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i   

ABSTRACT  

  

This study expands upon the current knowledge of the relationship between the heat 

transfer and fluid flow characteristics of air-assisted water impingement jets. Fluid flow 

and heat transfer characteristics of air-assisted water jet impingement were experimentally 

investigated under a fixed water flow rate condition with varying relative height (H/d). The 

test fluids were water and air. The effects of nozzle-to-plate spacing at volumetric qualities 

β =0.3, 0.5, 0.7, and 0.8 where β is the ratio of the volume of air to the total volume of the 

two-phase mixture on the hydraulic jump diameter, stagnation pressure, and stagnation 

Nusselt number were considered. The results showed that stagnation Nusselt number, 

hydraulic jump diameter, and stagnation pressure increased as the relative height decreased 

and the volumetric quality increased with the maximum values occurring at H/d of 0.02 

and a volumetric quality of 0.8. This research is most applicable in the use of cooling of 

industrial applications such as cooling of electronics and processing of materials.  
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NOMENCLATURE 

d  nozzle diameter [m] 

Dh  hydraulic jump diameter [m] 

g  gravitational acceleration [m/s2] 

H  nozzle to plate height [m] 

K jet deflection coefficient [-] 

L  nozzle length [m] 

P0 pressure measured at stagnation point [kPa]  

P*0 normalized pressure [-] 

ΔP  pressure drop [Pa] 

Pr Prandtl number [ν/ α] 

Q flow rate [m3/s] 

q heat per unit volume [W] 

rhj  radius measured from jet stagnation point [m] 

Re Reynolds number [Ud/ν]  

U  average velocity component along jet axis [m/s] 

α  thermal diffusivity [m2/s] 

β          volumetric quality [-] the ratio of the flow rate  

            of air to the total flow rate of the two-phase mixture 

ρ kinematic viscosity [kg/m3] 

ν kinematic viscosity [m2/s] 

Subscripts  

cond conduction 
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conv convection 

a air 

f fluid 

gen generated 

hj hydraulic jump 

i indexing value 

loss loss 

rad radiation 

s surface 

stag stagnation point 

0 stagnation point 

w water 

∞ ambient temperature   

Superscripts 

*   Dimensionless number 
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CHAPTER I 
 
 
 

INTRODUCTION AND BACKGROUND  

 Jet impingement is an attractive cooling mechanism due to the capability of 

achieving large heat transfer rates as shown in Figure 1. This cooling method has been used 

in diverse industrial applications such as annealing of metals, tempering of glass, cooling 

of gas turbine blades, cooling in grinding processes and cooling of photovoltaic cells. 

Examples of cooling metals, and cooling of gas turbine blades can be seen in Figures 2 and 

3, respectively. Jet impingement has also become a viable candidate for high-powered 

electronic and photonic thermal management solutions and numerous jet impingement 

studies have been aimed directly at electronics cooling. 

 

Figure 1: Heat transfer coefficient for impinging jets (Lasance and Simons, 2005). 
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Figure 2: Applications of impinging jets for steel plate cooling (Zhao, 2005). 

 

Figure 3: Airplane deicing (Wilson, 2018). 

 Active cooling by means of impinging jets offers an attractive alternative to 

conventional thermal management. Impinging jets offer the favorable characteristics of 

high local and area averaged heat transfer coefficients. As a result, impinging jets are ideal 

both for hot spot targeting or, if implemented in arrays, for global cooling. An illustration 
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of jet arrays can be seen in Figure 4. Over the past 15 years, numerous studies Jaeger et al. 

(1989), Hollworth and Durbin (1992), Choi and Kim (1993), Korablev and Sharkov (1996), 

Marongiu and Maurice (1996), Stefanescu et al. (1999) have investigated jet impingement 

with direct application to thermal management. Air and water jets are well suited for 

cooling the heat exchangers that dissipates the heat to the ambient surroundings. As a 

result, it is prudent that impinging jet heat transfer and flow dynamics be investigated. 

 

Figure 4: Surface impingement of an array of slot jets (Dickerson, 2016). 

