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PREFACE

The report presents a comprehensive theoretical study of the thermal response of the Transrapid
steel guideway proposed for use in Orlando, FL. The work was performed under the OMNI
Contract DTRS-57-89-D000089 awarded by Volpe National Transportation Systems Center,
(VNTSC) in Cambridge, MA. The work was sponsored by the Office of Research and
Development, Federal Railroad Administration, U.S. Department of Transportation at Washington,
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due to Dr. David Wormley, who is Foster-Miller's consultant on this project.
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LIST OF SYMBOLS AND ABBREVIATIONS

plate length, or slot length

CToss section area

plate width, or conductor width

specific heat capacity

guideway height above ground, or plate flexural rigidity
Young's modulus

view factor

heat transfer film coefficient

motor current
section moment of inertia about x-axis

section moment of inertia about y-axis

thermal conductivity, or numerical factor for plate buckling analysis
total beam length for single span

thermal bending moment about x-axis

thermal bending moment about y-axis

bending moment about x-axis

bending moment about y-axis

dissipated power

axial thrust due to thermal load

heat generated in guideway per unit volume
temperature

time, or plate thickness

horizontal deflection

vertical deflection

horizontal coordinate on guideway cross section
vertical coordinate on guideway cross section
coordinate along longitudinal axis of guideway
coefficient of thermal expansion

solar absorptivity

deflection

surface emissivity
permeability constant
mass density
Stefan-Boltzman constant
critical buckling stress
axial stress



EXECUTIVE SUMMARY

A Maglev system currently proposed for Orlando, FL is based on the German Transrapid
design, which uses an electromagnetic suspension (EMS) system for levitation. Because of the
small levitation gap (=8 to 10 mm) between the vehicle and guideway, and the tight gap
tolerances required with this system, the Federal Railroad Administration (FRA), as part of its
safety mission, has identified the need to assess the thermal deflections that can occur in the
Transrapid guideway. These deflections may be significant, and their influence on safety and
passenger ride comfort needs to be assessed.

In response to this need, this report presents a theoretical analysis of the temperature
distributions and thermal deflections that may occur in the Transrapid guideway design when
subjected to the Orlando thermal environment. The analysis is performed on a typical steel
Maglev guideway similar to the design currently being proposed for use in the Florida system.
The analysis can readily be extended to the actual Transrapid design to be used in Florida.

In this work, transient, finite element heat transfer analyses are used to calculate the
temperatures on the guideway and resulting thermal deflections and stresses. The results of this
study indicate that the depthwise temperature distribution in the guideway is steep and nonlinear.
Also, significant temperature variation in the transverse direction occurs across the top surface of
the guideway. The structural analysis shows that these temperature gradients can induce vertical
deflections up to 13 mm for a 25m simply supported single span under worst case conditions.
Horizontal deflections of up to 8 mm are also possible for single span construction. Parametric
studies indicate that the vertical deflections reach the 10 to 11 mm range in summer when the
guideway is oriented in the North-South direction with a maximum of 13 mm for the spring-fall
equinoxes and an East-West orientation. Horizontal deflections are greatest in winter when the
guideway is oriented in the East-West direction. These predicted deflections for the single span
guideway will be used for comparison to the trends and results obtained from the planned test
program, which will employ a full-scale single span girder for measurement of temperature
distributions and thermal deflections. For revenue service conditions, however, the guideway
beam will be used in a double span configuration. For the double span guideway (2 spans of
25m each), the results of this analysis indicate that the temperature gradients induce maximum
vertical deflections of approximately 4 mm, and maximum horizontal deflections of
approximately 2.5 mm, assuming full horizontal and vertical restraint at the center pylon.

The parametric studies showed that the most important factors determining the thermal
response are the sun angles (time of day, season and guideway orientation) and the thermal
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2. THERMAL ANALYSIS

The temperature rise and distribution in a guideway structure can generate vertical and
transverse deflections and bending moments as well as longitudinal movements and forces.
Therefore, the determination of this temperature distribution is an important consideration in the
analysis of the structural response.

For reference, the directions used in this report for guideway parameters are shown in Figure
2-1.

Methods suitable to the determination of the temperature distribution in the structure are: (1)
design codes; and (2) analytical or finite element techniques. These methods, and their
application to the thermal analysis of the guideway beam are described in the following
subsections. Design codes were surveyed first to evaluate their appropriateness and accuracy for
determining the thermal beam response.

y (Vertical)

(Transverse) X

e

Z (Longitudinal) ..

217-DTS-9612-8

Figure 2-1. Directions for Guideway Parameters



2.1  Design Codes

Several countries have formulated design codes to give the depthwise temperature
distribution in elevated guideways. In the codes, the temperature distribution is generally
assumed to be uniform both in the transverse direction of the beam cross section, and along the
longitudinal axis of the beam. A summary of the codes employed by various countries,
including New Zealand, England, Australia and France is shown in Figure 2-2 (3). The New
Zealand code is generally the most severe, having the steepest gradient and the highest maximum
temperatures, and is considered by many researchers to be the most useful code for guideways in
the U.S. thermal environment. The other codes, in contrast, are considered to be less adequate,
since they are too simplistic (such as the linear French code), or have maximum temperatures
which are too low for the temperature extremes encountered in the United States. However,
even the New Zealand code has shortcomings, especially in its application to the Transrapid
Florida guideway. These include:

« As with the other design codes, the New Zealand code was developed for concrete, thick-
walled box-girder bridges which are typically used in highway applications. The code
has not been experimentally validated for the Transrapid steel Maglev guideway to be
erected in Florida.

«  The code does not account for the “reversed” depthwise temperature gradient which can
result from the guideway cooling at night. In such a case, the bottom portions of the
guideway will be hotter than the top flange, resulting in downward deflection of the
guideway.

« The code also does not account for transverse temperature variations in the beam cross
section. These temperature variations may be significant for the Transrapid Maglev
guideway. Laterally symmetric variations change the effective average temperature at
any given depth. Unsymmetric variations will induce lateral or horizontal deflections.

Existing codes may thus be of very limited use for detailed analysis of guideway thermal
response. A more accurate and rigorous approach to calculate the actual temperature distribution
and evaluate deflections for the guideway will be required.

2.2 Finite Element Analysis

The modes of heat transfer in the elevated guideway structure are shown schematically in
Figure 2-3. The input heat is due to incident solar or ground-reflected radiation. In some cases,
vehicle induced heating may also be a factor. The heat loss consists of long wave radiation and
convection to the environment. The differential equation for the unsteady state heat transfer on
the cross section is:

2T . 9°T oT
k—s +k—s+q =pc— 2-1
3% + ayz q=pc 3 (2-1)



80°C

- 70°C

—60° C

50°C

Conditions:
* 2:45 pm
Hot Summer Day
Orlando, Florida

» N-S Orientation
* No Insulation on
Stator Support Beams

218-DTS-9612-2

Figure 2-7. Temperature Distribution Across Top Chord
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Table 2-6. Heat Transfer to Bottom Chord by Direct Radiation
and Convection from Ground

Guideway Height Net Direct Heat
Above Ground, D Flux (ar + ac)
(m) qr (W/m?) | ag (WimP) (W/mR)
1 25.0 33.9 58.9
2 6.30 33.9 40.2
5 2.20 33.9 36.1

simplicity, the convection heat transfer is assumed to be constant. This assumption is
conservative, since the convection heat transfer will actually decrease with increasing height of
the guideway above the ground level. The convection heat transfer will also vary throughout the
day, but will be greatest for the night condition, as described above.

