underlying phenomena are of broad fimdamental interest As impinging jets are used in 
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so many applications, it is important to also understand the effects of introducing small 

periodic disturbances into the flow, or forcing, on the transport of heat and momentum to 

or from the surfaces. The study of simpler systems is an important step since it forms the 

foundation upon which an insight for the dynamics of complicated flows can be gained. 

The main objectives of the present study are threefold; 

1. To numerically investigate the characteristics of the unforced confined 

impinging jet in steady and unsteady regimes. 

2. To understand the mechanisms driving the unsteady flows by thoroughly 

analyzing the frequency spectra and determine the dominant frequencies and 

their physical interpretation. 

3. To force the jet at selective frequencies coinciding with the natural flow 

instabilities, and to examine and document possible augmentation/reduction 

in heat transfer due to changes in the flow structure. 

One of the key issues in the present smdy is to investigate the effectiveness of low 

amplitude disturbances introduced in the flow at selected dominant frequencies. 

Most of the previous research in the area of CFD (Computational Fluid 

Dynamics) is currently directed towards capturing the details of the flow. The present 

work also proposes the inclusion of heat transfer. The extremely complex fluid flow 

existing in the confined impinging jet has an important influence on the mechanisms 

through which heat is dissipated. 

The approach of the actual investigation is to combine numerical simulation with 

physical/experimental interpretation. As the experimental investigation of such type of 
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laminar flows is difficult to reproduce without artificially disturbing the flow, it was 

preferable to use numerical computations in order to provide predictions of the entire 

flow and temperature fields in order to obtain insight into the physics. 

The numerical results were analyzed using experimental expertise to gain 

clarification and insight into the physics involved in the study. The "state-of-art" in this 

field of study has not yet progressed to the point where broad generalizations can be 

made, for the problem is very complex and the available results obtained so far refer to 

specific conditions which are difficult to relate. 

In summary, die present work focused on addressing issues offering intriguing 

challenges to the thermal community as well as for general fluid flow problems. 

1.4 Outline 

The thesis includes 7 additional chapters. Chapter 2 presents a literature survey of 

previous relevant experimental, analytical and numerical work. Chapter 3 describes the 

numerical method used and the boundary conditions and the goveming equations for the 

laminar, unsteady 2-D flow. The basic features of the computational procedure are 

discussed with emphasis on the new aspects implemented for the present problem. 

Chapter 4 presents several benchmark problems used to validate the code, while chapters 

5 and 6 discuss the results of the unforced and forced cases, respectively. The 

conclusions are simmiarized in Chapter 7 together with pertinent recommendations. 
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Fig. 1.1: Cooling of Printed Circuit Board - Channel Flow Configuration 

Fig. 12: Cooling of Printed Circuit Board - Dnpinging Jets Configuration 
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CHAPTER 2 

2. LITERATURE REVIEW 

Impinging jets give rise to complex flows that are relevant to many engineering 

applications. Heat transfer between a single and multiple impinging air or liquid jets and 

a flat surface has been the subject of numerous investigations over the four past decades, 

most of them experimental and theoretical. Only in the past several years have numerical 

investigations focused on the impinging jet problem with as much interest. The 

following sections will present a selection of the most relevant experimental, theoretical 

and numerical studies. 

2.1 Experimental Studies 

Lyttle and Webb (1993) experimentally investigated the impingement of a 

circular air jet on a flat plate for nozzle-plate spacings less then one nozzle diameter and 

Reynolds numbers varying from 3600 to 27600. They found that for a spacing less than 

0.25, the maximum local heat transfer does not occur at the stagnation point but at a 

radial (r) location, depending on Reynolds number and nozzle-plate distance d. A local 

minimum heat transfer develops at the stagnation (r=0) point and two distinct peaks are 

observed in the radial direction. The first peak in Nusselt number occurs in an annular 

region around r/d = 0.5, due to the non-uniform, mixing induced turbulence in the 
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developing jet. The second peak occurred at r/d between 1.5 and 2.5, as a result of the 

transition of the wall jet from laminar to turbulent Goldstein et al. (1990) perfonned a 

similar study, hi the investigation, Reynolds niunbers varied from 61000 to 124000, and 

the ratio of jet-to-plate spacing from 2 to 12. The maximum stagnation Nusselt nimiber 

(at r = 0) occurred for a nozzle-plate distance of H = 8. For 2 < H < 5, the maximum 

value in stagnation heat transfer always occurred at r = 2. 

Huang et al. (1993) investigated the heat transfer between a uniformly heated flat 

plate and a circular impinging jet. In their experiments Re was varied from 6000 to 

60000, the radial distance from stagnation point from 0 to 10, and the nozzle-plate 

spacing H from 1 to 12. For all Reynolds numbers and H > 2, the lowest wall 

temperature always occurred at the stagnation point (r=0). At smaller spacings (H < 1), 

maximum Nu still occurred at the stagnation point but for lower Reynolds numbers 

(Re<13000), its location shifted outward to r = 1.8 - 2.0 as Re increased. 

Garimella et al. (1995) conducted an experiment to determine the effect of nozzle 

geometry (diameter and aspect ratio) on local heat transfer from a small heat source to an 

axisymetric normally impinging liquid jet. Re varied from 4000 to 23000, nozzle-source 

spacing from I to 14 nozzle diameters and the nozzle aspect ratios (length/diameter) from 

0.25 to 12. For very small nozzle ratios (l/d<l), the heat transfer coefficients are the 

highest. When the aspect ratio increased to 1 - 4, the coefScients drop sharply, but 

further increasing of I/d to 8 -12 showed a gradual increase in heat transfer. The effect 

of the nozzle aspect ratio was less pronounced as the nozzle-to-target spacing was 

decreased. 
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Incropera et al. (1990) expenmentally studied the local coavective heat transfer 

from a heated surface to an impinging jet of water. Fluid temperature varied from 30°C 

to 50°C, jet velocities from 1.8 to 4.5 m/s and heat fluxes from 0.25 - 1.00 Mw/m\ The 

measured stagnation convection coefflcients exceeded those predicted by a laminar flow 

analysis, the differences being attributed to the existence of free stream turbulence. 

Womac et al. (1993) presented data from experimental investigations on heat 

transfer from small heat sources cooled by circular impinging liquid jets, under both free 

surface and submerged jet conditions. Re varied from 3500 to 5500. Under free surface 

jet conditions, for small nozzle diameter and flow velocity, warming the thin fluid sheet 

flowing on it, reduced the heat transfer coefficient on the surface. For Re > 400, the heat 

transfer coefficient was higher under submerged conditions compared to free surface 

case, due to the turbulence generated in the shear layer of the submerged jets. 

Jambunathan et al. (1992) performed an experimental study on impinging 

turbulent free jets. Reynolds number varied in the range of 5000 to 124000, at geometry 

with nozzle-to-plate distances of 1.2 - 16 nozzle diameters. They observed that the 

prediction of heat transfer should not be dependent only on Reynolds and Prandtl 

numbers, height and longitudinal displacements as function of jet diameter, but should 

include as well the dissipation of jet temperature. This requires the use of local rather 

then mean heat transfer coefficients. Details of nozzle geometry and nozzle exit 

turbulence intensity are necessary when comparing different sets of experimental results 

in order to improve the understanding of jet impingement heat transfer process. 



Lee et al. (1995) investigated the heat transfer firom a flat plate to a 

developed axisymmetric impinging jet at a wide range of Reynolds numbers. For Re 

between 4000 and 8000, the local Nusselt number decreased monotonically fix)m its 

maximum value at the stagnation point. For Re = 10000 - 14.000 and H/d = 2, the local 

Nusselt numbers begin to increase with radial distance near r/d = 1, and attain a 

secondary maximum at r/d ~ 1.5. 

Elison and Webb (1993) studied the heat transfer from a free surface and 

submerged liquid jets in initially laminar, transitional and turbulent flow regimes. Re 

varying from 300 to 7000. Nusselt number correlates with Re at 0.5 and 0.8 power for 

initially turbulent, respectively laminar jets for both configurations. The stagnation 

Nusselt number was independent of nozzle-plate spacings for all considered nozzle 

diameters and over the full range of Re spanning im'tially laminar, transitional and 

turbulent liquid jets. 

Kurosaka et al. (1996) measured the velocity and temperature in the stagnation 

region of an impinging plane jet. Re numbers were varied from 2000 to 20000. Counter 

rotating vortex pairs were observed in the stagnation region, moving cold fluid toward the 

wall and ejecting high-temperature fluid toward the outer region. Instantaneous velocity 

and temperature maps showed that the counter rotating vortex pairs were convected from 

an upper location, stayed near the wall surface, then experienced an elongation in x-

direction by the diverging flow of the impinging jet. 

Yan et al. (1992) investigated the local heat transfer coefGcients for a jet 

impinging on a flat plate. In then: experiments, three Reynolds numbers were 



investigated, namely: 23000,50000, and 70000, at four jet-to-plate distances L/D of 2,4, 

6 and 10. For a jet-to-plate distance of 2 and 4, where the plate distance was less than the 

length of the potential jet core region, the stagnation region (R/D < 1.5) heat transfer was 

proportional to whereas in the wall jet region (R/D ^ 2) heat transfer was 

proportional to Re°'. Their results were consistent with the laminar boundary 

developing in the stagnation region and the turbulent boundary layer development in the 

wall jet region. For jet-to-plate distances larger than the potential core region, Reynolds 

dependence in the wall jet region remained unchanged, while in the stagnation region it 

was stronger (Re" " for L/D = 6 and Re° ̂ * for L/D = 10). The jet shear and entrainment 

were significant for these cases and dependent on Reynolds number. 

2.2 Numerical Studies 

One of the early numerical works on free turbulent impinging jets was performed 

by Agarwal et al (1982). Their model solved the planar mass-averaged compressible 

Navier-Stokes and energy equations in the form of stream function and vorticity 

relations, in conjunction with a k-e turbulence model. The work was relevant to VTOL 

aircraft designs. Excellent agreement with experimental data was obtained for the wall 

pressure and centerline velocity decay along the jet axis. However, the accuracy of the 

results close to the stagnation region could not be ascertained because of the lack of skin 

friction and surface temperature data. The main achievement of the investigation lied in 

demonstrating the superiority of the two-equation model for turbulent jets over the 
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simpler models (solving mass, momentum and energy equations). The work was a good 

basement for future advanced modeling techniques in turbulence research. 

Morris and Garimella (1996) used a finite-volume conmiercial code to investigate 

the local heat transfer coefficient distribution on a square heat source due to a normally 

impinging, axisymmetric, confined and submerged turbulent liquid jet. Niunerical 

predictions were made for nozzle diameters of 3.18 and 6.35 mm at several nozzle-heat 

source spacings, Reynolds numbers varying from 8500 to 13000. The results showed 

good agreement with experiments, within 16 - 20%. 

Laschefsld et al (1996) performed the numerical simulations of impinging laminar 

arrays of jets for both axially and radially discharging arrangements. Their results show 

that for the radial jets, a wall jet type of scaling for Re is more suitable, whereas for the 

axial jets, the heat transfer increases with the decreasing distance between the jet and the 

impinging plate. Average heat transfer for the radial jets can be increased substantially 

(25 - 50 %) by inclining the exit angle of the jet from 0 Qet discharge exit parallel to the 

impingement plate) to 75. It was also observed that the average heat transfer for the 

radial jets is always smaller than for the axial jets until the exit angle for the radial jet is 

nearly 60; beyond this value, the average heat transfer due to the radial jets becomes 

larger. 

Owsenek et al. (1996) numerically investigated the effect of swirl on heat transfer 

by axial and radial impinging jets on a flat plate. Reynolds number was varied fix)m 10 to 

1000. Heat transfer was reduced dramatically by the superposition of swirl on axial jets. 
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However, significant enhancement in heat transfer was observed for the case with radial 

jet with superimposed swirl on it 

Voke and Gao (1997) reported a computational study of the impingement of a 

thermally inhomogeneous turbulent liquid jet on a solid plate, using the large eddy 

simulation (LES) technique. They observed that the instabih'ties of the jet boundaries 

caused entrainment of cold fluid into the central hot core of the jet, enhancing 

fluctuations already present in the jet efflux. 

2.3 Theoretical Studies 

Sutera (1965) performed one of the pioneering theoretical works. His 

mathematical model demonstrated the possibility of vorticity amplification by stretching 

in quasi two-dimensional stagnation flow. The amplification can occur if the vorticity 

scale is larger than a certain neutral scale, which is convected towards the boundary layer 

with no net amplification or attenuation. Numerical results were obtained for Prandtl 

numbers 0.7, 7.0 and 100. Calculations revealed that the mean thermal boundary layer 

was much more sensitive than the mean thermal boundary layer to the presence of neutral 

scale vorticity. The sensitivity of the thermal boundary layer due to the addition of 

vorticity is greatest in the second case and least for the third case. A vorticity input 

increasing the wall-shear rate by less than 3% is capable of increasing the wall-heat 

transfer by almost 40%. 

Zumbrunnen et al. (1992) developed a theoretical model of a two-dimensional jet 

impingement heat trans^ on a moving plate. Results indicated that jet's non-unifi>rm 
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inlet velocity decreases with distance from stagnation region. They observed that heat 

transfer coefficients in the stagnation region are greater for parabolic as compared to 

uniform inlet velocity profiles. Surface motion affected local heat transfer coefficient in 

the stagnation region only when the surface temperature varied spatially. Far from the 

stagnation region, the importance of surface motion becomes larger as heat transfer 

distributions become uniform. Hence, the local heat transfer coefficients increased at 

distant location from the stagnation region. 

Zumbrunnen (1992) formulated a theoretical model to assess the importance of a 

time-varying surface heat flux or temperature on convective heat transfer in a steady, 

planar stagnation flow. Numerical solutions to the governing equations are determined 

for sinusoidal changes in surface heat flux/temperature. The results indicated that the 

time response is governed mainly by the free stream velocity gradient and to a lesser 

extent by the Prandtl number. The thermal boundary layers in the impinging flows with 

higher free-stream velocity gradients responded more quickly to changing conditions at 

the surface, and deviations from steady-state heat transfer coefficients are thereby 

smaller. It was also observed that when the surface temperature or heat flux decrease, 

fluid temperature gradients become smaller as thermal energy is transported to fluid 

layers farther from the cooled surface. Consequently, convective heat transfer is more 

effective when surface temperature/heat flux increases but is less elective when surface 

temperature/heat flux decreases. 

Miyazaki and Silberman (1972) analyzed theoretically a two-dimensional laminar 

impinging fi%e jet. The friction coefficient varies linearly close to the stagnation point, 
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reaches its maximum value, then approaches asymptotically the value for flow over a flat 

plate. The friction coefScient increases with decrease in H, the jet-to-plate height; the 

heat transfer coefGcient varies similarly to the friction coefficient. The increase in flow 

friction due to small nozzle height is remarkable as compared to the enhancement to the 

heat transfer rate at small nozzle-to-plate height. 

2.4 Forced Impinging Jet Studies 

Enhancing the heat transfer by means of exciting the jet captured the attention of 

researchers in past decades, most of the reported investigations being experimental. One 

of the early experimental works on forcing the circular free impinging jets was performed 

in 1980 by Gutmark et al. They studied the influence of perpendicular acoustic "puffs" 

on the rate of heat transfer from an aluminum plate. Sound frequencies varied from 0 to 

230 cps. Results proved that sound causes a significant increase in the overall heat 

transfer coefficient, the main parameter affecting the cooling efiiciency being the 

disturbances frequency, coinciding with the "resonant" frequencies of the system. Their 

study concluded that the acoustic excitation generates strong cooling at a small energy 

consimiption than the conventional cooling jet system (the loudspeaker's nominal power 

is 40 Watts). 

Experimental work dealing with the heat transfer in turbulent impinging jet flows 

with the surface-renewal effect on large scale eddies impinging on a flat plate was 

investigated by Kataoka et al. (1989). The free air jets were excited with small amplitude 

pressure perturbations produced by a loudspeaker. Reynolds number varied from 10000 
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to 50000. Controlled excitation at naturally occurring harmonics amplified the periodical 

fluctuations produced by the vortex rings in the potential core region, and the transition to 

turbulent less-coherent structures with large-scale eddies was retarded in the downstream 

region where the jet becomes fully turbulent. The less turbulent coherent structure was 

found to enhance the stagnation-point heat transfer more effectively than the non-

turbulent coherent structure with periodical potential core fluctuations. 

Zumbrunnen and Aziz (1993) performed an experimental study to enhance heat 

transfer in impinging jets, effective in both laminar and turbulent flows. Enhancement 

was achieved by briefly and repetitively interrupting the jet flow, thereby halting the 

development of the hydrodynamic and thermal boundary layers. The flow intermittence 

caused similar effects as a pulsatile flow. Enhancements due to the intermittence 

occurred only if the frequency of the intermittence was sufficiently high to maintain the 

time-averaged thermal boundary layer thiclcness much thinner than the steady-state 

values, thereby offsetting the reduced heat transfer during the brief period when the flow 

was absent. 

Sheriff and Zumbrunnen (1994) studied the effect of flow pulsations on local, 

time-averaged convective heat transfer to an impinging free water jet. Pulsations in 

forms of sinusoidal and square waveforms were considered. For the square waveform, 

the flow was halted for a portion of the pulsation cycle. Frequencies varied from 5 to 180 

Hz, corresponding to Strouhal numbers based on jet width and velocity of 0.014 to 0.964. 

For a sinusoidal pulse-profile, time-averaged stagnation Nusselt nimibers were reduced 

by 17% when the pulse magnitude was large. Reductions decreased away finm the 
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stagnation region and were attributed to the non-linear dynamic responses of the 

hydrodynamic and thermal boundary layer. For pulsating jet with a square-pulse profile, 

stagnation Nusselt numbers were enhanced by 33% due to periodic boundary layer 

renewal. The heat transfer enhancement decreased with increasing frequency as the jet 

coherence degraded by the intermittence and the flow was effectively transformed to a 

spray. 

Singer and Ortega (1997) documented the mean heat transfer and characteristics 

of a two-dimensional impinging jet in the turbulent regime, for both forced and unforced 

cases. It was found that when the flat plate is placed within the potential core, the only 

effect of the forcing was the mild pulsation of the core. The stagnation point Nusselt 

number was highly susceptible to the turbulence level in the impinging jet. The jet was 

forced at selected dominant frequencies and an increase in heat transfer rate up to 57% 

was observed. It was hypothesized that the enhancement is due to the generation of line 

vortices in the shear layer that impinge onto the plate, and that the enhancement occurred 

when the heat transfer surface is outside of the potential core. 

Anderson et al. (1995) performed an interesting experimental work, focusing on 

stagnation zone flow in impinging jets. Small particles of glass beads were injected in air 

impinging jets at flow Reynolds numbers of 21000. Particle velocities near the wall 

deviated strongly from fluid velocities, resulting in rebound; the deceleration associated 

with the reboimd caused significant increase in particle density above the impinging plate 

in stagnation region. The shear layer vortices induced spatial variations in particle 

concentration in the free jet, causing time fluctuations in the particle munber density near 
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the plate. Collisions with the plate are nearly elastic, particles rebound strongly into the 

impinging flow. Particles gain radial velocity near the peaks of their rebound trajectories 

at locations where their residence times are longest. Furthennore, in order to capture the 

particle-vortex interactions, the jet was acoustically forced at a frequency of 180, 

corresponding to the natural occurring harmonic for the flow. Cross-sectional images 

showed that the free jet vortices produce spatial variations in particle concentration, 

causing as well temporal fluctuations in the density of particles in the stagnation zone. 

Liu et al. (1996) investigated experimentally the relationship between the flow 

structures and local heat transfer in an excited circular impinging firee turbulent jet with 

small nozzle-to-plate spacing (H/D ^ 2). Reynolds numbers were 7170, 9700, 12300. 

They observed that the local heat transfer in the wall-jet region was sensitive to 

excitation close to the natural frequency (1400 Hz at Re = 12300), and reduced by the 

excitation close to the sub-harmom'c of the natural frequency (750 Hz), while the local 

heat transfer near the stagnation point remains unchanged. When the excitation 

frequency is close to the natural frequency of the impinging jet, the im'tial vortex pairing 

produces a chaotic "lump eddy", containing significant small scale random turbulence. 

The random vortical structures enhance the local heat transfer. When forcing is near the 

natural frequency subharmonic, stable vortex pairing is promoted, inducing a unsteady 

separation of the wall boundary layer and leading to the local heat transfer reduction. 

When H/D > 3, neither enhancement nor reduction of the local heat transfer was 

observed. 
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Yu and Monkewitz (1993) investigated experimentally a two-dimensional hot-air 

jet in transitional regime. The temperature spectra in the shear layer indicated two peaks, 

at a frequency f = 50 Hz and 100 Hz, respectively, hence the line-dominated frequency 

spectra contains a substantial harmonic content, suggesting a non-linear oscillator 

behavior. They concluded that the large frequency represents the primary oscillator or 

"driver" frequency for the hot-air jet, and that the vortex pairs near the nozzle have fully 

two-dimensional characteristics. One pair of large vortices is observed in the near field 

region of the jet, providing evidence of vortex pairing between the jet nozzle and the end 

of the potential core. However, the spreading is not as spectacular as for axisymmetric 

cases. 

The influence of vortices on the thermal field of the jets was investigated 

experimentally by Kurosaka et al. (1993). When a thermally insulated flat plate was 

inserted into an impinging jet, the wall temperature distribution was modified by the 

presence of a secondary layer of vortices imposed on the plate by the primary vortex ring 

of the jet. When the plate was near the jet nozzle, a region of lower wall temperature was 

observed, as a result of the additional vortices; when placed further from the jet nozzle, 

no more secondary vortices were present in the flow and the region of lowered wall 

temperature vam'shed. 

2.5 Confined Impinging Jet Studtes 

Interesting investigations focused only in the past two years on a more complex 

impinging jet problem. The presence of a confining top-plate facing the target plate in jet 



impingement results in a more complicated flow^ structure, and few studies have focused 

on this configuration. 

Fitzgerald and Garimella (1997) investigated experimentally the flow field of an 

axisymmetric, confined, submerged, turbulent jet impinging normally on a flat plate. 

Reynolds numbers varied fiom 8500 to 23000. Flow field measurements proved that in 

the potential core of the air jet, the confinement increases the length of the core, 

decreases turbulence levels in the jet and reduces the stagnation point heat transfer by up 

to 10% compared to the free jet. A recirculation zone was observed moving radially 

outward fi'om the stagnation zone, with both an increase in Reynolds number and nozzle-

plate spacing. 

Huang et al (1996) measured the local Kusselt number of a confined circular air 

jet impinging vertically on a flat plate. Reynolds numbers were varied in the range 30000 

- 67000. Four diameters for the nozzle were considered: 3, 4, 6, and 9 mm. Part of the 

impinging surface was maintained at a constant fiux while the rest was adiabatic. The 

heat fluxes were 500, 1000, 1500 and 2000 W/m% respectively. The jet nozzle diameter 

was a strong factor affecting Nusselt number. For same Re, a jet with smaller diameter 

will lead to smaller heat transfer coefficients. For the case with nozzle diameter greater 

than 6 mm, Nusselt number will tend to decrease. 

Huber and Viskanta (1994) measured experimentally the heat transfer coefiGcients 

for perimeter and center jets in a confined, impinging array of axisymmetric air jets. The 

Re numbers varied from 10200 to 17000, at H/D = 6.0, 1.0, and 0.25. The differences 

between the local Nusselt number distributions for the center and perimeter jets were 
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documented with the three-dimensional and contour plots. It was observed that the 

constant Nu contours for the perimeter Jets were oval, as these jets were not opposed on 

all sides like the center jets. However, the differences between the contours for the center 

and perimeter jets were about 15%. These small differences resulted in variations less 

than 12% for the average Nusselt numbers. 

Garimella and Rice (1996) investigated experimentally the heat transfer from a 

small heat source to a normally impinging axisymmetric and submerged liquid jet, in 

confined and unconfined configurations. The nozzle diameter was varied (0.79 < d < 

6.35 nmi), Reynolds number from 4000 to 23000, and nozzle-source spacing (I < H/d < 

14). For a given H/d and Re, the smaller nozzles generally produce the higher heat 

transfer coefScients, especially in the stagnation region where the heat transfer 

coefScient for the 0.79 nmi nozzle is 3.5 times greater than that for the 6.35 mm nozzle. 

The stagnation and area-averaged heat transfer coefficients increase with increasing 

Reynolds number. Secondary peaks were noticed in the local distributions around r/d = 2 

as a result of transition to turbulence in the wall jet region, and in some cases the 

secondary-peak heat transfer coefGcients were higher in magnitude than those at the 

stagnation point. 
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CHAPTER3 

3. NUMERICAL ANALYSIS 

This chapter describes the problem to be studied, the governing equations, the 

mitial and boundary conditions, followed by a detailed analysis of the numerical 

procedure used to perform the calculations. The numerical technique employed to 

compute the present flow and is implemented in the form of a FORTRAN 77 computer 

program named FAHTSO (Fluid And Heat Transfer Solver). The code in its present 

form was developed primarily by Rosales (1999) with assistance from the author. The 

program solves the prinutive variables, velocity and pressure, and originates from the 

program FHTS developed by Queipo (1995), R0TFL02 developed by Hayase et al. 