  A significant body of literature exists for single circular impinging jet heat transfer 

and flow dynamics Goldstein et al. (1986), Garimella and Rice (1955), Garimella and 

Nenaydykh (1996). Generally, it has been determined that the magnitude and distribution 

of the heat transfer coefficient depends on several parameters including but not limited to 

the Reynolds number of the fluid (Ref), Prandtl number of the fluid (Prf), nozzle-to-plate 

spacing (H/d), jet diameter (d), degree of confinement, as well as the physical geometry of 

the jets and target surface as stated by Goldstein and Timmers (1982), Baughn, and Shimizu 

(1989). The Reynolds number and Prandtl number are calculated in the equations below: 
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  (1) 

  (2) 

where  is the average velocity component along jet axis (m/s),  it the nozzle diameter 

(m),  is kinematic viscosity (m2/s), and  is the thermal diffusivity (m2/s). 

 The hydraulic jump is a hydraulic phenomenon which is often observed in rivers 

and canals. The hydraulic jump is also observable in ordinary situations such as a typical 

household hose, as shown in Figure 5. 

 

Figure 5: Hydraulic jump caused by a regular household hose.  

 High velocity liquid discharging into a zone of lower velocity causes an abrupt rise 

in the height of the liquid’s surface. This phenomenon is mostly dependent on the initial 

fluid speed. When the critical speed is greater than the initial speed of the fluid, then a 

hydraulic jump will not form. When the critical speed is less than the initial speed a 

hydraulic jump forms. If a water jet impinges on a horizontal plate, at a certain distance 
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away from the jet impact point a circular hydraulic jump is formed. The strength of the 

jump is dictated by boundary conditions both up and downstream. The strength of the jump 

will determine the type of hydraulic jump and its stability. When flow velocity is less than 

critical velocity, subcritical flow occurs. When flow velocity is greater than critical 

velocity, supercritical flow occurs. Figure 6 shows an example of a sluice gate which 

depicts a hydraulic jump, subcritical, and critical flow. 

 

Figure 6: Hydraulic jump diagram (ME Case Studies, 2011).  

 The determination of the diameter of hydraulic jump is very important since the 

heat transfer characteristics of impinging jets are drastically changed at the location of 

hydraulic jump, as mentioned by previous researchers Baonga et al. (2006), Liu and 

Lienhard (1993), Stevens and Webb (1991). Due to the importance of hydraulic jump, 

extensive studies on the heat transfer and hydrodynamics of hydraulic jumps for single-

phase impinging jets have been reported in the literature Chang et al. (2001), Chanson 

(2009), Craik et al. (1981), Godwin (1993), Louahlia-Gualous and Baonga (2008), 

Mikielewicz and Mikielewicz (2009), Watson (1964), Zhao and Khayat (2008). 

 The hydraulic jump is created using an impinging jet in this research. The 

impinging jet is a fluid flow that is directed by a nozzle and discharged at a surface where 

the fluid can be a liquid, gas or a mixture of both. In this research, the impinging jet was 
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an unsubmerged jet, where the fluid passes through the ambient air before it impinges on 

the test surface. Upon contact with the surface it creates a turbulent region as shown in 

Figure 7, which becomes a hydraulic jump. Impinging jets are extremely efficient at 

transferring large amounts of thermal energy or mass between the fluid flow and the 

impinging surface. In high heat transfer applications where a large heat load needs to be 

removed, an impinging jet is an attractive solution due to its high heat flux. These high heat 

fluxes mostly depend on the velocity of the jet which will produce a high stagnation 

pressure Chang et al (2001). The high pressure creates a turbulent region after the 

impinging zone which offers a high heat transfer coefficient when compared to other 

conventional convection cooling methods. This heat transfer coefficient can be three times 

larger than other conventional convection cooling, such as parallel flow Lienhard (2001). 

Impinging jets are used in applications such as drying foods, cooling processed materials, 

cooling of electronics, cooling turbine engines, and cooling during machining and other 

industrial processes. A schematic diagram illustrating the different regions of an impinging 

jet are shown in Figure 7. 

