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Introduction
Woodward FST, Inc at Greenville, SC is a manufacturer and supplier of a variety of turbine system
parts. All parts manufactured must meet design specifications as determined by our customers.
With fuel nozzles in particular, our customers hold a very tight positional tolerance (0.030 inch
runout) on the allowed tip deflection with relation to the center axis at the base of the nozzle.
Assembly of the fuel nozzle at Woodward’s end involves welding together separately manufactured
components. The welding process sometimes causes a slight angular deflection at the weld joint
area about an axis in the radial direction (as opposed to about the center axis). This small angular
deflection is magnified by the length of the nozzle and, as a result, may cause enough deflection at
the tip for the tip runout to be out of positional tolerance. In these cases, the nozzle must be
straightened after welding to meet customer specifications.
Current Straightening Process
The current method of straightening a nozzle whose tip runout does not meet specifications
involves a localized application of heat using a TIG (Tungsten Inert Gas) torch. A large amount of
heat is applied to a small region on the side from which the tip is deflected away, causing the region
to expand. Upon cooling, this heat disturbed region contracts and causes the tip to permanently
deflect a small amount in the direction opposite of its very initial deflection (toward the heated
region). This process is then repeated (usually about 1-3 times) until the tip is within tolerance.
There are several concerns associated with the current method of straightening. The first concern
is the possibility of melting the material: the heat application may raise some local temperatures
past the melting point of the material, causing undesired and extreme changes to the
microstructure. A second concern is the consistency of the process. The manner in which the
process is performed (size of region heated, amount of heat used, duration, number of repetitions,
etc) will inevitably differ from person to person, which results in unpredictably varied final
conditions of the parts and makes diagnosis difficult, should there be problems that arise from the
process. Notably, temperature is not well controlled in the current process. It would be ideal to
have a standardized, highly controllable, and highly repeatable straightening process in which all
parameters are measured and kept consistent.
Induction Heating
The proposed method of heat application for the new nozzle straightening process uses
electromagnetic induction to apply heat. Induction heating is already widely used in industry to
heat, braze, and weld parts[1]. A high frequency oscillating current generated in the induction coil
induces a high frequency current in the electrically conductive part being heated. While the coil is
constantly cooled by water flowing through it, the temperature of the part rises as a result of
resistive heating caused by the oscillatory current. A controlled force and/or deflection would then
be applied to the tip such that upon release, the nozzle tip should be within tolerance.
The rationale for heating the part is the phenomenon that the yield strength of a material decreases
with temperature[1][2][3]. It is desired to elevate the temperature of the part so that reasonably
low forces would be sufficient to induce yield.
If a working process can be developed, the proposed heat straightening method addresses all the
concerns mentioned in the previous section. Both heating rate and zone of heating using induction
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are highly controllable. Thus, with temperature sensing feedback, it is easy to ensure that the
temperature stays below the melting point of the material. With the appropriate induction coil
design, heating can also be highly uniform. Because of the controllability of the heating cycle and
heating zone, the method of application can be kept consistent among parts. Ideally, we should be
able to specify the heating conditions and the amount of applied deflection needed to straighten a
nozzle given its initial tip runout.
Objective
The goal of this project is to develop a new manufacturing process to straighten fuel nozzles whose
tip positions are not within customer specifications. This includes the temperature, force,
deflection, and induction coil design specifications, as well as methods of implementation.
Performed here is an initial investigation into the viability of using induction heating coupled with
an application of force as part of the straightening process. This new process is intended to replace
the current process of TIG straightening.
Test Apparatus
Induction Heater
The induction heating system used for this investigation is the 1TSSS by SEIT Electronica. It is
rated at 10 kW of power and at a frequency of 50 kHz, with a frequency range of 30 Hz to 60 Hz.
Mounting Fixture
The mounting fixture is comprised of a rotary table for a mill bolted to a steel table. A custom
interfacing plate was machined to mount the nozzle on the rotary table. The nozzle is mounted
horizontally for more convenient force application.
Test Part
One scrap fuel nozzle (model properties proprietary) was used for all tests. The material present at
the heating zone are 410 SS and 347 SS. It is also composed of 304L SS and Hast-X.
Force Application
The application of force and deflection is performed at the nozzle tip by a ½’ screw. A ring that
captures the circumference of the nozzle was used as the interface to better distribute the load. The
load cell (force sensor) is also mounted on this ring, forming the interface between the ring and the
screw mechanism.
Induction Coil
The induction coil is composed of a hollow copper tube that allows cooling water to flow through it.
Several induction coil designs were tested[1][2][3]. It was found that the heating efficiency of a
simple loop wrapped circumferentially around the nozzle is very good. Because a narrow heating
zone is desired, the design used was limited to one loop. The subsection “Proposed Coil Design”
under the “Future Work” section contains the suggested coil design for future implementations.
Infrared Camera for Temperature Measurement
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The camera used for temperature measurement is the MI-GA140 by Mikron Infrared. It has a
temperature range of 662 to 4532 F and a current output of 4 mA to 20 mA for electronic data
collection. A 100 ohm resistor was placed across the current output for a voltage reading. The
error is estimated to be ±30 deg F.
Force Sensor
The load cell used for force sensing is the 208C04 ICP Dynamic Force Sensor from PCB Piezotronics.
It is designed to measure compression forces from 10 lb to 5000 lb and tensile forces up to 500 lb.
It is mounted to a ring that captures the circumference of the nozzle tip and measures the axial
force when it is positioned in axis with the force applicator (screw). The error is estimated to be
±15 lbf.
Displacement Sensors
To measure linear displacement, two 10K slide potentiometers, each with a spring loaded arm,
were used. The model is 404R10KL1.0 from BI Technologies/TT Electronics. 5 V was provided
across each of the 10 K pots, and the voltage of the arm was read through an analog input, which
are mapped to the corresponding displacement values from proper calibration, with an error of
about ±0.003 inches. One displacement sensor is placed at the tip opposite the point of force
application and the one is placed on the edge of the interface plate at the base of the nozzle to track
fixture movement. Analog (no electrical output, only visual) dial indicators were also used in this
study.
It was necessary to calibrate all sensors to convert voltage output to the quantity of interest.
Figures 1 and 2 show diagrams of the experimental setup.
Heating
zone
Force

