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ABSTRACT 

Measurements of the flow velocity within rockets and gas-turbines prove to be a difficult 

problem due to the high temperature, high pressure, and high noise levels encountered.  Velocity 

measurements in such environments are required to understand the physics of the flow field to 

improve the design and efficiency of these engine types.  The design of a water-cooled jacket 

intended for use in conjunction with an existing novel, miniature fiber-optic LDV probe to make 

velocity measurements in these extreme engine environments is the topic of this research.  The 

jacket design uses off-the-shelf materials and machining techniques in order to reduce cost and 

simplify manufacturing.  The jacket was designed and drawn using the 3D parametric modeling 

software called SolidWorks.  The SolidWorks CFD add-in, FloWorks, was used to numerically 

simulate the insertion of the water-cooled jacket into the afterburner or augmentor section of an 

air-breathing gas-turbine engine operating at 2000 K static temperature. 

The augmentor diameter was chosen to be 18 inches based on the existing General 

Electric J-85 jet engine augmentor.  Different configurations in which the combinations of jacket 

insertion distance, augmentor flow velocity Mach number, and alternate jacket tip designs were 

examined and analyzed in order to determine the operating conditions that will permit velocity 

measurements representative of the undisturbed freestream velocity.  Computational results 

indicate that while a cooling water flow rate of 3 GPM allows for the successful operation of the 

jacket within the augmenter at Mach 0.7 and 2000 K, Mach numbers of 0.5 and below exhibit 

flow field disturbances that will allow for LDV measurements representative of the freestream.
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CHAPTER 1 

INTRODUCTION 

The purpose of this chapter is to provide a brief overview of the motivation for the 

research conducted and discussed in this thesis in Section 1.1 while Section 1.2 describes the 

layout of the topics discussed throughout. 

1.1 Summary of Motivation 

Information gathered within critical zones of engines—including the combustor, 

afterburner/augmentor, and locations downstream of the exit nozzle—is vital for the 

determination of combustor efficiency, material integrity, and engine performance.  This 

information may be gathered using flow field probes and optical measurement techniques in 

locations where physical and optical access allows for the placement of line-of-sight 

measurements for laser-based optical equipment and probe hardware (Savage, 2006).  The 

extreme conditions experienced within the environments of the aforementioned critical zones of 

engines limits the ability to collect information using un-cooled probes and equipment.  Adding 

cooling systems to the data collection hardware allows these probes to be placed directly into the 

harsh conditions found in the engine critical zones.  The research presented here discusses the 

process of design, construction, numerical simulation, and analysis of a water-cooled probe used 

for laser Doppler velocimetry (LDV) measurements in the augmentor section of a General 

Electric (GE) J-85 jet engine. 



2 
 

1.2 Organization 

The research presented in this thesis has been organized into seven chapters.  A brief 

overview of the design and operation of augmentors is discussed in chapter two.  A variety of 

designs, methods, and applications of water cooling probes throughout an array of research 

topics and areas is presented in the form of a literature review in chapter three.  The fourth 

chapter provides a brief history of the laser Doppler velocimetry measurement technique and 

how a probe utilizing this method of data collection has driven the design of the water-cooling 

probe presented in this work.  Chapter five provides details on the design and setup of the 

numerical simulation of the water-cooling probe.  The sixth chapter presents and discusses the 

results of the computational analysis of the complex heat transfer and effects of the probe on the 

flow field within the augmentor section of a jet engine.  The seventh and final chapter presents 

the conclusions reached through this research and provides several possible methods to further 

the research and analysis.
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CHAPTER 2 

AUGMENTOR OVERVIEW 

The purpose of this chapter is to provide some information on the design and operation of 

gas-turbine augmentors in order to better understand why the development of a water-cooled 

probe is necessary.  Without cooling, the probes and data collection hardware are subjected to 

the extreme conditions observed in these types of engine environments. 

An augmentor is an auxiliary burner attached to the tailpipe of a jet engine for the 

purpose of injecting fuel into the hot exhaust gases and burning the injected fuel to provide extra 

thrust for a short duration (Ebrahimi, 2006).  Increased performance levels provided by 

augmentors—which are both useful and necessary in the application of military aircraft for 

operations such as takeoff, climb, missile evasion, and a variety of combat maneuvers—can 

increase the total thrust by 50 to 90 percent.  Augmentors may be found in both turbofan and 

turbojet engines.  Turbofan engines, as compared to turbojet engines, accelerate a larger mass of 

air while consuming less fuel for the production of a given amount of useful power, which 

results in a higher propulsive efficiency (Ebrahimi, 2006).  A cutaway drawing of a Pratt & 

Whitney F100-PW-229 afterburning turbofan engine is shown in Figure 1, while a general 

turbofan schematic is shown in Figure 2 (Ebrahimi, 2006). 
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Figure 1.  Cutaway drawing of Pratt & Whitney F100-PW-229 afterburning turbofan 

engine (Ebrahimi, 2006). 

Figure 1 shows key engine components such as the fan, high-pressure compressor, combustor, 

high and low-pressure turbines, bypass duct, afterburner, and nozzle.  The term “engine core” is 

given to the combination of the high-pressure compressor, combustor, and high-pressure turbine 

with the augmentor immediately behind the turbine section, but ahead of the 

convergent/divergent exhaust nozzle with variable throat size.  The augmentor section includes 

the tail cone, with igniters and spray bars, along with chute cooling and mixing hardware 

(Ebrahimi, 2006). 

 
Figure 2.  Schematic of afterburning turbofan engine (Ebrahimi, 2006). 
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Augmentors operate by first mixing injected fuel with the core engine bypass air.  The 

additional fuel is then ignited and burned to increase both the total temperature and velocity of 

the flow exiting through the nozzle.  The fuel is injected into the augmentor in a liquid state and 

atomized by the turbine exhaust flow shear forces.  The atomized fuel evaporates and mixes with 

available oxygen for combustion (between the engine turbine exit and the exhaust nozzle) started 

within the flameholders (required for continuous-combustion jet engines) and thereby provides 

additional energy to the flow stream.  The flow stream then exits through a variable-geometry 

nozzle, which is necessary in order to account for the variations in flow temperature, pressure, 

density, and velocity (properties correspondent to the mass flow rate of the augmentor flow) 

experienced when operating with or without the afterburner (Ebrahimi, 2006).  Augmenting the 

flow through the engine has both benefits and penalties.  Benefits come in the form of increased 

thrust and performance capabilities while the penalties include added weight (which is a result of 

the equipment necessary to alter the nozzle geometry), higher fuel consumption, and higher fuel 

costs. 

Augmentor design, like all designs, begins with design goals and mission priorities.  The 

goals and priorities of aircraft include performance, weight, size, cost, reliability, durability, 

survivability, and the range of conditions within the aircraft flight envelope.  Afterburner design 

must account for, and consider, all performance tradeoffs in order to minimize the detriment to 

the performance of the propulsion system (Ebrahimi, 2006).  The undisturbed flow in the 

augmentor section of this research is nominally expected to travel at Mach 0.7 and reach a 

temperature of 2000 K.  These flow parameters are modeled numerically in order to simulate the 

interaction of an intrusive probe inserted into the augmentor section of a GE J-85 jet engine. 
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CHAPTER 3 

REVIEW OF LITERATURE 

The purpose of this chapter is to explain the methods and intentions for which water-

cooling probes or jackets have been used throughout the research world.  Cooling systems are 

required in intrusive measurement probes to gather different forms of data within extreme 

environment flows.  While various cooling methods include gases or non-water liquids, using 

water as a cooling medium is widely used in cooling probes because of its abundance, neutrality, 

and ease of access. 

The use of cooling probes for data collection dates at least as far back as the early 1960’s 

in which Grey et al. (1962) developed a water-cooled gas-sampling probe capable of steady-state 

operation at 15,000 K and one atmosphere to determine temperature, velocity, and chemical 

composition in a subsonic arcjet exhaust.  A diagram of the probe developed is shown below in 

Figure 3.  Gas sampling is conducted through the center passage of the probe with inner and 

outer cooling channels surrounding this passage.  The overall diameter of the probe is 

approximately 0.125 inches.  Collected gas is carried through the probe to a gas sample tube and 

continues on to the data collection instruments and equipment (Grey, 1962).  The majority of this 

probe is constructed from copper while the supports are made of stainless steel.  The cooling 

water used reaches a pressure up to 500 psi and passes through the outer channel of the probe via 

the mounting block and the front stainless steel support.  After traveling through the outer
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channel, the water proceeds to the tip of the probe and returns through the inner channel where it 

exits by passing through the rear support and the mounting block. 

 

Figure 3.  Diagram of probe developed for subsonic arcjet exhaust analysis (Grey, 1962). 

Five years later, a similar water-cooling approach was used to evaluate the ability of an 

electrostatic probe to measure local electron temperature, electron density, floating potential, and 

saturation current ratio in dense argon plasmas (Grey and Jacobs, 1967).  These subsonic argon 

plasmajets reached temperatures up to 20,000 °R (~11,000 K) at pressures up to one atmosphere.  

The cooled electrostatic probe consists of a 0.075-in.-diameter calorimetric probe coated with a 

zirconium oxide/boron nitride composition to provide additional insulation.  The cooling method 

currently being discussed differs from that described in Figure 3 (Grey, 1962) by having the 

cooling water enter through the rear support, up the support, and along the inner channel.  To 

exit, the water reaches the probe tip, travels along the outer cooling channel, and exits through 

the first support and mounting block (Grey and Jacobs, 1967). 

Water-cooling has also been used in supersonic probes to study high temperature jet 

plumes.  From the options of using total pressure, static pressure, and total temperature probes to 

develop and test the water-cooled probe concept, the total pressure probe was selected for its 

simplistic internal geometry relative to the others.  Lagen and Seiner (1990) built two total 
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pressure probes from AISI Type-347 Stainless Steel tubing in order to test and determine 

whether an asymmetric four tube cooling design or a symmetric annular cooling design is a 

superior cooling concept.  Figure 4 shows the two proposed cooling techniques used by Lagen 

and Seiner (1990) for use in a Mach 2 flow at 2000 °F (~1366 K) exit total temperature. 

 

Figure 4.  A) Asymmetric four tube cooling design.  B) Symmetric annular cooling design 

(Lagen and Seiner, 1990). 

The asymmetric cooling design uses two water inlet tubes which extend up to the tip of the probe 

with the remaining two tubes located near the rear of the probe for water exit.  This asymmetric 

cooling technique was shown to be less effective than the symmetric cooling technique due to 

the increased internal tubing and decreased water volume (Lagen and Seiner, 1990).  The annular 

cooling method uses a single internal dividing tube from which water enters the probe.  Water 

travels toward the probe tip, floods the casing interior, and exits around the outside of the 

dividing tube near the rear of the probe.  These annular cooling probes have water mass flow 

rates of 0.0128 lbm/s for the total pressure probe, 0.0185 lbm/s for the static pressure probe, and 

0.0650 lbm/s for the total temperature probe (Lagen and Seiner, 1990).  Prior to using water-

cooling, un-cooled probes used in the environment mentioned above often failed at and above 

755 K (Lagen and Seiner, 1991).  However, after implementing the water-cooling, the new 
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probes sustained temperatures up to 1366 K for extended periods of time (Lagen and Seiner, 

1991). 