 

Figure 7: Impinging jet diagram (Incropera and DeWitt, 2009). 
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 This experiment focuses on the fluid flow and heat transfer of the two-phase 

mixture of air and water. It is important that a proper understanding of the mechanics of 

fluids and heat transfer is required to understand the correlations of heat transfer and fluid 

flow. Heat transfer is the process by which heat that can be transferred from one system to 

another system of different temperature. The energy transfer is caused by the temperature 

difference between systems Cengel and Ghajar (2011). The focus of this research is 

convection. The phenomenon of interest in the heat transfer testing portion in this 

experiment is convection. Forced convection occurs when a fluid is forced over a surface 

by external means, as seen in Figure 8. This means that forced convection is closely tied 

with fluid mechanics Cengel and Chajar (2011).  

 

Figure 8: Forced Convection Example 

 Forced convection improves heat transfer. This occurs when either a warmer or 

cooler fluid is forced to make contact with a surface. This initiates higher rates of 

convection throughout the fluid compared to natural convection. Because of this, the 

greater the fluid velocity, the greater the heat transfer rate. Heat transfer via convection can 

be expressed as: 

   (3) 
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where h is the convection heat transfer coefficient (W/m2·K), As is the heat transfer surface 

area (m2), Ts is the surface temperature (ºC), and T∞ is the fluid temperature (ºC). The 

convection heat transfer coefficient is defined as the rate of heat transfer between a solid 

surface and a fluid per unit surface area per unit temperature difference. In the case of 

convection, it is important to look at the ratio of convective to conductive heat transfer 

across the boundary (surface). That ratio creates the Nusselt number, Nu which is a 

dimensionless coefficient. The following equation defines the Nusselt number as:  

          (4)  

where Lc is the characteristic length (m) and k is the thermal conductivity of the fluid 

(W/m*K). The Nusselt number represents the degree of increase in heat transfer through a 

fluid layer as a result of convection relative to conduction across the same fluid layer, i.e., 

higher Nu leads to more effective convection, Cengel and Ghajar (2011).   

  A range of studies on applications of impinging jets have been performed. Webb 

and Ma (1995), Viskanta, (1993), Martin (1977), Polat et al. (1989) all researched single 

phase impinging jet flow for heat transfer characteristics. Lytle and Webb (1994) studied 

impinging jet flow at low nozzle-plate spacing H/d of 0.1 to 6. They found that decreasing 

nozzle height increases the heat transfer rate. Akansu et al. (2003), Abdel-Fattah and El-

Baky (2009), Beitelmal et al. (2000), Yan and Saniei (1997) studied both numerical and 

experimental results for inclined impinging surfaces. They determined that when the angle 

is increased the largest heat transfer rate was found further higher along the inclined surface 

from the impinging zone. Several researchers have observed that the addition of a gas (or 

vapor) phase in an impinging liquid jet, which is considered a two-phase flow results in 

heat transfer enhancement. Zumbrunnen and Balasubramanian (1995) observed the 



9  
  

enhancement in convection heat transfer caused by air bubbles injected into a planar water 

jet. Heat transfer was increased by almost 220% at the stagnation point over the range of 

liquid-only Reynolds number of 3,700 ≤ Rew ≤ 21,000 and the volumetric quality between 

0 ≤ β ≤ 0.86 where β is the ratio of the volume of air to the total volume of the two-phase 

mixture. Choo and Kim (2010) studied the heat transfer effects of an air-assisted impinging 

jet and obtained an optimum point, β=0.2, under a fixed pumping power condition. These 

researchers also noted that this enhancement had some costs associated with maintaining 

this enhancement. It was only feasible at operating conditions of a high pump power, due 

to system pressure drop and required flow rate. In addition, as the volumetric quality of the 

testing fluid at a constant flow rate was increased, the required power for pumping the 

water also increased as a direct result of increased pressure drop.  

 Although there have been previous studies on two phase impinging jets, the effect 

of volumetric quality with varying height on the relationship of Nusselt number, hydraulic 

jump, and stagnation pressure for two-phase impinging jets have not been thoroughly 

investigated.  

