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1. INTRODUCTION
The U.S. Department of Energy Office of Fossil Energy University Turbines Systems Research
(UTSR) Gas Turbine Industrial Fellowship (GTIF) Program is performing cutting edge research
for the next generation of industrial gas turbines to enhance U.S. energy security and provide a
cleaner environment. The GTIF Program is a key part of the UTSR effort. The GTIF provides
undergraduate- and graduate-level science and engineering students with the opportunity to
conduct research, engineering, and design projects at leading gas turbine industry sponsors.
Southwest Research Institute® (SwRI®) manages the program and participates as a host
company. This report covers modifications to and testing of a T-62 Titan Gas Turbine Engine as
well as computational work on understanding heat transfer from an additively-manufactured radial
impeller.
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2.

T-62 TITAN INSTRUMENTATION AND TESTING

The goal of this project was to install instrumentation on a small gas turbine engine and collect
operational data over a range of conditions. The engine is a T-62-32 Titan manufactured by Solar
Turbines and used as both a helicopter auxiliary power unit (APU) and as a mobile ground power
generation system. It is rated for 60 kW at 61,000 rpm. The age of the engine made obtaining
replacement parts challenging, so the priority was to repair existing components. The reverseflow annular combustor has been modified from its design fuel JP-4 to run on natural gas supplied
at 25 psig. The data collected will be used to calibrate a Numerical Propulsion System Simulation
(NPSS) model for publication in the open literature.
2.1

INSTRUMENTATION LIST

Figure 2-1 shows a cross-section of the engine with the instrumentation location and types
identified. Inlet static pressure was measured using an Omega PX309-100AI transducer
approximately 10 mm upstream of the leading edge of the compressor blades in order to account
for losses in the inlet duct and the inlet mesh screen. Compressor discharge temperature and
static pressure were measured using a twin PX309 pressure transducer and a Type K
thermocouple, respectively, through a bore in the housing. An exhaust gas temperature vertical
profile was obtained via 4 Type K thermocouples 20 cm offset from the turbine outlet. A Dwyer
Instruments OP-M-2 orifice plate meter was installed downstream of the thermocouple array to
measure the total mass flow through the turbine. The differential pressure was measured with a
TE D5154 pressure transducer at a 10 cm standoff distance.

Figure 2-1: T-62 Instrumentation Locations
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2.2

STARTER MOTOR REPAIR

Before operation, an issue with the starter motor sparking was resolved by replacing the
grounding contacts to the solenoid.

Figure 2-2: Sparking Starter Motor

2.3

UNLOADED OPERATION

The majority of the experimental data was obtained without a load applied to the gas turbine shaft.
Transient data was collected between idle and full speed. The idle speed was determined to be
approximately 20,000 rpm to avoid approaching the engine burnout limit. Figure 2-3 shows the
engine speed and exhaust temperature response to a step change in fuel flow rate. Prior to
adjusting the fuel flow rate, the engine temperature was allowed to stabilize for five minutes, per
the operating manual.

Figure 2-3: Unloaded Transient Engine Response

Steady-state data was challenging to obtain due to a small fluctuation in the building fuel supply
pressure. Multiple data points were collected and averaged to obtain sound data. New steel fuel
hoses have been ordered so that the engine can be fed from a compressed gas cylinder for more
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stable operation. Figure 2-4 shows compressor pressure ratio and mass flow rate through the
engine as a function of shaft speed at steady-state conditions. Figure 2-5 shows shaft speed and
exhaust gas temperature, also at steady-state. As shaft speed decreases, the engine temperature
increases as the increased residence time in the combustor allows for more complete combustion.