Fixture movement
Tip deflection

Tip deflection

Force
Figure 1. Diagrams of the experimental setup. The force is applied axially on the load cell (force
sensor) mounted to the ring around the nozzle tip. The tip deflection is measured by either a dial
indicator or a slide potentiometer. The fixture movement is a measurement of the edge displacement
of base of the nozzle (in the axial direction), also measured with the same instruments. It is used for
post-processing with the goal of subtracting the component of the tip deflection that is due to fixture
movement rather than bending of the nozzle.
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Figure 2. A picture of the induction coil heating up the weld joint area (left). A picture of the ring on
which the load cell is mounted (right).

Procedure
Yield Temperature Test
We are interested in knowing the effect of temperature on the yield strength of the nozzle. For this
test:
1. The part is rotated such that the tip is deflected towards the force applicator (for force
centering).
2. The force is applied (100 lbf, 200 lbf, or 300 lbf, preloaded).
3. The part is heated to 1500 F by a simple loop coil around the weld area. The heating zone is an
approximately 0.5 inch band around the circumference at the weld joint.
4. The part is allowed to air cool until under 200 F. Because the nozzle is composed of high
temperature steels, it is assumed there is little difference in the mechanic characteristics at 200 F
from those at room temperature.
5. The force is removed.
It is expected that the force decreases starting at a certain temperature as the part yields.
Elastic Recovery Test at ~1200 degrees F
From the yield temperature test, it was seen that the yield strength starts to drop dramatically at
about 1200 degrees F. The goal of this second test is to find a relationship among the amount of
applied deflection, the amount of force applied, the total amount the material yields, and the total
amount of elastic recovery in the plastic region. The steps taken are as follows:
1.
2.
3.
4.

Heat part to 1200 degrees F
Apply a specified deflection at the tip.
Remove, fairly immediately, the force from the tip
Shut off induction heater and allow part to cool.