 The goal of this research is to determine the effects of the relative height ratio at 

several volumetric qualities of water with a constant flow rate on hydraulic jump diameter, 

stagnation pressure and stagnation Nusselt number for two phase impinging jets. The 

hydraulic jump diameter, stagnation pressure and Nusselt number were analyzed to 

determine their optimal values in relation to the relative height ratio. Air and water are the 

working fluids. A constant Rew of 3262 was maintained for each of the relative height ratios 

from H/d = 0.02, 0.03, 0.05, 0.07, 0.09, 0.13, 0.17, 0.21, 0.26, 0.34, 0.43, and 0.51 at 

volumetric qualities of β = 0.3, 0.5, 0.7, and 0.8. Turbulent flow was chosen because it 
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produces higher heat transfer rates compared to laminar flow. The findings from this study 

are most applicable to cooling applications such as thermal management for electronics. 

The experimental approach and data analysis are documented in Chapter 2. Chapter 3 

describes the results and discussion. The conclusions and future directions for research are 

presented in Chapter 4. 

CHAPTER II  
 
 
 

EXPERIMENTAL APPROACH 

  The hydraulic jump diameter, and pressure caused by two-phase flow from an 

impinging jet were measured for a dimensionless nozzle-to-plate range of H/d of 0.02 to 

0.51 with the water having a constant Reynolds number of 3262. The Reynolds number 

was kept constant by keeping the flow rate of the water at 14 GPH (gallons per hour). These 

measured values were used to calculate the stagnation Nusselt number of the two-phase 

flow. 

  

2.1 FLOW SYSTEM  

 The flow path for both air and water are shown in schematic form in Figure 9.  

 

Figure 9: Schematic of test loop for air and water.  
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 Before entering the two-phase mixer water and compressed air are channeled into 

flexible tubing. A photo of the two-phase mixer can be seen below in Figure 10. A 

schematic of the fluid flow set-up can be seen in Figure 11.  

 

Figure 10: Two-phase mixer used in experiment. 

 

Figure 11: Schematic diagram of fluid flow experimental set-up. 
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 A high-pressure tank is used to supply clean air at a steady flow rate using a pressure 

regulator. A mass flow controller (Omega FMA5520A), which had an accuracy of ±1% 

and a repeatability of ±0.15% was used to regulate and control the flow of air. The mass 

flow controller that was used had a range of 10 standard liters per minute. The working 

liquid was water which was pumped from a barrel reservoir. The liquid flow was regulated 

and controlled using a flowmeter valve (Dwyer RMB-84-SSV), and water pump 

(Micropump EagleDrive). 

 

2.2 TEST ENVELOPE  

 For the fluid flow portion of the experiment, a circular, plastic nozzle which 

produced the impinging jet was used in the experiment after the two-phase mixer. The 

nozzle was 470 mm long with a diameter of 5.86 mm. Using a 3-axis (x-y-z) stage with a 

10 μm resolution (Thorlabs, Inc, PT3A/M), the circular nozzle was kept in the same x-y 

position. The nozzle exit was positioned directly above the impinging surface. The nozzle-

to-plate distance was adjusted by changing the height of the nozzle exit by adjusting only 

the z axis of the 3-axis stage. To measure the range of pressures from the impinging jet’s 

stagnation zone a digital manometer (Meriam M2 Series) was used. As shown in Figure 

19, the manometer had a range of 0 to 30 kPA with an accuracy of ±0.05%. The impinging 

jet’s stagnation pressure was measured between the stagnation zone and the atmospheric 

pressure. The test apparatus was constructed from acrylic sheets. The impingement surface 

was designed at a higher elevation than the bottom pool so that the impinged liquid would 

fall off the impinging plate into the pool. This prevents disruptions from the downstream 

flow on the impinging fluid. The impinging plate was circular in shape and was made of a 
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transparent acrylic sheet. The dimensions of the impinging plate are 5.15 mm thickness, 

216 mm diameter, and 1 mm diameter orifice. Connected to the orifice was the manometer 

by the use of flexible tubing. A standard digital Vernier caliper was used to measure the 

hydraulic jump diameter.  The diagram and photo of the fluid flow test section can be seen 

in Figures 12 (a) and 12 (b), respectively. 

