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ABSTRACT 

 

Impinging jets have many applications like heating or drying of food, paper, 

textiles, chemicals, and cooling of electrical equipments, turbines. For many applications, 

it is desirable to have small surface forces with high heat transfer. For these types of 

applications radial jets are often preferred over inline jets due to their ability to create 

smaller surface forces and greater heat transfer. Directly beneath the nozzle, however, the 

heat transfer is small over similar surface areas. 

A variant of the RJR nozzle is designed by altering the nozzle geometry and 

adding holes at radial locations in the nozzle diverter that have different pitch and yaw 

angles and is named the Dynamic Radial Jet Reattachment (DRJR) nozzle. An extensive 

experimental investigation is conducted to determine the effect of geometric and flow 

parameters on surface pressure distribution of DRJR nozzles. A Scanivalve data 

acquisition system is used for acquisition of surface pressures. A titanium dioxide � 

kerosene mixture and photographing technique is used for the surface flow visualization. 

It is seen that Xp/b ratio has the major effect on coefficient of pressure (Cp) and 

reattachment location (R/R0) while gap width and Reynolds number has negligible affects 

on reattachment location for the range of parameters tested. Variation in hole pitch and 

yaw angles have a noticeable effect in the active flow field region but negligible effect on 

Cp at reattachment and the reattachment location. Variation in hole diameters (d/R0) 

created noticeable difference for specific nozzles in active flow field region but failed to 

create any generalized effect.  
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All this basic experimental results were compared and confirmed with the results 

obtained by flow visualization experiments and found to be in good agreement. This 

information on the flow field characteristics of DRJR nozzles can later be used as a 

platform to design effective and efficient processes depending on the application needs.  
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CHAPTER I 

 INTRODUCTION 

 

The separation and subsequent reattachment of a flow to a solid surface is a very 

common process in many flows of engineering interest. To understand heat and mass 

transfer as well as surface forces it is necessary to study the flow field near wall region 

where the representative process occurs. This information can be used later as a platform 

to design effective and efficient processes depending on the application needs.  

1.1 Literature Review and Background 

Impinging jets are often used to heat or cool a surface. Numerous studies have 

been conducted on the heat and mass transfer associated with both ILJ (Inline Jet) and 

RJR (Radial Jet Reattachment) nozzles.  

A list of investigations, which considered a single impinging circular jet is 

provided by Goldstein [1].  Flow field, surface pressure, and heat transfer rates associated 

with transitional and potential core slot jet impingement was studied experimentally by 

Narayanan [2] in which he also determined mean velocity and fluctuation velocity 

variance. Martin [3] provided a comprehensive survey emphasizing the engineering 

applications of circular and slot jets for single and multiple nozzle configurations.  

In early theoretical studies by Schwartz [4] the equations of motion with boundary 

layer approximations are solved for laminar, incompressible radial free jet. Analytical 

expressions are derived for velocity and temperature distributions. P. O. Witze [5] 
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conducted an experimental and analytical study of impinging axisymmetric turbulent 

flows, which involved two types of radial jets. One was a constrained radial jet that 

resulted from flow ejection from a circular slot and the other was an impinging 

axisymmetric radial jet that resulted from two free axisymmetric jets striking against each 

other. In this investigation, parameters of interest were nozzle diameter, nozzle separation 

distance, and the jet exit velocity.  Mean velocities in the main flow direction, jet 

spreading rate for a wide range of radial jet configurations and turbulence intensities were 

presented. The mean velocity profiles for this configuration were found to be self-

preserving and the jet spreading rate linear. The turbulence intensity levels and jet 

spreading rate for impinged radial jet were, two to three times that of the constrained 

radial jet.  

R. H. Page [6] first introduced the concept of radial jets in 1970�s.  Ostowari and 

Page [16] carried out this research further realizing the tremendous importance of this 

device for heat transfer with controlled pressure gradient on the drying surface. There 

onwards various experimental and theoretical analyses have been carried out focusing on 

heat and mass transfer characteristics, drying rates and, surface pressure distribution of 

RJR nozzles.  

A radial jet is defined [6] to be created by the outward flow of a fluid from a point 

source or circular line source. When the radial jet nozzle is placed normal to a surface the 

viscous mixing occurs at the boundaries of this stream induce secondary flow by mass 

entrainment. The induced flow from the lower boundary of the radial jet stream creates a 

low pressure beneath the nozzle. This low pressure region forces the jet stream to curve 
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towards the low pressure region until the jet reaches the surface in a ring centered around 

the nozzle. The stream now divides causing part of the stream to turn radially outwards 

and the remainder radially inwards. The reattachment of the radial jet and turbulent 

recirculation are the key to the effectiveness of the nozzle, and hence, its name Radial Jet 

Reattachment nozzle. Figure 1.1 shows basic characteristics of the RJR flow field along 

with different variables involved. 

The practical applications become apparent when one compares the reattaching 

radial jet to the impinging inline jet. The impinging inline jet usually develops a high 

pressure and high heat transfer region near the centerline of impingement. But for many 

applications, like in food and paper industries, high pressure region below the nozzle is 

not desirable. Also the high heat transfer area is limited by the optimization of nozzle 

diameter and pressure restrictions. 

In contrast to inline jets, for certain configurations RJR nozzles develop 

comparatively a low pressure and low heat transfer region near the centerline of the 

nozzle while also developing high heat transfer region over a large area around 

reattachment region. The positive or negative pressure on the impinging surface can be 

created using combination of nozzle exit angle and nozzle geometries. The combination 

of a low pressure immediately below the nozzle and a high heat transfer ring leads to 

industrial applications in which enhanced convective heat transfer is important. 
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Figure 1.1.  RJR Nozzle and Typical Flow Field 



 5

Radial jets potentially have many applications in drying or heating food, paper, 

textiles or chemicals or cooling turbines, electrical equipments. Direct heating of material 

using radial flame jet impingement has several advantages over other means of heating 

and used commonly in glass and metal processing. Flame heating can be extended to 

drying of various moist porous materials. 

Thermal management of high power electronic components with dissipation 

ratings of over 2-3 W/cm2 clearly demands non traditional means to be successful. In 

many different approaches attempted, radial jet reattachment has been proven to be a 

novel and effective mechanism for high surface heat removal rates with negligible 

downward force [13]. By adjusting the geometric and flow rate parameters, a net suction 

force could be created and used for the transport of items such as microchips.  The 

existence of a net lifting force can also be used for the lifting of light sheets of material 

that are freshly painted or electrostatically charged. 

J. S. Carbone [6] presented a great number of geometric and jet flow rate 

combinations to study the nature of radial jet reattachment onto a flat plate. This study 

included flow visualization, surface pressure measurements, and heat transfer 

measurements for a radial jet reattachment nozzle. Measurements were obtained for a 

number of exit velocities and exit widths. 

A. Ahmed and D. K. Habetz [7] carried out the flow visualization tests to 

supplement the previous measurements of surface pressures and heat transfer, and to 

better understand the phenomena of RJR. He used four nozzles with exit angles of -10, 0, 
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+10, and +45 degrees along with air bubbles produced by direct injection of air in the 

water flow for the generation of traces. 

Pressure and heat transfer experiments utilizing radial jet reattachment nozzles 

with mixing flows were carried out by E.C. Dietz [8]. He developed two conceptual RJR 

combustor and experiments were carried out by substituting hot air in place of natural 

gas. The results show that both RJR combustion nozzle designs compare favorable with 

previous research for single RJR nozzles. 

J. W. Mohr [9] performed experimental analysis of heat transfer characteristics of 

a radial jet reattachment flame. He observed that overall heat transfer to the impingement 

surface depend upon fuel equivalence ratio, air exit gap width and fuel Reynolds number 

and is not significantly affected by nozzle to plate spacing. Impingement surface heat flux 

was very high in the reattachment region, while area averaged heat flux profiles identified 

the possible optimal spacing for the future use of RJRC (Radial Jet Reattachment 

Combustion) nozzles in array combinations. He also performed same experiment using a 

pair of radial jet reattachment flames [10]. The secondary flame jet was formed due to 

interaction of gases exiting the zone of interaction between two nozzles. From the results, 

ideal operating conditions and spacing between two nozzles were identified for an array 

of RJRC nozzles. 

Seyed-Yagoobi and R. H. Page [12] performed a theoretical analysis on the 

enhancement of drying rate in paper machines with multi-functional radial jet 

reattachment blow boxes that resulted in significant improvements in drying rates and 
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sheet stability. The theoretical results indicated that up to 25% improvement in drying 

rate was feasible depending on the operational conditions and machine configurations. 