While the use of water as a cooling medium in probes is a common choice in various 

areas of research because of its ability to effectively transport heat, gas cooling eliminates the 

water leak hazard (Bates and Pollack, 1999) and may be required in some cases such as for the 

surface heat flux gage probe developed by Liebert and Kolodziej (1995).  This cooling probe 

uses air for cooling because of the requirements of the miniature plug-type heat flux gauges 

previously developed and tested by Liebert (1992, 1994).  The probe consists of a miniature 

convection cooled metal plug-type heat flux gage (Liebert, 1992) welded to the end of a 

hollowed out stainless steel bolt.  The hole was not machined through the entire length of the 

bolt, which allowed for the formation of a platform at the bottom of the bolt hole.  Inside the 

bolt, there exists a small tube which is placed a distance of 1.2 times the tube diameter from the 

platform bottom.  Cooling air flows through the inner tube, impinges on the platform welded to 

the end of the bolt which contacts the rear of the thermoplug, and exits through the annulus 

passage formed between the tube and bolt wall (Liebert and Kolodziej, 1995).  This assembled 

probe body may be seen below in Figure 5. 
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Figure 5.  Dual active heat flux gage probe assembly (Liebert and Kolodziej, 1995). 

Water-cooling is desired over air cooling when the experiments involve taking 

measurements of the products of combustion reactions because the chemical reactions that would 

otherwise be taking place in the sampling probe are minimized which allows products to be 

measured as they exist at a particular point in the flow (Hurley, 1999).  A cooled sampling probe 

system was designed to measure both gaseous and solid reaction product distributions inside a 

solid fuel ramjet (SFRJ) combustion chamber (Ciezki and Schwein, 1996).  The solid fuel used 

in the SFRJ contained added boron to provide a better energetic performance; however, the 

complete combustion of boron particles is inhibited by the formation of a layer of molten 

boronoxide (Ciezki and Schwein, 1996).  The sampling probe was constructed of three 

concentric thin walled stainless steel tubes and an outer copper tube with a 7 mm outer diameter 

to provide an annular cooling channel (copper and two outer-most stainless steel tubes) and a 

flow collection tube (inner-most stainless steel tube with an internal diameter of 3 mm).  The gap 
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between the two inner-most stainless steel tubes provides a channel for helium to travel to the 

copper probe tip to quench the reaction products by dilution with an inert gas (Ciezki and 

Schwein, 1996).  The helium is added after the collected flow has traveled past the tip and into 

the inner stainless steel tube. 

Enthalpy probes are diagnostic tools designed for use in high temperature fluid flows.  

Cooled and un-cooled enthalpy probes were used to determine the effects of rapid changes in 

flow density on the measured stagnation pressure (Jankovic and Mostaghimi, 1998).  The effects 

of density on the flow field are determined by comparing the stagnation pressures measured by 

each probe along the symmetry axis of an atmospheric argon dc plasma jet.  The plasma jet 

freestream temperature around the probe tips was calculated from the measured enthalpy to be in 

the range of 1500-5500 K.  The cooled and un-cooled enthalpy probes used were custom built 

for the experiments and utilized an annular cooling technique.  A set of concentric tubes were 

used to create flow channels with a divider.  The water travels down the probe between the 

divider and inner tube with ID = 1.2 mm then exits the probe through the channel between the 

divider and the outer tube with OD = 4.8 mm (Jankovic and Mostaghimi, 1998).  Few other 

details were provided on the cooling scheme of these experiments. 

One reason experimental measurements are important is that they aid in the development 

of new, or improvement of current, gas-turbine combustion systems because they provide a 

method of verification for computational models (Hurley, 1999).  An intrusive optic/gas-

sampling water-cooled probe was developed to help understand the combustion processes fully, 

which then aided in the development of these computational fluid dynamics (CFD) models.  The 

combination of these flow analysis methods provides time averaged data collection (gas 
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sampling) as well as real time measurements (optical).  A schematic of this optical/gas-sampling 

probe is shown below in Figure 6. 

 
Figure 6.  Schematic of optic/gas-sampling probe (Hurley, 1999). 

Two separate tubes are used for the data collection; one tube for gas sampling to analyze the 

concentration of species common in combustion reactions and the second contains a lens and 

optical fiber to form parts of an optical pyrometer.  These two tubes are encased by a water-

cooled jacket measuring 1300 mm long and 9.5 mm in diameter.  The water-cooling allows the 

probe to survive in a working combustor, provides a cool environment for the optics to reliably 

perform, and minimizes chemical reactions taking place within the gas-sampling probe (Hurley, 

1999).  The cooling water is pumped through the probe in a closed loop at high pressure in order 

to prevent boiling.  Along with the cooling water, an argon purge flow passes around the optics 

and out of the probe tip to eliminate soot laden gases from collecting on the lens.  The cooled 

probe was inserted into a combustion chamber with a temperature between 1300 K and 2600 K. 

Bates and Pollack (1999) developed gas-cooled protector shells to extend the operating 

limits of a variety of optical probes enclosed by the shells.  These protector shells were designed 

to withstand the environments found in industrial processes including temperatures ranging from 

the boiling point of liquid nitrogen to combustion reactions; pressure ranges from high vacuums 
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to thousands of atmospheres; and reactivity extremes including acids and bases (Bates and 

Pollack, 1999).  A schematic of the probe protector shell may be seen below in Figure 7. 

 
Figure 7.  Schematic of air cooled probe protector shell (Bates and Pollack, 1999). 

The protector shell consists of three concentric stainless steel tubes.  The outer-most tube of the 

shell is used to supply and contain the tip purge flow.  The middle tube is used to hold the 
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sapphire window and the inner-most tube is used as an internal flow separator.  The optical probe 

being used lies concentrically within the flow separating tube.  The cooling fluid enters the shell 

between the optical probe and the flow separator tube, and exits between the separator and the 

outer tubing that holds the sapphire window.  To test the protector shell design, a 2.5 cm OD 

probe (without the outer-most stainless steel tube, leaving only the window-holding tube) was 

constructed.  The optical probe used had a 9.5 mm diameter.  Using air as a cooling fluid at a 

flow rate of 23 standard liters/min, the optical probe reached 100 °C after the assembly was 

inserted into a furnace with an operating temperature of 500 °C.  While possible, it would be 

more difficult to cool with air at higher temperatures (Bates and Pollack, 1999). 

While the probe protector shells developed by Bates and Pollack (1999) were created for 

a variety of uses, many other studies had specific goals.  One such goal was to scientifically 

design, develop, optimize, and use a new specific probe for velocity and turbulence 

measurements in the burner zone of a full scale pulverized coal power plant (Most, 2000).  In 

this study, the authors sought to map the flow field near the exit of a pulverized coal burner using 

a 3D LDV system.  The water-cooled probe developed for these measurements, shown in Figure 

8, was designed to operate in an environment at a mean temperature of approximately 1500 °C.  

This probe, meant to maintain the optical system at a maximum temperature of 50 °C, was 

constructed of stainless steel with a total length of 6.5 m, 114 mm OD, and a 64 mm ID in order 

to accept a 60 mm diameter beam expender and side looking section.  The side looking section is 

used to focus the laser beams laterally after reflection on a mirror (Most, 2000).  Nitrogen and 

Argon are used inside the probe to help prevent water condensation and particle collection, 

respectively, on the optical elements.  The probe design utilized an annular cooling technique 
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with the water traveling towards the probe tip around the LDV head and exiting through the 

outer-most channel. 

 
Figure 8.  Schematic of water-cooled LDV probe (Most, 2000). 

Use of a side looking, or periscope, design is not unique to LDV measurement 

techniques.  Other probes have been developed for the measurement of total temperature, static 

and total pressure, enthalpy, and composition in a wide range of flow conditions (Hiers and 

Hiers, June 2002).  Probes have also been developed to allow viewing within the augmentor of 

aircraft turbine engines during operation (Hiers and Hiers, July 2002).  The probes were 

fabricated using 304 stainless steel with diameters ranging from 0.125 to 1.0 in. and do not 

include any type of window.  Instead of a window, the probes use an objective aperture with a 

diameter of 0.0625 in. purged with dry nitrogen at a minimum pressure of 300 psia to prevent 

high temperature gas from flowing into the probe body (Hiers and Hiers, June 2002).  Figure 9, 

below, shows the view port, reflective mirror, and the complex design of the water-cooling 

scheme. 
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Figure 9.  A) Cutaway view of probe head.  B) Details of water-cooling scheme (Hiers and 

Hiers, June 2002) 

Water flows through the probe channels at a rate of 4 to 5 GPM with an optimal pressure of 1700 

psig.  These flow conditions within the probe are required to increase the boiling point of the 

coolant (Hiers and Hiers, June 2002).  Rake bodies have also been developed for use with 

interchangeable probes using this cooling method to measure Pitot pressure, Mach/flow 

angularity, gas sampling, particulate emissions sampling, stagnation temperature, or imaging in 

the exit plane of aircraft turbine engines operating at maximum afterburner conditions (Hiers and 

Hiers, July 2002).  Years later, this viewing probe was used as a system platform to image engine 

and afterburner exhaust in ultraviolet (UV) wavelengths (Savage, 2006).  The imaging system is 

comprised of an afterburner-capable imaging probe, UV-grade quartz coherent fiber bundle, and 

a hyperspectral imager.  The internals of the original viewing probe were altered and adapted for 

use with this UV system, which has an adjustable field of view range from a pinpoint to the 

entire exhaust plume of the turbine engine flow (Savage, 2006). 

Electroforming is a fabrication technique being used for the development of high 

temperature flow field probes and supporting rake structures to alleviate the limitations of 

conventional fabrication techniques such as degraded cooling effectiveness, cooling path 

geometry restrictions, and probe size limitations (Beitel, 2004).  Beitel et al. (2004) selected a 

A B 
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Mach number/flow angularity probe with an outer diameter of 6.36 mm as their first diagnostic 

hardware to incorporate electroforming into construction because conventional machine shop 

processes would require complex machining and welding.  The probe consists of a Pitot tube and 

four static pressure tubes along with the channelized water-cooling loop.  Cooling channels were 

machined into the outer surface of a stainless steel tube with an aluminum body assembled 

around the data collection tubes and the forward end of the stainless steel tube.  After machining, 

the cooling channels were filled with a soluble material to maintain the channels and 

approximately 0.8-mm-thick nickel electroform was applied to the probe assembly (Beitel, 

2004).  The probe was machined down to achieve the desired configuration and the aluminum 

and soluble material filling were then removed.  A schematic and photograph of this 

electroformed probe may be seen in Figure 10.  This probe was successfully tested and used in 

the exit plane of a gas-turbine engine operating under afterburner conditions.  Beitel et al. (2004) 

also developed an electroformed rake and probe holder assembly, a miniature gas-extraction 

probe, and a miniature Mach number/flow angularity probe.  Additional information on 

electroforming and the re-designing of several probes previously discussed are also described in 

this reference (Beitel, 2004). 

