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ABSTRACT
The recent development of fifth generation fighter aircraft has been designed to takeoff in
short distances, accelerate to supersonic flight, and land vertically. For short takeoff and
vertical landing operations, STOVL, aircraft use thrust vectoring to direct high-speed, high
temperature jet exhaust from the primary nozzle towards the ground. This redirection of
flow provides approximately half of the thrust required for lift. The remaining thrust is
generated by a lift fan which produces a sonic jet plume. The complex nature of the flowfield generated by these aircraft severely impacts the surrounding operational environment.
The need to understand the high temperature, high velocity flow-field associated with these
aircraft in close proximity to the ground is extremely important. These flow conditions give
rise to hazardous conditions for personnel and equipment in the nearby proximity of the
landing aircraft.
To understand the effects of high temperature impinging flows and the subsequent heat
transfer into the impingement plane, the existing High Speed Aeroacoustics Laboratory
was redesigned to achieve high temperatures flows while in impinging configurations.
High temperature flows are achieved through the use of two electric heaters in a parallel
configuration. The parallel heater configuration allows the jet exhaust on an impinging jet
model to reach a total temperature ratio of 2.0 with a jet Mach number of 1.34. More
importantly, the use of electric heaters and PID controllers produces stable flow conditions
within ± 4 K of the desired jet temperature.
Once facility development was completed, a series of experiments were conducted to
determine the flow-field characteristics of a heated, supersonic rear jet impinging on a
ground plane. A dual impinging jet model (using a cold, sonic front jet) was also studied.
This model is representative of a generic military-style STOVL aircraft in a hover
configuration. The operational conditions were limited to jet stand-off distances between
4 and 15 nozzle diameters, and jet Mach numbers between 1.16 and 1.56. The total
temperature of the jet was also varied between 1.2 and 2.0.
iii

Schlieren flow visualization was used to qualify the average flow-field behavior exhibited
in both single and dual jet configurations. Single jet configurations showed a strong
relationship between jet stand-off distances and thickness of the thermal outwash. For dual
jet configurations, the interaction between the two jets, and the subsequent mixing, can be
seen. The location of this mixing region is strongly dependent on the Mach number of the
rear jet.
Steady-state and transient surface temperature measurements were also a focus in this
study. Steady-state measurements were compared to adiabatic wall temperatures calculated
from CFD. For the limited CFD cases, experimental results compared well with the
calculations, with less than 10% difference at all locations. For single impinging jets, the
normalized temperature distribution in the impingement region is heavily dependent upon
the jet separation distance. For large separation distances, increases in the total temperature
ratio can reduce the peak normalized temperature at the stagnation point by as much as
10%. For dual impinging jet operations, the region between the two jets experience an
increase in normalized temperature when compared to the single jet operations. A slight
increase in the stagnation temperature is also seen.
Transient thermal distributions obtained for a rear jet Mach number of 1.16 at a total
temperature of 1.5 and a jet separation distance of 6 nozzle diameters are compared to a
transient conduction computation model. The experimental model compared poorly to the
experimental model for all time increments. However the differences can be attributed to
boundary condition assumptions, and accuracy can be improved with model refinement.
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1 INTRODUCTION
1.1 MOTIVATION
The F-35 is a fifth generation, tactical multirole aircraft designed to replace an array of
aircraft, such as the F-16, F/A-18 (A-D), and the AV-8B [1]. The aircraft has been in
development for the last twenty years and is scheduled to be delivered to the U.S. armed
forces in the near future. Composed of three different variants, the F-35B is being
developed to replace its short takeoff and vertical landing, STOVL, predecessor; the AV-8B
Harrier. Similar to the AV-8B, the F-35B uses a series of vertical jets oriented to provide
powered lift during STOVL operations (often referred to as Thrust Vectoring). During a
vertical landing, the rear nozzle swivels downward to approximately 90° from the aircraft’s
longitudinal axis and provides approximately half of the required thrust via a hot,
supersonic jet plume. The remaining thrust required for a vertical landing operation is
provided by an ambient air temperature lift fan. A photograph of the F-35B during a vertical
landing on a carrier deck is shown in Figure 1.1, obtained from [2].

Lu and Terrier [3] report the approximate core nozzle operating conditions of the F-35B at
various mission points. They state that the nozzle pressure ratio, NPR, defined as the ratio
of nozzle total pressure to ambient pressure, is approximately 2 for hover. The exhaust
temperature is also reported to be over 700K in both cruise and hover. In order to achieve
propulsive efficiency at mission points other than cruise, the nozzle exit diameter is able to
expand or contract via a mechanical link with the nozzle throat. Lu and Terrier [3] go on
to report the core nozzle exit area to throat area ratio, A/A*, during hover to be
approximately 1.3. This results in the nozzle operating at an over-expanded condition
during hover, further complicating the flow with standing shock cells inside the exhaust
plume.
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As the aircraft approaches touchdown during a vertical landing, the jets impact the ground
plane surface. In the region near impact, the vertically downward flowing jet is forced to
turn rapidly in the direction parallel with the ground. The high velocity, high temperature
exhaust of the core nozzle is spread out radially from the point of impact on the ground.
The characteristics of this outwash are important for determining the personnel hazard
zones around the aircraft during shipboard operations. For example, restrictions are placed
on the proximity of equipment and personnel to the operating aircraft [4]. Other
complications inherent to STOVL operations include lift loss, or “suck-down” [5], [6], and
high heat transfer rates from the jet impingement [7], [8].

Figure 1.1: Photograph of the F-35B aircraft during a vertical carrier landing. The thrust
during the hover is provided by a combination of the rear, "hot" supersonic jet and the front,
"cold" sonic lift fan. Image obtained from [2].
Current modeling capabilities lack both the accuracy and efficiency to predict the complex
flow-field associated with an aircraft like the F-35B performing a vertical landing.
Furthermore, the computational complexity increases when the conjugate heat transfer
associated with the high temperature jet exhaust is considered. Full-scale data used to
validate the computational models is costly and difficult to obtain. Recent efforts led by a
U.S. Navy team involved the development of techniques used to measure the full-scale
outwash velocity and temperature profiles of the F-35B during a vertical landing at sea.
However, McCarthy [9] reported on the difficulty of engineering the proper
instrumentation and hardware support for performing such tests in the full-scale
2

environment. With such difficulties obtaining accurate full-scale data, much of the
development of operational procedures for these STOVL aircraft relies, to some extent, on
sub-scale model testing.
Model scale jet measurements have been conducted over the last 15 years in the High Speed
Jet Aeroacoustics Laboratory at Penn State University, for both near-field and far-field
acoustic investigations relevant to tactical aircraft exhaust flows [10], [11]. Myers [12]
made significant efforts to expand facility capabilities, and develop an experimental
database of various impinging jet measurements focused on the unique flow-field. Many
years prior to that, Porter [13] reported on a series of dual impinging jet model scale
experiments conducted at Penn State. In those measurements, Porter measured the
downwash produced by two impinging jets. The subsonic jets exhausted from 12.7 mm
nozzles separated by 4 D and 8 D in different configurations. The ground plane was also
moved to positions of 4, 12, and 30 D below the nozzle exits.
The primary goal of the current research is to conduct sub-scale experiments to define the
major features of a dual impinging jet flow-field similar to those found on advanced STOVL
tactical aircraft. By expanding Penn State’s existing impinging jet facility to include heated
flow capabilities, a more accurate representation of the flow-field can be created. Not only
will this aid in achieving a better physical understanding of STOVL phenomena, the
experiments will supply reliable data for the development and validation of numerical
simulations of the time mean and unsteady features of the flow-fields. Such CFD, studies
are underway at NavAir led by Dr. Andrew Crowell [14]. The types of measurements that
will be presented in this paper include schlieren visualizations of the flow-field, and
temperature distributions at selected locations on the impingement surface, or ground plane.
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1.2 IMPINGING JET FLOW FIELD
Alvi and Iyer [15] described three major regions specific to singular impinging jet flowfield: i) the core jet plume, ii) the impingement zone, and iii) the wall jet or outwash region.
A schematic diagram of the single impinging jet flow-field is shown in Figure 1.2.

Figure 1.2: Schematic diagram of the flow-field produced by a single jet impinging
normally to a planar surface.
Kotansky et al. [16] described three more regions specific to multi-impinging jet flowfields: iv) wall jet interaction region, v) fountain flow region, and vi) fountain up-wash and
impingement. A schematic adapted from Kotansky et al. [16] can be seen in Figure 1.3.
This section outlines the primary characteristics of each region.

Figure 1.3: Schematic of potential flow-field for dual impinging jets, adapted from
Kotansky et al. [16]. 4: Wall jet interaction (stagnation line) 5: Fountain formation region
6: Fountain upwash.
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1.2.1 Free Jet Region
Donaldson et al. [17] described the mean flow properties of the jet plume as remaining
essentially unchanged upstream of any strong interaction effects, such as an impingement
plane. Therefore, this region has similar flow features to a free-jet flow. The following
section discusses some of the characteristic flow features found in supersonic free jets.
The flow characteristics of the jet exhaust from a nozzle are dependent on factors such as
the internal nozzle geometry, surface roughness, boundary layer thickness, and flow
properties such as the jet stagnation pressure, P0, and stagnation temperature, T0. Figure
1.4, obtained from Kuo [18], shows a generic diagram of flow exhausting from an
axisymmetric nozzle. As the flow exits the nozzle into the surrounding ambient air, a
growing shear layer develops between the jet core and ambient air. The potential core of
the jet can be considered inviscid and is defined as the region where the jet velocity is
greater than 99% of the exit velocity. The growth of the shear layer, with downstream
distance, results in the narrowing of the potential core due to entrainment of the surround
ambient air. The end of the potential core marks the beginning of the transition region
where the jet can be characterized as a fully mixed jet. Further downstream, the jet velocity
profiles become self-similar and the jet is considered to be fully developed. Also shown
in Figure 1.4 is the supersonic core length where the centerline velocities are greater than
the local speed of sound. Andre et al. [19] used particle image velocimetry, PIV,
measurements to characterize the length of the potential and supersonic cores in a Mach
1.1 jet. Using PIV, they demonstrated it is possible for the supersonic core to extend beyond
the potential core by as much as 1.5 nozzle diameters.
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Figure 1.4: Schematic of flow exhausting from an axis-symmetric round nozzle. Image
obtained from Kuo [18].
As mentioned earlier, the exhaust temperatures of the F-35B core nozzle during hover
exceed 700 K (or 800oF). Additional non-dimensional parameters used to describe the
operating conditions of a jet are: 1) the total temperature ratio, TTR, which is defined as
the ratio of the jet stagnation temperature, T0,J, to ambient temperature, T∞ in absolute units,
and 2) Nozzle pressure ratio, NPR, which is defined as the ratio of total jet pressure to static
pressure at the nozzle exit. The TTR for the F-35B core nozzle during hover is
approximately 2.4. Heating of the jet results in a higher jet acoustic velocity, therefore; a
heated jet will have a higher exhaust velocity than that of an unheated one for the same jet
Mach number condition. It has also been reported that heating of the jet will result in an
increase in the shear layer growth rate thereby (somewhat) reducing the length of the
potential core [20], [21].
1.2.2

