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EXECUTIVE SUMMARY

This study was conducted in the Traffic Operations Lab (TOL) of the University of
Illinois at Urbana-Champaign to complement a previous study (FHWA-ICT-10-069) on
evaluating the performance of solar powered flashing beacons at room temperature.
This study determines the time the solar powered flashing beacons continued flashing in
Manual on Uniform Traffic Control Devices (MUTCD) pattern without being recharged at
three conditions: a) mild cold temperature (-6 °C), b) severe cold temperature (-20 °C),
and c) hot temperature (+70 °C). The beacons were provided by Carmanah
Technologies Corporation and JSF Electronics.

In mild temperature condition, red and yellow modules of JSF flashed in MUTCD
pattern for at least 11 and 8.5 days, respectively. The red and yellow modules of
Carmanah flashed in MUTCD pattern for at least 11 and 8 days, respectively.

Reducing the temperature to -20 °C resulted in a significant decrease in the
duration of flashing in MUTCD pattern for JSF modules; however, that duration did not
decrease for Carmanah. Red and yellow modules of JSF flashed in MUTCD pattern for
at least 18 and 24 hours in severe cold temperature condition. For Carmanah, red and
yellow modules lasted in MUTCD flashing pattern for at least 14 and 11.5 days,
respectively.

In hot temperature condition, red and yellow modules of JSF flashed in MUTCD
pattern for at least 6.5 and 5.5 days, respectively. Red and yellow modules of Carmanah
lasted in MUTCD flashing pattern for at least 8.5 and 7 days, respectively.

The “real world” condition test indicated that in certain conditions (e.g. solar
panels covered with snow), the solar panels may not be able to generate enough power
for the LEDs to keep them flashing in MUTCD pattern. In this condition, the flashing
pattern changes to a power saver mode.

The red modules of JSF and Carmanah were visible when the distance was at
least 1500 ft on a sunny and very bright day. The yellow modules of JSF and Carmanah
were visible up to a distance of about 1000 ft in the same day. If solar panels are
accidently disconnected when the modules are outdoors and batteries are fully charged,
the JSF and Carmanah modules were visible at a distance of 700 ft, on a cloudy but
bright day.
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1. INTRODUCTION

In a previous report titled “Evaluation of Performance of Solar Powered Flashing
Beacons at Room Temperature Conditions, FHWA-ICT-10-069,” the duration of flashing in
Manual on Uniform Traffic Control Devices (MUTCD) pattern under room temperature
condition for two different solar powered flashing beacons, JSF and Carmanah, was
determined. In addition, time needed to recharge the battery and the output light intensity
was determined. The results showed that in room temperature condition, after being fully
charged (according to the manufacturers’ threshold), the red and yellow modules of JSF
flashed in MUTCD pattern for at least 24 and 16 days, respectively. This duration was 11.5
and 8.6 days for modules from Carmanah.

This study determines the effects of mild cold, severe cold, and hot temperature on
the duration of flashing in MUTCD pattern.

This report has five chapters. Chapter 2 presents a brief review of previous studies
on the performance of solar powered flashing beacons. Chapter 3 provides detailed
information on the tests performed. In Chapter 4, the findings are presented, and Chapter 5
includes the concluding remarks.

The use of solar powered flashing beacons on the state highway system is
increasing. The flashing beacons may be used at rural stop controlled intersections,
roadways with restricted geometry, in advance of work zones, and other situations that
require more attention from drivers than normal driving conditions. The flashing beacons’
feasibility, reliability, and performance have improved with the advancement in technology
including the use of LED modules. However, how long the beacons can function depends on
the battery type, operating environment, and the flashing pattern used. Environmental
conditions (temperature, clouds, etc.) could affect the battery charge level. The flashing
pattern and visibility of the beacon may change as the battery charge level decreases. The
beacons could be in locations with a lot or a limited amount of sunshine. As a result, it is
critical to know how long the beacon can flash in MUTCD pattern if for some reason they are
not exposed to sunlight for a short time period. In addition, it is necessary to know how long
they continue flashing in the MUTCD pattern before switching to the power saving pattern
and how long they continue working in any flashing pattern. The output light intensity of the
flashing beacons in each pattern needs to be known since it affects its visibility. Moreover,
the user should know the charging pattern and how long it takes to fully charge the batteries.



2. LITERATURE REVIEW

While there are many studies on the effectiveness of various flashing beacons on
safety, no existing study specifically evaluates the performance of the solar powered
flashing beacons’ batteries over time at different temperatures. However, some existing
studies determine the battery life of Uninterrupted Power Supply (UPS) systems used at
intersections. Chitturi and Benekohal (2005) measured the charge and discharge times of
the above-mentioned UPS systems. Chitturi and Benekohal (2003) conducted similar
studies to determine the time a UPS system can power an intersection with LED modules
when there is a power outage. In this study, a similar approach to determine the discharge
time of solar powered flashing beacons is used.



3. TEST DESCRIPTION

Two companies that have sold a substantial number of flashing beacons in Illinois, J
S F Electronics (JSF) and Carmanah Technologies Corporation (Carmanah), were asked to
provide a sample of their yellow and red flashing beacons for this evaluation. The model
numbers of the tested beacons are: 46319 R24730 for Carmanah red and yellow colors and
FL-12R-1412 for JSF red and yellow colors.