Figure 2-4: Compressor Pressure Ratio and Engine Mass Flow as Function of Shaft Speed

Figure 2-5: Shaft Speed and Exhaust Gas Temperature as Function of Fuel Flow Rate

2.4

LOADING PROCEDURE

The next step for this project is to test the engine under an applied load. The engine currently has
a generator coupled to the drive shaft that outputs at 400 Hz, which is common for aircraft
components. The generator is a brushless, constant speed 60 kW model that requires a voltage
regulator for operation. No pinout documentation is available for the regulator as it is an obsolete
model, so a DC power supply was used to provide the excitation field. The load bank that was
previously planned for these tests (Simplex PowerStar) is not capable of accepting the high
frequency output, so an alternate model was procured (Avtron K595). The project is currently
waiting on an electrician to verify the connections to the new load bank before operation.
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2.5

CURRENT STATUS

Once the electrical connections are confirmed to be safe to operate, the loaded tests can proceed.
A pinout document for the voltage regulator should be obtained. The new high-pressure fuel
hoses should be installed to facilitate better steady-state testing. The data collected will be used
to calibrate an NPSS model and documented in a technical paper.
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3.

IMPELLER HEAT TRANSFER COEFFICIENT TEST RIG

The goal of this project was to design an experimental setup for measurement of the external heat
transfer coefficient on an additively-manufactured (AM) radial impeller. The rig must account for
the enhanced surface roughness inherent to AM components as well as match flow features from
a stationary case to the rotational case. This information is valuable in developing a more
complete understanding of heat transfer processes in order to enable high-performance turbine
design.
3.1

THEORETICAL HEAT TRANSFER BACKGROUND

The rig design leverages the Transient Liquid Crystal Technique. The surface and solid start at a
uniform 𝑇𝑇𝑖𝑖 . At 𝑡𝑡 = 0, a convective boundary condition at an elevated temperature is applied to the
solid, and the surface temperature response is measured [1]. This technique makes two key
assumptions:
1. There is only 1-D conduction into the solid, i.e., lateral conduction is much smaller than
surface-normal conduction. This limits the viable materials.
2. The surface is modeled as a semi-infinite body with a convective boundary condition. This
limits its use on thin features.
3.1.1

GOVERNING EQUATIONS

1-D Heat Conduction Equation [2]:
𝜕𝜕 2 𝑇𝑇 1 𝜕𝜕𝜕𝜕
=
𝜕𝜕𝑧𝑧 2 𝛼𝛼 𝜕𝜕𝜕𝜕

Initial Conditions:

−

Boundary Condition:
Solution with Step Input*:
Θ=

(1)

𝑇𝑇(𝑡𝑡 = 0) = 𝑇𝑇𝑖𝑖

(2)

𝑇𝑇(𝑧𝑧 → ∞) = 𝑇𝑇𝑖𝑖

(4)

𝜕𝜕𝜕𝜕
|
= ℎ(𝑇𝑇𝑤𝑤 − 𝑇𝑇∞ )
𝜕𝜕𝜕𝜕 𝑧𝑧=0

𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑖𝑖
ℎ√𝛼𝛼𝛼𝛼
h2 𝛼𝛼𝛼𝛼
= 1 − exp � 2 � erfc �
�
T∞ − Ti
𝑘𝑘
𝑘𝑘

(3)

(5)

*Solutions exist for slow temperature changes that approximate a series of shifted steps.
3.1.2

SURFACE CURVATURE AND FINITE THICKNESS CORRECTION

Equation (5) applies to a flat plate. Thermal resistance is higher for a convex surface as
conduction area decreases with decreasing radius [3].
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Surface curvature-corrected solution:
𝛩𝛩 =

1

𝜎𝜎𝜎𝜎
1±
2ℎ𝑅𝑅

�1 − 𝑒𝑒𝑒𝑒𝑒𝑒 �

𝜎𝜎𝜎𝜎 2
�ℎ ± 2𝑅𝑅 � 𝛼𝛼𝛼𝛼
𝑘𝑘 2

� 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 �

𝜎𝜎𝜎𝜎 2
�ℎ ± 2𝑅𝑅 � √𝛼𝛼𝛼𝛼
𝑘𝑘

(6)

