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NOMENCLATURE 

 

𝑐𝑝 = Fluid specific heat capacity 

𝑐𝑝,𝑠 = Solid specific heat capacity 
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𝐷𝐻 = Heated surface diameter 

ℎ = Convective heat transfer coefficient based on the fluid temperature at nozzle inlet 

=
𝑞"

𝑇𝑤−𝑇𝑖𝑛
 

ℎ𝑜 = Convective heat transfer coefficient based on the local adiabatic wall temperature 

=
𝑞"

𝑇𝑤−𝑇𝑎𝑤
 

𝑘 = Fluid thermal conductivity 

𝑘𝑠 = Solid thermal conductivity 

𝑀𝑒𝑥𝑖𝑡 = Average fluid Mach number at nozzle exit 

𝑁𝑢 = Nusselt number based on the fluid temperature at nozzle inlet =
ℎ𝐷

𝑘
=

𝑞"

𝑇𝑤−𝑇𝑖𝑛
 
𝐷

𝑘
 

𝑁𝑢0 = Nusselt number based on adiabatic wall temperature =
ℎ𝑜𝐷

𝑘
=

𝑞"

𝑇𝑤−𝑇𝑎𝑤

𝐷

𝑘
 

𝑃 = Fluid pressure 

∆𝑃 = Pressure drop between the pressure inlet and pressure outlet = 𝑝𝑖𝑛  𝑝𝑜𝑢𝑡 

𝑝𝑖𝑛 = Gauge pressure at the inlet 

𝑝𝑜𝑝 = System operating pressure 

𝑝𝑜𝑢𝑡 = Gauge pressure at the outlet 

𝑃𝑟 = Fluid Prandtl number =
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𝑞" = Local wall heat flux at the impinging surface 

𝑞"∗ = Nondimensionalized local wall heat flux =
𝑞"

𝑞𝐻"
 

𝑞𝐻" = Prescribed constant wall heat flux at the bottom of the disk 

𝑅 = Nozzle radius =
𝐷

2
 

𝑟 = Radial distance from the axis of symmetry 

𝑅𝐷 = Disk radius = 10𝐷 

𝑅𝑒 = Area averaged Reynolds number at nozzle exit =
𝜌𝑉𝑒𝑥𝑖𝑡𝐷

𝜇
 

𝑅𝐻 = Heated surface radius =
𝐷𝐻

2
 

𝑇 = Local temperature 

𝑇∗ = Nondimensionalized local temperature =
𝑇

𝑇𝑖𝑛
 

𝑇𝑎𝑤 = Local adiabatic wall temperature at the impinging surface 

𝑇𝑎𝑤
∗  = Nondimensionalized local adiabatic wall temperature at the impinging surface 

=
𝑇𝑎𝑤

𝑇𝑖𝑛
 

𝑇𝑏 = Local temperature at the bottom of the disk 

𝑇𝑏
∗ = Nondimensionalized local temperature at the bottom of the disk =

𝑇𝑏

𝑇𝑖𝑛
 

𝑇𝑒𝑥𝑖𝑡 = Average fluid temperature at nozzle exit 

𝑇𝑖𝑛 = Fluid temperature at nozzle inlet 

𝑇𝑜 = System total temperature 

𝑇𝑤 = Local wall heated temperature at the impinging surface 

𝑇𝑤
∗  = Nondimensionalized heated wall temperature at the impinging surface =

𝑇𝑤

𝑇𝑖𝑛
 

𝑉∗ = Nondimensionalized axial velocity =
𝑣𝑥

𝑉𝑚𝑎𝑥
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𝑉𝑒𝑥𝑖𝑡 = Average fluid velocity at nozzle exit 

𝑉𝑚𝑎𝑥 = Peak fluid velocity at nozzle exit 

𝑣𝑟 = Velocity component in the radial direction 

𝑣𝑥 = Velocity component in the axial direction 

𝑥 = Axial distance from the nozzle exit 

𝜇 = Fluid dynamic viscosity 

𝜌 = Fluid density 

𝜌𝑠 = Solid density 
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ABSTRACT 

 

 A single, 100 μm diameter, initially laminar impinging jet was modeled 

numerically in FLUENT with a two-dimensional axisymmetric mesh for compressible air 

and incompressible water.  The jet impinged upon a disk with a thickness of zero or one 

nozzle diameters and heated by a constant wall heat flux.  The effects of varying the 

nozzle exit Reynolds number (500 to 2000), heater size (zero to four nozzle diameters), 

and disk material (aluminum, silicon, and Pyrex) on the temperature, local wall heat flux, 

and Nusselt number at the impinging surface were investigated.  The extent to which 

conjugate heat transfer effects significantly impact the heat transfer performance of the 

impinging jet was analyzed. 

 Viscous heating in the core of the compressible air jet caused the temperature of 

the impinging jet to increase and diminish the local heat transfer rates at the stagnation 

point.  This manifested in the appearance of a local minimum in the Nusselt number at 

the stagnation point and an offset maximum at an increased radial distance from the 

stagnation point.  The Nusselt number at the stagnation point decreased with increasing 

nozzle exit Reynolds number as the effects of viscous heating increased.  In cases with 

large nozzle exit Reynolds numbers or small heater sizes, the temperature of the jet 

surpassed the temperature of the disk.  This resulted in a negative Nusselt number at the 

stagnation point.  Larger Nusselt numbers at increased radial distances compensated for 

the decreased values at the stagnation point and the average Nusselt number at the 

impinging surface increased with increasing nozzle exit Reynolds number.  Temperature 

distributions within the aluminum and silicon disks were uniform due to the large thermal 
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conductivities.  Larger temperature gradients existed within the Pyrex disk because heat 

flow was confined to near the heater. 

 The Nusselt number distributions on the impinging surface for incompressible 

water were bell shaped with maxima at the stagnation point.  No offset or secondary 

peaks formed in the distributions at increased radial distances.  Varying the heater radius 

and material of the disk had a negligible effect on the local Nusselt number distributions.  

Increasing the nozzle exit Reynolds number caused the local Nusselt number distribution 

to increase at all points on the impinging surface.  Significant temperature gradients 

existed within all disks because of the larger applied heat flux from the heater. 
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CHAPTER 1 

INTRODUCTION 

 

 As microelectronic technology has accelerated in the last four decades, computer 

chips have decreased in size and increased in power consumption rapidly.  As stated by 

Moore's Law, the number of transistors which can be placed easily in an integrated circuit 

doubles approximately every two years.  Because of the large heat fluxes generated by 

denser computer circuitry, a need for highly effective cooling technology has arisen to 

maintain chips at a reasonable temperature.  Forced convection and the use of 

microchannel heat sinks have been widely used in the past to solve this problem; 

nevertheless, heat fluxes have reached levels at which these methods of heat transfer are 

no longer sufficient.  However, one promising method for more effectively removing 

larger amounts of heat than traditional forced convection from a relatively small effective 

area is a high-speed fluid jet impinging directly onto the surface needing to be cooled. 

 Impinging jets have been widely used in many industrial applications, such as 

metal annealing, textile drying, and glass tempering.  There are two general categories 

that all impinging jets fall into, each with different heat transfer characteristics and flow 

phenomena.  The first free-surface jets (Figure 1.1a) involve a fluid jet (often liquid water 

or some other coolant) impinging on a solid target surface after being discharged into a 

different ambient fluid (usually air in many applications).  The second submerged jets 

involve a fluid jet discharged into an ambient fluid of the same type (Figure 1.1b).  Air 

jets are widely used in the cooling of electronics and are always classified as submerged 

jets.  Confined jets are a subset of submerged jets and confine the fluid between the 
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impinging surface and a solid confining surface containing the jet nozzle exit (Figure 

1.1c).  The effects of confinement on the heat transfer and fluid flow characteristics are 

more pronounced when the impinging surface and the jet nozzle are in close proximity 

and, thus, the fluid flow is more confined.  As the distance between the jet nozzle exit and 

the impinging surface increases, the effects of confinement diminish, and the jet behaves 

similar to a normal submerged impinging jet. 

 
(a) 

 

 
(b) 

 
(c) 

Figure 1.1 – Cross-sections of free surface (a), submerged (b), and confined (c) 

impinging jet configurations. 

 

 Research involving impinging jets over the last several decades has been 

extensive.  Experimental, analytical, and numerical methods have been employed to 

study and characterize the fluid flow and heat transfer rate at the target of an impinging 
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jet.  However, most of the studies in the existing literature have involved turbulent, 

macroscale impinging jets.  Only with the relatively recent advancements in 

microelectronics has there been significant motivation to conduct research into the area of 

microscale jets.  Because of the large nozzle exit velocities needed to obtain significant 

heat transfer rates in most applications, macroscale jets are usually characterized as 

turbulent flow when the fluid initially leaves the nozzle.  Due to the small nozzle 

diameters in microscale impinging jets, fluid leaving the jet nozzle can often be found to 

be in the laminar flow regime, even with relatively large jet velocities.  Laminar flow 

exhibits fundamentally different fluid behaviors and it is inappropriate to scale down 

results from a study of turbulent, macroscale impinging jet and expect similar behavior 

from a laminar, microscale jet. 

Additionally, the smaller geometries used in microscale technology may create 

cause for concern over the effects of conjugate heat transfer.  In most studies involving 

forced convection, the interface between the fluid and solid surface has been treated as 

either a surface with a constant wall heat flux or held at a constant wall temperature.  This 

is often not the case in real applications, as often there is some solid material between the 

heat source and the fluid.  However, this heat transfer boundary condition can be 

approximated as constant wall heat flux if the thickness of the solid material is negligible 

compared to the overall geometry.  Similarly, if the thermal conductivity of the solid 

material is sufficiently large, the heat transfer boundary condition can be approximated as 

a constant wall temperature.  In these limiting cases, the effects of conjugate heat transfer 

within the solid likely do not have a significant effect on the solution. 

However, in some applications where the thickness of the solid material is large 
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enough relative to the overall geometry and the thermal conductivity of the solid is not 

very large, the effects of conjugate heat transfer may be significant.  It is suspected that 

this may be true with microscale jet impingement in microelectronics.  In many 

applications involving microelectronics, the electrical circuitry acts as a heat source and 

is usually placed on a silicon chip.  Cooling the heat source itself by means of forced 

convection is often impractical as electronics can be relatively delicate and react 

adversely when exposed to water.  Cooling of the opposite side of the silicon chip on 

which the electronics are mounted is far more feasible.  The thickness of this silicon chip 

may be large enough relative to the overall size of the impinging jet that lateral 

conduction heat transfer within the chip can significantly alter the way heat is removed 

from the electrical circuitry.  In the existing literature, these conjugate heat transfer 

effects have rarely been taken into account because this thickness is assumed to be 

negligible and the impinging surface is treated as a source of constant wall heat flux 

boundary condition. 

 

1.1 Literature Survey 

The following survey of the existing literature presents papers relevant to the 

problem at hand.  First, problems addressing confined, submerged, or initially laminar 

impinging jets are presented.  Then, studies from the very limited existing literature 

examining the effects of conjugate heat transfer in jet impingement are addressed.  

Finally, papers covering the more comprehensively studied area of unconfined turbulent 

impinging jets are included for completeness. 
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1.1.1 Confined, Submerged, or Initially Laminar Impinging Jets 

 Confined and submerged microscale laminar jet impingement was studied 

numerically by Pence et al. [1].  They performed a two-dimensional computational 

simulation of compressible, axisymmetric jet impingement heat transfer at various Mach 

numbers (M=0.2 to M=0.8) and two different nozzle-to-target distances.  Because of the 

small nozzle diameter (D=100 μm for all simulations), the nozzle exit Reynolds numbers 

based on the nozzle diameter were always in the laminar regime (419 to 1,782), despite 

the relatively large exit velocities (68 to 259 m/s).  The impinging surface was divided 

into two parts.  The heated impinging surface was directly under the nozzle exit and had a 

radius of 200 μm with a prescribed heat flux of 50 kW/m
2
.  Outside the heated surface, 

the impinging surface was adiabatic, and the outer radius of the computational domain 

was 500 μm.  The distance from the nozzle exit and the confining surface to the 

impinging surface was either two or four nozzle diameters (200 μm or 400 μm) for every 

case run. 

The authors stated that the prescribed fluid temperature at the nozzle exit was 

calculated based on each Mach number for isentropic compressible flow through the 

nozzle from a prescribed plenum temperature of 20°C.  As such, the prescribed nozzle 

exit temperature varied from 18°C (for M=0.2) to -11°C (for M=0.8).  The details of this 

calculation were not presented and the length of the nozzle used in said calculations was 

not stated.  However, using these prescribed nozzle exit temperatures, the local wall 

temperature for the adiabatic case was equal to the plenum temperature of 20°C for all 

cases.  Theoretically, this must be true for fluid leaving from a stagnate plenum, 

accelerating through a nozzle, and then returning to rest at the stagnation point on an 
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adiabatic impinging surface.  However, without the details of the above calculation, it is 

reasonable to question that the authors did not simply vary the prescribed temperature of 

the fluid at the nozzle exit for each adiabatic case such that this condition was always 

true.  Regardless of the method used to calculate the nozzle exit temperature, it is more 

common in the existing literature of numerical studies to simply prescribe a constant 

nozzle exit temperature for all cases run irrespective of the nozzle exit Mach number or 

Reynolds number [2, 7, 10]. 

Results indicated that a local maximum in the temperature profile on the 

impinging surface formed at the stagnation point.  As radial distance from the stagnation 

point increased, the local wall temperature decreased until reaching a minimum.  After 

the minimum, the local wall temperature increased until reaching the end of the heated 

area of the impinging surface.  The local Nusselt number distribution followed an 

opposite trend and a local minimum appeared at the stagnation point, as seen in Figure 

1.2.  The local Nusselt numbers increased as distance from the stagnation point increased 

until reaching a maximum and then decreased until reaching the end of the heated area.  

The distance between the minimum in the local wall temperature and the stagnation point 

varied between 1.25 (for M=0.2) and 1.6 (for M=0.8) nozzle radii when the nozzle-to-

target spacing was two nozzle diameters and 1.05 (for M=0.2) and 1.6 (for M=0.8) nozzle 

radii when the nozzle-to-target spacing was four nozzle diameters.  For a nozzle-to-target 

spacing of two nozzle diameters, the location of the maximum in the local Nusselt 

number varied between 1.13 (for M=0.8) and 1.33 (for M=0.2) nozzle radii from the 

stagnation point.  The reason behind the offset minima in the local wall temperature and 

the resulting maxima in the local Nusselt number is attributed to strong flow acceleration.  



7 

 

The authors claim that this flow acceleration was larger than normally experienced at the 

Reynolds numbers tested in this study because of the larger velocities.  This is due to the 

microscale geometry and is an indication that scaling down results from confined, 

macroscale laminar jet impingement is not an appropriate approximation for this case. 

It was also reported that increasing the Mach number caused the magnitude of the 

local wall temperature to decrease and the local Nusselt number to increase at any given 

point on the impinging surface.  However, this should be taken with caution because the 

prescribed nozzle exit temperature also decreased at prescribed Mach number decreased.  

It is impossible to conclude that the decrease in the local wall temperature at the 

impinging surface was a result of increasing the jet Mach number and not from 

decreasing the nozzle exit Reynolds number. 

 
Figure 1.2 – Local Nusselt number distribution along impinging surface for a 

nozzle-to-target spacing of two nozzle diameters and both compressible and 

incompressible solutions [1]. 

 

Furthermore, it is suspected that there may have been in an error made by the 

authors in the data reduction for the Nusselt number distribution.  As discussed below, an 
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experimental study by Patil and Narayanan [3] tested very similar conditions, but 

reported Nusselt numbers approximately double in magnitude at the stagnation point.  

Both Pence et al. [1] and Patil and Narayanan [3] calculated the local Nusselt number 

distributions based on the nozzle diameter (𝐷) and adiabatic wall temperature (𝑇𝑎𝑤): 

𝑁𝑢0 =
ℎ0𝐷

𝑘
=

𝑞"

(𝑇𝑤  𝑇𝑎𝑤)

𝐷

𝑘
 

(1.1) 

Based on the nondimensionalized heated and adiabatic wall temperature distributions 

presented by Pence et al. [1], the heated wall temperature (𝑇𝑤) is approximately 295.8 K 

at the stagnation point for the highest Reynolds number tested (𝑅𝑒 = 1782).  As indicated 

above, the adiabatic wall temperature (𝑇𝑎𝑤) at the stagnation point is equal to the total 

temperature of the system, 293.15 K, the prescribed heat flux (𝑞") is 50 kW/m
2
, the 

nozzle diameter (𝐷) is 100 μm, and the thermal conductivity of the fluid (𝑘) is 0.0242 

W/m-K.  Using these values in Equation 1.1 above, it is expected that the local Nusselt 

number at the stagnation point for this case would be approximately 78.  However, in 

Figure 1.2 the local Nusselt number is less than half of that at a value of approximately 

34.  It is probable that the authors unintentionally used the nozzle radius instead of the 

diameter when calculating the local Nusselt number.  However, the trends in the Nusselt 

number distributions are still valid. 

 Another computational simulation of confined, laminar impinging jets was 

performed by Sezai and Mohamad [2].  This study focused on three-dimensional 

rectangular jets and addressed the jet flow structure in addition to the heat transfer on the 

impinging surface.  Incompressible air was used as the working fluid, and the nozzle exit 

Reynolds numbers studied varied from 100 to 500, indicating purely laminar flow leaving 

the nozzle exit for all cases.  The rectangular jet issued from a square upper plate and 
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impinged on a square impingement plate of the same size.  The distance between the 

upper and impingement plates was set to either 2.5 or 10 hydraulic diameters of the jet.  

The aspect ratio of the rectangular jet varied from 1.0 (a square) to 8.1 (a rectangle with 

one side 8.1 times longer than the other).  Results indicated the existence of off-center 

peaks in the streamwise velocity that are normally seen in turbulent jet impingement with 

rectangular nozzles.  The authors report that many hypotheses have been presented 

attempting to explain why these peaks appear for turbulent jets; however, few of them 

could be used to explain the peaks in laminar jets due to the different physics involved.  It 

is suspected that the formation of the off-center velocity peaks can be attributed to 

interaction between the jet and the impingement plate at the location where the wall jet is 

formed. 

The off-center peaks in the streamwise velocity caused the formation of off-center 

peaks in the local Nusselt number distribution on the impinging surface, similar to those 

seen in the axisymmetric numerical study by Pence et al. [1].  Increasing the jet Reynolds 

number caused the magnitude and distance from the stagnation point of the peaks in the 

local Nusselt number to increase, similar to the results observed by Pence et al. [1] for 

incompressible flow.  At smaller aspect ratios, four off-center peaks appeared, one at each 

corner of the jet nozzle.  As the aspect ratio was increased and the nozzle became more 

rectangular, the peaks at the ends of the rectangular slot moved together and eventually 

merged at the highest aspect ratios so that only two off-center peaks formed, one at either 

end of the rectangular slot as illustrated in Figure 1.3.  These three-dimensional flow 

structures cannot be predicted by a two-dimensional simulation because a rectangular jet 

is not axisymmetric and the aspect ratios studied here were not long enough to be 
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approximated as semi-infinite.  It is because of this that a two-dimensional simulation is 

never appropriate for analyzing non-axisymmetric jets or nozzle geometry that is not 

semi-infinite; however, comparisons between the two can be drawn. 

 
(a) 

 
(b) 

Figure 1.3 – The three-dimensional plots of the Nusselt number for nozzle exit 

Reynolds number of 300, a nozzle-to-target spacing of 2.5 nozzle hydraulic 

diameters, and nozzle aspect ratios of (a) 1.0 and (b) 1.5 [2]. 

 

 An experimental study by Patil and Narayanan [3] examined, under very similar 

conditions to those modeled by Pence et al. [1], a submerged, confined, microscale 

impinging air jet in which fully developed air issued from a circular, 125-μm diameter 

nozzle.  Nozzle exit Reynolds numbers ranged from 690 to 1,770, which corresponded to 

Mach numbers between 0.26 and 0.63.  The fluid impinged upon an electronically heated 

25.4-μm thick Inconel foil attached at the ends to a calcium fluoride glass window.  The 

temperature of the foil was measured by an infrared radiometer orientated on the opposite 

side of the glass window.  Details of the data collection and analysis processes were 

covered by Patil and Narayanan [4] in a simultaneously published work. 