The research team made sure the devices were working properly and charging and
discharging as expected. To determine the duration of flashing in MUTCD pattern under
different temperature conditions, an industrial freezer and an industrial oven were used and
the following items were monitored:

a. Voltage level of battery
b. Flashing pattern and duration

The beacons were placed in the freezer or oven for different tests in the Traffic
Operations Lab (TOL) and were prepared for testing. Data collection equipment (multimeter,
computer, monitor, video recorder, software, etc.) were assembled and tested to be sure
they were working properly.

The investigators took a look at 10-year temperature data at three cities in Illinois to
choose proper temperatures for mild cold, severe cold, and hot temperatures. Details on
choosing the temperature are presented in section 3.3.

3.1. VOLTAGE LEVEL OF BATTERY

To make sure the battery is fully charged, the voltage level of the battery was
monitored over time at 15-minute intervals. When the voltage level stops increasing, the
battery is considered fully charged. Figure 3-1 shows voltage level during recharging for the
battery used for Carmanah’s red module. A similar plot was obtained for the battery for
Carmanabh’s yellow module. It should be mentioned that during the charging period, the
flashing beacons were turned off or disconnected from the battery. Thus, the LEDs did not
use any battery power when the charging was in progress.
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Figure 3.1. Voltage versus time for the battery of Carmanah’s red flashing beacon.
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3.2 FLASHING PATTERN AND DURATION

Once the battery was fully charged according to the manufacturer’s
recommendation, it was allowed to remain inside the lab for about an hour so the charge
level was “stabilized.” Then, the flashing beacon was connected to the battery and the
voltage level was monitored. A multimeter was connected to the battery poles showing the
voltage of the battery. This multimeter was also connected to the computer so that it was
sending the voltages at 1-minute intervals to the computer. The voltage and its time stamp
were recorded in the computer and used to plot voltage versus time. A summary of findings
is presented for each module later in this section. In addition, a video recording device
capable of time lapsed recording was used to record the flashing pattern to confirm the time
the flashing pattern was changed. The recording was made in three-hour time intervals for a
period of one minute.

3.3 CHOOSING THE PROPER TEMPERATURE FOR EACH CONDITION

To find reasonable temperatures for mild cold, severe cold, and hot temperature
conditions, the investigators looked at a 10-year temperature record for three cities in
Illinois. These cities are Rockford in northern lllinois, Urbana in central lllinois, and
Carbondale in southern lllinois. These cities were chosen to present a reasonable sample of
mild cold, severe cold, and hot temperature experienced in the state.
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Figure 3.2. Minimum daily temperature histogram at three lllinois cities.

Figure 3.2 shows the minimum temperature histogram for Rockford, Urbana, and
Carbondale in Fahrenheit degrees. As presented in the figure, temperatures of -5 °F to 5 °F
(shown by bin 0) are not rare in the state especially in Rockford. However, temperatures
less than that are very rare. As a result, for severe cold temperature, -4 °F was used which is
equal to -20°C.

The 15™ percentile of the distribution of minimum daily temperatures was used as the
mild cold temperature in the tests. This temperature is 20 °F which is equal to -6.6 °C.

Thus, in the mild cold and severe cold temperature tests, the modules were put in
the freezer and the temperature was set to -6.6 °C and -20 °C, respectively.



Figure 3.3 presents the maximum daily temperatures in three cities of lllinois. As
presented in the figure, temperatures between 95 °F and 105 °F are not rare in Illinois, and
during the past 10 years, more than 300 of this instance were observed in Carbondale only.
When the ambient temperature is 100 °F, the temperature inside the module could be much
more. As a result, the research team decided to use a temperature significantly higher than
the ambient temperature of 100 °F. The industrial oven used for the test is capable of
providing a temperature of 158 °F, which is equivalent to 70 °C. As a result, for hot
temperature tests, the oven’s temperature was set to 70 °C.
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Figure 3.3. Maximum daily temperature histogram for three lllinois cities.



4. RESULTS

This section is divided into three sub-sections. Findings of the mild cold temperature
condition are presented first. Then, the results of severe cold and finally hot temperature
condition are presented. In each sub-section, first the results for JSF (red and then yellow)
are discussed followed by findings for Carmanah (red and then yellow).

4.1. MILD COLD TEMPERATURE CONDITION

4.1.1. JSF Red Duration

Five tests were conducted on the JSF red module in mild cold temperature condition.
In all tests, the batteries were fully charged. Then they were put in a freezer with a
temperature of -6.6 °C. Figure 4.1 shows the voltage-time diagram for the red module.
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Figure 4. 1. All test results for red JSF in mild cold temperature

In Test 1, the flashing pattern changed from MUTCD to non-MUTCD pattern in 17
days. In Tests 2 and 3, the red module flashed in MUTCD pattern for 15 and 13.5 days. It
lasted in MUTCD flashing pattern for 11 days in Test 4. In this test, as observed in Figure
4.1, the initial drop in voltage is not as rapid as the other tests; however, the voltage
continues to drop with almost the same rate that results in fewer days of flashing in MUTCD
pattern. In Test 5, the red module flashed in MUTCD pattern for 16.9 days. It should be
noted that in Test 3, the freezer stopped working for two days that resulted in a sudden
increase in the voltage. As a result, for this test, the actual days of flashing in MUTCD
pattern in mild cold temperature is expected to be less than 13.5 days. A summary of all five

tests has been presented in Table 4.1.