(1990), ROTFLOl by Chang (1989). Its basic structure resembles that of the REBUFFS 

procedure developed by Laquere et al (1981) and the TEACH family of codes developed 

at Imperial College, London (Himiphrey, 1977). The modifications necessary to 

calculate the unsteady flow efficiently are explained in detail in the numerical procedure 

section. 

3.1 Problem Description 

The problem geometry and nomenclature are shown in Fig. 1.3. A two-

dimensional jet with unifoim velocity Vj enters from a nozzle of width W into a channel 

with height H and length L. The present study considers a fixed geometry of H/W = 5 
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and L/W = 25. The jet Reynolds number, based on the hydraulic diameter D = 2W, and 

using the inlet velocity as characteristic velocity is defined as: 

V f D  
Re = -^ (3.1) 

V 

In this study, the cooling fluid is air and all of the physical properties were 

evaluated for air at 300 K: density p = 1.177 kg/m^, viscosity v = 1.58E-05 kg/m s, 

thermal conductivity K = 0.0261 W/m K, and specific heat Cp = 1005.0 J/kg K. The 

Prandtl number of air at the reference temperature of300K is approximately 0.72. 

The upper confining wall at y = 0 is adiabatic, while the lower target wall at y = H 

is isothermal, at T„. The target wall temperature is maintained at 10 K above the 

entering jet temperature Tj. It is worth noting that the physical properties described 

above are assumed to be constant, and that jet streamwise direction and velocity are y and 

V, while the jet transverse direction and velocity are x and u. The channel length was 

selected in such a fashion that the exit plane does not significantly affect the pressiure, 

friction and heat transfer coefQcients on the target wall. 

3.2 Governing Equations and Boundary Conditions 

The exact solutions for the closed form complete Navier-Stokes equations are 

difficult to obtain, because of the nonlinear convective terms. Under restrictive 

assumptions and limiting conditions, analytical solutions have also been obtained for 

reduced sets of equations, derived firom the Navier-Stokes relations. Despite the value of 

these solutions for understanding complex flows, they are not powerfiil enough to permit 



51 

the calculatioa of very complex unsteady flows. Hence, the numerical technique was 

adopted to solve the governing equations. 

The flow is assumed to be two-dimensional, unsteady, non-isothermal, 

incompressible, and laminar in a Cartesian reference frame. The fluid density, viscosity, 

and thermal conductivity are assumed to be constant. Viscous dissipation and natural 

convection effects are neglected in the energy equation. The continuity, two-dimensional 

Navier-Stokes, and energy equations are written in vector form as: 

V . M = 0  ( 3 . 2 )  

^p[r,+("-v)r]=«£v2r (3.4) 

In the previous equations u represents the velocity vector with components u and 

V in the X and y directions, respectively. The variable p is the pressure and represents the 

effect of gravitational force and any other external force that can be expressed as the 

gradient of a scalar potential. The variable fi is the effective dynamic viscosity 

computed using the harmom'c mean method as described in Patankar (1980). The energy 

equation (3.4) uses T as the temperature and the variables ic and Cp denoting thermal 

conductivity and specific heat of the fluid, respectively. 

The numerical procedure employed directly solves for the velocity field in terms 

of its primitive variables, unlike many other numerical studies of fluid that use the 

vorticity-stream flmction formulation of Navier-Stokes equation. The alternate 

(m -V);?] = -Vp (3.3) 
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formulation has the advantage that the dependent variables satisfy the incompressible 

continuity constraint by definition. 

The momentum and energy equations can be rewritten in conservative form by 

combining the continuity equation (Equation 3.2) with Equations 3.3 and 3.4, 

respectively. This form makes the conservation equations readily integrable, is used 

throughout the rest of the chapter, and can be expressed as follows: 

In order to solve the governing equations described before, boundary conditions 

have to be specified at the edges of the computational domain. For computational 

reasons, selecting legitimate conditions at the exit boundaries is a critical issue. In the 

actual study, due to the nature of the flow, the boundary conditions specified at the 

domain exit were the first derivative of the velocity and temperature variables equal to 

zero. 

Inlet flow is uniform, at velocities of 0.1968, 0.3937, 0.5118, 0.5906 m/s, 

corresponding to Reynolds number flows of 250, 500, 650 and 750 respectively. The 

initial condition for all the calculations in the actual study was corresponding to zero 

velocity at every location in the field. The im'tial temperature field was taken to be equal 

to the inlet temperature at every location except the target wall. The target wall 

temperature was kept constant at a value of 310.0 K, the upper wall was adiabatic, while 

the incoming jet had a temperature of300.0 K. 

(3.5) 

(3.6) 
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The adopted temperature and velocity boundary conditions are summarized as 

follows: 

On the upper plate; 

-W ^ W y  =  0 ,  — < x < — ,  v  =  V j .  u  =  0 ,  T = T j  

W dT y = 0, — < X < L, V = 0, u = 0, — = 0 
2 dy 

-W dT y  =  0 ,  - L < x <  ,  v  =  0 ,  u  =  0 ,  —  =  0  
2 dy 

(3.7) 

On the lower plate: 

y = H, v  =  0 ,  u = 0 ,  T = T  w (3.8) 

At the ends of the channel: 

'x=±L, ^=0, £!:=o 
dx dx dx 

(3.9) 

3.3 Numerical Procedure 

3.3.1 General Description 

The numerical calculations were performed using the FAHTSO (Fluid And Heat 

Transfer Solver) code, a custom CFD/CHT solver. The code was modified to conduct the 

numerical simulations of fluid flow and heat transfer for the actual problem. It solves the 

momentum and energy equations in two- or three-dimensional, non-isothermal, constant 

properties, steady or unsteady flows in Cartesian or cylindrical coordinates. FAHTSO 



54 

encodes an adaptation of the SIMPLE (Semi-hnplicit Method for Pressure Linked 

Equations) algorithm of Patankar and Spalding (1972), being based on a finite-volume 

method. Among the significant modifications implemented in the actual code as 

compared to the previous versions include (Resales, 1999): 

- Extension of the Quick scheme for non-uniform grids into the third dimension. 

- Inclusion of Second-order boundary conditions at solid walls for both the velocity 

and the temperature fields. 

- Appropriate treatment of the velocity nodes at the comers of sohd obstacles for 

three-dimensional flow field calculations. 

- Enforcement of global conservation of mass at open boundaries on all of the 

surfaces of a three-dimensional domain for non-Dirichlet boundary conditions. 

- Inclusion of an additional three-level time scheme, to solve the unsteady flow 

problems. 

- Incorporation of boundary conditions that are appropriate for the configuration of 

interest and general improvements of the post-processing of the solution. 

The method used by the author is a hybrid between the latest version of FAHTSO 

and the previous version, FHTS, being appropriately modified and adapted to the 

unsteady two-dimensional confined impinging jet problem. Details are included in the 

results section. 
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The subsequent sections will describe, with a fair amount of detail, the numerical 

techniques encoded in the program FAHTSO, as well as some characteristics particular to 

its implementation for this work. The iinal sections of this chapter will describe the 

solver for the linear systems of equations as well as the grid generation procedures. 

33.2 Conservation Equations 

The numerical procedure used to solve the velocity and temperature fields is 

based on the mass, momentum and energy equations. These relations have been 

specified before (Equations 3.2 through 3.4) but are rewritten here in component form for 

the actual two-dimensional problem as follows; 

(3.10) 
dx dy 

du duu dvu 
— +  +  

dt 8x dy 

1 dp d^u d^u 
——+v —;r+— 

dp- dŷ  
(3.11) 

dv ^duv ^dw _ \ dp d^v ^d^v 

dt dx dy pdy dx^ dy^ 
(3.12) 

dT duT dvT —+ H =a — +  + —  

dt ^ dy dx^ dy^ 
(3.13) 
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The symbols a and v denote thermal di£(usivity and kinematic viscosity 

respectively. The equations are derived in conservative form because this form allows 

their direct integration over a control volume cell. 

3.3.3 Spatial Discretization 

The numerical procedure solves the velocity field using a discretization scheme 

performed according to the control-volume approach presented by Patankar (1980). The 

discretization procedure begins with the construction of a computational grid. The 

Navier-Stokes equations are then replaced with a set of ordinary differential equations in 

time by means of finite-difference approximations. 

In the first step, the domain is divided into a number of control volumes, each 

corresponding to a grid point. The main grid nodes are distributed over the physical 

domain in a convenient, uniform or non-uniform, orthogonal configuration. The main 

grid points are the storage locations for the pressure p and temperature T, and they are 

referred as the scalar grid. Additional grids are then obtained for the velocity 

components u and v, which are stored at grid points that are located at the faces of the 

control volumes, forming the velocity grid. 

Two approaches are used for the location of the control volume faces in relation 

to the main grid points. Either the control-volume faces can be located midway between 

grid points or the main grid points placed in the middle of the control volumes. The two 

approaches are similar for the case of uniform grids but differ for the case of non-uniform 

grids. The latter approach is adopted in the FAHTSO code. 
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The calculatioa domain is divided this way into scalar control volimies that 

include a main grid point in the nuddle and a velocity component grid point at each face. 

The velocity component grid points are located between main grid points at the faces of 

the scalar control volumes. Figure 3.1 illustrates this two-dimensional grid arrangement. 

The control volumes shown are centered about a node, p, and surrounded by nodes at the 

neighboring north, south, east and west locations. Variable values at nodal locations are 

denoted with capital subscripts. The node fbr up is the node located immediately to the 

west of pp, while the node for vp is the one located immediately to the south of pp. 

There are pros and cons for using the staggered versus non-staggered grids. Some 

of the advantages have presented by Patankar (1980). The staggered grid arrangement 

avoids the problems of decoupled velocity and pressure fields that arise when the discrete 

continuity and momentum equations are formulated on a non-staggered grid. When the 

grid is non-staggered, flow variables are stored at same nodal locations, requiring 

interpolation between adjacent nodes to find the required velocity values at the control-

volume boundaries. Similar results are obtained for the pressure field. 

The use of staggered grids eliminates these problems, as the required velocity 

nodes are located at the faces of the control volumes, hence no interpolations are 

necessary to numerically couple the momentum and continuity equations. Once the 

computational grid is defined, next step towards solving the flow field is to obtain the 

linear algebraic equations for the primitive variables u, v, and p. 

The procedure begins by integrating the mass, u-momentum and v-momentum 

conservation equations (Equations 3.10, 3.11 and 3.12) over the scalar, u-velocity and v-



58 

velocity control volumes, respectively. The variation of the primitive variables between 

control volumes is represented by suitable profile approximations. Also, an efficient 

time-marching procedure needs to be selected for the actual highly unsteady problem. 

Finally, the method solves for the algebraic velocity and pressure equations 

sequentially using the so-called segregated approach. Iteration is required because the 

non-linearities present in the differential form of the conservation equations reappear in 

the algebraic equations. The coupling between momentum and continuity equations is 

the main reason for the possibility of slow convergence when predicting fluid flow using 

the segregated approach. Three methods to solve the velocity-pressure coupling are 

incorporated in the program FAHTSO and they are all variations of the SIMPLE (Semi-

Implicit Method for Pressure-Linked Equations) algorithm by Patankar (1980). Other 

methods are the SIMPLER (SIMPLE-Revised) algorithm by Patankar (1980) and the 

SIMPLEC (SIMPLE-Consistent) algorithm by Van Doormaal et al. (1984). The 

discretization procedures used for the continuity and momentum equations are presented 

in detail in following sections. 

3.3.4 Control Volume Formulation of the Governing Equations 

The discretized continuity equation is obtained by integrating the conservation of 

mass equation over a scalar control volume, the pp control voliune. The result is that the 

algebraic simi of the mass convected in and out of any control volume is zero: 

(AU'j^+(AUl*{AU%*iAU%=0 (3.14) 
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The superscript s indicates that the equation is valid for a scalar control volume. 

The lower case subscripts indicate the respective faces of the control volume cell and the 

letter A represents the area of the face. A similar expression can be written for the 

velocity components perpendicular to the faces of the scalar control volumes, as follows: 

w P w E s P n N 
(3.15) 

The discretization of the momentum equations includes the integration in space 

and time of equations 3.11 and 3.12. The discretization of momentum equations in space 

occurs over the corresponding velocity component control volumes as described in 

Patankar (1980). The integration in time corresponds to an implicit first-order approach 

(Euler's method); however, two second-order in time procedures are also available in the 

code. The variable <!> denotes any of the velocity components u or v, and n represents 

the integrated pressure terms. It is assumed that the value of ^ is uniform on each 

control-volume face, and different from its value at the node, which characterizes the 

interior of the control volume. The resulting spatially integrated equation becomes: 

A/ 

=n'''' + 

(Au4e''-(mfl Amf/ 

dx 
{a^ 
I Sxrj 

\<Pp r 

w 

(3.16) 

where is the volume of the control volume and the superscript o indicates the 

previous time step. The small subscripts refer to the faces of the control volume 

considered and the capital subscripts denote the associated variable at the nodal locations. 
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Approximations of the convecting velocities, u and v, are given in order to get a discrete 

version of the ^ momentum equation in terms of the variable ^ at nodal locations. The 

convected quantities, ^, and the diffusion terms at the faces of the <^p control volumes, 

need to be provided as well. 

3.3.5 Discretization of Convection Terms 

Next step is to obtain, by interpolation, the values of both the convecting 

velocities and convected quantities at control volume faces, expressed in terms of the 

values calculated at nodal points. The values of the convecting velocities are 

while the convected quantities are e ' w' n ' J j ^ ^ e ^ 
. In this 

section, the calculation of the convected quantities is described first, followed by the 

explanation of the convecting velocities calculation. 

DifTerent profiles of the variable ^ along the faces of the ((>p control volume have 

been used to estimate the value of tjt at those faces. The selection impacts the stability 

and accuracy of the numerical procedure. In regions where convection dominates 

strongly convection, the central-difference scheme may lead to unphysical oscillatory 

solutions or even non-convergence (Patankar 1980). The upstream-weighted difference 

scheme can be very inaccurate due to truncation errors and its sensitivity to streamline-to-

grid skewness. 

The upstream, quadratic QUICK scheme (Quadratic Upstream hiterpolation for 

Convective Kinematics), proposed by Leonard (1979) was used in FAHTSO to 
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interpolate the convected quantities. The scheme has good stability and accuracy 

properties. It is second accurate order, like the central difference scheme, but is not 

centered at the central node, but significantly weighted towards upstream values, hi the 

QUICK scheme, the evaluation of the velocity at a given control volume face is based on 

a quadratic interpolation which fits a parabola through two nodes located upstream of the 

face considered, and , and one located downstream, . Whether a direction is 

upstream or downstream depends on the sign of convecting velocity. For each control 

volume surface in the calculation domain and at each time step, the appropriate 

assignment is made for two upstream nodes and the downstream node (Fig. 3.2). 

The following relation gives the value of the velocity at any control volume. 

^face = ̂ t/U^U + 

Where, 

Jp _c(a-c)  
UU-b{a-b)  

(3.18a, b,c) 
^ a{a—b) 

_  c  -ac-bc + ab 

-b 

The variables a, b and c in Equations 3.18a through 3.18c are independent of 

geometric parameters defined DS A^XO-XU^ ^ = XD- XUU and c = -XFACE • the 

variable % can be used in either of the coordinate directions, x or y. 
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Lately, there have been several proposed implementations of the QUICK scheme. 

These implementations differ only in their stability and speed of convergence. Hayase et 

al. developed a practical implementation of the QUICK scheme that ensm-es the stable 

convergence of finite-volume based algorithms. The QUICK implementation proposed 

by Hayase et al. is adopted for the purpose of the actual study. The scheme expresses the 

convected quantities at the faces of the control volumes, (t>face^ ^ the sum of the 

immediate upstream velocity and a source term. The source term consists of values of 

the variable ^ corresponding to the previous time step or iteration, hnplementation of 

QUICK scheme leads to the following relations: 

(3.19) 

where, S '̂' cff -1.0 D  

The convecting velocities at the faces of a control volume are constant along 

the faces of the control volume and are computed using a weighted-average procedure. 

Two different cases occur, depending on whether the convecting velocity is parallel or 

perpendicular to the convected quantity <ft. In the first case, the convecting velocity at 

the face of interest is computed by taking a linear weighted-average of the two closest 

velocities in the same dnrection of the convecting velocity, one at each side of the face, 

hi the second case, the convecting velocity at the face is calculated by performing a 

weighted average of bvo velocities both in the same direction as the convecting velocity, 

one at each of the extremes of the control volume face. For both cases, the convecting 
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velocities are computed by using values of the velocities obtained in the previous time 

step or iteration. 

3.3.6 Discretization of the diffusion terms 

Next task is to calculate the values of the diffusion terms at the faces of the 

control volumes. Due to the characteristics of the non-uniform staggered grid layouts, 

there are two possibilities, identified as "normal diffusion" and "transverse diffusion". 

The normal and transverse terms refer to whether the velocity component is normal or 

parallel to the control voliraie face where the derivative is to be found. The transverse 

derivatives are evaluated by means of a two-point central difference scheme. 

The formula consists of the difference of the velocities at each side of the control 

volume face in the numerator and in the denominator the distance between them. The 

diffusion term at the north face of the control volume, (ftp, is approximated by using the 

following equation: 

This expression is second-order accurate for uniform grids. Some accuracy will 

be lost in the case of non-uniform grids. The expressions developed for the 

approximation of the convected quantities and for the diffusion terms at the faces of the 

velocity^ control volumes are used in conjunction with the modification for control 

volumes adjacent to solid boundaries. 

(3.20) 
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33.7 Discretizatioa of momentum equations 

The product of areas and convecting velocities (A[/)j-g^g and (AF)^g^g are 

denoted by the symbol Cj-^g and referred to as convection coefGcients. The terms which 

are diffusion coefficients, are identified with the symbol Dfg„ and the 

momentum equation (Equation 3.16) can be written as: 

All the terms above correspond to the control volume <pp and the superscript on 

those terms has been dropped for convenience. The expressions previously found for the 

convected quantities using the QUICK scheme depend on the direction of the flow. The 

positive value indicates that the direction of the flow is from left to right in the case of 

Au. The negative value represents flow in the opposite direction. The sign of the 

convection coefficient is indicated by a superscript with the symbol for a positive 

values and the symbol' -' for a negative value. 

C 6 —C df +C d> —C tjt =n + £) Sjp—D Sn e^e \rw ivn s^s e^E e^P 
(3.21) 

w*Tr w^P IV N tvP s^S s^P 

(Au f  i f  u  f  >0 or  AVf  i f  v^  > 0  
face •' face face •' face 

0  if Uf < 0  
face 

0 ifVf <0 
face 

(3.22) 

f 0 ifUf >0 •' face 
0  > 0  

face 

face ^ ̂  face ^ ̂  face ^ ̂ face ^ ̂  

(3.23) 
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With this notation and approximating the convected quantities, facet with the 

QUICK scheme, the discretized form of the (ft -momentum equation becomes; 

+ 

n - c'̂ 's'̂  - c~s~+- c~s~+- c~s~+c'̂ s'̂  - c~s~ e e e e w w w w n n n n s s s s 
(3.24) 

+ D (ftp —D 6n ~D (bn —D (ftwjir —D — D (ftn ~D (ftn~D (ft^ 4 e^E e^P wP WW irN rrP s^P s^S ^ 
"p 

The momentum equation is expressed as. 

^ At 
(3.25) 

Where, 

ao=C"^-C"+C'^-C" 
P e w n s 

aj,T=D —C N n n 
a =D +C^ 
s s s 

ap=D —C 
E e e 

a =D +C"^ 
w w w  

b = -C^S^ - C~S~ + -F C~S~ - - C~S~ + + C~S~ 
e e e e ww ww n n n n s s s s 

T+ . o— /-1+P+ r->~c~ 
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3.3.8 Time marching scheme 

The unsteady momentum equations obtained in the previous section (Equation 

3.25) can be rewritten as: 

Subscript nb indicates the four neighbors in the sununation term. 

Discrete forms of the u and v-momentum equations are obtained by marching in 

time. The coefficients of the equations are computed at each time step based on the 

previous time step results and a solution for the algebraic system of equations is obtained. 

With successive time steps, the solution approaches the steady-state values. Another way 

to solve a steady-state problem starts with the steady-state form of Equation 3.23. The 

equation is obtained by setting the time-step, A/, to a large value and solving the 

equation in an iterative fashion by using an under-relaxation factor. The under-relaxed 

equations have the following form: 

where A is the under-relaxation factor and represents a previous iteration. A 

successive solution of the equations results in the steady-state solution. 

The time marching scheme and the iterative procedure have a similar effect on the 

finite-difference equations (Equations 3.26 and 3.27), if A is expressed as: 

(3.26) 

l - l  *  
(3.27) 

(3.28) 
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Hence, X in the time-marching formulation varies spatially and evolves with the 

solution, while in the iterative formulation, A is a constant. With the previous 

suggestions, in order to implement the algorithm to solve the velocity field. Equation 3.27 

can be rewritten as follows: 

3.4 Solution Algorithm 

Using the finite-difference equivalent of the conservation of mass and momentum 

equations, FAHTSO calculates the velocity field using one of the following available 

solution algorithms. Three methods are presented here, namely 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). 

(3.29) 

(3.30) 

Where. 
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3.4.1 SIMPLE Algorithm 

This algorithm starts by guessing the pressure field. For a guessed pressure field, 

p*, a specific velocity field denoted by u* and v*, satisfies the equations: 

(3-32) 

The "real" velocity field can now be expressed as the sum of the velocity field 

obtained by guessing the pressure field plus a velocity correction, u and v . A similar 

procedure is used for the pressure field. Expressions for the velocity corrections are 

obtained by subtracting Equations 3.31 and 3.32 &om Equations 3.29 and 3.30, 

respectively, 

• * • * • , 

Where, u =u-u ,  v =v-v , p -p-p 

The expressions obtained for the velocity corrections are fiilly implicit, hi 

SIMPLE algorithm, explicit expressions for the velocity correction equations are 

generated by the exclusion of the summation terms m Equations 3.33 and 3.34, resulting 

m: 

Up-Up-i-dJ^P^ Ppj (3.35) 
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Where, = '','̂ Pp 

The pressure field has to be fiirther corrected. The pressure field constrains the 

development of the velocity field, and continuity is satisfied. The pressure correction 

equation is obtained by substituting Equations 3.35 and 3.36 in the discretized continuity 

equation (Equation 3.14). The resulting pressure correction equation becomes: 

"pPp ="£''£ 

Where. "N ' Vn- "s = Vj 

* « * lit 

b=Uj jyA -UpA -VpA -v . rA fr w E e S s N n 

In summary, the SIMPLE algorithm is described as follows: 

1. Guess the pressure field p * .  

2. Solve the momentiun equations (Equations 3.31 and 3.32) to obtain starred values 

for the velocities. 

3. Solve the presswe correction equation (Equation 3.37) and update the pressure. 

Under-relaxation is required because by dropping the contribution of the neighbor 

velocity corrections the pressure is over-predicted. 

4. Update the velocity by using the velocity correction equations (Equations 3.35 

and 3.36). 

5. Repeat steps 2 through 4 until a previously specified convergence criterion is met. 
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3.4^ SIMPLEC Algorithm 

The SIMPLEC algorithm is similar to the SIMPLE algorithm except in the 

t 

derivation of the velocity correction equation. The expression is subtracted 

from both sides of Equation 3.33 and the term right-hand side 

of the equation is neglected. Same procedure is performed on the velocity correction 

equation for the v velocity component (v' equation). The velocity correction equations in 

this method have the same form as Equations 3.35 and 3.36 but with de and dn redefined 

as: 

A A 
d = ^ , d =- ^ (3.38) 
^ a -Ta .  ^  a -Ta .  p ^ nb p ^ nb 

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

d's coefficients computed using Equation 3.38. The algorithm for SIMPLEC is similar to 

that used for the SIMPLE algorithm without under-relaxing the pressure, but in this case 

Xp is set equal to I. The pressure correction is not under-relaxed because the neglected 

term in the formulation of the velocity correction equations is small. 

3.4.3 SIMPLER Algorithm 

In this method the velocities Up and Vp are expressed as the sum of the 

contributions of pseudo-velocities, and , respectively, plus the corresponding 

pressure term. The pseudo-velocities are defined as fi)ilows: 
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y,a jU , + 6  S f l  iV . + 6  
g. _ ^ nb nb p ~ ^ nb nb p _ 
P ' P 

P P 

The velocities Up and Vp can be written as 

Where dw and ds are defined by Equations 3.36. Substituting Equations 3.40 and 3.41 

into the mass conservation equation (Equation 3.14) yields the pressure equation: 

apPp = •*" ̂  

Where ae, aw, aN, as, ap and b are given by Equation 3.36 with the u*, and v* velocities 

are replaced by the pseudo-velocities u and v , respectively. 