The authors determined that transverse conduction heat transfer in the foil was 

significant enough such that it could affect the forced convection heat transfer to the 

impinging jet.  To compensate for this, the conduction heat transfer was modeled 

numerically using annular control volumes established at increasing radial distances from 
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the stagnation point.  These control volumes were of the same radial thickness as the foil 

(25.4 μm) so that the cross section of each control volume was a square and the surface 

area on each side of the control volume could be approximated as equal.  This allowed for 

the heat fluxes from convection, conduction, and radiation through each surface to be 

directly compared.  The heat generation was also expressed as a heat flux by dividing the 

volumetric heat generation rate by the foil thickness.  The measured temperature of the 

foil was fit to a curve and the gradient of the curve was used to estimate the lateral 

conduction heat transfer.  To determine the heat removed by the impinging jet and the 

convective heat transfer coefficient, the heat losses due to conduction and radiation were 

subtracted from the heat generation rate.  This one-dimensional method of predicting 

lateral conduction heat transfer was somewhat crude, but gave an estimate as to how heat 

conducted laterally through the foil. 

The experimental results were compared to the results and correlations in several 

previous studies, including the numerical investigation performed by Pence et al. [1].  

The temperature profiles for these two studies were of similar magnitudes, but were of 

slightly different shapes.  The primary difference was that the minimum local wall 

temperature was observed to be at the stagnation point for every case by Patil and 

Narayanan [3], whereas Pence et al. [1] always observed the minimum in the local wall 

temperature at some radial distance from the stagnation point.  No reason for this 

difference is given by Patil and Narayanan [3], and Pence et al. [1] claims the offset 

minimums are caused by strong flow accelerations due to the large exit velocities in the 

microscale geometries.  The nozzle-to-target spacing was varied between two, four, and 

six nozzle diameters in the study by Patil and Narayanan [3], though it was concluded 
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that the wall temperature was not significantly affected by the nozzle-to-target spacing 

under the conditions tested.  As such, only a nozzle-to-target spacing of four nozzle 

diameters was examined for the remainder of the study.  Pence et al. [1] came to the same 

conclusion, but, unfortunately, chose a nozzle-to-target spacing of two nozzle diameters 

for further analysis.  Consequently, it is difficult to perform direct comparisons between 

the two studies beyond the local wall temperature, despite the many similarities.  The 

local Nusselt number profile along the impinging surface had a maximum at the 

stagnation point and decreased monotonically as radial distance from the stagnation point 

increased for Patil and Narayanan [3], as seen in Figure 1.4.  There was no secondary 

peak in the local Nusselt number profile as seen in Pence et al. [1] (see Figure 1.2).  It is 

unknown if this was due to the larger nozzle-to-target spacing causing the effects of 

confinement to be reduced or lateral conduction heat transfer effects not properly 

accounted for by the one-dimensional model in Patil and Narayanan [3].  For both 

studies, the magnitude of the local Nusselt number along the entire profile increased as 

the Reynolds number increased. 

The results from the numerical model to predict the conduction heat transfer in the 

heated foil were also presented in Patil and Narayanan [4].  The radial distribution of the 

local conduction heat flux formed a bell shape with a maximum at the stagnation point.  

This is reasonable as the local Nusselt number formed a very similar curve.  This 

indicates that as heat was removed rapidly from the disk near the stagnation point, heat 

from larger radial distances moved in by lateral conduction through the disk.  This would 

cause the local temperature profile to be more uniform than if the boundary condition at 

the impinging surface was a constant wall heat flux, as modeled in Pence et al. [1], and 
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could account for the discrepancies between the two studies.  However, this one-

dimensional model does not take into account the differences in temperature between the 

top of the foil exposed to the jet and the bottom of the foil covered by the calcium 

fluoride glass window.  Thus this study does not fully characterize the conjugate heat 

transfer effects within the foil. 

 
Figure 1.4 – Radial distribution of local Nusselt number for a nozzle-to-target 

spacing of four nozzle diameters at various nozzle exit Reynolds numbers [3]. 

 

 Another experimental study was performed by Garimella and Rice [5], who 

studied heat transfer between a single, submerged, axisymmetric, turbulent impinging jet 

issued from a round nozzle and a square foil heater.  The heater supplied a constant heat 

flux to the impinging surface, and the local surface temperature was measured at different 

radial locations from the stagnation point.  The four nozzle diameters tested were 0.79, 

1.59, 3.18, and 6.35 mm, and the nozzle-to-target spacing was varied from one to 14 

nozzle diameters for each nozzle.  The working fluid, liquid FC-77, issued from the 

nozzle at 20°C, and the nozzle exit Reynolds number varied from 4,000 to 23,000, 
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indicating turbulent flow.   The flow was confined between the impinging plate and 

confining nozzle plate. 

The heat transfer coefficient profile formed a bell shape, symmetrical about a 

maximum at the stagnation point.  As the nozzle-to-target spacing decreased from 14 

nozzle diameters (increasing the level of confinement), the magnitude of the heat transfer 

coefficient on the impinging surface increased until it reached the point where the 

potential core of the jet struck the heated surface.  This was observed to occur when the 

nozzle-to-target spacing was approximately five nozzle diameters.  At this point, 

secondary peaks in the local heat transfer coefficient began to form at a radial distance of 

approximately two nozzle diameters from the stagnation point.  The authors attributed the 

formation of these secondary peaks to the transition to turbulent flow in the wall jet 

region of the confined radial fluid flow.  It was also mentioned that secondary fluid 

recirculation may have enhanced these peaks.  Below a nozzle-to-target spacing of five 

nozzle diameters, the heat transfer coefficient was unaffected by the nozzle-to-target 

spacing until the distance was lowered to the smallest tested value of one nozzle 

diameter.  In this case with the highest level of confinement, the stagnation point heat 

transfer coefficient remained unchanged, but the magnitude of the secondary peaks 

increased significantly, as seen in Figure 1.5. 

As the nozzle-to-target distance increased, the effects of confinement diminished, 

causing the magnitude of the secondary peaks the decrease and their location to move 

radially outward.  Increasing the nozzle exit Reynolds number also caused the magnitude 

of the secondary peaks in the local heat transfer coefficient to increase.  For the smallest 

tested nozzle-to-target spacing of one nozzle diameter, the magnitude of the local heat 
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transfer coefficient at the secondary peak surpassed the stagnation point above a 

Reynolds number of 17,000.  It was also observed that the secondary peaks in local heat 

transfer coefficient were more pronounced for large nozzle diameters.  The effects of 

confinement on the heat transfer characteristics of an initially turbulent air were well 

documented in this study. 

 
Figure 1.5 – The local heat transfer coefficient distribution for a nozzle exit 

Reynolds number of 13,000 and nozzle diameter of 1.59 mm at various nozzle-to-

target distances (Z/d) [5]. 

 

 An experimental and numerical study performed by Morris et al. [6] used the 

Reynolds Stress Model (RSM) with the commercial computational fluid dynamics 

software FLUENT to model the fluid flow for an axisymmetric, confined, liquid 

impinging jet, and the results were compared with flow visualizations and laser-Doppler 

velocimetry (LDV) measurements.  Only the fluid flow was modeled and measured, and 

no analysis of the heat transfer on the impinging surface was performed.  The effects of 

Reynolds number, nozzle diameter, and the distance from the nozzle exit to the impinging 
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surface on the nature of the confined fluid flow were examined and characterized.  The 

conditions tested were very similar to those studied by Garimella and Rice [5]; the nozzle 

diameters examined varied from 3.18 mm to 6.35 mm and the nozzle exit Reynolds 

numbers modeled varied from 2,000 to 23,000. 

Recirculating toroids were observed in the confined fluid flow, and their locations 

were predicted with FLUENT.  As the exit Reynolds number or nozzle-to-target spacing 

increased, the location of the center of a toroid moved radially outward.  Increasing the 

Reynolds number also caused the toroid to become flatter and longer.  Differences 

between the RSM predictions and the flow visualizations were minimal at higher 

Reynolds numbers but became much more substantial at Reynolds numbers below 4,000.   

The RSM was able to predict the patterns and number of vortices but not their location at 

these lower Reynolds numbers.  The authors attributed this to the fact that below a 

Reynolds number of 4,000 the flow was likely to be not entirely turbulent and could be 

laminar or semi-turbulent.  A comparison between the RSM and the high-Reynolds 

number k-ϵ and renormalization group theory-based RNG k-ϵ models was also performed 

for a case where the nozzle exit Reynolds number was equal to 8,500.  The RSM model 

was much more accurate than the other two models when compared to the LDV 

measurements.  No comparison was performed at the lower Reynolds numbers to see if 

the differences between the LDV measurements and the FLUENT model could be 

resolved. 

 A later study by Angioletti et al. [7] also used FLUENT to numerically examine 

the heat transfer and fluid flow of an unconfined, submerged, impinging air jet.  The 

results were compared with experimental flow field measurements taken by Particle 
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Image Velocimetry (PIV).  The local Nusselt number distribution along the impinging 

surface was determined experimentally and compared to the FLUENT results.  Laminar 

and transitional impinging jets were studied with nozzle exit Reynolds numbers of 1,000, 

1,500, and 4,000.  The fluid was modeled as axisymmetric, incompressible flow with 

constant properties, leaving the nozzle at 298 K and the impinging surface was given a 

prescribed constant surface temperature of 308 K.  Three turbulence models were tested: 

the k-ϵ Renormalized Group (k-ϵ RNG) model, the k-ω Shear Stress Transport (k-ω SST) 

model, and the Reynolds Stress Model (RSM). 

Of the three turbulence models tested, the k-ω SST turbulence model was the 

most reliable overall, especially at the lower nozzle exit Reynolds numbers of 1,000 and 

1,500, for both predicting the fluid flow field and the local Nusselt number distribution 

on the impinging surface.  At the higher Reynolds number of 4,000, the k-ω SST 

turbulence model was slightly less reliable than the other two models when predicting 

flow fields.  None of the three models were adequately reliable at predicting the local 

Nusselt number at a nozzle exit Reynolds number of 4,000. 

The Nusselt number distributions were presented for all three models and 

compared to the experimental data collected for all three Reynolds numbers tested.  At 

the lower nozzle exit Reynolds numbers of 1,000 and 1,500, the experimental data 

indicated that the peak in the Nusselt number was approximately 0.6 nozzle diameters 

from the stagnation point for a nozzle-to-target spacing of 4.5 nozzle diameters, and at 

the stagnation point there was a local minimum in Nusselt number.  This offset peak was 

observed by the RSM at both Reynolds numbers and the k-ω SST model at a Reynolds 

number of 1,000 only.  At the higher nozzle exit Reynolds number of 4,000, the offset 
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peak was not observed for any model or the experimental data, and the Nusselt number 

profile more closely resembles a bell shape with a maximum at the stagnation point.  The 

authors conclude that the k-ω SST turbulence model was the most reliable for predicting 

both flow fields and heat transfer, especially at lower nozzle exit Reynolds numbers, and 

recommend it for future simulations under similar conditions. 

 The first part of a two-part experimental study performed by Ma et al. [8] studied 

the recovery factor and heat transfer coefficient between a vertical heater and an 

unconfined, submerged, circular, impinging transformer oil jet issuing from a 1-mm 

diameter nozzle.  The nozzle exit Reynolds number varied from 220 to 1,450, and the 

nozzle-to-target spacing varied between one and 20 nozzle diameters.  Both pipe and 

orifice nozzles were tested. 

The local Nusselt number at the stagnation point was examined as a function of 

nozzle-to-target spacing at various nozzle exit Reynolds numbers.  For lower nozzle exit 

Reynolds numbers, the nozzle-to-target spacing had little effect on the stagnation point 

Nusselt number.  Above a Reynolds number of approximately 1,000, the stagnation point 

Nusselt number was unaffected by nozzle-to-target spacing while the impinging surface 

was within the potential core of the jet.  Once the nozzle-to-target spacing was increased 

to the point where it surpassed the length of the potential core (which varied based on 

Reynolds number and nozzle type), the stagnation point Nusselt number decreased as the 

nozzle-to-target spacing increased.  The stagnation point Nusselt number was examined 

as a function of nozzle exit Reynolds number at various nozzle-to-target distances.  For 

smaller nozzle-to-target distances where the impinging surface was within the potential 

core of the jet, the stagnation point Nusselt number increased as Reynolds number 
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increased and a correlation for this trend was suggested.  For larger nozzle-to-target 

distances where the impinging surface was outside the potential core of the jet, increasing 

the nozzle exit Reynolds number caused the stagnation point Nusselt number to increase 

until a Reynolds number of approximately 1,000 was reached, at which point the 

stagnation point Nusselt number decreased as Reynolds number increased.  It was 

postulated that this was due to the fluid leaving the nozzle exit beginning the transition to 

turbulent flow, and as such these data were not correlated. 

The radial profile of the local Nusselt number on the impinging surface resembled 

a symmetrical bell curve with the maximum at the stagnation point.  At a constant nozzle 

exit Reynolds number below approximately 1,000, this profile was unchanged at different 

nozzle-to-target spacing.  However, at a constant Reynolds number above approximately 

1,000 this profile decreased significantly as the nozzle-to-target spacing increased beyond 

the potential core of the jet.  At a constant nozzle-to-target distance below approximately 

ten nozzle diameters, increasing the nozzle exit Reynolds number caused the magnitude 

of the radial local Nusselt number profile to increase.  However, at a larger nozzle-to-

target distance, increasing the nozzle exit Reynolds number caused the magnitude of the 

local Nusselt number profile to increase until a Reynolds number of approximately 1,000 

was reached, at which point the local Nusselt number in the stagnation region decreased 

with increasing nozzle exit Reynolds number.  Outside of the stagnation region, the local 

Nusselt number continued to increase after the nozzle exit Reynolds number increased 

past 1,000.  It was not entirely clear to the authors why this occurred. 

 The second part to the study described above was completed by Ma et al. [9] and 

experimentally examined the recovery factor and heat transfer coefficient between a 
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vertical heater and a confined, submerged impinging slot jet of transformer oil.  Three 

different rectangular slots were tested with widths of 0.091, 0146, and 0.234 mm and all 

with a length of 35 mm.  The aspect ratio was large enough such that the jet was treated 

as two-dimensional with an infinite length in the analysis.  The nozzle exit Reynolds 

number varied between 55 and 415, indicating that fluid leaving the nozzle was always 

purely laminar flow.  The nozzle-to-target spacing was varied from two to 32 nozzle 

widths. 

The local Nusselt number at the stagnation point increased as the nozzle exit 

Reynolds number increased.  Wider nozzles produced larger stagnation point heat transfer 

rates when all other operating conditions were kept the same.  The stagnation point 

Nusselt number was unaffected by the nozzle-to-target spacing while the impinging 

surface was inside the potential core of the jet.  Once the nozzle-to-target spacing 

increased such that the impinging surface was outside the jet potential core, the 

stagnation point Nusselt number decreased as nozzle-to-target spacing increased.  The 

length of the jet potential core increased as the nozzle width decreased but was not 

affected by the nozzle exit Reynolds number. 

The local Nusselt number profile on the impinging surface formed a symmetrical 

bell shape with the maximum at the stagnation point and decreased as distance from the 

stagnation point increased until a local minimum was reached.  Past this local minimum, 

Nusselt number briefly increased and came to a local maximum.  After this local 

maximum was reached, the local Nusselt number continued to decrease with increasing 

distance from the stagnation point.  As with the previous study by Ma et al. [8], it was 

believed that the local minimum indicated the start of the transition from laminar to 
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turbulent flow in the fluid along the impinging surface and the local maximum indicated 

its completion. 

 A numerical study was performed by Lou et al. [10] that examined conjugate heat 

transfer between a confined laminar impinging slot jet and an array of copper fin heat 

sinks.  The study aimed to optimize the number of fins, the fin height, and fin spacing.  A 

single fin was modeled in the commercial computational fluid dynamics software 

package FLUENT, making use of the symmetry between fins to minimize the required 

computing power.  The nozzle exit velocity varied from 0.2 m/s to 2.0 m/s, corresponding 

to nozzle exit Reynolds numbers ranging from 147 to 1,472.  A dielectric fluid, FC-72, 

issued from a slot jet 0.2 mm in width and was set to an inlet temperature of 300 K with a 

uniform initial velocity at the nozzle exit and constant properties.  Some tests were also 

run with air instead of FC-72, and it was found that using air results in a much higher 

thermal resistance.  A uniform heat flux of 4.34 W/cm
2
 was applied to the bottom of the 

copper heat sink.  The fin width was varied from 0.64 mm to 2.3 mm, the fin height was 

varied from 0.5 mm to 3.0 mm, and the fin-to-spacing ratio was varied 0.14 to 7.0. 

An effective Nusselt number was calculated that was dependent upon the surface 

area of the top of the heat sink and the difference between the temperature of the fluid at 

the nozzle exit and the average surface temperature of the fin.  Because copper has a high 

thermal conductivity, the surface temperature of the fin was very uniform.  The thermal 

resistance of the heat sink decreased as the number of fins increased, but the thermal 

resistance decreased significantly less rapidly after ten fins for every 12.8 mm in heat 

sink length.  Increasing the number of fins also resulted in a decreased fin thickness and 

fins below a certain thickness became impractical for real applications.  They concluded 
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that the heat transfer benefits from using more than ten fins for every 12.8 mm in a heat 

sink would be unlikely to outweigh the increased cost of manufacturing.  Interestingly, 

this cutoff was the same for both air and FC-72.  As the nozzle exit Reynolds number 

increased, the total thermal resistance of the heat sink decreased significantly until a 

Reynolds number of 500 was reached.  The thermal resistance decreased gradually 

beyond a Reynolds number of 500, and very slightly after a Reynolds number of 900.  

The pressure drop underwent an opposite trend where it increased slightly with Reynolds 

number below a Reynolds number of 700 and then increased more rapidly with at 

Reynolds numbers above 700.  Because of this, the optimal jet Reynolds number was 

determined to be 700.  This optimal Reynolds number minimized both pressure drop and 

thermal resistance.  It was also noted that the thermal resistance decreased as fin height 

increased, but the pressure drop was nearly constant as a function of fin height.  No 

optimal fin height was stated, as this would depend greatly on the space available in the 

specific application.  The ratio of the fin thickness to the spacing between the fins, or the 

fin-to-spacing ratio, did not have a very significant effect on either the pressure drop or 

the thermal resistance and as such no optimal value was given. 

 

1.1.2 Effects of Conjugate Heat Transfer in Jet Impingement 

 A coupled analytical and numerical study was performed by Zhao et al. [11], who 

investigated conjugate heat transfer through a solid copper block heated on the bottom 

and cooled by a free-surface impinging liquid jet on the top.  The results from an 

analytical investigation for a free-surface jet impinging on a plate with an arbitrary heat 

flux were used to numerically calculate the conjugate heat transfer within the block.  The 
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results were verified with an experimental study of a free-surface water jet set at 60°C 

impinging onto a cylindrical copper block 10 mm in diameter, heated by 1 kW cartridge 

heaters, and insulated on the sides with fiberglass.  All experiments were performed with 

Reynolds numbers ranging from 7,000 to 25,000, indicating turbulent fluid flow.  Only 

two nozzle exit diameters were tested, d = 2.0 mm and d = 0.9 mm.  Given the 

geometries used and the fact that copper has a very large thermal conductivity, it could be 

possible to simplify the analytical solution to the problem by simply applying a constant 

surface temperature boundary condition at the impinging surface.  However, the radial 

temperature distribution at the surface of the copper block was not reported, only the 

average Nusselt number for different Reynolds numbers.  No insight into the nature of 

the conjugate heat transfer effects of jet impingement was provided.  The authors 

indicated that thermocouples were placed at different locations within the copper block 

used for the experimental analysis, but no readings from these thermocouples were 

presented.  Experimental data were reported for the average Nusselt number at the 

surface of the copper block as a function of Reynolds number, and the results were in 

good agreement with the predictions from the analytical and numerical models created 

earlier in the study.  The results indicated that increasing the nozzle diameter caused an 

increase in the mean Nusselt number on the impinging surface. 

 An earlier analytical investigation performed by Wang et al. [12] studied the 

conjugate heat transfer effects between a laminar free impinging jet and a solid disk.  The 

study examined the local Nusselt number on the impinging surface of an axisymmetric 

cylindrical disk heated on the bottom by a prescribed temperature profile or heat flux and 

perfectly insulated on the sides.  The primary goal of this paper was to examine the 



24 

 

effects of varying the prescribed temperature profile or heat flux along the bottom surface 

of the disk as a function of radial distance from the stagnation point.  The effects of 

varying the thermal conductivity of the disk and the aspect ratio between the disk radius 

and thickness were also addressed. 