Table 4. 1. Summary of Tests for Red JSF.

Test No. Initial Voltage (V) ,E)A?Jyﬁg[l)a;gider'g
1 4.55 V (Fully charged: 4.30 V) 17
2 4.62 V (Fully charged: 4.30 V) 15
3 4.70 V (Fully charged: 4.30 V) 13.5
4 4.42 V (Fully charged: 4.30 V) 11
6 4.34 V (Fully charged: 4.30 V) 16.9

4.1.2. JSF Red Charging Time

Figure 4.2 presents a typical charging pattern for the red module of JSF in late fall. In
this figure, the voltage at battery pole is plotted versus time. This was done after finishing
one test run when the batteries were discharged. When the test was finished, the solar
panels were reconnected to the batteries and the module was turned off and left outside in a
place exposed to the sunlight.
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Figure 4. 2. Typical Charging pattern for red JSF in late fall season.

For this test, the batteries were left outside during the evening, and as shown in the
figure, the voltage level did not increase for a few hours. However, in the first day, the
voltage increased significantly. After the sunset and during the night, the voltage level
dropped below the fully charged level (specified by the manufacturer). The same trend was
observed in the second day. However, after the third day, when the voltage level dropped in
the nighttime, it was above the fully charged level. In addition, in the following days, no

7



significant decrease in the voltage level during the nighttime was observed. These
observations indicated that in the late fall season, the red module of JSF needs three days
of sun exposure to reach its fully charged level (after being drained).

4.1.3. JSF Yellow Duration

For the yellow module of JSF, five tests were conducted in mild cold temperature
condition (-6.6 °C). Figure 4.3 shows voltage versus time for these tests.
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Figure 4.3. All test results for yellow JSF in mild cold temperature.

In Test 1, the flashing pattern changed from MUTCD to non-MUTCD in 8.5 days. In
Tests 2 and 3, and 4, the yellow module flashed in MUTCD pattern for 11 days. As
expected, yellow modules flashed in MUTCD pattern less time than red modules due to their
higher electricity consumption. In Test 5, the yellow module of JSF flashed in MUTCD
pattern for 15 days. Similar to the red module, in Test 3, the freezer was off for two days that
resulted in an increase in the voltage. A summary of findings are presented in Table 4.2



Table 4. 2. Summary of Tests for Yellow JSF.

Test No. Initial Voltage (V) ,E)A?Jyﬁg[l)a;gider'g
1 4.54 (Fully Charged level = 4.3) 8.5
2 4.66 (Fully Charged level = 4.3) 11
3 4.70 (Fully Charged level = 4.3) 11
4 4.45 (Fully Charged level = 4.3) 11
5 4.34 (Fully Charged level = 4.3) 15

4.1.4. JSF Yellow Charging Time

For all tests, the yellow module and the red module were left outside at the same
time. Similar to the red module, in the first few hours, the voltage level of the yellow module
did not change. The voltage level increased in the first and second days; however, it
dropped below the fully charged level that was specified by the manufacturer. But after the
third day, the voltage level in the nighttime was more than the fully charged level meaning
that in the late fall season, the yellow module of Carmanah needs three days of sun
exposure to get fully charged after being drained.
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Figure 4.4. Typical charging pattern for yellow JSF in late Fall time.

In the fifth, sixth, and seventh days a lot of variation in the voltage level was
observed (similar to red color). It was noted that in none of these variations did the voltage
level drop below the fully charged level. The reason for these variations is overcast
conditions; sometimes the solar panels received direct sunlight and sometimes they did not.



4.1.5. Carmanah Red Duration

Three tests were conducted for the red module of Carmanah in mild cold
temperature condition (-6.6 °C). The voltage-time diagram is presented in Figure 4.5.
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As presented in figure 4.5, in Test 1, the red module flashed in MUTCD pattern for
11 days. In Tests 2 and 3, it lasted in MUTCD flashing pattern for around 12 days. Since for
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Figure 4.5. All test results for red Carmanah in mild cold temperature.

these tests resulted in similar findings, and since the MUTCD flashing duration of red

module of Carmanah was similar to its duration in the room temperature test, the research
team did not run more than three tests. The summary of these tests is presented in table

4.3.

Table 4.3. Summary of Tests for Red Carmanah

Days Flashed in

Test No. Initial Voltage (V) MUTCD Pattern
1 13.10 (Fully Charged level = 12.8) 11
2 13.12 (Fully Charged level = 12.8) 12
3 13.22 (Fully Charged level = 12.8) 12

4.1.6. Carmanah Red Charging Time

In figure 4.6, the charging pattern for the red module of Carmanah is shown with
voltage versus time plotted. As shown in this figure, the battery of red module received
some energy when it was left outside during the daytime. However, during the first and
second days, the battery was charged only slightly. However, from day three to seven on

10




the other hand, the battery received significant power, and after the seventh day, the voltage
level did not drop below the fully charged level. The results showed that the red module of
Carmanah needs seven days of sun exposure in the late fall season to become fully
charged. This is one day more than what is needed earlier in the fall.
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Figure 4.6. Typical charging pattern for red Carmanah in late fall season.

4.1.7. Carmanah Yellow Duration

A total of three tests were conducted on the yellow module of Carmanah in mild cold
temperature condition (-6.6 °C). A voltage-time diagram is shown in Figure 4.7.