M. R. Cosley and M. J. Marongui [13] proposed the use of RJR nozzles either 

singly or in a array as an active heat sink to cool PCB�s from the top or bottom. In both 

the cases, RJR nozzle displayed enhanced convective heat removal rates with negligible 

downward forces in comparison with ILJ nozzles. R. H. Page [14] compared radial jet 

reattachment force obtained by theoretical equations along with experimental results and 

found that generally good agreement was shown to prevail between the two.  

 J. A. Castelberry and D. L. James [15] carried out experimental investigation of 

surface pressure profiles and convective heat transfer coefficients for pulsed radial jet 

reattachment nozzles. Data indicated momentary and local enhancements of surface heat 

flux due to gap pulsations but each enhancement was accompanied by an offsetting 

suppression of the surface heat flux. There was indication of sweeping of the 

reattachment location and location of maximum local Nusselt number but it was not 

sufficient to notably enhance the transport properties. 
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1.2 Objective 

The objective of this research project was to conduct an extensive experimental 

investigation to study the surface pressure and near wall flow characteristics of dynamic 

radial jet reattachment (DRJR) nozzle which is a variant of RJR nozzle. Specifically, this 

work will investigate the effect of nozzle geometry, flow rates, pitch and yaw angles on 

the surface pressure of a surface oriented normal to the nozzle axis.  

Different techniques are tried to increase the turbulence below the nozzle without 

causing considerable surface pressure variations directly below the nozzle. RJR nozzle 

geometry is changed by drilling the holes at different pitch and yaw angles which helped 

to increase the turbulence thereby improving the heat transfer coefficient.  

The study also includes an investigation of the qualitative aspects of the flow field 

using different flow visualization techniques. The surface flow patterns were 

photographed and used to confirm predicted flow field characteristics. Finally, the results 

obtained from this study were compared with the results from an experimental 

investigation in an attempt to assess the validity. Figure 1.2 shows a typical sketch of a 

DRJR nozzle along with different variables which will be referred to throughout this 

thesis. 
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Figure 1.2.  DRJR Nozzle and Typical Flow Field 
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CHAPTER II 

EXPERIMENTAL SETUP 

2.1 Three Dimensional Test Facility 

The first phase of this study involved the design of an appropriate moving gantry, 

reattachment surface, radial jet nozzle, and gantry moving mechanism. The test 

apparatus, shown in Figure 2.1, consisted of a rigid frame (40 cm x 70 cm) on which two 

tracks and two trails were mounted for X-Y traversing. The X-Y traversing is controlled 

by two stepper motors and lead screws. Stepper motors are operated via a PC Serial Port, 

C++ executable and LabVIEW code. The range of gantry allowed automated motion 20 

cm x 15 cm area. Four leg bolts are provided at the corners of the gantry for leveling and 

adjusting the reattachment height. The range of motion of the leg bolts allowed the nozzle 

to move the positions vertically between zero and 5cm. 

The reattachment surface was constructed of a 41 cm x 41 cm flat, 1.27 cm thick 

Plexiglas sheet. The surface is provided with four bolts on the bottom side to support it 

on the four slots of the moving gantry. This moving plate is provided with sixty pressure 

taps located in 4 inch × 5.5 inch area of a plate in one quarter. Figure 2.2 shows the 

schematic of the pressure taps on reattachment surface.  
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Figure 2.1.  Experimental Test Apparatus 

 

Figure 2.2.  Schematic of the Pressure taps on reattachment surface 
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At the center of the experimental apparatus was a 4.12 cm diameter nozzle with 

replaceable diverters and flow guides. Diverters and flow guides were made with a 0 

degree exit angle. Holes of different diameters with different pitch and yaw angles are 

drilled in diverters to create a dynamic flow right below the nozzle. A list of dimensions 

of the diverter holes pitch angle, yaw angle, and holes pitch circle diameter is provided in 

appendix A. 

A disassembled DRJR nozzle is illustrated in Figure 2.3. The nozzle assembly 

was mounted on the end of a 41.3 mm diameter tube, 12 diameters long. The stationary 

shaft was coaxially located in the tube by shaft guide and a bronze guide at the top of the 

tube. Close running fits in both of the guides allow the shaft to move up and down. The 

shaft was bolted on its top side to adjust the gap width of the DRJR nozzle. Lubricating 

grease and an o-ring at top and bottom of the nozzle assembly prevents metered air from 

escaping through top and bottom guide. 

An Industrial air compressor with air supply capacity of 200 psi was used as a 

source of air. The air was piped out from a storage tank into a moisture remover. Air was 

cooled passing through the cold copper tubes and moisture was removed from the air. It 

was then passed into a smaller settling tank through a pressure regulator. A settling tank, 

a pressure regulator, and a flow regulator were used to control the flow and regulate flow 

fluctuations. 
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Figure 2.3.  Photograph of Disassemble DRJR Nozzle & flow diverter 

A schematic overview of the DRJR nozzle apparatus components is shown in Fig. 

2.4. 

2.2Experimental Instrumentation 

All surface pressure experiments were conducted using the instrumentation as 

shown in the schematic of Fig. 2.4 and photograph of Fig. 2.5.  
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Figure 2.4.  Schematic Overview of DRJR Nozzle Apparatus 

 

Figure 2.5.  Experimental Setup and Instrumentation 
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2.2.1 Reattachment Plate 

Sixty holes of diameter 0.062� (1.57 mm) each were drilled in a Plexiglas plate in 

a rectangular area of 4� × 5.5� (101.6 mm × 139.7 mm). Copper tubes of outer diameter 

0.062� and 1� (25.4 mm) long were press fitted in these holes. On the bottom side of the 

plate, 0.5� extension of the copper tubing was sufficient to connect the pressure taps to 

ZOC33 pressure scanner using plastic tubing and connectors provided by Scanivalve 

Corporation. The length of tubing was the same for all taps and no pressure corrections 

were applied. 

The full scale differential pressure output possible using the DSM3000 was ± 

2488.4 Pa (10 inches of water). When pressure was applied, a differential output signal 

proportional to that pressure was produced and converted to inches of water by the 

DSM3000. It was then converted to absolute pressure values by adding the reference 

pressure, which was the barometric pressure. 

 

2.2.2 Moving Gantry 

As stated previously, the reattachment surface was mounted on a two-dimensional 

traversing mechanism that was driven by two stepper motors. Both stepper motors were 

geared down 14:1 to drive ¼ - 20 lead screws. A PC serial port and two ULN2003A 

driver chips were used to control the stepper motors.  

A code in C++ language was developed to create a clockwise or anticlockwise 

moving sequence of the stepper motors. National Instruments LabVIEW V7.0 was used 
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to call this C++ code in a data acquisition sequence. A ULN2003A chip used an external 

D.C. power source to excite the stepper motor poles sequentially.  

The distance traveled by the pressure plate was calibrated according to number of 

excitation sequences, so the position of the pressure transducers with respect to the nozzle 

center was known at all the times. The position of the first pressure tap was considered 

zero when it was precisely underneath the center of the nozzle. After each data 

acquisition set, the gantry was brought to its original position, which also worked as a 

check for distances traveled by stepper motor. 

 

2.2.3 Data Acquisition 

Experimental measurements were made using Digital Service Module - 

DSM3000 which is a stand alone interface module designed by Scanivalve Corporation 

for pressure measurement. Each DSM can accept up to 8 ZOC electric pressure scanners, 

each with up to 64 inputs. The DSM module has two outputs, RS 232 and Ethernet 

10Base-2 or Ethernet 10Base-T. A DSM3000 was installed beneath the reattachment 

plate using a RS 232 data cable and ZOC33 electric pressure scanner.  

Before starting the DSM, two control pressure lines labeled (CalCtl) and (PxACtl) 

were connected to their respective tubes on the module. Air supply of pressure 65 psi was 

given to DSM Unit.  Upon the completion of these connections, the DSM was turned on.  

Once the system was on and the DSM driver program was running, a 30 minute warm-up 

was required due to the temperature sensitive nature of the modules. 
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Scanivalve Corporation DSMht software was used to control the pressure data 

acquisition. The user input to the software was input channel, desired sampling 

frequency, number of samples to be averaged for each data point, desired array format, 

and array name. For every pressure tap position, signals were recorded using 100 

samples/second rate and 5000 samples for each data point. The data was then averaged 

over the sample duration (50 sec). 

 

2.2.4 Flow Visualization 

Flow Visualization consisted of photographic and video records of flow patterns 

created by DRJR nozzles on the reattachment plate. A reattachment surface similar to the 

pressure sensor plate was created and painted black for better visualization. A mixture of 

titanium dioxide powder and kerosene was sprayed on the reattachment surface in order 

to visualize the surface flow pattern, and was used to identify the presence of a 

reattachment radius and any flow disturbance within the recirculation zone under the 

nozzle. A brief list of equipment is included in Table 2.1. 
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Table 2.1.  Brief List of Major Experimental Equipment 

Component Manufacturer Part Number  Qty. 