Impingement Region

The impingement region is where the jet interacts with the ground plane surface to produce
a change in flow direction to be parallel to the surface. Messersmith and Murthy [22] have
shown that the ground surface pressure and temperature profiles below the jet depend
heavily on the location of the surface within the free-jet core. Love et al. [23], Alvi et al.
[7], and Henderson et al. [24] have all shown the existence of a recirculating-flow
stagnation bubble in the impingement region below a supersonic jet. The interaction of the
jet with the stagnation bubble becomes more complex when a shock-expansion wave
6

structure is present in the jet plume. If the ground plane is located within the supersonic
core of the jet, a triple shock structure will result from the interaction of the stand-off
normal shock and jet shocks within the plume. Hromisin et al. [25] used a Laser Doppler
Velocimeter, LDV to characterize the velocity fields in the impingement region of a
normally impinging jet. Time mean and unsteady measurements were also taken in the
impingement region, allowing the turbulence of the impinging jet to be quantified.
1.2.3 Outwash Region
For a single impinging jet, an annular wall jet forms as a result of the jet impinging on the
ground. Figure 1.5 shows a generic wall jet profile, where Vm is the peak velocity in the
profile, and Y0.5 is the position in the profile, above the ground, where the velocity is half
the maximum. Miller and Wilson [23] used a series of pitot rakes to measure the time mean
velocity distribution that exist within the wall jet of a single impinging jet. These
measurements demonstrated that the impinging jet produced an axially symmetric wall jet.

Figure 1.5: Generic wall jet boundary velocity profile.
The U.S. Navy is particularly interested in understanding the velocity and thermal
characteristics within this outwash region. The confined spaces common to carrier flight
decks forces personnel and equipment to be in close proximity to high-speed, high
temperature flows present in STOVL operations. Personnel and equipment hazard zones
are defined by wind speeds and temperatures that limit the position of said objects to a
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certain distance from a landing aircraft and must remain clear. This will effectively reduce
the usable size of the flight deck.
Field tests were performed by the U.S. Navy [26] to measure the force exerted on the human
body when standing beneath a hovering CH-47 rotorcraft. They found a local area of
increased velocity and force along the ground near the region where the tandem rotors
overlap. A peak force exerted on a simulated human body provided a limiting threshold for
personnel hazard zones. For perspective, the disk loading (thrust per unit area) of the
tandem rotor CH-47 is more than an order of magnitude lower than the soon-to-bedeployed F-35B aircraft.
Carling and Hunt [27] studied the early wall jet using surface pressure and flow
visualization measurements. This showed that the stagnation bubble has negligible effects
on the early wall jet flow. Recently, Myers et al. [28] reported measurements in the jet
plume and outwash flow of a supersonic jet impinging on a simulated ground plane. High
speed flows, with a time mean value near Mach 0.2, are observed in the outwash region
out to 12 nozzle diameters.
1.2.4 Fountain Flow
There are some additional features of the impinging jet flow-field that do not necessarily
apply to a standard break-down into three regions. In tandem impinging jet configurations,
an interaction of the wall jets creates a region known as the “fountain flow” region. Kuhn
et al. [29] describe the regions between the fountain flow and exhaust jets as a vortex-like
flow that is generated between the upward flowing fountain and the downward flowing jets.
Kotansky et al. [16] have established a theoretical model to predict the location of the wall
jet interaction stagnation line, where the fountain flow is formed. They have shown very
good comparisons between a theoretical prediction and experimental results with dual
impinging jets [30] and even three impinging jets [16]. In their dual impinging jet
experiment, Kotansky et al. [16] showed that by operating each jet at a different nozzle
pressure ratio, the wall jet stagnation line was curved toward the jet plume with a lower jet
velocity. In turn, they observed a complex conical fountain flow that was inclined at an
angle away from the stronger jet. This is illustrated in Figure 1.3.
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1.3 SCOPE OF THESIS
For the past three years, model-scale, impinging jet experiments have been underway in
the High Speed Aeroacoustics Laboratory at Penn State University. Preceding these
experiments, model scale jet measurements have been conducted over the last 15 years in
this laboratory, for both near-field and far-field acoustic investigations relevant to tactical
aircraft exhaust flows [10], [11]. In 2012, Penn State was awarded two Defense University
Research Instrument Program (DURIP) grants sponsored by the Office of Naval Research
(ONR) to 1) acquire the experimental instrumentation for supersonic impinging jet flowfield and noise source measurements, and 2) to develop a laser Doppler velocimeter system
and a high-temperature jet facility. Myers [12] made significant efforts to expand facility
capabilities, and develop an experimental database of various impinging jet measurements
focused on the unique flow-field. The focus of this thesis is to describe the development of
a heated impinging jet experimental capability and the initial thermal measurements made
in a typical flow-field.
1.3.1 Research Objectives
The goal of this research was to design and fabricate a facility capable of high temperature,
high speed jet flows in a dual impinging jet configuration and perform time-resolved
temperature measurements on the impingement surface. The goal of this thesis will be
realized through the completion of the following objectives:
1. Integrate electric heater and controller components in the existing facility to
develop a viable system capable of producing high-speed, high temperature jet
flows.
2. Design an impinging jet model to accurately represent the flow-field of a dual
impinging jet with the ability to withstand high temperatures for an extended
period of time.
3. Design and implement an impingement surface instrumented to quantify the
temperature distributions generated by a high temperature, high-speed jet.
a. Quantify the steady-state thermal distributions.
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b. Quantify the transient thermal distributions resulting from a heated, highspeed jet impinging on an initially cold ground plane.
4. Compare experimental results to computational models of a specific jet
configuration with a single impinging jet.
1.3.2 Thesis Synopsis
The remainder of this thesis addresses the research goal and subsequent research objectives
as previously described above. Chapter 2 gives a detailed overview of the Penn State High
Speed Jet Aeroacoustics facility and includes the design and development high temperature
flow capabilities. In Chapter 3, the technical approach used to complete the objectives
stated is given. The chapter begins with definition of the operational parameters for the
impinging jet model. An overview of the experimental methods used to quantify the flowfield produced by a heated impinging jet. The methods include schlieren flow visualization,
steady-state and transient thermal measurements.
Chapter 4 presents the major experimental results of the thesis. Averaged schlieren results
are used to qualitatively describe the large-scale structure seen in a single and dual
impinging jet. Following this, steady-state thermal measurements in the impingement and
outwash regions are presented and compared to single and dual impinging jet
configurations. Also, experimental results from a single jet configuration are compared
directly to CFD calculations. Chapter 4 concludes with a discussion of transient ground
plane measurements. Experimental data are also compared to the calculations from an
axisymmetric transient conduction model within the ground plane. The thesis concludes
with Chapter 5. A restatement of the research objectives is made and major highlights are
reviewed. A brief discussion on future work is also presented.
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2 FACILITY DESCRIPTION
2.1 HIGH SPEED JET AEROACOUSTICS FACILITY OVERVIEW
All experiments presented in the heated impinging jet study were conducted in the
Pennsylvania State University High Speed Jet Aeroacoustics Laboratory. The facility
consists of an anechoic chamber 5.02 m x 6.04 m x 2.79 m room covered with fiberglass
wedges with an approximate cut-off frequency of 250 Hz. A top-view schematic of the
facility is shown in Figure 2.1. A high pressure air supply is plumbed into the facility.
Currently, the facility can operate in two jet configurations: 1) horizontal, free jet and, 2)
dual vertical impinging jet. For this study, the facility was operated exclusively in the
impinging jet configuration. For the vertical impinging jet configuration, the source air is
fed into the facility utilizing entry points through the ceiling. Further discussion on how
the air supply is controlled is reserved for section 2.2.

Figure 2.1: Top-view of the Pennsylvania State University High Speed Jet Aeroacoustic
Facility prior to heated capability upgrades
Prior to heater upgrades, the facility simulated acoustic properties of a hot jet by using
mixtures of helium and air at room temperatures to simulate the dominant aeroacoustic
characteristics of actual heated jets, and was demonstrated by Kinzie and McLaughlin [31]
and Doty and McLaughlin [32]
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An exhaust fan, installed in the downstream section of a collector, captures the jet exhaust
and minimizes air recirculation and possible local helium accumulation in the anechoic
chamber. For heated experiments, the exhaust fan is also used to limit possible heat
accumulation in the anechoic chamber, allowing for relatively constant ambient
temperature conditions. An inlet fan installed in the forward flight duct with a rectangular
cross section approximately 64 cm x 64 cm draws air into the chamber. The forward flight
duct is typically used during horizontal free-jet noise measurements to simulate the effect
of airflow over the aircraft engine exhaust flow. During impinging jet measurements, the
forward flight duct can be used to simulate the effect of head-wind configurations. The
effects of head-winds were not considered in this current study. During testing, the exhaust
system was operated at approximately 5% maximum power to provide steady ambient
temperature conditions.

2.2 HIGH PRESSURE AIR SUPPLY
The high pressure air supply for the facility is supplied by a Kaeser CS-121 compressor
and conditioned with a Kaeser KAD-370 air dryer. The conditioned air is the sent to two
28.3 m3 storage tanks to 1.31 MPa at room temperature conditions. From the storage tanks,
the air passes through a Leslie control valve to regulate the supply pressure down to the
desired value. Downstream of the control valve, the air flow is separated into two
individually controllable supply lines for the dual impinging jet model. The supply line for
the rear is controlled using a series of pressure regulators and control valves located within
a piping cabinet shown schematically in Figure 2.2. The supply line for the front jet is
controlled using a single 0.31 MPa pressure regulator and ball valve.
The current capability of the facility can produce an unheated jet with a 1.5 Mach number,
Mj, through a 2.54 cm nozzle operating continuously for 50 minutes under stable flow
conditions. The maximum achievable Mach number for a 2.54 cm exit diameter nozzle is
Mj,max = 1.7. The utilization of smaller diameter nozzles and lower Mach numbers allows
the facility to be operated at steady conditions for an indefinite time period.
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Figure 2.2: Schematic of the High Pressure Piping and Controls in the High Speed Jet
Aeroacoustics Laboratory. Pure air delivery is depicted with the blue lines while red lines
depict helium gas delivery.