 
Figure 10.  Schematic and photograph of nickel electroformed probe (Beitel, 2004). 
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MacKinnon et al. (2004) also utilized the electroforming technique to fabricate a series of 

probes including: stream thrust probe, turbine engine emissions probe, Mach flow angularity 

probe, and a total temperature probe.  A set of future probe designs and applications which were 

being researched at the time included:  a high-speed fiber-optic imaging probe, a miniaturized 

gas extraction probe, a miniaturized Mach flow angularity/swirl probe, a microelectromechanical 

systems based gaseous extraction probe, and an optical embedded instrumentation probe.  Each 

of these probes incorporated the use of electroforming to create water-cooling passages similar to 

those discussed by Beitel et al. (2004) for use within harsh environments such as gas-turbine 

engines.  These designs and efforts led to a focus on the miniaturization of the probes (probes 

with diameters ranging from 0.05 to 0.10 in.) in order to minimize flow distortion (MacKinnon, 

2004).  Details on each probe mentioned in the lists above—including the specifics of the water-

cooling, electroforming fabrication, and areas of use—may be found in the reference 

(MacKinnon, 2004). 

High temperature augmentor flow streams are of increasing interest to the research 

community, along with the need for more robust flow field diagnostics (Beitel, 2005).  The use 

and miniaturization of intrusive probes is necessary in order to embed the diagnostic systems in 

gas-turbine engine environments and minimize flow distortion (Beitel, 2005).  A miniature 

embedded gas-extraction probe with an outer diameter of 2.5 mm and an inner gas extraction 

channel diameter of 1.25 mm was created using tubular components and electroforming.  This 

probe was installed into the combustor of a J85-GE-5 turbojet engine operating at engine power 

settings up to maximum afterburner where temperatures were estimated to be around 1925 °C.  A 

miniature embedded flow angularity or swirl probe with an outer diameter of 6.35 mm was also 

fabricated which included multiple static pressure ports used to resolve flow angle (Beitel, 2005).  
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These probes use the same water-cooling and electroforming schemes as previously discussed by 

Beitel et al. (2004) and McKinnon et al. (2004). 

Water-cooling is not limited to intrusive measurement probes.  It has also been used for 

mass spectrometry systems such as the one described and developed by Bohátka et al. (2005).  

The mass spectrometry probe developed is shown in Figure 11, below. 

 
Figure 11.  Schematic drawing of high temperature direct probe for mass spectrometry 

(Bohátka, 2005). 

The upper portion or probe tip is where heating occurs and is constructed of heat resistant 

stainless steel and nickel.  A heating element is wound around a threaded body which includes 

the mass spectrometry sample holder (holds 0.1-30 mg of sample material) and a thermocouple.  

The threaded body is welded into the covering tube after probe assembly.  A thin-walled heat 

bridge exists between the heating element and the water-cooled probe handle which is sealed 

with an o-ring (Bohátka, 2005).  Few details are provided on the specifics of the water-cooling 

scheme, but the maximum operating temperature of the probe is 800 °C. 

While taking measurements within the flows of gas-turbine combustors using the gas 

extraction technique as discussed by Beitel et al. (2005) has proven to be useful, an inherent 

limitation with this technique is the time lag required to transport the gas sample to the detector 

and/or the time response of the sensor itself (Suits, 2006).  This time lag may be eliminated by 

using in-situ optical measurement techniques to evaluate the gas composition directly in the flow 
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stream.  These optical techniques, including laser-induced fluorescence (LIF); planar laser-

induced fluorescence (PLIF) imaging; laser diode absorption (LDA) spectroscopy; and laser-

induced breakdown spectroscopy (LIBS), are typically non-intrusive and may be integrated into 

water-cooled probes to take measurements where specially designed optical access ports are 

either impractical or impossible (Suits, 2006).  An optical probe was developed by Suits et al. 

(2006) to incorporate non-intrusive optical measurement techniques such as LDA and LIF for 

use in combustor and augmentor flameholder zones.  A concept schematic drawing of this 

optical probe may be seen in Figure 12. 

 
Figure 12.  Schematic of optical probe concept (Suits, 2006). 

Along with the probes designed for optical measurement techniques, the authors explored 

diagnostics and measurement methodology of turbine exhaust particulate matter and the 

measurement of thermodynamic properties (e.g. total pressure, static pressure, temperature).  The 

total temperature probes consist of an inner-sheathed thermocouple with an outer radiation shield 

with flow discharge vents distributed around the circumference and have been successfully used 

in temperatures up to 2000 °C (Suits, 2006). 

Water-cooled probes have also been used in areas not involving flow measurements or 

imaging.  One such use for water-cooled probes is to simulate the formation of freeze linings on 
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furnace walls.  In today’s high temperature metallurgical processes, furnaces are water-cooled in 

order to protect the furnace wall from thermal, chemical, and mechanical wear.  This water-

cooling leads to the formation of freeze lining: a relatively stationary crust of solidified slag 

formed against the refractory (i.e. a furnace lining with the ability to retain its physical shape and 

chemical identity when subjected to high temperatures) or directly against the inside of the 

cooled furnace shell (Verscheure, 2006).  To study freeze lining formation, a rotating crucible 

filled with 1.5 liters of slag was heated up to temperatures as high as 1500 °C.  The water-cooled 

probe, shown in Figure 13, was submerged vertically into the molten slag to form a solidified 

layer or freeze lining. 

 
Figure 13.  Design of water-cooled copper probe (Verscheure, 2006). 

The probe is constructed of two coaxial copper tubes to create an annular cooling scheme.  The 

probe measures 340 mm in length and 20 mm in outer diameter.  Water enters the probe through 

the inner tube and exits through the outer tube (Verscheure, 2006).  The furnace temperature was 

maintained at 1400 °C with the probe staying in the slag bath for a pre-designated period of time.  

After the time of submergence had been reached, the probe was removed and allowed to cool 

with the water running throughout the process.  This cooling time allows the probe to be re-used 

after cleaning and the freeze lining to be analyzed and evaluated. 

Conducting physical experiments allows for the development and validation of flow 

modeling and numerical simulation.  Numerical simulations are used in order to perform 
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experiments with a large variety of scenarios without having to construct expensive physical 

models.  One such numerical investigation was conducted on the flow fields inside and around a 

water-cooled gas-sampling probe located downstream of a gas-turbine combustor (Jiang, 2007). 

 
Figure 14.  Section view of water-cooled gas-sampling probe (Jiang, 2007). 

The gas-sampling probe, shown in Figure 14, is constructed of concentric stainless steel tubes.  

This configuration provides an annular cooling scheme, which has been widely used in the 

design and development of water-cooled probes.  The probe, placed downstream of the 

combustor, has five sampling ports that face towards the combustor to collect flow samples.  

After collection, the gas sample is transported through the center tube.  Water enters the probe 

through the inner annulus to cool the gas sample and exits through the outer annulus in order to 

cool the outer-most tube (Jiang, 2007).  The water travels through the cooling probe at a flow 

rate of 4.5 kg/min and an inlet temperature of 448.15 K.  At the flow outlet, a pressure of 18.83 

bar was defined.  Using these parameters, the complex heat transfer occurring between the flow 

field and probe was numerically simulated.  The simulations showed that the exhaust gas flow 

field gradually decreased in velocity as it approached the probe, but reached a maximum velocity 

of 125 m/s below the upstream region of the tip, along with a relatively high velocity observed 
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near the top sampling port, and two counter-rotating vortices established behind the probe (Jiang, 

2007).  These high velocities indicate expected areas of strong convective heat transfer with the 

probe wall reaching a maximum temperature of 900 K.  The exhaust flow transfers heat to the 

probe wall, which in turn transfers the same amount of heat to the cooling water, demonstrating 

that the temperature increase of cooling water is a key parameter for probe design and safe 

operation (Jiang, 2007). 

Following the development and use of periscope style viewing probes, along with the 

successful application of electroforming, the viewing probe developed for exit-plane 

measurements (Hiers and Hiers, June 2002; Hiers and Hiers, July 2002; Savage, 2006) was 

further modified to eliminate the need for a gaseous purge flow.  The purge flow was eliminated 

from the design by incorporating a rotating sapphire window (Beitel, 2007).  The new imaging 

probe uses a stainless steel substructure with an electroformed nickel outer shell with an outer 

diameter of 13 mm.  By using a rotating window, a clear surface is aligned with the aperture area 

during data collection for clean imaging. 

 
Figure 15.  Photograph of prototype imaging probe components (Beitel, 2007). 

Figure 15 shows a photograph with the components of the physical model which is capable of 

operating in conditions exceeding 2000 °C.  Cooling water enters and exits the from the outer 
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shell at the assembly base, as well as transitioning through the inner rotating shaft via ports 

isolated by the o-rings (Beitel, 2007). 

The methods, approaches, and information gained in the study of aircraft engines can also 

be applied to industrial gas-turbines, and vice versa.  A concept for a water-cooled high 

temperature unsteady total pressure probe intended for measurements in the hot sections of gas-

turbine engines (industrial and aircraft) has been presented by Brouckaert et al. (2009).  The goal 

of this probe concept is to be able to obtain pressure measurements in a flow field reaching 

temperatures up to 2000 K.  The probe is constructed of an Inconel 600 concentric tube assembly 

with an outer diameter of 8 mm and a stem length of 300 mm.  The concentric tube assembly 

creates an annular cooling scheme for fluid entry and exit both to and from the sensor region.  

The sensor is cooled by creating a narrow return channel around the sensor by using a transversal 

concentric tube assembly with water flowing through the system at a rate of 2 liters/min 

(Brouckaert, 2009).  This original design caused the probe tip to overheat due to a reduction in 

cooling caused by fluid re-circulation.  This problem was fixed by modifying the probe to 

include a hole in the inner tube of the probe assembly to provide an increased fluid flow around 

the probe tip (Brouckaert, 2009).  Flow trajectories of the cooling fluid may be seen and 

compared in Figure 16. 
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Figure 16.  A) Streamtraces in original pressure design.  B) Streamtraces in modified probe 

design (Brouckaert, 2009). 

Non-intrusive optical diagnostic techniques are continually being adapted to be used in 

conjunction with intrusive cooled probes.  One of these adaptations is the development of an 

endoscopic particle image velocimetry (PIV) system for use in high temperature furnaces 

(Rottier, 2010).  The endoscope is used as an optical relay between the combustion chamber and 

the charged-coupled-device (CCD) camera through the refractory walls of the furnace (Rottier, 

2010).  The endoscope, shown in Figure 17, is 700 mm in length and 78 mm in diameter with a 

nitrogen flow exiting the tip to ensure thermal protection and the avoidance of particle deposit 

during furnace operation. 
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Figure 17.  Schematic of high temperature endoscope equipped with CCD camera with 

details on incoming ray paths shown at top (Rottier, 2010). 

The endoscope shown above may be used in furnace temperatures up 1600 K and is cooled using 

an annular cooling scheme.  Water enters the probe through the rear, travels toward the tip in the 

inner annulus, and travels toward the exit through the outer annulus.  At the top of Figure 17, 

details on the incoming ray paths at a 30° collection half-angle are shown. No details were 

provided regarding the flow rate of the cooling fluid. 

The knowledge gained on water-cooling schemes through this literature has been applied 

to the design, development, construction, and numerical analysis of a water-cooled probe driven 

by an existing sub-miniature fiber-optic LDV probe (Esirgemez and Ölçmen, 2005; Ölçmen and 

Daly, 2008).  Details on the LDV probe and how it has driven the water-cooled probe design are 

provided in the next chapter. 
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CHAPTER 4 

LASER DOPPLER VELOCIMETRY 

The purpose of this chapter is to provide a brief introduction to the working principles of 

the LDV measurement technique so that the drive behind the creation of the water-cooling jacket 

may be understood.  Section 4.1 provides a history and background of LDV while Section 4.2 

provides a description of the LDV probe designed by Esirgemez and Ölçmen (2005). 