Hence, The SIMPLER algorithm can now be summarized as follows: 

1. Guess the velocity field. 

2. Using the currently available velocity field, compute the pseudo-velocities u and 

V (Equations 3.39). 

3. Calculate the pressure equation coefficients (Equation 3.42) and solve for the 

pressure, P. 

4. Using the pressure field P, solve for the velocities u* and v* (Equation 3.31 and 

3.32). 

5. Using the velocity field, u* and v*, calculate the coefficients and solve the 

pressure correction P' system of equations (Equation 3.37). 
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6. Correct the velocity field using pressure correction term P' (Equations 3.35 and 

3.36). 

7. Repeat steps 2-6 until a previously specified convergence criterion has been met. 

The three algorithms presented before belong to the class of predictor-corrector 

iteration schemes. In each iteration, SIMPLE and SIMPLEC have a single corrector step 

(pressure correction equations), while SIMPLER has two-corrector steps (pressure and 

pressure correction equations), hi principle, SIMPLER is expected to provide a pressure 

field that is closer to the final solution in a fewer number of iterations than SIMPLE and 

SIMPLEC. Usually, this comes with the additional expense of solving for an extra 

system of equations (the pressure equation). 

The relative performance measured by CPU time and robustness with respect to 

the under-relaxation parameter A of these algorithms, depends on many parameters such 

as the fluid fiow configuration, the computational grid, the under-relaxation parameter 

values, the flow regime, etc. Next step is to solve the velocity and pressure fields. In 

order to be able to solve them, it is necessary to impose the boundary conditions, hi next 

sections, a description on the treatment of velocity and pressure nodes at the boundaries 

is presented. 

3.4.4 Selection of discretization scheme and fluid solver procedure 

This section presents briefly the advantages encountered when using the modified 

QUICK scheme for discretizing the differential equations, versus the other available 
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convective schemes (e.g. ilYBRID, UPWIND, Central Difference), as well as the reasons 

for using the SIMPLE fluid solver procedure as opposed to SIMPLER and SIMPLEC. 

From the literature review, it was learned that any attempts to solve convective 

problems by the central-difference scheme were severely limited to low Reynolds 

numbers flows. It is well known that central difference approximations for the 

convection transport terms result in inappropriate difference equations for convection 

dominated flows. 

For the actual problem, having significant elliptic (two-way coordinate) 

characteristics, it was necessary to seek better formulations. An alternative solution 

implemented in the code was the UPWIND scheme, with the interface values not 

averaged as before, but being assigned the value of the upwind side of the face - so called 

"tank and tube model" (Patankar, 1980). 

This method has its own advantages, but it neglects completely the fluid 

characteristics at subsequent grid points in the field. The confined jet problem requires a 

more precise scheme. A compromise solution is represented by the HYBRID scheme, 

which is identical with the central-difference scheme for a Peclet number range -2<Pe<2, 

and outside this range it reduces to the upwind scheme in which the diffusion term is set 

equal to zero. 

The HYBRID scheme thus avoids the shortcomings observed for the upwind 

scheme, yet a better scheme was preferred and selected for further study. This is the 

consistently formulated QUICK scheme as described by Hayase et al (1990), providing 

faster convergence, more accurate results, being more stable as well. It is an improved 
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version of the scheme suggested by Leonard (1979), and it retains the basic stable 

convective sensitivity property that is characteristic to the upstream-weighted schemes. 

Especially for highly recirculating flows the QUICK scheme is more stable and provides 

better results than the other schemes, including UPWIND (Choi et al, 1990). 

The scheme employs in its weighting procedure three upstream and two 

downstream nodes, thus providing a well-balanced calculation of the interface value. 

Besides its convenience, it satisfies all four classic convergence rules described by 

Patankar (1980), as follows: 

1) Consistency of surface flux calculations at the control volume faces; 

2) All coefficients to be positive in the discretization equation; 

3) Negative-slope Imearization of the source term; 

4) Node coefGcient in the discretized equation equal to the sum of the neighboring node 

coefficients, 

QUICK scheme yields the simplest algebraic form, is more robust and converges 

considerably faster than all the previous formulations, providing correct and more 

accurate solutions to the confined jet problem. Hence, the consistently formulated 

QUICK scheme is a best fit for solving the confined jet problem, hence was selected for 

the study. 

For the fluid side solver, the code has implemented three procedures, namely 

SIMPLE, SIMPLER and respectively SIMPLEC, as described by the previous section. 

Usually, for the one-dimensional problems, the SIMPLER algorithm converges to a 
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solution much faster, since the pressure correction equation provides reasonable velocity 

fields. 

However, both SIMPLE and SIMPLEC procedures have a single corrector step 

pressure correction equations), as compared to SIMPLER (with two-corrector steps -

pressure and velocity correction equations), thus save considerable CPU time. 

Hence, for the confined impinging jet problem, in order to save CPU time, it was 

decided to use the SIMPLE procedure, which provides accurate results and is more 

convenient to use for all practical purposes. 

3.5 Implementation of the boundary conditions in the discretized momentum 

equation 

In this section, only the boundary conditions relevant to the present 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 QUICK and the diffusion terms of the 

velocity control volumes close to the boundaries using the central difference 

approximation. 

As documented in a previous section, two types of convection and diffusion terms 

are identified: 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 
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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. All other cases are similar to one of these 

cases. 

Type I control volume 

Normal convection 

If Cw > 0, the second upstream velocity node is inside a soh'd region and it is 

incorrect to use QUICK to compute Uw. Instead, Uw is estimated through interpolation, 

fitting a parabola through Uboundaty, up, and u^CFig. 3.3). 

Type n control volume 

As seen in Figure 3.4, the control volume has on the south face a soUd segment 

and a fluid segment Both transverse convection and transverse diffusion terms are 
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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-l and the control volume with the sohd segment is 

denoted as II-2, as seen in Figure 3.5. 

Both division and convection terms are computed using linearly interpolated 

values of u velocity nodes, at the vertical centerline of II-l and 11-2. Using these 

interpolated values, the transverse convection and diffusion terms for II-l 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 m node. 

Type in node 

Tranverse convection 

In this case, the velocity at the south face, u,, is the velocity at the boundary 

^boundary-

Transverse diffusion 

The transverse diffusion term at the south face is computed through a central 

difference approximation using Up and Uboundary-
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Type IV node 

Transverse convection 

If Cs > 0, it would be incorrect to compute Us using QUICK. Instead, the velocity 

at the south face of this control volume is computed by fitting a parabola through the 

points ut)oundary> and Un« 

3.6 Implementation of the boundary conditions in the discretized pressure 

equations 

Pressure control volumes adjacent to boundaries have a known velocity 

perpendicular to one or more of their faces (Fig. 3.6). The pressure and pressure 

correction equations for these nodes are obtained firom the general pressure equations. 

This is done either by making the "a" coefRcients associated with the faces with known 

velocity to zero, or substituting in term b the pseudo-velocities u*, v*, or starred 

velocities, u, v, with the known velocities. 

3.7 Computation of the Temperature Field 

Computing the temperature field in the impinging jet flow requires the solution of 

the energy equation subject to the appropriate boundary conditions. Actual section 

presents a description of the numerical procedure embedded in the program FAHTSO to 

solve the energy equation subject to the boundary conditions specified in previous 

sections. 
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3.7.1 Discretization of the energy equation 

The integration in time corresponds to a fully implicit approach. The energy 

equation is discretized in time and space in a similar manner to the discretization of the ^ 

component momentum equation, by integrating Equation 3.16 over a scalar control 

volume. The discretized energy equation then becomes: 

OpTp 

A/ 
(Aurf/-(Aurfp +(,AvTf,P -(AvT^P 

^ f  .dTYP 
A— 

V Sxjg 'W 

dTYP 
A— 

I n 

f .arl 
A 

dy 

e. 
(3.43) 

OpTZ 
+ V 

A/ 

The superscript indicates the control volume over which the equation has been 

integrated, while the subscript indicates the face of the control volume considered. The 

variable V '̂' denotes the volume of the Tp control volume, A denotes the area and the 

superscript o indicates the previous time step. 

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

where the variable pressure P is stored. In previous equation the convecting quantities, u 

and v, are known at the faces of the scalar control volumes, so the only interpolations 

required corresponds to the convected quantity T and the diffusion terms. 

The convected quantities T at the faces of the temperature control volume are 

estimated using the QUICK interpolation scheme, while the spati^al derivatives of 7 in 

the diffusion terms are computed using central differences. The procedure is second-

order accurate in space for uniform grids. 
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Using the diffusion coefficients now defined as l/(A;]f) the discretized fonn of 

equation 3.43 becomes: 

VT 

=-CX -  ^ cx  ̂ -  cX -  c;s-  ̂  C^s;  *  crs ;  ̂  (3.44) 

% - - Vp ̂  *VN- "/p - ''/p ̂   ̂̂  

Op 
The r ^ equation is expressed as: 

OpTp = ^ 

With, 

ao=C^-C'  + C^-C P e w n s 

-C~ N u n  

a^=D +0"^ 
S s s 

ap=D -C 
E e e 

flrjr — D + fr w w 

VTO 
b = -C"5~ +C"5~ -C~5~ + C~5~ +—^ 

e e e e w w ww n n n n s s s s ^ 
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The steady state results are achieved through time marching or by solving the 

steady-state form of Equation 3.4S in an iterative framework using under-relaxation. 

3.7.2 Implementation of the boundary conditions in the discretized energy equation 

In the actual work, the boundaries exhibit either a constant temperature or a 

gradient; only the implementation of these boundary conditions in FAHTSO is discussed 

in this section even though others are easily incorporated. 

At the inlet, the temperature is specified as a constant and equal to 300.0 K. The 

top channel wall are assumed to be adiabatic {dT/dy - O), while the bottom channel wall 

is maintained at constant temperature, T = 310.0 K. At exit, the condition of thermally 

fiilly developed flow is specified (5r/2r = O). 

The presence of these boundaries affect the computation of the convected 

quantities using QUICK and the diffusion terms using the central difference 

approximation 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 (Fig. 3.7). 

Type I control volume 

If Ue > 0, it is incorrect to use QUICK to estimate T at the east face corresponding 

to the normal convection term, histead, Tt is calculated by fitting a parabola through 

Te, Tp and depending on the boundary condition at the wall, T boundary or a fixed 

temperature gradient at the boundary. 
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Type n control volttme 

If Ue is a negative, Te is estimated by a parabola fitting through Tp, Te and at the 

boundary, Tboundaiy or a fixed temperature gradient, depending on the boundary condition 

at the boundary. 

Type ni control volume 

If the boundary condition at the boundary is constant temperature, Te is equal to 

7'boundary- The temperature gradient at the east face of the control volume for the 

computation of the diffiision term is approximated through central differences using 

T boundary 3nd T p. 

If the boundary condition is a fixed temperature gradient, the value of Te is 

calculated by fitting a parabola through T w, T p, and the specified temperature gradient 

at the boundary, irrespective of the sign of Ue. The term 3r/c!x|^ used for calculating the 

difilision term at the east face is set to a similar value as the specified temperature 

gradient at the boundary. 

3.8 Linear system of equations solver: the Modified Strongly Implicit method 

Every iteration in the SIMPLE algorithm involves the solution of three linear 

systems of algebraic equations: two associated with the velocities u and u and one 

coiresponding to the variable P' representing pressure correction. The solution of the 

energy equation is obtained by solving a linear system of equations for the temperature 
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denoted by the variable T, The linear system of equations for the variables u, v, P and 

T, is described by the following matrix equation. 

A is the coefScient matrix, <!> is a vector containing the variables of interest (u, v, 

P or r) at discrete locations and is a vector containing the corresponding source 

terms. Matrix A has zero in most of its entries except in a well-defined band around its 

diagonal. The matrix equation given by Equation 3.46 could be solved using direct or 

iterative methods. 

Direct methods provide exact solutions to the matrix equation, but do not take 

advantage of the well-defined structure of the coefficient matrix. As the size of the linear 

system of equations increases, the computational volume reaches high limit values. 

Iterative methods may provide approximate solutions to the matrix equation, easily 

identify the well-defined structure of coefficient matrix and solve large systems of 

equations effectively. 

Present investigation uses an iterative method called the modified strongly 

implicit (MSI) method. The MSI method by Schneider et al. (1981) is an improved 

version of the strongly implicit procedure proposed by Stone (1968). The MSI provides 

faster convergence as compared to the alternating direction implicit method for a variety 

of problems, in particular, as the size of the linear system of equations increases. 

The MSI procedure begins with the construction of a modified equation set: 

(3.46) 

[a+bKO}" ^ = {5}+ (3.47) 
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(3.48) 

B is a matrix which makes the decompositioii of [A + B] into a lower (L) and an 

upper (U) triangular matrix product, at less computational cost than the direct 

decomposition of A. Matrix A' can be written as, 

The coefGcients of the matrix L and U are determined from the equations 

provided by the LU product. Also, the coefBcients 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. 

"rtie flowchart is as follows: first, the iteration equation (Equation 3.47) is cast in 

the following form: 

Then, a difference vector S, and a residual vector, R, are defined according to the 

relations: 

(3.49) 

(3.50) 

(3.51) 

{/?}"={5}-[4<Dr (3.52) 

The iteration equation (Equation 3.50) becomes 

={/?}" (3.53) 

Replacing [A + B] by the LU product, 

(3,54) 
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Defining an intermediate vector V by 

(3.55) 

The solution of the linear system takes the two-step process given by 

(3.56) 

(3.57) 

The resulting last two step operation, involving Equations 3.56 and 3.57 consists 

of one backward and one forward triangular substitution to evaluate the new residual and 

difference vectors respectively. Once these are obtained, O can be updated according to 

Equation 3.51 and one iteration of the MSI procedure is completed. In the actual study, 

the MSI procedure is not applied to the full 3-D system, but in a plane-by-plane fashion. 
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Fig 3.1: Grid Layout with scalar and velocity grid points and control volumes. 
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Fig. 3.2: Schematic of the geometric interpolation employed by QUICK scheme. 
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Fig. 3.7 a, b, c: Types of control volumes afTected by the presence of boundaries 
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CHAPTER4 

4. BENCHMARK TESTING OF FAHTSO 

The purpose of the present chapter is to test the numerical procedure used in the 

actual work, the FAHTSO code. The test cases include solutions for the hydrodynamic 

and temperature fields. The performance of the code with respect to four benchmark 

problems is presented in the following sections. The following flow configurations are 

selected for the purpose of testing the ability of the code to predict laminar, 

steady/unsteady and incompressible flows; 

L Developing flow between parallel plates (Hydrodynamic and thermal entry length 

problem, also known as the Graetz problem); 

2. Wall-driven square enclosure flow; 

3. Flow over a backward facing step; 

4. Flow in a 2-D channel over a square cylinder. 

The test cases are selected based on several criteria: a) they are classical benchmark 

cases for evaluating the stabib'ty and accuracy of the flm'd dynamics and heat transfer 

numerical codes; b) they resemble flow patterns which may be encountered in the flow 

configuration of interest. The benchmark cases are documented according to a certain 

format. First, the geometrical parameters, initial and boundary conditions, for the flow of 

interest are presented, followed by the criteria used to validate the selected grid structure. 
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The results obtained in the present investigations are further compared to the results 

documented by several previous studies available in the literature, either analytical, 

experimental or numerical. The discussion of each test case ends up with a summary of 

the results and a comment on the agreement observed. The convergence of the 

calculations is achieved when the maximum mass, u and v-momentum residuals, 

respectively are below a predefined value s. The residuals are computed as the sum of 

the absolute values of the corresponding mass and momentum imbalances over the 

control volumes in the domain, and the convergence criteria of io~^ is used. 

4.1 GRAETZ Problem 

4.1.1 Brief Description 

The Graetz problem solves the velocity and temperature fields in a pipe whose 

walls are at constant temperature, different than the inlet temperature of the fluid flowing 

through the pipe. Graetz (1883) was the first to solve the slug flow problem, then for 

Poiseuille flow in 1885. 

A pictorial description of the problem is shown in Figure 4.1, for the specific case 

of developing velocity and temperature fields. In the flow two distinct regions are 

identified: a section with changing U and V velocity profiles (developing region), and a 

region where there is no change in U velocity profile and V velocity is equal to zero 

(fiilly developed region). 



4.1.2 Geometry, Initial and Boundary Conditions 

First step was to choose realistic values for the fluid inlet velocity, as well as for 

walls and fluid temperatures. Inlet fluid temperature To was chosen at ambient 

temperature of 293 K, while the walls are maintained at a constant temperature. For 

simplicity, the difference in temperature between the fluid and walls was set at a fairly 

small value (within 10 K), so variations in fluid density, as well as buoyancy effects 

should not be encountered in the numerical setup. The distance between the channel 

plates is inch, or 0.0127m, approximating the distances usually encountered in 

electronics cooling between boards in microcomputers. Cooling fluid is air, entering the 

channel at initial constant velocity Uo of 0.3 m/s, appropriate for the air flow through 

micro-computer, flush-mounted printed circuit boards. 

The velocity field further develops as the fluid progresses through the channel, 

reaching a maximum value Brandt (1964) of l.SUo, where the flow distribution remains 

unchanged, becoming fully developed. The entrance length Le is defined as the distance 

from the channel inlet to the point where the centerline velocity reaches 99% of the fully 

developed value. The flow is laminar between the parallel plates, and the Reynolds 

number is kept under the critical value of 10,628. The table below shows the entrance 

region based on different Reynolds numbers. 

Re 20 50 100 200 500 1000 2000 

Le/h 0.9 2.2 4.4 8.85 22.15 44.25 88.55 

Table .1: Entrance regions versus Reynolds numbers 
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Using air density and viscosity at To=293 K, the Reynolds number based on maximum 

fluid velocity and chaimel height is: 

1.177x0.3x0.0127 ,,^^ 
// 1.8462£-05 

As Re number is below the critical value of 10628, the considered pipe flow is 

laminar. Using Table 1 and interpolating, Le/h= 10.75, corresponding to a hydrodynamic 

entry length Le of 13.66 cm. In order to capture the velocity field development, a 

chatmel length of30.00 cm was adopted. 

Initial conditions; Fully developed flow (U=6.0*Y*(1-Y); V=0). 

Inlet conditions: Uniform Flow (U=l, V=0). 

No slip condition at the walls: U=V=0. 

4.1.3 Grid Independence Study 

For an appropriate selection of x and y grids, the high y-gradients of the velocity 

field near the walls as well as the x-direction development of the boundary layer on the 

walls should be appropriately captured. One of the main purposes of the grid resolution 

study is to select a grid structure refined enough to capture most of the physics of the 

studied problem, yet not too detailed to increase unnecessarily the computational volume 

and CPU time. As a rule of thumb, it is assumed that the entrance region of the boundary 

layer developing on the walls extends no more than 1/5 of the channel height downstream 

of inlet hi this region the velocity gradients must be solved. For a channel height of 

0.0127 m and length of 30.00 cm, a minimum of 108 grids is considered. This is a 
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starting point for approximating the number of grids in x direction. The y-direction grids 

should capture accurately the velocity boundary layer developing on the top and bottom 

channel walls. The velocity boundary layer thickness is defined as suggested by Blasius: 

Reynolds number is 48.57, calculated using the entrance region of the boundary 

layer. Based on this Re, the boundary layer thickness in the entrance region is approx. 

1.82 mm. In order to capture the high velocity gradients in y-direction inside the 

boundary layer, no more than 5-7 grid points are considered within the domain. With this 

consideration, about 40-45 grids in y-direction (7 of them clustered near the wall) give a 

good guess for starting the y-grid resolution study. Based on previous analysis, three 

cases are considered, namely 110 x 40,140 x 50 and 160 x 60. 

The x-direction grid is um'form and y-direction grid is non-uniibrm for all the 

cases. The clustering parameter, refining the y-grids close to the wall, is 1.1 and the grids 

are symmetrically clustered on both walls (alfa=0.5). The criterion of comparison for the 

flow field is the centerline velocity distribution. As seen in Figure 4.2, for all die three 

cases the maximum velocity 1.5Uo is reached, as the flow is hydrodynamic fiilly 

developed. No substantial variations in centerline velocity values are observed when 

refining the grid by 25-30%; the range considered is within the good approximation. 

An overshoot phenomenon occurs, as the flow slows down at the walls while the 

core accelerates. The effect is dominant in the vicinity of the walls, and one has to travel 

some distance downstream until the acceleration effect reaches the middle of the channel. 

(4.2) 
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There are slight deviations fix)m the numerical results as a result of the overshoot 

phenomenon. As seen, the computed maximum value for the velocity is 0.450526 m/s, 

within 0.11% of the theoretical value of 0.45 m/s. 

Comparing the centerline temperature for the cases benchmarks the thermal field. 

Fluid's centerline temperature has not reached the wall temperature, hence the fiilly 

developed thermal profile is far from being reached. (Figure 4.3). The analyzed cases are 

hydro-dynamically fully developed but undeveloped thermally. 

There is good agreement between the friction and heat transfer coefficients 

comparison (Figures 4.4,4.5). Considering the results obtained for both the velocity and 

temperature fields, the 140 x 50 grid structure was selected for further study (Figure 4.6). 

4.1.4 Analytical Solutions 

The analytical solution for the velocity field development in parallel-plate channel 

is provided by Sparrow (1964). The relation is expressed in non-dimensional variables as 

follows; 

(4.3) 

With: 

Uh/v 
tancf/ = ai 

The analytical relation for velocity field requires 25 values for the alfa-

eigenvalues. 
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For the thermal field development between parallel-plates with constant 

temperature, the analytical solution, given in non-dimensional variables by Burmeister 

(1964), yields: 

0=-I^^-^cos 
;r 0 2/1 + 1 

|(2n+lX21'-l) exp -(2« + l) 
Gz 

With: 

(4.4) 

0 = r -rw 
To-T 

Gz = 
W 

RePr 
Dh = '^h Re = _UDh 

The Nusselt number analytical solution provided by Burmeister (1964) is as follows: 

I exp[- (2/1 + Gz^ 

Nux = t[/ (2/1 + l)4xp[-(2/i + l)24;rV<^] 
0 

(4.5) 

4.1^ Results and Discussion 

a) Velocity Field 

The calculations were conducted in a Cartesian coordinate system. The x-axis is in 

the direction parallel to the channel walls, while y-axis is in a direction perpendicular to 

the wails. The velocity profiles obtained by actual numerical simulations are compared 

to the results provided by the analytical equation at several downstream locations. 

Figure 4.7a shows the velocity field profiles at several locations, namely at x values 

of 4.3480e-3, 2.6086e-2, 0.1043480, 0.300 (m), for the numerical simulations. The 
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numerical simulations for the velocity field show that there is an overshooting 

phenomenon otherwise not being encountered in the analytical profile (Figure 4.7b). As 

a result, the velocity profiles for the numerical results are shiiled/displaced for the 

velocity profile situated close to channel inlet, due the overshooting phenomenon, when 

compared to the analytical resiilts. The overshooting phenomenon is subject to 

controversy in the literature, some people state that it does not actually exist, being only a 

result of numerical inaccuracies or round-off errors due to the numerical schemes, etc. At 

distances far downstream, excellent agreement is observed between the numerical and 

analytical solutions (Figure 4.7b). 

b) Thermal field 

Similarly, for the thermal field, temperature profiles given by actual numerical 

calculations are compared to the analytical results. Four locations are considered, 

namely: x = 0.004989, 0.01629, 0.0100618 and 0.2800 (m). The comparison between 

analytical and numerical results is presented in Figure 4.8 and shows very good 

agreement. At all four locations, the numerical and analytical non-dimensional 

temperature profiles fall right on top of each other. 

Figure 4.9 presents as well a good agreement in Nusselt numbers between the 

analytical and numerical results (within 1% accuracy), for the developing, respectively 

fiilly developed channel flows. The Nusselt number comparison between the cases 

displays small differences between the profiles, especially in the vicinity of the channel 

entry. Further downstream the channel, the inlet velocity profiles do not have a 

significant impact on the overall thermal behavior. 
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4.1.6 Conclusions 

The FAHTSO code was verified, both hydrodynamic and thermal characteristics 

of the Graetz problem being carefully documented. The steps of the algorithm used to 

perform the benchmarking, the analytical relations, and the process of selecting the 

proper grid structure were presented here in detail. Hydrodynamic and thermal results 

obtained using the actual numerical code were compared to the available analytical 

results. In both situations good agreement was reported. 

For the velocity field, in the region close to the entrance, an overshooting 

phenomenon was observed in the numerical results, as compared to the analytical ones. 

This lead to a small shifting in the velocity profile location, yet the agreement between 

the results was satisfactory. Hence, summarizing the results of the benchmarking, the 

code validation for this specific problem proved to be successfiil. 