2.3 HIGH TEMPERATURE FLOW SYSTEM DESIGN
In order to accurately represent the heat transfer characteristics associated with a high
temperature impinging jet configuration, the impinging jet facility configuration was
redesigned to incorporate two 18 kW SureHeat® Max Sylvania in-line process air heaters.
The heaters are designed to heat air and other inert gases to a maximum temperature of
760°C. The source voltage for the heaters is 240 V. Heater performance, or outlet
temperature, depends heavily on the mass flow through the heater. As the mass flow
increases, the power required to maintain the flow at a given temperature increases.
Therefore, the heaters were initially sized by determining the mass flow required for the
desired maximum jet conditions.
For a CD nozzle geometry, a choked flow condition is established at the nozzle throat. The
mass flow within the nozzle can be derived using the conservation of mass, the speed of
sound, ideal gas law, and isentropic flow relationships:

13

𝑚̇ =

𝐴∗ 𝑃0,𝑅𝐽
√𝑇0,𝑅𝐽

(𝛾+1)
⁄2(𝛾−1)

𝛾 𝛾+1
√ (
)
𝑅
2

2.1

The only unknowns in equation 2.1 pertain the operating conditions of the jet, P0,RJ and
T0,RJ. The nozzle throat area, A*, is obtained from a geometric survey of the nozzle’s
internal contour shown in Section 2.4. The jet stagnation pressure is determined by defining
a maximum jet exit Mach number of MRJ = 1.34, using isentropic flow relations, and the
definition of nozzle pressure ratio:
𝑁𝑃𝑅 =

𝑃0,𝑅𝐽
⁄𝑃
∞

2.2

A similar approach was applied to the jet stagnation temperature. The maximum required
TTRRJ of the jet is 3.0 and the ambient temperature is assumed to be, on average, 293 K.
During experiments, this value is recorded electronically. The definition of total
temperature ratio is:
𝑇𝑇𝑅 =

𝑇0,𝑅𝐽
⁄𝑇
0,∞

2.3

Equations for 2.2 and 2.3 are combined with equation 2.1 to determine the mass flow
through the entire system. For the desired jet operating conditions, the maximum mass flow
through the system is approximately 0.040 kg/s. The power required to heat the calculated
mass flow is determined using the fluid’s thermal properties, the mass flow, and the desired
flow temperature:
𝑃𝑟𝑒𝑞 = 𝜒𝑐𝑝 𝑚̇∆𝑇

2.4

accounting for the loss factor, χ, and the temperature increase is the difference between the
heater exit and inlet temperatures:
∆𝑇 = 𝑇𝑒𝑥𝑖𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡 = 𝑇0,𝑅𝐽 − 𝑇0,∞

2.5

where the inlet temperature is assumed to be equal to the ambient temperature. The
assumed loss factor, χ, is 20%. Inserting the previously calculated mass flow and
temperature difference, the power required to heat the flow is 32.1 kW.
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2.3.1 Electric Design of Heating System
Electric heaters are used to supply the high pressure flow with the required 32.1 kW of
power. This method provides several advantages over typical combustion heating methods.
These advantages include the following: 1) simple system integration, 2) quick thermal
response, 3) accurate temperature control, 4) relatively safe operations, and 5) lack of
combustion by-products. The SureHeat® Max Sylvania in-line process air heaters come in
several power ratings from 6.0 to 36 kW.
In order to achieve the maximum jet conditions, the facility was designed to apply a
maximum of 36 kW to the high pressure air supply. A single 36 kW heater could not be
used due to a required source voltage of 480 V. Since a single heater system could not be
used to achieve the desired jet parameters, the system used multiple lower power heaters
with a total combined power of 36 kW. A two heater configuration reduced the total cost
and simplified the overall heating system. Two 18 kW SureHeat® Max heaters provided
sufficient power to heat the high pressure air supply to the facility. The heaters can be
configured in series or parallel. Figure 2.3 shows a schematic of the series and parallel
heater configurations.

Figure 2.3: A top-view schematic of a series (top) and parallel (bottom) heater
configuration.
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A series configuration is limited by the manufacturer specified inlet temperature. The inlet
temperature cannot exceed 366 K. In a serial configuration, the upstream heater (heater 1)
heats the ambient temperature flow to 366 K. The downstream heater heats the flow to the
final jet condition. By heating the flow prior to downstream heater, reduces the power
required of the second heater to reach the desired temperature. Heater performance is
dependent on the mass flow through the entire system. Using the mass flow calculated from
Equation 2.1, Figure 2.4 shows the maximum temperature of the system is limited below
600 K due to the mass flow of the system when the 18 kW heaters are used. In a parallel
configuration, the mass flow that is required at the nozzle is divided between the two
heaters. This effectively reduces the mass flow through each heater by a factor of 2. Using
this assumption, Figure 2.4 shows that a parallel configuration would be able to achieve a
maximum total temperature ratio, TTRRJ, of 3.0 or greater.

Figure 2.4: Maximum performance curve for the SureHeat® MAX series of heaters. The
red circle represents a series configuration and the yellow circle represents a parallel
configuration.
16

Since the parallel configuration achieves the desired operational temperatures, the system
was configured to power two heaters in parallel using a 240 V, 3φ, 100 amp circuit. A basic
electrical block diagram is shown in Figure 2.5. A detailed electric schematic can be seen
in APPENDIX A. Each heater is controlled by a WatLow® EZ-ZONE® PM-Express PID
Controller. The PID controller controls a solid state power controller, which regulates the
power sent to each heater. Both PID controllers are controlled by a single thermocouple
located in the rear plenum. The thermocouple signal also controls the output to an alarm
LED relay, which alerts operators when the temperature within the plenum exceeds a value
10% above the desire set point. The outlet thermocouple of each heater, S2, is monitored
by each PID controller via a built-in limit controller function. This function sends a signal
to a mechanical relay, which cuts power to the heaters if the outlet temperature of a heater
exceeds 970 K.
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Figure 2.5: Electrical schematic of a parallel heater configuration. Note, both heaters are
controlled via a single thermocouple located in the plenum of the rear jet.
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2.3.2 Piping Design of Heating System
The high pressure air supply described in Section 2.2 is routed from the piping cabinet to
the ceiling of the anechoic chamber via a high pressure, 1.25 NPT flexible rubber hose.
The rubber hose is connected to a through-flow 70 PSIG pop-valve and is used to prevent
over-pressurization of the heaters. Downstream of the pop-valve, the flow is split to the
inlet of each heater. A schematic of the heater is shown in Figure 2.6.

Figure 2.6: Schematic diagram of the 18 kW heaters installed on the ceiling of the anechoic
chamber. Dimensions are shown in inches [mm].
The piping in the upstream region is composed 1.25 NPT black steel piping. Downstream
of the heaters, the piping is composed of 1.5 NPT 306 stainless steel. A pipe union, installed
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before each heater inlet, and a stainless steel flange, installed after each heater outlet, allows
each heater to be easily removed from the pneumatic lines. The flow is combined
downstream of the flanges and expanded to a nominal pipe size of 2.0 NPT. A stainless
steel bellow is added to accommodate for thermal expansion within the system. The pipe
is reduced to nominal 1.0 NPT via a reduction flange and routed into the anechoic chamber
through a vertically oriented stainless steel pipe. The piping is insulated with 38.1 mm thick
rigid mineral wool insulation. In pipe joint regions, the rigid mineral wool is also covered
with 25.4 mm thick flexible, high-temperature fiberglass insulation, on the outside of the
rigid mineral wool. The model is then connected to the heated air supply using a braided,
stainless steel hose and a 1.0-1.5 NPT pipe bushing. A CAD rendering and photograph of
the pneumatic system is shown in Figure 2.7

(a) CAD rendering of parallel electric heater (b) Photograph of the installed
arrangement in the hot jet air delivery line.
18kW heaters. High-Temperature
mineral wool was installed to
prevent substantial thermal loss
downstream of heater outlets
Figure 2.7: CAD rendering and photograph of the electric heater configuration above the
anechoic chamber for heated impinging jet capabilities.

2.4 DUAL IMPINGING JET MODEL DESIGN
The impinging jet experimental model was designed to be a representative of a generic,
tactical STOVL aircraft, such as the F-35B, in a hover configuration. The previous
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impinging jet model was re-designed to accommodate the higher operating temperatures
required for heated flow experiments. The model consists of two stainless steel nozzles
embedded in a rectangular lift plate. The twin nozzles include a convergent contoured
nozzle (front jet) and a converging-diverging, C-D, contoured nozzle (rear jet). The exit
diameter, DF, for the convergent nozzle is 13.5 mm and the nozzle exit is flush with the
lower surface of the lift plate. The exit diameter, DR, for the C-D nozzle is 12.7 mm and the
nozzle exit is located 1 DR below the lower surface of the lift plate. The interior contour of
the nozzle is shown in Figure 2.8a and has a design Mach number, Md, of 1.34. Note that
no attempt was made to model the roll-post jets present on the F-35B. While these jets have
an effect on the flow-field, they remain outside the scope of this study. A complete
schematic diagram of the model is shown in Figure 2.8b.

(a) Interior nozzle geometry

(b) Schematic diagram of lift plate geometry
Figure 2.8: Interior nozzle geometry of the rear CD nozzle and a schematic diagram of the
impinging jet model.
The stainless steel nozzles are each connected to schedule 40, 1.5 NPT pipes. The front jet
plenum is constructed of A-56 black steel, while the rear jet plenum is constructed of 304
stainless steel. The length of each vertical "plenum" pipe is 40.6 cm. Heated air is delivered
to the rear nozzle through a flexible braided stainless steel hose, which runs from heaters
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to the top of the rear vertical plenum pipe. Air is delivered to the front nozzle through a
flexible rubber hose, which runs from the main air supply, prior to the pipe cabinet, to the
top of the front vertical plenum. The jet operating conditions are measured with a total
temperature type K thermocouple probe and total pressure pitot probe installed in each
plenum pipe. Each probe is installed approximately 22 cm, 17 DR, upstream of the nozzle
exits. The total pressure pitot tubes is located in the center of the plenum while the total
temperature thermocouple probe is offset from the plenum center by approximately 6 mm.
Figure 2.9 shows a cut view drawing, through the centerline of the model, outlining the
location of the plenum measurements. Additional total temperature type K thermocouples
are located at the top of both vertical plenums, approximately 40.6 cm, 32 DR, upstream of
the nozzle exits.