For all results presented, the local Nusselt number was highest at the stagnation 

point.  Increasing the prescribed temperature along the bottom surface of the disk as 

function of radial distance from the stagnation point caused the local Nusselt number to 

be slightly greater at larger radial distances from the stagnation point than if the 

prescribed temperature was uniform along the bottom surface of the disk.  The opposite 

was true when the prescribed temperature on the bottom surface of the disk decreased as 

radial distance from the stagnation point increased. 

For a case where the prescribed temperature profile on the bottom of disk 

increased as distance from the stagnation point increased, decreasing the disk aspect ratio 

or increasing the disk thermal conductivity while keeping all other parameters constant 

resulted in an increase in the Nusselt number at increased radial distances from the 

stagnation point, as illustrated in Figure 1.6.  However, the local Nusselt number 

remained constant at the stagnation point under these conditions.  Unfortunately, the 

simpler case of varying the disk aspect ratio or thermal conductivity with a uniform 

prescribed temperature or heat flux on the bottom of the disk was not addressed.  

However, based on these results, it can be concluded that varying the disk aspect ratio or 

thermal conductivity while keeping all other parameters constant will have more 

significant effects on the Nusselt number at larger radial distances from the stagnation 

point than near the stagnation point. 
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(a) 

 
(b) 

Figure 1.6 – The effects of varying the disk (a) aspect ratio and (b) thermal 

conductivity on the local Nusselt number distributions at the impinging surface of a 

disk.  The disk is heated on the bottom with a prescribed temperature profile 

increasing with radial distance from the center [12]. 

 

Even with this insight into how the Nusselt number will behave as a function of 

the disk aspect ratio and thermal conductivity, it is difficult to interpret exactly what is 

occurring when these parameters are varied.  This is because the Nusselt number is a 

function of both the local heat flux through the impinging surface and the local wall 

temperature, neither of which were presented.  Insight into how both are affected 

separately is needed for a comprehensive understanding of how conjugate effects impact 

the heat transfer of an impinging jet.  Additionally, the effects of varying the fluid Prandtl 

number were not addressed. 

 The study addressed above was a follow-up to an earlier published two-part study 

by the same authors in Wang et al. [13, 14].  This earlier study presented two-

dimensional, axisymmetric analytical solutions to the problem of heat transfer between a 

free laminar impinging jet and a solid surface with a prescribed surface temperature or 
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heat flux.  The primary difference between this study and the later study described above 

is the absence of a solid disk between the impinging surface and the prescribed 

temperature or heat flux.  In this study, the prescribed heat flux or temperature 

distribution was applied directly to the impinging surface.  The first part of the study 

dealt with the solution in the stagnation region of the jet (the area less than one nozzle 

radius from the stagnation point), and the second part addressed the boundary layer 

region (the area where the distance from the stagnation point was larger than that of the 

nozzle radius and flow was of the boundary layer type).  The two solutions were matched 

so that the local Nusselt number was determined at all points within both regions.  As 

with the later study described above, the prescribed heat flux or temperature distribution 

was varied as a function of the radial distance from the stagnation point. 

For all cases examined, the local Nusselt number distribution on the impinging 

surface formed a bell-shaped curve symmetrical about a maximum at the stagnation point 

and decreased as radial distance from the stagnation point increased.  Increasing the 

prescribed wall temperature or heat flux on the impinging surface as a function of radial 

distance from the stagnation point caused the local Nusselt number to be slightly greater 

at increased radial distances from the stagnation point than if the prescribed wall 

temperature or heat flux on the impinging surface was constant.  Fluids of three different 

Prandtl numbers (0.7, 7, and 20) were examined, and the authors found that this trend 

was the same for all three cases.  Additionally, increasing the Prandtl number resulted in 

an increase in the local Nusselt number at all points along the impinging surface.  These 

solutions provide good insight into how the local Nusselt number behaved in response to 

a non-uniform prescribed wall temperature or heat flux at the impinging surface. 
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1.1.3 Unconfined Free and Submerged Initially Turbulent Jet Impingement 

 As stated earlier, it is inappropriate to scale down results from a study of 

turbulent, macroscale impinging jets and expect similar behavior from a laminar, 

microscale jet.  As such, the review of existing literature covering unconfined turbulent 

jet impingement will be brief.  A review of experimental data compiled by Jambunathan 

et al. [15] collected data from many previous studies for heat transfer between a single, 

circular, free, turbulent air jet and an impinging surface.  All of the data examined in this 

review involved an impinging turbulent jet with exit nozzle Reynolds numbers between 

5,000 and 124,000 and nozzle-to-target spacing ranging from 1.2 to 16 nozzle diameters.  

The goal of the paper was to use the previously collected data to form a new correlation 

to predict the local Nusselt number on the impinging surface.  Unlike previous 

correlations suggested in the literature, the authors recommend a correlation in which the 

exponent on the Reynolds number was not a constant, but rather a function of the nozzle-

to-target spacing and the radial distance from the stagnation point.  The authors 

recommend using a non-constant exponent on the Reynolds number term when 

developing correlations predicting the local Nusselt number in future work. 

 An experimental study by Womac et al. [16] was presented shortly after the above 

review appeared and examined heat transfer from both free surface and submerged 

circular impinging liquid jets on a small square heat source.  The power to the heat source 

was varied such that the impinging surface temperature was always 10°C greater than the 

temperature of the fluid as it left the nozzle.  Four different nozzles were tested with exit 

diameters of 0.789, 1.65, 3.11, and 6.55 mm and the nozzle-to-target separation distance 

was varied from 3.5 to 10 nozzle diameters.  Water and FC-77 were used at the working 
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fluid, and the nozzle exit Reynolds number varied from 600 to 54,000.  A two-

dimensional numerical model of the experimental setup was created to predict the heat 

losses from the heater to its fiberglass support structure; the losses were reported to be 

less than two percent, and the details of this analysis were not presented. 

The experimental results were compared to existing correlations for the heater 

averaged Nusselt number presented in numerous earlier studies by other authors.  New 

correlations for free-surface and submerged jets were proposed that matched the data 

collected very well.  By dividing the experimentally determined average Nusselt number 

by the fluid Prandtl number raised to the power 0.4, the same correlations were used for 

both water and FC-77.  The correlations for the free surface jet did not predict the average 

Nusselt number well for the smallest nozzle (d = 0.978 mm) with nozzle exit Reynolds 

numbers less than approximately 6,000.  As Reynolds number decreased below 6,000 for 

this nozzle, the average Nusselt number decreased faster than the correlation predicted.  

This is because at low flow rates with this small nozzle diameter, the thermal boundary 

layer thickness on the surface of the heater was so thin that there were bulk warming 

effects.  This caused the local Nusselt number to decrease very rapidly as distance from 

the stagnation point increased, and, thus, the average Nusselt number was smaller than 

predicted by the correlation.  The opposite was true for the largest nozzle (d = 6.55 mm) 

at low nozzle exit Reynolds numbers because gravitational acceleration of fluid caused 

the average Nusselt number to be greater than predicted be the correlation. 

The correlation for the submerged jet was even less reliable at smaller nozzle 

diameters and Reynolds numbers.  Due to significant deviations from the other data 

collected, no data obtained with the 0.978 mm nozzle and data obtained for nozzle exit 
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Reynolds numbers below 4,500 with the 1.65 mm and 3.11 mm diameter nozzles were 

included in the development of the correlation for submerged jets.  Heat transfer from 

submerged jets tested displayed a stronger dependence on the nozzle-to-target separation 

when the nozzle-to-target separation distance was greater than four nozzle diameters.  

This was because below a separation distance of four nozzle diameters the heater was 

struck by the potential core of the jet, meaning the velocity of the fluid immediately prior 

to striking the heater was approximately equal to the nozzle exit velocity regardless of 

nozzle-to-target separation distance.  Submerged jets also displayed greater heat transfer 

coefficients than free-surface jets at nozzle exit Reynolds numbers greater than 4,000 

because of the heat transfer enhancement caused by turbulence developed in the free 

shear layer of the jet.  Because of all of these complicated phenomena, the correlations 

presented in this paper are only applicable under a very limited range of parameters.  

These limiting parameters were based on the conditions tested, which were chosen to be 

applicable the cooling of microelectronic chips commonly used in mid-1990's. 

 

1.1.4 Conclusions 

 As discussed in the literature review presented in the preceding sections, the 

nature of microscale jet impingement heat transfer has been studied extensively but is 

still not well understood.  Numerical studies involving laminar fluid leaving the nozzle 

exit, such as those for a confined jet by Pence et al. [1] and Sezai and Mohamad [2] and a 

free jet by Angioletti et al. [7], observed peaks in the local Nusselt number on the 

impinging surface offset from the stagnation point, as seen in Figures 1.2 and 1.3.  These 

peaks were usually attributed to large flow acceleration near the impinging surface.  
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However, several experimental studies with laminar fluid leaving the nozzle exit, such as 

those for a confined submerged jet by Patil and Narayanan [3, 4] and Ma et al. [9] and an 

unconfined submerged jet by Ma et al. [8], reported that the local Nusselt number profile 

was bell shaped with no secondary peaks, as shown in Figure 1.4.  The experimental 

results of the study by Angioletti et al. [7] matched the numerical results, and they did 

observe secondary peaks at lower nozzle exit Reynolds numbers.  These peaks were also 

observed in the experimental study of turbulent jets by Garimella and Rice [5], as seen in 

Figure 1.5, and were attributed in that study to increased levels of turbulence near the 

impinging surface.  A consistent, universal explanation for the cause of the secondary or 

offset peaks in the local Nusselt number profile has yet to be firmly established. 

 The effects of conjugate heat transfer were characterized by Zhao et al. [11] in an 

analytical and numerical study that presented the mean Nusselt number on the impinging 

surface of a solid disk cooled on one surface by a free, turbulent impinging jet and heated 

on the opposite surface.  Wang et al. [12] presented a similar study with a laminar jet that 

instead examined the local Nusselt number distribution on the impinging surface.  These 

studies did not go sufficiently far enough in characterizing the effects of conjugate heat 

transfer and only presented the mean Nusselt number or local Nusselt number distribution 

on the impinging surface.  The experimental study by Patil and Narayanan [3, 4] stated 

that a numerical model examining conduction through the thin foil used as a heat source 

and impinged upon by the jet was factored into the calculation of the Nusselt number on 

the impinging surface, but detailed results showing how this was done are not presented.  

A fundamental understanding of how conjugate heat transfer affects the heat transfer on 

the impinging surface is still lacking. 
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 Finally, the above literature survey illustrates the extent to which the effects of 

conjugate heat transfer on a laminar, confined, microscale, impinging jet has been 

studied.  With the exception of the study presented by Patil and Narayanan [3, 4], the 

study of the conjugate heat transfer effects in a jet impinging on a flat surface has been 

completely independent of the study of laminar, confined, microscale jet impingement.  

Analytical and numerical studies of microscale jet impingement usually involve an 

impinging surface that produces a uniform constant heat flux or is set to a constant 

prescribed surface temperature.  Experimental studies often neglect conjugate heat 

transfer effects on conduction within the impinging surface and treat the target as a 

source of constant heat flux from a heater.  This is nearly always a valid assumption for 

macroscale jets due to the small thickness of any material between the impinging jet and 

the heat source relative to the nozzle diameter.  Again, the study by Patil and Narayanan 

[3, 4] did not neglect conduction within the impinging surface, but the data demonstrating 

how conjugate effects are significant in determining the heat transfer between the 

impinging jet and the heater were not presented.  A fundamental study of how conjugate 

heat transfer affects the local Nusselt number distribution on the impinging surface of a 

heated plate cooled by a confined, microscale laminar jet has yet to be carried out. 

 

1.2 Objective and Approach 

 Based on the conclusions drawn in the literature study, the objective of this study 

is to characterize the effects of conjugate heat transfer within a solid cooled by a laminar 

confined microscale impinging jet.  This situation will be modeled numerically using the 

commercial computational fluid dynamics software package FLUENT with a two-
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dimensional axisymmetric grid.  The effects of the nozzle exit Reynolds number, disk 

material, and heater size on the local wall temperature, local Nusselt number, and local 

wall heat flux distributions at the impinging surface will be characterized.  The results 

will be used to determine if the conjugate heat transfer effects are significant when 

determining the local Nusselt number on an impinging surface. 
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CHAPTER 2 

NUMERICAL MODELING 

 

 A numerical model was created using the commercial computation fluid dynamics 

software FLUENT Version 12.0.1 and its companion software GAMBIT Version 2.4.6 to 

predict the flow patterns and heat transfer behavior of a confined microscale impinging 

jet under different conditions.  The details of the numerical modeling are presented in this 

chapter.  The results from the numerical model will be presented in Chapters 3 and 4. 

 

2.1 Governing Equations 

 At each node of the mesh in the fluid zone, the conservation equations for 

continuity, momentum, and energy were solved iteratively.  The flow was modeled as 

either compressible or incompressible depending on the fluid used in the simulation.  Air 

was modeled as compressible flow, while water was modeled as incompressible.  In the 

solid zone when the disk thickness was greater than zero, the energy transport equation 

was solved for pure conduction heat transfer. 

Although the nozzle exit Reynolds numbers tested were in the laminar regime, 

cases involving compressible flow were unable to converge using a laminar solver.  As 

such, the realizable k-ϵ model with standard wall functions was used to model turbulence 

and find a solution for compressible flow cases. 

 

2.1.1 Mass Conservation 

The general vector form of the conservation of mass, or continuity, equation for a 
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transient compressible or incompressible fluid is given by ANSYS FLUENT 12.0 Theory 

Guide [17] as 

𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌�⃗�) = 𝑆𝑚 

(2.1) 

 The two-dimensional axisymmetric version of this equation is given as 

𝜕𝜌

𝜕𝑡
+
𝜕

𝜕𝑥
(𝜌𝑣𝑥) +

𝜕

𝜕𝑟
(𝜌𝑣𝑟) +

𝜌𝑣𝑟
𝑟
= 𝑆𝑚 

(2.2) 

The source term, 𝑆𝑚, represents the mass added to the system.  For the cases in this study, 

this term was zero.  Additionally, all cases were solved at steady-state, resulting in the 

elimination of the transient term.  Thus, the continuity equation solved by FLUENT 

reduced to 

𝜕

𝜕𝑥
(𝜌𝑣𝑥) +

𝜕

𝜕𝑟
(𝜌𝑣𝑟) +

𝜌𝑣𝑟
𝑟
= 0 

(2.3) 

 For incompressible flow, the density was constant.  As such, the density term 

dropped out of this equation, and the conservation of mass equation solved by FLUENT 

for incompressible flow became 

𝜕𝑣𝑥
𝜕𝑥

+
𝜕𝑣𝑟
𝜕𝑟

+
𝑣𝑟
𝑟
= 0 

(2.4) 

 

2.1.2 Momentum Conservation 

The general vector form of the conservation of momentum, or Navier–Stokes, 

equations for a transient compressible or incompressible fluid is given by ANSYS 

FLUENT 12.0 Theory Guide [17] as 

𝜕

𝜕𝑡
(𝜌�⃗�) + ∇ ∙ (𝜌�⃗��⃗�) =  ∇𝑝 + ∇ ∙ (𝜏̿) + 𝜌�⃗� + �⃗� 

(2.5) 

where 𝜏̿ is the stress tensor given as 
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𝜏̿ = 𝜇 [(∇�⃗� + ∇�⃗�𝑇)  
2

3
∇ ∙ �⃗�𝐼] 

(2.6) 

 After performing vector expansion on the general equation, the two-dimensional 

axisymmetric version of the Navier–Stokes equations are given as 

𝑥-Direction (Axial) 

𝜕

𝜕𝑡
(𝜌𝑣𝑥) +

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑣𝑥𝑣𝑥) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑣𝑟𝑣𝑥)

=  
𝜕𝑝

𝜕𝑥
+
1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇 (2

𝜕𝑣𝑥
𝜕𝑥

+
2

3
(∇ ∙ �⃗�)+] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇 (

𝜕𝑣𝑥
𝜕𝑟

+
𝜕𝑣𝑟
𝜕𝑥
*]

+ 𝐹𝑥 

(2.7a) 

𝑟-Direction (Radial) 

𝜕

𝜕𝑡
(𝜌𝑣𝑟) +

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑣𝑥𝑣𝑟) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑣𝑟𝑣𝑟)

=  
𝜕𝑝

𝜕𝑟
+
1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇 (

𝜕𝑣𝑟
𝜕𝑥

+
𝜕𝑣𝑥
𝜕𝑟
*] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇 (2

𝜕𝑣𝑟
𝜕𝑟
 
2

3
(∇ ∙ �⃗�)+]

 2𝜇
𝑣𝑟
𝑟2
+
2

3

𝜇

𝑟
(∇ ∙ �⃗�) + 𝜌

𝑣𝑧
2

𝑟
+ 𝐹𝑟 

(2.7b) 

where 

∇ ∙ �⃗� =
𝜕𝑣𝑥
𝜕𝑥

+
𝜕𝑣𝑟
𝜕𝑟

+
𝑣𝑟
𝑟

 
(2.8) 

The terms 𝐹𝑥 and 𝐹𝑟 represent the body forces on the system.  For the cases in this 

study, these terms were zero.  Because there was no swirl velocity, the term 𝑣𝑧 also went 

to zero.  Additionally, all cases were solved at steady-state, resulting in the elimination of 

the transient term.  Thus, the conservation of mass equations solved by FLUENT reduced 

to 
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𝑥-Direction (Axial) 

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑣𝑥𝑣𝑥) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑣𝑟𝑣𝑥)

=  
𝜕𝑝

𝜕𝑥
+
1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇 (2

𝜕𝑣𝑥
𝜕𝑥

+
2

3
(∇ ∙ �⃗�)+] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇 (

𝜕𝑣𝑥
𝜕𝑟

+
𝜕𝑣𝑟
𝜕𝑥
*] 

(2.9a) 

 

𝑟-Direction (Radial) 

1

𝑟

𝜕

𝜕𝑥
(𝑟𝜌𝑣𝑥𝑣𝑟) +

1

𝑟

𝜕

𝜕𝑟
(𝑟𝜌𝑣𝑟𝑣𝑟)

=  
𝜕𝑝

𝜕𝑟
+
1

𝑟

𝜕

𝜕𝑥
[𝑟𝜇 (

𝜕𝑣𝑟
𝜕𝑥

+
𝜕𝑣𝑥
𝜕𝑟
*] +

1

𝑟

𝜕

𝜕𝑟
[𝑟𝜇 (2

𝜕𝑣𝑟
𝜕𝑟
 
2

3
(∇ ∙ �⃗�)+]

 2𝜇
𝑣𝑟
𝑟2
+
2

3

𝜇

𝑟
(∇ ∙ �⃗�) 

(2.9b) 

 The density was constant for incompressible flow, allowing the density term to be 

removed from the partial derivatives.  Similarly, the viscosity was also constant and 

removed from the partial derivatives as water was used as the incompressible fluid and 

modeled with constant properties.  The conservation of mass equation (Equation 2.4) was 

applied, causing all instances of (∇ ∙ �⃗�) to equal zero.  The conservation of momentum 

equations solved by FLUENT for incompressible flow then became 

𝑥-Direction (Axial) 

𝜌

𝑟

𝜕

𝜕𝑥
(𝑟𝑣𝑥𝑣𝑥) +

𝜌

𝑟

𝜕

𝜕𝑟
(𝑟𝑣𝑟𝑣𝑥) =  

𝜕𝑝

𝜕𝑥
+
𝜇

𝑟

𝜕

𝜕𝑥
(2𝑟

𝜕𝑣𝑥
𝜕𝑥
* +

𝜇

𝑟

𝜕

𝜕𝑟
[𝑟 (

𝜕𝑣𝑥
𝜕𝑟

+
𝜕𝑣𝑟
𝜕𝑥
*] 

(2.10a) 

𝑟-Direction (Radial) 

𝜌

𝑟

𝜕

𝜕𝑥
(𝑟𝑣𝑥𝑣𝑟) +

𝜌

𝑟

𝜕

𝜕𝑟
(𝑟𝑣𝑟𝑣𝑟)

=  
𝜕𝑝

𝜕𝑟
+
𝜇

𝑟

𝜕

𝜕𝑥
[𝑟 (

𝜕𝑣𝑟
𝜕𝑥

+
𝜕𝑣𝑥
𝜕𝑟
*] +

𝜇

𝑟

𝜕

𝜕𝑟
(2𝑟

𝜕𝑣𝑟
𝜕𝑟
*  2𝜇

𝑣𝑟
𝑟2

 

(2.10b) 
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2.1.3 Energy Conservation 

The general vector form of the conservation of energy equation for a transient 

compressible or incompressible fluid is given by the ANSYS FLUENT 12.0 Theory 

Guide [17] as 

𝜕

𝜕𝑡
(𝜌𝐸) + ∇ ∙ (�⃗�(𝜌𝐸 + 𝑝)) = ∇ ∙ (𝑘eff∇T  ∑ℎ𝑗𝐽𝑗⃗⃗⃗

𝑗

+ (𝜏e̿ff ∙ �⃗�), + 𝑆ℎ 

(2.11) 

where 

𝐸 = ℎ  
𝑝

𝜌
+
𝑣2

2
 

(2.12) 

The enthalpy, ℎ, is defined as 

ℎ = ∫ 𝑐𝑝.𝑗𝑑𝑇
𝑇

𝑇𝑟𝑒𝑓

 
(2.13) 

where the reference temperature is 𝑇𝑟𝑒𝑓 = 298.15 K. 