4.1 LDV History and Background 

The first presentation of laser Doppler instrumentation occurred in 1964 in which an 

optical configuration known as the reference-beam mode was introduced (Albrecht, 2003).  The 

present day laser Doppler instrument currently uses a dual-beam mode which involves two in-

going laser beams crossing at an intersection angle to form a measurement volume and the 

scattered light from both beams is collected on a single detector (Albrecht, 2003).  Improvements 

in laser sources, optical devices, computing power, etc. have contributed to the continuous 

development and improvement of the laser Doppler technique.  This technique uses the fringe 

pattern created by the interference of two crossing beams of monochromatic laser light (each 

with a different frequency) in the measurement volume to measure velocity of small tracer 

particles within the flow (Albrecht, 2003).  Bragg cells are used to shift the wavelengths of laser 

beams in order to determine directional information of the tracer particles.  Directional 

sensitivity is determined by the particles traveling with or against the fringes created by the laser 
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beams; particles traveling with the fringes result in lower frequencies while particles traveling 

against the fringes result in higher frequencies.  The frequencies of the particles are thereby used 

to determine the velocity of the flow field.  As these tracer particles pass through the 

measurement volume, light waves are scattered and subsequently collected by a receiver probe 

which contains a photodetector.  The light collected by the photodetector is transferred to signal 

processing and data analysis hardware where the aforementioned frequencies are determined.  

Figure 18 shows a conventional laser Doppler optical arrangement. 

 
Figure 18.  Dual-beam laser Doppler anemometer arrangement (Albrecht, 2003). 

The frequencies obtained using the Doppler Effect may then be used to calculate the 

velocity of the particles in the flow.  The spacing between the fringes is defined by the laser 

wavelength () and the angle between the intersecting beams (α) in Equation 4.1 below: 

                
   

        
 (4.1) 

By measuring the passage frequency of a particle through these fringes, the particle velocity 

component perpendicular to the probe volume interference fringes (U) may then be expressed as: 

                               (4.2) 
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In a dual-beam laser Doppler arrangement, the scattered light containing the Doppler signal may 

be collected with the receiver in either a forward or a backward scatter mode.  Figure 19 shows 

the difference between the light wave receiver placed in forward and backward scatter directions.  

The dual-beam arrangement is advantageous in that the measurement volume is uniquely defined 

by the intersection of the laser beams (Albrecht, 2003). 

 
Figure 19.  Dual-beam laser Doppler arrangement with forward-scatter and backscatter 

detection (Albrecht, 2003). 

While the laser Doppler technique is vastly used in research applications throughout the 

world, the full use of the technique is beyond the scope of this project.  Therefore, the use of the 

laser Doppler technique is only presented here as it applies to the design and development of a 

water-cooled jacket.  Further explanation of the specific methods and LDV probe used is 

described in Section 4.2. 

4.2 LDV Probe 

Martin et al. (1985) made use of LDV in order to make measurements of the mean 

velocity and turbulence intensity during combustion in a spark ignition research engine.  A 

modified single-cylinder research engine allowed the use of a large window in the head to permit 

optical access to the cylinder.  A single-component non-intrusive LDV system operating in the 
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dual-beam mode was used.  The collection optics were placed orthogonal to the incident optical 

axis (Martin, 1985).  The data collected through these experiments have helped with the 

development and verification of computer simulations for optimization of engine design 

parameters ultimately focused toward future engine development.  While these data and results 

are useful in assisting with the development and optimization of future engines, a more 

beneficial method of data collection does not include the modification of existing engines. 

Instead, the data and measurement collection systems should be modified in order to 

minimize the need for alterations of the engine.  A compact system designed to make 

measurements in a production-car internal combustion (IC) engine has been developed by 

Esirgemez and Ölçmen (2005).  This two-simultaneous velocity component fiber-optic LDV 

probe was manufactured such that it fit into an M14 spark-plug hole (Esirgemez and Ölçmen, 

2005).  The LDV probe head unit houses transmitting/receiving fiber terminators and lenses to 

utilize the dual-beam mode in the backward scatter arrangement as shown in Figure 20, below. 

 
Figure 20.  Schematic of spark-plug LDV probe (Esirgemez and Ölçmen, 2005). 
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Laser beams are emitted from the fiber terminators and through the lenses within the LDV probe 

which measures 30 mm in length and 13 mm in diameter at its largest point to create a 

measurement volume measuring 70 μm x 70 μm x 1337 μm.  The light reflected by the traveling 

particles is focused onto the receiving fiber terminator after passing through two lenses 

(Esirgemez and Ölçmen, 2005) and then travels through fiber-optic cables into a photo-multiplier 

tube. The photo-multiplier tube converts the light information into an electrical signal where it 

proceeds to the signal processing and data analysis hardware.  This LDV probe was used to make 

velocity measurements in a 1997 Honda Civic LX car engine under idling conditions after 

undergoing tests in a free round-jet flow generated by a gas probe calibrator (Esirgemez and 

Ölçmen, 2005).  The engine cylinder in which the probe was taking measurements did not have 

any combustion taking place because the spark plug hole was needed for the modified M14 spark 

plug to gain optical access with the LDV system.  Three-view schematic drawings of the LDV 

probe may be found in Appendix A. 

The methods and information gained in the development of the two-component LDV 

probe helped lead to the development of a three-component LDV probe used by Ivanchenko et 

al. (2007).  The three-component LDV probe uses a combination of the conventional dual-beam 

laser Doppler technique for two of the directional components and a heterodyne technique for the 

third component.  The heterodyne technique uses one laser beam as a reference beam which can 

be mixed with a scattered wave.  The two waves are mixed on the detector surface which yields 

the difference frequency (Albrecht, 2003).  The water-cooling jacket designed and discussed in 

this thesis is driven by the dimensions and functionality of the two-component LDV probe used 

by Esirgemez and Ölçmen (2005).  The details of the design of the water-cooled probe are 

provided in the following chapter. 
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CHAPTER 5 

WATER-COOLED PROBE:  DESIGN AND SIMULATION CONFIGURATIONS 

The purpose of this chapter is to provide a description of the design process and 

functionality of the water-cooled LDV probe.  Section 5.1 provides details on the LDV probe 

design and layout.  The method of determining the flow rate of water through the cooling probe 

is discussed in Section 5.2.  Section 5.3 describes the governing equations of FloWorks and the 

setup of the numerical simulation used to evaluate the complex heat transfer occurring between 

the water-cooled probe and the extreme environment of the flow within a jet engine augmentor. 

5.1 Water-Cooled LDV Probe Design 

A three-dimensional parametric modeling program, SolidWorks, was used to design the 

water-cooled LDV probe (jacket).  Based on the designs of previous water-cooled probes, an 

annular cooling method was sought after in order to obtain efficient cooling.  Due to size 

restrictions and the desire to reduce the maximum overall diameter of the probe, however, the 

cooling method had to be modified to be pseudo-annular.  The primary portion of the jacket 

design consists of two stainless steel concentric tubes (inner tube and outer tube) with fins 

between them to divide the flow.  The inner tube, with an ID of 13.39 mm and an OD of 15.88 

mm, is used to house the LDV probe discussed in Section 4.2.  Flow dividing fins are mounted to 

the exterior of this inner tube to allow the separation of the incoming cool water traveling toward 

the probe tip and the outgoing heated water traveling away from the probe tip.  The dividing fins
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continue along the length of the inner tube and stop 19.05 mm away from the inside surface of 

the jacket tip.  An outer tube, with an ID of 18.92 mm and an OD of 22.23 mm, is placed and 

mounted around the inner tube and flow dividing fins to create a fluid flow channel with a width 

of 1.52 mm.  The probe tip is capped using a stainless steel disc welded to both the inner tube 

and the outer tube.  A counter bored hole was drilled into the disc to allow optical access.  A 

sapphire window may be placed into this optical access hole and held in place using a retaining 

ring.  A reservoir tank is located at the rear end of the jacket to provide entry and exit ports for 

the cooling water.  This reservoir tank contains flow dividing fins which are aligned with the 

dividing fins between the inner and outer tubes in order to separate the incoming cool water and 

the outgoing heated water traveling through the probe channel.  Water is supplied into the 

reservoir tank through a pressure washer attached using a high pressure stainless steel quarter-

inch male plug.  A second high pressure male plug is attached to the lid of the reservoir tank for 

the water to exit through.  The plugs are placed in the tank lid symmetrically so as to not limit 

the cooling jacket water supply and exit arrangement.  The model of the jacket was simplified 

from the physical design for the numerical simulations.  A cutaway view showing the jacket 

inserted into the augmentor section may be seen below in Figure 21.  Figure 22 shows a 

magnified view of the jacket tip to provide added detail. 
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Figure 21.  Cutaway view of jacket inserted into augmentor section. 

 
Figure 22.  Cutaway section view of jacket tip made with SolidWorks. 
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Figure 23.  SolidWorks schematic of cooling jacket. 

Figure 23 contains cutaway sections of the model reservoir tank to show the previously 

discussed features of the water-cooling jacket.  Some features not shown in Figure 23 include the 

high pressure quarter-inch stainless steel male plugs and a hollowed out stainless steel 

compression fitting used to seal the hole in the lid through which the inner tube passes.  The high 

pressure plugs and compression fitting not shown in the simplified model may be seen in the 

photograph of the physical model in Figure 24 in Section 5.2.  Additional information regarding 

the dimensions of the physical model of the water-cooled jacket is shown in the three-view 

schematic drawings in Appendix B. 

5.2 Experimental Evaluation of Flow Rate through Probe 

Before the numerical simulations could be conducted, the volumetric flow rate of the 

cooling water through the jacket needed to be known.  In order to determine the flow rate, a 

physical model of the cooling jacket was fabricated in The University of Alabama’s College of 

Engineering Machine Shop.  The jacket may be seen in Figure 24, below, both by itself and 

connected to an off-the-shelf pressure washer (Husky-HU80911A) designed to operate at a 

pressure of 2600 psi with a flow rate of 2.4 GPM using one of the included nozzles.  Pressure 

washer specifications may be found in Appendix C. 
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Figure 24.  A) Photograph of cooling jacket.  B) Photograph of cooling jacket with pressure 

washer wand and hose attached. 

Figure 24 B shows the cooling jacket mounted to an elevated brace.  The pressure washer wand 

is connected to one of the high pressure male plugs for water supply while a hose is attached 

with a worm clamp to the second plug in order to direct the exiting water away from the 

experimental setup.  In determining the flow rate through the jacket, the end of the hose was 

inserted into a five-gallon bucket with an intermediate four gallon marking on the exterior.  This 

four gallon mark and the five gallon capacity (full to the brim) were used to determine the flow 

rate of the water through the jacket.  The pressure washer was run for several seconds prior to 

inserting the hose into the bucket to allow the internal water pump to clear any air that may have 

been in the line.  Upon inserting the hose into the bucket, a stopwatch—accurate to 1/100 of a 

second—was simultaneously started.  The stopwatch was stopped when the water in the bucket 

reached both the four and five gallon marks.  The times to reach each volume mark were 

recorded ten times.  These times were then used to determine a volumetric flow rate for each test.  

The flow rates for each mark (four and five gallons) were calculated and averaged separately.  

