FLIR T650 CAMERA OPERATIONS 
AND RESEARCH DIRECTIONS WITH THERMOGRAPHY
 

Specifications: Default temperature range: -40 -150˚C. Thermal sensitivity of the camera is 0.03˚C, i.e. the smallest temperature difference detected by the camera. The image resolution is 640 by 480 pixels, yielding 37200 measurement points. Measures between 750-3000 nm (near IR), 3000-6000 nm (middle IR) and 6000-15000nm (far IR); 1000 nm = 1 µm.

1. CAMERA OPERATION CHECKLIST 

· For accurate results, wait 5 minutes after you have started the camera before measuring a temperature.

· Distance: Distance is provided as an input to the camera. Errors in input process can yield to errors in the measured temperature.

· Focus: Auto focus or manual focus should be engaged in the image capturing process. Unfocused images are prone to errors for measuring absolute temperature values.

· Adjusting the infrared image:  Using the FLIR Tools software, it is possible to manually fix the temperature span and range in time series studies. Therefore, it is not a critical parameter to fix in the field.


2. LENSES:
· Lens 1: 13.1 mm (45˚by 34˚, i.e. 55˚ diagonally) 
Appropriate for larger visual fields (more suitable for building / urban level applications[footnoteRef:1] or shooting wide and tall targets from a short distance) [1:  For large scale urban applications, the largest FLIR wide angle lens available is 6.5 mm lens (80˚) for the T650 series. ] 

Minimum focus distance is 150 mm.
		Distortion is reported 3%.

· Lens 2: 24.6 mm (25˚ by 19˚, i.e. 31˚ diagonally) 

Appropriate for close-up applications (material level diagnostics, thus the current standard in most thermography applications)
Minimum focus distance is 250 mm.
		Distortion is reported 3%. 
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Lens: 24.6 mm lens (left) and 13.1 mm lens (right) 

· Vignetting: Lenses exhibit noticeable energy falloff (which will be referred as vignetting) for the pixels far from the optical axis. The problem is particularly significant with wide angle lenses and requires compensation to achieve absolute accuracy particularly towards the periphery of the imagery. Since the lenses used with the camera are narrow angled, the  vignetting effect is determined to be negligible.

3. PARAMETERS
The infrared camera measures the emitted infrared radiation from the objects and surroundings, and converts the radiation into object surface temperatures. 

The radiation measured by the camera is the accumulation of:
1. Radiation from the object itself. 
2. Radiation from the surroundings reflected via the object surface. 
3. Absorption of the atmosphere.
(Sunlight scattering in the atmosphere or stray radiation from intense radiation sources outside the field of view are assumed to be negligible).
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Fig. 1 Schematic representation of the general thermographic measurement situation.1: Surroundings; 2: Object; 3: Atmosphere; 4: Camera [from camera User Guide]

To measure temperature accurately, it is therefore necessary to compensate for the effects of a number of different radiation sources. This is done automatically by the camera (see Section . However appropriate user input for the following parameters are required for accuracy: 

• The emissivity of the object: i.e., how much radiation an object emits, compared with the radiation of a theoretical reference object of the same temperature (called a “blackbody”).  

Normally, object materials and surface treatments exhibit emissivity ranging from approximately
0.1 to 0.95. A highly polished (mirror) surface falls below 0.1, while an oxidized or painted surface has a higher emissivity. Oil-based paint, regardless of color in the visible spectrum, has an emissivity over 0.9 in the infrared. Human skin exhibits an emissivity 0.97 to 0.98. Non-oxidized metals represent an extreme case of perfect opacity and high reflexivity, which does not vary greatly with wavelength. Consequently, the emissivity of metals is low – only increasing with temperature. For non-metals, emissivity tends to be high, and decreases with temperature.

General rule/caution: Accurate readings may not be possible for surfaces with an emissivity of about 0.5 or lower.

• The reflected apparent temperature: i.e. how much radiation from the surroundings is reflected by the object into the camera.

• The distance between the object and the camera

• The relative humidity

• Temperature of the atmosphere, i.e., the temperature of the air between the camera and the object of interest.

Ambient air temperature influences the temperature of the equipment and its performance; IR equipment compensates for this variation internally. It may also affect the amount of IR radiation emitted from the surface.

High winds will enhance heat transfer from the surface and higher convective heat losses can reduce the surface temperature. Measurements should thus not be taken outdoors in windy conditions, particularly if speeds exceed 5m/s. High winds can, however, make it easier to identify air infiltration problems around openings interior windows and doors.

Viewing an object at an acute angle presents less information than one taken at right angles.