 The effective thermal conductivity, 𝑘eff, varied depending on the solver used.  For 

incompressible flow, a laminar solver was used and the effective thermal conductivity 

was equal to the fluid thermal conductivity, 𝑘.  For compressible flow, the realizable k-ϵ 

model with standard wall functions was used to model turbulence.  As such, a term for 

the turbulent thermal conductivity, 𝑘𝑇, was introduced that will be described in the 

following section on turbulence modeling. 

The source term, 𝑆ℎ, represents the internal energy generated in the system, which 

was zero for the cases in this study.  Additionally, all cases were solved at steady-state, 

resulting in the elimination of the transient term.  Thus, the vector form of the energy 

equation solved by FLUENT reduced to 
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∇ ∙ (�⃗�(𝜌𝐸 + 𝑝)) = ∇ ∙ (𝑘eff∇T  ∑ℎ𝑗𝐽𝑗⃗⃗⃗

𝑗

+ (𝜏̿eff ∙ �⃗�), 

(2.14) 

For incompressible flow, the density was constant and was removed from the 

partial derivatives.  The flow was modeled using a laminar solver and the effective 

thermal conductivity, 𝑘eff, was equal to the fluid thermal conductivity, 𝑘.  Water was used 

as the incompressible fluid, which was modeled with constant properties.  The 

conservation of energy equation solved by FLUENT for incompressible flow becomes 

𝜌∇ ∙ *�⃗� (ℎ +
𝑣2

2
)+ = ∇ ∙ (𝑘∇T  ∑ℎ𝑗𝐽𝑗⃗⃗⃗

𝑗

+ (𝜏̿eff ∙ �⃗�), 

(2.15) 

 

2.1.4 Solid Conduction 

 The general energy transport equation is given by ANSYS FLUENT 12.0 Theory 

Guide [17] as 

𝜕

𝜕𝑡
(𝜌ℎ) + ∇ ∙ (�⃗�𝜌ℎ) = ∇ ∙ (𝑘∇T) + 𝑆ℎ 

(2.16) 

For the cases modeled in this study, the solution was at steady-state, the disk was 

stationary, and no heat was generated in the disk.  As such, the energy transport equation 

reduced to the Laplace equation. 

0 = ∇ ∙ (𝑘∇T) = 𝑘∇2T (2.17) 

 By performing vector expansion in two-dimensional axisymmetric coordinates, 

the equation solved by FLUENT for solid conduction in the solid disk became 

0 =
𝜕2𝑇

𝜕𝑟2
+
1

𝑟

𝜕𝑇

𝜕𝑟
+
𝜕2𝑇

𝜕𝑥2
 

(2.19) 
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2.2 Turbulence Modeling 

As stated previously, cases involving compressible flow would not converge using 

a laminar solver, and the realizable k-ϵ model with standard wall functions was used to 

model turbulence for compressible flow cases.  The ANSYS FLUENT 12.0 User’s Guide 

[18] states that the standard k-ϵ model is widely used for turbulent flow in industry with 

relatively reliable accuracy.  The realizable k-ϵ model is a variant of the standard k-ϵ 

model that more accurately predicts the spreading rate of round jets, which was desirable 

for this study.  The ANSYS FLUENT 12.0 User’s Guide [18] also reports that studies 

have also shown that the realizable k-ϵ model is superior is predicting complex secondary 

flows, which are common in impinging jets.  Additionally, the realizable k-ϵ model takes 

relatively little additional computational time over the standard k-ϵ model. 

 

2.2.1 Realizable k-ϵ Model  

The realizable k-ϵ model is defined by the transport equations for the turbulence 

kinetic energy, k, and the dissipation rate, ϵ, as outlined in the ANSYS FLUENT 12.0 

Theory Guide [17].  The transport equation for the turbulence kinetic energy in tensor 

notation is given as: 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
*(𝜇 +

𝜇𝑡
𝜎𝑘
*
𝜕𝑘

𝜕𝑥𝑗
+ + 𝐺𝑘 + 𝐺𝑏  𝜌𝜖  𝑌𝑀 + 𝑆𝑘 

(2.19) 

The transport equation for the dissipation rate is 
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𝜕

𝜕𝑡
(𝜌𝜖) +

𝜕

𝜕𝑥𝑗
(𝜌𝜖𝑢𝑗)

=
𝜕

𝜕𝑥𝑗
*(𝜇 +

𝜇𝑡
𝜎𝜖
*
𝜕𝜖

𝜕𝑥𝑗
+ + 𝜌𝐶1𝑆𝜖  𝜌𝐶2

𝜖2

𝑘 + √𝜈𝜖
+ 𝐶1𝜖

𝜖

𝑘
𝐶3𝜖𝐺𝑏

+ 𝑆𝜖 

(2.20) 

where 𝐶1 is 

𝐶1 = max (0.43,
𝜂

𝜂 + 5
* 

(2.21) 

and 𝜂 is 

𝜂 = 𝑆
𝑘

𝜖
 

(2.22) 

The modulus of the mean rate-of-strain tensor, 𝑆, is defined as 

𝑆 ≡ √2𝑆𝑖𝑗𝑆𝑖𝑗 
(2.23) 

where 𝑆𝑖𝑗 is 

𝑆𝑖𝑗 =
1

2
(
𝜕𝑢𝑗

𝜕𝑥𝑖
+
𝜕𝑢𝑖
𝜕𝑥𝑗
) 

(2.24) 

 The turbulent viscosity, 𝜇𝑡, was determined by 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜖
 

(2.25) 

Unlike the standard k-ϵ model, the term 𝐶𝜇 was not constant when using the realizable k-ϵ 

model, but rather was a function of the mean strain and rotation rates and was determined 

from 

𝐶𝜇 =
1

𝐴0 + 𝐴𝑠
𝑘𝑈∗

𝜖

 
(2.26) 

where 𝐴0 = 4.04, and 
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𝑈∗ ≡ √𝑆𝑖𝑗𝑆𝑖𝑗 + Ω̃𝑖𝑗Ω̃𝑖𝑗 
(2.27) 

The terms for Ω̃𝑖𝑗 were calculated from the mean rate-of-rotation tensor, Ω𝑖𝑗̅̅ ̅̅ , in a rotating 

reference frame with an angular velocity of 𝜔𝑘 as 

Ω̃𝑖𝑗 = Ω𝑖𝑗̅̅ ̅̅  𝜖𝑖𝑗𝑘𝜔𝑘 (2.28) 

 The constant 𝐴𝑠 is given by 

𝐴𝑠 = √6cos𝛷 (2.29) 

where 

𝛷 =
1

3
cos−1(√6𝑊) 

(2.30) 

and 

𝑊 =
𝑆𝑖𝑗𝑆𝑗𝑘𝑆𝑘𝑖

(𝑆𝑖𝑗𝑆𝑖𝑗)
3
2⁄
 

(2.31) 

The term representing the generation of turbulence kinetic energy due to 

buoyancy, 𝐺𝑏, was equal to zero because the effects of gravity were neglected.  The term 

representing the generation of turbulence kinetic energy due to mean velocity gradients, 

𝐺𝑘, was evaluated as 

𝐺𝑘 = 𝜇𝑡𝑆
2 (2.32) 

 The dilation dissipation term, 𝑌𝑀, accounts for the effects of fluid compressibility 

and was modeled as 

𝑌𝑀 = 2𝜌𝜖𝑀𝑡
2 (2.33) 

This dilation dissipation term is driven by the turbulent Mach number, 𝑀𝑡, which is 

defined as 
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𝑀𝑡 = √
𝑘

𝑎2
 

(2.34) 

and the speed of sound is defined as 

𝑎 ≡ √𝛾𝑅𝑇 (2.35) 

The effective thermal conductivity, 𝑘eff, used in the energy conservation equation 

is the sum of the fluid thermal conductivity, 𝑘, and the turbulent thermal conductivity, 𝑘𝑇. 

𝑘eff = 𝑘 + 𝑘𝑇 (2.36) 

 For the realizable k-ϵ model, the turbulent thermal conductivity is given by the 

ANSYS FLUENT 12.0 Theory Guide [17] as 

𝑘𝑇 =
𝑐𝑝𝜇𝑡

Pr𝑡
 

(2.37) 

where the turbulent Prandtl number is 𝑃𝑟𝑡 = 0.85, and the turbulent viscosity, 𝜇𝑡, was 

defined by Equation 2.25. 

The remaining constants were assigned the default values of 𝐶1𝜖 = 1.44, 𝐶2 =

1.9, 𝜎𝑘 = 1.0, and 𝜎𝜖 = 1.2. 

 

2.2.2 Wall Functions 

 When modeling turbulence, wall functions are used to account for the effects of 

walls on the turbulent flow and link the solution near the wall to the solution far from the 

wall.  Standard wall functions were used in FLUENT as they are popular in industrial 

use.  The law-of-the-wall for mean velocity is given in the ANSYS FLUENT 12.0 Theory 

Guide [17] as 

𝑈∗ =
1

𝜅
ln(𝐸𝑦∗) 

(2.38) 
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where the dimensionless velocity, 𝑈∗, is 

𝑈∗ ≡
𝑈𝑃𝐶𝜇

1 4⁄ 𝑘𝑃
1 2⁄

𝜏𝑤 𝜌⁄
 

(2.39) 

and the dimensionless distance from the wall, 𝑦∗, is 

𝑦∗ ≡
𝜌𝐶𝜇

1 4⁄ 𝑘𝑃
1 2⁄ 𝑦𝑃

𝜇
 

(2.40) 

The von Kármán constant, 𝜅, was set to 0.4187 and 𝐸 = 9.793.  The other terms at the 

near-wall node 𝑃 are the mean velocity of the fluid, 𝑈𝑃, turbulence kinetic energy, 𝑘𝑃, 

and the distance to the wall, 𝑦𝑃. 

 

2.3 Computational Domain 

 The FLUENT companion software package GAMBIT was used to model the two-

dimensional axisymmetric geometry and generate the mesh used in FLUENT.  The mesh 

was imported into FLUENT, and different cases were modeled by modifying the 

operating and boundary conditions.  The solutions to these cases were able to fully 

characterize the effects of conjugate heat transfer with an impinging jet. 

 

2.3.1 Geometry 

 The geometry of a two-dimensional axisymmetric confined laminar microscale 

impinging jet was created in GAMBIT.  The geometry was divided into three distinct 

regions: the nozzle, the confined impingement region, and the solid disk, as illustrated in 

Figure 2.1.  The nozzle was a long, narrow tube with an adiabatic wall constructed with 

its center on the axis of symmetry.  Fluid flowed through the nozzle and became fully-

developed before exiting into the confined impingement region and striking the top of the 
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solid disk, also known as the impinging surface.  The nozzle diameter was set at 100 μm 

for all cases.  To ensure fully-developed flow at the nozzle exit, the length of the nozzle 

was 100 nozzle diameters, or 0.01 m. 

 

Figure 2.1 – The confined impinging jet. 
 

Based on the results of Pence et al. [1] and Patil and Narayanan [3, 4], it was 

concluded that the distance between the nozzle exit and the impinging surface would not 

play a large role in characterizing the effects of conjugate heat transfer in comparison to 

the other parameters.  As such, the nozzle-to-target spacing was held at four nozzle 

diameters for all cases.  This allowed for comparisons to be made with the numerical 

results from Pence et al. [1] and the experimental results from Patil and Narayanan [3, 4]. 

The confined impingement region was also constructed with its center at the axis 

of symmetry.  The outer end of the confined impingement region was a pressure outlet 
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through which fluid exited.  The radius of the confined impingement region was set to ten 

nozzle diameters, or 0.001 m.  This was large enough such that the flow characteristics of 

the impinging jet were not significantly affected by the outlet.  At the center of the top of 

the confined impingement region was the nozzle exit, through which fluid entered the 

confined region.  The remainder of the top of the region was an adiabatic wall, which 

served as the confining surface.  The bottom of the confined impingement region was the 

interface with the solid disk, also known as the impinging surface. 

The solid disk was heated by a prescribed wall heat flux or wall temperature on 

the bottom and cooled by forced convection from the impinging jet on the top.  The 

radius of the disk was the same as that of the confined impingement region, ten nozzle 

diameters (0.001 m).  The thickness of the disk was one nozzle diameter or zero.  The 

bottom of the disk was divided into two sections.  The heated surface extended from the 

axis of symmetry to some radial distance outwards that was either one, two, three, or four 

nozzle diameters from the axis of symmetry.  The remainder of the bottom surface was 

adiabatic, as was the outer surface of the disk. 

 

2.3.2 Mesh Generation 

 The geometry described above was divided into small control volumes by the 

modeling software GAMBIT.  The conservation equations detailed previously were 

solved simultaneously in each of these control volumes by FLUENT.  The mesh 

generated in GAMBIT is displayed in Figure 2.2.  The mesh was generated by dividing 

each edge into nodes and mapping a mesh of quadrilateral elements on to the nodes.  The 

size of the elements varied depending on the location within the computational domain.  
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A finer mesh was desirable near the impinging surface and the axis of the jet.  As such, 

the mesh was finest at the stagnation point and became progressively coarser as distance 

from the stagnation point increased in each direction.  A detail of the mesh near the 

stagnation point is displayed in Figure 2.3. 

Additionally, a relatively fine mesh was implemented within the solid disk so that 

the conjugate heat transfer effects could be thoroughly characterized.  The equations 

solved in the disk were simple compared to the equations solved for the fluid flow, as the 

disk was stationary.  Thus, the fine mesh in the disk did not significantly increase the 

computational effort. 

As mentioned above, each edge was divided into a set of nodes.  The node 

spacing information on each edge is presented in Table 2-1.  In order to ensure that the 

mesh was finest at the stagnation point, a successive ratio was implemented on the node 

spacing for each edge.  A ratio of one indicates that the nodes are evenly spaced along the 

edge.  A ratio greater than one indicates that the nodes were spaced closer together on the 

end of the edge closer to the stagnation point and farther apart on the end farther from the 

stagnation point.  Because quadrilateral elements were used, identical node patterns were 

created on parallel edges of the geometry.  As such, only node spacing along the bottom 

edges and the edges on the right-hand side are presented in Table 2-1. 
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Figure 2.2 – The mesh generated in GAMBIT for a case with a disk thickness of one 

nozzle diameter.  Only a very small portion of the nozzle is in view as focus is on the 

mesh in the confined impingement region and the disk. 
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Figure 2.3 – Detail of the mesh generated in GAMBIT focusing near the stagnation 

point. 
 

 

Table 2-1 – Node spacing 

 Length (μm) Number of nodes Successive ratio 

x-
ax

is
 Nozzle axis 10,000 200 1.017 

Impinging 

region axis 
400 150 1.010 

Disk axis 100 100 1.000 

     

r-
ax

is
 

r=0 to r=0.5D 

(Nozzle radius) 
50 40 1.000 

r=0.5D to r=1D 50 27 1.020 

r=1D to r=2D 100 33 1.010 

r=2D to r=3D 100 23 1.010 

r=3D to r=4D 100 17 1.020 

r=4D to r=10D 

(Adiabatic wall) 
600 60 1.010 

 

2.3.3 Operating Conditions 

The solver used in FLUENT varied depending on the operating fluid.  The 

solutions for cases with a compressible fluid required a density-based solver to be used.  

However the pressure-based solver was sufficient for cases with incompressible water as 
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the working fluid because the solution for the fluid flow and temperature were decoupled. 

 The system operating pressure, 𝑝𝑜𝑝, was set to 0 atm, as recommended by the 

ANSYS FLUENT 12.0 User’s Guide [18] for flow with Mach numbers greater than 0.1.  

This indicates that the gauge pressures prescribed at the pressure inlet and pressure outlet 

boundary conditions are equal to the absolute pressures at those locations. 

The materials used for the fluid and the solid disk were varied.  The fluid was 

either compressible air or incompressible water.  The material of solid disk was 

aluminum, silicon, or Pyrex.  Both fluids were tested with all three disk materials.  The 

fluid material properties are summarized in Table 2-2, while the solid material properties 

are presented in Table 2-3. 

Table 2-2 – Fluid material properties 

Property SI units Air Water 

Density 𝜌 kg m3⁄  Ideal gas 998.2 

Specific heat 𝑐𝑝 J kg  K⁄  1006.43 4182 

Thermal conductivity 𝑘 W m K⁄  0.0242 0.6 

Viscosity 𝜇 kg m  s⁄  Sutherland 0.001003 

Prandtl number 𝑃𝑟  Sutherland 6.907 

 

Table 2-3 – Solid material properties 

Property SI Units Aluminum Silicon Pyrex 

Density 𝜌 kg m3⁄  2719 2330 2230 

Specific heat 𝑐𝑝 J kg  K⁄  871 700 774.56 

Thermal conductivity 𝑘 W m K⁄  202.4 131 1.35 

      

The density of the compressible air was determined using the ideal gas law, which 

is outlined in the ANSYS FLUENT 12.0 User’s Guide [18] as 

𝜌 =
𝑝𝑜𝑝 + 𝑝

𝑅
𝑀𝑤

𝑇
 

(2.43) 

where the universal gas constant is 𝑅 = 8.314 𝐽 𝑚𝑜𝑙  𝐾⁄  

Sutherland’s viscosity law with three coefficients was used to determine the 
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viscosity of the compressible air.  Sutherland’s law is also required to determine the air 

Prandtl number.  The ANSYS FLUENT 12.0 User’s Guide [18] presents Sutherland’s law 

as 

𝜇 = 𝜇0 (
𝑇

𝑇0
*
𝑇0 + 𝑆

𝑇 + 𝑆
 

(2.44) 

where the reference viscosity was 𝜇0 = 1.716 × 10
−5 𝑘𝑔 𝑚  𝑠⁄ , the reference 

temperature was 𝑇0 = 273.11 𝐾, and the effective temperature was 𝑆 = 110.56 𝐾. 

 

2.3.4 Boundary Conditions 

The pressure outlet, 𝑝𝑜𝑢𝑡, was set to a gauge pressure of 1 atm for all cases and 

the gauge pressure at the inlet was varied according to Table 2-4 as a means to vary the 

velocity magnitude at the nozzle exit.  The nozzle exit Reynolds number was determined 

from the average velocity at the nozzle exit.  The temperature at the pressure inlet and the 

pressure outlet regions were both set to 293.15 K (20°C).  The temperature at the pressure 

outlet needed to be set since backflow entered the computational domain. 