 

(a) 

 

(b)  

Figure 12: Fluids test section configuration: (a) cross sectional diagram of the test section 

and (b) actual test section used in the experiment. 
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 To maintain uniformity of the test set-up during the heat transfer portion of the 

experiment, the fluid flow system going to the test section was left unchanged with only 

the fluid flow test section being replaced for the heat transfer test section. The heater was 

made of aluminum (0.0508 mm thick, 25 mm wide and 100 mm long). A DC power supply 

(Agilent 6651A #J03) was connected to the heater in series with a shunt rated 0-6 V and 0-

60 A. Copper bus bars allowed adjustable DC voltage from the DC power supply to reach 

the heater. This was done by setting the current output to 50.707 A from the DC power 

supply. Fixing the current allowed the voltage output from the DC power supply to vary. 

When the temperature data was collected, the voltage output of the DC power supply was 

measured. Since DC electric current was applied to the heater, a nearly uniform wall heat 

flux boundary condition was created. Under steady state condition the amount of heat 

generation was calculated. The heat generation was the voltage across the heater multiplied 

by the current going into the heater. The diagram and photo of the heat transfer test section 

can be seen in Figures 14 (a) and 14 (b), respectively. 
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(a) 

 

(b)  

Figure 13: Heat transfer test set-up configuration: (a) cross sectional diagram of the test 

section and (b) actual test section used in the experiment. 
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 The heater, thermocouple, and copper buses were mounted on a 12.7 mm thick 

PTFE Teflon disk. Also, the Teflon disc provided insulation to minimize heat loss through 

the bottom of the heater. One K-type thermocouple (with a max service temperature of 

260°C) with a diameter 0.08 mm was fixed through a 1 mm mounting hole on the center 

of the Teflon disk by a high temperature thermal epoxy (with a max service temperature of 

260°C). The Teflon disk’s center was the same as the center of the rectangular test section. 

Directly laid over the thermocouple was a thin double sided adhesive strip with a hole for 

the thermocouple to go through. Then the heater was directly placed on top of the double 

sided adhesive strip so that it was in constant contact with the thermocouple. Connected to 

the thermocouple was an OMEGA OM-CP-QuadTemp2000 digital data acquisition system 

(DAQ). By connecting the DAQ to a computer, real-time temperatures were recorded at a 

sample rate of 1 reading per second. The bottom of the Teflon disk was not perfectly level 

because of the machining process. To address this, a heat resistant latex caulking (Nelson 

Latex Firestop Sealant) was used to seal the bottom of the Teflon disk to the test apparatus. 

Figure 14 shows a schematic of the heat transfer set-up. 
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Figure 14: Diagram of heat transfer experimental set-up. 

 The fluid properties, resistance and surface area of the heater surface, power from 

the DC power supply, and the temperature data from the DAQ were used to calculate the 

Nusselt number at each relative height ratio, using equations (1) and (2). 

 

2.3 PROCEDURE  

  For the fluid flow portion of the experiment, the hydraulic jump diameter and 

stagnation pressure were measured at 1-minute intervals between each relative height 

change for different volumetric qualities were performed to ensure that there was steady-

state fluid flow. Standard digital Vernier calipers with an accuracy of ±0.001 mm were 

used to measure the hydraulic jump diameter. The hydraulic jump was measured at an 

angle of 90⁰ along the horizontal centerline rectangular test section. The center of the 

rectangular test section was also the center of the hydraulic jump diameter. This was done 

for at each relative height to minimize error in the measurements. 
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 The heat transfer tests began by impinging single-phase water onto the heater 

surface. Then voltage and current were applied to the heater. The voltage and current 

entering the heater was determined by the DC power supply. Next the temperature reading 

from the thermocouple had to stabilize with variations of ±0.1 ºC for 3 min, then the 

temperature value could start being recorded. From then on, the air was added to the fluid 

and the measurements were taken at 3-minute intervals for each relative height change for 

different volumetric flow qualities. 