If you are unsure about the values, the following are recommended:
Emissivity 0.95
Object distance 1.0 m (3.3 ft.)
Reflected apparent temperature +20°C (+69°F)
Relative humidity 50%
Atmospheric temperature +20°C (+69°F)

4. MEASURED DATA

Assume that the received radiation power W from a blackbody source of temperature Tsource on short distance generates a camera output signal Usource that is proportional to the power input (power linear camera).
[image: ], or, with simplified notation:
[image: ], where C is a constant.

A graybody source with emittance ε would yield radiation equal to εWsource. The collected radiation at the camera is:
1. Emission from the object = ετWobj
ε is the emittance of the object and 

τ is the transmittance of the atmosphere. 

Tobj  is the object temperature.

2. Reflected emission from ambient sources = (1 – ε)τWrefl 
(1 – ε) is the reflectance of the object. 

Trefl is the ambient sources have the temperature. 
(It has here been assumed that the temperature Trefl is the same for all emitting surfaces within the half-sphere seen from a point on the object surface.)

Note also that we have assumed that the emittance for the surroundings = 1. This is correct in accordance with Kirchhoff’s law: All radiation impinging on the surrounding surfaces will eventually be absorbed by the same surfaces. Thus the emittance = 1. 

3. Emission from the atmosphere = (1 – τ)τWatm,

(1 – τ) is the emittance of the atmosphere.
Tatm is the temperature of the atmosphere is.

The total received radiation power is the summation of these three components:
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Multiply each term by the constant C of Equation 1 and replace the CW products by the corresponding U according to the same equation:
[image: ]
Solve Equation 3 for Uobj (Equation 4):
[image: ]

How sensitive is the camera output (accuracy) to the values of input parameters? 
It is necessary to look into some different measurement cases and compare the relative magnitudes of the three radiation terms. This will give indications about when it is important to use correct values of which parameters.

The figures below illustrates the relative magnitudes of the three radiation contributions for three different object temperatures, two emittances, and two spectral ranges: SW and LW. Remaining parameters have the following fixed values (SW: 2–5 μm; LW: 8–14 μm):
• τ = 0.88
• Trefl = +20°C (+68°F)
• Tatm = +20°C (+68°F)

It is obvious that measurement of low object temperatures is more critical than measuring high temperatures since the ‘disturbing’ radiation sources are relatively much stronger in the first case. If the object emittance is low, the situation would be still more difficult.

Imagine that we in a certain case measure Utot = 4.5 volts. The highest calibration point for the camera was in the order of 4.1 volts, a value unknown to the operator. Thus, even if the object happened to be a blackbody, i.e. Uobj = Utot, we are actually performing extrapolation of the calibration curve when converting 4.5 volts into temperature. Let us now assume that the object is not black, it has an emittance of 0.75, and the transmittance is 0.92. We also assume that the two second terms of Equation 4 amount to 0.5 volts together. Computation of Uobj by means of Equation 4 then results in Uobj = 4.5 / 0.75 / 0.92 – 0.5 = 6.0. This is a rather extreme extrapolation, particularly when considering that the video amplifier might limit the output to 5 volts! Note, though, that the application of the calibration curve is a theoretical procedure where no electronic or other limitations exist. We trust that if there had been no signal limitations in the camera, and if it had been calibrated far beyond 5 volts, the resulting curve would have been very much the same as our real curve extrapolated beyond 4.1 volts, provided the calibration algorithm is based on radiation physics, like the Flir Systems algorithm. Of course there must be a limit to such extrapolations.











[image: ]
Figure 2 Relative magnitudes of radiation sources under varying measurement conditions (SW camera).
1: Object temperature; 2: Emittance; Obj: Object radiation; Refl: Reflected radiation; Atm: atmosphere
radiation. Fixed parameters: τ = 0.88; Trefl = 20°C (+68°F); Tatm = 20°C (+68°F).
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Figure 3 Relative magnitudes of radiation sources under varying measurement conditions (LW camera).
1: Object temperature; 2: Emittance; Obj: Object radiation; Refl: Reflected radiation; Atm: atmosphere
radiation. Fixed parameters: τ = 0.88; Trefl = 20°C (+68°F); Tatm = 20°C (+68°F).


QUICK EVALUATION OF PARAMETERS

A scene (Figure 4) was used to evaluate the impact of various parameters on the calculated temperature in the camera.

The emissivity was altered between 0.1 to 1.
Reflected Temperature was altered between 1 and 40˚C.
Distance was altered between 1 and 20m.
Atmospheric Temperature was altered between 18 to 40˚C.
Relative Humidity was altered between 0 and 100%.
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Figure 4 Image used for sensitivity analysis

The results (Figures 5-9) demonstrate that accurate emissivity value is the most critical input for accuracy.