11
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Figure 4.7. All test results for yellow Carmanah in mild cold temperature.
As shown in Figure 4.7, in Tests 1 and 2, the yellow module of Carmanah flashed in
MUTCD pattern for slightly more than 8 days. In Test 3, it lasted in MUTCD flashing pattern
for 10 days. As expected, the duration of the MUTCD flashing pattern for the yellow module

was 2-3 days less than that for red module. This is because the yellow model uses higher
electricity consumption. Table 4.4 summarizes these findings.

Table 4.4. Summary of Tests for Yellow JSF.

Test No. Initial Voltage (V) ?A%yﬁgéa;g‘fgr'g
1 13.05 (Fully Charged level = 12.8) 8
2 13.06 (Fully Charged level = 12.8) 8
3 13.7 (Fully Charged level = 12.8) 10

It should be noted that the initial voltage for Test 3 was higher than that for Tests 1
and 2. As a result, the MUTCD flashing pattern duration in Test 3 is longer than that in Tests
1land 2.

The research team ran only three tests for mild cold temperature on the Carmanah
modules because:

1. The results of these tests supported each other.

2. The duration of flashing in MUTCD pattern was very similar to that for room

temperature condition.

12



4.1.8. Carmanah Yellow Charging Time

The voltage - time plot, see Figure 4.8, shows that the yellow module of Carmanah
needs seven days of sun exposure in the late fall season to become fully charged.
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Figure 4.8. Typical charging pattern for yellow Carmanah in late Fall season.

Similar to the red color, the yellow module of Carmanah did not receive a lot of
electricity during the first two days. However, from day three to day seven, it became fully

charged.

4.2. SEVERE COLD TEMPERATURE CONDITION

4.2.1. JSF Red Duration

Five tests were conducted on the JSF red module. In all tests, the batteries were fully
charged. The modules (including their batteries) were put in a freezer with a temperature of -
19 °C. Figure 4.9 shows the voltage—time diagram for the red module.
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Figure 4. 9. All test results for Red JSF in severe cold condition.

In Tests 1 and 3, the flashing pattern changed from MUTCD to non-MUTCD pattern
in 18 hours. In Tests 2, 4, and 5, the red module of JSF lasted in MUTCD flashing pattern
for 24 hours. Although there is no jump in voltage-time diagram for Test 4, we observed (in-
person) that after 24 hours, the module was flashing in non-MUTCD pattern. A summary of
all five tests is presented in Table 4.5.

Table 4. 5. Summary of Tests for Red JSF

. Hours Flashed in
Test No. Initial Voltage (V) MUTCD Pattern
1 4.29 (Fully Charged level = 4.3) 18
2 4.53 (Fully Charged level = 4.3) 24
3 4.40 (Fully Charged level = 4.3) 18
4 4.52 (Fully Charged level = 4.3) 24
6 4.52 (Fully Charged level = 4.3) 24

It is noted that in room temperature condition, the red module of JSF flashed for at
least 24 days in MUTCD flashing pattern before switching; however, when the temperature
was -20° C, it only flashed in MUTCD pattern 18-24 hours. This is a drastic decrease in the
duration of flashing in MUTCD pattern.

4.2.2. JSF Red Charging Time

As shown in Figure 4.10, the red module of JSF needs 2-3 days to get fully charged
in the winter. This is similar to the time required for a full charge in the fall.
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Figure 4.10. Typical charging pattern for red JSF in winter time.

4.2.3. JSF Yellow Duration

For all five tests, the batteries were fully charged. Figure 4.11 shows the voltage—
time diagram for the battery for the yellow module. In all five tests, the flashing pattern
changed from a MUTCD to non-MUTCD pattern in 24 hours. In test 5, although no jump was
observed in the voltage-time graph, the research team observed (in-person) that after 24
hours, the flashing rate was switched to a non-MUTCD pattern.
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Figure 4.11. All test results for yellow JSF in severe cold condition.
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It should be noted that in room temperature condition, the yellow color of JSF flashed
for at least 18 days in MUTCD pattern. However, in severe cold temperature condition, it
only lasted for 24 hours in MUTCD flashing pattern. A summary of all five tests has been
presented in Table 4.6.

Table 4.6. Summary of Tests for Yellow JSF

Test No. Initial Voltage (V) T\/IOLLJ]'rI'SCFDIaPSQE(eerr?
1 4.29 (Fully Charged level = 4.3) 24
2 4.55 (Fully Charged level = 4.3) 24
3 4.40 (Fully Charged level = 4.3) 24
4 4.52 Fully Charged level = 4.3) 24
5 4.52 (Fully Charged level = 4.3) 24

4.2.4. JSF Yellow Charging Time

Based on the charging plot, see Figure 4.12, the yellow module of JSF needs two to
three days to become fully charged. This is similar to the charge time required in the fall.
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Figure 4.12. Typical charging pattern for yellow JSF in winter.

4.2.5. Carmanah Red Duration

Five tests were conducted on the Red Carmanah modules. One of these tests was
uninterrupted and four of them were interrupted.

In an uninterrupted test, the Carmanah modules were left inside the freezer until the
flashing pattern switched from MUTCD to non-MUTCD rate with no interference. However,
Carmanah modules have a built-in clock that forces a change from MUTCD to non-MUTCD
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flashing pattern if no power is received by the battery in 24 hours. In interrupted tests, the
research team reset the module right before the end of 24 hours to prevent this change in
flashing pattern. Doing so enabled them to determine how long the battery can provide
power to keep the module flashing in MUTCD rate.