 

2.4 DATA ANALYSIS OF FLOW PARAMETERS 

The Reynolds number of the water was determined by calculating the average jet 

velocity from the measured water flow rate. The jet velocity and the Reynolds number can 

be calculated using the equations below: 

  (5) 

  (6) 

where  and ν are flow rate of the water and kinematic viscosity, respectively. The 

impingement power was determined by the measured total flow rate and the normalized 

stagnation pressure as seen below: 

  (7) 

where  is the total flow rate of the water and air going into the two-phase mixer which is 

measured from the mass flow controller and flowmeter and the normalized stagnation 

pressure is calculated as seen below: 
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  (8) 

where  is the measured value of the stagnation pressure and  is the value of 

the stagnation pressure at H/d=0.51. 

 

2.5 DATA ANAYLSIS OF HEAT TRANSFER PARAMETERS

 The local convective heat transfer coefficient and corresponding Nusselt number 

for the ith control volume were calculated using the following equations: 

  (9) 

  (10) 

 For a given control volume, the convective heat qconv,i from the upper control 

volume surface was calculated using the following equations: 

   

 (11) 

where the convective area of the ith  control volume is, 

  (12) 

 In the analysis, the radiation heat  was calculated from the Stefan-Boltzmann 

equation and the result is less than 0.5% of the total imposed heat which was the voltage 

across the heater multiplied by the current going into the heater. The lateral heat losses 

 were obtained by measuring the temperature on the bottom of the Teflon disk and 

applying the Nusselt number correlation as seen in equations (9) and (10). The maximum 
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heat losses from the heated surface to the ambient temperature via the bottom of the Teflon 

disk are estimated to be about 1% of the total imposed heat. In Eq. (11), F accounts for 

non-uniformity factor of the heating film and F ≈ 1 is usually adopted for small slender 

shape of the film. The radial conduction  was determined by placing 3 

thermocouples radial spaced 1mm apart from each other. The radial conductive  was 

determined to be negligible. A higher lateral conduction distorts the measurement accuracy 

of the surface temperature. Choo and Kim (2010) indicated that the lateral conduction 

along a heated plate increased the convective heat for an impinging jet. The lateral 

conduction has the same order of magnitude as the amount of heat supply to a heated foil 

which was used as a heater. In present study, the lateral conduction in the present study is 

less than 2% of the total imposed heat.  

 To estimate the errors present in the experimental results, an uncertainty analysis is 

conducted. The measurement error consists of bias and precision errors. The uncertainty 

u.n. is given as follows: 

  (13) 

where b and p are bias uncertainty and precision uncertainty, respectively. The precision 

uncertainty is determined by, 

  (14) 

  (15) 

  (16) 
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where t95%,n, S,  n, N, x̅, and xi are the t-distribution for a confidence level of 95%, standard 

deviation, degree of freedom, data number, sample mean, and measured value of particular 

experiment, respectively. 

 The uncertainty in the local Nusselt numbers is estimated with a 95 percent 

confidence level using the methods suggested by Kline and McKlintock (1953). Their 

methods calculate the uncertainty using the tolerances of the equipment being used in the 

experiment. The calculated maximum error of the main variables revealed an uncertainty 

of 2.7% for Nusselt number, 1.9% for the surface temperature, 1.2% for the inlet 

temperature at the nozzle exit, 1.1% for the heat loss, 1.1% for the input voltage, and 0.6% 

for the input current. 