Figure 2.9: CAD drawing of the impinging jet model showing the internal pitot probes for
monitoring NPR and total temperature thermocouples for monitoring TTR. All dimensions
are in millimeters.
A shroud structure was incorporated into the design to shield internal plumbing from headwind simulations. APPENDIX B shows a CAD drawing of internal structure supporting
the shroud, as well as the vertical plenums, for the dual impinging jet model. An aluminum
T6-6061 box-beam spar, 50.8 mm x 50.8 mm x 35.6 cm, provided structural support
throughout the span of the model. Ribs were fabricated from 6.35 mm, T6-6061 aluminum
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and feature a symmetric airfoil shape, NACA 16021, with a 42.3 cm chord. The shroud skin
consists of three separate panels that attach the ribs with 6-32 low-profile machine bolts.
The lift plate is T6-6061 aluminum with dimensions of 48.8 cm x 22.3 cm x 6.35 mm, and
is attached the “bottom” rib using stand-offs and countersunk bolts. Visible on the lower
surface of the lift plate, in Figure 2.10, is an array of 64 pressure taps and are connected to
Honeywell ASDX ±1 psi differential pressure transducers via Tygon® tubing. The pressure
tap array was designed to provide sufficient detail of the pressure distributions on the lower
surface of the lift plate. Surface pressure measurements are outside the scope of this study.
To prevent heat damage to the pressure transducers, the Tygon® tubing was disconnected
from the lift plate and the pressure taps were sealed using high-temperature silicon sealant.
The model was insulated with a combination of 25.4 mm thick rigid mineral wool insulation
and loose-fill mineral wool insulation.

Figure 2.10: Photograph of the lower surface of the impinging jet model showing the preexisting pressure taps.

2.5 GROUND PLANE DESIGN
The primary interest in this study is the conjugate heat transfer associated with the dual
impinging jet configuration. This preliminary study specifically focused on the temperature
distributions found on the lower surface of the impingement plane, also referred to as the
ground plane. By measuring the lower surface of the ground plane, a relatively nonintrusive
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measurement of the flow temperature is made. Small perturbations in the surface geometry,
due to the placement of thermocouple probes, could greatly alter the flow on the upper
surface, thus altering the convective heat transfer coefficient and the conduction through
the ground plane. The steady-state conduction in the ground plane can be represented by
the heat conduction equation in cylindrical coordinates:

1𝜕
𝜕𝑇
1 𝜕
𝜕𝑇
𝜕
𝜕𝑇
(𝑘𝑟 ) + 2
(𝑘 ) + (𝑘 ) = 0
𝑟 𝜕𝑟
𝜕𝑟
𝑟 𝜕𝜑 𝜕𝜑
𝜕𝑧 𝜕𝑧

2.6

By assuming that the problem is axisymmetric with respect to the z axis, the second term
of Equation 2.6 can be neglected. Therefore, the conduction within the ground plane occurs
in two primary directions: radially, r, and vertically, z, through the thickness of the ground
plane, as shown in Figure 2.11.

Figure 2.11: Schematic representation of the impinging jet ground plane depicting primary
directions of conduction.
To simplify the measurements and more accurately approximate the flow temperatures at
the upper surface, the ground plane thickness was minimized. This produces negligible
temperature gradients between the upper and lower surface of the impingement plane,
making the third term of Equation 2.6 negligible. The use of a material with high thermal
conductivity, aluminum, also reduces the temperature gradient in the thickness direction.
To simplify the boundary condition assumptions, a material with low thermal conductivity
and thickness much larger than the ground plane thickness eliminates significant heat flux,
Q, through the bottom surface. This allows for a more accurate adiabatic assumption to be
made on the heat transfer to the ground plane during thermal equilibrium experiments. By
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making the ground plane sufficiently large, it is also assumed that the edges of the plate
remain close to ambient temperature, making it unnecessary to thermally insulate the edges
of the plate. For this study, two ground planes are used. To measure the adiabatic
temperature of the impingement region and wall jet during a steady-state condition, a 0.635
mm thick aluminum is used for the ground plane. The exact design of the ground plane is
described in section 2.5.1. Transient measurements are made using an aluminum ground
plane with a thickness of 3.175 mm. By using a thicker plate, the time scales of the transient
increase, allowing for a more accurate time-resolved measurement. The exact design of
this plate is discussed in section 2.5.2.
2.5.1

Pre-Tensioned Ground Plane Design

The ground plane consisted of two components; a thin, instrumented plate and a frame
surrounding the perimeter of the instrumented plate. The instrumented portion of the plate
is constructed using a 61 cm x 43 cm x 0.635 mm, high-strength 2024-T3 aluminum plate.
Two adjacent edges of this plate remains stationary, and are attached to corresponding
edges located on the frame surrounding the perimeter. The remaining two adjacent edges
utilize a tensioning mechanism and slip-joint construction to allow displacement of the
edges. This construction allows the instrumented plate to be pre-tensioned, reducing the
effects of thermal expansion and surface deformations due to high temperatures and
pressures experienced during jet impingement. The frame surrounding the perimeter of the
instrumented plate increased the overall dimensions of the plate to 91 cm x 74 cm, and is
constructed using 3.175 mm thick 6061-T6 aluminum. The plate and frame assembly is
attached to a larger, 91 cm x 91 cm x 4.76 mm, structural plate with 31 mm aluminum
spacers. Beneath the instrumented plate, a 61 cm x 43 cm x 31.8 mm panel of rigid mineral
wool insulates the lower surface. Figure 2.12 shows the ground plane assembly installed in
the anechoic chamber.
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(a)

(b)

(c)
Figure 2.12: CAD model and photograph of the steady-state ground plane.

2.5.2

Transient Ground Plane Design

A time-resolved thermal distribution on the impingement surface required the design of a
separate ground plane. When considering the transient development of the thermal
distribution within the ground plane, Equation 2.6 can be rewritten to include a timedependent element:
1𝜕
𝜕𝑇
1 𝜕
𝜕𝑇
𝜕
𝜕𝑇
𝜕𝑇
(𝑘𝑟 ) + 2
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By assuming that the problem is axisymmetric with respect to the z axis, the second term
of Equation 2.7 can be neglected. Again, the conduction within the ground plane occurs in
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two primary directions: radially, r, and vertically, z, through the thickness of the ground
plane, as shown in Figure 2.11. Since the transient thermal development of the ground
plane is of interest, the plate is designed to increase the time-scales required for the ground
plane to reach equilibrium. This can be achieved by adjusting a few parameters, but the
simplest and most effective is the increase in plate thickness. The transient ground plane
consisted of a 61 cm x 61 cm aluminum 6061-T6 plate with a thickness of 3.175 mm. The
thicker plate is more rigid when compared to the thinner 0.635 mm and does not require
tension to prevent plate deformation. The plate is rigidly fixed to the structural support
plate discussed in Section 2.5.1 via 31 mm aluminum spacers. Beneath the instrumented
plate, a 61 cm x 61 cm x 31.8 mm panel of rigid mineral wool insulates the lower surface.
A photograph of the transient ground plane installed in the anechoic chamber is shown in
Figure 2.13.

Figure 2.13: Photograph of the transient ground plane installed in the anechoic chamber.
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3 EXPERIMENTAL METHODS, DATA ACQUISITION, AND
PROCESSING
3.1 EXPERIMENTAL PARAMETERS
All operating conditions are monitored with Test SLATE and Omega DAQ Central DAQ
software suites. The Test SLATE system specifically focused on the acquisition of low
voltage thermocouple measurements while the rear plenum pressures were monitored and
recorded using Omega DAQ Central. Redundant plenum thermocouple measurements
were also recorded using the Omega DAQ Central to allow for easier time-syncing between
the two independent DAQ systems. The front plenum pressure was monitored manually
using a multi-meter. Current atmospheric conditions (i.e. relative humidity and pressure)
are recorded prior to each set of experimental runs and input into Omega DAQ Central to
ensure accurate jet operations. The ambient temperature was recorded, in real-time, for
each experiment using a type K thermocouple located inside the anechoic chamber,
sufficiently far away the impinging jet model. This measurement was also recorded using
the Test SLATE system.
3.1.1 Impinging Jet Operational Conditions
To simplify the preliminary thermal measurements of a heated impinging jet flow, the
model was operated in a limited number of configurations. The rear jet was operated at two
different Mach numbers; an overexpanded case of MRJ = 1.16 and the nozzle’s design Mach
number of MRJ = 1.34. This corresponds to a NPRRJ of 2.93 and 3.0 respectively. The static
pressure at the nozzle exit was assumed equal to room ambient pressure which was
recorded at the start of each run and typically maintained a value of 97.1 ±0.07 kPa. The
total temperature ratio of the rear jet was operated from TTRRJ of 1.2 to 2.0. TTRRJ above
2.0 was not considered due to operation limitation of the facility. Some of the
measurements included both jets operating at the sonic condition of MFJ = 1.00. Multiple
ground planes were used during the experiments, depending on which measurements were
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being performed. In general, the distance from the ground plane to the convergent nozzle
exit was adjusted from 3 DR to 15 DR.
3.1.2

Coordinate Systems

A two dimensional Cartesian coordinate system is used for this study. The lift plate height
above the impingement plane, also referred to as plate separation, is H/DRJ. For this study,
the plate separation was limited to values between 4 DR and 15DR. The impingement plane
is instrumented with thermocouples along the two major axes of the plate. The origin of
the coordinate system is centered about the stagnation point of the rear, hot jet. The positive
y/DR axis is located coincident with the longitudinal axis of the model. This study focused
one measurements on the y/DR axis. The x/DR axis was used to align the impingement plane
in the lateral directions. A schematic representation of the coordinate system used in this
study is shown in Figure 3.1

(a)
(b)
Figure 3.1: Schematic representations of the coordinate system, where (a) depicts a sideview of the model, and (b) depicts a top-view of the ground plane.