Finite Element Analysis of Ground Radiation and Convection Effects

To quantify the effects of ground radiation and convection on the guideway temperature
distribution, a parametric study was conducted with the finite element model. The model was
modified to incorporate the bottom chord heating effects described above. The reflected
radiation effects in daytime were incorporated using the effective bottom chord solar
absorptivity, as listed in Table 2-5. The direct ground radiation and convection heat transfer
effects (from Table 2-6) were taken into account by applying heat generation to the elements in
the bottom chord of the finite element model. Assuming that the heat transferred by direct
radiation and convection is absorbed uniformly in the bottom chord of the guideway, then the
effective heat generation in the elements of the bottom chord is given by:

. qc +
dpc =R
tBC
where:
dgc = heat generated per unit volume of the bottom chord
tgc = thickness of the bottom chord

These effects were incorporated into the model and the transient temperature distributions
were calculated for the hot summer day conditions for several guideway heights above the
ground surface. In each case, insulated stator support beams were assumed. The resulting
temperature gradients through the guideway depth are shown in Figure 2-23. Note that the
ground heating effects cause the temperatures in the bottom chord area to increase, forming a
gradient in the lower portion of the guideway. As might be expected, these effects diminish as

34
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<«— Guideway 1
Bottom Chord

27 bhagc
A
Height 1
Above R = —
1=
Ground, D hg-a
g g % % Ground
L LS LESL LTS Level Tg
f dc
Ground Convection
to Bottom Chord Thermal Resistance
Model

ha-BC = hg.A=6.0
187-DTS-9612-2

Figure 2-22. Thermal Model for Convection Between Ground and Guideway

The additional heat transferred to the guideway by direct radiation from the ground was
estimated using the equation:

qRr = aLWG(T4G - T4BC)F

where:
qr = heat transferred by direct radiation per unit area
o = Stefan-Boltzman constant (5.669 x 10-8 W/mZ-deg K4)
oLw = guideway long-wave absorptivity
F = view factor, as described above

As noted previously, the view factor accounts for geometrical effects, including the guideway
height above the ground surface. The heat transferred to the bottom chord by direct radiation is
thus a function of the guideway height above the ground. This effect is shown in Table 2-6,
which lists the calculated heat flux to the guideway lower by direct ground radiation and
convection for several guideway heights above the ground surface. Note that as the guideway
height increases, the view factor and the direct radiation heat transfer both decrease sharply. For

33



Incident Solar
Radiation \\

B -1

Guideway

Diffuse Reflected
Solar Radiation Direct Radiation and
Convection from

% I /% %I % Warm Ground
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187-DTS-9612-1

Figure 2-21. Guideway Heating from Ground Sources

Table 2-5. Effective Solar Absorptivity for Reflected Radiation on Bottom Chord

Effective Bottom
Guideway Height Chord Solar
Above Ground, D (m) View Factor, F | Absorplivity, oeff

1 0.400 0.12
2 0.100 0.03
5 0.035 0.01
where:
TG = assumed ground temperature
TBC = guideway bottom chord temperature
dc = heat transferred by convection per unit area
hg.a = heat transfer film coefficient between the ground and the air
ha.gpc = heat transfer file coefficient between the air and the bottom chord

For the case in which the guideway temperature at night is approximately 26.7°C (80°F) and
the ground temperature is assumed constant at 38°C (100°F), the amount of heat transferred by
convection between the ground and the guideway bottom chord was calculated to be
approximately 33.9 W/m2.
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Metal

Temperature
90°C —
Plain Steel
Baseline Case
0g=06,e=0.2

/
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Potential Range of
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Incl. Dirt Accumulation 0.=05e=09
60°C -

N

Fresh Commercial
White Paint
0g=03,e=0.85

wcl [
"Aerospace" White Paint
0g=0.15,£=0.85

Mid-Summer, Orlando
N-S Orientation

Edge Center Edge

JL AL

218-DTS-9612-23

Figure 2-20. Effects of Surface Condition on Top Chord Lateral Temperature Distribution
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Temperature Gradient (°C)

5 0 5 10 15 20 25 30 35

Top Chord —» 0

1
0.1
0.2 |
03
0.4 |- —— New Zealand Code
. m—mm Summer Day, Plain Steel
Centroid — 0.5/ O—=O Average Wir¥ter Day, Plain Steel
0.6 I o— Summer Day, "Super-White"
0.7 Coating on Guideway
08 O——<0 Average Winter Day, "Super
Section 0.9 - -White" Coating on Guideway
Depth 1l
(m) 11}
1-2 i Conditions:
1:3 L + Orlando, Florida
+ "Insulation" on Stator
1.5 Support Beams
1.6 |-
1.7 F
1.8 -
Bottom _ 1.9
Chord

218-DTS-9612-15

Figure 2-19. Effect of Super-White Coating on Temperature Gradient

be particularly significant during the proposed guideway test program, since the guideway will
be mounted close to ground level on relatively short pylons. The close proximity of the
guideway to the ground and the high heat capacity of the concrete ground surface may be
expected to increase the amount of heat transferred from the ground to the lower portion of the
guideway.

To model the direct ground radiation and convection effects, the amount of heat transferred
between the ground and the guideway was estimated as follows. During the night, the
temperature of the guideway is approximately that of the ambient air, while the ground surface
can be assumed to maintain a roughly constant temperature. The heat transfer by convection
between the ground and the bottom chord was calculated using a one-dimensional thermal
resistance model, as shown in Figure 2-22. The warm ground in this model heats the air above
it, and this heat is then transferred by convection to the guideway. The amount of heat
transferred is calculated from:

(Tg —Trc)

QC—[ 1 1 ]
+
ha-pc hg-a

30



of the day. Due to the lack of direct sunlight, the temperatures of the side rails and webs are
reduced, and the difference in temperature between the two webs is small.

The top chord, however, is not subject to these shade effects. The temperature variations on
the top chord (20 to 25°C from the hottest point at the center to the side rails, as noted above) are
still present, regardless of the guideway orientation.

Seasonal Variations

A study similar to the above was performed for winter conditions. For this study, average
winter day conditions for Orlando were used, with ambient temperatures of Tmax = 22.8°C
(73°F) and Tmin = 10.6°C (51°F). In addition to the lower ambient temperatures, the amount of
solar radiation incident on the guideway in winter is greatly reduced in comparison to summer.

The FE model shows that the winter conditions affect both the horizontal and vertical
temperature distributions. The horizontal distributions across the top chord for winter and
summer conditions for a N-S orientation are compared in Figure 2-12. The winter temperatures
are reduced in comparison to the summer conditions. The temperature differential between the
center of the top chord and the side rails is also slightly reduced. However, during the early
morning and late afternoon hours, the temperature differential between the main webs (one in
direct sunlight, the other in shade) is approximately 20 to 25°C, which is greater than the
difference occurring in the summer.

The effects of winter conditions are even more noticeable in the vertical temperature
gradient, as illustrated by Figure 2-13 for the “insulated” case. Here the top chord temperatures
are less than 20°C hotter than the average web temperatures. The gradient in the winter
conditions is much less severe than the gradient in summer, or the predictions of the New
Zealand code. This reduced gradient will also result in smaller vertical deflections in winter, as
discussed in the following sections.

Survey of Combined Effects of Orientation and Season

Further studies with the heat transfer model indicated that the magnitude of the maximum
daily transient thermal gradients were affected by the individual combination of orientation and
season. In retrospect, this seems reasonable since both determine the angle of solar incidence on
the guideway in three-dimensional space, which in turn directly relates to heat input. Therefore,
combinations of guideway orientations from N-S to E-W with different seasonal points were
made. The results are fully discussed later in subsection 3.3.3 describing the deflection response,
but it was found that the E-W orientation in combination with the equinoxes produced slightly
higher vertical gradients than the baseline “summer solstice/N-S” case, and that the E-W
direction in combination with the mid-winter point produced the highest horizontal gradients.
The full orientation range was explored for the equinoxes (March 21 and September 21), and the
halfway points between summer solstice and equinox were checked for N-S and E-W (these
latter were very close to the results for the solstice). In the interest of clarity, however, the
baseline condition can be used for these discussions of parametric influences.
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Figure 2-11. Vertical Temperature Gradients throughout the Day ("Insulated" Case)

Tt must be noted again here that the New Zealand code assumes the top chord to be at
uniform temperature. Thus, although the code is reasonable for the prediction of the maximum
vertical temperature gradient, it cannot predict the variation of temperature across the top chord,
nor can it be used to predict the variations in temperature gradient throughout the day.
Consequently, beam deflections and stresses based on code assumptions can differ from those
calculated with the actual distribution of temperatures across the section. Note that, however,
use of the centerline top chord temperature as a temperature for the full top chord would over-
estimate the thermal moment. The true thermal moment must use the actual thermal distribution.