 The bottom of the disk was broken into five concentric regions with increasing 

radii.  The inner four regions had outer radii of one, two, three, or four nozzle diameters 

and were set to be either adiabatic or a source of constant wall heat flux.  When air was 

the working fluid, the heat flux was prescribed to be 50 kW/m
2
.  Because of the larger 

thermal conductivity of water, the prescribed heat flux was increased to 5,000 kW/m
2
 for 

cases with water as the working fluid in order to obtain adequate temperature resolution 

in the results.  The outer region between a radius of four and ten nozzle diameters was set 

to be adiabatic. 
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Table 2-4 – Pressure inlet boundary conditions and average nozzle exit data 

 
Target 

𝑅𝑒 

Inlet Pressure 

(atm) 

Pressure 

Drop (atm) 

𝑉𝑒𝑥𝑖𝑡 
(m/s) 

Actual 

𝑅𝑒 
𝑀𝑒𝑥𝑖𝑡 

𝑇𝑒𝑥𝑖𝑡 
(K) 

A
ir

 

500 1.6859 0.6859 75.02 507 0.220 290.19 

1000 2.4491 1.4491 139.1 994 0.415 281.44 

1500 3.2122 2.2122 195.9 1497 0.597 271.31 

2000 3.9754 2.9754 247.3 2056 0.774 259.15 

        

W
a
te

r
 500 2.8634 1.8634 5.03 501 - 293.15 

1000 5.3113 4.3113 10.1 1006 - 293.15 

1500 8.3339 7.3339 15.2 1512 - 293.15 

2000 11.7032 10.7032 20.0 1993 - 293.15 

        

 

2.3.5 Grid Independence 

 The mesh generated by GAMBIT must be fine enough to accurately simulate the 

physics of an impinging jet.  A mesh is grid independent if an identical case is solved 

with a finer grid without any significant changes to the solution.  To validate the 

solution’s grid independence, a second mesh was created in GAMBIT for the case with a 

disk thickness of one nozzle diameter (100 μm) and double the number of nodes 

presented in Table 2-1 on each edge.  This resulted in a mesh with four times as many 

cells within the entire domain.  Cases were run on with this finer mesh with a disk 

material of Pyrex and nozzle exit Reynolds numbers of 500 and 2000 for both air and 

water.  The results for the temperature distributions on both surfaces of the disks were 

compared to the results obtained for cases with the standard grid. 

 Table 2-5 presents the maximum differences in the temperature distributions on 

the impinging and heated surfaces.  For both air and water, the differences were less than 

0.75% at all points.  The smallest differences were observed in the air cases, where the 

differences were less than 0.26%.  Larger differences were observed for the water cases, 

but were still always negligible. 
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Table 2-5 – Maximum percent differences in wall temperatures for grid 

independence tests with a Pyrex disk 

 Air Water 

 𝑅𝑒 = 500 𝑅𝑒 = 2000 𝑅𝑒 = 500 𝑅𝑒 = 2000 

Impinging Surface 0.2576% 0.2144% 0.3652% 0.3321% 

Heated Surface 0.2556% 0.2118% 0.6684% 0.7311% 
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CHAPTER 3 

RESULTS AND DISCUSSION FOR AN IMPINGING AIR JET 

 

 The numerical model created was run under different boundary and operating 

conditions, as outlined in the previous chapter.  An analysis and discussion of the results 

obtained with compressible air used as the working fluid are presented in this chapter.  

The results from incompressible water will be presented in the following Chapter 4. 

 

3.1 Adiabatic and Constant Wall Heat Flux Boundary Conditions 

 The numerical model was run with a prescribed constant wall heat flux boundary 

condition of 50 kW/m
2
 at the impinging surface with various heater sizes.  The model 

was also run with an adiabatic wall boundary condition at the impinging surface for 

comparison.  As the fluid moved through the nozzle from the pressure inlet, the flow 

became fully-developed and exited the nozzle into the confined impingement region.  

Figure 3.1 illustrates the dimensionless fluid velocity profile at the nozzle exit.  The fluid 

velocity was nondimensionalized by dividing the local fluid velocity, 𝑣𝑥, by the peak 

velocity at the center of the nozzle exit, 𝑉𝑚𝑎𝑥. 

𝑉∗ =
𝑣𝑥
𝑉𝑚𝑎𝑥

 
(3.1) 

The fluid velocity profile at the nozzle exit was parabolic with a maximum at the axis of 

symmetry and reducing to a velocity of zero at the nozzle wall.  Changing the boundary 

condition at the impinging surface from adiabatic to a prescribed constant wall heat flux 

of 50 kW/m
2
 had no effect on the fluid velocity profile at the nozzle exit. 
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Figure 3.1 – Local fluid velocity distribution at the nozzle exit of an impinging air 

jet. 
 

When the working fluid was compressible air, the temperature of the fluid 

decreased as it passed through the nozzle.  The temperature of the fluid at the pressure 

inlet was prescribed to be 293.15 K (20°C).  The decrease in the fluid temperature across 

the nozzle became more significant as the nozzle exit Reynolds number increased.  Table 

2-4 presents the average temperature at the nozzle exit for the four nozzle exit Reynolds 

numbers tested.  Figure 3.2 illustrates the drop in fluid temperature across the nozzle at 

the axis of symmetry for different nozzle exit Reynolds numbers.  The fluid temperature 

was nondimensionalized by dividing the local fluid temperature, 𝑇, by the prescribed 

fluid temperature at the nozzle inlet, 𝑇𝑖𝑛. 

𝑇∗ =
𝑇

𝑇𝑖𝑛
 

(3.2) 

The fluid temperatures at the axis of symmetry were unaffected by the boundary 

condition applied at the impinging surface. 
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Figure 3.2 – Local fluid temperature at the axis of the nozzle of an impinging air jet 

at varying 𝑹𝒆. 
 

Similar to the fluid velocity profile, the fluid temperature profile at the nozzle exit 

was also parabolic with a minimum at the axis of symmetry and a maximum at the nozzle 

wall, as illustrated in Figure 3.3.  Changing the boundary condition at the impinging 

surface from adiabatic to a prescribed 50 kW/m
2
 constant wall heat flux caused the 

temperature of the fluid near the nozzle wall to increase by approximately 5 K at the 

nozzle exit for a Reynolds number of 500 only.  This small variation in the temperature 

profile had a negligible effect on the heat transfer at the impinging surface when 

compared to the much larger effects of increasing the nozzle exit Reynolds number.  This 

was caused by a difference in the recirculation of the fluid within the confined 

impingement region. 
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(a) 

 

 
(b) 

Figure 3.3 – Local fluid temperature distribution at the nozzle exit of an impinging 

air jet for (a) an adiabatic impinging surface and (b) a heated impinging surface 

with a constant wall heat flux of 50 kW/m
2
. 
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After exiting the nozzle, the fluid entered the confined impingement region and 

struck the impinging surface.  The fluid then moved radially outward and recirculated 

within the confined impingement region, as illustrated by Figure 3.4.  The recirculation 

patters differed based on the nozzle exit Reynolds number.  At a nozzle exit Reynolds 

number of 500, the recirculation was entirely within the computational domain.  For 

cases with a heated impinging surface and a low Reynolds number, the fluid was heated 

and recirculated back towards the nozzle exit.  This caused the temperature profile of 

fluid at the nozzle exit to be slightly increased at the nozzle wall only for a nozzle exit 

Reynolds number of 500 and a heated impinging surface.  As the nozzle exit Reynolds 

number increased, the center of the recirculation moved radially outwards and part of the 

recirculation moved outside of the computational domain.  Because the backflow 

temperature was set to 293.15 K, the flow moving back towards the nozzle exit was 

colder for larger Reynolds numbers as it was not heated by the impinging surface.  This 

resulted in the temperature profile of the fluid at the nozzle exit to be affected by the 

boundary condition at the impinging surface only for a Reynolds number of 500. 

The temperature of the fluid increased with increasing distance from the nozzle 

exit due to viscous heating effects as the air decelerated and mixed with air in the 

confined impingement region.  Figure 3.5 illustrates how the fluid temperature along the 

axis of symmetry increased after leaving the nozzle exit.  Adding a prescribed constant 

wall heat flux of 50 kW/m
2
 at the impinging surface had a negligible effect on the fluid 

temperature until a distance of three nozzle diameters from the nozzle exit was reached.  

After this point, the fluid temperature profile at the axis increased as a result of the 

prescribed constant wall heat flux. 



58 

 

 
(a) 

 
(b) 

Figure 3.4 – Fluid flow patterns in the confined impingement region of an impinging 

air jet at varying 𝑹𝒆 with (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 3.5 – Local fluid temperature at the axis of the confined impingement region 

of an impinging air jet at varying 𝑹𝒆 with (a) an adiabatic impinging surface and (b) 

a heated impinging surface with a constant wall heat flux of 50 kW/m
2
. 
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The oscillations in the temperature profile for a nozzle exit Reynolds number of 

2000 in Figure 3.5 were a result of the Mach number exceeding one at the peak in the 

velocity profile displayed in Figure 3.3.  The peak value of the Mach number at this 

Reynolds number was 1.0765, which indicates that a small shock wave would form under 

these conditions.  The model used was unable to accurately predict flow of this nature.  

Because of the level of agreement with the results at other Reynolds numbers, it was 

concluded that the data collected with a Reynolds number of 2000 was still useful in 

characterizing the heat transfer of an impinging jet with conjugate effects.  However, it 

should be acknowledged that a small computational error exists in these results. 

Figure 3.6 illustrates the effects of varying the nozzle exit Reynolds number on 

the local adiabatic wall temperature distribution at the impinging surface.  Because the 

effects of viscous heating increased with increasing nozzle exit Mach number, the 

magnitude of the adiabatic wall temperature at the stagnation point increased with 

increasing nozzle exit Reynolds number.  At the stagnation point, the local adiabatic wall 

temperature increased from 294.96 K to 300.76 K as the nozzle exit Reynolds number 

was increased from 500 to 2000. As radial distance from the stagnation point increased, 

the adiabatic wall temperature decreased.  At a nozzle exit Reynolds number of 500, the 

local adiabatic wall temperature came to a local minimum at a radial distance of 1.5 

nozzle diameters from the stagnation point.  Beyond this local minimum, the adiabatic 

wall temperature increased to a local maximum at a radial distance of eight nozzle 

diameters from the stagnation point.  At nozzle exit Reynolds number of 1000 or greater, 

the local adiabatic wall temperature decreased to the prescribed pressure inlet 

temperature and remained uniform until the end of the computational domain. 
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Figure 3.6 – Local wall temperature at an adiabatic impinging surface of an 

impinging air jet as a function of radial distance from the stagnation point at 

varying 𝑹𝒆. 
 

 Figure 3.7a illustrates the local heated wall temperature profile on the impinging 

surface with a constant wall heat flux of 50 kW/m
2
 for a nozzle exit Reynolds number of 

500.  Increasing the radius of the heater from one to four nozzle diameters caused the 

magnitude of the local heated wall temperature profile to increase.  At the stagnation 

point, the local heated wall temperature increased from 301.20 K to 306.83 K as the 

radius of the heater increased from one to four nozzle diameters for a nozzle exit 

Reynolds number of 500.  The shape of the local heated wall temperature profile was 

unaffected by the size of the heater; only the magnitude was affected.  Varying the radius 

of the heater between one and four nozzle diameters had no effect on the local heated 

wall temperature profile for nozzle exit Reynolds numbers of 1000 or greater, as 

illustrated in Figure 3.7b for a nozzle exit Reynolds number of 2000. 
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(a) 

 

 
(b) 

Figure 3.7 – Local heated wall temperature at the impinging surface with a constant 

wall heat flux of 50 kW/m
2
 as a function of radial distance from the stagnation point 

of an impinging air jet at varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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Figure 3.8 illustrates the effects of varying the nozzle exit Reynolds number on 

the local heated wall temperature distribution at the impinging surface for a constant 

heater size of four nozzle diameters.  For a nozzle exit Reynolds number of 500, the 

minimum in the local heated wall temperature was at the stagnation point and the 

temperature increased as radial distance from the stagnation point increased until the end 

of the heated area.  As the nozzle exit Reynolds number increased, the effects of viscous 

heating became more significant and caused the local heated wall temperature to increase 

at the stagnation point.  At a nozzle exit Reynolds number of 1000, the local wall 

temperature profile near the stagnation point was uniform.  At nozzle exit Reynolds 

numbers of 1500 and 2000, the local heated wall temperature increased at the stagnation 

point to form a local maximum.  This increase in the local heated wall temperature was 

significant enough such that the stagnation local wall temperature increased with nozzle 

exit Reynolds number for Reynolds numbers above 1000.  At these higher nozzle exit 

Reynolds numbers, the local heated wall temperature decreased as radial distance from 

the stagnation point increased until reaching a minimum radially offset from the 

stagnation point.  The minimum in the wall temperature profile was at 0.6549 and 0.7639 

nozzle diameters from the stagnation point at nozzle exit Reynolds numbers of 1500 and 

2000, respectively.  After the minimum in the local heated wall temperature profile, the 

temperature increased as radial distance from the stagnation point increased until the end 

of the heated area of the impinging surface.  At radial distances beyond the heated area of 

the impinging surface where the wall was adiabatic, the local wall temperature decreased 

dramatically as the fluid cooled. 
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Figure 3.8 – Local heated wall temperature at the impinging surface with a constant 

wall heat flux of 50 kW/m
2
 as a function of radial distance from the stagnation point 

of an impinging air jet at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
 

The trends in the local heated wall temperature distributions observed in Figure 

3.8 were compared to the results from the study by Pence et al. [1] presented in Figure 

3.9.  The conditions in the present study were nearly identical to those examined by 

Pence et al. [1].  However, Pence et al. [1] used a laminar solver and a slightly less fine 

gird.  A 149×118 axial by radial grid was used in the study by Pence et al. [1], whereas 

this study used a 150×200 axial by radial grid.  Pence et al. [1] also prescribed slip flow 

and temperature jump conditions at the impinging surface, while this study used a no slip 

and no jump boundary condition.  Pence et al. [1] reported that results from simulations 

with slip flow and a temperature jump had slightly increased heat transfer rates at the 

impinging surface, and thus smaller heated wall temperature distributions. 

Pence et al. [1] also did not include a nozzle in the computational domain, instead 

prescribing a uniform velocity profile with tapered ends at the nozzle exit.  The 
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magnitude of the velocity profile was prescribed by Pence et al. [1] such that the Mach 

number at the nozzle exit Mach number varied between 0.2, 0.4, 0.6, or 0.8.  These 

values used by Pence et al. [1] are similar to the average Mach numbers reported at the 

nozzle exit for the four nozzle exit Reynolds numbers used in this study, as reported in 

Table 2-4.  The fluid temperature at the nozzle exit was prescribed to be uniform in Pence 

et al. [1], which is in contrast to the fully developed temperature profile observed at the 

nozzle exit in this study in Figure 3.3.  The prescribed temperatures used by Pence et al. 

[1] were within 3 K of the average fluid temperature at the nozzle exit for the 

corresponding case reported by this study in Table 2-4. 

 

Figure 3.9 – Nondimensionalized local heated wall temperature at the impinging 

surface with a constant wall heat flux of 50 kW/m
2
 as a function of radial distance 

from the stagnation point at varying 𝑴𝒆𝒙𝒊𝒕 and 𝑻𝒆𝒙𝒊𝒕 with a constant heater radius of 

𝑹𝑯 = 𝟒𝑫 as reported by Pence et al. [1]. 
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Both cases observed a local maximum in the heated wall temperature at the 

stagnation point with a minimum offset from the stagnation point at larger Reynolds 

numbers.  Pence et al. [1] observed this trend in all cases reported, even at the lowest 

nozzle exit Reynolds numbers.  However, the temperature difference between the local 

maximum at the stagnation point and the offset minimum decreased with decreasing 

Mach number for Pence et al. [1].  It was also reported by Pence et al. [1] that the overall 

magnitudes of the local heated wall temperature distributions consistently decreased with 

increasing Mach number.  The stagnation adiabatic wall temperature was reported to be 

constant in Pence et al. [1], though this may be the result of the variations of the 

prescribed inlet temperature.  As stated in Chapter 1, no information was presented by 

Pence et al. [1] detailing the method used to assign the nozzle exit temperatures and it 

was reasonable to suspect that the authors did not simply vary the prescribed temperature 

of the fluid at the nozzle exit for each adiabatic case such that this condition was always 

true. 

The local Nusselt number distribution (Figures 3.10-3.12) at the impinging 

surface was calculated using the prescribed local wall heat flux (𝑞"), the local heated wall 

temperature (𝑇𝑤) results, the prescribed temperature at the pressure inlet (𝑇𝑖𝑛), the nozzle 

diameter (𝐷), and the thermal conductivity of the fluid (𝑘) with the following equation. 

𝑁𝑢 =
ℎ𝐷

𝑘
=

𝑞"

𝑇𝑤  𝑇𝑖𝑛
 
𝐷

𝑘
 

(3.3) 

Similar to the heated wall temperature profile, increasing the size of the heater 

caused the magnitude of the local Nusselt number distribution to decrease only at a 

nozzle exit Reynolds number of 500.  At the stagnation point, the local Nusselt number 

decreased from 25.66 to 15.11 as the radius of the heater increased from one to four 
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nozzle diameters for a nozzle exit Reynolds number of 500, as illustrated in Figure 3.10a.  

The shape of the local Nusselt number distribution was unaffected by the size of the 

heater; only the magnitude was affected.  Varying the radius of the heater between one 

and four nozzle diameters had no effect on the local Nusselt number distribution for 

nozzle exit Reynolds numbers of 1000 or greater, as illustrated in Figure 3.10b for a 

nozzle exit Reynolds number of 2000. 

Figure 3.11 illustrates the effects of varying the nozzle exit Reynolds number on 

the local Nusselt number distribution at the impinging surface for a constant heater size 

of four nozzle diameters.  Viscous heating in the compressible air hindered the heat 

transfer at the stagnation point for higher nozzle exit Reynolds numbers.  For a nozzle 

exit Reynolds number of 500, the local Nusselt number distribution was bell shaped with 

a maximum of 15.11 at the stagnation point.  Increasing the nozzle exit Reynolds number 

to 1000 caused the overall magnitude of the local Nusselt number distribution to increase, 

but a small dip formed at the stagnation point.  A local minimum in the Nusselt number of 

30.87 occurred at the stagnation point and the maximum Nusselt number occurred at a 

distance of 0.2625 nozzle diameters from the stagnation point at a value of 31.07.  After 

the maximum, the local Nusselt number decreased with increasing radial distance from 

the stagnation point.  Increasing the nozzle exit Reynolds number beyond 1000 caused 

the magnitude of the local Nusselt number at the stagnation point to decrease due to an 

increase in the effects of viscous heating.  At increased radial distances from the 

stagnation point, the magnitude of the local Nusselt number distribution increased with 

increasing nozzle exit Reynolds number. 
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(a) 

 

 
(b) 

Figure 3.10 – Local Nusselt number at the impinging surface with a constant wall 

heat flux of 50 kW/m
2
 as a function of radial distance from the stagnation point of 

an impinging air jet at varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆=2000. 
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The trends in the local Nusselt number distributions observed in Figure 3.11 are 

compared to the results from the study by Pence et al. [1] presented in Figure 1.2.  Pence 

et al. [1] reported larger Nusselt numbers than this study at similar nozzle exit Reynolds 

numbers.  This was likely the result of using slip flow boundary conditions with a 

temperature jump.  Pence et al. [1] also reported that the Nusselt number at the stagnation 

point consistently increased with increasing nozzle exit Reynolds number, whereas 

viscous heating of the jet prevented this in the present study.  The use of a uniform 

temperature profile at the nozzle exit by Pence et al. [1] could have reduced the level of 

viscous heating and suppressed this trend at the stagnation point.  Pence et al. [1] made 

no mention of viscous heating of the jet affecting the results. 

 

Figure 3.11 – Local Nusselt number at the impinging surface with a constant wall 

heat flux of 50 kW/m
2
 as a function of radial distance from the stagnation point of 

an impinging air jet at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
 

Because the local Nusselt number distribution did not increase with nozzle exit 

Reynolds number at all points along the impinging surface, the effects of viscous heating 
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on the overall heat transfer performance of the impinging jet was analyzed with the area 

averaged Nusselt number on the impinging surface, as illustrated in Figure 3.12.  Beyond 

a radial distance of 0.92 nozzle diameters, the area averaged Nusselt number increased 

with increasing nozzle exit Reynolds number.  Between the stagnation point and a radius 

of 0.92 nozzle diameters, this was not always true because viscous heating in the fluid 

hindered the heat transfer performance.  As such, smaller nozzle exit Reynolds numbers 

are preferable for very small heater sizes. 

 

Figure 3.12 – Area averaged Nusselt number at the impinging surface with a 

constant wall heat flux of 50 kW/m
2
 as a function of radial distance from the 

stagnation point of an impinging air jet at varying 𝑹𝒆 with a constant heater radius 

of 𝑹𝑯 = 𝟒𝑫. 
 