Once the averages of the flow rates were calculated, an overall average of the volumetric flow 

rate was calculated and determined to be approximately 3 GPM.  Based on these tests, a flow 
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rate of 3 GPM was then used in the numerical simulation of the probe inserted into the extreme 

environment of the jet engine augmentor flow field.  The details of the numerical simulations are 

discussed in the next section. 

5.3 Numerical Simulation Setup 

The simplified model, drawn in SolidWorks, was used to compute the complex heat 

transfer occurring throughout the system along with the effects of the probe on the flow field in 

an afterburner/augmentor section with a diameter of 18 inches.  The augmentor diameter was 

chosen to be 18 inches for the present research simulations because a modified GE J-85 jet 

engine with an 18 in. augmentor diameter used for experimental research purposes is held and 

used at the Arnold Engineering Development Center (AEDC).  The numerical simulations were 

completed using the SolidWorks CFD software package add-in, FloWorks. 

5.3.1 FloWorks Governing Equations 

FloWorks is capable of solving both laminar and turbulent flows using the Navier-Stokes 

equations supplemented by fluid state equations to define the nature of the fluid and empirical 

dependencies of fluid density, viscosity, and thermal conductivity on temperature (COSMOS, 

2008).  The primary reason for the development of FloWorks was for the simulation and study of 

turbulent flows.  The prediction of these turbulent flows is possible using the Favre-averaged 

Navier-Stokes equations, where time-averaged effects of flow turbulence on the flow parameters 

are considered and other large-scale, time-dependent phenomena are taken into account directly.  

This procedure introduces new terms in the equations known as Reynolds stresses which require 

additional information.  FloWorks employs transport equations for the turbulent kinetic energy 

and its dissipation rate in the form of the k-ε model to close the system of equations.  This 
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system of equations is used to describe both laminar and turbulent flow and allows for the 

possibility of transition from a laminar to turbulent state and/or vice versa (COSMOS, 2008). 

The conservation laws for mass, angular momentum and energy in the Cartesian 

coordinate system rotating with angular velocity  about an axis passing through the origin of 

the coordinate system may be written in the following form: 
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where u is the fluid velocity,  is the fluid density, Si is a mass-distributed external force per unit 

mass due to a porous media resistance (Si,porous), a buoyancy (Si,gravity = -gi, where gi is the 

gravitational acceleration component along the i-th coordinate direction), and the rotation of the 

coordinate system (Si,rotation), i.e., Si = Si,porous + Si,gravity + Si,rotation, h is thermal enthalpy, QH is a 

heat source or sink per unit volume, ij is the viscous shear stress tensor, and qi is the diffusive 

heat flux.  The subscripts are used to denote summation over the three coordinate directions. 

When conducting a CFD analysis in which the “High Mach number flow” option is 

enabled, the energy equation may be re-written as follows: 
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where e is the internal energy.  The viscous shear stress tensor may be defined as follows for 

Newtonian fluids: 

      
   
   

 
   

   
 
 

 
   

   
   

  (5.5) 

The Reynolds-stress tensor takes on the following form after the Boussinesq assumption: 
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Here, ij is the Kronecker delta function (equal to unity when i=j, and zero otherwise), μ is the 

dynamic viscosity coefficient, μt is the turbulent eddy viscosity coefficient, and k is the turbulent 

kinetic energy.  Both the turbulent eddy viscosity and the turbulent kinetic energy are zero for 

laminar flows.  The turbulent kinetic energy (k) and the turbulent dissipation rate (ε) are two 

turbulence properties used to define μt in the frame of the k-ε turbulence model. 

     
    

 

 
 (5.7) 

where fμ is a turbulent viscosity factor defined by the following expression: 
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and y is the distance from the wall.  This function allows for the laminar-turbulent transitions to 

be taken into account.  The turbulent kinetic energy and dissipation rate are described using two 

additional transport equations, 
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in which the source terms Sk and Sε are defined below. 
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Here, PB represents the turbulence generation due to buoyancy forces and can be written as 
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where the constant σB = 0.9, CB is a constant defined as:  CB = 1 when PB > 0, and 0 otherwise; 
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The constants Cμ, Cε1, Cε2, σk, and σε are defined empirically with the following values: 

                                                  (5.15) 

When the Lewis number (Le) is equal to one, the diffusive heat flux is defined in the following 

form: 
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Here, the constant σC = 0.9 and Pr is the Prandtl number.  The equations just discussed are used 

to describe laminar flows, turbulent flows, and the transitions between these flow types within 

the CFD add-in FloWorks.   

The Modified Wall Functions approach model is used to characterize both laminar and 

turbulent flows in regions near walls as well as to describe the laminar/turbulent flow transitions.  

If the size of a mesh cell near a wall is greater than the boundary layer thickness, the integral 

boundary layer method is used.  This model is used to provide accurate velocity and temperature 

boundary conditions for the aforementioned conservation equations (COSMOS, 2008). 

The system of Navier-Stokes equations is supplemented by definitions of thermophysical 

properties and state equations for the fluids.  FloWorks provides simulations of gas and liquid 

flows with density, viscosity, thermal conductivity, specific heats, and species diffusivities as 

functions of pressure, temperature and species concentrations in fluid mixtures.  Along with 

these simulations, equilibrium volume condensation of water from steam can be taken into 
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account when simulating steam flows (COSMOS, 2008). Generally, the state equation of a fluid 

has the following form: 

           (5.17) 

where  Y = (Y1,…,YM) is the concentration vector of the fluid mixture components.  With the 

exception of some special cases, gases are considered to be ideal and have the state equation with 

the following form: 
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where R is the gas constant which is equal to the universal gas constant (Runiv) divided by the 

fluid molecular mass (M), or, for the mixtures of ideal gases, 

        
  
  

 

 (5.19) 

where Ym, m = 1, 2,…, M, are the mixture component concentrations, and Mm is the molecular 

mass of the m-th component. 

With the exception of special cases (i.e. compressible liquids and non-Newtonian 

liquids), liquids are considered to be incompressible where the density of an individual liquid is 

determined solely on temperature: 

       (5.20) 

and the state equation for a mixture of liquids is defined as 
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The specific heat and thermophysical properties of the liquid (i.e. viscosity and thermal 

conductivity) are specified as functions of temperature.  Additional information regarding the 

special cases such as real gases and compressible liquids may be found within the reference 

(COSMOS, 2008). 

5.3.2 Mesh Settings 

In order to solve the governing equations previously discussed, the model designed in 

SolidWorks must have a mesh applied to it.  FloWorks automatically generates a rectangular 

computational mesh to distinguish fluid and solid domains or regions.  The computational 

domain generated encloses the model and is divided into uniform rectangular parallelepiped-

shaped cells to form the basic mesh.  From here, the mesh may be refined (i.e. split into smaller 

parallelepiped-shaped cells) using the model geometry to better represent the model and fluid 

regions (COSMOS, 2008).  More information on the refinement process may be found within the 

reference (COSMOS, 2008). 

The mesh grid may be generated with a varying number of cells based on a mesh 

refinement level slider ranging from one to eight.  Level eight represents the highest mesh 

refinement level created by the automatic mesh generation system.  The accuracy of the results 

and the computation run time increase with the increased mesh refinement level.  A lateral view 

of the jacket inserted into the augmentor with the basic mesh applied at a mesh setting of 6 may 

be seen in Figure 25. 
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Figure 25.  Lateral view of jacket inserted into augmentor with basic mesh applied at a 

mesh setting of 6. 

In order to determine which mesh level would be needed to obtain accurate results and 

minimal computation time, different mesh settings were employed on a single probe 

configuration.  In this configuration, the probe is inserted a distance equal to 50% of the 

augmentor diameter.  More information on the other probe configurations and insertion distances 

may be found in Section 5.3.3.  A lateral view of the jacket inserted into the augmentor with the 

refined mesh applied at a mesh setting of 6 may be seen in Figure 26.  A magnified view of the 

jacket tip with the refined mesh applied may be seen in Figure 27. 
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Figure 26.  Lateral view of jacket inserted into augmentor with refined mesh applied at a 

mesh setting of 6. 

 
Figure 27.  Magnified view of jacket tip with refined mesh applied at a mesh setting of 6. 

Mesh settings of 4, 5, 6, and 7 were used in the comparison along a selected water flow path.  

This comparison may be seen in Figure 28, below, where the water temperature is plotted against 

the distance traveled through the probe from channel inlet to channel outlet.  The areas of flow 
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are marked as incoming, outgoing, and flow through pathway (where the water reaches the probe 

tip and begins to exit).  A magnification of the length range from 0.45 m to 0.55 m is shown in 

Figure 29. 

 
Figure 28.  Comparison of grid mesh setting for insertion distance equal to 50% of 

augmentor diameter along flow path length. 
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Figure 29.  Magnification of comparison of grid mesh setting for insertion distance equal to 

50% of augmentor diameter from 0.45 m to 0.55 m flow path length. 

From this comparison, it may be seen that results for the temperature of the fluid are all 

approximately equal for mesh settings of 5, 6, and 7.  A mesh setting of 6, which resulted in 

approximately one million cells for this particular configuration, was selected for use in the CFD 

calculations of all probe configurations because it was seen to optimize calculation accuracy and 

total computation time. 

5.3.3 Probe Configurations 

The different probe configurations simulated and analyzed are based on three different 

criteria:  1.) the distance the probes are inserted into the augmentor section; 2.) the type of probe 

tip used (flat or hemispherical) and; 3.) the Mach number of the augmentor inlet flow.  Some of 

the configurations were computed without cooling liquid flowing in order to simulate pressure 

washer failure or a “worst case scenario”.  The insertion distances of the probes into the 
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augmentor section are determined as a percentage of the 18 in. internal diameter of the 

augmentor, which has a length of two feet.  The inner face of the jacket tip coincides with the 

point at which the LDV laser probe stops inside the water-cooled jacket and is used as the 

reference face for measuring the insertion distance.  An image of a probe configuration with a 

flat tip inserted 50% of the augmentor diameter may be seen in Figure 30, below.  The line in the 

image marks the center of the augmentor section and is also lined up with the jacket tip inner 

face.  Table 1, below, lists the test matrix for the different configuration combinations computed 

and analyzed in this research. 

 
Figure 30.  Image of probe configuration with flat tip inserted 50% of augmentor diameter. 
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Table 1.  FloWorks Simulation Test Matrix 

Configuration 
Insertion 

Percentage 
Mesh Setting 

Augmentor Inlet 

Mach Number 
Tip 

Flow Rate 

(GPM) 

1 50 4 0.7 Flat 3 

2 50 5 0.7 Flat 3 

3 50 6 0.7 Flat 3 

4 50 7 0.7 Flat 3 

5 50 6 0.5 Flat 3 

6 50 6 0.3 Flat 3 

7 50 6 0.1 Flat 3 

8 50 6 0.7 Flat 0 

9 50 6 0.7 Hem. 3 

10 50 6 0.5 Hem. 3 

11 50 6 0.3 Hem. 3 

12 50 6 0.1 Hem. 3 

13 75 6 0.7 Flat 3 

14 75 6 0.7 Flat 0 

15 88.9 6 0.7 Flat 3 

16 88.9 6 0.7 Flat 0 

The flat jacket tips were analyzed at all insertion distances while the hemispherical tips were 

only analyzed for the insertion distance of 50%.  Based on the results of the analyses, which will 

be discussed in the next chapter, the augmentor inlet velocity needed to be reduced in order to 

determine the combination of the jacket tip and augmentor inlet Mach number at which the flow 

field disruption is minimal. 