4.2 Lid-Driven Cavity Flow 

4.2.1 Brief Description 

The lid-driven cavity flow is a classic recirculating flow. This flow became a 

standard case for testing numerical procedures solving the Navier-Stokes equations. The 

motivation is the apparently simple physics governing the laminar flow in the shear-

driven cavity, also because the flow exhibits large streamline-to-grid skewness over most 

of the flow, and shows relatively large recirculation regions where d^£^usion and 

convective transport have the same magnitude. 
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The simple nature of the flow and the geometric simplicity of the cavity made it 

the "ideal prototype nonlinear problem". In general, numerical simulations of the two-

dimensional cavity flows have agreed for low Reynolds numbers. For higher Reynolds 

numbers there are no available analytical solutions. Therefore, the problem is analyzed 

for laminar flow, namely for Reynolds number of 1000. The typical two-dimensional 

solution of the flow in the lid-driven cavity consists of a primary vortex with three 

secondary eddies (Ghia, 1982). However, for Reynolds numbers lower or equal to 1000, 

there are observed solely two secondary eddies (Ghia, 1982). 

A pictorial description of the problem is shown in Figure 4.10. The top wall of 

the enclosure slides with constant velocity U. This wall motion induces the cavity flow, 

and several vortices exist within the cavity. 

4.2.2 Geometry, Initial and Boundary Conditions 

The lid velocity is 0.5 m/s, and the cavity is a cube having 0.03m x 0.03m 

dimensions, approximating the distances usually encountered in electronics cooling 

applications. Huid inside cavity is air at 293 K. 

The flow is laminar inside the cavity, hence the Reynolds number based on lid 

velocity and cavity height is kept below the critical values. Lid uniform velocity and 

cavity height were appropriately chosen to obtain a Reynolds number of 1000, using the 

following formula; 
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4.2.3 Grid Independence Study 

A systematic grid independence study is performed, to capture accurately the high 

gradients of the velocity field near the cavity walls. Three grid structures are considered, 

the best one being selected for further analysis. In the literature (Ghia, 1982), the starting 

point for this geometric configuration considers a non-uniform grid in both x and y-

directions of20 x 20 grids. Increasing the grid resolution, two more grid structures, the 

40 X 40 and 60 x 60 were further considered (Figures 4.11 a, b, c). The x- and y-direction 

grids are non-uniform for all the cases. The clustering parameter refining the y-grids 

close to the wall is 1.1 and the grids are symmetrically clustered on both walls (alfa=0.5). 

The criteria of comparison for the flow field were the centerUne u and v-velocity 

distribution. As seen in Figure 4.12, the study of the centerline u velocities for the cases 

under consideration proves that the grid resolution is appropriate. The centerline u 

velocities for the 40 x 40 and 60 x 60 grid structures are almost identical, being slightly 

different than the coarser 20 x 20 case. A similar trend is observed in Figure 4.13 for the 

centerline v-velocity, where the centerline v-velocity profiles are ahnost identical for the 

40 X 40 and 60 x 60 cases. No substantial variations in centerline velocity values 

occurred when refining the grid by 50-100%, therefore the range considered is within the 

good approximation. The 40 x 40 grid structure was selected for further numerical 

calculations. 



101 

4.2.4 Available Literature Results 

Available numerical solutions are critical for determining the accuracy of the 

computations when using FAHTSO. The solutions for the velocity field development in 

the lid-driven cavity flow were made available by Ghia (1992) and Ramaswamy (1990), 

and are given in Table 4.2. 

Criteria GHIA ri9921 Present Study 
Center of Primary Vortex 0J326.0.5631 0.5284,0.5574 
Center of Bottom Left Vortex (BL) 0.0845,0.0769 0.0893,0.0821 
Center of Bottom Right Vortex (BR) 0.8612,0.1108 0.8761,0.1134 
Horizontal Length of BR Vortex 0.3072 0.3149 
Vertical Length of BR Vortex 0.3541 0.3617 
Horizontal Length of BL Vortex 0.2197 0.2245 
Vertical Length of BL Vortex 0.1691 0.1762 

Table 4.2: Comparison between the previous results and actual numerical study 

4.2.5. Results and Discussion 

The centerline u and v-velocity profiles are compared to the values documented 

by previous work, such as Ghia et al (1992). Both velocity profiles are in good 

agreement with the results obtained fi'om the present study, as seen in Figures 4.14 and 

4.15. 

Further, Figures 4.16 a and b present the flow in the cavity induced by the driven 

upper lid. The figures present the flow field in two configurations, either with actual or 

equal vector length. The flow pattern is generated by the Ud dragging the adjacent fluid. 

The dragged fluid collides with the downstream vertical wall and is deflected downward. 

A secondary eddy is formed in the apex of the vertical and bottom boundaries as a 

result of fiictional losses and stagnation pressure. Another secondary eddy is generated 

in the upstream lower comer, which ts the response of the primary circulating fluid to the 
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upstream vertical wall, A third secondary eddy develops on the upstream vertical wall 

near the lid for Re>1000. This eddy results as the higher speed primary vortex fluid is 

accelerated again by the lid. In our study, since Re=1000, the third secondary eddy does 

not occur. 

Figures 4.17 a, b present the two secondary eddies being developed at the bottom 

comers, due to the reasons presented before. Other comparison criteria were the values 

of the horizontal and vertical lengths of the bottom left vortex, respectively right, as well 

as the location of the center of these vortices. These values were monitored in Figures 

4.16 a and b, and further documented in Table 4.2. The calculated values compare very 

well with the results obtained by Ghia et al (1992), 

4.2.6. Conclusions 

The FAHTSO code was verified, hydrodynamic characteristics of the lid-driven 

cavity flow problem being carefully documented. The steps of the algorithm used to 

perform the benchmarking and the process of selecting the proper grid structure were 

presented here in detail. There is good agreement between the numerical solutions 

obtained performing the numerical simulations and the available literature data. 

Summarizing the results of the benchmarking, the code validation for this problem 

proved to be successful. 
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4.3 Flow Over a Backward Facing Step 

4.3.1 BriefDescription 

The flow over a backward-facing step is in fact the flow in a channel obstructed at 

its inlet by a wall covering half of the channel height. Over the years, the hydrodynamics 

of the backward facing step flow received considerable attention both experimentally and 

numerically, in works like Armaly et al. (1983) and Gartling (1990). This flow 

configuration was selected by the K-12 Aerospace Committee of the ASME (American 

Society of Mechanical Engineers) as benchmark study for the validation of computational 

dynamics and heat transfer codes. 

4.3.2 Geometry, Initial and Boundary Conditions 

As seen in Figure 4.18, the backward facing step flow is characterized by a 

primary recirculation flow region, and additional regions of flow separation occurring 

downstream at the top and bottom of the channel walls. For the actual study, the 

Reynolds number is 800, based on average velocity, and channel height, and is defined 

as; 

Re=^^ (4.7) 

The calculations are conducted using a channel length of 0.01 m. The inlet flow 

is fully developed (U = 24.0 (Y-0.5)(l-Y); V=0), with an average velocity at the inlet 

boundary C/ov^ =10. The outlet conditions dU/dx=0; dV/dx=0. No-slip condition was 
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enforced at top and bottom channel walls (U=V=0). hiitial conditions: Fully developed 

flow (U=3.0 Y(1.Y); V=0). 

4.3.3 Grid Independence Study 

The grid is appropriately refined close to the channel walls to capture the high 

velocity gradients. The grid is umform in x-direction and non-uniform in y-direction. 

The clustering parameter in y direction close to the walls was set to 1.2. Three grid 

structures are considered, namely 100 x 80, 120 x 100 and 140 x 120 (in x, respectively y 

directions). 

The criteria of comparison for the flow-field were the mid-channel u and v-

velocities. As seen in Figure 4.19, the u-velocity comparison between the three grids 

show excellent agreement, while the comparison for v-velocities (Figure 4.20) the 

profiles are slightly shifted. As a result of the study, the 120 x 100 grid structure is 

selected for fiuther numerical investigations (Figure 4.21). 

4.3.4 Available Literature Results 

The values for the separation and reattachment points corresponding to the top 

and bottom wall eddies (LR,Lr, Ls) and U and V velocities selected at 2 locations along 

the channel (x = 0.03 and 0.07 m, respectively), are chosen for comparison purposes. 

The results of the actual benchmaiic case is compared to those obtained by Runchal 

(1992) and Gartling (1990). Runchal used for his studies a finite-volume method, while 

Gartling used a Galerkin-based finite element method. 
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Runchal (1992) provided u-velocity profile results at location x = 0.03m along the 

channel, while Gartling (1990) reported u-velocity profiles at different location, x = 

0.07m. The values for the separation and reattachment points were documented by 

Gartling (1990) as follows: Lr=0.61m; Ls=0.485m and LR=0.1048m. 

4.3.5 Results and Discussion 

It is worth mentioning that the calculations were performed using a Cartesian 

coordinate system, with x in the channel direction, parallel to the walls, while y direction 

is perpendicular to x. 

The flow and streamline fields are presented in Figures 4.22, 4.23. The 

reattachment and separation of the flow off the top and bottom walls is evident. Regions 

of flow recirculation are observed on the top, respectively bottom channel walls. 

Figures 4.24 and 4.25 show the comparison between the U-velocities located at 

0.03, respectively 0.07 m. The agreement is excellent for both cases. The V-velocity 

comparison at same locations is plotted in Figures 4.26 and Ml. Small differences 

between profiles are observed, within 2%. 

Also, the values of the reattachment and separation points are compared to 

previous work with excellent agreement. The results of the present work: Lr = 0.6218, 

Ls = 0.4750 and LR = 0.1067 (m) . As documented before, Gartling (1990) obtained 

Lr=0.61m, Ls=0.485m, and LR=0.1048. 
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4.3.6 Conclusions 

The results for the backward facing step flow were compared to available results 

from the literature. Summarizing the results of the benchmarking, excellent agreement 

with previous work was observed. 

4.4 Flow in a 2-D Channel Over a Square Cylinder 

4.4.1 Brief Description 

The fourth benchmark case investigates the unsteady flow and heat transfer for 

flow in a 2-D channel over a single square cylinder. Reynolds number is 500 based on 

the dimension of the square cylinder. The results are compared to the available data in 

literature (Devarakonda, 1994). A grid resolution study was performed, and a grid 

structure of 144 x 92 is selected and used for further study (Figiu-e 4.28). 

4.4.2 Geometry, Initial and Boundary Conditions 

The channel is 0.255m long, 0.0727m high and the square cylinder inside the 

chatmel has a length size of 0.005m. Air enters the channel at uniform velocity U = 

0.7875 m/s, at an initial inlet temperature of300 K. The boundary conditions imposed on 

the upper and lower channel walls are the no-slip velocity condition (u = v = 0) and the 

wall is maintained at constant temperature T = 310 K. 

The boundary conditions investigated at the channel exit are: a) first derivative of 

u, V- velocities, and temperature T equal to zero, b) wave boundary condition, c) second 
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derivative equal to zero. The wave boundary condition (5(j)/3t+c5(j>/3x = 0) is chosen, 

since it requires the velocity at exit to be positive, and minimizes the vortex distorsion. 

4.4.3 Time Independence Study 

The time-step independence study is performed for 0.005, 0.001, 0.0005, and 

respectively 0.0001 sec. The higher time-steps could not solve accurately the vortex 

shedding of the flow. Strouhal number for the 0.0005 seconds time step was 0.149. 

Reducing the time to 0.0001 seconds led to a change in Strouhal of 0.8%. Devarakonda 

(1994) obtained for similar time step a Strouhal number of 0.157, hence the actual study 

was within 4-5% accuracy. As a result, the 0.0005 seconds time-step was chosen. 

4.4.4 Results and Discussions 

Three configurations are investigated: the square cylinder positioned in the 

channel center, at 54, and V* from the channel wall. The velocity vector field, vorticity 

contours and temperature contours are presented (Figures 4.29 - 4.37). The plots are 

actual snapshots of the unsteady flow at ten seconds after the initial startup. 

The vorticity contour plots show that, as the cylinder is positioned closer to the 

wall, the critical distance at which the flow wake distorts the boundary layer developing 

on the walls, is reduced significantly. The temperature plots justify closely the vorticity 

contours, since the eddy shedding from the cylinder enhances the heat removal from the 

wall. 
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For the case with square cylinder placed closer to the wall, the lift and drag 

coefficients over time are presented (Fig. 4.38). The oscillations are periodic and 

symmetric to the mean value. In the frequency spectra a dominant frequency is observed 

at 16.085 Hz, corresponding to a Strouhal number of0.204 (Figure 4.39). 

4.4.5 Conclusions 

The value compared well to the value of 0.21 obtained by Devarakonda (1994) for 

a similar configuration. The actual study provided 3% accuracy. 
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Fig, 4.6: Selected Grid 140 x 50 
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Fig. 4.21: Selected grid structure 120 x 100 



Fig. 4,22: Backward Facing Step Flow Field 

Fig. 4.23: Streamline Field 
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Fig. 4.25: U-Velocity Comparison at location x = 0.07m 
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Fig. 4.28: Selected Grid Structure 144 x 92 



128 

JJ 

Fig. 4.29: Velocity Field for flow over a channel-centered square cylinder, Re = 500 

Fig. 4.30: Vorticity Field for flow over a channel-centered square cylinder, Re = 500 

Fig. 4.31: Temperature Field for flow over a channel-centered square cylinder, Re = 500 
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Fig. 4.32: Velocity Field for Flow Over a Square Cylinder placed Yz from Channel Wall, 
Re = 500. 

Fig. 4.33: Vorticity Field for Flow Over a Square Cylinder placed Yz from Channel Wall, 
Re = 500. 

-·-···--<~ 

Fig. 4.34: Temperature Field for Flow Over a Square Cylinder placed Yz from Channel 
Wall, Re = 500. 
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Fig. 4.35: Velocity Field for Flow Over a Square Cylinder placed 114 from Channel Wall, 
Re = 500. 

Fig. 4.36: Vorticity Field for Flow Over a Square Cylinder placed 114 from Channel 
Wall, Re = 500. 

Fig. 4.37: Temperature Field for Flow Over a Square Cylinder placed 114 from Channel 
Wall, Re = 500. 
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CHAPTERS 

5. NUMERICAL RESULTS-UNFORCED CONFINED IMPINGING JET 

The present chapter documents the results of the calculations for the laminar 

confined impinging jet without forcing. Section 5.1 describes the systematic grid and 

time-independence studies performed in order to select the appropriate grid structure and 

time-step. Section S.2 presents and discusses the results for the steady cases. Two sub-

critical flows are considered for the study, at Reynolds numbers of 250, respectively 500. 

Section 5.3 discusses the transition to unsteady regime, identifying the range for critical 

Reynolds number. Unsteady laminar flows at Reynolds numbers of650, respectively 750 

are investigated in Section 5.4. A detailed discussion of the unsteady flow dynamics and 

its effects on the heat transfer are presented in Section 5.5, together with concluding 

remarks. 

5.1 Grid and Time Independence Study 

As specified before, the study investigates the hydrodynamic and thermal fields 

for the confined impinging jet at four specific Reynolds numbers, namely 250, 500, 650 

and 750. Two of these flow regimes are steady and laminar (sub-critical), while the latter 

two are laminar unsteady (super-critical). In order to accurately capture the flow physics, 

it is necessary to perform a detailed grid independence study for all cases, followed by a 

complementary time-step independence for the unsteady flows. A thorough investigation 
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therefore is conducted to capture the unsteady flow features present in the laminar 

impinging jet problem. For the purpose of selecting the appropriate grid and time step, 

the unsteady flow at Reynolds of 750 is documented. The results of this study are fiuther 

validated for the other flows. 

The first phase of the study was the grid resolution. Three grid structures were 

considered: 60 x 44, 84 x 62, and 116 x 86, where the numbers relate to the numbers of 

grids in the x- and y~directions, respectively. A non-uniform grid was used in both 

directions. The grid nodes were appropriately refined near the wall siuface and jet shear 

layer in order to capture the large gradients. The grid was divided into three separate 

zones, in both x- and y- directions, with a refined structure close to the walls and jet main 

flow. 

The gnd ratios between the adjacent grid structures are ranged between 0.8 and 

1.2, and the clustering parameters are adequately set to produce a uniform change in the 

grid spacing, to avoid numerical inaccuracies in the solution of the flow field. One of the 

main criterion in selecting the grid structure is the adequate resolution of the root-mean-

square (RMS) values for the velocities investigated at three monitoring locations in the 

flow, namely at same x = 0.1250 m and y = 3.35E-03 m, 3.96E-02 m and 2.5E-02 m, 

respectively. 

The first monitoring location is close to the impinging (target) wall, second is 

placed at the mid-channel, while the third location is close to the jet inlet (within two 

nozzle widths). Additional criteria used for selecting the appropriate grid are the 

resolution of the root-mean-square values for the fiiction and heat transfer coefficients 
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averaged over the entire wall and over a local region on the wall. The local region 

extends 1 cm on both sides of the channel mid-point in x direction, from 0.115 m to 0.135 

m, measwed from the channel inlet. The values for the velocities monitored at the three 

locations were compared as well. The results of the grid independence study are 

documented in Table 5.1. 

The percent change in the key parameters obtained for the coarsest grid (60 x 44) 

and the subsequent 84 x 62 grid ranged between 9.6 - 40 %, whereas by refining further 

the grid to 116 X 86, the percent change was less than 5%. Among the main purposes of 

the actual grid independence study was to select a grid structure refined enough to 

capture accurately the physics of the problem, yet not to be too detailed such that will 

increase unnecessarily the computational volume and CPU time. Hence, the results 

indicated that the 84 x 62 grid satisfied the requirements and accurately captured the 

physics of the flow. 

A complementary time-step independence study was performed for the unsteady 

flow at Reynolds of 750. Three time-steps were investigated: t = 0.8E-04 s, O.lE-03 s, 

and 0.25E-03 s, respectively. The primary criteria in choosing the time-step were the 

resolution of the frequency spectra and root-mean-square values for the velocities 

monitored at previously specified locations, together with the friction and heat transfer 

coefficients averaged over the local region and over the entire wall. As documented in 

Table 5.2, the first two time-steps produced differences in values between 0.4 - 22%, 

while the last two time-steps produced a change less than 7%. The time-step of t = O.IE-

03 was found to be adequate and used for fiirther investigations. 
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The results of the study are further validated for the steady cases. Figures 5.1 

through 5.8 present the comparison in wall fiiction and heat transfer coefficients for the 

sub-critical flow regimes at Reynolds numbers of 250, and 500, respectively. As seen in 

Figures 5.1 and 5.2, the 84 x 62 and 116 x 86 grid structures provide similar results for 

the wall-averaged, respectively instantaneous fiiction coefficients. A similar trend is 

observed in Figures 5.3, 5.4 for the wall heat transfer coefficient. 

The fiiction coefficients and Nusselt numbers for the target wall are calculated at 

each time-step. The wall averaged Nusselt number is computed as: 

(5.1) 
k 

where h denotes the convective heat transfer coefficient, w is the jet width and k is the 

thermal conductivity of the cooling fluid (here air). 

The fiiction coefficient is calculated using the following relation: 

C f ' - ^  (5 .2 )  
• '  ~ , v A  P V  J 

2 

where the shear stress is divided by the product of the density and half square of the inlet 

velocity. 

Good agreement between the same two grid structures is observed also in Figures 

5.5 through 5.8 for the wall fiiction and heat transfer coefficients at Reynolds = 500. It is 

worthwhile to mention that for the steady cases, a time-history is documented, and the 

time necessary for the flows to become steady is thoroughly recorded. Particularly in 

Figures 5.5 and 5.8, the time-history for the wall-averaged coefficients show that the flow 
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becomes steady within 8-10 seconds, and a constant value is eventually reached in both 

cases. Li these figures, the oscillations are not a result of a possible numerical scheme 

instability or "noise", but are rather associated to the interesting behavior of this complex 

flow, that reaches an instability in the course of its development, further dampened out 

within a short time-frame. These effects were not observed for the more stable flow at 

Re = 250 (Figures 5.1 - 5.5). 

The flow at Re = 750 is further documented, and the wall-averaged values for the 

friction and heat transfer coefficients are presented. The time-step used for the 

computations was t = O.lE-03 s. (Figures 5.9, 5.10). It is interesting to remark that the 

coarsest grid (60 x 44) does a relatively poor Job in capturing the unsteady effects of the 

flow at Re = 750, providing results characteristic to typical steady flows, as seen for the 

previous sub-critical cases. This explains partially the large changes observed in the root-

mean-square values between this grid and the other refined grids, as documented in Table 

1. As seen, the refined grids 84 x 62 and 116 x 86 provide almost similar results. 

The selected grid structure is presented in Figure 5.1 L The three separate regions 

in both X- and y- directions can be easily visualized, with the refined structures close to 

the jet shear layer and target walls. 

5.2 Steady Flow Regimes 

5.2.1 Flow at Re = 250 

The first sub-critical regime investigated is the flow at Re = 250. The incoming 

air jet has a uniform velocity of 0.196875 m/s, and a width of 0.01 m. The jet has a 
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temperature of 300 K, while the target plate is maintained at constant temperature of 310 

K. The small temperature difference between the jet and isothermal wall prevented 

possible buoyancy ejects. As documented, the buoyancy effects for this type of flow are 

negligible. 

Figures 5.12a, b, c show the velocity, vorticity and temperature fields. As is 

typical of impinging jets, the flow reaches the wall at a point of maximum pressure, 

identified as the stagnation point, then undergoes severe acceleration as it turns sideways 

and evolves into a plane wall jet. The flow separates firom the impinging plate, being 

entrained again into the jet by the two major re-circulation regions situated on both sides 

of the jet (Figure 5.12a). The reason for flow separation resides in the fact that the jet 

momentum at this lower Reynolds number is not able to overcome the opposing fiictional 

forces of the outer field/target wall, as well as the retarding effects of the entrained flow 

in the upper part of the charmei. 

As a result of the separation, there is a significant drop in the wall-averaged 

friction and heat transfer coefficients. Also notable is the fact that the jet entraiiunent 

induces a weak back-flow into the chaimel at the channel exit. 

Figures 5.12b, c illustrate typical vorticity and temperature fields for the flow at 

Re = 250. The flow separation off the target wall and its entrainment in the main jet flow 

are captured by Fig. 5.12b. The temperature contours follow a similar pattern, with the 

contours being distorted as the jet separates and is fiirther entrained in the main flow. 

Summarizing, the temperature, vorticity and velocity fields in the stagnation region 

indicate a steady, symmetrical flow at Re=250. 
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The buoyancy effects are evaluated for this type of flow. It is known that Grashof 

number plays a similar role in free convection as Reynolds number does in forced 

convection. Grashof number for the actual case is defined based on jet hydrauh'c 

diameter, kinematic viscosity, temperature difference between the heated wall and 

incoming jet, as well as volumetric thermal expansion coefBcient, as follows: 

^ _ g P { T s - T < ^ ) L ^  
Gr2w 2 ^ ' 

V 

Comparing the value of the Grashof number, based on the hydraulic diameter, to 

the square value of the Reynolds number, based as well on slot width and inlet velocity, 

will give a precise indication of how important are the natiural convection effects when 

compared to the forced convection ones. For the Re = 250 case, Griw!Rezw^ = 0.027. 

Therefore, when comparing the natural to the forced convection effects, the ratio is well 

under the established value of 0.1 which indicates that the buoyancy effects are negligible 

for the flow at the Reynolds number of 250 (see Incropera et al., 1990). Further 

increasing the jet inlet velocity, for the flows at Re = 500, 650 and respectively 750, it is 

evident that the natural convection effects become less important. 

The instantaneous wall pressure, Mction and heat transfer coefBcients are shown 

in Figures 5.13 - 5.15, respectively. A close look at Figure 5.13 reveals a peak value in 

the stagnation pressure of0.01978 Pa, followed by a significant drop in wall pressure in 

the separation region vicinity. Since at this Re nimiber the viscous effects are dominant, 

it leads to a high jet growth rate and hence a decrease in the normal jet velocity 

impinging at the stagnation point. The increase in velocity as the jet is directed sideways 
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leads to the observed drop in the stagnation pressure. The pressure profile recovers as we 

move further downstream away from the stagnation region. 

The flow separation effects are captured also in the instantaneous wall friction and 

heat transfer coefficients plots (Figure 5.14,5.15). The wall shear stress rapidly increases 

away from the stagnation point as the stagnation point flow evolves to a parallel wall jet. 

The rapid increase in strain maximizes at the stagnation point, as expected, then 

diminishes monotonically as the wall jet develops. As seen in Figure 5.14, the wall shear 

stress nearly vanishes due to the flow separation, the friction coefficient approaching zero 

value. 

The convective heat transfer from the wall is consistent with the observations of 

the momentum transport (Figure 5.15). The instantaneous Nusselt number on the wall 

peaks at the stagnation point, in direct proportion to the thickness of the thermal 

boundary layer. The peak value reached by the Nusselt number at this location is 10.67. 

A steep decay in the heat transfer coefficient is observed in the separation region, 

accompanied as well by the detachment of the thermal boundary layer. Further, Figures 

5.16 and 5.17 present the value of the friction coefficient averaged over the entire wall, 

respectively over the local region, for the flow at Re = 250. Both are approaching zero 

value, another clear indication that the flow is symmetrical and steady, also that the shear 

stress nearly vam'shes due to flow separation. 