 

3.2 Constant Wall Temperature Boundary Condition 

 Cases were run with an air jet impinging on a surface with a prescribed heated 

wall temperature of 303.15 K (30°C), 10 K larger than the prescribed inlet fluid 
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temperature of 293.15 K (20°C) at the pressure inlet.  The local wall heat flux at the 

impinging surface was used to assess the heat transfer performance of the jet.  Because 

the temperature at the impinging surface was uniform, the temperature difference 

between the pressure inlet and the impinging surface was constant and the local Nusselt 

number was directly proportional to the local wall heat flux.  As such, all trends observed 

in the local wall heat flux were also observed in the local Nusselt number. 

For a nozzle exit Reynolds number of 500, increasing the size of the heater caused 

the local wall heat flux and local Nusselt number at the impinging surface to decrease.  

As the radius of the heater increased from one to four nozzle diameters for a nozzle exit 

Reynolds number of 500, the local heat flux decreased from 69.8 kW/m
2
 to 66.6 kW/m

2
 

and the local Nusselt number decreased from 28.9 to 27.5 at the stagnation point for a 

nozzle exit Reynolds number of 500, as illustrated in Figures 3.13a and 3.14a, 

respectively.  The wall heat flux was nondimensionalized by dividing the local wall heat 

flux, 𝑞", by the applied heat flux at the impinging surface, 𝑞𝐻". 

𝑞"∗ =
𝑞"

𝑞𝐻"
 

(3.4) 

There was no the applied heat flux at the impinging surface for the constant wall 

temperature case.  Instead, the local wall heat flux was divided by 50 kW/m
2
, the applied 

heat flux used in the other cases, for consistency.  The shape of the local wall heat flux 

and Nusselt number distributions were unaffected by the size of the heater; only the 

magnitudes were affected.  Varying the radius of the heated area between one and four 

nozzle diameters had no effect on the local wall heat flux or Nusselt number distributions 

for nozzle exit Reynolds numbers of 1000 or greater, as illustrated in Figures 3.13b and 

3.14b, respectively, for a nozzle exit Reynolds number of 2000. 
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(a) 

 

 
(b) 

Figure 3.13 – Local wall heat flux at the impinging surface with a constant wall 

temperature of 303.15 K as a function of radial distance from the stagnation point of 

an impinging air jet at varying heater sizes for (a) 𝑹𝒆 =500 and (b) 𝑹𝒆 =2000. 

 



73 

 

 
(a) 

 

 
(b) 

Figure 3.14 – Local Nusselt number at the impinging surface with a constant wall 

temperature of 303.15 K as a function of radial distance from the stagnation point of 

an impinging air jet at varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆=2000. 
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Figures 3.15 and 3.16 illustrate the effects of varying the nozzle exit Reynolds 

number on the local wall heat flux distribution and the Nusselt number at the impinging 

surface for a constant heater size of four nozzle diameters.  For a nozzle exit Reynolds 

numbers of 500 and 1000, the local wall heat flux and Nusselt number distributions were 

bell shaped with a maximum at the stagnation point.  Increasing the nozzle exit Reynolds 

number from 500 to 1000 caused the magnitude of the local wall heat flux and Nusselt 

number distributions to increase. 

Increasing the nozzle exit Reynolds number from 1000 to 1500 caused the local 

wall heat flux and Nusselt number at the stagnation point to decrease.  This is because, as 

with the constant wall heat flux cases studied, viscous heating in the compressible air 

hindered the heat transfer at the stagnation point for higher nozzle exit Reynolds 

numbers.  A minimum in the local wall heat flux and Nusselt number formed at the 

stagnation point and the maximum occurred at a radial distance of 0.375 nozzle diameters 

from the stagnation point.  After the maximum, the local wall heat flux and Nusselt 

number decreased as distance from the stagnation point increased.  Further increasing in 

the nozzle exit Reynolds number to 2000 magnified the effects of viscous heating and 

caused the local wall heat flux and Nusselt number at the stagnation point to decrease 

further.  At increased radial distances from the stagnation point, the local wall heat flux 

and Nusselt number increased.  The magnitude and radial distance from the stagnation 

point of the maxima in the local wall heat flux and Nusselt number also increased.  The 

maxima occur at a larger radial distance of 0.45 nozzle diameters from the stagnation 

point. 
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Figure 3.15 – Local wall heat flux at the impinging surface with a constant wall 

temperature of 303.15 K as a function of radial distance from the stagnation point of 

an impinging air jet at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
 

  

 

Figure 3.16 – Local Nusselt number at the impinging surface with a constant wall 

temperature of 303.15 K as a function of radial distance from the stagnation point of 

an impinging air jet at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
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Because the local Nusselt number distribution does not increase with nozzle exit 

Reynolds number at all points along the impinging surface, the effects of viscous heating 

on the overall heat transfer performance of the impinging jet were analyzed with the area 

averaged Nusselt number on the impinging surface, as illustrated in Figure 3.17.  Beyond 

a radial distance of 0.51 nozzle diameters, the area averaged Nusselt number increased 

with increasing nozzle exit Reynolds number.  Between the stagnation point and a radius 

of 0.51 nozzle diameters, this was not always true because viscous heating in the fluid 

hindered the heat transfer performance at larger nozzle exit Reynolds numbers.  As such, 

smaller nozzle exit Reynolds numbers are preferable for very small heater sizes. 

 

Figure 3.17 – Area averaged Nusselt number at the impinging surface with a 

constant wall temperature of 303.15 K as a function of radial distance from the 

stagnation point of an impinging air jet at varying 𝑹𝒆 with a constant heater radius 

of 𝑹𝑯 = 𝟒𝑫. 
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3.3 Aluminum and Silicon Disks 

 Cases were run where an aluminum, silicon, or Pyrex disk was placed between an 

impinging air jet and a heat source of 50 kW/m
2
.  The thickness of the disk was one 

nozzle diameter (100 μm) and the radius of the heated area varied between zero 

(indicating an adiabatic case) and four nozzle radii at various nozzle exit Reynolds 

numbers.  As the results for aluminum were very similar to those for silicon, both are 

presented together in this section.  The results for a Pyrex disk are presented in the 

following section. 

 Figures 3.18 and 3.19 illustrate the temperature distributions at the impinging 

surface on the top of an unheated disk and the adiabatic surface on the bottom of the disk 

for aluminum and silicon, respectively.  At any given nozzle exit Reynolds number the 

temperature distribution within the disk was uniform.  This was due to the large thermal 

conductivities of aluminum and silicon.  For nozzle exit Reynolds numbers of 1000 or 

larger, the temperature of the disk was approximately 293.5 K for both disk materials.  At 

a nozzle exit Reynolds numbers of 500, the disk temperature increased to 294.5 K. 
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(a) 

 

 
(b) 

Figure 3.18 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at varying 𝑹𝒆 at (a) the impinging surface 

and (b) the bottom of an unheated aluminum disk. 
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(a) 

 

 
(b) 

Figure 3.19 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at varying 𝑹𝒆 at (a) the impinging surface 

and (b) the bottom of a silicon disk. 
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Figures 3.20 and 3.21 illustrate the local wall heat flux exiting through the top of 

an unheated disk for aluminum and silicon, respectively.  At radial distances less than one 

nozzle diameter from the stagnation point, the local wall heat flux was negative, 

indicating that heat was added to the disks by the impinging air jet.  As the nozzle exit 

Reynolds number increased, the magnitude of the heat added by the impinging jet 

increased.  This was a result of viscous heating effects in the compressible air.  At larger 

nozzle exit Reynolds numbers, the temperature of the fluid near the stagnation point 

increased, and as such more heat was added to the disk.  At radial distances larger than 

one nozzle diameter from the stagnation point, the local wall heat flux was positive.  This 

indicated that heat was removed from the disk as the fluid cooled.  The local wall heat 

flux came to a peak and then decreased to zero at larger radial distances from the 

stagnation point.  Although the magnitude of the negative local wall heat flux at the 

stagnation point was much larger than the positive local wall heat flux at increased radial 

distances, the area near the stagnation point was much smaller.  As such, the average of 

the heat flux over the entire impinging surface was zero and the conservation of energy 

entering and leaving the disks was conserved. 
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Figure 3.20 – Local wall heat flux at the impinging surface of an unheated 

aluminum disk as a function of radial distance from the stagnation point of an 

impinging air jet at varying 𝑹𝒆. 

 

 

Figure 3.21 – Local wall heat flux at the impinging surface of an unheated 

silicon disk as a function of radial distance from the stagnation point of an 

impinging air jet at varying 𝑹𝒆. 
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Similar to the adiabatic cases, cases with a constant wall heat flux at the bottom of 

the disk had a uniform disk temperature due to the large thermal conductivities of 

aluminum and silicon.  Tables 3-1 and 3-2 display the average temperatures at the 

impinging and bottom surfaces of the disks at various nozzle exit Reynolds numbers and 

heater sizes for aluminum and silicon, respectively.  The average temperature at the 

bottom surface was always greater than or equal to the average temperature at the 

impinging surface, and the difference in the average temperatures at the two surfaces was 

always on the order of 0.1 K or less.  The average temperature at either surface always 

increased with increasing heater size or decreasing nozzle exit Reynolds number. 

Table 3-1 – Average surface temperatures of an aluminum disk (K) 

 Heater Size 𝑅𝑒 = 500 𝑅𝑒 = 1000 𝑅𝑒 = 1500 𝑅𝑒 = 2000 

Im
p

in
g
in

g
 

S
u

rf
a
ce

 𝑅𝐻 = 0𝐷 294.529 293.531 293.442 293.343 

𝑅𝐻 = 1𝐷 298.098 294.161 293.901 293.718 

𝑅𝐻 = 2𝐷 300.448 296.007 295.052 294.649 

𝑅𝐻 = 3𝐷 309.894 298.719 297.232 296.399 

𝑅𝐻 = 4𝐷 323.681 303.045 300.340 298.893 

      

B
o
tt

o
m

 

S
u

rf
a
ce

 𝑅𝐻 = 0𝐷 294.533 293.530 293.442 293.343 

𝑅𝐻 = 1𝐷 298.114 294.161 293.901 293.718 

𝑅𝐻 = 2𝐷 300.473 296.008 295.053 294.650 

𝑅𝐻 = 3𝐷 309.952 298.721 297.235 296.402 

𝑅𝐻 = 4𝐷 323.685 303.050 300.344 298.897 

 

Table 3-2 – Average surface temperatures of a silicon disk (K) 

 Heater Size 𝑅𝑒 = 500 𝑅𝑒 = 1000 𝑅𝑒 = 1500 𝑅𝑒 = 2000 

Im
p

in
g
in

g
 

S
u

rf
a
ce

 𝑅𝐻 = 0𝐷 294.538 293.526 293.439 293.340 

𝑅𝐻 = 1𝐷 296.461 294.141 293.879 293.702 

𝑅𝐻 = 2𝐷 300.450 295.992 295.053 294.649 

𝑅𝐻 = 3𝐷 309.933 298.721 297.233 296.400 

𝑅𝐻 = 4𝐷 323.686 303.050 300.342 298.894 

      

B
o
tt

o
m

 

S
u

rf
a
ce

 𝑅𝐻 = 0𝐷 294.543 293.526 293.439 293.340 

𝑅𝐻 = 1𝐷 296.472 294.142 293.879 293.702 

𝑅𝐻 = 2𝐷 300.476 295.994 295.054 294.650 

𝑅𝐻 = 3𝐷 309.992 298.725 297.237 296.404 

𝑅𝐻 = 4𝐷 323.793 303.056 300.348 298.900 
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 The local wall heat fluxes through the impinging surface of a heated disk for a 

nozzle exit Reynolds number of 500 are illustrated in Figures 3.22a and 3.23a for 

aluminum and silicon, respectively.  At this low nozzle exit Reynolds number, the viscous 

heat effects were minimal and the local wall heat flux distributions were bell shaped with 

a maximum at the stagnation and always positive, with exception to the unheated case.  

Increasing the prescribed heater area caused the magnitude of the local wall heat flux to 

increase while not affecting the overall shape of the distribution. 

Increasing the nozzle exit Reynolds number caused the effects of viscous heating 

to increase.  As with the cases for a jet impinging on a surface with a constant wall 

temperature, the local wall heat flux decreased near the stagnation point at larger nozzle 

exit Reynolds numbers.  However, the temperatures of the disks were lower than the 

prescribed temperature used above for most cases of both disk materials.  This resulted in 

the local wall heat flux at the stagnation point to decrease below zero for many cases with 

large nozzle exit Reynolds numbers or small heater sizes, as illustrated for a nozzle exit 

Reynolds number of 2000 with an aluminum disk in Figure 3.22b and a silicon disk in 

Figure 3.23b.  The negative local wall heat flux at the impinging surface near the 

stagnation point indicates that the jet was heating the disk rather than cooling it.  At 

increased radial distances, the local wall heat flux was positive.  In this region, the heat 

added by the air jet and the heater exited the disk by forced convection from the wall jet. 
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(a) 

 

 
(b) 

Figure 3.22 – Local wall heat flux at the impinging surface of an aluminum disk as a 

function of radial distance from the stagnation point of an impinging air jet at 

varying heater sizes for (a) 𝑹𝒆 =500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 3.23 – Local wall heat flux at the impinging surface of a silicon disk as a 

function of radial distance from the stagnation point of an impinging air jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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Figures 3.24 and 3.25 illustrate the effects of increasing the nozzle exit Reynolds 

number on the local wall heat flux at the impinging surface for a given constant heater 

size with an aluminum disk and a silicon disk, respectively.  At the smallest heater size 

with a radius of one nozzle diameter, the local wall heat flux distributions were similar to 

those for the adiabatic case at the corresponding nozzle exit Reynolds number, as seen in 

Figures 3.20 and 3.21, but with a larger magnitude.  At the largest heater size, the 

magnitude of the local wall heat flux was positive at all points on the impinging surface 

except near the stagnation point at a nozzle exit Reynolds number of 2000. 

Due to the large thermal conductivities of aluminum and silicon, increasing the 

size of the heater had a similar effect to simply increasing the magnitude of the prescribed 

heat flux for both disk materials.  Increasing the heater size caused the magnitude of the 

heat flux through the impinging surface to increase. 

To characterize the heat transfer of the jet on a heated disk, the local Nusselt 

number distribution was calculated at the impinging surface using the local wall 

temperature and heat flux results with Equation 3.3.  Figures 3.26a and 3.27a illustrate 

the local Nusselt number distribution for a nozzle exit Reynolds number of 500 with an 

aluminum disk and a silicon disk, respectively.  At this small Reynolds number, the 

effects of viscous heating were minimal and the Nusselt number distributions were bell 

shaped with a maximum at the stagnation point, with the exception of the adiabatic case.  

The magnitude of the local Nusselt number increased with increasing heater size at all 

points.  This increase in Nusselt number was greatest near the stagnation point and for an 

increase in heater radius from one to two nozzle diameters.  This was likely due to the 

heater area increasing by a factor of four after doubling the heater radius. 
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(a) 

 

 
(b) 

Figure 3.24 – Local wall heat flux at the impinging surface of an aluminum disk as a 

function of radial distance from the stagnation point of an impinging air jet at 

varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 3.25 – Local wall heat flux at the impinging surface of a silicon disk as a 

function of radial distance from the stagnation point of an impinging air jet at 

varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 3.26 – Local Nusselt number distribution at the impinging surface of an 

aluminum disk as a function of radial distance from the stagnation point of an 

impinging air jet at varying heater sizes for (a) 𝑹𝒆 =500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 3.27 – Local Nusselt number distribution at the impinging surface of a silicon 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying heater sizes for (a) 𝑹𝒆 =500 and (b) 𝑹𝒆 =2000. 
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As the nozzle exit Reynolds number increased, the effects of viscous heating 

increased.  Figures 3.26b and 3.27b illustrate the local Nusselt number distribution for a 

nozzle exit Reynolds number of 2000 with an aluminum disk and a silicon disk, 

respectively.  At this larger nozzle exit Reynolds number, the local Nusselt number was 

always negative near the stagnation point.  This was due to the negative heat flux 

resulting from heat added to the disk by the jet, and yet the temperature of the disk was 

consistently greater that the prescribed inlet temperature for both disk materials, as seen 

in Tables 3-1 and 3-2. 

The effects of increasing the nozzle exit Reynolds number with a constant heater 

size are illustrated in Figures 3.28 and 3.29 for an aluminum disk and a silicon disk, 

respectively.  As the Reynolds number increased, the effects of viscous heating increased, 

causing the local Nusselt number near the stagnation point to reduce while increasing the 

local Nusselt number at increased radial distances.  This effect was more prominent at 

smaller heater sizes. 
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(a) 

 

 
(b) 

Figure 3.28 – Local Nusselt number distribution at the impinging surface of an 

aluminum disk as a function of radial distance from the stagnation point of an 

impinging air jet at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 

𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 3.29 – Local Nusselt number distribution at the impinging surface of a silicon 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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Because the local Nusselt number distribution did not increase with nozzle exit 

Reynolds number at all points along the impinging surface, the effects of viscous heating 

on the overall heat transfer performance of the impinging jet were analyzed with the area 

averaged Nusselt number on the impinging surface, as illustrated in Figures 3.30 and 3.31 

for an aluminum disk and a silicon disk, respectively.  For all heater sizes, the average 

Nusselt number on the entire impinging surface consistently increases with increasing 

nozzle exit Reynolds number.  However, this was not true when examining the average 

Nusselt number on smaller areas of the impinging surface.  The radial distance from the 

stagnation point beyond which the area averaged Nusselt number consistently increased 

with increasing nozzle exit Reynolds number varied with respect to the heater radius.  For 

a heater radius of one nozzle diameter, this location occurred at 3.7 nozzle diameters from 

the stagnation point for both disk materials.  For a heater radius of four nozzle diameters, 

this location occurred at 0.85 nozzle diameters from the stagnation point.  This indicated 

that smaller nozzle exit Reynolds numbers are preferable for small heater sizes. 
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(a) 

 

 
(b) 

Figure 3.30 – Area averaged Nusselt number at the impinging surface of an 

aluminum disk as a function of radial distance from the stagnation point of an 

impinging air jet at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 

𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 3.31 – Area averaged Nusselt number at the impinging surface of a silicon 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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3.4 Pyrex Disk 

Cases were run with a Pyrex disk between an impinging air jet and a heat source 

of 50 kW/m
2
.  Unlike previously described cases, the temperature distributions within the 

Pyrex disk were not uniform.  Figure 3.32 illustrates the temperature distribution at the 

impinging surface of an unheated Pyrex disk and the bottom of the disk.  At a nozzle exit 

Reynolds number of 500, the temperature distributions on the both sides of the Pyrex disk 

were relatively uniform when compared to the other adiabatic cases with Pyrex and the 

temperature differences between the disk surfaces were negligible. 

Increasing the nozzle exit Reynolds number caused the temperature of the Pyrex 

disk to decrease by approximately 1K at radial distances greater than three nozzle 

diameters from the stagnation point.  Increasing the nozzle exit Reynolds number beyond 

1000 continued to lower the local temperature of the disk at these increased radial 

distances; however, the change was on a much lower magnitude.  Near the stagnation 

point, local temperature increased relative to the uniform temperature at radial distances 

beyond three nozzle diameters from the stagnation point.  This increase was greatest 

closest to the stagnation point, resulting in a bell shaped distribution, and more significant 

at the impinging surface than the bottom surface.  Increasing the nozzle exit Reynolds 

number caused the magnitude of this temperature peak at the stagnation point to be 

amplified.  This indicated that the peak at the stagnation point was the result of viscous 

heating within the jet.  This temperature increase in the stagnation region was also 

observed at the bottom of the disk, but was far less significant.  For the case with an 

adiabatic impinging surface the same trends are observed, as seen in Figure 3.6.  

However, the magnitude of the temperature peak was larger for the purely adiabatic case. 
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(a) 

 

 
(b) 

Figure 3.32 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at varying 𝑹𝒆 at (a) the impinging surface 

and (b) the bottom surface of an unheated Pyrex disk. 
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 This viscous heating was also observed in the local wall heat flux distribution on 

the impinging surface of the unheated Pyrex disk, as illustrated in Figure 3.33.  The heat 

flux distribution was similar to those for aluminum and silicon displayed in Figures 3.20 

and 3.21, respectively.  However the magnitude of the heat flux at the stagnation point 

was smaller for Pyrex.  The similarities between the local wall temperature profile of an 

adiabatic impinging surface and the local wall heat flux distribution of an impinging 

surface with a uniform temperature indicated that that the conjugate heat transfer effects 

were significant for an air jet impinging on a Pyrex disk. 