5.3.4 Initial and Boundary Conditions for Numerical Simulations 

The numerical simulations of the various probe configurations require that initial and 

boundary conditions match the conditions that exist in the experimental setup.  These conditions 

include the flow rate of water traveling through the probe, the atmospheric conditions at the 

probe exit, the augmentor inlet flow field Mach number, and the atmospheric conditions at the 

augmentor exit.  It is also important to define the areas or subdomains of the model geometry 
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that contain water as the fluid and those that have air as the fluid.  The simulation conditions may 

be seen in Table 2, below. 

Table 2.  FloWorks Boundary Conditions 

Fluid Location Condition Type Value Units 

Air 

Augmentor Inlet Mach Number See Table 1 -- 

Augmentor Inlet Temperature 2000 K 

Augmentor Exit Pressure 1 atm 

Augmentor Exit Ambient Temperature 293.2 K 

Augmentor Zone Kinetic Energy 1 J/kg 

Augmentor Zone Energy Dissipation Rate 1 W/kg 

Water 

Probe Inlet Flow Rate See Table 1 GPM 

Probe Inlet Temperature 293.2 K 

Probe Exit Pressure 1 atm 

Probe Exit Temperature 293.2 K 

Probe Zone Kinetic Energy 1 J/kg 

Probe Zone Energy Dissipation Rate 1 W/kg 

These boundary and initial conditions were input into the FloWorks interface using standard 

control options within the program.  All conditions were input into the software to simulate, as 

closely as possible, the actual conditions expected to be observed in experimental analysis.  The 

turbulence parameters (i.e. kinetic energy and kinetic energy dissipation rate) were used at the 

default settings (seen in Table 2) because there is not currently any experimentally obtained 

information in this study to provide details on the turbulence parameters.  The results obtained 

from the numerical simulations are presented in the next chapter. 
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CHAPTER 6 

SIMULATION RESULTS AND DISCUSSION 

The purpose of this chapter is to show and discuss the results obtained from the 

numerical simulations completed using the SolidWorks CFD add-in, FloWorks.  The results 

presented here show the temperature and velocity distributions throughout the augmentor flow 

field (Section 6.1), the temperature distribution at the tip of the jacket for different configurations 

(Section 6.2), and the temperature distribution at a variety of cut planes along the probe for 

different jacket configurations (Section 6.3). 

6.1 Effects of Water-Cooled Probe on Flow Field 

The effectiveness of the LDV probe inserted into the augmentor is dependent on the 

water-cooled jacket affecting the augmentor flow field as little as possible.  In order to determine 

the combination of design parameters and flow regimes where the jacket may be effectively 

used, a variety of numerical simulations were completed.  For this purpose, the effects of the 

insertion distance (Section 6.1.1), augmentor inlet Mach number (Section 6.1.2), and water-

cooled jacket tip design (Section 6.1.3) on the flow field were analyzed. 
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6.1.1 Effects of Jacket Insertion Distance on Augmentor Flow Field 

In order to determine the effects of the insertion distance on the velocity and temperature 

distributions of the augmentor flow field, calculations were made with the jacket inserted 

distances equal to 50%, 75%, and 88.9% of the augmentor diameter.  These insertion distance 

percentages were used to allow for clearance of the 60 mm focal length of the laser beams 

emitted from the LDV probe so that the beams focus within the flow.  Flow field plots of 

velocity and temperature distributions at lateral and axial symmetry planes are shown in this 

section.  The axial symmetry planes are located at half the distance between the inner face of the 

probe and the augmentor wall for each insertion distance.  Results for the velocity distributions 

for the jacket inserted into the Mach 0.7 flow field at distances equal to 50%, 75%, and 88.9% of 

the augmentor diameter are shown in Figure 31, Figure 32, and Figure 33, respectively.  The 60 

mm laser beam focal point is approximated by a black dot in the figures below. 

 
Figure 31.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 50%:  lateral view (left) and axial view (right). 
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Figure 32.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 75%:  lateral view (left) and axial view (right). 

 
Figure 33.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 88.9%:  lateral view (left) and axial view (right). 
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The figures with the velocity distributions show that the probe affects the augmentor flow field 

by varying quantities based on the distance in which the probe is inserted.  As the probe is 

inserted further into the augmentor, the flow field is more greatly affected and disturbed.  The 

flow field velocity is least affected when the water-cooled jacket is inserted 50% of the 

augmentor diameter.  It may be seen in each of these figures that the flow field velocity in the 

LDV probe laser beam focal point region increases to become greater than the freestream 

velocity for each insertion distance case.  The highest velocity is consistently found to be in the 

range of 850-900 m/s immediately in front of the jacket tip when the augmentor is operating at 

Mach 0.7.  It may also be seen that as the jacket is inserted further into the augmentor, the 

disturbance in the wake velocity grows larger. Temperature distribution cut plots of the flow 

fields at Mach 0.7 with jacket insertion distances of 50%, 75%, and 88.9% may be seen in Figure 

34, Figure 35, and Figure 36, respectively. 

 
Figure 34.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 50%:  lateral view (left) and axial view (right). 



55 
 

 
Figure 35.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 75%:  lateral view (left) and axial view (right). 

 
Figure 36.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 88.9%:  lateral view (left) and axial view (right). 
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The temperature of the flow field is seen to be greatly affected in the wake of the water-

cooled jacket.  These effects, like those seen in the flow field velocity distributions, increase both 

laterally and axially as the jacket is inserted further into the augmentor.  In each of the cases 

shown above, the flow field immediately upstream of the jacket increases to reach a temperature 

of approximately 2100 K; remains at elevated temperatures in the vicinity of 2050 K in the jacket 

wake; and reaches temperatures of approximately 1900 K both in front of the jacket tip and in 

areas surrounding the jacket wake.  It may also be seen that the temperature of the flow field is 

mostly unaffected by the water-cooled jacket at a distance of approximately 2 inches past the tip 

measured axially along the jacket. The temperature of the flow field in the LDV probe beam 

focal point region recovers to be approximately equal to that of the freestream most quickly in 

the 50% insertion distance case. 

The flow field velocities and temperatures, shown on the lateral and axial cut planes, are 

most affected in the areas immediately upstream of the jacket and in the jacket wake.  The jacket 

interference and flow field disturbances generated decrease beyond the jacket tip, but may still 

be observed in the jacket wake and surrounding areas.  From the velocity and temperature 

distributions shown and discussed in the figures above, it may be seen that the flow field is too 

greatly affected in the data collection area (60 mm away from LDV probe end) when the 

augmentor is operating in the Mach 0.7 range.  In order to find the flow regime where the jacket 

least affects the flow field, an insertion distance equal to 50% of the augmentor diameter was 

further tested at reduced Mach number flows along with modified jacket tip shapes 

(configurations provided in Table 1 in Section 5.3.3). 
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6.1.2 Effects of Augmentor Inlet Mach number on Jacket/Flow Field Interaction 

It was determined in Section 6.1.1 that the jacket inserted a distance equal to 50% of the 

augmentor diameter is the configuration that least disturbs the augmentor flow field.  In an effort 

to determine the Mach number range that the cooling jacket causes the least disturbance on the 

flow field, calculations were conducted with the augmentor flow set to Mach 0.7, 0.5, 0.3, and 

0.1.  A comparison of these velocity distributions may be seen in Figure 37 and Figure 38. 

 
Figure 37.  Lateral views of velocity distribution for probe with flat tip at insertion of 50% 

at augmentor inlet Mach numbers of:  A) Mach 0.7 B) Mach 0.5 C) Mach 0.3 D) Mach 0.1. 

A B 

D C 
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Figure 38.  Axial views of velocity distribution for probe with flat tip at insertion of 50% at 

augmentor inlet Mach numbers of:  A) Mach 0.7 B) Mach 0.5 C) Mach 0.3 D) Mach 0.1. 

In Figure 37 A (Mach 0.7), it may be seen that the insertion of the probe into the augmentor 

affects the flow field velocity in the focal point area of the LDV probe laser beams.  The 

freestream velocity of approximately 600 m/s is accelerated to approximately 630 m/s in front of 

the probe tip.  At a flow velocity of Mach 0.7, the water-cooled jacket appears to disturb the flow 

so that any LDV data collection measurements made would not be accurate representations of 

the freestream velocity.  Therefore, the jacket with a flat tip will not produce accurate results 

A B 

C D 
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when inserted into the augmentor with a Mach 0.7 flow.  However, the cut plots shown in Figure 

37 B, C, and D show reduced augmentor flow velocities in which the jacket affects the 

freestream flow differently.  While the jacket does affect the flow velocity upstream and in its 

wake, the flow velocity in the area of the LDV probe laser beam focal point appears to be equal 

to that of the freestream flow velocity.  Figure 38 shows that the velocity disturbances in the 

wake are reduced as the flow field velocity is also decreased.  While the wake disturbances 

decrease, the disturbances around the circumference of the jacket are larger and extend further 

toward the augmentor walls as the augmentor inlet Mach number is decreased.  

The temperature distribution plots with the jacket inserted 50% of the augmentor 

diameter at flow field velocities of Mach 0.7, 0.5, 0.3, and 0.1 may be seen in Figure 39.  In 

Figure 39 A, corresponding to Mach 0.7 flow, it may be seen that the inserted jacket affects the 

temperature upstream, in its wake, and in front of the jacket tip (as discussed in 6.1.1), but the 

effects are different for the Mach 0.5, 0.3, and 0.1 cases.  As the flow velocity decreases, the 

temperature of the flow in the jacket wake also decreases.  Figure 39 B shows that the 

temperature immediately upstream of the jacket increases to approximately 2050 K, while 

images C and D show temperature variation primarily in the wake of the jacket.  For the Mach 

0.3 case (Figure 39 C), the temperature in the immediate wake of the jacket decreases to 

approximately 1900 K and then returns to the freestream temperature shortly after.  At Mach 0.1, 

the flow field temperature decreases to approximately 1700 K in the immediate wake and begins 

to increase back toward the freestream temperature of 2000 K.  Axial views of the temperature 

variations may be seen in Figure 40.  The variation in temperature exists primarily in the jacket 

wake except for a flow velocity of Mach 0.7 in which a reduced temperature field surrounds the 

higher temperature wake. 
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Figure 39.  Lateral views of temperature distribution for probe with flat tip at insertion of 

50% at augmentor inlet Mach numbers of:  A) Mach 0.7 B) Mach 0.5 C) Mach 0.3 D) Mach 

0.1. 

A B 

C D 
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Figure 40.  Axial views of temperature distribution for probe with flat tip at insertion of 

50% at augmentor inlet Mach numbers of:  A) Mach 0.7 B) Mach 0.5 C) Mach 0.3 D) Mach 

0.1. 

From the results presented in the figures above, it may be seen that the probe with a flat 

tip inserted 50% of the augmentor diameter at flow velocities of Mach 0.5 and below will allow 

for accurate LDV probe measurements.  In an attempt to further reduce the flow field disturbance 

and potentially allow LDV measurements to be taken at the nominal GE J-85 augmentor flow 

conditions (Mach 0.7 at 2000 K), the probe tip design was modified to be hemispherical.  The 

A B 

C D 
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results obtained from the implementation of a hemispherical tip on the water-cooled probe are 

discussed in the next section.  