The value for the heat transfer coefficient averaged over the entire wall is 

documented in Figure 5.18. As the flow becomes steady within 1.5 - 2 seconds, and time 

elapses, the Nusselt number reaches a constant value of 2.9. Similarly, Figure 5.19 
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presents the heat transfer coefScient averaged over the local patch region on the target 

wall. As expected, the local averaged Nusselt number is higher in the stagnation point 

vicinity, reaching a constant value of 7.98. 

The stagnation point is defined as the location of the maximum pressure on the 

target wall. It is interesting to document the location of the stagnation point with respect 

to time, for all studied cases. This will give a better understanding of the jet behavior 

under different regimes, also will help to identify eventual oscillatory motions of the jet. 

As seen in Figure S.20, the stagnation point is stationary on the wall, situated at half-

channel location for the actual case at Re = 250. This confirms the fact that the flow is 

symmetrical and steady. The key parameter values for the actual study are fiirther 

summarized in Table 5.3. 

5.2.2 Flow at Re = 500 

A similar study of the hydrodynamic and thermal fields is performed for the 

confined laminar impinging jet at Re = 500, corresponding to a uniform inlet velocity of 

0.39375 m/s. 

The velocity, vorticity and temperature fields are illustrated in Figures 5.21 a, b, c, 

respectively. A different trend in the flow pattern is observed at Re = 500, as compared 

to the previous case. No flow separation occurs off the target wall, as the jet at higher Re 

has sufficient kinetic energy to overcome the opposing fiictional forces of the outer field 

and wall, as well as the retarding effects associated with the flow entrained in the upper 

part of the channel. The wall jet region developing on the target wall is easily visualized. 



141 

in Figure 5.21a. No back-flow into the channel at channel exit is observed, as for this 

case, the wall-jet develops on the wall and no flow separation occurs. The confined 

impinging jet at this specific Reynolds number behaves more like a typical non-confined 

free jet, with symmetric structure and a well defined wall-jet region. 

The vorticity contour (Figure 5.21b) field indicates that there are no regions of 

high re-circulation in this flow, as compared to the flow at Re = 250. The temperature 

contours presented in Figure 5.21c show that the thermal diffusion layer is clearly 

thinnest at the stagnation point, and its thickness grows rapidly as the normal component 

of the velocity diminishes in the wall region. Again, the plots in the stagnation region 

indicate a steady, synunetrical flow. 

At this Reynolds number, the flow becomes steady after almost eight seconds, 

indicating that the instabilities occurring in the flow dampen within a longer time frame 

then the flow at Re = 250, as the flow is less stable. It is interesting to remark the distinct 

complex behavior of the confined impinging jet as Re increases, reaching different flow 

regimes. Clearly, the flow approaches the transition to unsteady regimes, and will be 

fully documented in the subsequent stability analysis section. 

Comparisons of the instantaneous wall pressure, friction and heat transfer 

coefQcients are shown in Figures 5.22-5.24, respectively. As expected, the highest 

values are obtained at the stagnation point. A comparison of the pressure coefGcients in 

Figure 5.22 reveals that Cp = 1.0, for Re = 500, indicating that, for all practical purposes, 

the jet core with Vj velocity impinges on the target wall. The region in the jet of uniform 

velocity, defined as the jet core, extends for this particiilar flow up to the target wall, and 
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the normal component of the velocity field reaching the bottom wall is precisely equal to 

the inlet velocity. The pressure coefGcients are normalized on the initial jet velocities for 

both flows. Recovery of nearly 100 % of the pressure is therefore achieved at the 

stagnation point. Again, the wall static pressure drops rapidly as the flow reaches the 

wall, turns sideways and accelerates. 

The profile for the flow at Re = 500 displays a monotonic decay, without drops in 

the stagnation region values, as the flow develops undisturbed on the target wall further 

downstream without experiencing separation. 

A similar trend is observed for the fiiction coefficient, normalized as well on 

initial jet velocity. The friction coefficient for the flow at Re = 500 has a monotonic 

decay, and further downstream reaches a constant value of 0.0243. By comparison, the 

friction coefficient value at Re = 250, approached zero value as the flow separated off the 

wall. The peak value at the stagnation point for the flow at Re = 500 is lower than at Re 

= 250. This could be misleading, since the fiiction coefficient values are non-

dimensionalized using the inlet velocities, higher at Re = 500; in fact, the wall shear 

stress is always higher for the flow at Re = 500 as compared to Re = 250. 

As before, the comparison in convective heat transfer from the target wall is 

consistent with observations of the momentum transport (Figure 5.24). For both 

subcritical cases, the instantaneous Nusselt number on the wall peaks at the stagnation 

point, in direct proportion to the thickness of the thermal boundary layer. The stagnation 

Nusselt numbers are 15.4, respectively 10.2, for the flows at Re = 500, and 250, 

respectively. Ahnost 50 % increase in the heat transfer coefficient is observed when 
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increasing twice the inlet flow velocity. Previous literature surveys have documented a 

linear dependency in the increase of heat transfer coefScients with Re numbers, in 

laminar regimes, hereby confirmed by the actual study 

At Re = 500, the local instantaneous Nusselt number decays monotonically, result 

of the unperturbed formation of wall jet region on the target wall. The initial decay rate 

is rapid in the region where the normal velocity turns aggressively to a parallel velocity in 

the wall jet, followed by a decrease in the wall jet region. 

At Re = 250, the stagnation Nusselt number is lower, since the arriving jet is 

broader in the transverse direction. In addition, Nusselt number diminishes around a 

value of 0.75, less than for Re = 500, due to the flow separation. Nusselt number reaches 

a higher value of 2.52 for Re = 500, at wall exit boundaries. 

The wall and local region averaged Nusselt numbers are compared in Figures 

5.25, and 5.26, respectively. The constant values reached by the heat transfer coefBcients 

confirm that both flows are steady and laminar. In Figure 5.25, the wall-averaged 

Nusselt number at Re = 500 reaches a peak value of 5.24, while the value for the heat 

transfer coefficient at Re = 250 amounts to 2.98. An increase with almost 78% is 

therefore documented when increasing the flow Reynolds niunber from 250 to 500. 

Again, the key parameters are simmiarized for the Re = 500 in Table 5.4. 

The local Nusselt number denotes the heat transfer coefflcient averaged over the 

0.02 m patch on the target wall, in the vicinity of the stagnation point. The constant 

values reached by the local heat transfer coefBcients indicate 7.98 for the flow at Re = 
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250, and 11.97, respectively, for the flow at Re = 500. Hence, and increase with 50 % 

occurs in the local heat transfer coefficient between the two sub-critical cases. 

Further, Figure 521 presents the variation of the stagnation point with respect to 

time. The stagnation point is stationary on the target wall, located at half- channel, 

confirming once again that the flow is steady and laminar at Re = 500. 

5.3 Transition to Unsteady Regimes. Critical Reynolds Number 

Previous results have shown the complexity of the flow for the confined 

impinging jet at different Reynolds numbers. One of the main purposes of this section is 

to document the flow behavior as Reynolds number is increased, also to identify the 

critical Reynolds number at which transition to unsteady regimes occurs. 

For the purpose of this study, the velocity traces are mom'tored for impinging jet 

flows at several Reynolds numbers, namely Re = 250, 500, 585, 600, 625, 650, 700, and 

750, respectively. For all these cases, the monitoring locations are fixed at x = 0.125 m, 

and y = 3,35E-03, 3.96E-02, and 2,5E-02, respectively. It is worthwhile to remember 

that first location is close to the impinging plate, second is placed at mid-channel in y 

direction, and the third is in the vicinity of the jet exit (within two nozzle widths). The 

results of the study are flulher documented in Figures 5.28 through 5.35. 

Figure 5.28 illustrates the velocity traces for the flow at Re = 250. This flow is 

very stable, and the initial perturbations observed in the flow in the course of its 

formation are rapidly dampened. The flow reaches, as seen, a steady state after almost 2 

seconds, and it remains steady afterwards. Increasing further the inlet uniform velocity. 
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at Re = 500 (Figure 5.29), the flow becomes steady after almost 7 seconds. This 

confirms that the higher Reynolds flow is less stable than the previous at Re = 250. The 

fluctuations observed in the streamwise velocities close to the target wall, respectively 

mid-channel are further dampened within 3-4 seconds, as the flow reaches a steady 

regime afterwards. 

Figure 5,30 illustrates the velocity traces for the flow at Re = 585, corresponding 

to an inlet uniform velocity of0.46068 m/s. A time-history from eight to sixteen seconds 

is presented. The initial disturbances are amplified, then dampen out after twelve 

seconds. Clearly, at this Re number, the flow is still steady, but takes longer time for the 

disturbances to dampen out and for the flow to become steady when compared to 

previous lower Re flows. 

The study continues with a flow at Reynolds number of 600, respectively a 

uniform inlet velocity of 0.4725 m/s. The im'tial flow instabih'ties are amplified, but no 

dampening occurs as time elapses. Hence, even after 28 seconds, the flow does not reach 

the steady regime behavior. Hence, the flow is already in transition to the unsteady 

regime, with its particular characteristics. In order to confirm this fact, four additional 

flows, at Re = 625, 650, 700, and 750, respectively, are fiulher investigated (Figures 

5.32-5.35). The velocity traces are documented within a timeframe of 30 to 40 seconds, 

and clearly indicate that the flows are reaching a periodic oscillatory behavior, 

characteristic to the laminar unsteady regimes. 

hi summary, the critical Reynolds number at which transition to unsteady laminar 

regimes occur, ranges within 585-600. Figure 5.36 presents the root-mean-square values 
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for the velocities monitored at specified locations. Again, the flows at Re = 250, 500, are 

steady, whereas an increase in the RMS values is observed at Re = 590, hereby 

confiiming the critical range dociunented before. The RMS values denote the root-mean-

square deviations in the u- and v- velocities. 

Beyond Re = 590, the root-mean-square average values for the u- and v-

velocities departs firom zero, indicating the transition to an oscillatory periodic regime. It 

is somewhat difficult to identify the exact value for the critical Reynolds, as numerically 

induced disturbances may artificially trigger the instability. However, it is safe to assume 

that the documented range covers potential critical Reynolds numbers. 

At Re = 750, as seen in Figure 5.36, then RMS values for the monitored velocities 

are significant, confirming the occurrence of the unsteady regime. 

5.4 Unsteady Flow Regimes 

This section investigates the hydrodynamic and thermal fields for two laminar 

unsteady flows at Re = 650, and 750, respectively. The main purpose is to understand the 

flow behavior and characteristics at these regimes, and to document its effects on the 

target wall heat transfer. 

5.4.1 Flow at Re = 650 

For Re = 650, the flow is unsteady, as dociunented in the previous section. 

Figures 5.36a, b, c, describe the velocity, vorticity and temperature fields. It is clear that 

the flow pattem has changed substantially when compared to the previous subcritical 
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cases. The symmetry of the flow is disrupted and highly unsteady effects are observed. 

The jet core is distorted, and vortices are alternately convected on both sides of the jet 

As a result of this complex flow, the vorticity and temperature fields display a completely 

different behavior. 

Figure 5.37b identifies the formation of the shear layer vortices at the jet exit. 

The asymmetrical formation of the vortex sheets causes the deformation of the jet (Figure 

5.37a). This particular deformation of the jet will be further identified as the '*buckling 

effect" of the jet. The vortices are convected asymmetrically on both sides of the jet, and 

are washed off as time elapses, while new vortices form at the jet exit. 

A detailed flow analysis is provided in the following section. However, it is 

interesting to take a closer look at the stagnation region velocity field, magnified in 

Figure 5.38. Aggressive flow entrainment causes the wall jet to be partially re-entrained 

into the jet, causing the wall jet flow to separate and form a pair of re-circulating zones 

on both sides of the impinging jet. The detached wall jet flow is partially re-entrained in 

the jet, while the mass efflux observed at the upper half of the channel exit is partly jet 

fluid and partly back-flow into the chaimel. The flow visualization presented in Figure 

5.38 demonstrates clearly the occurrence of major unsteady distortions in the jet. 

Figure 5.39 shows an instantaneous static wall pressure distribution to the time 

mean, illustrating a lateral shift in the entire profile. The flow separates as a result of the 

re-entrainment previously observed. As a result of the separation, there is an evident 

drop in the pressure profiles, as the flow accelerates and fiirther decelerates. The 

instantaneous profile displays the asymmetrical characteristics of the complex unsteady 
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flow, with the peak value shifted laterally, indicative of the stagnation point movement 

on the target wall. 

The time-averaged pressure distribution simimarizes over a finite-time the 

unsteady effects, hence the profile is symmetrical, as expected. The peak value of the 

time averaged wall static pressure is 0.116 Pa, and resides at channel mid-length (x = 

0.125 m). As the fiow separates off the target wall, the pressure reaches small values 

(0.0011 Pa) in the regions further downstream, close to the channel exit. 

A comparison of the instantaneous and time-averaged wall Nusselt numbers is 

presented in Figure 5.40. The instantaneous profile demonstrates the complex behavior 

of the unsteady flow. Two full lobes are observed on both sides of the heat transfer 

coefGcient profile, and are associated with the effects on the wall heat transfer, induced 

by the vortices convected in the flow. The quasi-symmetric distribution of the lobes is 

indicative of the incipient unsteady regime. 

The time-averaged Nusselt number displays an increase in its stagnation point 

value, easily visualized in the non-monotonic decay of the profile. The time-averaged 

Nusselt number peak value is located at the stagnation point, and has a value of 16.9. A 

peak value in the instantaneous value is observed at the same stagnation location, 

accompam'ed by two severe decays in heat transfer coefficient on both sides of the 

stagnation region, around 0.1025, respectively 0.147 m, on the target wall. 

Comparison in wall static pressures between the steady cases and the unsteady at 

Re = 650 is further presented (Figure 5.41). The drop in the time-averaged stagnation 

region pressure for the unsteady case is significant; it is associated with a severe 
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acceleration of the flow as is it deflected laterally on the target wall. The peak value is 

higher, at a value of 0.116 Pa, compared to the Re = 500, with a peak value of 0.088Pa, 

and Re = 250, respectively with 0.0197 Pa. However, as one moves further downstream 

closer to the wall exit boundary, the pressure recovery is ahnost similar for all the studied 

cases, with a slightly lower value for the supercritical flow. 

The convective heat transfer from the target wall is consistent with the 

observations of the momentum transport (Figure 5.42). For the subcritical Reynolds 

mmibers of 250, 500, the time-averaged Nusselt number on the wall peaks at the 

stagnation point, in direct proportion to the thickness of the thermal boundary layer. 

At Re = 500, the time-averaged Nusselt number decays monotonically, whereas 

for Re = 250, a decay in the heat transfer profile occurs, due to flow separation. The 

time-averaged Nii for Re = 650 reaches a higher peak of 16.9 at stagnation point, but the 

rate of the decay in Nu away from the stagnation point shows an inflection point that 

broadens the effectively local cooled area. However, Nu decays to a lower value in the 

parallel flow region, again pointing to the flow separation as the likely cause. The 

supercritical flow reaches a lower time-averaged Nu in the parallel flow, Nu = 0.37, as 

compared to the Re = 250 flow, Nu = 0.705, where both of the flows experience 

separation off the target wall. 

The flow at Re = 500 provides the highest rate of heat transfer over the entire 

wall, because there is no flow separation, hi the vicinity of the wall jet exit, the value of 

the time averaged Nu for the Re = 500 is, respectively 2.68, ahnost 9 times higher than 

the value obtamed for the supercritical flow. The local and time-averaged heat transfer 
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are further compared, as seen in Figures 5.43 and 5.44. It is worthwhile to remember that 

the local region on the target wall, the so-called "patch", extends on both sides of the 

stagnation (x = 0) point, +/- 0.01m on either side. As expected, the supercritical flow at 

Re = 650 provides maximum local heat transfer. 

The average value is 12.93, ahnost 10 % higher that the local heat transfer 

coefScient for the flow at Re = 500, and more than 60 % larger than for the flow at Re = 

250, respectively (Figure 5.43). Clearly, for the unsteady jet flow at Re = 650, the 

asymmetry observed in the formation of vortices at jet exit causes the buckling of the jet, 

further leading to a lateral "flapping" jet motion. As a result of this jet "flapping", the 

stagnation point oscillates on the target wall, enhancing significantly the local heat 

transfer. 

Figure 5.44 shows the comparison between the wall-averaged Nusselt numbers 

for the investigated sub- and super-critical cases. Interestingly, the wall averaged Nu for 

the supercritical Re = 650 flow has a lower value, of 4.081, compared to the Re = 500 

flow (value 5.40). The main reason resides in the fact that the supercritical flow 

separates off the target wall, whereas at Re = 500, the flow develops into a wall-jet, 

"washing off' the wall, therefore providing a better heat removal rate over the entire wall. 

Clearly, the higher heat transfer coefficient obtained in the stagnation region for 

the unsteady case is not large enough to average higher over the entire wall as compared 

to the sub-critical case at Re = 500. On the other hand, the wall-averaged Nu value for 

the unsteady flow is higher than fi)r the flow at Re = 250, which separates fiiom the wall 

as well. The higher value documented for the Re = 650 flow is a result of the larger heat 
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transfer rate in the stagnation region, where besides the separation, as a result of the 

stagnation point oscillation, the local heat transfer is greatly enhanced. We may firmly 

state that the "effective" stagnation area is augmented for the supercritical cases, due to 

the jet oscillation. Averaged over the entire wall, the value is higher than for the Re = 

250 case. 

Hence, it is remarkable to observe that the wall-averaged heat transfer coefficient 

for the supercritical flow ranges within the values obtained for the sub-critical flows. In 

other words, the unsteady flow enhances the stagnation region heat transfer, however, 

over the entire wall it provides less effective heat transfer as compared to the sub-critical 

flow (without separation) at Re = 500. 

hi order to confirm the flapping induced motion of the jet, the stagnation point 

displacement is monitored in time (Figure 5.45). The tip of the impinging jet performs a 

quasi-periodic oscillation motion around the channel mid-length location. The behavior 

of the stagnation point is significantly different than for the sub-critical cases (Figures 

5.20 and 5.27), where jet was stationary. The oscillatory motion of the stagnation point 

justifies the higher local heat transfer observed in Figures 5.43 for the unsteady flow. As 

the jet "sweeps" the target wall, its stagnation point oscillates over a range of 0.122 -

0.128 m, at a frequency of 3.06 Hz, thus increasing the local heat transfer. 

In order to quantify the flow instabilities, the velocities are sampled over time at 

three monitoring locations; y/H = 0.21 m (near the jet exit), 0.5 (mid-channel), and 0.93 

(near the target wall). Figure 5.46 shows the spectral distribution of the velocity in the jet 

streamwise direction, y (the v-component), and in the jet transverse direction, x (the u-
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component) for Re = 650. A Fast-Fourier Transform algorithm is used to evaluate the 

time series of the power spectra. At the jet exit, (Figures 5.46a, b) the streamwise 

velocity component demonstrates a distinct spectral peak at 10.68 Hz and 7.93 Hz, 

whereas the transverse component demonstrates dominant frequencies at 3.06, 7.93, and 

10.68 Hz, respectively. The characteristic frequency for the flow at Re = 650 is Vj/H = 

10.23 Hz. The dimensionless frequencies, or Strouhal numbers, (fHAO), are 0.29, 0.77, 

and 1.04, respectively. 

At the channel mid-plane, the oscillations in both the streamwise (Figure 5.46c) 

and transverse (Figure 5.46d) components are amplified, with distinct peaks observed at 

same frequencies documented before. Nearest the wall, the higher frequency amplitude 

of the streamwise velocity dampens, while the low frequency is highly amplified. In a 

later section it will be shown that the lowest frequency is associated with the oscillatory 

motion of the stagnation point, while the high frequency is associated to the formation of 

the shear layer vortices at the jet exit. A similar trend is observed for the transverse u 

velocity, with all three frequencies clearly captiured. The key parameters of the study at 

Re = 650 are summarized in Table 5.5. 

5.4.2 Flow at Re = 750 

Unsteady laminar flow at Re = 750 is investigated next. The flow visualization 

presented in Figure 5.47a shows how the jet severely buckles as vorticies are formed and 

advected by the jet shear layer. The regime at Re = 750 is highly unsteady, and the flow 
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field exhibits effects that are more complex than for Re = 650. The symmetry of the flow 

is highly disrupted and higher order unsteady effects occur. 

The jet core is significantly distorted as the vortices are alternately shed on both 

sides of the jet. The flow separates, and two recirculating zones are observed in the flow. 

Figures 5.47b, c reveal the vorticity and temperature fields. They clearly demonstrate the 

occurrence of major unsteady distortions in the jet. 

The jet core and stagnation region flow are severely affected by the complex 

mechanisms of the unsteady regime. In Figure 5.47b, the formation of vortices at jet exit 

can be easily identified. As time elapses, the vortices are transported downwards along 

the jet shear layer, being washed-off completely as new pair of vortices are forming at the 

jet exit. A magnified view of the stagnation flow region at Re = 750 is presented in 

Figure 5.48. The aggressive flow entrainment induces a partial re-entrainment into the jet 

and the flow separation off the target wall. The re-entrained mass efQux forms a pair of 

re-circulating zones on both sides of the main jet. 

Jet unsteadiness is more pronounced for the Re = 750 case as compared to the 

previous case (Figure 5.38). The flow at Re = 650 is closer to the documented transition 

regime, therefore the amplitude of unsteady motions is smaller as might be anticipated. 

Comparison of time-averaged and instantaneous static wall pressure is shown in 

Figure 5.49. As the flow accelerates in the stagnation region it turns sideways and fiirther 

separates, causing the pressure to drop significantly. The strong asymmetric flow 

behavior is captured by the instantaneous profile as the peak: value shifts laterally, 

following the stagnation point location. 
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Figure S.SO shows the comparison between the instantaneous and time-averaged 

Nusselt numbers. The instantaneous profiles demonstrate several local maxima and 

severe asymmetry. Full lobes are observed in the instantaneous heat transfer profile on 

both sides of the Jet. The peak values follow the stagnation point location, captured at 

two instants in time. The Nu number decay rate away from the stagnation point shows an 

inflection point. The occurrence of the inflection point on the Nu profile and the fuller 

lobes are indicative of the stagnation region enhancement of the heat transfer due to the 

unsteady flow. Due the unsteady flow complex behavior, it is interesting to remark 

severe drops in the instantaneous profiles, altemating with distinct peaks, indicative of 

regions of higher local heat transfer. 

Figure 5.51 compares die time-averaged static pressure distribution for the 

investigated cases. As expected, the highest values are recorded at the stagnation point. 

For Re = 750, pressure peaks at a value of 0.157 Pa, for Re = 650 at 0.116 Pa, for Re = 

500 at 0.088 Pa, while for Re = 250 at 0.0196 Pa, respectively. However, for all the cases 

investigated, pressure recovers ahnost similarly away from the stagnation region. 

A drop in pressure profile occurs for the two unsteady flows, as the flow turns sideways, 

accelerates and further separates off the target walls. The pressure drop is stronger for 

the highest Re flow. 

The time-averaged wall heat transfer coefBcients are further summarized in 

Figure 5.52. For the sub-critical flows, the time averaged Nusselt number peaks at the 

stagnation point, in direct proportion to the thickness of the thermal boundary layer. At 
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Re = 500, the local time-averaged Nusselt number decays monotonically, compared to 

the Re = 250 flow, where a drop in the heat transfer occurs as the flow separates. 

The peak values for the Nusselt numbers are higher, with values of almost 18 for 

the Re = 750 flow and, respectively 16.9 for Re = 650. Also, for both unsteady flows, the 

heat transfer profiles show an inflection point that broadens the actively cooled area. 

Farther away &om the stagnation region, the flows characterized by separation 

(Re = 250, 650, 750) reach comparable heat transfer values, lower than the value 

obtained for the case at Re = 500 without separation. However, for the unsteady flow at 

Re = 750, the value for the Nusselt number away from stagnation region is the lowest as 

compared to the 650 case, as there is a stronger re-entrainment in the jet flow. 

The local and wall-averaged heat transfer coefficients are compared for the four 

investigated cases (Figures 5.53 and 5.54). As expected, the patch Nusselt number 

increases with the increase in flow inlet velocity. The flow at Re = 750 has the highest 

value for the local Nusselt, namely 13.95. Revisiting Tables 5-5 and 5-6, it is evident that 

the local (over the patch) heat transfer has increased by 8% for Re = 750 as compared to 

Re = 650. However, the wall-averaged heat transfer decreases by 3%, confirming that 

due to flow separation off the target wall, the heat transfer is significantly reduced. The 

stagnation point moves about 1 cm on the target wall, as compared to the case at 650, 

where its displacement is about 0.2 cm. As a result, the local-averaged heat transfer is 

greater for the jet with larger sweeping, in this case, at Re = 750. 