3.2 SCHLIEREN/SHADOWGRAPH FLOW VISUALIZATION
Schlieren visualization was used to observe the flow-field development. This technique
exploits light refracted through the density gradients, which are inherent in compressible
flow-fields, allowing the flow-field to be optically visualized. The setup follows the
conventional Z-type optical system in Figure 3.2. The light from the source first passes
through a focusing lens and is focused to a point at a slit location. For these experiments,
a constant halogen lamp was used. The slit is set at the focal distance (1.6 m) from the
transmitting side mirror. Two parabolic mirrors of 20.3 cm in diameter are individually
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located at both sides of the jet axis to reflect the transmitted and received light. In doing so,
a parallel beam of illuminating light is generated normal to the jet. The mirror on the
receiving side re-focuses the light to a point at the location of the camera. As the parallel
beam of light penetrates the jet, some light is deflected due to variations of the jet density
gradients. Deflections of the parallel rays of light produces regions of positive and negative
reinforcement on the image plane of the camera. This causes some darker or brighter areas
on the visualized images recorded by the camera. For schlieren visualization, the knife edge
is oriented normal to the jet flow to emphasize gradients in the vertical direction (streamwise direction). The illumination levels on the image plane are proportional to the
magnitude of the first derivative in the direction normal to the knife edge. Extensive details
on these techniques are described in Settles [33]. It should be noted that due to the size of
the parabolic mirrors, it is not possible to capture the entire impinging jet flow-field. As
such, a focus was placed on visualizing the rear, supersonic, heated jet. Further details on
schlieren image processing practices used in this facility are discussed in [34].

Figure 3.2: The z-type flow visualization setup in the Penn State University high speed jet
noise facility.
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3.3 THERMOCOUPLE MEASUREMENTS
The thermal data from the impingement plane and impinging jet model plenums were
acquired utilizing a computerized DAQ system developed by NAVAIR. The hardware of
the system consisted of a National Instruments® PXIe-8110 embedded controller, four
National Instruments® SCXI-1520 8-channel strain gauge amplifiers, and one National
Instruments®

SCXI-1102B

32-Channel

amplifier.

To

allow

for

thermocouple

measurements, a National Instruments® SCXI-1300 low-voltage terminal block with cold
junction compensation was connected to the amplifier module. The system was designed
to measure pressures and temperatures for full-scale F-35B carrier landings. By
repurposing the DAQ for the sub-scale model experiments, a large amount of thermocouple
measurements was able to be recorded simultaneously.
To determine the thermal distribution on the ground plane, an array of thermocouples were
bonded to the lower surface using a multi-layer adhesion method outlined in section 3.3.1.
Each thermocouple is connected to an Omega® DTRB-K thermocouple terminal block.
Also connected to the thermocouple terminal blocks were type K thermocouple extension
wires. These extension wires were used to pass the thermocouple signals from the ground
plane measurement location to the computerized DAQ via the National Instruments®
SCXI-1300. The thermocouple terminal blocks and extension were constructed using type
K thermocouple materials, allowing standard calibration constants to be used. A
photograph of the interior connections to the National Instruments® SCXI-1300 in Figure
3.3. Note, some channels have a ground wire connecting the negative terminal to the
chassis of the National Instruments® SCXI-1300 to prevent noise due to a floating ground;
specifically the channel measuring the thermocouple located with the plenum of the rear,
“hot” jet.
Data were collected using Test SLATE, a test automation software similar to LabVIEW®.
The software allowed parameters such as sampling frequency, experiment duration, and
sensor calibration to be adjusted. The values for these parameters vary depending on the
experimental setup and will be further explained in the following sections. A detailed
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discussion on the data format, file storage locations, and processing methods and codes can
be found in APPENDIX C.

Figure 3.3: Internal wiring of National Instruments® SCXI-1300 thermocouple connections.
3.3.1 Steady-State Thermal Distribution on Ground Plane
The 0.635 mm thick ground plane was instrumented with a total of forty (a combination of
36 and 20 American Wire Gauge, AWG) type K thermocouples on the lower surface of the
ground plane described in section 2.5.1. As mentioned earlier, because the 0.635 mm thick
ground plane has a very rapid response to the hot impingement jet, transient temperature
measurements were judged to be imprecise. Thus, this ground plane was predominantly
used for steady-state measurements. The thermocouples measure the changes in
temperature distribution on the lower surface of the ground plane. A schematic of the
thermocouple locations and a photograph of the thermocouple attached to the ground plane
are shown in Figure 3.4a and Figure 3.4b, respectively. The locations of the thermocouples
can also be found in Table 3.1.
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(a) Top-view schematic of the
(b) Photograph of the thermocouple
thermocouple locations for the preattached to the lower surface of the pretensioned ground plane experiments
tensioned ground plane
Figure 3.4: Thermocouple layout on the lower surface of the steady-state ground plane.
Variations in the temperature distributions are able to be observed as the jet operating
conditions, and ground plane separation distance varied. Standard type K thermocouples
have a manufacturer quoted accuracy of ± 2.2 K and an assumed calibration of 41 µV/K.
In order to convert raw voltages to engineering units, the assumed thermocouple calibration
is input into the A/D hardware and controlled with the Test SLATE software.
Thermocouples were attached to the ground plane using a multi-layer adhesion method.
The lower surface of the ground plane was coated with a thin layer of thermally conductive,
electrically isolating, high temperature OmegaBond® 200 epoxy. This reduces the
possibility of EMI noise, which is common in low-voltage thermocouple sensors.
Thermocouples were attached to the ground plane using OmegaTherm® 201, a thermally
conductive silicone grease, and high temperature aluminum tape. A schematic of the multilayer adhesion method is depicted in Figure 3.5.
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Figure 3.5: Schematic of the multi-layer adhesion method used to attach thermocouples
to the lower surface of the ground plane.

For this experimental configuration, the primary focus is the determination of the steadystate temperature distributions for the various operating conditions of the jets. To determine
the steady-state distributions, a sufficient amount of time is elapsed with the jets running
at constant TTR and NPR values, allowing the system to reach equilibrium. Once
equilibrium is achieved, temperature time histories are recorded for 27 thermocouples
attached to the ground plane, front jet total temperature (To,FJ), rear jet total temperature
(To,RJ), and ambient temperature (T∞). For this experiment, TestSLATE was configured to
acquire data at a rate of 20 Hz for a duration of 2 minutes.
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Table 3.1: Non-dimensional coordinates of the thermocouples mounted to the lower
surface of the steady-state ground plane.
AWG

X/DR

Y/DR

DAQ CHANNEL

20
20
20
20
36
36
36
36
36
20
20
20
36
36
20
36
36
20
20
20
36
36
36
36
36
20
20
20
20
20
20
20
20
20
20
20
20
20

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
15
12
10
7
5
3
1
-1
-5
-10
-15

15
14
12
10
9
8
7
6
5
4
3
2
1
0.5
0
-0.5
-1
-2
-3
-4
-5
-6
-7
-8
-9
-10
-12
0
0
0
0
0
0
0
0
0
0
0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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3.3.2

Transient Thermal Distribution on Ground Plane

The second ground plane is 3.175 mm thick which experienced approximately 5 times
slower time to the hot impingement jet. Therefore, the transient ground plane is
instrumented with a total of twenty 30 AWG, type K thermocouples on the lower surface
of the ground plane described in Section 2.5.2. The thermocouples measure the changes
in temperature distribution on the lower surface of the ground plane. A schematic of the
thermocouple locations and a photograph of the thermocouple attached to the ground plane
are shown in Figure 3.6a and Figure 3.6b, respectively. The locations of the thermocouples
can also be found in Table 3.2. Similar to the steady-state experiments described in Section
3.3.1, the thermocouples are attached to the lower surface using the multi-layer adhesion
method. The thermocouple voltages are converted using the standard calibration of 41
µV/K and are acquired using TestSLATE.

(b) Photograph of the thermocouple
attached to the lower surface of the
locations for the transient ground plane
transient ground plane
experiments
Figure 3.6: Thermocouple layout on the lower surface of the transient ground plane.
(a) Top-view schematic of the thermocouple

For this experimental configuration, the primary focus is the quantification of the transient
thermal distribution. To properly model the transient conditions, the initial jet conditions,
TTR and Mach number, must be applied to the plate instantaneously. The heaters are not
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able to produce high temperature flows instantaneously, and have a maximum thermal
ramp rate of approximately 310 K/minute. Therefore, the jet exhaust was deflected prior to
the jet reaching the experiment conditions. To deflect the flow, a 91 cm x 91 cm x 3.175
mm steel plate with 12.7 mm layer of mineral wool insulation is placed on above the
transient ground plane. This allows the jet to reach the desired operational conditions while
maintaining the constant temperature on the plate (Tsurf = T∞). Once the jet conditions reach
the condition and are stable, data are acquired at a rate of 20 Hz for a duration of 4 minutes.
After 30 seconds has elapsed, the deflector plate is manually removed and the flow
condition is established on the upper surface of the ground plane. The remaining time is
used to establish a steady-state condition for the ground plane.
Table 3.2: Non-dimensional coordinates of the thermocouples mounted to the lower
surface of the transient ground plane.
AWG

X/DR

Y/DR

DAQ CHANNEL

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
15
-1
-2
-4
-6
-7
-8
-9
1
2
4
6
7
8
9
10
12
18
20

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
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4 EXPERIMENTAL RESULTS
The following sections outline the results obtained from this initial study of the heat
transfer associated with dual impinging jets. All the measurements presented in this section
were performed with the dual impinging jet model shown in Figure 2.9. The measurements
characterized the flow-fields and thermal distributions created in a dual impinging jet
environment with a heated rear jet. Various experimental techniques and instrumentation
were used including schlieren visualization and thermocouple measurements. Steady-state
measurements were collected using the ground plane discussed in Section 2.5.1using the
method described in Section 3.3.1. Transient measurements were collected using the
ground plane discussed in Section 2.5.2 using the method described in Section 3.3.2.