Force, temperature, tip displacement, and fixture movement are recorded throughout the test. The
intent was to use the fixture movement measurement for post processing calculations (determined
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from nozzle geometry) to determine the actual tip deflection relative to the nozzle base, retaining
only the deflection resulting from the bending of the actual nozzle. The post processing calculations
to back out actual tip displacement by subtracting fixture movement are detailed in Appendix II
(Internal Use Only).
FEA was performed for the purpose of confirming test results.
Results and Discussion
Induction Coil Design
As [2] suggests, the most efficient coil geometry is an external circular loop around the circular
component, as shown in Figure 2. This was confirmed as we also tested other geometries but did
not achieve near the same heating efficiency.
Yield Point Test
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Figure 3. By heating the part over a range of temperatures while a constant load is applied, it is seen
that the temperature required for reasonable force levels to begin yielding the part is about 1200 F.
We see from the data plotted in Figure 3 that for 100 lbf, 200 lbf, and 300 lbf loads, the temperature
at which the weld joint begins to yield is near 1200 degrees. This temperature is slightly higher for
the 100 lbf load (more towards 1300 F) and slightly lower for the 300 lbf load (more towards 1100
F). The measurement error for force and temperature are approximated to be ±15 lbf and ±30 deg
F.
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While still achieving yield at reasonable force levels, it is preferable to keep the temperature as low
as possible for two reasons:
•

•

High temperatures will change the microstructure of the material and alter the material
properties[4]. It may harden, become more brittle, or behave in other less easily
predictable ways.
High heat corresponds to higher heat transfer across the part. The weld joint is located in
close proximity to the swirler of the nozzle. The more delicate parts of the swirler, if
exposed to high heat and thus high stresses, can be damaged (see FEA analysis in Figure 4).

As shown in Figure, heat transfer to the swirler can cause high stresses in localized areas, resulting
in yield or fracture.

Figure 4. Generated by a Woodward FEA analyst, the above diagram illustrates the high localized
stresses that may result in the swirler vanes adjacent to the heating area if heat transfer is not
controlled.
Ideally, it is desired to keep the heating zone in a narrow, uniform band (approximately 0.3 in
thickness) circumferentially around the nozzle at the weld joint area. The heating rate should also
be high in order to minimize heat transfer to other areas of the part.
Elastic Recovery Test
Because there is a large (but consistent, < 1 order of magnitude) error between the FEA analysis
results and the test results, it is suspected that, primarily, there is fixture movement that is
unaccounted for by the calculations. The values attained are a consistent factor larger than FEA
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results. The results are included in Appendix I for reference only and can only represent the
structural behavior as a function of the hardware.
Several important observations were made from testing for elastic recovery. It was seen that the
cooling process from 1200 F, because the part was cooled uniformly by ambient air, does not
“undo” any yielding achieved at the elevated temperatures. After the initial elastic recovery, there
was no observable elastic recovery due to cooling. It is also observed that if heating is not uniform,
the part will bend, primarily elastically, as a result. It is thus important in regards to induction coil
design that uniform heating be achieved.
Limitations and Caveats
Fixture Movement and Imperfect Mounting
Ideally, the fixture should be designed to be sufficiently rigid such that tip deflection resulting from
its movement was negligible. Unfortunately, it was discovered that the fixture movement is very
considerable, accounting for more than 50% of the observed nozzle tip movement. We attempted
to account for this movement by placing a displacement sensor at the base of the nozzle and post
processing the data to determine the actual tip deflection with reference to this base. It is still seen
that the processed data still exceeds the values from the FEA model by a large factor, suggesting
there is movement for which is still not accounted and our methods need review.
The mounting plate was not perfectly perpendicular to axis of the rotary plate and has about a
0.004 in wobble at its edge (7 inch in dia), which translates to about a 0.015 inch wobble at the
nozzle tip. This affects primarily the tip runout measurements.
Sensors
Both the force and temperature sensors have a considerable amount of associated noise. Due to
noise, the temperature sensor could not be calibrated very precisely and is estimated to have an
approximate error of ±30 degrees. It was also discovered that the displacement sensors require
fairly frequent calibration.
Test Nozzle
For this development project, only one test part was used for all experimentation. Because the part
has been repeatedly heated to various (and high) temperatures and yielded in different directions,
its material properties have almost certainly changed. It is obvious that the data attained would not
be perfectly representative of a nozzle to be straightened in production. But as an initial study of
the proposed process, it should be sufficient.