Data Acquisition 
Module 

Scanivalve 
Corporation DSM3000 1 

Pressure Scanner Scanivalve 
Corporation ZOC33 1 

Air Compressor Industrial Air of 
Texas SN 1339 1 

Moisture Remover Arrow Pneumatics, 
INC UG 207 1 

Pressure Control 
Valve 

Arrow Pneumatics, 
INC SN 125KT 1 

Stepper Motors Japan Co, INC  2 

Stepper Motor 
Controllers Texas Instruments ULN2003A 2 

DC Power Supply 
Amplifier Hewlett Packard Hp 6824A 1 
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CHAPTER III 

EXPERIMENTAL PROCEDURE 

3.1 Instrument Calibration  

 
3.1.1 Pressure Sensor Calibration 

Prior to use DSM for pressure data acquisition, it was tested for accuracy and 

repeatability. An oil filled, inclined tube manometer was used to measure pressure during 

calibration. As a constant pressure source, a threaded bolt (effectively a metal syringe) 

with plastic tubing was used. One end of the plastic tubing was connected to constant 

pressure source and other end was connected to tee, which connects to manometer and 

DSM. The treads of the bolt were liberally greased so that turning the bolt would displace 

air from the pipe by changing the volume. With this arrangement, pressure values were 

acquired and compared to the Scanivalve system using the data acquisition system 

described previously. It was observed that all the readings falls between the sensitivity 

range of the Scanivalve system, which is ± 0.2 % of full scale (± 2488.4 Pa).  

 
3.1.2 Stepper Motor Calibration 

Both the stepper motors were calibrated using ball pointed dial gauge indicator 

having a tolerance of +/- 0.001 inch. A fixed number of excitation pulses were given to 

each stepper motor and equivalent distance traveled was measured using distance gauge. 

Same process was repeated for clockwise and anticlockwise rotation of the motor and for 

different numbers of excitation pulses. A standard deviation is calculated for both the 
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motors and found to be well below 0.002.  Detail description on stepper motor calibration 

is presented in Appendix B. 

3.2 Flow Visualization 

Flow visualization experiments were carried out using ten different DRJ nozzles 

of 0 degree exit angle and holes at different pitch circle diameters, and of different pitch, 

and yaw angles. For each nozzle, tests were performed at a jet mean exit velocity ranging 

from 10 m/s to 25 m/s at three distinct distances from the reattachment surface, and using 

two exit widths of 5.0 mm and 7.0 mm. Flow patterns of all the nozzles were studied and 

these nozzles were analyzed in detail at three distinct distances from the reattachment 

surface for different combinations of jet exit velocities and jet exit widths. 

Of the various methods of flow visualization attempted, the best results were 

obtained using the titanium powder and kerosene mixture. The mixture was sprayed on a 

black colored reattachment surface. Air flow was turned on. The resultant shear forces 

caused the mixture to be redistributed. An example of the results is shown in Fig. 3.1.  

From the figure it can be seen that at the reattachment ring flow divides into two parts. 

The flow on the inner side of the ring is the portion which is returned to the recirculation 

region and that on the outer side of this ring being the portion which is expelled outward 

forming a wall jet. These experiments confirmed several of the flow field characteristics 

expected like recirculation region of the flow directly beneath the nozzle, reattachment 

radius and jet curvature.  
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Figure 3.1.  Flow visualization using titanium dioxide-kerosene mixture 
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3.3DRJ Pressure Distribution 

As previously explained in Experimental Apparatus, measurements were made 

using Digital Service Module - DSM3000 which is a stand alone interface module. 

DSMht software which was used for data acquisition accepts the user input for the 

number averaged for data sampling, time duration of the sampling, and formatting of the 

data sample file to be saved. The locations of the pressure measurements were controlled 

using stepper motor and C++ code on a grid of locations centered beneath the nozzle. 

Data post-processed from the output file would reveal the symmetry of the pressure 

distribution. 

3.4 Analysis 

The pressure data was obtained in a uniformly grided manner, so the reattachment 

surface was divided into small uniform areas centered about each of the local pressure 

measurements. Each square area was assumed to be at a uniform pressure equal to that 

measured at the local pressure tap. Cp was then calculated, using only pressure taps 

within the specified radius.  

3.5Uncertainty  

As uncertainties in the experimental results are impossible to eliminate, it is 

necessary to provide a measure of reliability of the results. Hence uncertainty analysis is 

performed on the results obtained in this project are  
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A method of estimating uncertainty in experimental results has been presented by 

Kline and McClintock [17]. The method is based upon the careful specifications of the 

uncertainties in the various primary experimental measurements and the functional 

relationship between the independent and resultant variables. The functional relationship 

is given by the equation 

X = f (y1, y2, y3, � � .., yn)                                          (3.1) 

and the resultant uncertainty is of the form  
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1
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ir                                                  (3.2) 

where Ur (subscript l, not r) is the uncertainty of the independent variables. 

 

3.5.1 Geometric Uncertainties 

Geometric uncertainties in nozzle gap width, nozzle radius, nozzle separation 

distance Xp and pitch and yaw angle are shown below in the Table 3.1. 

Table 3.1 Geometry uncertainty 

Variables                          Uncertainty 

Gap width (b)       ± 0.1 mm 

Separation distance (Xp)    ± 0.1 mm 

Pitch and Yaw angle     ± 1 degree 

Nozzle radius      ± 0.1 mm 
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3.5.2 Velocity Uncertainties 

Uncertainties in the velocity were the result of uncertainty in reading the 

manometer (uncertainties in the barometric pressure and temperature were much smaller 

than the manometer, and therefore neglected), which was used for the purpose of taking 

pressure readings using a pitot tube. The error in reading the manometer is ± 0.1 inch of 

water which causes the uncertainty of 0.1351 m/s in velocity measurement. 

air

PV
ρ
2=                                                     (3.3) 
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3.5.3 Pressure Measurement Uncertainty 

Uncertainty in the pressure measurement was the result of several contribution 

factors. Coefficient of pressure was calculated using formula 

2

2
1

exit

p

V

PC
ρ

∆=                                                      (3.5) 

which depends upon Pressure differential ∆P, exit velocity V and density of air ρ. The 

pressure differential uncertainty is nothing but the uncertainty of the DSM module used 

for the pressure measurement which is ±0.2 % of 2488.4 Pa. Uncertainty for exit velocity 

is as calculated in above section and uncertainty in ρ depends upon the error in recording 

atmospheric temperature and pressure.  
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RT
P=ρ                                                            (3.6) 
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This gives the uncertainty of 0.004845 kg/m3 for density. Therefore, uncertainty of Cp 

can be calculated as  
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                   (3.8) 

yielding an uncertainty of Cp as ± 0.0025 which is within the 1 - 3 % of Cp values 

obtained during the experiments. 
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CHAPTER IV 

RESULTS AND DISCUSSION 

 

The following section comprehensively describes the effects of nozzle exit width, 

plate to nozzle distance, mean nozzle Reynolds number and nozzle parameters (hole 

diameter and hole location, pitch and yaw angles) on the surface pressure and forces on 

an impingement surface oriented normal to a DRJR nozzle. All experimental results 

obtained used air as the working fluid. Due to the DRJR nozzle profile and small exit 

width, sudden acceleration of air flow resulted in a vena contracta at main nozzle exit 

thereby causing the exit velocity to increase sharply compared to a mean exit velocities 

calculated. Reynolds number based on the nozzle gap width and mean flow rate through 

the feed tube ranged from 40000 to 75000 (note that the Re based on the maximum exit 

velocity ranged from 75,000 to 170,000). All nozzles used for experimentation had a zero 

degree exit angle.  

4.1RJR Surface Pressure 

In order to check the validity of the experimental setup, the surface pressure 

distribution from an RJR nozzle was obtained and the resulting surface pressures checked 

against published results. Figure 4.1 is the plot published by Carbone [6] showing 

coefficient of pressure, Cp, as a function of non-dimesionalized distance for an RJR 

nozzle. 
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Figure 4.1:  Coefficient of Pressure Plots for RJR Nozzle [6] 
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Figure 4.1 illustrates Cp for different Xp/b ratios ranging from 3 through 10 

keeping gap width constant at 7.5 mm and Re at 14,700 and 29,400 respectively. Note 

that for a Xp/b ratio of 4, the non-dimensional reattachment radius (r/rb) is 2.5 and Cp is 

approximately 0.12. The variation in Reynolds number does not create a noticeable 

difference in Cp and reattachment radius as can be seen by comparing them for same Xp/b 

ratio at the different Reynolds number given in the figure.  