2.3.3  Effects of Guideway Orientation and Season
Guideway Orientation

The effects of guideway orientation (compass direction) on the guideway temperature
distribution were also studied using the FE model. The orientation primarily affects the
horizontal temperature distribution. When the guideway is oriented in the North-South direction,
large horizontal temperature gradients occur, due to the sun’s heating of one of the webs while
the other is in shade. As described above, these effects can result in the heated web being 15 to
20°C hotter than the shaded web.

When the guideway is oriented in the East-West direction in summer conditions, the web
heating effects are reduced, since both webs are in the shadow cast by the upper chord for most
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Figure 2-10. Vertical Temperature Gradient, “Uninsulated” Case (Bare Guideway)
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of the high amount of solar energy incident on the thin steel structure of the top chord of the
Florida guideway, the temperature results of the finite element model are believed to be
reasonable for a worst case assessment of temperature and deflection, assuming the guideway
has no reflective surface treatments, such as white paint.

During early morning or late afternoon hours when the sun is low in the sky, the results also
show that significant unsymmetrical lateral temperature gradients occur in the guideway. The
web on the sunny side can be 15 to 20°C hotter than the shaded side web. Again, these effects,
due to the daily variation in the sun’s position, are not accounted for in the design codes. These
fransverse temperature variations are important, since they will induce large lateral deflections,
as calculated in the next section.

The effects of equipment attached to the guideway may also be significant. For example,
when stator packs or other equipment are attached to the underside of the stator support beams,
then this portion of the guideway may have reduced convection and radiation to the environment,
and may thus be effectively insulated. These effects were bracketed by insulating the region
around the stator support beams, as shown in Figure 2-8. The effects of this insulation are also
shown on the figure, which compares the temperature distributions across the top chord for the
insulated and uninsulated cases. The temperatures on the top chord of the uninsulated case
rapidly decrease near the side rails, due to the large surface area of the rails and stator support
beams, which transfer heat to the environment. In the insulated case, less heat is transferred due
to the insulating effects of the guideway equipment and the temperature gradients across the top
chord are reduced.

23.2  Vertical Temperature Distribution

For the hot summer day conditions in Orlando, the FE model gives a vertical temperature
gradient similar to the New Zealand code. The results show that the vertical temperature
gradient through the webs to the top chord is steep and nonlinear. This is shown in Figures 2-9
and 2-10 which compare the calculated temperature gradients for the insulated and uninsulated
cases. At the hottest (CL) point on the top chord, the FE model predicts a temperature which is
28 to 30°C hotter than the minimum web temperature. This agrees well with the New Zealand
code, which predicts the top chord to be 32°C hotter than the minimum web temperature. In
these figures, the web temperatures shown reflect the average of the left and right webs, while
the upper chord temperatures correspond to the center of the top flange.

As the sun’s position and the ambient temperature change throughout the day, the guideway
temperature distribution and gradient will change as well. The results of the transient heat
transfer analysis are illustrated in Figure 2-11 which shows the vertical temperature gradient at
three different times during the day: 7:00 a.m., 12:00 noon, and 2:45 p.m. Note that at 7:00
a.m., the average web temperature is warmer than the top and bottom chords of the guideway,
since the sun is low in the sky, and is directly heating one web. Later in the day, at noon, the sun
is directly overhead, and is directly heating the top chord. By mid afternoon, the entire upper
portion of the guideway has been heated by the sun, resulting in the steep gradient similar to the
New Zealand code.

17



Temperature Gradient (°C)

0 5 10 15 20 25 30 35
Top Chord —» 0 T T T g

0.1
0.2

0.3
0.4

Centroid —# 0.5 O—10O Baseline Case, No Ground
0.6 Radiation or Convection
0.7 0---0 Guideway 1m Above Ground
0.8 o—-—-0 Guideway 2m Above Ground
Section 0.9 A——-A Guideway 5m Above Ground
Depth 1
(m) 1.1
:g Conditions:
1.4 + Hot Summer Day
15 Orlando, Florida
) —_— « Insulation on Stator
16 {“ Support Beams
1.7 a _ o
1.8 NS Region Affected by Ground Radiation
Bottom __ 1. Ny s
Chord LIS A

218-DTS-9612-10

Figure 2-23. Effects of Ground Radiation/Convection on Vertical Temperature Gradient

the guideway height above the ground level increases. In the upper portion of the guideway, the
temperatures are essentially unchan ged from the baseline case, which does not include ground
radiation or convection effects. The ground radiation primarily affects the lower chord plate, due
to rapid fall-off of the thermal effects with distance (height above ground). If the lower chord
plate changes significantly in width in further designs, this effect could be accounted for via this
analysis approach.

2.3.6 Effects of Vehicle Induced Heating

In addition to solar and ground radiation/convection heating, the guideway is also subject to
heating from the vehicle. As the vehicle passes, resistance losses are generated in the windings
and iron of the stator pack. These losses are dissipated as heat in the stator pack which can then
heat the upper portion of the guideway.

Fundamentally there are two loss mechanisms: electrical resistive heating and magnetic
hysteretic losses. The resistive losses are subdivided into ohmic losses in the stator winding,
eddy current losses in the winding, and eddy losses in the iron stator pack. The resistive losses
are the greatest, and are discussed below.

The two primary operational factors which determine these power losses are the motor thrust
and vehicle speed. Table 2-7 shows thrust and speed for several scenarios (accelerate, cruise,
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where:

Ly = length of field imposed by the vehicle
Nee = resistivity of iron
B = peak magnetic field at the stator pack

iron lamination thickness

—
|

Figure 2-24 shows the calculated Transrapid dissipated power versus frequency or vehicle
speed. The results for the maximum and typical currents are indicated. (Note that the current is
assumed to be a constant as a function of speed.) Eddy current and estimated hysteretic losses
are also shown in the figure. (The winding eddy current losses are neglected since cable data
was not available.) A curve showing the total resistive + iron eddy currents + iron hysteretic
losses is also indicated. As the vehicle speed increases, the greater vehicle passing frequency
increases losses.

Figure 2-25 shows the calculated Transrapid guideway stator pack heating versus frequency
or vehicle speed. Again, data for two constant motor currents and the hysteretic losses and iron
eddy losses are shown. This figure shows that for constant block lengths more energy is
deposited at low speed in each meter of guideway even though less total power is dissipated.
This occurs because the vehicle travels more slowly, increasing the length of time for dissipated
energy to accumulate at a particular location along the guideway.
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Figure 2-24. Transrapid Maglev Dissipated Power versus Frequency
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Table 2-8 shows the results of an adiabatic temperature rise in the windings due to a passing
vehicle at two speeds and two values of motor thrust (current). This calculation only accounts
for the ohmic losses in the motor windings due to the thrust-producing current. As expected, the
temperature rise is greatest for low speed, high thrust scenarios.

These results show that the resistive losses in the stator packs due to vehicle passage may
induce significant heating in the stator windings. A more accurate quantitative assessment of
these heating effects requires more detailed knowledge of the stator pack design, and is beyond
the scope of this study. However, the results of this analysis do indicate that vehicle induced
heating effects should be considered in the analysis of guideway temperatures and thermal
deflections found in revenue service condtions.

Effects on Stator Pack and Guideway Temperatures

As noted above, the power losses are dissipated as heat, primarily in the windings and iron of
the stator pack. The results listed in Table 2-8 show that a single pass of a vehicle at low speed
can increase the temperature of the stator pack windings by 3.1°C (5.6°F). For a series of
vehicles traveling at short headway, the temperature rise in the stator windings will be
considerably larger.
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Table 2-8. Winding Temperature Rise per Vehicle Passage

Current, Amps Energy Deposited
Speed (m/sec) (thrust) per Distance (J/m) | AT (°C)
55 680 5,350 1.0
1,200 16,700 3.1
110 680 2,600 0.5
1,200 8,300 1.6

Since the stator packs are mounted in the upper portion of the guideway on the stator support
beams, it can be assumed that the heat from the stator packs will partially transfer to the
guideway structure, thereby increasing the temperatures in the upper portion of the guideway.
However, quantification of these effects on the guideway temperatures requires knowledge of
several detailed design features of the stator packs and guideway, including:

*  The amount and effectiveness of the insulation surrounding the stator pack windings.
* Accurate sizing of the stator windings and core iron, with their thermal properties.