 

CHAPTER III  
  
  
  

RESULTS AND DISCUSSION  

 3.1 VALIDATION 

The experimental data of the Nusselt number in the present study for a free water 

impinging jet was compared with the empirical correlation of Steven and Webb (1991), 

Royne and Dey (2004) as a validation process. For Reynolds numbers in the range 4,023 

≤ Rew ≤ 8,053, the stagnation Nusselt numbers were examined at a nozzle-to-plate 

spacing of H/d = 1, as shown in Figure 15 (a). The adopted empirical correlation of 

Steven and Webb is Nu = 3.62Rew
0.362Pr0.4. As shown in the figure 15 (a), good 

agreements between the present data and the previous empirical correlation were 

observed within ± 10%. Validation for the stagnation pressure comes from the 
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comparison of the single-phase liquid impingement data from Bernoulli’s equation as 

shown in Figure 15 (b).  The Bernoulli equation at stagnation point is given as:  

  (17) 

where is stagnation pressure and H is nozzle-to-plate spacing. The present data agrees 

with the experimental results of Brian K. Friedrich II and the Bernoulli’s equation within 

±10%. In addition, the measured hydraulic jump radius is validated with an empirical 

correlation of Brechet and Neda from Korablev and Sharkov (1996). The adopted 

empirical correlation is  .  As shown in Figure 15 (c), good 

agreements between the present data and the previous empirical correlation were 

observed within ± 15% where the black line is the trend line. 
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Figure 15: Validation for single phase water impinging jet: (a) stagnation Nusselt number 

(b) stagnation pressure (c) hydraulic jump diameter. 
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3.2 HYDRAULIC JUMP DIAMETER  

 The variation of the dimensionless hydraulic jump diameter with varying relative 

height ratio can be seen in Figure 16. The dimensionless hydraulic jump diameter is the 

measured hydraulic jump diameter divided by the nozzle diameter. The results are 

categorized into two regions; Region I is from H/d= 0.02 to 0.43, and Region II is from 

H/d =0.43 to 0.51. 

 

Figure 16: Hydraulic jump diameter as a function of the relative height ratio. 

 In Region I the dimensionless hydraulic jump diameter shows an exponential 

decrease as H/d increases towards Region II. This is because the normalized stagnation 

pressure decreases as H/d increases. In Region I the hydraulic jump diameter shows that as 

β increases the slope of the exponential curve decreases. The bubbles exiting the nozzle 

immediately diffuse into the ambient air at the lowest H/d value as seen in Figure 17 (a). 
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 In Region II, there was a linear decrease in the hydraulic diameter until H/d reached 

0.51. At that point the normalized stagnation pressure and the dimensionless hydraulic 

jump diameter approached their asymptotic values. The effect of β was the same on the 

dimensionless hydraulic jump diameter as it was in region I. In region II most of bubbles 

stayed intact and moved out of the hydraulic jump region as seen in Figure 17 (b). Figure 

17 (b) shows a reduced hydraulic jump diameter compared to Figure 17 (a). 

  

(a) H/d = 0.02                     (b) H/d = 0.51 

Figure 17: Nozzle discharge and hydraulic jump flow patterns for the minimum and 

maximum H/d at β= 0.5. 

 

3.3 PRESSURE  

 Figure 18 shows the influence of the nozzle-to-plate spacing on the normalized 

stagnation pressure. The results show that the normalized stagnation pressure is divided 

into two regions: Region I, which is the jet deflection region (H/d ≤ 0.43) and Region II, 

which is the inertia-dominant region (0.43< H/d ≤ 0.51). The jet deflection region occurs 

when velocity is the dominant dominates the Bernoulli equation. The inertia-dominant 

region occurs when gravity is the dominates the Bernoulli equation. 

Hydraulic Jump 
Diameter 

Hydraulic Jump 
Diameter 
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Figure 18: Normalized stagnation pressure as a function of the relative height ratio.  

 In region I, the normalized stagnation pressure drastically increases with decreasing 

the nozzle-to-plate spacing since flow resistance increases due to the flow deflection of the 

impinging plate. In region II, the effect of the nozzle-to-plate spacing is negligible on the 

normalized stagnation pressure. To explain the flow resistance of the flow deflection, an 

extended Bernoulli’s equation is applied below: 

  (18) 

where K is jet deflection coefficient, which is empirically obtained from Figure 18 using 

trend lines. As the jet deflection coefficient increases the normalized stagnation increases 

and as the jet deflection coefficient decreases the normalized stagnation decreases. The 

pressure at stagnation point includes two effects, one from dynamic pressure at point 1 and 

another from the jet deflection effect at point 2 as shown in Figure 19. From the mass 

conservation equation, Eq. (19), at points 1 and 2, Equation (18) can be transformed as a 

function of nozzle-to-plate spacing only as shown in Eq. (20). 
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  (19) 

  (20) 

 

Figure 19: Notation for the velocity at low nozzle-to-plate spacing (Kuraan, Choo, and 

Moldovan). 