4.1 SCHLIEREN FLOW VISUALIZATION
Schlieren images were produced by placing a horizontally oriented knife-edge at the
receiving optics of the z-type schlieren setup. Images were collected for single heated,
impinging jet and dual impinging jets for a range of operational conditions. The ground
plane was varied between 4 DR and 15 DR and the rear operated at a jet Mach number, MRJ,
of 1.00, 1.16, 1.34, and 1.56. This generated shock structures associated with overexpanded,
ideally expanded, and underexpanded jet cases. The front jet operated only at a jet Mach
number, MFJ, of 1.00. The study focuses on digitally averaged schlieren images. This is
due to factors such as 1) a constant light source generates an “optically” averaged images,
and 2) the density gradients generated from mixing hot and cold air create optical “noise”.
The combination of these two factors makes discerning flow structures from an
instantaneous image difficult. An example of an instantaneous schlieren image is shown in
Figure 4.1
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Figure 4.1: Instantaneous schlieren image of a heated jet.
4.1.1 Single Heated Jet Schlieren Flow Visualization
To quantify the new facility’s performance, a digitally averaged schlieren image is
compared to a Mach contour generated from a CFD computation using similar jet
parameters and is shown is Figure 4.2. For this comparison, the rear jet operated at a jet
Mach number, MRJ, of 1.16 which corresponds to a nozzle pressure ratio, NPRRJ, of 2.3.
The total temperature ratio, TTRRJ, was 1.5 and the jet exited at a separation distance, H/DR,
of 15. This was considered significantly far from the impingement surfaces and was
representative of a free jet configuration. This qualitative comparison shows a similar
shock-cell structure within the core of the jet. Differences between the supersonic core
lengths can be attributed to experimental uncertainties in the jet operating conditions, as
well as the turbulence model used in the CFD analysis. The differences in the shock
locations can also be attributed to the previously mentioned characteristics. The overall
agreement in the shock structure is good.
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(a)
(b)
Figure 4.2: Comparison of (a) Mach contours generated by CFD computations and (b)
digitally averaged schlieren images of a jet operating at MRJ = 1.16 and TTRRJ = 1.5.
Figure 4.3 shows digitally averaged schlieren visualization with the ground plane fixed at
4 DR (top row) and 10 DR (bottom row). The rear jet operated at a jet Mach number, MRJ,
of 1.00, 1.34, and 1.56, respectively. The total temperature of the jet, TTRRJ, was held
constant at a value of 2.0 and the front jet remained off. At these separation distances, the
ground plane is still located within the supersonic core of the rear jet. The dark band near
the upper surface of the ground plane represents the impingement and outwash regions of
the high-temperature jet exhaust. Outside of the impingement region, approximately 1 DR,
the growth of the outwash region appears to be weekly dependent on the ground plane
separation distance. A relationship between outwash growth and MRJ cannot be concluded
from these schlieren visualizations.

(a) MRJ = 1.00

(b) MRJ = 1.34

(c) MRJ = 1.56

(d) MRJ = 1.00
(e) MRJ = 1.34
(f) MRJ = 1.56
Figure 4.3: Digitally averaged schlieren visualization positioned at 4 DR (top) and 10 DR
(bottom), MFJ = 0.00, and TTRRJ = 2.0.
40

4.1.2 Dual Impinging Jet Flow Visualization
Figure 4.4 shows digitally averaged schlieren visualization with the ground plane fixed at
4 DR. The rear jet operated at MRJ = 1.00, MRJ = 1.34, and MRJ = 1.56, respectively, and
TTRRJ = 2.0. The front jet operated at a jet Mach number, MFJ, of 1.0, is out of the camera
view (to the left of these images). Figure 4.4a shows the effect of the cold jet on the outwash
and interaction regions of the impinging jet model. In particular, the outwash of the heated
jet diffuses more quickly when interacting with the cold jet. The diffusion rate appears to
be dependent on the operating condition of the rear jet. The trend can be seen in Figure
4.4b and Figure 4.4c. For the higher jet Mach numbers, the high temperature outwash
pushes the fountain flow region towards the front, “cold” jet. The schlieren images show
similar wall jet behavior in the fountain flow region as oil-chalk flow visualization methods
observed by Myers [12].

(a) MRJ = 1.00

(b) MRJ = 1.34

(c) MRJ = 1.56
Figure 4.4: Digitally averaged schlieren visualization positioned at 4 DR, MFJ = 1.00, and
TTRRJ = 2.0.

4.2 STEADY-STATE SURFACE TEMPERATURE MEASUREMENTS
Using the method outlined in section 3.3.1, the thermal distribution on the lower surface of
the thin, pre-tensioned ground plane is used to approximate the surface temperature of the
ground plane. For this study, the ground plane was limited to separation distance of 6 DR,
10 DR and 15 DR. An attempt to collect data at 3 DR was made, but due to excessive plate
deformation, the data are not presented. The rear nozzle operated at a jet Mach number,
MRJ, of 1.16 or 1.34. These conditions generated flow structures associated with
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overexpanded and ideally expanded flow, respectively. The front jet is only operated at a
jet Mach number, MFJ, of 1.00.
4.2.1 Single Heated Impinging Jet
Figure 4.5 shows a comparison between experimental results and a CFD computation for
a single impinging jet at NPRRJ = 2.3, TTRRJ = 1.5, and a ground plane separation distance
of 6 DR. This CFD calculation, provided by Crowell [14], used T∞ = 288.15 K and surface
heat flux, q″, of 0.0, which modeled an adiabatic condition for the ground plane. Figure
4.5a shows contours of surface temperature, taken directly from the CFD computations.
Figure 4.5b shows a slice taken through the data on the centerline of the jet and are
compared directly to experimental data collected using the previously described method.
The experimental data and CFD calculations show good agreement, with slight differences
due to uncertainties in ground plane alignment, thermocouple placement, and slight
variations in jet conditions.
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CFD Calculations
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Figure 4.5: Heated rear jet experimental and CFD temperature comparisons on the upper
surface of the ground temperature for the adiabatic boundary condition. NPRRJ = 2.30,
TTRRJ = 1.5, and a separation distance of 6 DR.
Figure 4.6 represents the normalized temperature distribution along the centerline of the
ground plane. The normalized temperature is computed as the difference between the
measured wall temperature (TW) and the ambient temperature (T∞) divided by the difference
total temperature of the rear jet (T0,RJ) and the ambient temperature (T∞). In this figure, the
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front jet was not operating. The rear jet is located at a y/DR = 0 and operated at a constant
condition, MRJ = 1.16. As the jet plume exits the nozzle, there is an induced jet entrainment
region. Ambient air is entrained by the jet and begins to mix with the jet downstream of
the nozzle. This mixing defuses the thermal energy of the jet plume, effectively reducing
the temperature of the jet downstream of the nozzle. This effect can be seen in the
normalized temperatures in Figure 4.6 as the ground plane stand-off distance, H/DR,
increases. This effect of separation distance is only seen in locations near the impingement
region, y/DR = ±6 DR. Outside of this region, there seems to be a weaker relationship
between normalized temperature and separation distance.
H/D = 6

H/D = 6

R

0.9

R

0.9

H/D = 10

H/D = 10

R

0.8

R

0.8

H/DR = 15



RJ

-T )

0.6
0.5



0.4

w



w

0.7

(T -T )/(T



0.5

(T -T )/(T

0.6

RJ

-T )

0.7

0.3

0.4
0.3

0.2

0.2

0.1

0.1

0

0

-0.1

H/DR = 15

-10

-5

0

y/D

5

10

r

(a) MRJ = 1.16, MFJ = 0.00, TTR = 1.5
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(b) MRJ = 1.16, MFJ = 0.00, TTR = 2.0

Figure 4.6: Normalized temperature distribution along the centerline of the ground plane
for varying separation distances.
Figure 4.7 shows the normalized temperature distribution along the centerline of the ground
plane with the rear jet only operating at MRJ = 1.16. The ground plane separation distance
(6 DR to 15 DR) and TTRRJ (1.0 to 2.0) was varied. Trends similar to Figure 4.6 are observed.
The peak of the normalized temperature continues to decrease as a function of ground plane
separation. For small separation distances, 6 DR, TTRRJ seems to have a weak relationship
to the normalized temperature in the impingement region. As the separation distance and
TTRRJ increase, the normalized temperatures within the impingement region decreases by
as much as 20%. This decrease is attributed to the flow’s ability to mix with surrounding
ambient air. As the separation distance increase, the jet plume diffuses with the ambient air
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along a greater distance before it reaches the impingement surface. A similar increase in
diffusion occurs as TTRRJ increases. This is seen in the TTRRJ = 2.0 condition at a separation
distance of 15 DR. The normalized temperature within the impingement region is
significantly lower when compared to the other TTRRJ conditions.
H/Dr = 6

H/Dr = 10
TTR = 1.2
TTR = 1.5
TTR = 1.7
TTR = 2

0.9
0.8

0.8

0.8

0.5
0.4
0.3

0.7

(Tw-T )/(TRJ-T )



0.6

0.6
0.5
0.4
0.3

0.6
0.5
0.4
0.3

0.2

0.2

0.2

0.1

0.1

0.1

0

0

0

-0.1

-0.1

-0.1

-10

-5

0

y/D

5

r

10

15

TTR = 1.2
TTR = 1.5
TTR = 1.7
TTR = 2

0.9

0.7

(Tw-T )/(TRJ-T )







(Tw-T )/(TRJ-T )