» How the stator packs are attached to the guideway, including the number and size of the
bolted connections to the stator support beams.

On a qualitative basis, however, it can be stated that the heating of the stator windings due to
vehicle passage can be significant, especially for a series of vehicles traveling at slow speed,
such as at or near a station. Due to the proximity of the stator coils to the upper portion of the
guideway, the guideway temperatures in this region can be expected to increase from the vehicle
induced heating of the stator packs. These effects warrant further investigation and verification
by testing in future work.

24  Summary of Thermal Analysis

The principal results for the thermal analysis of the Florida Maglev guideway beam are
summarized below.

+  Comparison of the FE heat transfer analysis with existing worldwide bridge design codes
and practices showed that, for the steel TR guideway, these codes cannot fully reflect the
thermal response sufficiently to assess both vertical and horizontal effects.

* The New Zealand design code has the most severe vertical temperature gradient of any of

the commonly used codes, and is often recommended by researchers for use in the U.S.
thermal environment. However, the design codes may be of limited use for detailed

40



analysis of Maglev guideways, since they do not account for horizontal temperature
variations on the guideway cross section, nor are they convenient for assessing
environmental and location factors affecting thermal distributions.

Results from the FE analysis have shown that the vertical temperature distribution in the
Transrapid guideway under hot summer day conditions agrees reasonably well with the
predictions of the fifth order New Zealand code. The FE model predicts that the
temperature differential between the hottest point on the top chord and the coldest point
on the web is 28 to 30°C. The New Zealand code is slightly more conservative, and
predicts a temperature differential of 32°C.

The FE model shows that the transverse variations in temperature can be significant. On
the top chord of the guideway the temperature of the side rails as be much as 20 to 25°C
lower than the center of the top chord. These effects are caused by the large surface area
of the side rails and stator support beams, which readily transfer heat from the guideway
to the environment. These effects are not accounted for in the design codes, which all
assume that the top chord is uniform in temperature, with no horizontal temperature
variation in the structure.

The presence of guideway mounted equipment (such as stator packs) affects the top
chord temperatures. This equipment reduces the temperature variation across the top
chord, thereby raising average top chord temperature. Test configurations need to
include effects of stator packs to evaluate deployed guideways.

During the early morning and late afternoon hours, the temperature differential between
the main webs can be 15 to 25°C, due to direct solar heating of one of the webs while the
other is in shade. These effects are not predicted by the design codes, and are considered
to be important in the evaluation of lateral deflection.

Guideway orientation (compass direction) seems to primarily affect the horizontal
temperature distribution. However, certain combinations of orientation (E-W) and season
(equinoxes) can produce vertical gradients somewhat higher than the summer/N-S
baseline case.

Seasonal variations affect both the vertical and horizontal temperature distributions. The
guideway temperatures and vertical temperature gradient are reduced in winter.
However, during the early morning or late afternoon hours, the temperature differential
between the heated and shaded webs in winter is greater than occurs in summer.

Ambient air temperatures are much less influential than the effects of orientation,
location and season.

The surface treatment of the guideway can strongly affect the temperature distribution in

the guideway. The temperatures and temperature gradients in an oxidized steel guideway
are slightly reduced in comparison to the baseline untreated steel guideway. Both plain
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steel and oxidized surfaces tend to the worst-case (highest gradients and temperatures)
compared to a coated guideway.

Adding white paint to all guideway surfaces sharply reduces the guideway temperatures
and temperature gradients in both summer and winter. The type and condition of the
paint significantly affects the reductions that can be obtained.

Ground radiation and convection to the guideway can increase temperature somewhat in
the lower portion of the guideway. The effect is greatest when the guideway is mounted
close to the ground on short pylons, and can increase temperatures in the bottom chord by
about 5°C during the day.

Eddy current and resistive power losses from passing or stationary vehicle passage are
dissipated in the stator packs as heat. Slower, frequent, and stationary vehicles increase
these effects. The temperature increase in the stator packs can be significant, especially
near Maglev stations. These effects may increase the temperatures in the upper portion
of the guideway, and need further investigation, especially for the levitation power losses
which are expected to be significant.
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3. DEFLECTION AND STRESS ANALYSIS

Once the temperature distribution in the guideway is known, the structure can be analyzed
using beam theory to determine the thermal vertical and horizontal deflections, and the thermal
bending stresses. The subsections below present the relevant aspects of beam theory, and detail
the deflection and stress analysis results obtained for the Transrapid Maglev guideway beam.
Several parametric studies are presented to determine the scenarios for maximum vertical and
horizontal deflection.

The deflection results and parametric studies are presented first for the single span
conditions. This will allow for direct comparison of these results of an upcoming test program,
which will measure the thermal deflections of the guideway beam while mounted in a single
span configuration. However, it is anticipated that the guideway used in the Orlando, FL. Maglev
system will employ a double span configuration. A later subsection of this report will thus detail
the deflection analysis and results pertaining to the guideway when installed in a double span
configuration, which reduces deflections significantly, while increasing stresses.

3.1 Beam Theory
We follow the beam theory equations given in Boley (10), with sign conventions as shown in

Figure 3-1. Under the assumption that plane cross sections remain plane after deformation, it
can be shown that the longitudinal displacement and strain at any cross section are:

W=f0+f1y+f2X (3'1)
a L 1] 1
€z = a—\: =fo+f1y+fox (3-2)

with the standard nomenclature:

= horizontal (transverse) coordinate on cross section
vertical coordinate on cross section

longitudinal coordinate

longitudinal displacement in z-direction

€z = longitudinal mechanical strain

fo,f1,f2 functions of z (longitudinal coordinate)

fo.f1f5 = derivatives with respect to z

X
y
z
w
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d2v

Elyy —5 =-(M1x + My) (3-11)
dz

2u

Elyy 2" =—(M1y + My) (3-12)
z

where

u = horizontal (transverse) displacement in x direction

\ = vertical displacement in y direction

M,, My = bending moments due to applied loads or constraints

At z=0 and z = L, (the beam ends), the boundary conditions require that the horizontal and
vertical displacements are zero:

u=v=20
Assuming the temperature distributions and thermal moments to be uniform along the

longitudinal axis of the beam, it can be shown that the maximum vertical and horizontal
deflections in a simply supported beam are

2 (3-13)
. MpL
max ] 1y
2
Mg L
Unax = (3-14)
8El,,

These maximum deflections occur at the mid-span of the simply supported beam.
3.2  Finite Element Analysis

To calculate the deflections and stresses resulting from the time varying temperature
distribution in the Transrapid guideway, the finite element model (4) described in the previous
section was used. The finite element program also calculated the thermal moments, deflections
and stresses at each time step throughout the daily cycle. The results of this analysis are
presented in the following section.

3.3 Numerical Results and Parametric Studies

The deflections in the vertical and horizontal directions and the bending stresses for the
Transrapid Maglev guideway were calculated under a variety of conditions. These studies were
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conducted to determine the worst case scenarios for deflection and stress. As discussed earlier in
Section 2, the initial “baseline” case for thermal-structural studies was the early summer day
(June 21 solstice, with highest sun angles), N-S orientation and plain steel surface. Later
parametric studies across the range of combinations of guideway orientation and seasonal points
did reveal slightly higher deflection maxima later (discussed in subsection 3.3.3 following), but
the baseline is very useful for understanding the relationship between the daily heating and
cooling of the guideway and the deflection and stress responses. The results are summarized
below.

33.1 Vertical Deflection

The vertical deflections for a single span Transrapid guideway were initially calculated for
the baseline summer day conditions (summer solstice, N-S orientation, plain steel surfaces) at 15
minute intervals throughout the day. The results are shown in Figure 3-2, which plots the
midspan vertical deflection of the guideway for the "insulated" and "uninsulated" cases described
earlier. As shown in the figure, the guideway deflection response throughout the day is quite
complicated, due to the continually changing ambient conditions and position of the sun, and the
complex geometry of the guideway. These effects are discussed below.