6.1.3   Effects of Jacket Tip Modification on Flow Field 

The implementation of a hemispherical tip on the probe in an attempt to reduce flow field 

disturbances is presented in this section.  So far, the probe inserted 50% into the augmentor flow 

at Mach 0.7 has shown that LDV data measurements cannot be taken and provide an accurate 

representation of the freestream flow velocity.  A comparison of the effects of the probe with flat 

and hemispherical tips in the augmentor operating at Mach 0.7 may be seen in Figure 41 and 

Figure 42. 

 
Figure 41.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 50%. 
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Figure 42.  Velocity distribution for Mach 0.7 augmentor flow with hemispherical tip probe 

insertion of 50%. 

The comparison of these two figures shows that the hemispherical tip does not mitigate the 

disturbance observed in the augmentor flow field velocity distributions when operating at Mach 

0.7.  Similar results, in which the addition of a hemispherical tip to the jacket does not largely 

affect the augmentor flow field, have been observed when the augmentor is operating at Mach 

0.5 and so are not presented in this section.  The images showing the comparison of the flat and 

hemispherical tips for the probe inserted 50% of the augmentor diameter operating at Mach 0.5 

may be found in Appendix D.  While the tip modification did not reduce flow disturbances at 

Mach 0.7 or Mach 0.5, the velocity distribution in the wake of the jacket is altered by the 

addition of a hemispherical tip in the Mach 0.3 and Mach 0.1 cases.  These comparisons may be 

seen in Figure 43 and Figure 44 for Mach 0.3 augmentor flow velocity and Figure 45 and Figure 

46 for Mach 0.1 augmentor flow velocity.  The velocity isolines in Figure 43 show arc-like 

structures and the isolines in Figure 44 show the isolines approaching a saddle-like structure.  

When further reducing the augmentor flow velocity to Mach 0.1, the flat tip (Figure 45) shows 
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the isolines approaching a saddle-like structure while the hemispherical tip (Figure 46) shows 

fully developed saddle structures in the isolines. 

 
Figure 43.  Velocity distribution for Mach 0.3 augmentor flow with flat tip probe insertion 

of 50%. 

 
Figure 44.  Velocity distribution for Mach 0.3 augmentor flow with hemispherical tip probe 

insertion of 50%. 
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Figure 45.  Velocity distribution for Mach 0.1 augmentor flow with flat tip probe insertion 

of 50%. 

 
Figure 46.  Velocity distribution for Mach 0.1 augmentor flow with hemispherical tip probe 

insertion of 50%. 

From these cut plots and comparisons showing the velocity distributions of the probe 

inserted 50% with flat and hemispherical tips, it can be seen that the addition of a hemispherical 

tip to the water-cooled jacket adds few benefits in its current use.  However, the rounded tip 
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could later be modified to increase the flow efficiency of the cooling fluid within the jacket, and 

so it will remain a topic of discussion in future sections.  It has been determined that the insertion 

of the probe 50% of the augmentor diameter into the flow will not alter the flow field so as to 

compromise LDV data collection measurements in flow velocities of Mach 0.5 and below either 

with a flat or hemispherical tip.  The full set of flow field velocity and temperature distribution 

plots for the different configurations listed in Table 1 in Section 5.3.3 may be seen in Appendix 

D.  The effects of the flow field on the probe and the cooling water are discussed in the following 

sections. 

6.2 Probe Tip Temperature Distributions 

The figures presented in Section 6.1 provide an understanding of how the probe affects 

the flow field, but not how the flow field affects the temperature of the probe or the temperature 

of the cooling fluid traveling through the probe.  This section shows results obtained from the 

simulations focused on the tip of each probe configuration listed in Table 1.  A comparison of the 

temperature distribution in the tip of the probe configurations of 50%, 75%, and 88.9% with flat 

tips at Mach 0.7 may be seen in Figure 47, Figure 48, and Figure 49, respectively. 

 
Figure 47.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 50%. 
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Figure 48.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 75%. 

 
Figure 49.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 88.9%. 

The temperature scales in each of the figures is broad enough to provide an accurate 

representation of the temperature throughout the stainless steel walls of the jacket, but is beyond 

the range needed to show the temperature of the fluid traveling throughout the jacket.  The 

results discussing the temperature of the cooling fluid will be presented in Section 6.3.  It can be 

seen in the figures above that the area of the jacket that reaches the highest temperature is the tip 

facing the incoming flow (top, where there is no contact with the cooling flow), while the outer 

jacket wall as a whole experiences the greatest temperature increase, as is to be expected.  These 

figures show that the outer walls climb from approximately 400 K to approximately 1000 K for 

an insertion distance of 50%.  The maximum temperature reached is approximately 800 K for an 

insertion distance of 75% and approximately 900 K for an insertion distance of 88.9%.  The 
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probe configuration inserted 50% of the augmentor diameter experiences the greatest 

temperature because the tip ends along the center line of the augmentor flow. 

A comparison of the flat and hemispherical jacket tips implemented in this research at 

Mach 0.5 may be seen in Figure 50 and Figure 51. 

 
Figure 50.  Magnified tip temperature distribution for Mach 0.5 augmentor flow with flat 

tip probe insertion of 50%. 

 
Figure 51.  Magnified tip temperature distribution for Mach 0.5 augmentor flow with 

hemispherical tip probe insertion of 50%. 

It is quite obvious that the probe configuration with the hemispherical tip experiences an even 

greater increase in temperature.  This temperature increase is caused by the fact that the 

hemispherical tips were not added in a way that allows cooling throughout them, but instead 

were simply mounted to the existing flat tip of the jacket.  The maximum temperature reached in 

the configuration using a hemispherical tip inserted into a Mach 0.5 flow is approximately 1100 

K.  The remaining cases in which the flat tip configuration is compared to the hemispherical tip 
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configuration show similar results to those observed in Figure 50 and Figure 51 with the only 

differences being the maximum temperature reached by the outer-most edge of the jacket tips 

may be seen in Appendix E. 

As previously discussed in Section 5.3.3, a “worst case scenario” was simulated in which 

the pressure washer failed, eliminating the cooling flow through the jacket.  Figure 52 shows the 

numerical results obtained for the probe inserted 50% at Mach 0.7 with a flat tip with no cooling 

water flowing through the jacket. 

 
Figure 52.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 50%—No water. 

It can be seen from the figure above that the maximum temperature reached in this case is 

approximately 1800 K, which is above the melting temperature of the stainless steel walls of 

1683.15 K.  The results for the “worst case scenario” simulations for insertion distances of 75% 

and 88.9% are similar to those observed in Figure 52 and may be found in Appendix E. 

From the cut plots presented and discussed in this section, it has been determined that the 

probe will not reach solid wall temperatures beyond the melting point of the stainless steel alloy 

used in this research as long as the cooling fluid continues to flow throughout the jacket.  The 

full set of magnified tip temperature plots for the different configurations listed in Table 1 may 

be seen in Appendix E.  The next section discusses the temperature and fluid temperature 

distributions observed at different planar locations along the length of the jacket. 
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6.3 Cut Plane Temperature Distributions 

In order to show a more accurate representation of the temperatures of both solids and 

fluids throughout the jacket, contour plots on eight different locations were created at various 

points along the axial length of the jacket.  Each of the eight planes and their locations are shown 

in Figure 53 and are the same regardless of tip configuration.  In this case, the configuration 

shown in the figure below is the probe inserted 50% at Mach 0.7 with the flat tip to show that the 

water-cooled jacket is capable of operation within these flow conditions. 

 

Figure 53.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.7 with flat tip at Plane 1 (bottom). 

Plane 1, which is located on the outer face of the flat jacket tip, shows the temperature 

distribution of the solid walls and may be seen in Figure 53.  Plane 2 is located 1 mm away from 

the inner face of the jacket tip (same for flat and hemispherical tip configurations), which is 

equivalent to 5.76 mm inside the jacket from Plane 1.  Planes 3, 4, 5, and 6 are placed in 60 mm 

increments from Plane 2 traveling toward the reservoir tank.  Plane 7 is located a distance of 100 

mm inside the jacket from Plane 6 and Plane 8 is located 140 mm from Plane 7.  Figure 54 
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shows the temperature distributions of solid and fluid temperatures on the left and the fluid 

temperature separately on the right at Planes 2, 3, and 4 within the jacket when inserted into the 

augmentor flow field.  The temperature scales in these figures differ from plane to plane for the 

solid and fluid temperature together (left) in order to provide a range of temperatures that best 

represents each particular plane.  The minimum temperature for each scale is 293 K.  The 

maximum scale temperatures for each plane showing both solid and fluid temperatures with the 

probe inserted 50% at Mach 0.7 with the flat tip are as follows:  Plane 1—1100 K; Plane 2—700 

K; Planes 3-5—500 K; Planes 6-8—350 K.  The maximum temperature on the scale for each of 

the planes showing only the isolated fluid temperature is 373 K, which is the boiling point of 

water at standard atmospheric conditions.  Figure 55 shows the temperatures at Planes 5, 6, and 7 

while Figure 56 shows the temperatures at Plane 8.  In each of these figures, the incoming water 

is shown on the top portion and the exiting water is on the bottom. 
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Figure 54.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with flat tip at Planes 2, 3, and 4. 
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Figure 55.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with flat tip at Planes 5, 6, and 7. 
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Figure 56.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with flat tip at Plane 8. 

From these figures, it is easy to see which planes along the probe axis are located within 

the augmentor and which planes are located outside the augmentor.  These figures also show that 

the solid walls of the probe experience a wide variation in temperature along the jacket length 

while the water temperature increases in temperature as it travels through the jacket reaching a 

maximum temperature of approximately 340 K.  As the water exits the augmentor section, it 

begins to cool and reaches a temperature of approximately 310 K once it enters the reservoir tank 

at Plane 8.  The results obtained at each of the eight planar locations are similar for each 

configuration and only differ by the maximum temperatures reached in solid and fluid regions 

and which planes are located inside the augmentor section.  The full set of temperature contour 

plots at each of the planes for all of the configurations simulated and analyzed with water 

flowing through the jacket may be seen in Appendix F. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

The design, development, and computations of a water-cooled jacket for use in 

conjunction with an existing sub-miniature LDV probe in rocket and gas-turbine engine 

environments have been reported.  The design and development of the jacket were completed 

using the 3D parametric modeling software package SolidWorks.  The computational fluid 

dynamics add-in component of SolidWorks, called FloWorks, was used to carry out the 

computational analysis of the interaction of the water-cooled jacket and the extreme flow 

conditions found in the augmentor section of a GE J-85 jet engine. 