Figure 4.13 presented the voltage-time diagram for all five tests. The uninterrupted
test (Test 1) showed that red color of Carmanah flashed in MUTCD pattern for 24 hours and
because the battery did not receive any charge it switched to non-MUTCD pattern.

In Test 2, the red color of Carmanah flashed for at least for 12 days in MUTCD
flashing pattern. After the twelfth day, the team could not continue collecting data due to a
power outage. In Test 3, it flashed for 14.5 days, and in Tests 4 and 5, it flashed for 14 days
in MUTCD flashing pattern.

Room Temperature Condition

Voltage (V)

4 41 2 3 4 52 6 7 8 B MmN 12 12 14 12
Time {Day)

T = Testt ——-Test2 Test3 —- Testd —TestS

Figure 4.13. All test results for Red Carmanah in severe cold condition.

It is noted that the red color of Carmanah flashed in MUTCD pattern in severe cold
condition longer than it did in room temperature condition. In severe cold condition, a fast
drop in voltage happened in the first few days. This drop was larger than the initial drop in
the room temperature condition (see Figure 4.13). After this quick initial drop in the voltage
in severe cold condition, the voltage continued to drop at a slower rate and resulted in
longer flashing in MUTCD pattern. A summary of all five tests has been presented in Table
4.7.
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Table 4.7.

Summary of Tests for Red Carmanah

Test No. Initial Voltage (V) l[\)/l?Jy'?CFlljalig?tirlrrw\
Unln'freer;l:pted 1 13.13 (Fully Charged level = 12.8) 1
2 13.50 (Fully Charged level = 12.8) At least 12*
Interrupted 3 13.34 (Fully Charged level = 12.8) 145
tests 4 13.34 (Fully Charged level = 12.8) 14
5 13.06 (Fully Charged level = 12.8) 14

*There was a power outage after 12 days into Test 2.

Thus, based on the test results, it was concluded that the Carmanah red module in
severe cold temperature could flash in MUTCD pattern for at least 14 days.

4.2.6. Carmanah Red Charging Time

Figure 4.14 graphs the charging voltage level versus time for the Carmanah red
module during winter. It shows that after eight days (six days in fall) this module was fully
charged, as the voltage did not drop below the fully charged level (12.8 V). This means that
in the winter, the Carmanah red module receives enough power to get fully charged in eight
days, which is two days longer than in the fall.
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Figure 4.14. Typical charging pattern for red Carmanah in winter time.

4.2.7. Carmanah Yellow Duration

Five tests were conducted on the yellow module of Carmanah. Similar to the red
color, one of these tests was uninterrupted and four of them were interrupted. Figure 4.15
presents the voltage-time diagram for all five tests. For Test 1 that was not interrupted, the
flashing pattern changed after one day, as expected. The flashing pattern changed after 12
days for Tests 2, 3, and 4; and in Test 5, it switched after 11.5 days into a non-MUTCD
flashing pattern.
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Figure 4.15. All test results for yellow Carmanah in severe cold condition.

Similar to the red color of Carmanah, a faster drop in the voltage-time diagram for
the first few days was observed in the severe cold temperature condition that was followed
by a slower drop in the following days (see Figure 4.15). This slower drop resulted in a
longer period of flashing in MUTCD pattern in the severe cold temperature condition
compared to the room temperature condition.

The initial voltage and total time the yellow Carmanah module flashed in MUTCD
pattern for each test is presented in Table 4.8.

Table 4.8. Summary of Tests for Yellow Carmanah

Test No. Initial Voltage (V) ll\DA?inch)a;g?tirlg
U”'“tTeer;‘t‘pted 1 13.10 (Fully Charged level = 12.8) 1
2 13.33 (Fully Charged level = 12.8) 12
|nterrupted 3 13.38 (FuIIy Charged level = 12.8) 12
tests 4 13.31 (Fully Charged level = 12.8) 12
5 13.01 (Fully Charged level = 12.8) 115

Thus, based on the test results, it was concluded that Carmanah yellow module at
severe cold temperature could flash in MUTCD pattern for at least 11.5 days.

4.2.8. Carmanah Yellow Charging Time

The charging voltage level versus time, see Figure 4.16, indicated that the
Carmanah yellow module was fully charged in eight days in winter (six days in fall) meaning
that in the night, the voltage level did not drop bellow a fully charged level.
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Figure 4.16. Typical charging pattern for yellow Carmanah in winter time.
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4.3. HOT TEMPERATURE CONDITION

4.3.1. JSF Red Duration

Six tests were conducted on the red module of JSF in hot temperature condition (70

°C). Figure 4.17 presents a voltage — time diagram.
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Figure 4.17. All test results for red JSF in hot temperature condition.

As shown in Figure 4.17, in Tests 1 and 3, the red module of JSF flashed in MUTCD
pattern for 7.5 days in hot temperature condition. In Tests 2 and 4, it lasted for 6.5 days and
in Tests 5 and 6 it lasted for 8 and 8.5 days in MUTCD flashing pattern respectively. The
results of these tests indicated that in hot temperature condition, the red module of JSF
flashed in MUTCD pattern for at least 6.5 days. A summary of all tests is presented in Table

4.9.