Nighttimel/Early Morning Hours

Between the hours of approximately 10 pm and 6 am, the guideway temperatures are nearly
uniform, resulting in very small vertical deflections. At sunrise, the lower portion of the right
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Figure 3-2. Vertical Deflection (Summer, 25m Single Span, N-S Orientation)
versus Time of Day
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web (East-facing web, when looking North) rapidly heats from direct sunlight, while the upper
portion of this web is in the shade of the guideway side rail (these temperature effects were
shown in Figure 2-11). The left web remains cool, as it is completely in the shade of the
guideway. This rapid heating of the lower part of the right web causes a downward (negative)
deflection, as shown in Figure 3-2.

Late Morning/Early Afternoon Hours

Later in the morning, as the sun rises higher in the sky, it begins to heat the top chord and the
right side rail of the guideway. The lower portion of the right web begins to cool, and the upper
portion of the both webs begins to heat up from the hot top chord. A significant vertical
temperature gradient is formed in the left web, resulting in a deflection peak at approximately
11 am.

From approximately 11 am to 2 pm, the sun directly heats the top chord of the guideway,
while both webs are in shade. (These temperature effects were also shown in Figure 2-11). The
web temperatures start to become more uniform in the depthwise direction, reducing the vertical
temperature gradient and deflection, as shown in the figures.

At approximately 2 pm, the sun begins to heat the left side rail and web of the guideway,
while the lower portion of the right web cools. At this point, the rails and stator support beams
are at their hottest temperatures of the day. These effects result in an even larger temperature
gradient in the right web in the range of 30°C, and the maximum vertical deflection at the second
peak, as shown in the figure.

Late Afternoon/Evening Hours

In the late afternoon, the top chord, rails and stator support beams begin to cool slowly, while
the sun directly heats the lower portion of the left web. This rapidly reduces the temperature
gradient, and results in decreasing vertical deflection. After the sun has set, the web
temperatures again cool and become more uniform. However, the top chord, rails and stator
support beams, which are relatively massive, have stored a large amount of heat during the day,
and are cooling at a slower rate. These portions of the guideway are still warm compared to the
webs, resulting in an increase of the upward deflection between the hours of 6 and 9 pm. Later
in the evening, the upper part of the guideway finally cools, and the guideway is again essentially
at a uniform temperature, with only a very slight vertical deflection.

From Figure 3-2, the largest deflections occur at 2:45 pm, with the" insulated" case having a
maximum deflection of 10.7 mm for the single span. The deflections for the "uninsulated" case
are smaller, with the maximum being 7.4 mm for the single span. The reduced deflection
corresponds to the temperature gradient results presented in Section 2: the large surface area of
the side rails and stator support beams readily allows heat to transfer out of the guideway,
thereby reducing the thermal moment and the deflection in the uninsulated case.
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For comparison purposes, the deflections induced by the fifth order New Zealand code
temperature distribution were also calculated using the equations presented previously. For a
single span 25m guideway, the New Zealand code results in vertical thermal deflections of 13.6
mm, which is somewhat greater than predicted by the FE model. (However, as noted previously,
the New Zealand code cannot be used to evaluate horizontal deflections, since it ignores
temperature variations in the horizontal direction.)

As noted in the previous sections, the "insulated” case corresponds to conditions in which the
stator packs or other equipment are attached to the guideway, while the "uninsulated" case
assumes the guideway does not have any equipment mounted on the stator support beams. The
deflection results presented above thus indicate that the deflections for a guideway with
equipment mounted on the stator support beams may be larger than the deflections in a guideway
with no equipment attached.

3.3.2 Horizontal Deflections

The horizontal deflections for the baseline summer case, using the single span guideway, are
shown in Figure 3-3. Both the “insulated” and "uninsulated” cases (with and without stator
packs) have been calculated. The maximum horizontal deflection occurs in the late afternoon,
when the sun is lower in the sky. As noted previously, under these conditions one web is in
direct sunlight while the other is in shade. For the insulated case, the maximum deflection is
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Figure 3-3. Horizontal Deflection versus Time of Day
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approximately 6.0 mm. For the uninsulated case, the deflections are slightly smaller, with the
maximum being approximately 5.5 mm. The reduced deflections are due to the effects of heat
transfer near the side rails and stator support beams as described above.

3.3.3  Effects of Guideway Orientation and Season
Guideway Orientation

Initial studies using the summer baseline configuration were performed to determine the
sensitivity of the vertical and horizontal deflections to the orientation (compass direction) of the
guideway. The results are shown in Figure 3-4 using the simply supported, single span
configuration. For this case, the maximum vertical and horizontal deflections both occur for the
North-South guideway orientation. The minimum summertime deflections occur when the
guideway is oriented in an East-West direction.

Seasonal Variations

A study similar to the above was performed under winter conditions, at the winter solstice
(December 21) having minimum sun angles. For this study, average winter day conditions for
Orlando were used, with ambient temperatures of Tax = 22.8°C (73°F) and Tpyjn = 10.6°C
(51°F). The results are shown in Figure 3-5, again for the simply supported single span
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configuration, The results indicate that during the winter season, the horizontal deflections can
actually be larger than the vertical deflections for the majority of guideway orientations. This is
due to the sun’s position in winter, which is low on the horizon. This allows for long periods of
direct solar heating of the guideway main webs, but prevents the efficient heating of the top
chord of the guideway. The maximum horizontal deflection is approximately 8 mm, which
occurs when the guideway is oriented in the East-West direction. As mentioned previously, such
horizontal deflections (like the vertical deflections in summertime) could possibly exceed
guideway operational tolerances or have safety implications for the Maglev system.

Combined Effects of Guideway Orientation and Season

As discussed earlier in subsection 2.3.3, further studies with the heat transfer model indicated
that the maximum daily transient thermal gradients, and hence deflections and stresses, were
affected by the individual combination of orientation and season. Therefore, combinations of
guideway orientations from N-S to E-W with different seasonal points were made. It was found
that the E-W orientation in combination with the equinoxes produced a somewhat higher vertical
deflection of 13 mm than did the baseline “summer solstice/N-S” case, and that the E-W
direction in combination with the mid-winter point did produce the highest horizontal deflection
of 8 mm. The full orientation range was explored for the equinoxes (March 21 and Sept. 21),
and the halfway points between summer solstice and equinox were also checked for N-S and
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E-W (these latter deflections were very close to those for the solstice). The thermal properties of
the plain steel surfaces, and the simply supported single span condition were used, as before.

Figure 3-6 summarizes the complete vertical deflection picture for the full range of
combinations of guideway orientation and season. It can be seen how the vertical deflections
will likely remain below a “bound” of approximately 11 mm (N-S) to 13 mm (E-W) for all
seasons, but that the deflections are likely smaller in the six “winter” months between the fall
and spring equinoxes. This plot could also be used in route alignment planning to predict the
most likely zones of large guideway deflections.

A similar summary plot for the horizontal deflections is shown in Figure 3-7. Here, it can be
seen that the additional combinations of season and orientation did not produce deflections larger
than the initial cases discussed above in subsection 3.3.2; the largest horizontal deflection of 8
mm remained the winter December 21/E-W case. The upper bound in this case seems to be the 8

mm/E-W to 6 mm/N-S line.