Fig. 5 Impact of emissivity on the calculated T on the Thermal Camera



Fig. 6 Impact of reflected Temperature from the surrounding objects on the calculated T on the Thermal Camera



Fig. 7 Impact of reflected Temperature from the surrounding objects on the calculated T on the Thermal Camera




Fig. 8 Impact of atmospheric Temperature on the calculated T on the Thermal Camera



Fig. 9 Impact of atmospheric Temperature on the calculated T on the Thermal Camera


5. MEASUREMENT TOOLS

· Spot measurements
· Area measurements
· Isotherms:  a contrasting color to all pixels with a temperature is applied above, below, or between one or more set temperature levels. Using isotherms is a good method to easily discover anomalies in an infrared image.

The camera features isotherm types that are specific to the building trade. Humidity option triggers when the camera detects a surface where the relative humidity exceeds a preset value. Insulation option triggers when there is an insulation deficiency in a wall. It will trigger when the insulation level (which is called thermal index in the camera) falls below a preset value of the energy leakage through a wall. Different building codes recommend different values for insulation level, but typical values are 60-80% for new buildings.

6. IMAGE MODES:

Apart from thermal camera and digital camera mode, there are options for
· Picture-in-Picture: An infrared image frame is displayed on top of the digital photo.
· Thermal fusion lets you display part of a digital photo as an infrared image.
· MSX (Multi Spectral Dynamic Imaging): the camera captures infrared images where the edges of the objects are enhanced.

7. IMAGE ANALYSIS

The output is a false color (pseudo color) image saved in jpeg. The camera does not provide raw temperature values as an output, but it could be possible to write an algorithm in Matlab to convert false color into absolute values, if one is so inclined.




8. APPLICATION EXAMPLES

There are two main uses for thermographic cameras in buildings: Monitoring and Diagnosing.

A building diagnostics inspection with a thermal imaging camera can help:
• Visualize energy losses
• Detect missing or defective insulation
• Source air leaks
• Find moisture in insulation, in roofs and walls, both in the internal and the external structure
• Detect mold and badly insulated areas
• Locate thermal bridges
• Locate water infiltration in flat roofs
• Detect breaches in hot-water pipes
• Detect construction failures
• Monitor the drying of buildings
• Find faults in supply lines and district heating
• Detect electrical faults

It is possible to detect moisture and water damage in a house by using an infrared camera. This is partly because the damaged area has a different heat conduction property and partly because it has a different thermal capacity to store heat than the surrounding material. Many factors can come into play as to how moisture or water damage will appear in an infrared image. For example, heating and cooling of these parts takes place at different rates depending on the material and the time of day. For this reason, it is important that other methods are used as well to check for moisture or water damage.

Insulation deficiencies may result from insulation losing volume over the course of time and thereby not entirely filling the cavity in a frame wall. An infrared camera allows you to see these insulation deficiencies because they either have a different heat conduction property than sections with correctly installed insulation, and/or show the area where air is penetrating the frame of the building. When you are inspecting a building, the temperature difference between the inside and outside should be at least 10°C (18°F). Studs, water pipes, concrete columns, and similar components may resemble an insulation deficiency in an infrared image. Minor differences may also occur naturally.

In cold climates, buildings are often inspected during winter time. In hotter climates, where it is important to see that the building is well insulated in order to keep the cool air that is generated by HVAC systems inside, the summer months can be ideal for this type of thermal inspections.

Draft can be found under baseboards, around door and window casings, and above ceiling trim. This type of draft is often possible to see with an infrared camera, as a cooler airstream cools down the surrounding surface. When you are investigating draft in a house, there should be sub-atmospheric pressure in the house. Close all doors, windows, and ventilation ducts, and allow the kitchen fan to run for a while before you take the infrared images. An infrared image of draft often shows a typical stream pattern. Also keep in mind that drafts can be concealed by heat from floor heating circuits.




9. POSSIBLE RESEARCH DIRECTIONS

· Case study of building diagnostics (insulation, thermal, draft). It would require an interesting building to study.
· Application of thermal cameras on urban level: insolation studies? Climate? Requires time-series data collection
· Image analysis: temperature distributions and thermal comfort? Impact of electric light sources? Large office spaces? Requires time series data collection

10. PRACTICAL ISSUES

· Clear sky value is around -40°C during daylight hours. Note that the camera has a lower threshold at -40°C.
· Cloud temperatures range from -20°C for high light cloud to +1.1°C for low heavy cloud. Further info: http://www.ndt.net/article/qirt2008/09_05_06.pdf
[bookmark: _GoBack]
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				Reflected T (Emmisivity: 0.95; Distance: 3.0, AtmosphericT: 24; RelHum: 60%) 
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