These published results are compared with the experimental results obtained for 

an RJR nozzle maintaining similar experimental conditions. Figure 4.2 shows pressure 

coefficient surface and 2-d plot. Data points for plotting two dimensional plot are 

obtained at the center line of the reattachment surface similar to Carbone�s experimental 

method. This plot is obtained by maintaining Xp/b ratio at 4, gap width at 7.5 mm, and 

Reynolds number 53,000. As seen from figure 4.2, reattachment radius is around 2.3 with 

maximum Cp value of approximately 0.12 which is very close to the results obtained by 

Carbone. Overall difference in reattachment radius and Cp values is below 10 %. This 

variation in Cp and reattachment radius can be attributed to difference in internal 

construction of the nozzle. Test results and overall trends obtained are in good agreement 

with the published result so we can say that experimental setup and measurement 

techniques used are producing good results. Hence the same experimental setup and 

measurement technique is used to further study the flow field characteristics of DRJR 

nozzles. 
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Figure 4.2:  RJR Surface and Contour Plot 

To further investigate the RJR flow, a surface visualization study was performed. 

Figure 4.3 shows the results of the flow visualization study for an RJR Nozzle for the 

same set of nozzle parameters used to produce the results shown in Figure 4.2. From the 

Figure 4.3, existence of the three distinct flow regions can be confirmed. The first region 

is the area beneath the nozzle where flow velocities are low and hence the kerosene - 

titanium dioxide powder mixture was left fairly undisturbed. This zone is called the dead 
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zone or no activity zone. The second region is the circular ring outside the dead zone. 

This ring is called as reattachment ring. The general symmetry of the flow can be 

confirmed from this circular ring. On the opposite side of this ring, the mixture moves 

radially in opposite direction because of stagnation flow effect. The surface flow moving 

the mixture toward the nozzle is a part of a toroidal vortex that exists between 

reattachment region and dead zone. The third region is the outer area where powder is 

redistributed in a radially outward direction as can be seen from the surface flow streak 

lines. This region is where the flow forms a wall jet as it moves radially outward.  Figure 

4.4 shows the schematic of the flow field as interpreted from the flow visualization 

results for RJR nozzle. Reattachment region is shown enlarged for better understanding 

of the flow behavior. 
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Figure 4.3:  Flow Visualization Result for RJR 

 

Figure 4.4: Schematic of Flow Field for RJR Nozzle  
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4.2 DRJR Nozzles 

 
4.2.1 General Pressure Distribution and Flow Visualization 

One different characteristic illustrated by all DRJR nozzles is the existence of 

fourth flow region. This region is referred to as the active flow region and it is located 

exactly below the nozzle extending approximately to the edge of the nozzle as shown in 

Figure 4.5. In this region Cp values are found to be varying from zero to sub-atmospheric. 

In this region there is some flow present beneath the nozzle due to holes provided in the 

nozzle diverter. This region is absent in most of the RJR nozzles but can be seen clearly 

in case of DRJR nozzles. 

 

Figure 4.5:  Flow Visualization Result for DRJR, Data Set - 4 

The second flow region is called as dead or no activity region. This is a donut 

shaped region enclosing the active flow field region. As can be seen from flow 
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visualization, in this region powder mixture is left undisturbed like dead/no activity zone 

in RJR nozzles. Sometimes, there is one random phenomenon that occurs in this region 

causing the fluid to blow out. This phenomenon is random and appears to occur suddenly 

and quickly. As pressure readings obtained are averaged over 50 seconds, it can�t be seen 

in surface pressure plots reported in this work.   

The third region starts with sudden increase in Cp and continues until its 

maximum value is reached. This region is called as the reattachment region and the area 

defined by this flow behavior is called the reattachment ring. This region is very small as 

can be seen in all the figures. The fourth region extends from the reattachment zone and 

extends radially outwards. This fourth region is called the wall jet region and is similar to 

the one found in RJR nozzle. Figure 4.6 shows the schematic of flow field for DRJR 

nozzles. 

Figure 4.7 shows the variation of Cp as a function of dimensionless distance from 

the center of the nozzle. The radial distance R is non-dimesionalized by radius of the 

nozzle R0. Hence, a value of R/R0 equal to zero is exactly beneath the center line of the 

nozzle.  
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Figure 4.6.  Schematic of flow field for DRJR 

  

 

 

Figure 4.7.  DRJR Surface Pressure 

   Dynamic Radial Jet Reattachment Nozzle # 4 
b      = 5 mm   ReMean           = 74,000 

  Xp    = 30 mm   Pitch Angle (θ)        = 0º 
    Xp /b = 6 mm Yaw Angle   (Ø)      = 0º 



 35

4.2.2 Symmetric Flow Field and Data Repeatability 

It can be seen from figure 4.8 that the mean flow field is fairly symmetric about 

the center line of nozzle (Note the orientation of diverter holes was maintained symmetric 

around the center line of the nozzle). RJR, DRJR nozzles 3, and 4 were tested and found 

to be symmetric about the center line of the nozzle, hence, only one quarter of the flow 

field was traversed and recorded for the test cases, which greatly reduced the time it took 

to make a data run and allowed a greater number of configurations to be tested. 

 

 

 

Figure 4.8:  DRJR Surface Pressure –Symmetric Plot 

Figure 4.9 shows the result of two back to back runs that were performed under 

identical test conditions to evaluate the repeatability of the experiments. The maximum 

difference between two test run is less than 5 % with the average deviation less than 3 %.   

   Dynamic Radial Jet Reattachment Nozzle # 4 
b      = 5 mm   ReMean    = 74,000 
Xp    = 20 mm   Pitch Angle (θ) = 0º 

  Xp/b = 4 Yaw Angle (Ø) = 0º 
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Figure 4.9:  DRJR Surface Pressure – Data Repeatability 

Eleven different DRJR nozzles were tested that have various parameters that are 

given in Table 4.1. Typically 8 tests were performed for each nozzle at different 

geometric settings and mean values are reported in this work. 

   Dynamic Radial Jet Reattachment Nozzle # 4 
b      = 4   ReMean     = 74,000 

  Xp    = 20 mm   Pitch Angle (θ) = 0º 
  Xp/b = 4 mm Yaw Angle (Ø) = 0º 
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Table 4.1.  Nozzle and Diverter List 

Nozzle 
No. 

Pitch Circle 
Diameter of 

holes 
(inch) 

Hole 
Diameter 
(d, inch) 

Nozzle Exit 
Angle 

(Degrees) 

Hole Pitch 
Angle 

(θ , Degrees) 

Hole Yaw 
Angle 

(Ø ,Degrees)

 
1 
 

0.67 0.0595 0 60 60 

 
2 
 

1.0 0.0595 0 45 0 

 
3 
 

1.0 0.0595 0 60 60 

 
4 
 

1.0 0.0595 0 0 0 

 
6 
 

1 0.12 0 0 0 

 
8 
 

1 0.12 0 60 60 

 
9 
 

0.67 0.12 0 0 60 

 
10 
 

1 0.12 0 45 0 

 
11 
 

1 0.12 0 60 30 

 
RJR 

 
N/A N/A 0 N/A N/A 
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4.3 DRJR Surface Pressure and Flow Visualization Results 

 
4.3.1 Effect of Xp/b ratio on Cp and Reattachment Radius: 

Figures 4.10 and 4.11 illustrate the effect of changing Xp/b ratio on Cp and 

reattachment location (R/R0) keeping nozzle exit gap width and Reynolds number 

constant for DRJR-4 nozzle data samples. 

It can be seen from the plots that Cp is negative in regions located below the 

nozzle. For all the cases, the coefficient of pressure in recirculation zone becomes more 

negative as the attaching plate gets closer to the nozzle exit plane (as Xp/b ratio 

decreases). As the Xp/b ratio is increased, Cp at the reattachment decreases and the 

reattachment radius moves further away from the nozzle center. For Xp/b ratio of 4, 

minimum Cp value is -0.2 as shown in Fig. 4.1 and increases to -0.1 when Xp/b ratio is 6 

as can be seen in Fig. 4.11 contour plot, which is approximately 50 % change. Also the 

maximum Cp value is 0.15 at reattachment location of 2.8 (Figure 4.10), which decreases 

to 0.1 at R/R0 distance of 3.5 (Figure 4.11).  So, Cp at reattachment decreases by 33 % 

and reattachment location moves further away by 25 %. The reason for the decrease in Cp 

as Xp/b increases is due to decreased momentum flux as distance the flow has to travel 

increases. As the distance flow has to travel increases with increasing Xp/b, it travels 

more distance radially outwards before it impinges on the surface resulting increase in 

reattachment radius.  