TTR = 1.2
TTR = 1.5
TTR = 1.7
TTR = 2

0.9

0.7

H/Dr = 15

-10

-5

0

y/D

5

10

15

-10

r

-5

0

y/D

5

10

15

r

Figure 4.7: Normalized temperature distribution along the centerline of the ground plane
for MRJ = 1.16, MFJ = 0.00, varying TTR. Ground Plane separation was also varied at values
of 6 DR (left), 10 DR (center), and 15 DR (right).
4.2.2 Heated Dual Impinging Jet Steady-State Measurements
Figure 4.8 shows the normalized temperature distribution along the centerline of the ground
plane with TTRRJ = 1.50. The data are plotted for two conditions of the front jet; 1) front
jet off, or 2) Front jet at MFJ =1.00, and unheated, TTRFJ = 1.00. For these plots, the front
jet is located at y/DR = 14, shown with the dotted line on the graphs. The rear jet operated
in overexpanded, MRJ = 1.16, or ideally expanded, MRJ = 1.36, conditions, and H/DR was
set to 6, 10, and 15 DR respectively. Similarly to Figure 4.6 and Figure 4.7, the peak
normalized temperature in the impingement region decreases as H/DR increases. Increases
in MRJ seem to increase the normalized temperature across all y/DR locations. When MFJ =
1.00, a cooling effect can be seen in the impingement region surrounding the front jet
stagnation point, in the region from y/DR = 7 to y/DR = 14. Between y/DR = 0 and y/DR = 7,
an increase in the normalized temperature can be seen when compared to the MFJ = 0.00
condition. This could be due to the tandem jet configuration and the confined geometry of
the jet nozzles. When the wall jets from both jets interact, a “fountain flow” region is
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created. This region forces the wall jets vertically, ultimately impinging on the lower
surface of the lift plate. The fountain flow impinging on the lower surface of the lift plate
eventually becomes entrained by the jets, ultimately recirculating in the system. Since this
recirculation occurs, it is possible that the temperature of the entrained air is no longer
ambient air temperature, causing less thermal diffusion of cold air within the jet. The
reduced cold air diffusion could result in higher ground plane temperatures in the fountain
flow region.
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Figure 4.8: Normalized temperature distribution along the centerline of the ground plane
with constant rear jet condition, TTRRJ = 1.50. MFJ, MRJ, and H/DR are varied.
Figure 4.9 depicts the normalized temperature at varying TTRRJ values for H/DR = 6 and
MFJ = 1.00. Figure 4.9a shows the rear jet operating in the over-expanded condition, MRJ =
1.16. As TTRRJ increases, the normalized centerline distribution increases throughout the
entire measured y/DR range. Figure 4.9b shows the rear jet operating at the ideally expanded
condition, MRJ = 1.36. Increases in TTRRJ also increase the normalized centerline
distribution throughout the entire measured y/DR range. However, the relationship does not
appear to be as sensitive to TTRRJ when compared to the over-expanded case.
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Figure 4.9: Normalized temperature distribution along the centerline of the ground plane
at H/DR = 6 for varying TTRRJ configurations.

4.3 TRANSIENT TEMPERATURE MEASUREMENTS
Using the method outlined in Section 3.3.2, a time-resolved thermal distribution on the
lower surface of the transient ground plane is obtained. For this study, the ground plane
was limited to a separation distance of 6 DR. The rear nozzle operated at a jet Mach number,
MRJ, of 1.16 or 1.34 and a TTRRJ of 1.5. These conditions generated flow structures
associated with overexpanded and ideally expanded flow, respectively. The front jet
operated only at a jet Mach number, MFJ, of 1.00.
4.3.1

Single Heated Impinging Jet

Zuk [35] used the results from a quasi-steady CFD calculation of the impinging model,
obtained from Crowell [14], to generate a computational model to study the time-resolved
conduction within the ground plane. The CFD calculations were based on a separation
distance of 6 DR with operating conditions of MRJ = 1.16, MFJ = 0.00, and TTRRJ = 1.5. The
ground plane in the conduction model consisted of a 3.175 mm circular plate with a
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diameter of 200 mm. The transient development of the normalized thermal distribution on
the bottom surface of the ground plane is shown in Figure 4.10, and was adapted from [35].
The relevant material properties used in the conduction model is shown in Table 4.1.
Table 4.1: Material properties of the ground plane used in the conduction transient model.
Density, ρ
2689 kg/m3

Specific heat, Cp
951 J/kg*K

Thermal Conductivity, k
237.5 W/m*K

Figure 4.10: Zonal surface temperature from the transient model of the 3.175 mm thick
ground plane. Adapted from [35].
To make a comparison to the conduction model created by Zuk [35], the rear jet was
operated at conditions similar to the CFD calculations. A time history of the ground plane
thermocouple measurements, front and rear jet total temperature measurements, and
ambient temperature is shown in Figure 4.11. For transient experiments, three regions exist
within the time history: 1) a deflected jet region (Tbottom = T∞), 2) a transient
𝑑𝑇

𝑑𝑇

region ( 𝑑𝑡 ≠ 0), and 3) a steady-state region ( 𝑑𝑡 = 0). The transient region is the primary
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focus of the comparison, and the time-history is zeroed once the jet deflection, phase 1, is
complete (approximately 31 seconds).

Figure 4.11: Time history of transient thermocouple measurements on the lower surface of
the 3.175 mm ground plane for jet conditions MRJ = 1.16 and TTRRJ = 1.5 at a separation
distance H/DR = 6. The time history consists of the following three phases: I) deflected jets
(Tbottom = T∞), II) transient region, and III) Steady-state region.
Figure 4.12 shows the temperature measured on the lower surface of the ground plane
during the transient phase. A qualitative analysis shows that similar trends in the transient
thermal development occur in both the computer model and the experiment, such as
exhibiting similar time dependent behavior (i.e. initially rapid development with an
asymptotic approach to the final temperature at higher values of time).
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Figure 4.12: Raw temperature data extracted from the transient region of the thermocouple
array time history for a jet operating at MRJ = 1.16, and TTRRJ = 1.5 at H/DR = 6.
A direct comparison between transient conduction model and experiment measurements
for the normalized temperature distribution at various times are shown in Figure 4.13. The
normalized temperature for this comparison is the nodal/measured temperature at the
bottom surface of the ground plane (Tbottom) divided by the ambient temperature (T∞). From
this comparison, the computational model seems to over-predict the normalized
temperature distributions by as much as 8% in the impingement region. In the outwash
region, the computational model matches experimental data for small time increments, but
as the time increase, the difference in the outwash region increases.
These differences can be attributed to inconsistences between the computational and
experimental models. One such difference is the thermal conductivity used in the
computational model. The thermal conductivity used in the model is representative of a
pure aluminum material, 237.5 Wm-1K-1. The thermal conductivity of the ground plane used
during the transient measurements is more representative 6061-T6 aluminum alloy, 167
Wm-1K-1. This thermal conductivity is reduced further due to the use of the multi-layer
adhesion method, discussed in Section 3.3.1. The epoxy and silicone grease have thermal
conductivities approximately 10 times lower than that of the ground plane and are not
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included in the computational model. Another source of the difference could be attributed
to the plate size used in the model. In the computational model, a circular plate with a
diameter of 200 mm was used. This was done in order to simplify the computational
requirements. However, this plate is significantly smaller than the plate used in the
experiments. The use of a larger plate allows the assumption of ambient temperatures at
the edges of the plate (Tedge = T∞). Finally, the thermocouples used in the experiment have
a finite limit on the response time, also known as the time constant (τTC). The time constant
is defined at the time required to measure 63.2% of the instantaneous temperature change.
Depending on the bead and sheath size, the manufacturers state a time constant, τTC, of
approximately 50 ms and this is not accounted for in the thermocouple measurements.

Figure 4.13: Comparison of conduction computational model to experimental impinging
jet model for jet conditions MRJ = 1.16 and TTRRJ = 1.5 at a separation distance H/DR = 6.
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5 SUMMARY AND CONCLUSIONS
5.1 SUMMARY OF GOALS AND OBJECTIVES
The primary focus of this thesis is to outline the development of an impinging jet facility
capable of high speed, high temperature jet flows. This includes the determining the
thermal distribution, both steady-state and transient, on the ground plane surfaces. The goal
of this thesis was realized through the completion of the objectives restated below:
1. Integrate electric heater and controller components in the existing facility to
develop a viable system capable of producing high-speed, high temperature jet
flows
2. Design an impinging jet model to accurately represent the flow-field of a dual
impinging jet and have the ability to withstand high temperatures for an extended
period of time
3. Design and implement an impingement surface instrumented to quantify the
temperature distributions generated by a high temperature, high-speed jet
a. Quantify the steady-state thermal distributions
b. Quantify the time-resolved thermal distributions
4. Compare experimental results to computation models of specific a jet
configuration of a single impinging jet
The first objective was met and described in Section 2.3. This section describes in detail
the various design parameters considered during the facility development. Using the mass
flow equation for a choked flow configuration, an upper limit of the facility was defined,
and the total power required to achieve desired jet conditions aided in heater sizing. By
replacing all primary structural components with 6061-T6 aluminum alloy and insulating
the internal structure with mineral wool, the redesigned impinging jet model was used to
meet the second objective. Two separately designed ground planes were used to determine
the steady-state and time-resolved thermal measurements of the flow, discussed in Section
2.5.1 and Section 2.5.2 respectively. A thin ground plane allowed for steady-state
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measurements of the impinging jet flow while a thicker ground plane increased the timescales of the thermal measurements. These measurements were compared to a conduction
heat transfer computation model which utilized the results from a CFD model of single
impinging jet as input conditions. This satisfied the final two objectives.

5.2 REVIEW OF EXPERIMENTAL RESULTS
The dual impinging jet scale model, in the Penn State High Speed Jet Aeroacoustics
Laboratory, was redesigned to include high temperature flow capabilities. The hightemperature rear jet flow creates a more accurate representation of the flow-field created
by STOVL aircraft that utilize thrust configurations similar to the F-35B aircraft, unheated
and heated tandem jet. The primary interest in this study included the development and
qualification of the facility capability and, validation of the thermal measurement
techniques. The measurements executed during this study included schlieren flow
visualization and thermal distributions on the impingement plane.
Flow visualizations showing the impact of each jet on the ground were performed with
schlieren flow visualization. Only averaged schlieren images were presented; only
averaged images were presented. The visualization images clearly showed shock cell
patterns in the jet plume, when the rear nozzle was operated at MRJ = 1.3 (near the ideally
expanded Mach number condition of 1.34). A stagnation “bubble” can also be seen when
elevated TTRRJ conditions were run. When both jets were operated, the rapid diffusion
between the hot and cold jet could be seen in the form of changing light intensities (dark
to light).
The dual impinging jet ground plane was instrumented with 27 type K thermocouples. The
temperature distribution along the centerline of the lower surface of the ground plane was
observed while the ground plane separation distance, the rear total temperature, TTRRJ, and
jet Mach numbers were varied. In a single impinging jet configuration, it was found that
larger ground plane separation distances resulted in lower temperatures in the impingement
region of the jet plume. When TTRRJ was varied, little effect was observed in the
temperature distribution for small separation distances. At larger separation distances,
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larger TTRRJ values generated lower temperatures in the impingement. During dual jet
experiments, the front, cold jet cooling effect was clearly measured in the wall region
between the two jets. Between the rear, hot jet and the fountain flow region, an increase in
temperature can be observed. The data obtained in these experiments provide many
opportunities to evaluate the accuracy of the predictions of the developing CFD
computations. In the limited number of cases in which both experiments and computations
used the same geometry and jet operating conditions, agreement of the ground plane
temperatures were excellent.