The deflections in both these cases being in the range of 8 to 13 mm are significant in
comparison to the 8 mm gap, and indicate that both the vertical and horizontal deflections should
be considered for the testing and service use of the guideway in Florida.
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Figure 3-6. Maximum Vertical Deflection versus Orientation and Time of Year
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Figure 3-7. Maximum Horizontal Deflection versus Orientation and Time of Year

3.3.4  Effects of Surface Treatments on the Guideway

As noted previously, the surface treatment of the guideway can significantly influence the
guideway temperatures and thermal deflections. Parametric studies were conducted with the
finite element model to determine the effects of the guideway surface treatment on the vertical
and horizontal deflections. The effects of oxidation (rust) and white paint on the top surface of
the guideway were examined for summer and winter conditions, with guideway orientations of
90 deg (North-South) and 0 deg (East-West), and the results were compared to the baseline case
of untreated steel. The results of this study are presented in Table 3-1 for a simply-supported
guideway beam. The results indicate that there is only a slight difference in deflection between
the untreated steel guideway and the oxidized steel guideway, each of which has a maximum
vertical deflection in the range of 10 to 11 mm, occurring in summer when the guideway is
oriented in the North-South direction. Similarly, both the untreated and oxidized steel
guideways have a maximum horizontal deflection in the range of 7 to 8 mm, occurring in winter
when the guideway is oriented in the East-West direction. For the guideway with the super-
white top coating, however, the deflections are significantly reduced. The maximum “baseline
case” vertical deflection for the guideway with super-white paint is only 2.0 mm (summer, N-S
orientation). This represents a reduction of approximately 80 percent in comparison to the
baseline, plain steel case. Similarly, the maximum horizontal deflection for the guideway with
super-white paint is only 1.4 mm, which occurs in winter when the guideway is oriented in the
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Table 3-1. Effects of Guideway Surface Treatment of Thermal Deflection

Maximum Deflections (mm)
Surface Treatment Season Orientation Vertical Horizontal
Untreated (plain) Summer N-S 10.7 6.0
og =06 Summer E-W 5.8 1.9
e=0.2 Winter N-S 55 4.4
ogle =3 Winter E-wW 2.4 8.0
Oxidized Steel Summer N-S 10.4 6.1
os =0.8 Summer E-W 5.7 2.0
£=0..8 Winter N-§ 6.0 4.7
ogle =1 Winter E-W 1.9 7.5
"Super-White" Paint Summer N-S 2.0 1.1
os =0.15 Summer E-W 1.1 0.4
£=0.9 Winter N-S 1.0 0.9
os/e =0.2 Winter E-w 0.8 1.4
Notes: 25m single spans
Insulation on stator support beams

East-West direction. Again, this represents a reduction of approximately 80 percent compared to
the baseline case. These results thus indicate that coating all surfaces of the guideway with white
paint can be a very effective means of reducing the guideway thermal deflections. The issue
then will be if such a coating can be maintained in actual service, retaining the high reflectivity
required in order to be effective.

The “super-white” coating discussed above represents the most highly reflective coating
achievable in a laboratory-type situation, and is useful to estimate the biggest gradient and
deflection reductions attainable. However, a more realistic set of coating properties representing
the in-service white-painted guideway would clearly provide less of a reduction. For this reason,
a range of vertical deflections for the baseline configuration representing these situations was
calculated, as discussed earlier in subsection 2.3.4. (Recall this described the thermal surface
properties for the range of new and deteriorated white coatings.) This is summarized in
Figure 3-8, which estimates the practical degree of reduction in vertical deflections that might
be relied upon in service. A range of 30 to 60 percent is suggested, depending on the exact paint
composition, application technique, and, most important, deterioration. These estimates used
available thermal properties of selected commercial paints as guidelines (15).

Since the reductions can be substantial, the actual coating performance over time should be

carefully evaluated by field tests or other accepted accelerated aging tests as part of the final
design, to establish a safe margin of performance that can be assured in service.
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Figure 3-8. Effectiveness of Guideway Coatings in Reducing Thermal Deflections

3.3.5 Effects of Ground Radiaiion and Convection

As noted previously in subsection 2.3.5, the guideway may also be subject to additional
heating from ground radiation (both direct and reflected) and convection. Parametric studies
were conducted to determine the effects of this additional heating on the guideway deflections.
The thermal deflections were calculated for several guideway heights above ground level. The
results of this study are shown in Figure 3-9, which presents the maximum upward and
downward deflections of the gnideway for two ground conditions: a typical concrete ground
surface (reflectivity = 0.5), and a more highly reflective ground surface (reflectivity = 0.85)
which allows a greater amount of reflected solar radiation to reach the lower portion of the
guideway. The results show that for both ground conditions the upward deflections are slightly
reduced when the guideway is mounted close to ground level due to the ground radiation/
convection heating of the bottom chord. This heating effect also tends to increase the maximum
downward deflection of the guideway. As the guideway height above ground level increases, the
ground heating influence on the deflections is reduced. Ata guideway height of approximately
5m above ground level, the ground heating effects are quite small, and the guideway deflections
are essentially unchanged from the baseline case, in which ground radiation and convection
effects were not considered. The analysis also has shown that the horizontal deflections,
although not shown here, were essentially unaffected by ground radiation and convection.
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Figure 3-9. Effects of Ground Radiation/Convection on Vertical Deflections

It must be noted here that these results are approximate, since in the finite element model the
ground radiation and convection effects were considered to affect only the bottom chord of the
guideway. However, this analysis does indicate that while ground radiation and convection may
influence the maximum guideway vertical deflections, both upward and downward, the effects
may be expected to be minor.

33.6  Effects of Vehicle Induced Heating

As noted in previous sections, the passage of the Maglev vehicle dissipates power in the
stator packs, which results in heating of the windings and iron in the stator pack. Quantification
of the changes in guideway deflection caused by vehicle induced heating cannot be accurately
determined from the amount of information currently available on the stator pack design, and
details of the stator pack attachment to the guideway. However, due to the location of the stator
packs, these heating effects are expected to increase the temperatures in the upper portion of the
guideway, particularly in the region of the stator support beams, the upper portion of the webs,
the top chord, and the side rails. Since these parts of the guideway structure all lie above the
centroid of the cross section, the heating effects increase the thermal bending moment about the
horizontal axis, resulting in increased upward vertical deflections. The heating effects may be
significant, especially in cases of a series of vehicles traveling at relatively low speed, such as
near a station. The heating effects may be particularly severe when the additional effects of
levitation and guidance losses are considered (due to insufficient data, only propulsion power
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losses and heat generation have been considered here). The cyclic thermal loads generated by
the vehicle may be significant, and may also affect the bolt attachment of the stator packs to the
guideway. There currently is insufficient data available to quantify these effects. These effects
warrant further investigation and testing to determine the amount of heating induced in the
guideway, the resulting increase in thermal deflection and stress, and the possible effects on the
stator pack attachment bolts.

3.3.7 Double Spans versus Single Spans

The deflection and stress results presented above are representative of the Transrapid steel
Maglev guideway using a 25m single span. However, the proposed Florida system may also use
double span guideways with a continuous support at the center pylon (see Figure 3-10). The
results obtained for the preceding analysis for single span can be readily translated to double
span guideways, as shown below.

It is assumed here that the center support design restrains both the vertical and horizontal
deflections at the center support to zero. Then for a double span guideway which has a total
beam length of 2L (as shown in Figure 3-10), it can be shown that the maximum vertical and
horizontal deflections due to the combined effects of the thermal moments and the restraint at the
center support are given by

Mr,L? (3-15)
Vmax,double = 27EI
XX

Neutral Axis Deflection
__ Due to Thermal Loads
o P - = -~

F ﬁ ﬁ“ ———————————— —
|< o . le .
D L
L > x Lo x
Single Span Double Span
Guideway Guideway
2 2
M+ L M- L
T - @ax- L _ T &, L.SL
Omax = 8EI @x= 3 Smax = 27El @x=3"3  is2DTs96124

Figure 3-10. Thermal Deflection in Single and Double Span Guideways
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Mry L2

Umax,double = Hapmr (3-16)
27 EIYy
Referring back to equations (3-13) and (3-14), this implies that
Vmax, double _ | Ymax,double | _ 8 ~0.3 (3-17)
Vmax,single Umax,single 27

In other words, the maximum thermal deflections in a double span guideway are approximately
30 percent of the thermal deflections in a single span guideway, all other conditions being equal.
Thus, all of the preceding deflection results for the 25m single span guideway (including the
parametric studies of guideway orientation and seasonal variation) can be applied to a double
span guideway (total beam length of 50m) by multiplying by the factor of 8/27. This implies that
the maximum vertical deflections for a double span guideway are approximately 4 mm* (This
assumes plain steel surfaces) while the maximum horizontal deflections are approximately 2.4 m
(winter).