 

Figure 3.33 – Local wall heat flux at the impinging surface of an unheated Pyrex 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying 𝑹𝒆. 
 

 A constant wall heat flux of 50 kW/m
2
 was prescribed at the bottom surface of the 

disk, the radius of which was varied.  Figures 3.34 and 3.35 display the temperature 

distributions at the impinging and bottom surfaces of a heated Pyrex disk for nozzle exit 

Reynolds number of 500 and 2000, respectively.  For all nozzle exit Reynolds numbers, 
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the temperature at both surfaces increased with increasing heater size.  At a Reynolds 

number of 500, the temperature of the bottom surface was equal to the temperature of the 

impinging surface at radial distances from the stagnation point larger than the radius of 

the heater.  This indicated that little heat from the applied constant wall heat flux left the 

disk in these areas.  At smaller radial distances, the temperature of the bottom surface was 

greater than the temperature of the impinging surface.  For both surfaces with heater radii 

of two nozzle diameters or larger, a local minimum in the temperature profile occurred at 

the stagnation point and the temperature increased to a maximum at some radial distance 

from the stagnation point.  The radial distance between the stagnation point and the 

maximum was less than the radius of the heat source.  After the maximum the 

temperature decreased with increasing radial distance from the stagnation point.  This 

trend was due to the concentration of heat leaving the disk in an area approximately equal 

to that of the heat source and the increased heat transfer rates at the stagnation point from 

the low Reynolds number air jet.  The cases with a heater radius of one nozzle diameter 

showed a similar trend, but the maximum occurred at the stagnation point.  This was 

likely due to the smaller amounts of heat needing to exit the Pyrex disk and the 

concentration of heat close to the stagnation point. 

The temperature distributions for cases with a nozzle exit Reynolds number of 

2000, displayed in Figure 3.35, showed similar trends but were lower in magnitude than 

the distributions for a Reynolds number of 500.  As the heater radius increased, and 

inflection point in the temperature profile on the impinging surface formed for a heater 

radius of two nozzle diameters.  At a heater radius of three nozzle diameters, this 

inflection point became a secondary peak and for four diameters it became an offset 
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maximum.  This was a result of the viscous heating effects impeding the heat transfer at 

the stagnation point combined with the conjugate heat transfer effects described above.  

For the case with the largest heater size, the local maximum in the temperature at the 

impinging surface was due to the warm fluid in the center of the jet.  The local minimum 

near the stagnation point is due to the increased cooling from the developing wall jet and 

the offset maximum is from the heat added at larger radial distances. 

Figures 3.36 and 3.37 display the temperature distributions at the impinging and 

bottom surfaces of a heated Pyrex disk with constant heater radii of one and four nozzle 

diameters, respectively.  For the cases with a heater radius of one nozzle diameter, the 

trends are similar to those for the unheated case in Figure 3.32 but with higher 

temperatures near the stagnation point where the heat leaving the disk is concentrated.  

Because of the viscous heating effects, the magnitude of the temperature at the stagnation 

point increased with increasing nozzle exit Reynolds number above 1000.  At increased 

radial distances from the stagnation point, the temperature at the impinging surface 

decreased with increasing nozzle exit Reynolds number.  For the cases with a heater 

radius of four nozzle diameters, the surface temperatures were of a larger magnitude.  

Because of the larger amount of heat leaving the impinging surface, the temperature 

profile consistently decreased with increasing nozzle exit Reynolds number.  The viscous 

heating effects were not significant enough to alter these temperature profiles. 



102 

 

 
(a) 

 

 
(b) 

Figure 3.34 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at (a) the impinging surface and (b) the 

bottom of a Pyrex disk for varying heater sizes with 𝑹𝒆=500. 
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(a) 

 

 
(b) 

Figure 3.35 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at (a) the impinging surface and (b) the 

bottom of a Pyrex disk for varying heater sizes with 𝑹𝒆=2000. 
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(a) 

 

 
(b) 

Figure 3.36 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at (a) the impinging surface and (b) the 

bottom of a Pyrex disk with a constant heater radius of 𝑹𝑯 = 𝟏𝑫 and varying 𝑹𝒆. 
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(a) 

 

 
(b) 

Figure 3.37 – Local wall temperature as a function of radial distance from the 

stagnation point of an impinging air jet at (a) the impinging surface and (b) the 

bottom of a Pyrex disk with a constant heater radius of 𝑹𝑯 = 𝟒𝑫 and varying 𝑹𝒆. 
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The effect of the size of the heater on the local heat flux at the impinging surface 

is displayed in Figure 3.38 for a given nozzle exit Reynolds number.  The distributions 

were similar to those for aluminum and silicon displayed in Figures 3.22 and 3.23, 

respectively.  At the lower Reynolds of 500, the distribution was bell shaped for all heater 

sizes, with a peak at the stagnation point.  Viscous heating effects were negligible, so the 

local wall heat flux increased with increasing heater size at all points.  At the larger 

Reynolds number of 2000, viscous heating reduced the local wall heat flux at the 

stagnation point.  For Pyrex, the temperature at the impinging surface near the stagnation 

point was hotter than for aluminum and silicon.  As such, the heat flux at the stagnation 

point was not reduced as much for a Pyrex disk as it was when the disk was aluminum or 

silicon.  For a heater with a radius of four nozzle diameters, the heat flux at the stagnation 

point was positive at all points.  For aluminum and silicon, the heat flux was less than 

zero at the stagnation point. 
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(a) 

 

 
(b) 

Figure 3.38 – Local wall heat flux at the impinging surface of a Pyrex disk as a 

function of radial distance from the stagnation point of an impinging air jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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Figure 3.39 illustrates the effect of the nozzle exit Reynolds number on the local 

wall heat flux at the impinging surface of a Pyrex disk at a constant heater size.  At the 

smallest heater with a radius of one nozzle diameter, the distributions were similar to 

those for the adiabatic case at the corresponding nozzle exit Reynolds number, as seen in 

Figure 3.22, but slightly larger.  At a given heater size, the distribution varied 

significantly near the stagnation point based on the nozzle exit Reynolds number and the 

resulting viscous heating effects.  At larger radial distances, the local heat flux was not 

dependent on the Reynolds number for a given heater size. 

The local wall heat flux distributions were also similar to those for aluminum and 

silicon displayed in Figures 3.24 and 3.25, respectively.  For a heater with a radius of four 

nozzle diameters and at Reynolds number of 1000 and above, the magnitude of the peak 

in the local wall heat flux was larger for Pyrex than for aluminum and silicon.  This 

indicates that the heat was unable to exit the disk at increased radial distances from the 

stagnation point as easily for Pyrex as it did for aluminum and silicon.  This forced the 

heat flux to increase near the stagnation point, but not at the stagnation point because of 

viscous heating effects. 
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(a) 

 

 
(b) 

Figure 3.39 – Local wall heat flux at the impinging surface of a Pyrex disk as a 

function of radial distance from the stagnation point of an impinging air jet at 

varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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To characterize the heat transfer of the jet on a heated disk, the local Nusselt 

number distribution was calculated at the impinging surface using the local wall 

temperature and heat flux results with Equation 3.3.  Figure 3.40a illustrates the local 

Nusselt number distribution for a nozzle exit Reynolds number of 500 with a Pyrex disk.  

The distributions were very similar to those for aluminum and silicon displayed in 

Figures 3.26a and 3.27a, respectively.  At this small nozzle exit Reynolds number, the 

effects of viscous heating are minimal and the Nusselt number distributions were bell 

shaped with a maximum at the stagnation point, with the exception of the adiabatic case.  

The magnitude of the local Nusselt number increased with increasing heater size at all 

points. 

As the nozzle exit Reynolds number increased, the effects of viscous heating 

increased.  Figure 3.40b illustrates the local Nusselt number distribution for a nozzle exit 

Reynolds number of 2000 with a Pyrex disk.  The trends were very similar to those for 

aluminum and silicon displayed in Figures 3.26b and 3.27b, respectively.  However, the 

magnitudes are smaller when the disk material was Pyrex than when it was aluminum or 

silicon.  This is due to the increased temperatures at the impinging surface of the Pyrex 

disk that prevented viscous heating from having as large of an effect on the decrease in 

the local Nusselt number at the stagnation point.  At the largest heater radius of four 

nozzle diameters, the local Nusselt number was positive at all points for Pyrex, but 

decreases below zero for aluminum and silicon. 

 



111 

 

 
(a) 

 

 
(b) 

Figure 3.40 – Local Nusselt number distribution at the impinging surface of a Pyrex 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying heater sizes for (a) 𝑹𝒆 =500 and (b) 𝑹𝒆 =2000. 
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 The effects of increasing the nozzle exit Reynolds number at a constant heater size 

are illustrated in Figure 3.41 for a Pyrex disk.  As with the aluminum and silicon disks 

displayed in Figures 3.28 and 3.29, the effects of viscous heating increased with 

increased Reynolds number and caused the local Nusselt number near the stagnation 

point to reduce while increasing the local Nusselt number at increased radial distances.  

This effect was less prominent for the Pyrex disk than the aluminum and silicon disks.  

For the largest heater size and a Pyrex disk, the Nusselt number was always positive; this 

was not true for the aluminum or silicon disks. 

Because the local Nusselt number distribution did not increase with nozzle exit 

Reynolds number at all points along the impinging surface, the effects of viscous heating 

on the overall heat transfer performance of the impinging jet were analyzed with the area 

averaged Nusselt number on the impinging surface, as illustrated in Figure 3.42.    For all 

heater sizes, the average Nusselt number on the entire impinging surface consistently 

increased with increasing nozzle exit Reynolds number.  However, this was not true when 

examining the average Nusselt number on smaller areas of the impinging surface.  The 

radial distance from the stagnation point beyond which the area averaged Nusselt number 

consistently increased with increasing nozzle exit Reynolds number varied with respect 

to the heater radius.  For a heater radius of one nozzle diameter, this location occurred at 

1.5 nozzle diameters from the stagnation point.  For a heater radius of four nozzle 

diameters, this location occurred at 0.64 nozzle diameters from the stagnation point.  

These values are smaller than those found for the aluminum and silicon disks, indicating 

that the increased conjugate effects suppress the effects from viscous heating. 
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(a) 

 

 
(b) 

Figure 3.41 – Local Nusselt number distribution at the impinging surface of a Pyrex 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 3.42 – Area averaged Nusselt number at the impinging surface of a Pyrex 

disk as a function of radial distance from the stagnation point of an impinging air jet 

at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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3.5 Summary of Results for an Impinging Air Jet 

 Due to viscous heating effects, the cases run with compressible air displayed heat 

transfer coefficients much smaller than expected near the stagnation point at larger nozzle 

exit Reynolds numbers.  Figure 3.43 illustrates the local Nusselt number at the stagnation 

point as a function of the nozzle exit Reynolds number for all of the results using air 

presented in this chapter.  For all the cases with no disk and some cases with a disk above 

a certain heater size, the maximum stagnation point Nusselt number occurred at a nozzle 

exit Reynolds number of 1000.  For all other cases, the maximum Nusselt number 

occurred at a nozzle exit Reynolds number of 500.  Increasing the Reynolds number 

above the optimum value resulted in a decrease in the stagnation point Nusselt number. 

 To assess the overall heat transfer properties of the impinging air jet, the area 

averaged Nusselt numbers were calculated.  Figure 3.44 illustrates the area averaged 

Nusselt number between the stagnation point and a radial distance of 3.5 nozzle 

diameters as a function of the nozzle exit Reynolds number.  With the exception of the 

cases with aluminum or silicon with the smallest disk size, the average Nusselt number 

increased with increasing nozzle exit Reynolds number.  As indicated previously, this 

would be true for all cases at a radial distance of 3.5 or larger.  The increased heat transfer 

rates at larger radial distances compensated for the lower heat transfer rates at the 

stagnation point caused by viscous heating effects. 

 Figures 3.45 through 3.48 display the local Nusselt number distributions with 

various conditions at the impinging surface for a constant nozzle exit Reynolds number 

and a heater size of four nozzle diameters.  The effects of viscous heating were only 

significant at higher Reynolds numbers for this heater size.  The Nusselt number 
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distributions for Reynolds numbers of 500 and 1000, displayed in Figures 3.45 and 3.46 

respectively, were not significantly impacted by viscous heating effects.  Only the 

constant wall heat flux case with no disk displayed a local minimum at the stagnation 

point; however the Nusselt number distribution was relatively uniform in this region. 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.43 – Local Nusselt number at the stagnation point as a function of 𝑹𝒆 for 

various conditions tested with air. 
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The Nusselt number distributions for Reynolds numbers of 1500 and 2000, 

displayed in Figures 3.47 and 3.48 respectively, were significantly impacted by viscous 

heating effects near the stagnation point.  Local minima in the local Nusselt number 

distributions formed at the stagnation point for all cases.  The cases with a disk were 

affected more significantly than those with constant wall temperature or constant wall 

heat flux boundary conditions and no disk. 

 

Figure 3.44 – Nusselt number averaged over the area between the stagnation point 

and a radial distance of 3.5 nozzle diameters as a function of 𝑹𝒆 for various 

conditions tested with air. 
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Figure 3.45 – Local Nusselt number distribution at the impinging surface of an air 

jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=500 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 

 

 

Figure 3.46 – Local Nusselt number distribution at the impinging surface of an air 

jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=1000 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
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Figure 3.47 – Local Nusselt number distribution at the impinging surface of an air 

jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=1500 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 

 

 

Figure 3.48 – Local Nusselt number distribution at the impinging surface of an air 

jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=2000 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
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CHAPTER 4 

RESULTS AND DISCUSSION FOR AN IMPINGING WATER JET 

 

The numerical model created was run under different boundary and operating 

conditions, as outlined in Chapter 2.  An analysis and discussion of the results obtained 

with incompressible water used as the working fluid are presented in this chapter.  The 

results from compressible air were presented in the Chapter 3. 

 

4.1 Constant Wall Heat Flux Boundary Condition 

The numerical model was run with a prescribed constant wall heat flux boundary 

condition of 5000 kW/m
2
 at the impinging surface with various heater sizes.  The model 

was also run with an adiabatic wall boundary condition at the impinging surface for 

comparison.  As the fluid moved through the nozzle from the pressure inlet, it became 

fully-developed and exited the nozzle into the confined impingement region.  As 

illustrated in Figure 4.1, the fluid velocity profile at the nozzle exit was parabolic with a 

maximum at the axis of symmetry and reduced to zero at the nozzle wall.  Changing the 

boundary condition at the impinging surface from adiabatic to a prescribed constant wall 

heat flux of 5000 kW/m
2
 had no effect on the fluid velocity profile at the nozzle exit. 
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Figure 4.1 – Local fluid velocity distribution at the nozzle exit of an impinging water 

jet. 
 

Unlike the results for compressible air, the temperature of the incompressible 

water remained constant as it passed through the nozzle.  The fluid temperature profile at 

the nozzle exit was nearly uniform with a small increase near the nozzle wall, as 

illustrated in Figure 4.2.  Changing the boundary condition at the impinging surface from 

adiabatic to a prescribed 5000 kW/m
2
 constant wall heat flux caused the temperature of 

the fluid near the nozzle wall to increase by approximately 3.37 K at the nozzle exit for a 

Reynolds number of 500 only.  This small variation in the temperature profile had a 

negligible effect on the heat transfer at the impinging surface when compared to the much 

larger effects of increasing the nozzle exit Reynolds number.  This was caused by a 

difference in the recirculation of the fluid within the confined impingement region. 
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(a) 

 

 
(b) 

Figure 4.2 – Local fluid temperature distribution at the nozzle exit of an impinging 

water jet for (a) an adiabatic impinging surface and (b) a heated impinging surface 

with a constant wall heat flux of 5000 kW/m
2
. 
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After exiting the nozzle, the fluid entered the confined impingement region and 

struck the impinging surface.  The fluid then moved radially outward and recirculated 

within the confined impingement region, as illustrated by Figure 4.3.  The recirculation 

patters differed based on the nozzle exit Reynolds number.  At a nozzle exit Reynolds 

number of 500, the recirculation was entirely within the computational domain, similar to 

the recirculation patterns observed for compressible air in Figure 3.4.  For cases with a 

heated impinging surface and a low Reynolds number, the fluid was heated and 

recirculated back towards the nozzle exit.  As the nozzle exit Reynolds number increased, 

the center of the recirculation moved radially outwards and part of the recirculation 

moved outside of the computational domain.  Because the backflow temperature was set 

to 293.15 K, the flow moving back towards the nozzle exit was colder for larger 

Reynolds numbers as it was not heated by the impinging surface.  This resulted in the 

temperature profile of the fluid at the nozzle exit being affected by the boundary 

condition at the impinging surface only for a Reynolds number of 500. 
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(a) 

 
(b) 

Figure 4.3 – Fluid flow patterns in the confined impingement region of an impinging 

water jet at varying 𝑹𝒆 with (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 

 

The temperature of the fluid leaving the nozzle remained constant with increasing 

distance from the nozzle exit for the adiabatic case.  This was also true after adding a 

prescribed constant wall heat flux of 5000 kW/m
2
 at the impinging surface until just 

before the impinging surface, as illustrated in Figure 4.4.  Cases with compressible air 
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displayed viscous heating in the core of the jet, as illustrated in Figure 3.5.  No viscous 

heating affected the results for the incompressible water. 

 

Figure 4.4 – Local fluid temperature at the axis of the confined impingement region 

of an impinging water jet at varying 𝑹𝒆 with a heated impinging surface with a 

constant wall heat flux of 5000 kW/m
2
. 

 

The wall temperatures profiles at the impinging surface are illustrated in Figure 

4.5 at various heater sizes for nozzle exit Reynolds numbers of 500 and 2000.  The 

temperature profiles for the adiabatic cases (indicated by a heater with a radius of zero) 

were uniform.  Adding a prescribed heat flux increased the local wall temperature in the 

heated area.  The minimum local wall temperature occurred at the stagnation point and 

the temperature increased with increasing radial distance from the stagnation point.  

Increasing the radius of the heater had no effect on the local temperature at smaller radial 

distances for any nozzle exit Reynolds number. 
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(a) 

 

 
(b) 

Figure 4.5 – Local heated wall temperature at the impinging surface with a constant 

wall heat flux of 5000 kW/m
2
 as a function of radial distance from the stagnation 

point of an impinging water jet at varying heater sizes for (a) 𝑹𝒆=500 and (b)  

𝑹𝒆 =2000. 
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 Figure 4.6 illustrates the wall temperatures profiles at the impinging surface with 

a heater radius of four nozzle diameters and various nozzle exit Reynolds numbers.  The 

local wall temperature increased with increasing distance from the stagnation point and 

decreased with increasing nozzle exit Reynolds number.  After reaching the end of the 

heated area, the temperature decreased rapidly until returning to 293.15 K. 

 

Figure 4.6 – Local heated wall temperature at the impinging surface with a constant 

wall heat flux of 5000 kW/m
2
 as a function of radial distance from the stagnation 

point of an impinging water jet at varying 𝑹𝒆 with a constant heater radius of 

𝑹𝑯 = 𝟒𝑫. 
 

The local Nusselt number distribution at the impinging surface was calculated 

using the prescribed local wall heat flux (𝑞"), the local heated wall temperature (𝑇𝑤) 

results, the prescribed temperature at the pressure inlet (𝑇𝑖𝑛), the nozzle diameter (𝐷), and 

the thermal conductivity of the fluid (𝑘) with Equation 3.3.  Similar to the local wall 

temperature, increasing the radius of the heater had no effect on the local Nusselt number 

at smaller radial distances for any nozzle exit Reynolds number.  The local Nusselt 
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number distributions for a heater radius of four nozzle diameters are illustrated in Figure 

4.7 for various nozzle exit Reynolds numbers.  The local Nusselt number increased with 

increasing nozzle exit Reynolds number at all points along the impinging surface.  The 

distributions formed a maximum at the stagnation point and consistently decreased with 

increasing radial distance from the stagnation point.  However, between radial distances 

of approximately one half and one nozzle diameters from the stagnation point, the local 

Nusselt number decreased more rapidly.  Near the stagnation point and at increased radial 

distances, the slope of the local Nusselt number was less steep. 