More interesting results are documented by Figure 5.54. The patch-averaged 

values for the heat transfer coefficient are compared for the four cases. The unsteady 
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flow at Re = 750 has an average patch value of 4.23, higher than 4.08 observed for the Re 

= 650 flow, but lower than the value for the flow at Re = 500. Again it is seen that the 

unsteady confined impinging jets provide a higher local heat transfer rate in the 

stagnation region, but a lower overall heat transfer due to flow separation. It is 

interesting to remark that both unsteady flows provide values for the wall-averaged 

Nusselt numbers that range within the values obtained for the sub-critical flows at Re = 

250, 500, respectively. 

Di order to quantify the instabilities of the flow at Re = 750, the velocities are 

sampled at the same sampling locations as before for the sub-critical cases. The 

fi-equency spectra of the velocity in jet stream-wise direction, y (the v-component) are 

presented in Figure 5.55. At jet exit. Figures 5.55a and b, the stream-wise velocity 

component displays a distinct spectral peak at about 13 Hz (precisely 12.96 Hz), whereas 

the transverse component shows dominant firequencies at 3.66,6.6, and 12.96 Hz. 

The characteristic firequency for Re = 750 is Vj/H = 11.8 Hz. The dimensionless 

frequencies, defined as Strouhal number (fHA/j) are 0.3, 0.55, and 1.1, respectively. At 

the channel mid-plane, the amplitude of the oscillations in both the stream-wise (Figure 

5.55c) and transverse (Figure 5.55d) components is amplified. Nearest the wall, the 

oscillations amplitudes of the velocity normal to the target wall (stream-wise velocity) are 

damped. The ftansverse component, parallel to the wall, shows that the high frequency 

component is significantly damped whereas the 3.66Hz component is highly amplified. 

Revisiting Figure 5.48 reveals that the high frequency component, corresponding 

to St = LI, describes the frequency at which the vortices are formed in the jet shear layer. 
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Because of the asymmetrical vortex shedding along the jet shear layer, as observed in 

Figure 5.48, the jet "buckles"; thus, we refbr to the higher harmonic as the "buckling" 

frequency of the jet. 

The mid-range frequency of about 6.6 Hz is a sub-harmonic of the dominant 

frequency at 12.96, and is associated with the vortices advected by the flow on each side 

of the jet. As further study of the flow physics will reveal, at any time instant, the flow 

has a pair of vortices, an individual vortex and a forming vortex at the jet exit. Hence, 

the monitoring points capture the passage of the vortex pair at the high frequency, as well 

as the individual vortex convected downwards alternately on both sides of the jet. 

The lowest frequency of 3.66 Hz is clearly not a sub-harmom'c of the dominant at 

12.96 Hz, hence its interpretation merits further discussion. One of the most relevant 

facts is that the lowest frequency mode is of comparable magnitude to the principal (high 

frequency mode) nearest the target wall, as seen in Figure 5.55e. Figure 5.55f shows that 

the transverse velocity component, the one parallel to the wall at the stagnation region, is 

dominated by the lowest frequency sub-harmonic. It seems likely that the stagnation 

point of the impinging jet periodically oscillates, with a frequency of 3.66 Hz. 

It is interesting to note that the stagnation point fluctuations are larger for the jet 

at Re = 750; as seen in Figure 5.57, as the jet sweeps a larger region on the target wall as 

compared to the Re = 650 case. The region extends from 0.119 m to 0.131, hence of 

comparable size to the jet width (0.01 m). 

Summarizing, the convective wall heat transfer from the supercritical impinging 

jets responds to the interaction of the shear layer vortices with the wall, at the highest 
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frequency of 12.96 Hz, as well as to the lower frequency periodic lateral sweeping of the 

jet across the plate. Table 5.6 summarizes some of the important parameters of the study 

at Re 750. 

5.5 Unsteady Flow Dynamics 

For an improved understanding of the complex unsteady jet behavior, a thorough 

study of the flow at Re = 750 was performed. For a complete physical description of the 

confined jet behavior, a time-sequence of the vorticity field is presented in Figure 5.56 a, 

b, c, d, e. 

The schematics depict instantaneous snapshots taken at five consecutive time 

instants, within a full cycle at which the jet "sweeps" the target plate. In this context, a 

full cycle for the confined impinging jet is defined as the time frame within which the 

stagnation point moves on the target wall from one extreme location to the other extreme 

and back to its initial position. As documented in the previous section, the lower 

frequency of 3.66 Hz is readily associated to the lateral sweeping motion of the jet; 

hence, with ahnost four cycles completed per second, one full cycle occurs within 0.25 -

0.27 seconds. Five snapshots at intervals of 0.05 seconds are presented here. 

Characteristic to all figures is that, at any instant, the flow displays a pair of 

vortices approaching the target wall, accompanied by a singular vortex bound to 

substitute one of them, and a formmg vortex, either on the top left or right of the jet inlet. 

As seen in Fig. 5.56a, the pamng vortices are denoted by 2 and 3, the singular vortex by 1 
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and the fonning one by 4f. Figure 5.56b captures the lateral displacement of the vortex 

pair, and the elongation of vortex 4 as it moves downward the jet. 

During the asymmetric process of vortex shedding, the jet buckles, displaying two 

inflection points, and it also laterally sweeps along the target plate. Revisiting Figure 

5.56a, it is seen that the jet stagnation point reaches an extreme left position, whereas in 

Figure 5.56b, as vortex I moves downwards and vortices 2, 3 are shifted laterally, the 

stagnation point moves in an opposite direction, towards the right extreme. 

Figure 5.56c captures the formation of a fifth vortex (3'0, followed by a complete 

washout of vortex 3. The elongation of the fourth vortex (2') and entrainment of jet flow 

leads to the displacement of jet's stagnation point to the extreme right position. Finally, 

the gradual wash-off of the first (1) and second (2) vortices, accompanied by the 

formation of two additional vortices, namely the sixth (4') and seventh (5') are presented 

in Figures 5.56d and 5.56e. Within last two time snapshots, the jet tip eventually returns 

to the initial extreme left position. 

In summary, within a full cycle, almost 4 vortices are formed and advected away 

(namely the first three vortices denoted by I, 2, 3, and partially 4). With 3.66 cycles per 

second, there are almost 13 vortices shed along the jet within a second time firame. The 

result is consistent with the high frequency of 12.96 Hz, documented in the previous 

section. The shedding of the 13 vortices within a second and their asymmetry led 

ultimately to the deformation (buckling) of the jet and the lateral ''flapping" jet 

instability. The variation of the stagnation point over a one second time frame con&ms 

the lower frequency of 3.66 associated with the jet "flapping" motion. If the location of 
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the stagnation point is defined as the peak in instantaneous wall static pressure, then 

without any doubt, the stagnation point of the jet periodically oscillates on the target wall, 

with a firequency of 3.66 Hz (Figure 5.57). 

The lateral jet sweeping is thought to be a higher order non-linear instability that 

is coupled to the confined flow between the two plates. The vortex shedding mode leads 

to jet buckling by a linear dependency, but also induces this highly non-linear mode. 

The critical Reynolds number is reinforced by the behavior of the time-averaged 

stagnation Nusselt number at several Re flow regimes (Figure 5.58). Previous studies 

existent in the literature (Wheeler et al., 1999), have documented a quasi-linear 

dependence in the stagnation Nu versus Re for steady cases, given by the relation Nu = 

0.6 Rfi°^. The values vary by 6 - 12% for the steady regime, however, in Wheeler et al. 

study W/H ratio was 4, while in the present study the ratio is 5. As seen in the Figure 

5.58, the dependence clearly changes for the unsteady cases. 

There is a distinct demarcation between the steady behavior for Re < 600, and the 

unsteady behavior for Re > 600. hi the steady cases, the stagnation Nusselt number is set 

solely be the magnitude of the steady impinging velocity, which is in direct proportion to 

the jet's Reynolds number. As is found in the laminar-to-turbulent transitions, the 

dependence of Nusselt number on impinging jet Reynolds number in the unsteady regime 

is lessened because the heat transfer is enhanced by the higher-order, non-linear, unsteady 

mecham'sm. 



161 

Parameter Grid 68 X 60 % Change Grid 84x62 % Change G 84X62 
Nu total, rms 0.2047 38.1 0.1253 1.3 0.1255 
Cf total, rms 0.0004154 33.2 0.0002742 4.1 0.0002626 
Nu local, rms 0.7151 21.3 0.55951 4.6 0.5337 
Cf local, rms 0.001142 36.1 0.001822 0.2 0.001825 
Nu ,„,,i 4.75798 9.6 4.2994 1.1 4.2521 
Cf total, ave 0.00005586 27.2 0.00004078 10.8 0.0000036 
Nu local 13.0761 29.1 13.4605 0.5 13.5331 
Cf local. avB 0.0009910 48.0 0.0001419 0.3 0.00139 
u, 0.002116 23.7 0.001613 4.5 0.001540 
U l.rms 0.00049 44.0 0.00027 4.7 0.00026 
V, 0.5842 0.005 0.5845 0.2 0.5857 
V l.rms 0.0008808 12.6 0.000770 4.8 0.000733 
Ui 0.01982 18.0 0.01622 5.4 0.01532 
U 2. rms 0.0006096 17.3 0.0007156 5.7 0.0007568 
Vj 0.5457 2.3 0.5297 0.9 0.5248 

I V 2. rms 0.003743 31.0 0.004914 4.3 0.005124 
Uj 0.0182 19.2 0.0217 3.1 0.0224 

1 U 3. rms 0.009307 29.0 0.006532 2.7 0.006347 
V3 0.0462 13.8 0.0398 5.8 0.0374 
V 3. rms 0.0125 28.3 0.00902 2.6 0.00878 

Table 5-1: Grid Independence Study 
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Parameter Time I % Change TimeU % Change Time in [ 
Nu total, rms 0.1255 3J 0.1304 L7 0.1327 
Cf total, nils 0.0002626 0.4 0.0002615 22 0.0002557 
Nu local, rms 0.5247 0.9 0.5294 0.9 0.5347 
Cf local, nrn 0.001865 4.5 0.001784 3.7 0.001728 
NU total 4.2521 2.6 4.3700 0.5 4.3958 
Cf total, ave 0.000113 22.1 0.0000926 9.4 0.00000884 
Nil local 13.3131 1.27 13.4847 0.15 13.5054 
Cf local. avB 0.0008944 5.33 0.0001419 0.3 0.00139 
u ,  0.00144 2.36 0.00188 2.7 0.00193 
U 1. rtns 0.000260 4.6 0.0002731 0.16 0.0002734 
V, 0.5857 0.17 0.5847 0 0.5847 
V I, rms 0.000733 9.3 0.000808 2.9 0.000833 
Uz 0.01512 9.5 0.01689 4.8 0.01776 
U 2, rms 0.007568 6.3 0.00712 0.3 0.00709 
V2 0.5318 0.51 0.5291 0.11 0.5285 
^ 2. rms 0.0462 8.1 0.0502 3.7 0.05223 
Ua 0.0226 9.2 0.0210 1.49 0.0207 
U 3,  rms 0.0647 8.6 0.0661 3.2 0.0683 
Va 0.0358 9.41 0.0398 2.6 0.0406 
V 3.  rms 0.00982 7.7 0.00911 2.3 0.00894 
Frequency 1 4.028 9.11 3.66 6.28 3.43 
Frequency 2 6.569 0.74 6.52 0.24 6.504 
Frequency 3 12.75 1.62 12.96 0 12.96 

Table 5-2: Time-Eadependence Study 



Criteria Parameter Value 
I Peak Value Instantaneous Pressure 0.01979 (Pa) 

2 Peak Value Pressure Coefficient 0.86 

3 Peak Value Friction Coefficient 0.0984 

4 Peak Value Heat Transfer Coefficient 10.68 

5 Average Value Wall Friction Coefficient 0.000278 

6 Average Value Patch Friction Coefficient 0.000493 

7 Average Value for Wall Nusselt Number 2.908 

8 Average Value for Patch Nusselt Number 7.98 

9 Stagnation Point Displacement 0.0 (m) 

Table 5-3: Key parameters for the flow at Re = 250 

Criteria Parameter Value 
I Peak Value Instantaneous Pressure 0.0887 (Pa) 

2 Peak Value Pressure Coefficient 0.98 

3 Peak Value Friction Coefficient 0.0792 

4 Peak Value Heat Transfer Coefficient 15.37 

5 Average Value Wall Friction Coefficient 0.000202 

6 Average Value Patch Friction Coefficient 0.000360 1 

7 Average Value for Wall Nusselt Numbo* 5.27 

8 Average Value for Patch Nusselt Number 11.94 

9 Stagnation Point Displacement 0.0 (m) 

Table 5-4: Key parameters for the flow atRe=500 



Criteria Parameter Value 
1 Peak Value histantaneous Pressure 0.1225 (Pa) 

2 Peak Value Pressure CoefGcient 0.76 

3 Peak Value Friction Coefficient 0.0565 

4 Peak Value Heat Transfer Coefficient 16.906 

5 Average Value Wall Friction Coefficient 0.000150 

6 Average Value Patch Friction Coefficient 0.000174 

7 Average Value for Wall Nusselt Number 4.081 

8 Average Value for Patch Nusselt Number 12.93 

9 Stagnation Point Displacement 0.00199 (m) 
10 Dominant Frequencies 3.06, 7.91,10.68 (Hz) 

Table 5-5: Key parameters for the flow at Re = 650 

Criteria Parameter Value 1 
I Peak Value Instantaneous Pressure 0.1517 (Pa) 

2 Peak Value Pressure Coefficient 0.707 

3 Peak Value Friction Coefficient 0.0508 

4 Peak Value Heat Transfer Coefficient 17.98 

5 Average Value Wall Friction Coefficient 0.000108 

6 Average Value Patch Friction Coefficient 0.001269 

7 Average Value for Wall Nusselt Number 4.234 

8 Average Value for Patch Nusselt Number 13.95 

9 Stagnation Point Displacement 0.0101 (m) 
10 Dominant Frequencies 3.66.6.5,12.96 (Hz) 

Table 5-6: Key parameters for the flow at Re=750 
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Fig. 5.12 a,b,c: Velocity, vorticity and temperature fields for the Confined Impinging Jet 
at Re = 250 
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Fig. 5.21a,b,c: Velocity, vorticity and temperature fields for Confined Impinging Jet at 
Re = 500 
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Fig. 5.37 a, b, c: Velocity, vorticity and temperature fields for Confined Impinging Jet at 
Re = 650 
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Fig. 5.4 7 a,b,c: Velocity, vorticity and temperature fields for Confined Impinging Jet at 
Re = 750 
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CHAPTER 6 

6. NUMERICAL RESULTS - FORCED CONFINED IMPINGING JET 

The present chapter investigates the forced laminar confined impinging jet. The 

supercritical flows at Reynolds numbers of650, respectively 750 are further documented. 

Section 6.1 describes the types of forcing and amplitudes used for the study and several 

details related to the numerical technique employed. Section 6.2.1 discusses the 

hydrodynamics of the complex flows arising when forcing the confined laminar jet. The 

velocity and vorticity fields for the 24 investigated cases are thoroughly documented, 

together with the firequency spectra and pressure fields. The most relevant forced cases 

are investigated in detail, with an emphasis on the specific mecham'sms occurring when 

forcing at selected firequencies. Further, Section 6.2.2 documents the thermal 

characteristics of the forced confined impinging jets, as well as the impact the complex 

flow field has on the jet thermal fields. Section 6.3 presents relevant cross correlations 

for the jet displacement, pressure and thermal fields, as well as concluding remarks for all 

of the investigated cases. 

6.1 Forcing Types and Structures 

Three forcing types are considered for the present study, namely: a) in-phase; 

b) out-of-phase; c) unilateral. The schematics of the forcing teclmiques are presented in 

Figure 6.1. The forcing amplitude for all the investigated cases was equal to 1% of the 
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jet inlet velocity value. Hence, for the flow regime at Re = 650, the forcing amplitude is 

0.00511 m/s, where as for the flow at Re = 750, the forcing amplitude is 0.0059 m/s, 

respectively. 

Numerically, the forcing was implemented to the code by specifying a 

concentrated momentum at several nodes in the flow field, close to the jet exit, on both its 

sides. The boundary conditions were modified at each time step according to the type of 

forcing, at the specified firequency. The forcing fi*equency was input in correlation to the 

time-step of the calculations. The unilateral forcing is defined by alternately applying the 

forcing on both sides of the jet, with the flow field overwriting the concentrated 

momentum zone for the case when, at the specific location, there was no specified 

forcing. The fi-equency cycles for the forcing are described by Figure 6.2. 

6.2 Forced Confined Impinging Jet Analysis 

As mentioned in the introductory section, a set of 24 forced jets at different 

selected firequency values and forcing types is investigated. The study previously 

presented in Chapter 5 identified the relevant firequencies for each of the critical flows at 

Re = 650, and 750, respectively. It was decided to force the jet at these specific 

firequencies for each case and to document the results of the forcing on the flow's 

hydrodynamic and thermal fields. 

Four relevant firequencies are considered for each supercritical case, namely: 3.06, 

7.93, 10.68, and 21.36 Hz for the flow at Re = 650, and 3.66, 6.5, 12.96, and 25.92 Hz, 

for the flow at Re = 750, respectively. The forcing values coincide with the jet flapping 
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and oscillatory motions and their sub-harmonics, respectively. The high frequency value 

coincides with twice the value for the dominant frequency observed for each supercritical 

case. For the purpose of the actual study, three forcing types are investigated, as 

specified in the previous Section 6.1. 

The hydrodynamic and thermal fields will be discussed separately in the 

subsequent sections, with the most relevant features thoroughly investigated. 

6.2.1 Hydrodynamic Field Analysis 

The study starts with the presentation of the velocity and vorticity fields, as seen 

in Figures 6.3 through 6.26 for several forcing types and frequencies, at two different 

flow regimes. Re = 650, 750. 

As seen, for most of the cases, the jet flow separates off the target wall, and two 

recirculation regions are observed on both sides of the jet core. The vorticity fields add 

to the information provided by the velocity fields, and it is worthwhile mentioning that 

while some of the flows display similar velocity fields, the vorticity fields show a 

completely different structure. Perhaps the most critical effect is observed for the out-of-

phase forced flow at 12.96Hz, Re=750, whose flow field looks similar to the steady flow 

at Re = 500, while the vorticity field shows that there are recirculation regions in the 

forced jet, while the steady jet had none. But more details will be provided later in the 

section. 

For most of the vorticity fields that show the jet separation, it is interesting to 

observe that the large recirculation zones include several small recirculation regions that 
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are re-entrained in the jet. As seen, the jet core is distorted, and for some specific cases, 

the recirculation regions are further convected sideways towards the channel exits 

(Figures 6.4a, 6.9a). Particularly, Figure 6.9b shows how the recirculation regions are 

displaced further downstream, and the separation occurs later, as the jet is forced in-phase 

fashion at a frequency of l0.68Hz, Re = 650. As time elapses, the regions mildly 

oscillate, but are not advected further towards the channel exit. 

Most of the velocity fields for the forced cases display similar behavior, as the 

flow separates off the target wall and the recirculation regions occur in the near vicinity 

of the jet. The vorticity fields indicate that for most of the cases, vortices are convected 

on both sides of the jet, part of them to be part of the flow to be entrained in the two 

major recirculation regions. 

The most interesting cases documented here are the out-of-phase forced jets at 

10.68 Hz and 12.96 Hz, at Re = 650 and 750, respectively (Figures 6.9, 6.22). The flow 

pattern changes substantially for these flows as compared to all other cases. As seen in 

Figure 6.9, the forced jet at 10.68 Hz is stabilized on one side, washing the target wall 

without experiencing separation, while the other jet side displays a behavior similar to the 

other cases, with the jet separating off the wall. 

The recirculating region observed in this case is stationary, oscillating slightly 

around a fixed location in the vicim'ty of the jet. It is hypothesized that it may occur on 

the other side of the jet, result of a possible bifurcation phenomenon. 
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A magnified view of the vorticity field in the stagnation region is presented in 

Figure 6.27. A closer look indicates that on the stabilized side of the jet, the vortices are 

convected sideways in an organized fashion, whereas the side that experiences separation 

shows a rather complex random behavior, with the size and location of the vortices being 

arbitrary. The shear layer vortices are slightly shifted, yet the jet experiences a similar 

buckling as observed for the previous cases. 

One would not expect such an asynunetric structure of the flow field for this case. 

This interesting behavior is the result of an artificially induced effect for a specific type 

of forcing at a selected dominant frequency, and not a naturally occurring effect. 

For the out-of-phase forcing at the dominant frequency of 12.96 Hz at Re = 750, 

the jet stabilizes on both sides. It is a remarkable result, a clear indication of the wide 

possibilities for flow control when using the right "resonant" frequency with a specific 

forcing type. In this case, as seen in Figure 6.22a, the jet washes the target wall on both 

sides of the stagnation region. The flow pattern looks similar to the steady flow at Re = 

500, where no separation was observed. However, the magnified view of the vorticity 

field presented in Figure 6.28 indicates that the vortices are well organized on the jet 

shear layer, being further convected downwards to the target wall and further outside to 

the channel exits. 

The vortices are shifted on both sides of the jet, and it is important to mention that 

they are confined in a flow region that does not interfere, nor disturb the wall jet regions 

developing on the wall. 
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The pressure fields for these two peculiar flows will help understand the 

mechanisms embedded in the flows, and are presented in Figures 6.29 and 6.30. For the 

forced Jet at 10.68 Hz, Re = 650, the recirculation region indicates a reduced pressure 

field, while high pressure values are concentrated in the vicinity of the stagnation and 

high vorticity regions. By comparison, the case at Re = 750 (Fig. 6.30) shows the 

concentration of pressure in the shear layer vortices. These vortices absorb 

momentum/energy from the impinging jet, confining it to the convected high 

recirculation regions. Supplemental information is presented in the subsequent sections. 

The frequency spectra for all the 24 cases investigated are presented in Figures 

6.31 - 6.54. Analysis of the spectra provides a better insight Into the complex flows 

occurring for forced jets. The u- and v- velocities in the spectra are monitored at the very 

same three locations in the channel as documented by the previous chapter, namely close 

to the jet exit, mid-channel and in the vicinity of the target wall. 

Different forcing types at the lowest frequency of 3.06 Hz, Re = 650, capture the 

flapping motion of the jet, and can be clearly identified in the spectra for the u - and v-

velocities monitored at the third location, close to the target wall (Fig. 6.3 le, f). As the 

flapping motion is non-linearly connected to the jet oscillatory motion due to vortex 

shedding, the dominant frequencies of the jet are only slightly affected by this forcing 

frequency. The unilateral forcing at this low frequency is the sole forcing type that 

causes any mode ampUfication. 
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A similar trend is observed for the forcing case at 7.93 Hz, where the in-phase, 

out-of-phase and unilateral forcing significantly amplify this value, while only 

moderately affecting the other frequencies. 

A completely difierent trend is observed in Figure 6.38, corresponding to the out-

of-phase forcing at 10.68 Hz, Re = 650. The dominant frequency at 10,68 Hz is highly 

amplified, and several peaks occur in the spectra, identified as sub-harmonics of the 

dominant frequency. The frequency spectra for the v-velocities (Figure 6,38 b, d, f) show 

that other peaks occur as we move closer to the target wall. 

The unilateral forcing at a similar frequency and flow regime indicate a 

broadening of the frequency spectra. As specified in the previous sections, an additional 

forcing frequency, twice equal to the dominant frequency for each of the flows at Re = 

650 and 750, was included in the present study. 

The out-of-phase forcing of 21.36 Hz for the flow at Re = 650 results in a regular 

frequency spectra, with several sub-harmonics observed for both u- and v- velocities 

monitored at the three locations in the channel (Figure 6,41). The 21.36 Hz value is 

highly amplified at the jet exit, and becomes less significant as one moves downwards, 

closer to the target wall. 

Figures 6.43 - 6.54 indicate a spectrally organized response in the forced jet at Re 

= 750, with a frequency spectra composed of several sub-harmonics at all frequency 

types and values. The sole exception is represented by the in-phase forcing at 3.66 Hz, 

corresponding to the jet "flapping" motion. The jet out-of-phase forcing at 3.66 Hz 

points out a structured frequency field (Figure 6.44) similar to the unilateral forcing at the 
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same frequency. The unilateral forcing type provides for most, if not all cases, a regular 

frequency spectra for the flow at Re = 750 (Figures 6.45,6.48,6.51, 6.54). 

A special trend is observed in the frequency spectra for the out-of-phase forcing at 

12.96 Hz. The frequency for both u- and v- velocities "locks-in" at a value of 12.96 Hz. 

The low frequency of 3.66 Hz, associated to the jet "flapping" motion, is completely 

suppressed as the jet does not sweep anymore the target wall. The jet still "buckles" as 

vortices are convected downwards along the jet shear layer, retaining the low-amplitude 

high frequency motion, but does not move on the target wall, as in this case the secondary 

high-amplitude "flapping" motion (documented in the previous chapter) does not occur. 