10

Table 4.9. Summary of Tests for Yellow JSF.

Test No. Initial Voltage (V) I[\)/I?Jy?glga;g?tirlz
1 4.55 (Fully Charged level = 4.3) 7.5
2 4.38 (Fully Charged level = 4.3) 6.5
3 4.44 (Fully Charged level = 4.3) 7.5
4 4.42 (Fully Charged level = 4.3) 6.5
5 4.43 (Fully Charged level = 4.3) 8
6 4.36 (Fully Charged level = 4.3) 8.5
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4.3.2. JSF Red Charging Time

The red module of JSF needs three days to become fully charged in summer as the
voltage level did not drop below the fully charge threshold after the third day. This is similar
to its behavior in the fall and winter. Figure 4.18 presents a voltage-time diagram.
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Figure 4.18. Typical charging pattern for red JSF in summer time.

4.3.3. JSF Yellow Duration
Six tests were conducted to determine the MUTCD flashing duration of the yellow

module of JSF in hot temperature condition (70 °C). The voltage- time diagram is presented
in Figure 4.19.
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Figure 4.19. All test results for yellow JSF in hot temperature condition.

As presented in Figure 4.19, the yellow module of JSF lasted in MUTCD flashing
pattern for 6.5 days for Tests 1, 4, 5, and 6. It changed its flashing pattern from MUTCD to
non-MUTCD in 5.5 days for Tests 2 and 3. As expected, the yellow module flashed in
MUTCD flashing pattern for 1-2 days less than the red module due to its higher electricity
consumption. The results showed that in hot temperature condition, the yellow module of
JSF flashed in MUTCD pattern for at least 5.5 days. A summary of all tests is presented in
Table 4.10

Table 4.10. Summary of Tests for Yellow JSF

Test No. Initial Voltage (V) Eﬂiyfg[l)a;gidem
1 4.62 (Fully Charged level = 4.3) 6.5
2 4.40 (Fully Charged level = 4.3) 5.5
3 4.50 (Fully Charged level = 4.3) 5.5 (7)
4 4.40 (Fully Charged level = 4.3) 6.5
5 4.47 (Fully Charged level = 4.3) 6.5 (7)
6 4.36 (Fully Charged level = 4.3) 6.5

4.3.4. JSF Yellow Charging Time
As shown in Figure 4.20, the yellow module of JSF needs three days to become fully

charged in the summer time as the battery voltage did not drop below the fully charged level
after the third day. This is similar to its behavior in fall and winter.
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Figure 4.20. Typical charging pattern for yellow Carmanah in summertime.

4.3.5. Carmanah Red Duration

Five tests were conducted to determine the duration of MUTCD flashing pattern of
the red module of Carmanah in hot temperature condition (70 °C). The voltage-time diagram
is shown in Figure 4.21.
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Figure 4.21. All test results for red Carmanah in hot temperature condition.
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As presented in Figure 4.21, in Test 1, the red module of Carmanah switched from
MUTCD flashing pattern to non-MUTCD in 9.5 days. It flashed in MUTCD pattern for 9 days
in Tests 2 and 3, and for 8.5 days in tests 4 and 5. These findings indicated that the red
module of Carmanah was able to flash in MUTCD pattern for at least 8.5 days when no
electricity is received from the solar panel in hot temperature condition. A summary of
findings is presented in Table 4.11.

Table 4.11. Summary of Tests for Red Carmanabh.

Test No. Initial Voltage (V) ,E)A?Jyﬁg[l)a;gider'g
1 13.37 (Fully Charged level = 4.3) 9.5 (9.4)
2 13.33 (Fully Charged level = 4.3) 9(9.1)
3 13.16 (Fully Charged level = 4.3) 9 (8.8)
4 13.13 (Fully Charged level = 4.3) 8.5
5 13.18 (Fully Charged level = 4.3) 8.5

4.3.6. Carmanah Red Charging Time

Figure 4.22 shows a voltage-time plot for the red module of Carmanah in
summertime. This module needs five days to become fully charged in summertime because
the battery voltage did not drop below the fully charged level after the fifth day.
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Figure 4.22. Typical charging pattern for red Carmanah in summertime.
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4.3.7. Carmanah Yellow Duration
Five tests were run to determine the duration of the yellow module of Carmanah in

hot temperature condition (70 °C). Figure 4.23 presents the voltage-time diagram.
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Figure 4.23. All test results for yellow Carmanah in hot temperature condition.

As presented in Figure 4.23, in hot temperature condition the yellow module of
Carmanah switched from MUTCD to non-MUTCD flashing pattern in 7.5 days for Tests 2, 3,
and 5. It lasted for 8 days in MUTCD flashing pattern for Test 1, and for 7 days for Test 4. As
expected, the yellow module flashed in MUTCD pattern 1-1.5 days less than the red module
due to its higher electricity consumption. The findings showed that the yellow module of
Carmanah flashed in MUTCD pattern for at least 7 days. A summary of these tests is shown

in Table 4.12.

Table 4.12. Summary of Tests for Red Carmanabh.