A useful comparison can be made of the thermal versus static live load vertical deflections
for the double span configuration. This puts the thermal deflections in perspective with other
contributions to overall guideway response. For the double span beam, also known as
“alternating continuous” configuration, the highest downward live load (static vehicle weight)
deflections are produced when one of the two spans is loaded. The unloaded span deflects
upward about half the amount of the downward span. Figure 3-11 shows this effect, together
with a summary of vertical deflections for both spans. (Note that we are using static vehicle
weights for this comparison, not amplified by any dynamic effects from vehicle-guideway
interaction.) The 4 mm thermal deflections are of the same order as those for the static live load,
and it can be seen that the total of the static live load and thermal deflections then produces a
range of £7 mm of vertical response for the double span.

Another important issue with regard to the deflections of single and double span guideways
is the discontinuity of slope that occurs at the beam ends. Figure 3-12 schematically shows the
discontinuity of slope between two adjacent guideway beams at a support pylon. This sudden
change in the slope of the guideway may affect the vehicle ride quality. For a single span
guideway, the vertical slope at either end of the guideway beam is given by

4 ML

6single =X 2EI (3-18)
XX

8
* —x 13 mm
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OCR = (3-20)

where:

ocr = critical plate buckling stress

t = top chord plate thickness (16 mm)

b = plate width between support webs (1.96m)

a = unsupported panel length; max = b w/no diaphragms
Et’

b = 12(1 - v2) flexural rigidity

E  =206.85 GPa (steel)

2
k = numerical factor based on plate length and width = (% + 2)
a

Y = Poisson’s ratio = 0.3
For the case described above, k = 6.1, and the critical buckling stress is

OCR =76 MPa (11 ksi)

Note that if the diaphragm stiffeners are not present, or if they offer insufficient resistance to
buckling of the top chord, then the buckling half-wavelength will approximate the width, and the
numerical factor, k, is 4.0 (11). The critical buckling stress for this case is then reduced to

OcrR = 50 MPa (7.2 ksi), or 1/3 lower than with diaphragms at 1.0m.

The calculated compressive stresses on the gnideway top chord due to the thermal, dead and
live loads are listed in Table 3-2 for the single and double span cases (untreated steel). Note that
the thermal compressive stresses for the single span range from 27.6 to 34.5 MPa (4 to 5 ksi), but
increase up to 39.3 to 57.9 MPa (5.7 to 8.4 ksi) for the double span case, due to the restraint at
the center pylon support. The stress increments due to the dead and live loads (shown in the
table) further increase the top chord compressive stresses at the mid span for both the single span
and double span cases (note that the compressive stresses at the center pylon in the double span
case are actually reduced by the dead and live loads). The sum of the thermal, dead and live
loads yields a maximum top chord compressive stress of 50.1 to 57.0 MPa (7.3 to 8.3 ksi) in the
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Table 3-2. Summary of Stresses in Guideway Top Chord
Max Top Chord Compressive Stress
Single Span Double Span
Load at Midspan Midspan At Center Pylon
Thermal 27.6to 34.5 MPa 39.3 to 46.2 MPa 51.0 to 57.9 MPa
(4 to 5 ksi) (5.7 to 6.7 ksi) (7.4 10 8.4 ksi)
Dead Load* 8.3 MPa 4.8 MPa -20.7 MPa (Tension)
(1.2 ksi) (0.7 ksi) (-3.0 ksi)
Live Load*" 14.2 MPa 11.0 MPa -6.9 MPa (Tension)
(2.1 ksi) (1.6 ksi) (-1.0 ksi)
Total: 50 to 57 MPa 55 to 62 MPa 23 to 30 MPa
Thermal + Dead + Live Loads| (7.3 to 8.3 ksi) (8.0 to 9.0 ksi) (3.4 10 4.4 ksi)

Notes:

(6 Ib/in.).

**_ive load assumes a static vehicle weight of 19.6 kN/m (112 Ib/in.
span, or over one span of the double span guideway, to yield maximum bending stress.

Thermal stress range is for seasonal/orientation band of maxima.

*Dead load assumes a guideway weight of 10.66 kN/m (61 Ib/in.) plus guideway equipment of 1.07 kN/m

) even distributed over the single

single span, and 55.1 to 62.0 MPa (8.0 to 9.0 ksi) in the double span. Note that these stress
levels could increase somewhat, since the assessment of live load did not consider any dynamic
interaction effects between the vehicle and guideway, which can increase the live load
deflections and stresses.

The calculated stress results listed above are approaching the local buckling strength
(75.8 MPa, 11.0 ksi) predicted for the top chord, and exceed the buckling strength of the case in
which the diaphragms are not present or are ineffective (49.8 MPa, 7.2 ksi). In view of the
additional dynamic interaction effects on the live load, there may be insufficient margin for local
buckling safety on the top chord of this guideway. To provide greater margin of safety, the
buckling strength of the top chord could be increased by increasing its thickness, or by using a
closer diaphragm spacing with sufficiently rigid diaphragms. Another approach could use a
longitudinal web stiffener down the centerline of the top chord. Use of white coating on the
guideway would also greatly reduce the thermal stress component. However, each of these
methods requires further study or tests to determine if the local buckling potential can be
successfully eliminated.

The results of this analysis thus indicate that the thermal stresses, and local buckling of the
top chord, should be considered in the design and implementation of any guideway system
chosen for use in the Florida environment.
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3.3.9 Thermal Fatigue

Fatigue concerns are present in any transportation support structure, including welded steel
guideway beams. The thermal stresses potentially could contribute in two ways: as direct cyclic
stresses, and as a mean-stress raiser for the primary cyclic stresses, which are the live vehicle
loads. The direct cyclic contribution will likely be small over a 20-year life since a cyclic
accumulation in the range of only 5000 cycles or so would be possible with daily cycling at the
max stress for a majority of the days per year. This is in the low cycle fatigue (LCF) regime, and
cyclic stresses large enough to cause problems in this region must be avoided, and presumably
have been in this design. However, the effective mean stresses could be raised significantly
when thermal stresses occur, and these should be checked in detail. Not only the potential
fatigue effects on both overall beam bending, but, more importantly, local transverse bending of
the top chord should be evaluated.

A preliminary estimate of these effects can been made using generic data. Fatigue data for
the family of A36-A441-A514 steels, in welded construction (16) is shown in Figure 3-14. This
particular data also shows little variation with mean stress level for mean stresses in the range of
-6 to +10 ksi (meaning the primary effect is due to stress range, or alternating stress double
amplitude). If this is true for the steels and manufacturing process used in the Transrapid
guideway, then the addition of mean thermal stresses to dead loads and built-in stresses already
present might also have little effect.

To gauge the scope of the stresses that might be involved, we can use the above generic
welded steel fatigue data at a typical location on the cross-section. (For example, the minus-2
sigma stress range for 106 cycles is about 10 ksi, which could be compared against the cyclic live
load stresses.) For transverse bending of the upper chord plate at the point of web support, and
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Figure 3-14. Generic Fatigue Data for A-36 Steel in Welded Construction (16)
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using the live and dead loads cited in Table 3-2, dead load effects might be 3 ksi, and live load
effects (cyclic stress range with a possible dynamic load factor of 2.0) could be 16 ksi. Adding
the transverse effects of 6 to 8 ksi thermal compression in the perpendicular (longitudinal)
direction to the dead load stresses, the mean stress might increase from 3 to 6 or 7 ksi.
(Transverse bending stresses due to local thermal buckling tendency would be additional.) If this
increased total mean stress does not lead to higher cyclic damage from the live load stresses for
the exact TR material and process, then the fatigue life would be close to that without the thermal
component. The adequacy of this fatigue life itself is a separate subject not addressed here.

These aspects should be evaluated using the approach of (16,17), or their equivalents. These
TRB publications are respectively entitled, “Effects of Weldments on Fatigue Strength of
Welded Steel Beams,” and “Fatigue of Welded Steel Bridge Members Under Variable-
Amplitude Loadings.”

34 Summary of Deflection/Stress Analysis

The results for the finite element deflection and stress analysis of the Transrapid Maglev
guideway beam are summarized below:

» For the 25m single span, plain steel guideway in the Orlando environment, vertical
deflections up to approximately 13 mm can occur in the operational guideway with
equipment mounted on the stator support beams. The deflections are smaller
(approximately 9 mm) for the beam without any equipment.