 



 39

 
 
 

Figure 4.10: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4 
   b          = 5 mm             ReMean    = 74000            
   Xp     = 20 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 4      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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Figure 4.11: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 30 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 6      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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4.3.2Effect of Exit Width (b) on Cp and Reattachment Radius: 

The effect of nozzle exit width for the same nozzle configuration on both Cp and 

reattachment location (R/Ro) for fixed Xp/b ratio and Re can be illustrated by comparing 

Figures 4.12 and 4.13. It can be seen from these figures that Cp increases by 33 % as Cp at 

reattachment radius as the nozzle gap width increased from 5 to 7 mm; the reattachment 

radius increases by 25 % as the nozzle gap width increased from 5 to 7 mm.  

Even though it seems that the exit width has a strong influence on the Cp value at 

reattachment and the location of the reattachment radius, it is not entirely so. As to 

maintain constant Xp/b ratio for a changing gap width, Xp necessarily changes. The main 

factor affecting the Cp and Rr values is the Xp and the nozzle gap width does not have a 

strong influence in this region.  

 

4.3.3Effect of Nozzle Exit Reynolds Number on Cp and Reattachment Location: 

The influence of nozzle exit Reynolds number on the jet reattachment 

phenomenon keeping a fixed Xp/b ratio is shown in Figures 4.13 and 4.14. Figures 4.13 

and 4.14 show results for an Xp/b ratio of 4 and mean Re of 29,700 and 53,100, 

respectively. As can be seen from the figures, Cp at reattachment and R/R0 values are 

approximately constant at 0.2 and 3.3, respectively. Cp values in all the cases evaluated 

and in all four flow regions as well as the reattachment location exhibited similar 

behavior showing an independence of Reynolds number. Table 4.1 further gives a 

detailed comparison between the experimentally obtained reattachment location and that 

obtained using the flow visualization method. 
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Figure 4.12: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4 
   b          = 5 mm             ReMean     = 41400              
   Xp     = 20 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 4      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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 Figure 4.13: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4 
   b          = 7 mm             ReMean      = 29700            
   Xp     = 28 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 4      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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Figure 4.14: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4 
   b          = 7 mm             ReMean      = 53100            
   Xp     = 28 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 4      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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Table 4.2.  Summary of Experimental and Flow Visualization Test Results 

Nozzle Xp 
mm Xp/b 

Reynolds Number 
 

19 CFM   34 CFM 
(Data Set / Test No.) 

Reattachment Diameter 
Flow Visualization 

19 CFM        34 CFM 
mm(R/R0) 

Reattachment Diameter 
Surface/Contour plot 
19 CFM        34 CFM 

mm(R/R0) 

2 

20 
30 
28 
42 

4 
6 
4 
6 

41400(1) 
41400(3) 
29700(5) 
29700(7) 

74000(2) 
74000(4) 
53100(6) 
53100(8) 

120(2.9) 
148(3.6) 
138(3.3) 
175(4.2) 

108(2.6) 
140(3.4) 
135(3.3) 
165(4.0) 

113(2.8) 
144(3.5) 
140(3.3) 
173(4.2) 

107(2.6) 
140(3.4) 
132(3.2) 
169(4.1) 

3 

20 
30 
28 
42 

4 
6 
4 
6 

41400(1) 
41400(3) 
29700(5) 
29700(7) 

74000(2) 
74000(4) 
53100(6) 
53100(8) 

115(2.8) 
140(3.4) 
145(3.5) 
192(4.7) 

113(2.7) 
137(3.3) 
143(3.5) 
182(4.4) 

115(2.8) 
136(3.3) 

N/A 
177(4.3) 

107(2.6) 
132(3.2) 
140(3.4) 
175(4.3) 

4 

20 
30 
28 
42 

4 
6 
4 
6 

41400(1) 
41400(3) 
29700(5) 
29700(7) 

74000(2) 
74000(4) 
53100(6) 
53100(8) 

120(2.9) 
150(3.6) 
145(3.5) 
190(4.6) 

117(2.8) 
146(3.5) 
140(3.4) 
185(4.5) 

120(2.9) 
144(3.5) 
144(3.5) 
181(4.4) 

115(2.8) 
144(3.5) 
135(3.3) 
177(4.3) 

6 

20 
30 
28 
42 

4 
6 
4 
6 

39400(1) 
39400(3) 
28600(5) 
28600(7) 

70500(2) 
70500(4) 
51300(6) 
51300(8) 

120(2.9) 
142(3.4) 
139(3.4) 
166(4.0) 

122(3.0) 
138(3.3) 
137(3.3) 
163(4.0) 

117(2.9) 
140(3.4) 
134(3.3) 
173(4.2) 

113(2.8) 
140(3.4) 
136(3.2) 
177(4.3) 

8 

20 
30 
28 
42 

4 
6 
4 
6 

39400(1) 
39400(3) 
28600(5) 
28600(7) 

70500(2) 
70500(4) 
51300(6) 
51300(8) 

125(3.0) 
154(3.7) 
142(3.4) 
185(4.5) 

120(2.9) 
152(3.7) 
142(3.4) 
183(4.4) 

119(2.9) 
144(3.5) 
140(3.4) 
179(4.4) 

115(2.8) 
142(3.5) 
136(3.3) 
175(4.3) 

9 

20 
30 
28 
42 

4 
6 
4 
6 

39400(1) 
39400(3) 
28600(5) 
28600(7) 

70500(2) 
70500(4) 
51300(6) 
51300(8) 

127(3.1) 
140(3.4) 
138(3.3) 
173(4.2) 

130(3.2) 
145(3.5) 
140(3.4) 
178(4.3) 

115(2.8) 
148(3.6) 
136(3.3) 
177(4.3) 

111(2.7) 
144(3.5) 
134(3.3) 
175(4.3) 

10 

20 
30 
28 
42 

4 
6 
4 
6 

39400(1) 
39400(3) 
28600(5) 
28600(7) 

70500(2) 
70500(4) 
51300(6) 
51300(8) 

120(2.9) 
140(3.3) 
142(3.4) 
180(4.4) 

118(2.9) 
138(3.3) 
145(3.5) 
178(4.3) 

115(2.8) 
136(3.3) 
132(3.2) 
175(4.3) 

109(2.7) 
136(3.3) 
130(3.2) 
171(4.2) 

11 

20 
30 
28 
42 

4 
6 
4 
6 

39400(1) 
39400(3) 
28600(5) 
28600(7) 

70500(2) 
70500(4) 
51300(6) 
51300(8) 

120(2.9) 
155(3.8) 
138(3.3) 
183(4.4) 

118(2.9) 
150(3.6) 
136(3.3) 
180(4.4) 

113(2.8) 
148(3.6) 
134(3.3) 
175(4.3) 

111(2.7) 
140(3.4) 
132(3.2) 
173(4.2) 
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4.3.4 Effect of Variation of Pitch and Yaw Angles on Cp and Reattachment Location 

Figures 4.15 through 4.17 show surface and contour plots for nozzles 2, 3, and 4. 

All these nozzles have the same hole diameter (d/R0) and same hole pitch circle diameter 

(radial distance of the holes center from the center of the nozzle). For comparing the 

effect of variation of pitch and yaw angles on Cp and reattachment radius, Reynolds 

number and Xp/b ratio is maintained constant.  It is clearly seen that reattachment radius 

for all the three nozzles is constant at around 2.75, and the maximum Cp value at 

reattachment is also constant at around 0.2.  

In contrast, Cp values in the toroidal vortex region from the end of the dead zone 

(no activity region) till the beginning of reattachment region change significantly. It can 

be seen from the contour plots that minimum Cp value for nozzle 3 (Figure 4.16) is 

approximately -0.25 to -0.30 whereas for nozzle 4 (Figure 4.17) it approximately varies 

from -0.15 to -0.20.  For nozzle 2 (Figure 4.15), Cp value varies between the values that 

of nozzle 3 and 4, varying from -0.20 to -0.25.  Pitch and yaw angles for nozzle 3 are 60º 

each whereas it�s 0º for nozzle 4, nozzle 2 pitch and yaw angles are 45º and 0º 

respectively. So, Cp attains minimum value in the toroidal vortex region for nozzle 3, 

remains moderate for nozzle 2 and is the highest of all three for the nozzle 4. Increasing 

the pitch and yaw angle apparently causes the flow beneath the nozzle to be more 

entrained is the recirculating flow. The zero degree yaw and pitch angle (flow exits 

axially) disrupts the recirculating flow thereby increasing the surface pressure below the 

nozzle. For these nozzles, we can not see any recordable difference in the behavior 

exactly below the nozzle in the active flow field region.  
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Figure 4.15: DRJR-2 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 2, Data Set � 2 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 20 mm  Pitch Angle (θ) = 45º 
   Xp/b     = 4      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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Figure 4.16: DRJR-3 Pressure Coefficient Surface and Contour Plot 

 

Dynamic Radial Jet Reattachment Nozzle - 3, Data Set � 2 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 20 mm  Pitch Angle (θ) = 60º 
   Xp/b     = 4      Yaw Angle (Ø) = 60º 
   Hole Diameter = 1.511 mm    
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Figure 4.17: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4, Data Set � 2 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 20 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 4      Yaw Angle (Ø) = 0º 
   Hole Diameter = 1.511 mm    
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This overall effect of variation of pitch and yaw angles on Cp and reattachment 

location can be confirmed from Figures 4.18 through 4.20 for different Xp/b ratio of 6 

keeping the Re constant in both the cases.  