The frequency spectra for u- velocity (Figure 650 a, c, e) display the locked-in 

value of 12.96 Hz, associated to the almost 13 vortices convected by the jet over one 

second time period. Similarly, the v- velocity spectra show a sub-harmonic equal to a 

frequency peak equal to twice the dominant value, at 25.92 Hz. 

The study of the hydrodynamic field continues with the presentation of the time-

averaged wall friction coefficient for the forced cases at Re = 650, respectively 750 

(Figures 6.55, 6.56). The comparison between several forcing types at Re = 650 reveal 

significant differences between the unforced and the unilateral forced at 21.36 Hz, out-of-

phase forcing at 7.93 Hz, and the in-phase forcing at 10.68 Hz. hi the meantime, the jet 

flow at Re = 750 shows more consistency in its structure, as the forced and unforced 

cases collapse to the same values, with the sole exception of the out-of-phase forcing at 

12.96 Hz. 
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As seen before, the forced jet at 12.96 Hz is stabilized on both sides and washes 

the target wall, therefore the value of the friction coefficient is higher at the channel exit 

as compared to the other flows that experience separation. More, a monotonic decay in 

the friction coefficient is observed for this flow, indicative of the two wall jet regions 

developing on both sides of the stagnation point 

All of the other cases display a slight reduction in the stagnation region friction 

coefficient, as a result of the jet separation, followed by a further increase in the averaged 

value. The peak value for the time-averaged friction coefficient is higher at the 

stagnation region for the recirculating flows, as they sweep the target wall, providing 

maximum local friction, while the out-of-phase forced jet has a small amplitude 

displacement on the target wall. The values of interest for the hydrodynamic and thermal 

field are specified in Tables 6.1 - 6.9. 

Figure 6.57 shows the pressure coefficient for the forced/unforced confined 

impinging jets, and as before, there are several trends observed in the profiles at this flow 

regime. The unilateral forcing at 10.68 Hz induces a maximum drop in the local 

pressure, followed by a significant recovery in its value, as it approaches the channel exit. 

In this context it is worthwhile to mention that the out-of-phase forcing case at 

10.68 Hz displays a completely different behavior as compared to the other symmetrical 

time-averaged forced flows, hi order to capture the interesting features of this peculiar 

flow. Figure 6. 58 further compares the out-of-phase and tn-phase forcing at 10.68 Hz to 

the imforced case. As one would expect, the time-averaged wall pressure profiles should 

be symmetrical for the unsteady flows sweeping the target wall. However, due to the 
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interesting and somewhat unexpected behavior of the forced confined jet forced at out-of-

phase frequency of 10.68 Hz (Figure 6.10), the pressure profiles display significant 

asymmetry, as seen in Figure 6.58. 

On the separating jet side, pressure drops significantly, then recovers to a higher 

value close to the channel exit, as compared to the stabilized jet side who washes the 

target wall. It is also interesting to mention that the forced time-averaged profiles are 

slightly shifted to one side as compared to the unsteady forced case at a similar Reynolds 

number. The shift in the profiles is readily attributable to the severe asymmetry 

documented in the flow for the forced cases under consideration. 

A similar study is further performed for the forced cases at Re = 750. As 

observed before for the fiiction coefficient profiles, the flows display similar features 

when compared to each other, collapsing almost perfectly, with the sole exception of the 

out-of-phase forced case at 12.96 Hz. All of the forced cases but the out-of-phase at 

12.96 Hz experience separation, and the time-averaged pressure coefficients profiles are 

very similar. 

The results for the forced case at 12.96 Hz are consistent with the fact that the jet 

does not separate off the target wall, and the coefficient shows a rather monotonical 

decay as the jet washes further the wall. The far field values for the time-averaged 

coefficients are similar for all flows at Re = 750, while for the cases at Re = 650, there 

were observed several values for the far-field pressures. 

Furthermore, the stagnation peak pressure is higher for the other forced cases as 

compared to the stabilized case. A viable explanation can be readily deduced finm 
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Figure 6.30. As the shear layer vortical regions concentrate a significant amount of 

momentum, the jet core experiences a loss of energy, therefore its velocity^ prior to 

reaching the target wall is much smaller than for all of the other flows. 

As a result, the total pressure at the stagnation point is lower for the stabilized out-

of-phase forced jet at 12.96 Hz, as compared to all of the other forced/unforced confined 

impinging jets studied here. 

Figures 6.61 - 6.64 show the stagnation point displacement for all the forced 

cases. For the flows at Re = 650, the stagnation point pattern displays irregular features 

as compared to the displacements observed for the Re = 750 cases, another indication that 

the higher Reynolds supercritical flows have a more established unsteady periodical 

behavior. Even so, the quasi-periodic cycles are consistent with the frequency spectra 

analysis, corresponding to the lower firequencies. The total amph'tudes of the jet 

"flapping" motion over the target wall are summarized in Table 6.5. 

The out-of-phase forced case at 10.68 Hz, Re = 650, displays a periodic behavior, 

with ahnost 11 flapping cycles occurring per second. The number of cycles is consistent 

to the value of 10.68 Hz, corresponding to the dominant frequency documented in the 

frequency spectra (Figure 6.38). Hence, as the jet is stabilized on one side, the flapping 

motion is suppressed, and as a result of this suppression, only the low-amph'tude high-

frequency jet oscillation motion is acknowledged by the jet tip displacement. 

However, it is interesting to see how the stagnation point pattern complements in 

this case the mformation provided by the flow/velocity field features, with the jet 

separating off the target wall on one side. As seen in Table 6.5, the unilateral forced jet 
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at 21.36 Hz, Re = 650, shows the largest jet motion ("flapping") on the target wall, with 

0.016 m, equal to almost twice the value of the jet inlet width. As expected, the lowest 

amplitude (0.0014 m) is observed for the out-of-phase forced jet at 10.68, since the 

flappmg motion is partially suppressed as the jet is stabilized on one side. 

The stagnation point profiles for the forced confined jets at Re = 750 show that 

for this flow regime the jet has a consistent periodic displacement on the wall. As 

observed before, the "flapping" cycles are consistent to the lower firequency values 

documented in the firequency spectra, namely between 3 and 4 cycles/sec. 

The out-of-phase forced case at 12.96 Hz, Re = 750 (Figure 6.64 b) shows a 

periodic displacement of the stagnation point, as the jet oscillates only due to the 

convected vortices on both side of its core. The "flapping" motion is suppressed, yet the 

stagnation point moves with a small amplitude high firequency on the target wall. There 

are ahnost 13 flapping cycles observed in the Figure, consistent with the jet oscillation 

value of 12.96 Hz as observed in the frequency spectra. 

It is important to mention that the out-of-phase jet forcing at 12.96 Hz completely 

suppressed the "flapping" motion, yet it preserved the jet oscillatory motion around its 

own axis, as a result of the organized vortex passage moving downwards on the jet shear 

layer. Again, as the "flapping" motion is suppressed for this case, the stagnation point 

displacement on the target wall is lower (0.007 m) as compared to all of the other cases. 

The values for the stagnation point displacement for the forced jet at Re range 

within 0.0047 - 0.0061 m, showing once again a "well-behaved" characteristic for the 

forced/unforced impmging jet at Re = 750 as compared to the transitional case at Re = 



212 

650. Similarly, the unforced case at Re = 750 shows the largest "flapping" motion on the 

target wall, as compared to all of the other cases, either forced or unforced at Re = 650 or 

750. 

6.2.2 Thermal Field Analysis 

The second part of the study investigates the impact that the complex forced jet 

flows have on the heat transfer, either on the target wall or inside the flow field. Figures 

6.65 through 6.88 present the temperature fields for all of the forced cases. 

For most of the cases, the jet separates off the target wall and two major 

recirculation regions are observed on alternate sides of the jet. As a result of the flow 

separation and further re-entrainment, the jet provides satisfactory cooling effects in a 

region that extends about 5-6 jet widths on both sides of the stagnation point. However, 

the wall regions close to the chaimel exit are not as effectively cooled by the impinging 

jet as the stagnation region, due to the flow separation. The "hot-spots" can be easily 

identified at the charmel exits (Figures 6.65 - 6.70,6.73 - 6.83, as well as 6.85 - 6.88). 

Peculiar effects occur in the temperature fields for the in-phase and out-of-phase 

forced jet at 10.68 Hz, and 12.96 Hz, respectively. At 10.68 Hz in-phase forcing (Figure 

6.71), as the recirculation zones are convected flulher downstream of the channel, the 

effectively cooled area is significantly extended, and the "hot-spot" regions are confined 

to the vicinity of the channel exits. 

For the out-of-phase forcing at same firequency, as seen in Figure 6.72, as the jet 

washes one side of the wall, the thermal boundary layer develops unperturbed on the wall 
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and the cooling effect is relevant. On the jet side that experiences separation, the cooling 

effects are less significant, as the hot-spot areas extend on abnost half of the side of the 

target wall. 

The out-of-phase forcing at 12.96 Hz, Re = 750, stabilizes completely the Jet on 

both sides, as seen in Figure 6.84. As a result of the fact, the jet "sticks" to the target 

wall, providing optimal wall-averaged cooling effects, as the heat is removed from the 

wall at the highest rate possible. The temperature contours for this case clearly show the 

low temperature regions in the flow, as compared to all the other cases. 

Figures 6.89 a, b, and 6.90 a, b, respectively, summarize the time-averaged wall 

heat transfer coefficients for the forced and unforced confined impinging jets at Re = 650 

and 750. Figure 6.89 a compares the heat transfer coefficients for the forced/unforced jet 

at Re = 650. Again, several profile shapes are observed for this transitional flow, with 

the in- and out-of-phase forcing at 10.68 Hz providing higher heat transfer on one side of 

the jet (without separation). On the side with jet separation, same values are reached 

when close to the channel exit as all the other forced cases. 

The asymmetry observed previously for the pressure fields for these specific 

flows is further confirmed by the thermal fields. Besides the two mentioned forced flows 

at 10.68 Hz, another case displays an asymmetric behavior, namely the out-of-phase 

forcing at 3.06 Hz, Re = 650. Revisiting the temperature contours in Figure 6.66, it can 

be readily visualized how the recirculation regions in the outer field are slightly shifted 

downwards the channel, hence increasing the locally cooled effective area. 
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Further, Figure 6.89 b presents the comparison between the time-averaged and 

instantaneous wall heat transfer profiles for the out-of-phase forcing at 10.68 Hz, Re = 

650. The stabilized side of the jet is characterized by significant fluctuations in the local 

mstantaneous values for the heat transfer coefficient. Taking a closer look at Figure 6.10 

b, it is clear that the passage of the vortices induces a variation in the recorded local wall 

heat transfer, either by enhancing and/or reducing the heat transfer. 

As one moves further downstream towards the channel exit, the time-averaged 

and instantaneous profiles are similar, since there are no vortices, and the flow behaves 

effectively as it were steady. On the other hand, the jet side that separates off the wall 

displays small fluctuation in the instantaneous profile, as the vortex regions are entrained 

in the larger recirculation zone and do not affect severely the local wall heat transfer. 

Fig. 6.90a sunmiarizes the time-averaged wall heat transfer for all cases at Re = 

750. Remarkably, all the forced and unforced cases collapse practically to a profile, with 

the sole exception of the stabilized jet at out-of-phase forcing of 12.96 Hz. As expected, 

since the jet for this case does not separate, the averaged heat transfer value is higher at 

channel exit. However, as the stabih'zed jet does not "sweep" the target wall in the 

stagnation region as severely as the other cases, the peak stagnation value for the heat 

transfer coefficient is lower than for the other cases. 

Again, a similarity with the steady flow at Re = 500 is observed here, in terms of 

the similar monotonic decay in the heat transfer profile. As for the other forced cases, the 

fuller lobes and the inflection points seen in the profiles indicate an extended effectively 

cooled area in the stagnation region. Figure 6.90b compares the time-averaged versus 



215 

instantaneous heat transfer profiles. The profiles fall precisely on top of each other, 

indicating that the flow behaves as if it is steady. 

All of the investigated cases are further summarized in Figures 6.91 - 6.94. In 

Figure 6.91, the peak pressure coefficients for the Re = 650 cases - either forced or 

unforced - show a scattered behavior, as compared to the cases at Re = 750, where the 

values are clustered for most of the cases, but the stabilized Jet at 12.96 Hz. 

The highest peak pressure coefficient is observed for the unilateral forcing case at 

Re = 650, while the minimum value is recorded for the stabilized forced jet at Re = 750. 

One of the reasons for the low peak pressure in the stabilized flow, resides in the fact that 

the jet core loses momentum to the high recirculation zones convected on its shear layer, 

hence reaches the target wall with a significantly lower velocity. 

The maximum Nusselt number is further documented for all cases, as seen in 

Figure 6.92. The two steady unforced cases at Re = 250, 500 respectively are included 

here as well. Most of the forced cases induce a significant local stagnation heat transfer 

enhancement, with the exception of only a few other cases, including the stabih'zed 

forced flow at Re = 750. 

The values for the stagnation heat transfer coefficients are siumnarized in the 

Table 6.5. The highest stagnation heat transfer value is obtained for the case with the in-

phase forcing at 10.68 Hz, followed closely by the out-of-plane and unilateral forcing at 

the very same frequency (Figure 6.92). Hence, the forcing at the dominant fi^quency for 

the Re = 650 case proves to be effective in terms of heat transfer, irrespective of the 

forcing types. A different trend is observed for the forced jet at Re = 750, when the out-
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of-phase forcing provides lower cooling as compared to the other forcing types at same 

frequency. 

Figures 6.93 and 6.94 present the time-averaged patch and wall Nusselt number 

comparisons for all investigated cases. A short reminder - the patch region on the target 

wall extends 1 cm on both sides of the stagnation point, located at channel mid-length. 

As seen in Figure 6.93, for the flow at Re = 650, the values of the patch, as well as well 

averaged heat transfer coefGcients are scattered over a wide range. 

The peak value of the patch Nusselt number is observed for the unilateral forcing 

at 10.68 Hz, confirming the results obtained before for the peak pressure values. The 

minimum value for the heat transfer is reached when forcing in-phase at 3.06 Hz, 

confirming the results obtained from the peak stagnation presswe. 

For the flow at Re = 750, the forced cases are clustered within a short range, with 

a significant drop in the patch time-averaged value for the stabilized jet at 12.96 Hz. It is 

interesting to remark that the forcing at the specific dominant frequency suppresses 

partially the "flapping" motion on the target wall, hence the local heat transfer is 

significantly reduced by almost 30%. 

A completely opposite trend is observed for the wall-averaged Nusselt number. 

The stabilized jet provides the highest heat transfer as compared to all the other 

forced/unforced cases, since it washes completely the target wall, and no separation 

occurs. The out-of-phase forced flow at Re = 650 provides also the largest heat transfer 

coefficient when compared to the other cases under investigation. 
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Hence, by stabilizing the flows, good overall heat transfer coefficients are 

obtained, with positive effects of cooling large areas (aJc.a. - entire PCB's with 

packages). However, as we greatly enhance the cooling e£fects over the entire wall, the 

local (patch) heat transfer is signiflcandy reduced due to the "flapping" motion 

suppression. 

Especially for the flow regime at Re = 750, the impact of the forcing at dominant 

frequency on the thermal behavior of the jet is relevant. The out-of-phase forcing of the 

jet at Re = 650 provides satisfactory heat transfer coefficients for both patch and wall-

averaged cases. It is surprising to observe the different trends in the flow field behavior 

of the two supercritical flows and their significant effect on the thermal fields. However, 

it is necessary to admit that the flow at Re = 650 is situated in the vicinity of the critical 

Reynolds transition from steady to unsteady regimes, hence a "hybrid" behavior when 

forcing the jet is fiilly expected. 

6.3 Hydrodynamic and Thermal Fields Cross Correlations 

The final section of the actual chapter summarizes in fact the effects of the 

different forcing types on jet's hydrodynamic and thermal behavior. Figures 6.95 and 

6.96 present the stagnation point pressure for the flow regimes at Re = 650 and 750, for 

different forcing types and frequencies. 

By forcing the jet at Re = 650, a consistent trend is observed for the stagnation 

pressure profiles, as they reach the highest value at 10.68 Hz, followed then by a decay in 

value at the highest frequency, ^respective of forcing type, the trend is similar for the jet 
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at Re = 650. Also, the forcing induces an increase in the stagnation pressure coefficient 

for most of the cases under investigation. 

By forcing the jet at Re = 750, there is little effect on the stagnation pressure field, 

as seen in Figure 6.96. The stabilized jet reaches a minimum value at its stagnation 

pressure, other than that all other cases are practically clustered in a range between 0.7 

and 0.75. 

Figures 6.97 and 6.98 show the comparison in stagnation point displacement for 

different forcing types and flow regimes. Forcing the jet at Re = 650 induces a similar 

pattern in the stagnation point displacement profiles, with a significant decrease in the jet 

"flapping" amplitude, as the frequency increase from 3.06 to 10.68 Hz, followed further 

by a sudden increase in its value. 

All previously documented forcing types provide a similar response in the jet 

"flapping" motion, and the highest increase in its displacement occurs at 21.36 Hz, when 

the jet oscillates with an amplitude almost equal to twice of its inlet width. 

As seen in Figure 6.97, the forcing occurring at this Re induces either a significant 

increase in jet "flapping" (3.06 Hz in-phase and out-of-phase, 7.93 Hz in-phase, and 

21.36 Hz unilateral), or a decrease in jet flapping for the rest of the cases. Forcing at 

different types and frequencies, the jet at Re = 750 experiences for all cases a reduced 

flapping motion as compared to the unforced case. The trends observed in the profiles 

are different at several forcing types, and very little influence is observed for the in-phase 

forcing. 
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The final plots documented here correlate the average patch and wall Nusselt 

numbers for the forced jets at Re = 650, respectively 750, as seen in Figures 6.99 - 6.102. 

For the forced cases at Re = 650, the average patch Nusselt numbers increase with the 

forcing frequency, then either decrease (out-of-phase and unilateral forcing) or increase 

back again (in-phase forcing). However, the forcing enhances the local heat transfer at 

most of the forced jet cases, with sole exceptions for the lower in-phase and higher 

unilateral forcing frequencies. 

When forcing the jet at Re = 750, there is little effect on the average patch Nusselt 

number as compared to the unforced case (Figure 6.100). The out-of-phase forcing, as 

documented before, displays a significant decay in its averaged Nusselt number, as a 

direct result of the "flapping" motion suppression. 

Further, Figure 6.101 and 6.102 show the wall-averaged values for the heat 

transfer coefficients. The in-phase and out-of-phase forcing at Re = 650 display similar 

behavior, the averaged Nusselt number first increasing and then decreasing with the 

frequency values increase. 

The unilateral forcing induces an increase with almost 12% in the wall averaged 

Nusselt numbers, as frequency further increase to 21.36 Hz. Figure 6.102 summarizes 

the results for the forced and unforced jet at Re = 750. Irrespective of forcing type and 

frequency, there is very little or no influence on the jet thermal behavior, the only 

exception being recorded in the out-of-phase forced jet at 12.96 Hz. 

The patch-averaged Nusselt number for the flow at Re = 750 is less responsive to 

forcing, except for the stabilized jet Hence, it is interesting to see that by forcing the jet 
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at selected frequency and type, the flow field can be controlled in order to either enhance 

the local, or the wall-averaged heat transfer. 



Case Re =650 WaUAv.Nu % Change Patch Av Nu % Change 
Unforced 4.081 NA 12.934 NA 

F = 3.06Hz; 
In-Phase 4.443 8.8 12.439 -3.82 

F = 3.66Hz; 
Out-of-Phase 4.389 7.54 12.932 -0.01 
F = 7.93Hz; 

M-Phase 3.972 -2.7 12.890 -0.34 
F = 7.93Hz; 
Out-of-Phase 4.093 0.2 13.009 0.57 
F=10.68Hz; 

In-Phase 4.686 14.8 13.400 3.7 
F=12.96Hz; 
Out-of-Phase 4.415 8.18 13.042 0.83 
F=21.36Hz; 

In-Phase 4.502 10.31 13.267 2.57 
F=25.92Hz; 
Out-of-Phase 4.493 10.09 13.246 2.41 

Table 6.1: Comparison between forced cases. Re = 650 

Case Re =750 Wall Av. Nu % Change Patch Av Nu % Change 
Unforced 4.234 NA 13.953 NA 
F = 3.66Hz; 

In-Phase 4.167 -1.58 13.918 -0.25 
F = 3.66Hz; 
Out-of-Phase 4.200 -0.8 13.992 0.2 
F = 6.5Hz; 

bi-Phase 4.2035 -0.7 13.996 0.31 
F = 6.5Hz; 
Out-of-Phase 4.2030 -0.7 13.995 0.3 
F=12.96Hz; 

In-Phase 5J12 25.4 12.003 -13.97 
F=12.96Hz; 
Out-of-Phase 4.195 -0.9 13.956 0.02 
F=25.92Hz; 

hi-Phase 4.173 -1.44 13.955 0.02 
F=25.92Hz; 
Out-of-Phase 4.228 -0.14 14.038 0.6 

Table 6.2: Comparison between forced cases. Re = 750 



Case Re =650 WaU-Av. Nu % Change Patch AvNu % Change 

Unforced 4.081 NA 12.934 NA 
F = 3.06Hz; 
Unilateral 3.998 2.03 13.032 0.68 

F = 7.93Hz; 
Unilateral 4.060 0.51 13.158 1.73 

F=10.68Hz; 
Unilateral 4.177 2.35 14.025 8.43 

F=21.36Hz,• 
Unilateral 4.474 9.62 12.543 3.02 

Table 6.3: Comparison between Unilateral forcing cases. Re = 650 

Case Re =750 Wall-Av. Nu % Change Patch Av Nu % Change 

Unforced 4.234 NA 13.953 NA 
F = 3.66Hz; 
Unilateral 4.189 1.06 14.030 0.551 

F = 6.5Hz; 
Unilateral 4.187 I.ll 14.024 0.508 

F=12.96Hz; 
Unilateral 4.182 1.22 14.014 0.437 

F = 25.96Hz; 
Unilateral 4.187 1.11 14.026 0.523 

Table 6.4: Comparison between Unilateral forcing cases, Re = 750 
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CRT. RE 
NUMBER 

FORCING TYPE X-FLAPPING (M) 

1 650 Unforced 0.0061 
2 650 F = 3.06Hz; InPhase 0.0122 
3 650 F=3.06Hz; Out of Phase 0.0087 
4 650 F = 7.93Hz; InPhase 0.0068 
5 650 F = 7.93Hz; Out of Phase 0.0063 
6 650 F = l0.68Hz; hiPhase 0.0027 
7 650 F = 10.68Hz; Out of Phase 0.0014 
8 650 F = 21.36Hz; InPhase 0.0034 
9 650 F = 21.36Hz; Out of Phase 0.0045 
10 650 F = 3.06Hz; Unilateral 0.0047 
11 650 F = 7.93Hz; Unilateral 0.0047 
12 650 F = 10.68Hz; Unilateral 0.0040 
13 650 F = 21.36Hz; Unilateral 0.0160 
14 750 Unforced 0.0181 
15 750 F = 3.66Hz;InPhase 0.0067 
16 750 F = 3.66Hz; Out of Phase 0.0061 
17 750 F = 6.5Hz; InPhase 0.0068 
IS 750 F=6.5Hz; Out of Phase 0.0047 
19 750 F=12.96Hz; InPhase 0.0047 
20 750 F = 12.96Hz; Out of Phase 0.0007 
21 750 F = 25.92Hz; InPhase 0.0047 
22 750 F = 25.92Hz; Out of Phase 0.0067 
23 750 F = 3.66Hz; Unilateral 0.0042 
24 750 F=6.5Hz; Unilateral 0.0047 
25 750 F = 12.96Hz; Unilateral 0.0047 
26 750 F = 25.92Hz; Unilateral 0.0047 

Table 6.5; Stagnation Point Displacement for all cases 



CRT. RENUMBER FORCING TYPE PEAK 
PRESS.(PA) 

1 650 Unforced 0.117 
2 650 F = 3.06Hz; InPhase 0.109 
3 650 F = 3.06Hz; Out of Phase 0.118 
4 650 F = 7.93Hz; InPhase 0.111 
5 650 F = 7.93Hz; Out of Phase 0.119 
6 650 F=l0.68Hz; InPhase 0.149 
7 650 F = 10.68Hz; Out of Phase 0.145 
8 650 F = 2l.36Hz; InPhase 0.118 
9 650 F = 21.36Hz; Out of Phase 0.118 
10 650 F = 3.06Hz; Unilateral 0.119 
11 650 F = 7.93Hz; Unilateral 0.120 
12 650 F = 10.68Hz; Unilateral 0.154 
13 650 F = 21.36Hz; Unilateral 0.112 
14 750 Unforced 0.156 
15 750 F = 3.66Hz; InPhase 0.149 
16 750 F = 3.66Hz; Out of Phase 0.152 
17 750 F = 6.5Hz; InPhase 0.153 
18 750 F = 6.5Hz; Out of Phase 0.152 
19 750 F = l2.96Hz; InPhase 0.152 
20 750 F = l2.96Hz; Out of Phase 0.090 
21 750 F = 25.92Hz; InPhase 0.150 
22 750 F = 25.92Hz; Out of Phase 0.154 
23 750 F = 3.66Hz; Unilateral 0.154 
24 750 F = 6.5Hz; Unilateral 0.152 
25 750 F = 12.96Hz; Unilateral 0.153 
26 750 F = 25.92Hz; Unilateral 0.154 