» Horizontal deflections of the guideway can reach 8 mm for single spans due to the solar
heating of one main web during morning or late afternoon hours.

» The FE model predicts vertical deflections which are slightly lower than those calculated
using the New Zealand design code. However, none of the design codes (including the
New Zealand code) account for the horizontal deflections predicted by the detailed
analysis presented here.

» Parametric studies using the FE model have shown that guideway orientation and
seasonal effects can influence the guideway deflections. Vertical deflection cases
evaluated to date are bounded by a 13 mm maximum for the E-W orientation (Mar 21/
Sep 21 equinoxes) and 11 mm for the N-S orientation in a 3+ month period centered on
June 21 (summer solstice). Maximum horizontal deflections up to 8 mm occur in winter,
with the guideway oriented more in the East-West direction.

* A white coating on the guideway can significantly reduce the thermal deflection in
comparison to the untreated steel or oxidized steel guideways. Practical coatings in
service can reduce deflections by 30 to 60 percent, with even higher reductions using
“laboratory” coatings. Tests will be required to determine proper in-service coating
performance.
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Use of a double span guideway configuration reduces deflections by 70 percent in
comparison to single spans, due to the beam continuity over the center pylon support. A
comparison of single and double span maximum deflections for plain steel guideway is
shown in Table 3-3.

Radiation and convection from the ground can heat the lower portion of the guideway,
resulting in a small reduction of the vertical deflection. The effect is greatest when the
guideway is mounted close to the ground on short pylons.

Ambient air temperatures do not influence deflections nearly as much as the geometric
sun angle factors or other conditions such as support configuration or guideway coating.
High climatic temperatures are not required to produce the largest deflections and
stresses.

Thermal stresses in the top chord are typically in the range of 28 to 35 MPa (4 to 5 ksi)
for single span, and 39 to 58 MPa (5.7 to 8.4 ksi) for double spans, using plain steel
guideway surfaces. These stresses, when combined with typical dead and live load
stresses, may approach the critical local buckling strength of the top chord. White
coatings will reduce the thermal stresses, and structural modifications can raise the
buckling strength.

Vehicle induced heating of the stator packs can increase temperatures in the upper
portion of the guideway, resulting in increased vertical deflections. Quantifying these
effects requires further study and testing, and must include effects of slow, stopped and/
or frequent vehicles.

Table 3-3. Maximum Thermal Deflection Summary

(Plain Steel Guideway)
Double Span
Single 25m Span (2 x 25m)
Vertical 13 mm 4 mm
Horizontal 8 mm 2.5 mm
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4. SAFETY IMPLICATIONS FOR THE TRANSRAPID MAGLEY
GUIDEWAY

This study is part of the overall effort to identify and evaluate safety related aspects of
Maglev system performance. For the Orlando location, the magnitudes of the thermally-induced
deflections and stresses clearly can span a wide range depending on the specific configuration
used. The peak deflections seen for the plain steel, simple span beam, for example (13 mm
vertical upward, and 8 mm laterally), would in all likelihood, present significant safety problems
for the system, not to mention effects on ride quality and guideway life. However, mitigation via
use of a double span configuration in conjunction with white coatings could reduce these by a
factor of four or possibly more, moving them to a status of one of many contributors to the total
deflections.

4.1 Thermal Deflections

It is important to note that thermal deflections are only one of several contributors to the
overall deflection “budget” which would be calculated for the full envelope of guideway
conditions in service. These include not only the thermal and static live load deflections
mentioned earlier in this report, but also the several contributions of guideway beam
manufacturing accuracy, installation accuracy, pylon settlements, long-term creep or relaxation
of guideway components, and dynamic effects of vehicle passage. These can vary in magnitude,
direction and location on the guideway, and so this budgeting is a complex process when all
effects are properly considered. This information was not available to Foster-Miller.

Nevertheless, some overall assessment of the significance of these thermal deflections might
be made here, by comparing the deflections both with the nominal running gaps between vehicle
and guideway for the Transrapid system, and with the predicted static live load deflections.
(This latter was done for the plain steel, double span configuration in subsection 3.3.7)

Taking the case of vertical thermal deflections, Table 4-1 shows these comparisons together
with the estimated significance these may have for safety. As can be seen, this implies that
single spans should be avoided in the network unless special system considerations allow their
use in selected locations (e.g.. short spans, covered or shaded sections, slow speed areas,
redesigned cross-sections, etc.). Further, the white coating seems to be effective in promoting
the goals of safe operation, and this warrants lab and field testing to assure performance.

Similar conclusions can likely be reached in the case of the horizontal deflections.
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5.2

Thermal Deflections and Stresses

For the 25m single span guideway in the Orlando environment, vertical deflections of up
to 13 mm can occur. This is for a plain steel guideway with stator packs installed. A
bare guideway structure has approximately a 30 percent smaller response.

Maximum vertical deflections can exceed 11 mm over the majority of the year for the
same plain steel, single span guideway.

Horizontal (transverse) deflections can reach 8 mm for a simply supported, plain steel
single span, due to solar heating of one main web during early morning or late afternoon
hours. Since the design codes do not account for horizontal variations in the temperature
distribution, they cannot be used to estimate horizontal deflections of the guideway.

Parametric studies have shown that the guideway orientation and seasonal effects in
combination significantly influence the guideway deflections. The vertical deflections of
11 mm occur in the summer period with the guideway oriented more in the North-South
direction, while the highest maximum of 13 mm is reached in the spring and fall for an E-
W orientation. Maximum horizontal deflections occur in winter, when the guideway is
oriented in the East-West direction. During winter, the horizontal deflections can be
larger than the vertical deflections.

The temperature gradients and deflections are strongly dependent on the surface
treatment of the guideway. The deflections for untreated (plain) steel or oxidized steel
guideways are approximately equal. However, a white coating on all surfaces of the
guideway can significantly reduce the temperatures, deflections and stresses. A reduction
of 30 to 60 percent for practical coatings in service may be achievable but must be
verified by tests, including effects of deterioration.

Use of a double span guideway configuration significantly reduces deflections in
comparison to single spans. The maximum predicted deflections for a double span
guideway (2 spans of 25m continuous over a center support) are approximately 4 mm in
the vertical direction, and 2.5 mm in the horizontal direction.

The maximum thermal stresses for the guideway, when combined with the vehicle loads,
indicate a potential for local buckling of the guideway top chord, particularly for the
double span guideway, which has higher stresses. A white coating can significantly
reduce the stresses, and buckling strength can also be increased by design modifications.
The results indicate that the potential for local thermal buckling of the guideway should
be considered in the guideway design.

Ground radiation and convection to the underside of the guideway may reduce guideway

upward deflection, and increase its downward deflection. These effects are small unless
the guideway is mounted close to ground level.
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Preliminary analysis of the vehicle-induced heating effects has shown that the guideway
stator pack windings may heat up significantly due to vehicle passage, especially if the
vehicle is stationary or if a series of many vehicles are traveling at short headways.
These effects may be expected to increase guideway temperatures and deflections, but
further study is required to be conclusive.

Recommendations

The magnitude of the vertical and horizontal deflections due to thermal effects indicates
that these should be considered in the operational safety and ride quality assessment of
the guideway. Since existing design codes may be of limited use, an analytical approach
incorporating finite element transient thermal analysis should be used. This must also
include the capability of properly accounting for all geometric sun angle effects
throughout the 24 hr day at any time of the year.

The theoretical results presented here must be verified by an experimental program, prior
to the final formulation of the conclusions on the safety of the Maglev guideway.

The effects of white coatings on reducing the thermal response should be evaluated
including the effects of aging and deterioration in service.

Consideration should be given to experimentally validating the effects of equipment
mounted on the guideway, and the effects of vehicle-induced guideway heating, both of
which are expected to increase the thermal deflections of the guideway.

The potential for local thermal buckling of the guideway should be investigated during
the guideway design process. The analysis has shown that the thermal compressive
stresses on the top chord may increase the potential for local buckling under combined
thermal and vehicle loads, particularly for double spans.
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APPENDIX A

COMPARISON TO OTHER TRANSRAPID GUIDEWAY DESIGNS
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