This flow behavior due to pitch and yaw angles variation can further be confirmed 

using the surface flow visualization results. Figures 4.21 through 4.23 shows the flow 

visualization results for nozzles 2, 3 and 4 respectively. It seems that air coming out of 

these holes in the diverter creates or enters into a vortex below the nozzle. It can be 

confirmed from Figure 4.22 for nozzle 3(60û pitch and yaw angle) that the titanium 

dioxide � kerosene mixture has been pushed away in the active flow filed region which is 

very different from that found using nozzle 4 (0û pitch and yaw angle) seen from Figure 

4.23. Hence we can say that flow activity in active flow field region is directly related to 

the extent of the pitch and yaw angle. The reattachment radius does not have any 

noticeable difference due to change in pitch and yaw angles keeping all other variables 

fixed as can be confirmed from Table 4.2.  
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Figure 4.18: DRJR-2 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 2 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 30 mm  Pitch Angle (θ) = 45º 
   Xp/b     = 6      Yaw Angle (Ø) = 0º 
   Hole Dia. (d)=1.511 mm d/R0                   = 0.072 
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Figure 4.19: DRJR-3 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 3 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 30 mm  Pitch Angle (θ) = 60º 
   Xp/b     = 6      Yaw Angle (Ø) = 60º 
   Hole Dia. (d)=1.511 mm d/R0                   = 0.072 
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Figure 4.20: DRJR-4 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 4 
   b          = 5 mm             ReMean      = 74000            
   Xp     = 30 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 6      Yaw Angle (Ø) = 0º 
   Hole Dia. (d)=1.511 mm d/R0                   = 0.072 
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Figure 4.21: Surface Flow Visualization-DRJR 2, Nozzle Setting -4 

 

Figure 4.22: Surface Flow Visualization-DRJR 3, Nozzle Setting -4 
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Figure 4.23: Surface Flow Visualization-DRJR 4, Nozzle Setting -4 

4.3.5 Effect of Hole Diameters (d/R0) on Cp and Reattachment Location 

Figures 4.24 through 4.26 show the surface and contour plot for nozzles 6, 8, and 

10. These nozzles have a non-dimesionalized hole diameter (d/R0) of 0.144, which is 

approximately double the size of hole diameter for nozzles 2, 3, and 4. We can compare 

the effect of hole diameter variation on Cp and the location of the reattachment region by 

comparing Figure 4.20 with Figure 4.24, Figure 4.19 with Figure 4.25, and Figure 4.18 

with Figure 4.26. These figures are paired as they have same pitch and yaw angles but 

different hole diameters. For these nozzles the Xp/b ratio and nozzle exit width are 

maintained constant while Re changes by approximately 2 � 4 % difference because of 

the change in hole diameters. 

When we compare the above figures, we can see that there is not a noticeable 

change in reattachment locations and Cp values at reattachment for the nozzles having 
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same hole pitch and yaw angles regardless of hole diameter. The maximum negative Cp 

values are also approximately similar except for nozzle 6 (Figure 4.24) for which there is 

a noticeable change as compared to the nozzle 4 (Figure 4.20).  

Pitch and yaw angles for the nozzles 4 and 6 are zero degrees. Cp value in active 

flow field region attained in case of nozzle 6 (Figure 4.24) is -0.15 (circular enclosed 

contour) which occurs below the nozzle at non-dimensional distance range of 0.75 - 1.0 

from the nozzle center. This is located radially just outside of the holes in the nozzle 

diverter. Air coming out of holes in nozzle 6 diverter creates a small inline jet like flow 

which seems to assist the vortex flow present in active flow field region and assisting Cp 

to go more negative locally whereas nozzle maintains its overall RJR behavior. These 

smaller inline jets (flow below the nozzle) can increase the heat transfer rate below the 

nozzle without significant increase in surface pressure and still maintain its overall RJR 

behavior thus combining the advantages of both ILJ and RJR in one nozzle. It should be 

noted here that this is the only nozzle in which coefficient of pressure is positive at the 

center of the nozzle. But this kind of behavior is absent in nozzle 4 (Figure 4.20) that is 

attributed to the smaller diameters of the hole thereby not allowing the enough flow 

through the holes to displace the fluid below the nozzle. 

In nozzle 8 (Figure 4.25) and nozzle 10 (Figure 4.26), the above described 

behavior for nozzle 6 is absent and overall Cp and reattachment radius values are similar 

to of nozzle 2 (Figure 4.19) and nozzle 3 (Figure 4.18) respectively. This is likely due to 

non zero pitch and/or yaw angles that divert the air at some angle out of these holes 

causing or possibly enhancing the circular vortex flow located below the nozzle in active 
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flow field region and avoiding possible direct impingement on reattachment surface as 

may have occurred using nozzle 6.  
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Figure 4.24: DRJR-6 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 6, Data Set � 4 
   b          = 5 mm             ReMean      = 70500            
   Xp     = 30 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 6      Yaw Angle (Ø) = 0º 
   Hole Dia. (d) = 3.048 mm d/R0     = 0.144 
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Figure 4.25: DRJR-8 Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 8, Data Set � 4 
   b          = 5 mm             ReMean      = 70500            
   Xp     = 30 mm  Pitch Angle (θ) = 60º 
   Xp/b     = 6      Yaw Angle (Ø) = 60º 
Hole Dia. (d) = 3.048 mm d/R0     = 0.144 
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Figure 4.26: DRJR-10: Pressure Coefficient Surface and Contour Plot  

Dynamic Radial Jet Reattachment Nozzle - 10, Data Set � 4 
   b          = 5 mm             ReMean       = 70500              
   Xp     = 30 mm  Pitch Angle (θ) = 45º 
   Xp/b     = 6      Yaw Angle (Ø) = 0º 
   Hole Dia. (d) = 3.048 mm d/R0     = 0.144 
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4.3.6 Surface Force Behavior and Surface Flow Visualization: 

Figures 4.27 through 4.29 show the surface and contour plots of surface force for 

nozzles 3, 6, and 8. Figures 4.30 through 4.33 show the flow visualization pictures taken 

for the each nozzle at same settings respectively. Surface force is assumed to have 

positive value in the direction of gravity and negative upwards. 

It can be seen from figure 4.27 through 4.29 that surface force is negative below 

the nozzle and attains maximum negative value just before the reattachment region.  

Surface force is always positive in the reattachment region for all the nozzles. 

As can be seen in Figures 4.27 - 4.29, and generalized for all DRJR nozzles, the 

surface force values are negative (suction) for radial locations less than the reattachment 

location. It seems that as air exits from the nozzle at some angle, it creates a circular 

vortex in the region below the nozzle enhancing or creating the suction which causes the 

surface force values in the active flow filed region and no activity region to be negative. 

The thickness of the dead or no activity region changes for the various nozzles. 

Figure 4.31 show that the no activity region ring is large for nozzle 6 where vortex 

creation is weak due to 0o pitch and yaw angles, whereas nozzle 8 (Figure 4.32) having 

pitch and yaw angles of 60o has smallest width of dead or no activity region. This dead 

region exists as a ring for DRJR nozzles, but is a circular area located below RJR nozzle 

as can be seen in Figure 4.33.  
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Figure 4.27: DRJR-3: Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 3, Data Set � 4 
   b          = 5 mm             ReMean       = 70500              
   Xp     = 30 mm  Pitch Angle (θ) = 60º 
   Xp/b     = 6      Yaw Angle (Ø) = 60º 
   Hole Dia. (d)=1.511 mm d/R0                   = 0.072 
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Figure 4.28: DRJR-6: Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle - 6, Data Set � 6 
   b          = 7 mm             ReMean       = 51300             
   Xp     = 28 mm  Pitch Angle (θ) = 0º 
   Xp/b     = 6      Yaw Angle (Ø) = 0º 
   Hole Dia. (d) = 3.048 mm d/R0     = 0.144 
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Figure 4.29: DRJR-8: Pressure Coefficient Surface and Contour Plot 

Dynamic Radial Jet Reattachment Nozzle � 8, Data Set � 6 
   b          = 7 mm             ReMean       = 51300              
   Xp     = 28 mm  Pitch Angle (θ) = 60º 
   Xp/b     = 6      Yaw Angle (Ø) = 60º 
   Hole Dia. (d) = 3.048 mm d/R0     = 0.144 



 65

 

Figure 4.30: Surface Flow Visualization DRJR-3 

 

Figure 4.31: Surface Flow Visualization DRJR-6 
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Figure 4.32: Surface Flow Visualization DRJR-8 

 

Figure 4.33: Surface Flow Visualization RJR 
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The initial attempt to quantify the effect of the various nozzle parameters on the 

reattachment location (R/R0) can be summarized from the plots shown below. 