Future Work
Fixture and Mounting
A more rigid fixture than the one used in this study would be preferable. The experimenter should
be wary of making the assumption that the fixture is sufficiently rigid such that its movement is
negligible. As found in this study, that was not the case. The nozzle must also be mounted on a
plane perfectly perpendicular to the rotary axis of the apparatus for good runout measurements.
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Proposed Induction Coil Design
It was seen from experimenting with several induction coil designs that an induction coil that
surrounds the part is most efficient in terms of heat generation in the part. There are several
drawbacks to a simple copper tube coil formed in a loop.. Because of the nozzle geometry, it is not
possible to install the coil around the part or remove it afterwards wit
without
hout bending the copper
tube, which is makes it difficult to reuse the coil. The heating area is also not perfectly uniform
since there is on offset in the coil at where the leads come together. It is also difficult to construct a
perfectly round and consistently
sistently sized coil around the nozzle itself.

Figure 5. A sketch of the proposed coil design constructed from a copper plate. The halves are screw
connected so that the coil can be positioned appropriately over many parts repeatedly. The white
piece is an insulator and the yellow pieces on the right of the piece are compression fittings to attach
to copper tubes connected to an induction heater.
The proposed coil design suggested here addresses all the mentioned
d drawbacks. A similar design
is shown in [1]. Figure 5 shows a preliminary sketch of this design.
n. The induction plate is
constructed out of a copper plate with a hole of the desired diameter bored in the center.
center The
design would allow for half the plate to be removable, joined by screws. The white piece is an
insulator and the yellow brass fittin
fittings
gs would be where copper tubes would be interfaced, which in
turn connect to the induction heater. A pathway for water to flow through the plate would need to
be created and the connection between the two plates would need to be sealed ((e.g.
e.g. using rubber Orings) to prevent leakage.
Temperature Feedback for Induction Coil
It was difficult to ramp temperature as quickly as possible and then stabilize at the desired
temperature using a mechanical input (a power settings knob) and visual feedback. Design of an
automatic feedback control system would make fastt heating to particular temperatures much more
effective and consistent, and operation would be simpler.
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Conclusions
This work represents an initial investigation into a proposed nozzle straightening process to be
developed and implemented in the future. In the data collected within the timeframe of this work,
it was found that a temperature of about 1200 F is needed to yield the part at reasonable force
levels. The force required will be up to 500 lbf, but usually be around 300 lbf, depending on amount
that needs to be yielded. From yielding the material at elevated temperatures, it is seen that cooling
uniformly does not undo plastic deformation and that nonuniform heating can cause the part to
bend.
We have shown that a part can be successfully yielded at reasonable force levels at a temperature of
about 1200 F. An example of achieving straightening during one of the tests is shown in Appendix I
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Appendix I: Supplementary Information
Elastic Recovery Test
For all tip deflection values reported in the results, measures have been taken (post processing) to
account and subtract out movement from the fixture. Unfortunately, the values attained still do not
match FEA analysis results, suggesting there is more movement unaccounted for. The results
presented here are for reference only and represent structural behavior as a function of the fixture.
For Figure A1.1-4, the procedure described for the “Elastic Recovery Test” in the “Procedure”
section was used. Deflection measurements were taken using analog non-electronic dial indicators.

Total Yield vs Applied Deflection at 1200 F
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Figure A1.1 A plot of the relationship found between the deflection applied to the tip and the amount
of yield at 1200 F. The total yield is the difference between the initial and final positions of the nozzle
tip, unloaded and under 200 F.

Total Yield vs Force at 1200 F
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Figure A1.2. A plot of the relationship found between the force applied to the tip and the amount of
yield observed, performed at 1200 F.
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Force vs Deflection
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Figure A1.3. The relationship between the applied maximum deflection at the tip and the force
required for the elevated temperature as well as room temperature is illustrated It is clear that the
part is less stiff at the higher temperature. Because most of the deflections happen in the plastic (and
assumed to be nonlinear) region for the 1200 F data points, we chose to fit the data with a second
order polynomial.
An Example of Straightening
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Figure A1.4. An example of a nozzle being straightened. We first test for the initial runout (0-75 s),
then apply heat (75-175 s) until temperature reaches 1200 F. The load is then applied and released
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(at 150 s) and the part is allowed to cool. The final runout is measured. It is seen that the final runout
is smaller than the initial runout and that the part has indeed yielded with application of force. From
this data we also see the consequence of heating that is not perfectly uniform (75s-140 s) as the part
bends with the tip being free (without load).

Appendix II: Detailed Documentation of Project Design
(FOR INTERNAL USE ONLY)
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