Test No. Initial Voltage (V) ,E)A?Jyfg[l)a;gidem
13.28 (Fully Charged level = 4.3) 8 (8.1)
2 13.30 (Fully Charged level = 4.3) 7.5 (7.6)
3 13.12 (Fully Charged level = 4.3) 7.5 (7.3)
4 13.08 (Fully Charged level = 4.3) 7(7.1)
5 13.19 (Fully Charged level = 4.3) 7.5
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4.3.8. Carmanah Yellow Charging Time

Figure 4.24 shows a voltage-time plot for the yellow module of Carmanah in the
summer. This module needs five days to become fully charged in the summertime because
the battery voltage did not drop below the fully charged level after the fifth day.
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Figure 4.24. Typical charging pattern for yellow Carmanah in summertime.

4.3. REAL WORLD TEST IN ADVERSE WEATHER CONDITION

In our test method, while the batteries were being charged, the LEDs were turned off.
Thus, they were not consuming any power and as a result, the battery was charged faster.
When the battery’s power reached the fully charged level, the solar panels were
disconnected, and LEDs were turned on. However, what happens in the real world is
different. To find out how these beacons perform in the real world, they were fully charged
and the LEDs were turned on; however, the solar panels were NOT disconnected from the
batteries. The panels were left outdoors far from the shadows. The voltage at the battery
poles were recorded for two weeks from December 2, 2010, to December 16, 2010. During
this period, two snowfalls were observed. In both, the panels were covered with the snow for
less than two days. The research team did not clear the snow from the panels and let the
snow melt on its own or by the slight heat generated by the panels. Figure 4.25 shows
voltage vs. time for the red and yellow modules of JSF.

27



53

5.1
A% | { —t
E4.7 — i
Q
g
§4.5
43 ke i !\.’\hl \IL

41 =
At

3.9 I I I I
0 2 4 6 8 10 12 14 16

Time (Day)
Red JSF ===VYellow JSF
Figure 4.25. Voltage vs. time for JSF modules in real world condition.

As shown in Figure 4.25, during days 2 and 3, the voltage at the battery level of both
colors increased while the LEDs were on. In days 4 and 5, the solar panels were covered
with snow, and as a result, the voltage did not increase. In fact, during these nights, the
flashing rate changed from MUTCD flashing pattern to non-MUTCD. These switches are
shown in the figure by two ellipses. The snow on the panels gradually melted; the flashing
pattern switched back to MUTCD flashing rate; and in days 6, 7, 8, 9, and 10, the battery
was charged during the daytime. There was a snowfall on the evening of day 10, and the
solar panels were covered by snow on days 11 and 12 as they did not received enough
power from the solar panels. This resulted in a switch to the non-MUTCD flashing pattern
during the night of days 11 and 12. After the snow melted again, the flashing pattern
switched to MUTCD flashing pattern.

This test showed that in certain condition, both red and yellow modules of JSF may
not be able to continue flashing in MUTCD pattern. In these situations, they do not turn off.
Instead they switch to a power-saver flashing pattern.
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Figure 4.26. Voltage vs. time for Carmanah modules in real world condition.

Similar to JSF, during daytime, the modules were charged if the solar panel was not
covered by snow. If it was covered by snow, the modules flashed in MUTCD flashing pattern
during daytime because the solar panel could just generate enough power to keep them
flashing but not to charge the batteries. However, during the night, the flashing rate was
switched to non-MUTCD pattern. This happened during the nighttime of days 3, 4, 9, and
10.

The finding showed that in certain conditions, the solar panels may not be able to
provide enough power to the LEDs to keep them flashing in MUTCD pattern. Similar to JSF
modules in this situation, the solar panel is not turned off. It switches to a power-saver
flashing rate and continues flashing.
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4.4. INTENISTY MEASUREMENTS

The flashing beacons’ output light intensities reported in the first report of this study,
“Evaluation of Performance of Solar Powered Flashing Beacons at Room Temperature
Conditions,” were measured inside the lab when the solar panels were disconnected from
the batteries. When the solar panels are disconnected, the output light intensity might be
reduced by an internal logic to extend the battery life. To find out whether or not this was the
case, the output light intensity of all modules were measured inside the lab when the solar
panels were connected, and again when they were disconnected. Similarly, the intensity
measurements were taken when the modules were outside of the lab (batteries connected
and disconnected).

4.4.1. JSF Modules

The average light intensity for the red module of JSF in the lab when the solar panels
were connected was 29.17 ft-candles (average of 37 measurements). Disconnecting the
solar panels from the battery did not change the light intensity, as it was 29.17 ft-candle
(average of 37 measurements). For the yellow module of JSF, the light intensity was 37.33
ft-candle (average of 33 measurements) when it was inside the lab and solar panels were
connected to the battery. When the solar panels were disconnected, the light intensity was
36.17 ft-candles (average of 27 measurements). Thus, it was concluded that when the
modules are indoors, the output light intensity remains the same regardless of solar panels
being connected or disconnected.

When the red and yellow modules were taken outdoors (outside of the lab) and solar
panels were disconnected from the batteries, the measured light intensities were similar to
the indoors measurements. However, when the solar panels were connected to the
batteries, the light intensities significantly increased to 251.25 ft-candles (average of 96
measurements taken over 3 days) for red, and to 302.56 ft-candles (average of 106
measurements taken over 3 days) for the yellow module of JSF. Thus, the light intensity
when the JSF modules are outdoors and the solar panels are connected to the batteries is
about 8-9 times greater than when the solar panels are disconnected.