Reattachment location (R/R0) and coefficient of pressure (Cp) at reattachment as a 

function of Xp/b ratio, Xp/R0, and Reynolds number is plotted keeping hole diameter 

constant.  

2

2.25

2.5

2.75

3

3.25

3.5

3.75

3 3.5 4 4.5 5 5.5 6 6.5

Xp/b Ratio

R
ea

tta
ch

m
en

t L
oc

at
io

n 
(R

/R
o)

DRJR 4 - 41400
DRJR 3 - 41400
DRJR 2 - 41400
DRJR 4 - 74000
DRJR 3 - 74000
DRJR 2 - 74000

 

Figure 4.34: Reattachment location(R/R0) as a function of Xp/b ratio 
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Figure 4.35: Reattachment location(R/R0) as a function of Xp/R0 ratio 
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Figure 4.36: Coefficient of pressure (Cp) at reattachment as a function of Xp/b 

The above plots are restating the effect of change in Xp/b and Xp/R0 ratio on 

reattachment location for nozzles 2, 3 and 4 at two different Re values. As can be seen 

from Figure 4.34, reattachment location increases with increase in Xp/b ratio. It is also 

seen that changing the Reynolds number yields between a 5 - 10 % on the reattachment 

location.  Pitch and yaw angles for above nozzles are different but do not have any 

significant effect on reattachment location. Figure 4.35 shows the variation of 

reattachment location as a function of Xp/R0 which appears to behave similarly. 

Coefficient to pressure is decreasing with increase in Xp/b ratio as can be seen from 

Figure 4.36. It is also seen that Cp varies significantly with the change in Reynolds 

number unlike reattachment location. Figure 4.36 shows the variation of 5 � 35 % 

depending on the nozzles. As can be seen from the Figure 4.36, hole diameter (d/R0) is 

different for nozzle 4 and 6, but do not have any noticeable effect on Cp value at 

reattachment, however it does have the effect on surface force and coefficient of pressure 

in the active flow region beneath the nozzle as explained in earlier section. 
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The width of the dead/no activity region decreases as the pitch and yaw angle 

increases due to more effective vortex creation causing more suction. It seems that better 

the vortex creation (minimum width of dead/no activity region) below the nozzle, the 

better will be the heat transfer rate. For nozzles 3 and 8 (pitch and yaw angles 60o 

respectively) this dead region width is minimum of all the nozzles tested, which 

effectively means a more active flow field region beneath the nozzle. This information on 

surface pressure, surface force and flow visualization of DRJR nozzle can later be used as 

a platform to design effective and efficient processes depending on the application needs.  

For many applications like food and paper industry, smaller surface force and 

greater heat transfer is the requirement. Nozzles 3 and 8 have smaller surface force values 

similar to other DRJR nozzles in active flow field region and as described in earlier 

section, effective creation of vortex takes place in these two nozzles due to higher pitch 

and yaw angles. It can be seen from flow visualization results that nozzle 3 and 8 also 

have minimum width dead/no activity region which could cause more effective heat 

transfer beneath the nozzle as compared to other DRJR nozzles. Nozzle 8 produces better 

results in terms of minimum dead region width of the two, which can be due to greater 

hole diameter (d/R0 = 0.144). It should be noted that all the DRJR nozzles tested have a 

active field creation below the nozzle unlike RJR nozzle and could cause more effective 

heat transfer beneath the nozzle maintaining similar RJR behavior for rest of the area. 

Coefficient of pressure (Cp) and reattachment location values can be adjusted by 

adjusting Xp/b ratio or Xp/R0 ratio as explained in previous section.  
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For the applications requiring a net suction force below the nozzle for the 

transport of items such as microchips and greater heat transfer area like RJR nozzle, the 

existence of a net lifting force (suction) present in case of nozzle 6 can be effectively 

used. This existence of the suction force can be clearly seen from surface force and Cp 

plots discussed before.  
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CHAPTER V 

CONCLUSION 

 
 

Many combinations of mean Reynolds number, Xp/b ratio, gap width, pitch and 

yaw angles have been analyzed and its effect on the selected characteristics of DRJR 

nozzle attaching on the flat plate have been presented.  

As was shown experimentally, there exist four distinct flow regions. First region 

lies exactly below the nozzle having low pressure and is called as active flow field 

region. The second region is the transitional region where very low velocities exists and 

hence might have low heat transfer rates. This region is followed by reattachment region. 

In reattachment region and just before the reattachment area, maximum pressure 

fluctuations occur and seem to have maximum heat transfer rate. Finally, the last region 

extends past the reattachment zone in a direction away from the nozzle. In this region, 

atmospheric conditions prevail. Reattachment radius and Cp values at reattachment were 

found to be independent of exit width and Reynolds number.  

The variable that was most influential on pressure coefficient and reattachment 

location is Xp/b ratio. Cp at reattachment seems to decrease with increasing Xp/b however 

reattachment radius (R/R0) increases with increasing Xp/b ratio. Flow field characteristics 

in the active flow field and dead/no activity region is mainly dependent on the pitch and 

yaw angles. In all tried combinations, maximum the pitch and yaw angles, wider the 

active flow field region due to strong vortex creation and hence we can predict to have 

better the heat transfer. Nozzle 3 and 8 were found to have strong vortex creation and 
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smallest no activity region. Hole diameter doesn�t seem to create significant difference in 

active flow field region.  

The results of the experimental data were compared with the results obtained by 

flow visualization.  This flow visualization study helped to illustrate and confirm the 

basic characteristics of the flow filed associated with DRJR. Results obtained from flow 

visualization showed the similar trends of flow field characteristics in all the four regions. 

Also reattachment locations by pressure distribution data obtained experimentally and 

that by flow visualization showed the excellent agreement with the maximum variation of 

approximately ±5 %.  
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APPENDIX A 

STEPPER MOTOR CALIBRATION 

SAMPLE CALCULATIONS 
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Table A.1.  Standard Deviation for Stepper Motor -1  

Clockwise Rotation, No. of Excitations given = 200 

Sample Size 
(n) 

No. of 
Excitations 

Distance 
Travelled by 

the Gantry ( X )
( X - M) (X-M)2 

1 200 0.2 -0.0008 6.4 × 10-7 
2 200 0.201 0.0002 4 ×10-8 
3 200 0.2 -0.0008 6.4 × 10-7 
4 200 0.201 0.0002 4 ×10-8 
5 200 0.201 0.0002 4 ×10-8 
6 200 0.201 0.0002 4 ×10-8 
7 200 0.201 0.0002 4 ×10-8 
8 200 0.201 0.0002 4 ×10-8 
9 200 0.201 0.0002 4 ×10-8 

10 200 0.201 0.0002 4 ×10-8 
Total 2000 2.008   

 Mean (M) = 0.2008 Σ(X-M)2 = 0.0000016 
 

( )
( )1

2

−
−

= ∑
n

MX
σ                                                         

  
2
1

9
0000016.0







=σ  (B.1) 

                                        Standard Deviation, 0004216.0=σ  

Table A.2.  Standard Deviation for other combinations: 
 

Stepper Motor No. of Excitations Standard Deviation 
Clockwise                  Anticlockwise 

1 200 
300 

0.0004216 
0.0014907 

0.0006324 
0.0007881 

2 200 
300 

0.0011972 
0.0011352 

0.0008232 
0.0009944 



 

 

 

 

 

 

 

 

 

 

APPENDIX B 

  STEPPER MOTOR CONTROLLER DESIGN
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Stepper Motor Controller: 

 PC parallel port was used to communicate the movement of stepper motor with 

C++ code. Fig. B.1 shows the connector diagram of PC Parallel port. 