��

The experiment duration for which the semi-infinite approximation is valid depends on the Fourier
Number as follows:
𝛼𝛼𝛼𝛼
(7)
𝜏𝜏𝑅𝑅 = 2 < 0.02
𝑅𝑅
𝛼𝛼𝛼𝛼
(8)
𝜏𝜏𝑧𝑧 = 2 < 0.25
𝑧𝑧
3.1.3

ROTATIONAL EFFECTS

Most studies in the open literature appear to be concerned with rotational effects on internal
passages, not external flow. For an axial-flow turbine airfoil the Nusselt Number can be
approximated with flat plate relations based on distance from the leading edge [4].
3.2

WALL TEMPERATURE MEASUREMENTS

Wall temperature measurements can be obtained using either a thermochromic liquid crystal
(TLC) or an infrared camera. Each has distinct advantages and limitations:
Table 3-1: Infrared vs. Liquid Crystal Surface Measurements

Infrared Camera
Requires expensive
transparent windows.

IR-camera

Liquid Crystals
and

IR- Measured with lower-cost, high resolution
CCD camera. Does not require special optics.

Provides continuous time history of surface Emits visible light at specified temperature
temperature (limited by frame rate ~25 Hz).
(does not provide continuous time history).
Paint can provide uniform surface emissivity.

Difficult to apply to rough surfaces [5].

Although IR measurements are more suited for the roughened AM-surface [6], the TLC method
will be used here due to the complexity of adding curved IR-transparent windows and the high
resolution required.
3.3

COMPUTATIONAL VERIFICATION

The proposed rig design consists of a single passage of a stationary impeller. Thermal and CFD
analyses were performed to verify the validity of the model and the assumptions made in using
the transient technique. A major challenge in the development of the rig design was matching the
flow characteristics between the design rotational case and the rig stationary case.
3.3.1

CFD ANALYSIS

A computational model was developed using ANSYS TurboGrid and CFX. The model is a steadystate rotating sector domain without tip clearance at the shroud. The inlet total pressure and
absolute flow angle are matched to that of engine conditions, and a static pressure outlet of 1 atm
is used. The RMS residual convergence criterion was 10−6 using the 𝑘𝑘 − 𝜔𝜔 model. The 𝑘𝑘 − 𝜔𝜔
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model was chosen for its strength in resolving near-wall features. A grid independence check was
performed and confirmed that the results are independent of the grid size at 600,000 elements.
The static pressure distribution is measured as well as the predicted heat transfer coefficient on
the pressure and suction side of the blade. Contours of predicted heat transfer coefficient can be
found in the Appendix. Figure 3-1 shows the mid-span pressure coefficient along the blade.

Figure 3-1: Pressure Coefficient Distribution at Mid-Span, Rotating Domain

Figure 3-2: Streamlines in the Rotating Frame

The relative velocity in the rotating frame was sampled to determine the relative turbine inlet flow
angle. This was then used to set the inlet flow angle for the stationary domain analysis. Figure
3-2 shows the streamlines in the rotating frame, colored by Mach Number.
3.3.2

THERMAL ANALYSIS

A thermal analysis was performed to assess the validity of the semi-infinite approximation for use
of the transient technique. ANSYS CFX was used to predict an average convective heat transfer
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coefficient on the blade surface. This was used in a transient thermal analysis using ANSYS
Mechanical. Two materials were analyzed: Inconel 718, the design material and a frequent choice
for AM turbine components, and ABS plastic, a low conductivity material that can be easily
fabricated with AM. The thermal diffusivity of each material, 𝛼𝛼, is the limiting constraint in the
Fourier Number analysis of the blade:
𝑘𝑘 𝑚𝑚2
𝛼𝛼 =
� �
𝜌𝜌𝑐𝑐𝑝𝑝 𝑠𝑠

(9)