7.1 Model Configurations 

The water-cooling jacket has been analyzed at three different insertion distances relative 

to the dimensions of the augmentor after first determining the pre-defined grid mesh setting to 

optimize the accuracy of results and to minimize the time necessary for each of the 

computations.  Along with these three different insertion distances tested (50%, 75%, and 88.9% 

of the 18 inch augmentor diameter) using the flat probe tip, variations of the probe tip (flat and 

hemispherical) were analyzed and the augmentor inlet Mach number was reduced in an attempt 

to mitigate flow field disturbance.  Several configurations were also analyzed in order to 

simulate a “worst case scenario” in which the water supply or pressure washer were to fail and 

stop the flow of the coolant throughout the jacket. 
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7.2 Conclusions 

The jacket has been shown to withstand the extreme environment experienced in a Mach 

0.7 flow at 2000 K by using the water-cooling to prevent the stainless steel walls from melting as 

well as keeping the water at sub-boiling temperatures.  However, in the event that either the 

supply of water or the pressure washer were to fail while the jacket is inserted into the 

augmentor, the jacket and any equipment inside will fail catastrophically as a result.  This was 

shown in the figures in which a “worst case scenario” was analyzed and showed that the outer 

walls of the jacket reach temperatures of approximately 1800 K.  The jacket would most 

certainly fail in these conditions as the melting temperature of the stainless steel alloy modeled is 

1683.15 K. 

The computational results obtained in this research indicate that the jacket design 

interferes with the augmentor flow field.  Combinations of different jacket tips and reduced 

freestream Mach number flow at an insertion distance of 50% were evaluated to determine where 

the flow field/jacket disturbances were minimized.  It was determined that the velocity of the 

flow field in the LDV laser beam focal point region (60 mm from the inner face of the jacket tip) 

approximately matches the freestream flow velocity when the freestream Mach numbers 0.5  and 

below are used.  The implementation of a hemispherical jacket tip did not appear to reduce the 

flow disturbances as much as was expected. 

7.3 Future Work 

The research presented here, along with the results obtained, leave several possible 

avenues available for future research and design modifications.  The dimensions of the LDV 

probe developed by Esirgemez and Ölçmen (2005) were the driving factors of the design of the 
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water-cooling jacket.  In order to reduce the size of the cooling jacket, the LDV probe must first 

be redesigned to reduce the overall diameter.  By reducing the overall size of the cooling jacket, 

the disturbances in the freestream flow field may also be reduced as a direct result.  Along with 

reducing the overall diameter of the water-cooling jacket, an alternate cross-sectional shape may 

be applied.  The modified shape of the jacket may be made to resemble an airfoil to aid in the 

reduction of flow field disturbances.  The purpose of the hemispherical tip was to help reduce 

flow interference, but it was observed that this tip experienced temperatures greater than the rest 

of the outer walls of the jacket due to the lack of cooling in this region.  The implementation of 

the hemispherical tip may be further modified to allow cooling liquid to reach the region and 

improve cooling fluid flow efficiency.  These design modifications could potentially increase the 

cooling ability of the jacket and the reliability of the system by reducing the flow interference. 

Before the potential design modifications of both the LDV probe and the water-cooling 

jacket are explored, the current jacket must be first tested experimentally in a hot flow.  The data 

and results obtained from these real-world experiments would allow for the verification of the 

numerical analysis and simulations presented in this research.  After experimentally verifying the 

results, future CFD computations may be reliably used to make new designs and improve 

existing designs. 
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APPENDIX A 

LDV Probe 3-View Drawings 
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Figure 57.  3-View drawing of LDV probe casing 
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APPENDIX B 

Water-Cooled Probe 3-View Drawings 
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Figure 58.  3-View drawing of water-cooled probe with flat tip. 
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Figure 59.  3-View drawing of water-cooled probe with hemispherical tip. 
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APPENDIX C 

Pressure Washer Specifications 
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Table 3.  Husky-HU80911A Pressure Washer Specifications 

Feature Value Units 

Engine Kohler Cougar XT-7 -- 

Fuel Tank Capacity 0.375 Gallons 

Maximum Pressure 2600 psi 

Maximum Flow Rate 2.4 GPM 

Maximum Inlet Water Temperature 104 °F 

The maximum pressure and flow rate were determined using the Pressure Washer 

Manufacturers’ Association (PWMA) Standard 101 when tested with a 0° spray pattern nozzle.  

The PWMA Standard 101 is “intended to provide a uniform method for testing and rating the 

primary performance characteristics of pressure washers:  pressure and water flow.” 
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APPENDIX D 

Flow Field Velocity and Temperature Distributions 
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Flow Field Velocity Distributions 
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Figure 60.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 50%. 

 
Figure 61.  Velocity distribution for Mach 0.7 augmentor flow with hemispherical tip probe 

insertion of 50%. 
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Figure 62.  Velocity distribution for Mach 0.5 augmentor flow with flat tip probe insertion 

of 50%. 

 
Figure 63.  Velocity distribution for Mach 0.5 augmentor flow with hemispherical tip probe 

insertion of 50%. 
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Figure 64.  Velocity distribution for Mach 0.3 augmentor flow with flat tip probe insertion 

of 50%. 

 
Figure 65.  Velocity distribution for Mach 0.3 augmentor flow with hemispherical tip probe 

insertion of 50%. 
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Figure 66.  Velocity distribution for Mach 0.1 augmentor flow with flat tip probe insertion 

of 50%. 

 
Figure 67.  Velocity distribution for Mach 0.1 augmentor flow with hemispherical tip probe 

insertion of 50%. 
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Figure 68.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 75%. 

 
Figure 69.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 88.9%. 
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Figure 70.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 50%—No water. 

 
Figure 71.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 75%—No water. 



96 
 

 
Figure 72.  Velocity distribution for Mach 0.7 augmentor flow with flat tip probe insertion 

of 88.9%—No water. 
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Flow Field Temperature Distributions 
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Figure 73.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 50%. 

 
Figure 74.  Temperature distribution for Mach 0.7 augmentor flow with hemispherical tip 

probe insertion of 50%. 
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Figure 75.  Temperature distribution for Mach 0.5 augmentor flow with flat tip probe 

insertion of 50%. 

 
Figure 76.  Temperature distribution for Mach 0.5 augmentor flow with hemispherical tip 

probe insertion of 50%. 
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Figure 77.  Temperature distribution for Mach 0.3 augmentor flow with flat tip probe 

insertion of 50%. 

 
Figure 78.  Temperature distribution for Mach 0.3 augmentor flow with hemispherical tip 

probe insertion of 50%. 
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Figure 79.  Temperature distribution for Mach 0.1 augmentor flow with flat tip probe 

insertion of 50%. 

 
Figure 80.  Temperature distribution for Mach 0.1 augmentor flow with hemispherical tip 

probe insertion of 50%. 
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Figure 81.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 75%. 

 
Figure 82.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 88.9%. 
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Figure 83.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 50%—No water. 

 
Figure 84.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 75%—No water. 



104 
 

 
Figure 85.  Temperature distribution for Mach 0.7 augmentor flow with flat tip probe 

insertion of 88.9%—No water. 
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APPENDIX E 

Magnified Probe Tip Temperature Distribution 
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Figure 86.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 50%. 

 
Figure 87.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with 

hemispherical tip probe insertion of 50%.



107 
 

 
Figure 88.  Magnified tip temperature distribution for Mach 0.5 augmentor flow with flat 

tip probe insertion of 50%. 

 
Figure 89.  Magnified tip temperature distribution for Mach 0.5 augmentor flow with 

hemispherical tip probe insertion of 50%.
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Figure 90.  Magnified tip temperature distribution for Mach 0.3 augmentor flow with flat 

tip probe insertion of 50%. 

 
Figure 91.  Magnified tip temperature distribution for Mach 0.3 augmentor flow with 

hemispherical tip probe insertion of 50%.
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Figure 92.  Magnified tip temperature distribution for Mach 0.1 augmentor flow with flat 

tip probe insertion of 50%. 

 
Figure 93.  Magnified tip temperature distribution for Mach 0.1 augmentor flow with 

hemispherical tip probe insertion of 50%.
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Figure 94.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 75%. 

 
Figure 95.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 88.9%.
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Figure 96.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 50%—No water. 

 
Figure 97.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 75%—No water. 

 
Figure 98.  Magnified tip temperature distribution for Mach 0.7 augmentor flow with flat 

tip probe insertion of 88.9%—No water. 
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APPENDIX F 

Temperature and Fluid Temperature Distributions of Probe Cut-Planes 
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Figure 99.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.7 with flat tip at Plane 1 (bottom). 
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Figure 100.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with flat tip at Planes 2, 3, and 4. 
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Figure 101.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with flat tip at Planes 5, 6, and 7. 
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Figure 102.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with flat tip at Plane 8. 

 

 
Figure 103.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.7 with hemispherical tip at Plane 1 (bottom). 
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Figure 104.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with hemispherical tip at Planes 2, 3, and 4. 
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Figure 105.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with hemispherical tip at Planes 5, 6, and 7. 
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Figure 106.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.7 with hemispherical tip at Plane 8. 

 

 
Figure 107.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.5 with flat tip at Plane 1 (bottom). 
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Figure 108.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.5 with flat tip at Planes 2, 3, and 4. 
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Figure 109.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.5 with flat tip at Planes 5, 6, and 7. 
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Figure 110.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.5 with flat tip at Plane 8. 

 

 
Figure 111.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.5 with hemispherical tip at Plane 1 (bottom). 
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Figure 112.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.5 with hemispherical tip at Planes 2, 3, and 4. 
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Figure 113.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.5 with hemispherical tip at Planes 5, 6, and 7. 
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Figure 114.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.5 with hemispherical tip at Plane 8. 

 

 
Figure 115.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.3 with flat tip at Plane 1 (bottom). 
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Figure 116.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.3 with flat tip at Planes 2, 3, and 4. 



127 
 

 
Figure 117.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.3 with flat tip at Planes 5, 6, and 7. 
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Figure 118.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.3 with flat tip at Plane 8. 

 

 
Figure 119.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.3 with hemispherical tip at Plane 1 (bottom). 
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Figure 120.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.3 with hemispherical tip at Planes 2, 3, and 4. 
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Figure 121.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.3 with hemispherical tip at Planes 5, 6, and 7. 
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Figure 122.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.3 with hemispherical tip at Plane 8. 

 

 
Figure 123.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.1 with flat tip at Plane 1 (bottom). 
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Figure 124.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.1 with flat tip at Planes 2, 3, and 4. 
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Figure 125.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.1 with flat tip at Planes 5, 6, and 7. 
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Figure 126.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.1 with flat tip at Plane 8. 

 

 
Figure 127.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 50% at Mach 0.1 with hemispherical tip at Plane 1 (bottom). 
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Figure 128.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.1 with hemispherical tip at Planes 2, 3, and 4. 
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Figure 129.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.1 with hemispherical tip at Planes 5, 6, and 7. 
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Figure 130.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 50% at Mach 0.1 with hemispherical tip at Plane 8. 

 

 
Figure 131.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 75% at Mach 0.7 with flat tip at Plane 1 (bottom). 
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Figure 132.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 75% at Mach 0.7 with flat tip at Planes 2, 3, and 4. 
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Figure 133.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 75% at Mach 0.7 with flat tip at Planes 5, 6, and 7. 
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Figure 134.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 75% at Mach 0.7 with flat tip at Plane 8. 

 

 
Figure 135.  Plane locations along jacket length (top).  Temperature distribution for probe 

insertion of 88.9% at Mach 0.7 with flat tip at Plane 1 (bottom). 



141 
 

 
Figure 136.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 88.9% at Mach 0.7 with flat tip at Planes 2, 3, and 4. 
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Figure 137.  Temperature distribution for probe insertion of 88.9% at Mach 0.7 with flat 

tip at Planes 3 with alternate temperature scale range. 
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Figure 138.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 88.9% at Mach 0.7 with flat tip at Planes 5, 6, and 7. 
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Figure 139.  Temperature (left) and Fluid Temperature (right) distributions for probe 

insertion of 88.9% at Mach 0.7 with flat tip at Plane 8. 