 

Figure 4.7 – Local Nusselt number at the impinging surface with a constant wall 

heat flux of 5000 kW/m
2
 as a function of radial distance from the stagnation point of 

an impinging water jet at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
 

The overall heat transfer performance of the impinging jet was analyzed with the 

area averaged Nusselt number at the impinging surface, as illustrated in Figure 4.8.  

Because the Nusselt number consistently decreased with increasing radial distance from 

the stagnation point, the area averaged Nusselt number was always slightly larger than 



129 

 

the local Nusselt number.  Additionally, the slope of the area averaged Nusselt number 

was more consistent and the effect of the varying slope was not as apparent. 

 

Figure 4.8 – Area averaged Nusselt number at the impinging surface with a constant 

wall heat flux of 5000 kW/m
2
 as a function of radial distance from the stagnation 

point of an impinging water jet at varying 𝑹𝒆 with a constant heater radius of 

𝑹𝑯 = 𝟒𝑫. 
 

 

4.2 Constant Wall Temperature Boundary Condition 

Cases were run with a water jet impinging on a surface with a prescribed heated 

wall temperature of 303.15 K (30°C), 10 K larger than the prescribed inlet fluid 

temperature of 293.15 K (20°C) at the pressure inlet.  The local wall heat flux at the 

impinging surface was used to assess the heat transfer performance of the jet.  Because 

the temperature at the impinging surface was uniform, the temperature difference 

between the pressure inlet and the impinging surface was constant and the local Nusselt 

number was directly proportional to the local wall heat flux.  As such, all trends observed 

in the local wall heat flux were also observed in the local Nusselt number at the 
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impinging surface.  Increasing the radius of the heater had no effect on the local wall heat 

flux or local Nusselt number at smaller radial distances at any nozzle exit Reynolds 

number.  As such, only results with a heater radius of four nozzle diameters are presented. 

Figures 4.9 and 4.10 illustrate the effects of varying the nozzle exit Reynolds 

number on the local wall heat flux distribution and the Nusselt number at the impinging 

surface for a constant heater radius of four nozzle diameters.  The distributions formed a 

maximum at the stagnation point and decreased with increasing radial distance from the 

stagnation point.  The local wall heat flux and local Nusselt number also increased with 

increasing nozzle exit Reynolds number at all points along the impinging surface.  The 

Nusselt number distributions were nearly identical to the distributions for a constant wall 

heat flux boundary condition, illustrated in Figure 4.7, at the corresponding nozzle exit 

Reynolds number. 

 

Figure 4.9 – Local wall heat flux at the impinging surface with a constant wall 

temperature of 303.15 K as a function of radial distance from the stagnation point of 

an impinging water jet at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝑫. 
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Figure 4.10 – Local Nusselt number at the impinging surface with a constant wall 

temperature of 303.15 K as a function of radial distance from the of an impinging 

water jet stagnation point at varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 

 

4.3 Aluminum, Silicon, and Pyrex Disks 

Cases were run with an aluminum, silicon, or Pyrex disk placed between an 

impinging water jet and a heat source of 5000 kW/m
2
.  The thickness of the disk was one 

nozzle diameter (100 μm) and the radius of the heated area varied between zero 

(indicating an adiabatic case) and four nozzle diameters at various nozzle exit Reynolds 

numbers.  The results for all three disk materials displayed very similar trends, though 

different values of the local temperatures within the disk and local wall heat fluxes at the 

impinging surface were observed because of the different properties of the disks.  As 

such, the results for all three will be presented together in this section while highlighting 

the differences between them. 
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4.3.1 Local Wall Temperature 

Figures 4.11, 4.12, and 4.13 illustrate the effects of varying the heater radius on 

the local wall temperature distributions at the impinging and heated surfaces of a disk 

cooled by a water jet with nozzle exit Reynolds number of 500 for disk materials of 

aluminum, silicon, and Pyrex respectively.  Figures 4.14, 4.15, and 4.16 illustrate the 

same conditions for a nozzle exit Reynolds number of 2000.  For the unheated case, 

indicated by a heater radius of zero, the temperature of both surfaces was equal to the 

prescribed temperature at the pressure inlet, 293.15 K.  The temperature of both surfaces 

increased with increasing heater size, and the heated surface always had a larger 

temperature than the impinging surface.  At radial distances from the stagnation point 

greater than the radius of the heater, the temperature of both surfaces decreased and the 

difference in temperature between the two surfaces eventually became negligible.  For an 

aluminum disk with a larger thermal conductivity, this occurred close to the end of the 

heater, as illustrated in Figures 4.11 and 4.14.  For a Pyrex disk with a smaller thermal 

conductivity, the change in temperature persisted until approximately two nozzle 

diameters from the end of the heater, as illustrated in Figures 4.13 and 4.16.  This 

indicated that little heat from the applied constant wall heat flux left the disk in these 

areas at increased radial distances from the stagnation point. 

In cases with a heater radius of two nozzle diameters or larger for aluminum and 

silicon disks, a local minimum in the temperature profile at the impinging surface formed 

at the stagnation point and temperature increased with increasing radial distance from the 

stagnation point to an offset maximum temperature.  This was also observed for a Pyrex 

disk with a heater area of four nozzle diameters.  Cases with smaller heater radii 
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displayed a maximum temperature at the stagnation point.  As radial distance from the 

stagnation point increased beyond the maximum, the temperature decreased for all cases.  

The difference in temperature between the maximum and the local minimum at the 

stagnation point increased with increasing heater size and nozzle exit Reynolds number.  

The location of maximum moved radially outward as the heater size and nozzle exit 

Reynolds number increased.  This trend was also observed in the temperature profile at 

the bottom surface for cases with heater radii of three nozzle diameters or larger with 

aluminum and silicon and for all cases with Pyrex. 

These offset maxima in the temperature profiles were a result of the larger heat 

transfer rates that occurred when using water as a working fluid.  Unlike air, these heat 

transfer rates were large enough such that it was easier for the heat to leave the disk 

through the impinging surface by forced convection than to move through the disk to 

larger radial distances by conduction.  This was true even for disk materials with a large 

thermal conductivity like aluminum.  The local minima at the stagnation point were a 

result of the largest heat transfer rates supplied by the jet occurring at this point.  The 

temperature decreased with increasing radial distance beyond the heater because the heat 

leaving the disk was concentrated in an area approximately equal to that of the heater. 
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(a) 

 

 
(b) 

Figure 4.11 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of an aluminum 

disk impinged upon by a water at 𝑹𝒆=500 for varying heater sizes. 
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(a) 

 

 
(b) 

Figure 4.12 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a silicon disk 

impinged upon by a water at 𝑹𝒆=500 for varying heater sizes. 
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(a) 

 

 
(b) 

Figure 4.13 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a Pyrex disk 

impinged upon by a water at 𝑹𝒆=500 for varying heater sizes. 
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(a) 

 

 
(b) 

Figure 4.14 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of an aluminum 

disk impinged upon by a water at 𝑹𝒆=2000 for varying heater sizes. 

 



138 

 

 
(a) 

 

 
(b) 

Figure 4.15 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a silicon disk 

impinged upon by a water at 𝑹𝒆=2000 for varying heater sizes. 
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(a) 

 

 
(b) 

Figure 4.16 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a Pyrex disk 

impinged upon by a water at 𝑹𝒆=2000 for varying heater sizes. 
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Figures 4.17, 4.18, and 4.19 illustrate the effects of varying the nozzle exit 

Reynolds number on the local wall temperature distributions at the impinging and heated 

surfaces of a disk with a heater radius of one nozzle diameter for disk materials of 

aluminum, silicon, and Pyrex, respectively.  Figures 4.20, 4.21, and 4.22 illustrate the 

same conditions for a heater radius of four nozzle diameters.  Increasing the Reynolds 

number resulted in a decrease in the local wall temperature.  The trends in the local 

temperatures were identical at a given heater size; only the magnitude of the temperature 

varied with Reynolds number.  The difference in temperature between the impinging and 

heated surfaces was also constant with respect to nozzle exit Reynolds number.  The 

temperature at the bottom surface of the Pyrex disk did not vary significantly with respect 

to nozzle exit Reynolds number for a heater radius of four nozzle diameters and did not 

vary at all for a heater radius of one nozzle diameter, as illustrated in Figures 4.22b and 

4.19b, respectively.  This was a result of the small thermal conductivity of Pyrex, which 

prevented the changing heat transfer rates at the impinging surface from having an effect 

on the temperature profile at the bottom surface. 
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(a) 

 

 
(b) 

Figure 4.17 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of an aluminum 

disk impinged upon by a water at varying 𝑹𝒆 for a heater radius of 𝑹𝑯 = 𝟏𝑫. 

 



142 

 

 
(a) 

 

 
(b) 

Figure 4.18 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a silicon disk 

impinged upon by a water at varying 𝑹𝒆 for a heater radius of 𝑹𝑯 = 𝟏𝑫. 
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(a) 

 

 
(b) 

Figure 4.19 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a Pyrex disk 

impinged upon by a water at varying 𝑹𝒆 for a heater radius of 𝑹𝑯 = 𝟏𝑫. 
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(a) 

 

 
(b) 

Figure 4.20 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of an aluminum 

disk impinged upon by a water at varying 𝑹𝒆 for a heater radius of 𝑹𝑯 = 𝟒𝑫. 

 



145 

 

 
(a) 

 

 
(b) 

Figure 4.21 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a silicon disk 

impinged upon by a water at varying 𝑹𝒆 for a heater radius of 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 4.22 – Local wall temperature as a function of radial distance from the 

stagnation point at (a) the impinging surface and (b) the bottom of a Pyrex disk 

impinged upon by a water at varying 𝑹𝒆 for a heater radius of 𝑹𝑯 = 𝟒𝑫. 
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4.3.2 Local Wall Heat Flux 

The local wall heat flux at the impinging surface of a disk is illustrated at various 

heater radii in Figures 4.23, 4.24, and 4.25 with nozzle exit Reynolds numbers of 500 and 

2000 for disk materials of aluminum, silicon, and Pyrex, respectively.  All of the 

distributions were bell shaped with a maximum at the stagnation point.  A steep decrease 

in the local wall heat flux was observed between the stagnation point and a radial 

distance of one nozzle diameter for all cases with aluminum and silicon disks regardless 

of heater size.  For cases with a Pyrex disk, the slope of the distribution was negative near 

the stagnation point, but not very steep.  At an increased radial distance from the 

stagnation point the slope became steeper.  This distance from the stagnation point at 

which the slope became steeper increased with increasing heater size.  Beyond this 

location of steep decease in the distribution, the slope leveled off as the local wall heat 

flux decreased less rapidly with increasing radial distance from the stagnation point.  

Increasing the heated area resulted in an increase in the magnitude of the local wall heat 

flux with minimal changes to the overall shape of the curve. 

The variations between these curves were the result of aluminum and silicon 

having larger thermal conductivities than Pyrex.  The heat added to the aluminum and 

silicon disks at increased radial distances from a larger heater traveled to the center of the 

disk by conduction and was removed from the disk near the stagnation point where the 

convective heat transfer coefficients were larger.  Heat added to the Pyrex disk could not 

travel to the center of the disk as easily by conduction and was removed from the disk at 

larger radial distances from the stagnation point dependent on the radius of the heater. 
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(a) 

 

 
(b) 

Figure 4.23 – Local wall heat flux at the impinging surface of an aluminum disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 4.24 – Local wall heat flux at the impinging surface of a silicon disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 4.25 – Local wall heat flux at the impinging surface of a Pyrex disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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Figures 4.26, 4.27, and 4.28 illustrate the local wall heat flux at the impinging 

surface of a disk at various nozzle exit Reynolds numbers with heater radii of one and 

four nozzle diameters for disk materials of aluminum, silicon, and Pyrex, respectively.  

Figures 4.29, 4.30, and 4.31 illustrate the area averaged local wall heat fluxes under the 

same conditions.  For all cases the local wall heat flux approached zero as distance from 

the stagnation point increased.  For a given heater size, the area averaged local wall heat 

flux always approached the same value regardless of the nozzle exit Reynolds number.  

This indicated that the energy entering and exiting the disk was conserved. 

The magnitude of the local wall heat flux at the stagnation point decreased with 

increasing nozzle exit Reynolds number for a fixed heater size.  This indicated that 

smaller Reynolds numbers removed larger amounts of heat at the stagnation point.  At 

larger radial distances from the stagnation point, this trend was reversed and larger nozzle 

exit Reynolds number removed more heat in these areas.  The larger area compensated 

for the smaller difference in magnitude and energy was conserved, as indicated be the 

area averaged local wall heat flux distributions in Figures 4.29, 4.30, and 4.31. 
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(a) 

 

 
(b) 

Figure 4.26 – Local wall heat flux at the impinging surface of an aluminum disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 4.27 – Local wall heat flux at the impinging surface of a silicon disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 4.28 – Local wall heat flux at the impinging surface of a Pyrex disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 4.29 – Area averaged wall heat flux at the impinging surface of an aluminum 

disk as a function of radial distance from the stagnation point of an impinging water 

jet at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 4.30 – Area averaged wall heat flux at the impinging surface of a silicon disk 

as a function of radial distance from the stagnation point of an impinging water jet 

at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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(a) 

 

 
(b) 

Figure 4.31 – Area averaged wall heat flux at the impinging surface of a Pyrex disk 

as a function of radial distance from the stagnation point of an impinging water jet 

at varying 𝑹𝒆 with a constant heater radius of (a) 𝑹𝑯 = 𝟏𝑫 and (b) 𝑹𝑯 = 𝟒𝑫. 
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4.3.3 Local Nusselt Numbers 

The local Nusselt number at the impinging surface was calculated using the local 

wall temperature and heat flux results with Equation 3.3.  Figures 4.32, 4.33, and 4.34 

illustrate the local Nusselt number with various heater sizes at nozzle exit Reynolds 

numbers of 500 and 2000 for disk materials of aluminum, silicon, and Pyrex, 

respectively.  Changing the size of the heated area had very small effects on the local 

Nusselt number for all cases.  The local Nusselt number for disks of silicon and Pyrex 

increased slightly with increasing heater radius at radial distances from the stagnation 

point.  This was the results of the smaller thermal conductivity of these two materials. 

Figures 4.35, 4.36, and 4.37 illustrate the local Nusselt number distribution on the 

impinging surface of a disk cooled by an impinging water jet at various nozzle exit 

Reynolds number with a fixed heater radius of four nozzle diameters for disk materials of 

aluminum, silicon, and Pyrex, respectively.  The Nusselt number distributions were 

nearly identical to the distributions for a constant wall heat flux and a constant wall 

temperature boundary condition, illustrated in Figures 4.7 and 4.10, respectively, at the 

corresponding nozzle exit Reynolds number for all disk materials. 
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(a) 

 

 
(b) 

Figure 4.32 – Local Nusselt number at the impinging surface of an aluminum disk as 

a function of radial distance from the stagnation point of an impinging water jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 4.33 – Local Nusselt number at the impinging surface of a silicon disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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(a) 

 

 
(b) 

Figure 4.34 – Local Nusselt number at the impinging surface of a Pyrex disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying heater sizes for (a) 𝑹𝒆=500 and (b) 𝑹𝒆 =2000. 
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Figure 4.35 – Local Nusselt number at the impinging surface of an aluminum disk as 

a function of radial distance from the stagnation point of an impinging water jet at 

varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 

 

 

Figure 4.36 – Local Nusselt number at the impinging surface of a silicon disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
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Figure 4.37 – Local Nusselt number at the impinging surface of a Pyrex disk as a 

function of radial distance from the stagnation point of an impinging water jet at 

varying 𝑹𝒆 with a constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
 

To highlight the differences in heat transfer between the disk materials and 

boundary conditions, Figures 4.38 through 4.41 display the local Nusselt number 

distributions with various conditions at the impinging surface for a constant nozzle exit 

Reynolds number and a heater size of four nozzle diameters.  At the stagnation point, the 

local Nusselt number was dependent only on the nozzle exit Reynolds number.  At 

increased radial distances from the stagnation point, the Nusselt number was slightly 

larger for the constant wall heat flux case and the case with a Pyrex disk.  The constant 

wall temperature results were also slightly lower, especially at larger nozzle exit 

Reynolds numbers. 
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Figure 4.38 – Local Nusselt number distribution at the impinging surface of an 

water jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=500 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 

 

 

Figure 4.39 – Local Nusselt number distribution at the impinging surface of an 

water jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=1000 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
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Figure 4.40 – Local Nusselt number distribution at the impinging surface of an 

water jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=1500 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 

 

 

Figure 4.41 – Local Nusselt number distribution at the impinging surface of an 

water jet as a function of radial distance from the stagnation point for varying disk 

materials or boundary conditions on the impinging surface with 𝑹𝒆=2000 and a 

constant heater radius of 𝑹𝑯 = 𝟒𝑫. 
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4.4 Comparisons Between Air and Water Jets 

 Local Nusselt number distributions for both air and water are presented on the 

same axes in Figure 4.42 for a constant heater radius of four nozzle diameters and nozzle 

exit Reynolds number of 500 and 2000.  Due to the similarities between the results for a 

water jet, only the constant wall heat flux case is presented.  Additionally, the results with 

silicon disk are omitted for air due to the negligible difference with the results for 

aluminum.  At a lower nozzle exit Reynolds number of 500, all the distributions exhibited 

the same trends.  Each distribution was bell shaped with a maximum at the stagnation 

point and the local Nusselt number decreased with increasing radial distance.  The 

magnitude of the results for water was always significantly larger than those for air.  At 

an increased nozzle exit Reynolds number of 2000, the Nusselt number distribution for 

water was of similar shape but larger magnitude than the distribution at a Reynolds 

number of 500.  Due to viscous heating effects, the distributions for air decreased for a 

nozzle exit Reynolds number of 2000 at the stagnation point, but increased at the offset 

maximum. 
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(a) 

 

 
(b) 

Figure 4.42 – Local Nusselt number distribution at the impinging surface of an as a 

function of radial distance from the stagnation point for air  and water jets, varying 

disk materials or boundary conditions on the impinging surface, with a constant 

heater radius of 𝑹𝑯 = 𝟒𝑫 for (a) 𝑹𝒆=500 and (b) 𝑹𝒆=2000. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

 

5.1 Conclusions 

The objective of this study was to characterize the effects of conjugate heat 

transfer within a solid cooled by a laminar confined microscale impinging jet.  This 

situation was modeled numerically using the commercial computational fluid dynamics 

software package FLUENT with a two-dimensional axisymmetric grid.  The effects of 

the nozzle exit Reynolds number, disk material, and heater size on the local wall 

temperature, local wall heat flux, and local Nusselt number distributions at the impinging 

surface were characterized.  The results were used to determine if conjugate heat transfer 

effects are significant when determining the local Nusselt number on an impinging 

surface. 

 Numerical models were run using air or water as a working fluid.  Air was 

modeled as compressible and water was modeled as incompressible.  The realizable k-ϵ 

model with standard wall functions was used to model turbulence for the compressible 

air, and a laminar solver was used to model water.  The nozzle was modeled in the 

computational domain to ensure fully developed velocity and temperature profiles at the 

nozzle exit. 

 Heat transfer at the stagnation point was impeded by viscous heating in the core of 

the compressible air jet.  At higher nozzle exit Reynolds numbers, the local heat flux at 

the stagnation point was negative, and heat was added at the impinging surface rather 

than removed.  This was offset by larger heat transfer rates at increased radial distances 
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from the stagnation point.  As such, smaller nozzle exit Reynolds numbers are desirable 

when cooling a small heater with an impinging air jet. 

 For incompressible water, the heat transfer was unaffected by the boundary 

condition or material of the disk at the impinging surface.  All Nusselt number 

distributions were bell shaped with maxima at the stagnation point.  Local heat transfer 

increased with increasing nozzle exit Reynolds number at all points on the impinging 

surface. 

 

5.2 Future Work 

 Due to the long time needed to run the numerical model in FLUENT, more 

potential cases exist that were unable to be tested.  Given the nature of the differences 

between the results for silicon and Pyrex disks, results for a fourth disk material with a 

thermal conductivity between that of silicon and Pyrex would be desirable.  Additionally, 

cases conducted with different working fluids should be examined to assess the effects of 

varying the fluid Prandtl number.  Finally, the effects of varying the thickness of the disk 

also have yet to be studied. 
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