Table 6.6: Stagnation Pressure for all cases 



CRT. RENUMBER FORCING TYPE PEAKNU 1 
1 650 Unforced 16.81 
2 650 F = 3.06Hz; InPbase 16.28 
3 650 F = 3.06Hz; Out of Phase 17.07 
4 650 F = 7.93Hz;InPhase 16.39 
5 650 F = 7.93Hz; Out of Phase 16.99 
6 650 F=10.68Hz;InPhase 18.65 
7 650 F = 10.68Hz; Out of Phase 18.40 
8 650 F = 21.36Hz; InPhase 16.98 
9 650 F = 2l.36Hz; Out of Phase 16.96 
10 650 F = 3.06Hz; Unilateral 16.95 
11 650 F = 7.93Hz; Unilateral 17.23 
12 650 F=10.68Hz; Unilateral 18.10 
13 650 F = 21.36Hz; Unilateral 16.47 
14 750 Unforced 17.91 
15 750 F = 3.66Hz; InPhase 17.59 
16 750 F = 3.66Hz; Out of Phase 17.95 
17 750 F = 6.5Hz; InPhase 18.01 
18 750 F = 6.5Hz; Out of Phase 18.00 
19 750 F = 12.96Hz; InPhase 17.83 
20 750 F = 12.96Hz; Out of Phase 16.53 
21 750 F = 25.92Hz; InPhase 17.89 
22 750 F = 25.92Hz; Out of Phase 18.01 
23 750 F = 3.66Hz; Unilateral 18.10 
24 750 F = 6.5Hz; Unilateral 18.09 
25 750 F = 12.96Hz; Unilateral 17.92 
26 750 F = 25.92Hz; Unilateral 18.11 

Table 6.7: Stagnation Peak Nusselt Number for all cases 



CRT. RENUMBER FORCING TYPE AVG.NU 
WALL 

I 650 Unforced 4.08 
2 650 F = 3.06Hz; InPhase 4.44 
3 650 F = 3.06Hz; Out of Phase 4.39 
4 650 F = 7.93Hz; InPhase 3.97 
5 650 F = 7.93Hz; Out of Phase 4.09 
6 650 F = 10.68Hz; InPhase 4.41 
7 650 F = 10.68Hz; Out of Phase 4.68 
8 650 F = 21.36Hz; InPhase 4.50 
9 650 F = 2l.36Hz; Out of Phase 4.49 
10 650 F = 3.06Hz; Unilateral 3.99 
11 650 F = 7.93Hz; Unilateral 4.06 
12 650 F = l0.68Hz; Unilateral 4.17 
13 650 F = 21.36Hz; Unilateral 4.47 
14 750 Unforced 4.23 
15 750 F = 3.66Hz; InPhase 4.16 
16 750 F = 3.66Hz; Out of Phase 4.20 
17 750 F = 6.5Hz; InPhase 4.20 
18 750 F = 6.5Hz; Out of Phase 4.20 
19 750 F = 12.96Hz; InPhase 4.19 
20 750 F = 12.96Hz; Out of Phase 5.31 
21 750 F = 25.92Hz; InPhase 4.17 
22 750 F = 25.92Hz; Out of Phase 4.23 
23 750 F = 3.66Hz; Unilateral 4.19 
24 750 F = 6.5Hz; Unilateral 4.18 
25 750 F = 12.96Hz; Unilateral 4.18 
26 750 F = 25.92Hz; Unilateral 4.19 

Table 6.8: Time-Averaged Wall Nusselt Number for all cases 



CRT. RENUMBER FORCING TYPE AVG.NU PATCH 
1 650 Unforced 12.93 
2 650 F = 3.06Hz; InPhase 12.43 
3 650 F = 3.06Ife; Out of Phase 12.93 
4 650 F = 7.93Hz; InPhase 12.89 
5 650 F = 7.93Hz; Out of Phase 13.00 
6 650 F = 10.68Hz; InPhase 13.04 
7 650 F = 10.68Hz; Out of Phase 13.40 
8 650 F = 21.36Hz; InPhase 13.26 
9 650 F = 21.36Hz; Out of Phase 13.24 
10 650 F = 3.06Hz; Unilateral 13.03 
11 650 F = 7.93Hz; Unilateral 13.16 
12 650 F = 10.68Hz; Unilateral 14.02 
13 650 F = 21.36Hz; Unilateral 12.54 
14 750 Unforced 13.95 
15 750 F = 3.66Hz; InPhase 13.92 
16 750 F = 3.66Hz; Out of Phase 13.99 
17 750 F = 6.5Hz; InPhase 13.99 
18 750 F = 6.5Hz; Out of Phase 13.99 
19 750 F = 12.96Hz; InPhase 13.95 
20 750 F = 12.96Hz; Out of Phase 12.00 
21 750 F = 25.92Hz; InPhase 13.96 
22 750 F = 25.92Hz; Out of Phase 14.04 
23 750 F = 3.66Hz; Unilateral 14.03 
24 750 F = 6.5Hz; Unilateral 14.02 
25 750 F = 12.96Hz; Unilateral 14.02 
26 750 F = 25.92Hz; Unilateral 14.03 

Table 6.9: Time-Averaged Patch Nusselt Number for all cases 
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Fig. 6.2: Forcing Cycles 
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Fig. 6.3a: Velocity Field for Forced Jet at 3.06Hz, In-Phase; Re = 650 

Fig. 6.3b: Vorticity Field for Forced Jet at 3.06Hz, In-Phase; Re = 650 

Fig. 6.4a: Velocity Field for Forced Jet at 3.06Hz, Out of Phase; Re = 650 

Fig. 6.4b: Vorticity Field for Forced Jet at 3.06Hz, Out of Phase; Re = 650 
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Fig. 6.5a: Velocity Field for Unilateral Forced Jet at 3.06Hz; Re = 650 

Fig. 6.5b: Vorticity Field for Unilateral Forced Jet at 3.06Hz; Re = 650 

Fig. 6.6a: Velocity Field for Forced Jet at 7.93Hz; In-Phase; Re = 650 

Fig. 6.6b: Vorticity Field for Forced Jet at 7.93Hz; In-Phase; Re = 650 
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Fig. 6.7a: Velocity Field for Forced Jet at 7.93Hz, Out-of-Phase; Re = 650 

Fig. 6.7b: Vorticity Field for Forced Jet at 7.93Hz, Out-of-Phase; Re = 650 

Fig. 6.8a: Velocity Field for Forced Jet at 7.93Hz, Unilateral; Re = 650 

Fig. 6.8b: Vorticity Field for Forced Jet at 7.93Hz, Unilateral; Re = 650 



Fig. 6.9a: Velocity Field for Forced Jet at 10.68Hz, In-Phase; Re = 650 

Fig. 6.9b: Vorticity Field for Forced Jet at 10.68Hz, In-Phase; Re = 650 

... . . . . ... - - - .. - - - .. ------------··-··· ·"' = = = = =========::.=.:.;;.: 

Fig. 6.10a: Velocity Field for Forced Jet at 10.68Hz, Out-of-Phase; Re = 650 

Fig. 6.10b: Vorticity Field for Forced Jet at 10.68Hz, Out-of-Phase; Re = 650 
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Fig. 6.lla: Velocity Field for Unilateral Forcing at 10.68Hz; Re = 650 

Fig. 6.11b: Vorticity Field for Unilateral Forcing at 10.68Hz; Re = 650 

Fig. 6.12a: Velocity Field for Forced Jet at 21.36Hz; In-Phase; Re = 650 

Fig. 6.12b: Vorticity Field for Forced Jet at 21.36Hz; In-Phase; Re = 650 
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Fig. 6.13a: Velocity Field for Forced Jet at 21.36Hz,Out-of-Phase; Re = 650 

Fig. 6.13b: Vorticity Field for Forced Jet at 21.36Hz,Out-of-Phase; Re = 650 

Fig. 6.14a: Velocity Field for Unilateral Forced Jet at 21.36Hz; Re = 650 

Fig. 6.14b: Vorticity Field for Unilateral Forced Jet at 21.36Hz; Re = 650 
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Fig. 6.15a: Velocity Field for Forced Jet at 3.66Hz, In-Phase; Re = 750 

Fig. 6.15b: Vorticity Field for Forced Jet at 3.66Hz, In-Phase; Re = 750 

Fig. 6.16a: Velocity Field for Forced Jet at 3.66Hz, Out-of-Phase; Re = 750 

Fig. 6.16b: Vorticity Field for Forced Jet at 3.66Hz, Out-of-Phase; Re = 750 
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Fig. 6.17a: Velocity Field for Unilateral Forced Jet at 3.66Hz; Re = 750 

Fig. 6.17b: Vorticity Field for Unilateral Forced Jet at 3.66Hz; Re = 750 

Fig. 6.18a: Velocity Field for Forced Jet at 6.5Hz, In-Phase; Re = 750 

Fig. 6.18b: Vorticity Field for Forced Jet at 6.5Hz, In-Phase; Re = 750 
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Fig. 6.19a: Velocity Field for Forced Jet at 6.5Hz; Out-of-Phase, Re = 750 

Fig. 6.19b: Vorticity Field for Forced Jet at 6.5Hz; Out-of-Phase, Re = 750 

Fig. 6.20a: Velocity Field for Unilateral Forced Jet at 6.5Hz; Re = 750 

Fig. 6.20b: Vorticity Field for Unilateral Forced Jet at 6.5Hz; Re = 750 
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Fig. 6.21a: Velocity Field for Forced Jet at 12.96Hz, In-Phase; Re = 750 

Fig. 6.21b: Vorticity Field for Forced Jet at 12.96Hz, In-Phase; Re = 750 

. . . 
• • 0 • ••• • •• .. ... ... .. .. - .... - .. . . . . . ' 

Fig. 6.22a: Velocity Field for Forced Jet at 12.96Hz; Out-of-Phase, Re = 750 

Fig. 6.22b: Vorticity Field for Forced Jet at 12.96Hz; Out-of-Phase, Re = 750 
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Fig. 6.23a: Velocity Field for Unilateral Forced Jet at 12.96Hz, Re = 750 

Fig. 6.23b: Vorticity Field for Unilateral Forced Jet at 12.96Hz, Re = 750 

Fig. 6.24a: Velocity Field for Forced Jet at 25.92Hz, In-Phase, Re = 750 

Fig. 6.24b: Vorticity Field for Forced Jet at 25.92Hz, In-Phase, Re = 750 
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Fig. 6.25a: Velocity Field for Forced Jet at 25.92Hz, Out-of-Phase, Re = 750 

Fig. 6.25b: Vorticity Field for Forced Jet at 25.92Hz, Out-of-Phase, Re = 750 

Fig. 6.26a: Velocity Field for Unilateral Forced Jet at 25.92Hz, Re = 750 

Fig. 6.26b: Vorticity Field for Unilateral Forced Jet at 25.92Hz, Re = 750 
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Fig. 6.27: Vorticity Contour (Zoomed) for the Forced Jet at Re = 650; f= 10.68Hz; Out
of-Phase 

Fig. 6.28: Vorticity Contour (Zoomed) for the Forced Jet at Re = 750; f= 12.96Hz; Out
of-Phase 
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Fig. 6.29: Pressure Contour Field (Zoomed) for Forced Flow at Re = 650 

Fig. 6.30: Pressure Contour Field (Zoomed) for Forced Flow at Re = 750 
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Fig. 6.31: U- and V- velocities for Forcing at 3.06Hz )̂, Re = 650 
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Fig. 6.33: U- and V- velocities for Unilateral Forcing at 3.06Hz, Re = 650 
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Fig. 6.34: U- and V- velocities for Forcing at 7.93 Hz (IP), Re = 650 
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Fig. 6.35: U- and V-velocities forForcmgat 7.93Hz (OP), Re = 650 
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Fig. 6.36: U- and V- velocities for Unilateral Forcing at 7.93Hz, Re = 650 
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Fig. 6.37: U- and V- Velocities for Forcing at 10.68 Hz (IP), Re = 650 
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Fig. 6.38: U- and V-velocities for Forcing at 10.68 Hz (OP), Re = 650 
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Fig. 6.39: U- and V- velocities for Unilateral Forcing at 10.68Hz, Re=650 
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Fig. 6.40: U- and V- velocities for Forcing at 21.36 Hz (IP), Re = 650 
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Fig. 6.41: U- and V- velocities for Forcing at 21.36 Hz (OP), Re = 650 
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Fig. 6.43: U- and V- velocities for Forcing at 3.66 Hz (IP), Re = 750 
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Fig. 6.45: U- and V- velocities for Unilateral Forcing at 3.66Hz, Re = 750 
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Fig. 6.46: U- and V- velocities for Forcing at 6.5 Hz (IP), Re = 750 
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Fig. 6.53: U- and V- velocities for Forcing at 25.92 Hz (OP), Re = 750 
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Fig. 6.54: U- and V -velocities for Unilateral Forcing at 25.92Hz, Re = 750 
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Fig. 6.65: Temperature Contours for Forced Flow, Re = 650, In-Phase, f= 3.06Hz 

Fig. 6.66: Temperature Contours for Forced Flow, Re = 650, Out-of-Phase, f= 3.06Hz 

Fig. 6.67: Temperature Contours for Forced Flow, Re = 650, Unilateral, f = 3.06Hz 

Fig. 6.68: Temperature Contours for Forced Flow, Re = 650, In-Phase, f = 7.93Hz 
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Fig. 6.69: Temperature Contours for Forced Flow, Re = 650, Out-of-Phase, f= 7.93Hz 

Fig. 6. 70: Temperature Contours for Forced Flow, Re = 650, Unilateral, f = 7.93Hz 

Fig. 6.71: Temperature Contours for Forced Flow, Re = 650, In-Phase, f= 10.68Hz 

Fig.6.72: Temperature Contours for Forced Flow, Re = 650, Out-of-Phase, f= 10.68Hz 
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Fig. 6.73: Temperature Contours for Forced Flow, Re = 650, Unilateral, f= 10.68Hz 

Fig.6.74: Temperature Contours for Forced Flow, Re = 650, In-Phase, f= 21.36Hz 

Fig. 6.75: Temperature Contours for Forced Flow, Re = 650, Out-of-Phase, f= 21.36Hz 

Fig. 6.76: Temperature Contours for Forced Flow, Re = 650, Unilateral, f= 21.36Hz 
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Fig. 6. 77: Temperature Contours for Forced Flow, Re = 750, In-Phase, f = 3.66Hz 

Fig. 6. 78: Temperature Contours for Forced Flow, Re = 750, Out-of-Phase, f = 3.66Hz 

Fig. 6.79: Temperature Contours for Forced Flow, Re = 750, Unilateral, f= 3.66Hz 

Fig. 6.80: Temperature Contours for Forced Flow, Re = 750, In-Phase, f = 6.5Hz 
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Fig. 6.81: Temperature Contours for Forced Flow, Re = 750, Out-of-Phase, f = 6.5Hz 

Fig. 6.82: Temperature Contours for Forced Flow, Re = 750, Unilateral, f = 6.5Hz 

Fig. 6.83: Temperature Contours for Forced Flow, Re = 750, In-Phase, f= 12.96Hz 

Fig. 6.84: Temperature Contours for Forced Flow, Re = 750, Out-of-Phase, f = 12.96Hz 
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Fig. 6.85: Temperature Contours for Forced Flow, Re = 750, Unilateral, f= 12.96Hz 

Fig. 6.86: Temperature Contours for Forced Flow, Re = 750, In-Phase, f = 25.92Hz 

Fig. 6.87: Temperature Contours for Forced Flow, Re = 750, Out-of-Phase, f= 25.92Hz 

Fig. 6.88: Temperature Contours for Forced Flow, Re = 750, Unilateral, f= 25.92Hz 
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Fig. 6.89b: Wall Heat Transfer Comparison for Out of Phase Forcing at 10.68Hz, Re = 
650 
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Fig. 6.90b: Wall Heat Transfer Comparison for Out of Phase Forcing at 12.96Hz, Re = 
750 
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Fig. 6.97: Stagnation Point Displacement for all cases. Re = 650 

1.5 

0.5 

um h# 
Mot MM* 

A 
\ /• 
\ 
\ ' 
'er 

I  i l l  1 1  r l i  1 1 1  
0 3 6 9 12 15 18 21 24 27 30 33 36 39 

f(Hz) 

Fig. 6.98: Stagnation Point Displacement for all cases. Re=750 
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7. CONCLUSIONS AND RECOMMENDATIONS 

A numerical investigation of the confined impinging jet has was performed. The 

numerical calculations were performed for Reynolds numbers of 250, 500, 650 and 750, 

based on hydraulic diameter. The visualization of the numerical simulations has clearly 

shown the complexity of the flow field, steady for the cases with Reynolds numbers of 

250 and 500, and unsteady for Reynolds number of 650 and 750. Wall pressure, friction 

and heat transfer coefficients reached a peak value in the vicinity of the stagnation point 

for all cases under investigation, as expected. 

The physical interpretation of the flow field emphasized the impact of varying 

Reynolds numbers on the heat transfer observations. At Reynolds number of 250, the 

separation of the boundary layer developing on the target wall was observed. However, 

when Reynolds number was increased to 500, the boundary layer on the wall developed 

without separation. For Re = 250, the stagnation Nusselt is lower due to the thicker 

dififusion thickness, but the decay rate is lower as the arriving jet is broader in the 

transverse direction. The time-averaged Nu for Re = 750 demonstrates behavior that 

indicates a shift in the flow regime. The peak value is higher, but the rate of decay of Nu 

away from the stagnation point shows an inflection point that broadens the effectively 

cooled area. 
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When increasing Reynolds number beyond 650, it was observed that the jet starts 

to buckle and the flow symmetry is disrupted. The formation of vortices on both sides of 

the jet and their convection along the jet shear layer induces the jet buckling fiirther 

accompanied by a "flapping" motion of the jet tip on the target wall. 

At Re = 750, the spectral distribution of the velocity in the jet streamwise and 

spanwise directions monitored at three distinct locations in the jet point out three 

dominant frequencies. The lowest frequency, around 3.66 Hz, is associated with the jet 

"sweeping" the wall, while the highest frequency is related to the "buckling" of the jet at 

the frequency at which vortices are formed in the jet shear layer. 

The critical Reynolds number for the onset of unsteady flow is located between 

585 and 610 as determined by observation of the Reynolds number at which the RMS 

average of u and v departs from zero. 

A distinct demarcation was observed between the steady behavior for Re < 600, 

and the unsteady behavior, for Re > 600. The dependence of Nusselt number on 

impinging Reynolds number, in the unsteady regime, is lessened because the heat transfer 

is enhanced by the non-linear unsteady mecham'sms. By comparison, for the steady 

cases, the stagnation Nusselt number is directly proportional to jet Reynolds number, 

depending on the velocity magnitude. Averaged over long time, the unsteady 

contributions to the heat transfer broaden the extent of cooling, compared to the steady 

cases. 
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It was learned also that the flow is highly receptive to forcing. Twenty-four types 

of forcing were studied, and most of them displayed a significant mcrease in wall heat 

transfer as compared to the unforced case. 

However, fi-om these 24 cases, there are two with relevant significance in terms of 

flow and heat transfer control. The out-of-phase forcing at the dominant frequency of 

l0.68Hz stabilized completely one side of the confined impinging jet. The result was an 

enhanced wall heat transfer, also interesting behavior of the hydrodynamic field. Forcing 

the jet at Re = 650 showed a different trend as compared to a similar forcing of the jet at 

Re = 750. The pressure and heat transfer profiles for the forced jet at Re = 650 display 

small differences in their characteristics, while most of the forced cases at Re - 750 

collapse practically to a similar profile. Perhaps the only distinct case occurs when 

forcing out-of-phase, at a dominant frequency of 12.96 Hz, Re = 750. 

The jet is completely stabilized in this case, as it washes off completely the target 

wall on both sides of the stagnation region. The thermal boundary layer is confined at the 

bottom wall, and the wall-averaged heat transfer is the largest as compared to all of the 

other forcing cases. The forcing at this specific frequency suppressed the high-amplitude 

low-frequency "flapping" jet motion, and as a result the jet tip displacement on the target 

wall records only the high-frequency low-amplitude oscillatory motion of the jet. 

The suppression of the "flapping" motion of the jet lead to a smaller "patch" heat 

transfer coefficient, however, as the jet washes the target wall without separation, the 

wall-averaged heat transfer is much higher than the unforced cases. For the out-of-phase 
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forcing at l2.96Hz, the local "patch" heat transfer is 24% lower than the unforced case, 

while the wall-averaged heat transfer is 35% higher. 

This conclusion is of critical importance, since it shows how by selective forcing, 

the jet can be controlled to either enhance or reduce the local or wall-averaged heat 

transfer. In summary, most of the forced cases showed a significant increase in the wall 

heat transfer. The actual work provided an improved understanding of the complex flows 

arising in a confined impinging jet, and the impact it has on the thermal field. 

It is recognized the fact that this problem constitutes a foundation for addressing 

issues of intriguing challenge for the thermal community as well as for the general fluid 

flow problems. 

The state-of-art in this field of study has not yet progressed to the point where 

broad generalizations can be made, for the problem is very complex and the available 

results obtained so far refer to specific conditions. However, it is believed to be a good 

start towards understanding the mecham'sms underlying this type of complex flows, and 

clearly future research will address more interesting problems, hopefully taking into 

account some of the results obtained in this work. 

During the course of this work, several ideas surfaced, however most represented 

themselves as separate problems to be solved, yet fundamentally linked to the actual 

work. As this generous problem has many unexplored intriguing issues, it was decided to 

mention at least part of them in the summarizing chapter. 

1) Vary the upper wall thickness and explore the effects induced on the confined 

impinging jet flow hydrodynamic and thermal characteristics. The Coanda 
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effect that may occur could influence significantly the frequency spectra and 

the forcing results as compared to the infinitesimally thick wall problem 

explored by the actual study. 

2) Vary the nozzle-to-target plate spacings (H/W = 3, 5, 7, 9), and document the 

effects on the confined impinging jet flow, keeping a constant value of W = 1 

cm for the nozzle width. Explore the critical range for H/W at which the jet 

"flapping" motion ceases to occur, also the appropriate spacing for best heat 

transfer results. 

3) Study the effects of forcing at same Reynolds number flows, varying the jet 

slot width W, as well as the inlet velocity Vj. Try at least three different jet 

widths and inlet velocities for a similar Reynolds number (e.g. 750) and 

document thoroughly the differences observed in the flow hydrodynamic and 

thermal behavior at similar forcing types and amplitudes. Explore the validity 

of the actual Reynolds number critical values when considering larger jet 

widths and lower inlet velocities for a Re between S8S and 610. 

4) Perform a similar study with a non-uniform (parabolic) inlet velocity profile 

and compare the di£ferences to the study with uniform inlet velocity profile. 

Study also "how thin" should be the upper wall through which the jet is 

inserted into the channel, in order to maintain the uniform inlet velocity 

assumption. 
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5) Vary the incident angle of the incoming jet into the channel, study the impact 

it has on the flow frequency spectra and response to forcing, as compared to 

the jet normal to the target plate (actual problem). 

6) Vary the forcing amplitude to 2%, 5%, 10% of the inlet velocity (actual 

problem considered 1%), explore the effects on the flow thermal and 

hydrodynamic fields, also possible "flapping" motion enhancements at 

selected frequencies. 

7) Study the implications of introducing the phase in the jet forcings (actual work 

considered that all forcings were performed at same instant in time). Try 

several phases in the forcing scheme and explore the effects on the stabilized 

cases (either at l0.68Hz, Re = 650, or 12.96Hz, Re = 750). 

8) Specify a finite temperature to the upper wall (eventually equal to the target 

wall, either larger or smaller than the incoming jet temperature), and study the 

jet effects on both wall heat transfer coefficients. 

9) Repeat the present problem for a hot confined jet impinging on a cold target 

wall, keep the temperature difference withm lOK, no buoyancy effects 

encountered and compare to die problem with cold jet impinging on the hot 

wall. 

10) Remove the upper wall and compare the free jet behavior and temperature 

fields to the confined impinging jet at a similar Reynolds number flow. 

11) Add buoyancy to the code and perform a parametric study on the temperature 

difference between the incoming confined jet and target wall. 
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12) Study the problem of the confined impinging Jet with other than air working 

fluid, but newtonian fluid, and document the differences in the observed 

hydrodynamic and thermal fields. 

13) Explore the breakdown to three dimensionality by experimental validation and 

direct simulation. 
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