5.3 RECOMMENDATIONS FOR FUTURE WORK
The development of the high temperature impinging jet configuration expands the
possibility of measurements within the Penn State High Speed jet Aeroacoustics facility.
While the current study provided an initial investigation of steady-state flow temperatures
and time-resolved ground plane temperature distributions, a more detailed study of the
effects of Mach number and total temperature ratio should be considered. With a more
detailed test matrix, it would be possible to develop empirical correlations between the
previously mentioned parameters. The more detailed test matrix can be extended to the
transient measurements as well. A study of the thermal distribution on the lower surface of
the lift plate should also be considered. Using methods similar to the ground plane
instrumentation, time-resolved thermal measurements could quantify the fountain flow
impingement on the aircraft surface.
To measure the surface temperature of the ground plane in a more direct method, an
infrared camera would generate detailed two-dimensional thermal profiles on the upper
surface. Using this in conjunction with thermocouple measurements on the lower surface,
a time-resolved heat transfer measurement could be produced.
Finally, the thermal profile of the flow in the outwash regions of the jets should be
examined. By using a traversing thermocouple rake, in tandem with a pitot rake,
temperature and velocity profiles in the outwash region can be quantified. This would be
beneficial in aiding the determination of the surrounding operational environment.
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6 APPENDICES
6.1 APPENDIX A

Figure 6.1: Detailed electrical schematic of heater control panels used in Penn State's High Speed, High Temperature Jet
Aeroacoustics Facility.
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6.2 APPENDIX B

Figure 6.2: CAD drawing of impinging jet model redesigned to sustain high temperature flows for an
extended duration of time.
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6.1 APPENDIX C
Due to the recent development of the high temperature flow capabilities, several
new measurement systems and processing methods have been developed. This
section will explain the file formats and data storage structures of both DAQ
systems used in this study, including the location of raw data files. The section will
also outline the processing codes utilized for importing thermal data from both
systems, processing steady-state measurements, and processing transient data.
6.1.1 TestSLATE DAQ
The TestSLATE DAQ is a measurement system developed by NavAir. This system
was used to record thermocouple measurements for the ground plane, the total
temperatures of the jet plenums, and the ambient temperature of the anechoic
chamber. This resulted in the use of approximately 23 to 30 channels of
thermocouple measurements. Data was generally recorded at 20 Hz. It should be
noted that a discrepancy in the acquisition frequency was seen in the data which
resulted in acquisition frequencies between 10 Hz and 20 Hz. This only affected the
transient measurements and required and average acquisition frequency of 15 Hz to
be used.
Upon initialization of the system, a session folder on the computer was created. The
folder name correlated to the date and computer time of the initialization in an
“YYMMDD_HHMMSS” format. Data from this system was reformatted from a
proprietary format to a *,csv file format. The name of the file was automatically
generated by the program and followed the naming format of “B_NIDAQmx_00000XX.csv”, where XX denoted the run number of the current
experimental run. Table 6.1 shows a sample of the data structure of a *.csv
reformatted by the TestSlate system. Note, the DAQ recorded all of the channels
available. Therefore a detailed listing of the utilized channels was required.
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Table 6.1: Sample of data output from the TestSlate data acquisition system.
TEST TIME

CLOCK TIME

TEMP 01

-------

TEMP 32

[SECONDS]

[MM/DD/YY]

°F

-------

°F

942.8848

22:49.7

82

-------

82.5

942.9348

22:49.7

82.1

-------

82.5

6.1.2 Omega DAQ Central Software
The Omega DAQ Central software was used to monitor and record the total temperatures
measured in each jet plenum, as well as the total pressure measured in the rear plenum.
This was done primarily to ensure the rear jet condition was being held within a certain
tolerance during each experiment. The software allowed up to 8 channels of differential
sensor measurements to be recorded at a maximum acquisition frequency of 125 Hz. For
these experiments, data was only acquired at 20 Hz.
Prior to system initialization, the DAQ device was configured for the experiments. In the
device configuration tab, each channel was individually configured to match the type of
sensor being used. Thermocouple measurements require a differential measurement
between the positive and negative leads of the thermocouple. The type K thermocouple
setting automatically applied a 41 µV/K calibration constant, automatically converting to
temperature engineering units. For this study, the data was recorded directly to Fahrenheit
and converted to Kelvin. Pressure measurements also used a differential measurement type
and had a range of ± 10 V. A scale and offset parameter was added to these measurements
to convert directly from voltage to NPR.
Data was saved to *.csv files, similar to the data generated by the TestSLATE system. The
file names were generated manually and followed the format:
“M RJXXX_MFJXXX_TTRXX_HDX YYYY-MMDD-HHMM-SS.csv”
where XXX and XX denotes the operational condition of the preceding parameter. The first
column contain elapsed experimental time while the remaining columns contain data in the
predefined units.
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6.1.3 Test Plans
In order to aid in data management and processing, detailed test plans were developed.
These test plans were used to record the operational parameters for both the front and rear
jet, as well as pertinent file and folder names for the TestSlate system. The test plans were
used to prevent human error during the data importation and processing phases. The
utilization of the test plans allowed for programmatic data importation methods to be used,
thus reducing the chance for error.

Experiment Condition Input Sheet
Impinging Jet: Thermocouple Test Log
Number of Transducers
Xducer Calibration (psi/V)

2
20.04

Threaded SS Conv.
Threaded SS CD.

Front Nozzle

Rear Nozzle

20.09
Nozzle Dia. 0.5
Nozzle Dia. 0.5
Front

Press.
Humidity
(mbar)
4/18/2016 0.640277778
994
40
4/18/2016 0.675694444
994
40
Insert current date: Crtl + ;
4/18/2016 0.680555556
994
40

#

Date

1
2
3

Time

Insert current time: Crtl + Shift
+;

Mj

NPR

0.000
0.000
1.000

1
1
1.89

To/
Voltage
Tamb
0
0.000
0
0.000
1
0.640

Figure 6.3: Screenshot of columns A through I of the test plans generated for this study
where column A is first column on the left-hand side.
Md
Md

1
1.34

`

Rear

Mj

NPR

1.160
1.160
1.160

2.3
2.3
2.3

To/
Tamb
1.5
1.5
1.5

Voltage H/d
0.933
0.933
0.933

6
6
6

Exhaust
Config. PAX DAQ Folder
[%]
5
5
5

1
1
1

PAX DAQ File

160418_150706 B_NI-DAQmx_0000001.csv
160418_150706 B_NI-DAQmx_0000002.csv
160418_150706 B_NI-DAQmx_0000003.csv

Figure 6.4: Screenshot of columns J through R of the test plans generated for this study
where column J is the first column on the left-hand side.
58

6.1.4 Processing Methods and Codes
Table 6.2 shows the codes used to import and process the data recorded by the various
systems used within this study, as well as the locations of the codes.
Table 6.2: Processing codes used to import and process data from various DAQ systems
utilized within this study. A brief description of the codes and the code location is also
listed.
Name

Description

Location

Flow_visualization_

Processes shadowgraph and

D:\ImpJetHT\00_FA15_

average_backgroud

schlieren images to produce an

SP16\008_DHImpJet\03

average image from a number of

_Processing_Codes\00_

instantaneous images and a

SMH_FlowViz_Codes

_removal_v2.m

background image
Input_CondRead.m

Omega2401_read.m

NI_DAQmx_read.m

Imports the experimental conditions

D:\ImpJetHT\00_FA15_

listed within the desired *.xlsx file.

SP16\008_DHImpJet\03

Input data is saved to a MATLAB

_Processing_Codes\01_

structure variable

Thermocouple_Codes

Imports data from a *.csv file

D:\ImpJetHT\00_FA15_

generated by the Omega DAQ

SP16\008_DHImpJet\03

central program and saves a

_Processing_Codes\01_

MATLAB structure variable

Thermocouple_Codes

Imports data from a *.csv file

D:\ImpJetHT\00_FA15_

generated by TestSLATE and save to

SP16\008_DHImpJet\03

a MATLAB structure variable.

_Processing_Codes\01_
Thermocouple_Codes

Impinging_Jet_HT_
DataImport_V1.m

Imports/Processes/Plots Steady-State D:\ImpJetHT\00_FA15_
data from desired test plan files.

SP16\008_DHImpJet\03
_Processing_Codes\01_
Thermocouple_Codes
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Input for the Input_CondRead.m processing program consists of the file name of the test
plan, and the number of runs listed within the test plan files. The data imported from the
test plan file is formatted into a multi-page structure, where the number of pages is equal
to the number of runs listed within the test plan file. Figure 6.5 shows the general internal
structure of the outermost structure generated by the sub-function. Within the outermost
structure, seven sub-structures exist for the front jet, rear jet, environmental parameters,
NavAir (PAX) DAQ system, ground plane thermocouple parameters, and Omega DAQ
file parameters. For clarity, the tagnum fields refer to the channel number associated with
the temperature measurement.

Figure 6.5: Data structure of MATLAB variable generated by Input_CondRead.m subfunction.
The Omega2401_read.m processing program requires file name of the data file generated
by the Omega DAQ Central acquisition program. Figure 6.6 shows the general internal
structure of the outermost structure generated by the sub-function. Within the outermost
structure, several sub-structures exist, depending on the total number of channels utilized
by the Omega DAQ system. The program generates field names dynamically via the name
input by users through the Omega DAQ Central program. The dynamic field names are
represented by the channel within parentheses.
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Figure 6.6: Data structure of MATLAB variable generated by Omega2401_read.m subfunction.
Steady-state data is processed and plotted using the Impinging_Jet_HT_DataImport_V1.m.
The program utilizes several of the sub-functions previously described to import the
appropriate data from the various raw data files. Experimental parameters are imported
using Input_CondRead.m sub-function. The imported parameters generate a list of files to
load from each DAQ system. The Omega2401_read.m imports the data for each
experimental condition. The primary thermocouple data (ground plane, jet plenums, and
ambient temperatures) is imported using the NI_DAQmx_read.m sub-function. The steadystate conditions are computed using an averaging algorithm. The algorithm establishes a
total temperature tolerance band of ±5% for the rear jet. The algorithm then finds the
longest consecutive indices that fall within the established tolerance band. The longest
array is then used to calculate the average temperature for each recorded channel. The
averaged steady-state value is plotted as a function of non-dimensional longitudinal
location on the ground plane.
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