 

3.4 NUSSELT NUMBER  

 The variation of stagnation Nusselt number with changing height to diameter ratio 

are shown in Figure 20. The results are similar to the hydraulic jump and can be broken up 

into two regions; Region I is from H/d = 0.02 to 0.43, Region II is from H/d =0.43 to 0.51. 

 In region I in the stagnation Nusselt number exponentially decreases as H/d 

increases towards Region II. This decrease is occurring because the impinging power of 

the two-phase flow is decreasing as H/d increases. In region I the magnitude of Nu0 

increases as β increases. This is due to the flow pattern in the nozzle changing as β 
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increased. The flow pattern in the nozzle was bubbly flow at β = 0.3, slug flow at β = 0.5, 

and annular flow at β = 0.8. The peak Nu0 occurred at an H/d of 0.02 and at β of 0.8. 

 In region II in the stagnation Nusselt number linearly decreases as H/d increases to 

0.51. The stagnation Nusselt number approached its asymptotic value linearly as H/d 

increased. As in region I, the magnitude of Nu0 increases as β increases. 

 

Figure 20: Stagnation Nusselt number as a function of the relative height ratio. 
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CHAPTER IV  
 
 
 

CONCLUSIONS AND FUTURE WORK  

 Using water and air as the test fluid, the heat transfer characteristics of air-assisted 

water jet impingement were experimentally investigated in this study. The effects of 

varying nozzle-plate spacing at several different volumetric qualities (β = 0.3, 0.5, 0.7, and 

0.8) on the Nusselt number and pressure were considered under fixed water-flow-rate 

condition. One fixed flow rate of 14 GPH was considered with Reynolds number for water 

of 3262 using the nozzle diameter as the characteristic length. A nozzle diameter of 5.86 

mm was used to direct the impinging jet normal to the surface of the impinging surface at 

a range of height-to-diameter ratios from 0.02 to 0.51. 

 The results can be sorted into two regions; Region I is from H/d = 0.02 to H/d = 

0.43, Region II is from H/d = 0.43 to 0.51. In region I, stagnation Nusselt number increased 

exponentially as H/d was decreased. The reason for the exponential increase in stagnation 

Nusselt number as H/d decreased was that by decreasing the nozzle-to-plate height, the 

velocity of the fluid in the stagnation zone increased to compensate for the reduced outlet 

area to adhere to the conservation of mass. The 90º bend in flow and the increased velocity 

in the extended Bernoulli equation increased the normalized stagnation pressure which 

increased the impingement power which increased the stagnation Nusselt number. In 

region II, the stagnation Nusselt number approached its asymptotic value linearly as H/d 

increased. This too is caused by the stagnation zone velocity changing in response to the 

increasing nozzle-to-plate spacing. This region also ends at the stable minimum location 
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for the stagnation Nusselt number after which all values for the stagnation Nusselt number 

are the same.  

 The findings of this study are most useful for cooling applications such as 

electronics cooling to increase the overall heat transfer performance. Future studies could 

build upon this research by investigating the effect of surface conditions on two-phase 

impinging jet flow. Future work should address the limitations of this study. The limitations 

were caused by a lack of specific equipment needed to directly measure the velocity in the 

pipe and allow the heater to reach temperatures greater than 60ºC. The velocity of the two-

phase mixture in the pipe could not be determined with the available lab equipment so the 

velocity was approximated with the known inlet velocities of the water and the air using 

conservation of mass. Future research could use the exact inlet velocity to precisely 

determine the effects of the bubble flow with the varying nozzle-to-plate spacing. The 

power supply used and the possible risk of damage to the heater and the plate itself limited 

the heater temperature. Increasing the heater temperature would allow for more extreme 

temperature differences which could increase the range of the results. 
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