4.4.2. Carmanah Modules

As presented in the previous report titled “Evaluation of Performance of Solar
Powered Flashing Beacons at Room Temperature Conditions, FHWA-ICT-10-069,” the
output light intensity of the red module of Carmanah, when it was inside the lab with solar
panels disconnected from the batteries, ranged from 20 to 100 ft-candles depending on the
voltage level of the battery. To determine if the output light intensity changes when the solar
panels are connected and disconnected, we measured the light intensities for both
conditions. When the red module was inside the lab with solar panels connected to the
batteries, the output light intensity was 21.67 ft-candles (average of 10 measurements).
Disconnecting the solar panels did not significantly change the output light intensity as it was
21.62 ft-candles (average of 10 measurements). This indicates that inside the lab, the light
intensity of the red module of Carmanah does not change by connecting or disconnecting
the solar panels.

For the yellow module the light intensity ranged from 40 to 160 ft-candles as
presented in the previous report. When the solar panels were connected to the yellow
module of Carmanah inside the lab, the output light intensity was 40.2 ft-candles (average of
10 measurements). Disconnecting them did not significantly change the light intensity as it
was 40.17 ft-candles (average of 10 measurements). This indicates that the output light
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intensity of the yellow module of Carmanah does not change by connecting and
disconnecting the solar panels from the batteries when the module is inside the lab (similar
to red).

When the red and yellow modules were taken outdoors (outside of the lab) and solar
panels were disconnected from the batteries, the measured light intensities were similar to
the indoors measurements. However when the red module of Carmanah was outdoors with
solar panels connected to the battery, the output light intensity was 180 ft-candle (average
of 111 measurements taken over 3 days). The reason the intensity was high is because the
voltage of the battery was high (about 15 volts outdoors compared to about 13 volts indoors)
when solar panel was connected outdoors. Similarly, when the yellow module was outdoors
with solar panels connected, the light intensity was 184 ft-candles (average of 109
measurements taken over 3 days). The reason for higher intensity when solar panels were
connected is the higher voltage.

4.5. VISIBILITY OF THE BEACONS

This project did not include a comprehensive visibility study for the flashing beacons.
However, the research team wanted to know approximately how far the lights were visible to
young observers (graduate students) in daytime. To estimate the distance that the modules
could clearly be seen in the field, all four fully charged modules were put outdoors and were
flashing for two days under the sunlight with solar panels connected to the battery. Then,
they were placed at the roadside on a sunny day at 2:00 p.m. (trying to create a situation
normally seen by drivers). Two graduate research assistants looked at the modules at
different distances. The longest distance used was 1500 ft. The red modules of JSF and
Carmanah were easily visible from a distance of at least 1500 ft. The yellow modules were
visible up to a distance of about 1000 ft. When the distance became more than 1000 ft, they
were hardly visible. These distances are much longer than the stopping sight distance of
645 ft for a 65 mph design speed.

If solar panels are accidently disconnected when the modules are outdoors and
batteries are fully charged, the light intensity for JSF and Carmanah modules drops and
consequently the visibility will reduce. Under this condition and on a day that was cloudy but
still bright, the red and yellow modules of JSF were easily visible up to a distance of 700 ft.
The reason for this drop in visibility distance is that the solar panels were disconnected.
However, when the solar panels were connected the modules, they were again visible from
a distance of at least 1500 ft. Carmanah modules are expected to be visible at least at 700 ft
when solar panels are disconnected because the light intensity of Carmanah models would
be greater than that of JSF modules.
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5. CONCLUSIONS

This report contains the results of 34 tests for JSF and 26 tests for Carmanah solar
powered flashing beacons operating in mild cold temperature (-6.6 °C), severe cold
temperature (-20 °C), and hot temperature (+70 °C) conditions. In addition, it contains two
tests for JSF modules and two for Carmanah operating under “real world” conditions.

In mild temperature condition, red and yellow modules of JSF flashed in MUTCD
pattern for at least 11 and 8.5 days, respectively. The red and yellow modules of Carmanah
flashed in MUTCD pattern for at least 11 and 8 days, respectively.

Reducing the temperature to -20 °C resulted in a significant decrease in the duration
of flashing in MUTCD pattern for JSF modules; however, that duration did not decrease for
Carmanah. Red and yellow modules of JSF flashed in MUTCD pattern for at least 18 and 24
hours in severe cold temperature condition. For Carmanah, the red and yellow modules
lasted in MUTCD flashing pattern for at least 14 and 11.5 days, respectively.

In hot temperature condition, red and yellow modules of JSF flashed in MUTCD
pattern for at least 6.5 and 5.5 days, respectively. The red and yellow modules of Carmanah
lasted in MUTCD pattern for at least 8.5 and 7 days, respectively.

The “real world” condition test indicated that in certain conditions (e.g. solar panels
covered with snow), the solar panels may not be able to generate enough power for the
LEDs to keep them flashing in MUTCD pattern. In this condition, the flashing pattern
changes to a power saver mode.

The red modules of JSF and Carmanah were visible when the distance was at least
1500 ftin a sunny and very bright day. The yellow modules of JSF and Carmanah were
visible up to a distance of about 1000 ft in the same day. If solar panels are accidently
disconnected when the modules are outdoors and batteries are fully charged, the JSF and
Carmanah modules were visible at a distance of 700 ft, in a cloudy but bright day,
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6. APPENDIX

For some of the tests, the charging graph was recorded. This section presents the charging graphs of those tests.
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