Inconel 718 has 𝛼𝛼 = 1.84𝑥𝑥10−6, while ABS has 𝛼𝛼 = 1.19𝑥𝑥10−7, an order of magnitude smaller.
The analysis shows that the semi-infinite approximation is valid for only 0.5 seconds when using
Inconel, and lateral conduction effects are significant. The use of ABS extends the valid test
duration range to 5 seconds and greatly reduces the lateral conduction effects. The test model
should be constructed from ABS, ideally with uniform thickness of the blades and with a simulated
roughness. Stimpson et al. [7] has performed extensive analysis of AM-roughened components
and correlated absolute roughness size with equivalent sand grain roughness.
3.4

PROPOSED RIG DESIGN

The proposed rig design consists of a three-blade model turbine manufactured from ABS plastic.
An acrylic shroud provides optical access for the camera to view the pressure and suction sides
of the blades. Adjustable guide vanes allow the inlet flow angle to be set to on- and off-design
conditions. The inlet is reconnectable to a ½” tube compression fitting.
3.4.1

CAD MODEL

Figure 3-3: CAD Model for Heat Transfer Coefficient Measurements

3.4.2

PIPING & INSTRUMENTATION DIAGRAM (P&ID)

The P&ID is shown in Figure 3-4. Building compressed air is supplied at 120 psi, then regulated
to 55 psi. A solenoid valve provides the step change in the convective boundary condition, and a
mesh heater raises the temperature before the air enters the blade passage. A flow meter allows
for matched flow rate between the design case and the test case.
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Figure 3-4: P&ID Upstream of Guide Vane Housing

3.4.3

DATA COLLECTION AND REDUCTION
Table 3-2: Measurement Quantities and Methods

Measurement
Inlet Temperature
Inlet Pressure

Method
Butt-welded thermocouple wire (𝜏𝜏 ≈ .003 𝑠𝑠)
Static Pressure Transducer

Blade Surface Temperature

Wide-band thermochromic liquid crystals, CCD Camera
with frame rate > 25 Hz

Blade Backside Temperature

Surface thermocouples

The CCD camera will require a spatial calibration to transform the image of the curved blades to
a rectilinear domain for reporting. This can be achieved with the addition of vertical and horizontal
locating lines on the blade surface.
The backside of the blades (not subjected to convection) will be instrumented with surface
thermocouples near the shroud tip, mid-span, and near the hub to quantify the thermal resistance
and lateral conduction through the blade.
3.5

CURRENT STATUS

This project has been handed off to a full-time SwRI engineer to continue work.
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4.

OXYCOMBUSTION DIRECT-FIRED TEST RIG

The objective of this project was to build and test a direct-fired oxy-fuel combustor. These highpressure combustion devices are used in supercritical CO2 (sCO2) power cycles to boost cycle
efficiency while capturing the majority of the CO2 emission from the combustion process. Coal or
methane is combusted in pure oxygen, and the product gases are used to directly drive a turbine
as the working fluid.
4.1

TEST RIG STAND

Figure 4-1 shows the OxyCombustion rig test stand. A custom plate was fabricated with a waterjet
and mounts directly to the combustor flange. The other side is not fixed axially to allow for thermal
expansion, and is vertically adjustable to allow for fine level control.

Figure 4-1: OxyCombustion Test Stand

4.2

HARDWARE & INSTRUMENTATION PROCUREMENT

As the combustor operates at high temperature and pressure, special care was taken to ensure
that the housing fasteners and gaskets were compatible with the operational requirements. Hightemperature gaskets were specced and procured according to ASME B16.20 standards for ANSI
Class 2500 Flanges. Thermocouples with an appropriate temperature rating were ordered.
4.3

CURRENT STATUS

The combustor instrumentation and hardware are on-site at SwRI or have been ordered and
awaiting fulfillment. Combustion testing is expected to begin in October 2020.
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APPENDIX

Figure A-1: T-62 Gas Turbine Exhaust and Setup
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Figure A-2: T-62 Measurement Locations Identified

Figure A-3: Wall Heat Transfer Coefficient Distribution for Rotating Model
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