 

 
Figure B.1. 25-Way D-type PC Parallel Port Connector Diagram 

 Stepper motors were controlled using 8 output pins D0 to D7. Fig. B.2 

below shows the circuit diagram of stepper motor controller. Two ULN2003A chips from 

Texas Instruments were used to control two stepper motors independently. Four coil 

stepper motor was used for controlling the movement of the gantry. These four coils 

when energized in correct sequence by using four output pins each caused the permanent 

magnet attached to the shaft to rotate. The same step sequence when reversed caused the 

motor to reverse direction of rotation. 12 Volts zener diode was connected between 

power supply and pin 9 (VDD) on the chip to absorb reverse or back EMF from the 

magnetic field collapsing when motor coils were switched off. Fig. B.3 shows the 

stepping sequence for the four phase unipolar permanent magnet stepper motor. 
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Figure B.2. Four Wire Connection Diagram for ULN2003A Chip 

  
 
 

Figure B.3. Single Coil Excitation – Stepping Sequence 

 



APPENDIX C 

C++ AND MATLAB CODES FOR STEPPER MOTOR AND DATA ANALYSIS 



/* C++ CODE FOR STEPPER MOTOR CONTROLLER 
 * SINGLE.C - Single-Coil Excitation 
 * Compiled with Microsoft Visual C++ version 4.2 under Windows98 
 * Copyright (c) 1997, Ian Harries and Imperial College, London, UK 
 * IBM-PC Parallel Printer Port Data & Status Registers 
 * ==================================================== 
 *        7   6   5   4   3   2   1   0   I/O Port 
 *      +---+---+---+---+---+---+---+---+ ======== 
 * Data |   |   |   |   | C4| C3| C2| C1| Base = 278/378/3BC Hex 
 *      +---+---+---+---+---+---+---+---+                                                       */ 
#include <stdio.h> // required for printf, getch 
#include <conio.h> // required for _outp, _inp 
#define Data 0x378 // or 0x278 or 0x3BC 
void Delay(void) { //Specified counter delay between two excitations 
    int i; 
    for (i = 1; i <= 1000000; i++); // do nothing 
} 
void main(void) { 
    int i; 
    printf("\n"); 
    printf("Parallel Port Stepper Controller\n"); 
    printf("======================================\n"); 
    printf("\n"); 
 
// Used for Clockwise rotation of the stepper motor 
    printf("Clockwise"); 
    for (i=1; i<=250; i++){ 
        _outp(Data,0x08); Delay(); 
        _outp(Data,0x04); Delay(); 
        _outp(Data,0x02); Delay(); 
        _outp(Data,0x01); Delay(); 
        printf("."); 
        }  
 
// Used for Anticlockwise rotation of the stepper motor 
        printf("Anticlockwise"); 
    for (i=1; i<=250; i++){ 
        _outp(Data, 0x01); Delay(); 
        _outp(Data, 0x02); Delay(); 
        _outp(Data, 0x04); Delay(); 
        _outp(Data, 0x08); Delay(); 
        printf("."); 
        }  
} 
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% MATLAB CODE FOR DATA ANALYSIS AND PLOTING SURFACE AND 
CONTOUR PLOTS 
[X,Y] = meshgrid(0:.25:5);  
M = csvread('C:\Thesis\Data 
Backup\DRJR_2\drjr2_15cfm_1\matrix_drjr2_15cfm_1.csv'); 
X = X/0.811024; 
Y = Y/0.811024; 
figure(1) 
mesh(X,Y,M,'EdgeColor','red') 
axis([0 7 0 7 -0.5 0.5]) 
xlabel('R / Ro ----->') 
ylabel('R / Ro ----->') 
zlabel('Coefficient of pressure, Cp') 
title('DRJR2 - 15cfm - 1') 
figure(2) 
[C,h] = contour(X,Y,M); 
clabel(C,h); 
title('DRJR2 - 15cfm - 1') 
axis([0 7 0 7 ]) 
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APPENDIX D 

PROCEDURE FOR EXPERIMENTAL REPEATATION
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The first phase of this study involved the design of an appropriate moving gantry, 

reattachment surface, radial jet nozzle, and gantry moving mechanism. The X-Y 

traversing of the moving gantry is controlled by two stepper motors and lead screws. 

Stepper motors are operated via a PC Serial Port, C++ executable and LabVIEW code. 

The detailed description of stepper motor controller design and C++ code used is 

available in appendix B and C respectively. The reattachment surface was constructed of 

a 41 cm x 41 cm flat, 1.27 cm thick Plexiglas sheet provided with sixty pressure taps 

located in 10 cm × 14 cm area of a plate in one quarter. On the bottom side of the plate, 

0.5� extension of the copper tubing was sufficient to connect the pressure taps to ZOC33 

pressure scanner using plastic tubing and connectors provided by Scanivalve 

Corporation. A differential output signal proportional to that pressure was produced and 

converted to inches of water by the DSM3000.  

Scanivalve Corporation DSMht software was used to control the pressure data 

acquisition. For every pressure tap position, signals were recorded using 100 

samples/second rate and 5000 samples for each data point. The data was then averaged 

over the sample duration (50 sec). Excel and Matlab programs are used for data analysis 

and results plotting. 

For flow visualization, a reattachment surface similar to the pressure sensor plate 

was created and painted black for better visualization. A mixture of titanium dioxide 

powder and kerosene was sprayed on the reattachment surface in order to visualize the 

surface flow pattern, and was used to identify the presence of a reattachment radius and 
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any flow disturbance within the recirculation zone under the nozzle. Detailed step-by-step 

procedure followed for the data acquisition is given below. 

1. Start the Scanivalve (DSM-3000) computer. Also log in to computer 

connected to Scanivalve by the Ethernet cable which is used to control the 

Scanivalve computer. 

2. Open the software DSMht provided by Scanivalve Corporation. In this 

software, first enable to module you are using for the data acquisition by 

using the command 

Sgenable x 1 (replace x with module number which will be used for data 

acquisition. 1 stands for enable and 0 stands for disable.) 

Disable all other modules using command  

Sgenable x 0 (replace x with module number which will be used for data 

acquisition) 

3. List all the connected modules and make sure the correct module is 

enabled using command �List�. This will list all the modules connected to 

the computer. One in front of module number means module is enabled 

and zero means module is disabled. 

4. Let the Scanivalve computer run for 30-35 minutes for warm up before 

starting data acquisition. You can check the temperature variation typing 

�temp� command in DSMht software window. Keep checking the 

temperature every 3-4 minutes until the temperature change is less than 
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0.25 � 0.5º C (approximate steady state). Generally it takes 30-35 minutes 

till the system reaches this state. 

5. Go to start menu>Programs>Accessories>Command Prompt. A Dos 

window with dos prompt will be displayed. 

6. Go to cbinrcv folder by typing command �cd cbinrcv�. Then type 

command �cbinrcv�. It displays the format in which it will accept the 

commands for the data acquisition. Commands are displayed below: 

C:/> cd cbinrcv 

C:/cbinrcv> cbinrcv 

Enter the command in format � cbinrcv Number of channels used for data 

acquisition / Number of frames / frequency/ data style �1� for column, �0� 

for row / file path to save the data� separated by space 

Particular user input settings I used are as shown below. 

cbinrcv 64 5000 100 1 c:/Ashutosh/sample [Enter] 

7. Before starting the data acquisition, make sure that the nozzle is exactly 

above the centerline of the reattachment plate (marked by central pressure 

tap). Then start the air supply from the compressor by opening the valve. 

Adjust the air flow rate by adjusting the pressure regulator to achieve the 

desired flow rate through the nozzle. Adjust the gap width (b) and 

separation distance (Xp) of the nozzle from the reattachment surface. 

8. After each data acquisition set, run the C++ executable (set for 0.25� 

movement clockwise or anticlockwise for both the stepper motors) either 
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by using LabVIEW code repeating after every set interval or run it 

manually by double clicking it. This will move the gantry to next position 

desired. Pressure taps are located 0.5� apart in X direction and 1� apart in 

Y-direction. For this specific case, data is gathered in uniform grid with 

inter grid distance of 0.25�. Generally, gantry is moved in Y direction first 

keeping X position constant. Then, it is traversed back to its original 

position and moved in Y direction. This procedure is repeated till it covers 

the entire quarter area of 5� x 5� of reattachment surface. 

9. After each movement, wait for 5 � 10 seconds till the flow field below the 

nozzle gets stable. Repeat the data acquisition process discussed above. 

10. Rearrange the data obtained by individual tests to get square matrix of data 

points over the entire quarter. 

11. Perform the basic mathematical operations to convert these differential 

pressure values (obtained in inches of water) to coefficient of pressure.  

12. Use Matlab program to plot the surface and contour plots. Refer Appendix 

C for C++ and Matlab codes. 

13. After the completion of the experiments, enter the command �exit� in 

DSMht software window and shut down the Scanivalve computer. 
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