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Laser Doppler Velocity Measurement

Abstract:

This experiment is to measure two flow profiles at laminar flow and one profile at turbulent flow and determine the flow velocity at the axis of the tube by applying Laser Doppler Velocimetry technique.

 
The three fluid velocities selected for the experiments are 1.8 m/s, 4.4 m/s and 46.3 m/s.

We will see that for the velocities 
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m/s the flow profile is laminar and for the velocity of 
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m/s the flow profile is turbulent.
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1. Introduction

Laser Doppler Velocimetry (LDV) is a method for measuring the speed of small particles. When particles are suspended in a fluid in the presence of a known electric field, a velocity measurement is a measure of the mobility of the particles. Small particles suspended in fluid are illuminated by a laser beam and the light scattered to various angles is compared to light in a reference beam to determine the doppler shift of the scattered light. The doppler shift of the light depends on the speed of the particles and the angle of measurement. In this experiment LDV will be used to determine two profiles of laminar flow and one profile of turbulent flow [1].

            2.Theory

2.1.a Hydrodynamics

In this experiment the flow profile in a straight cylindrical tube is to be measured. In such a tube two types of flow profiles can exist: a laminar flow and a turbulent flow. Which of the two will be encountered depends on the Reynolds number of the flow. The Reynolds number is given by [2,3]:
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with 
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). Reynolds number is a dimensionless quantity that characterises the flow. At low values of the Reynolds number (
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) the flow will be turbulent.

Laminar Flow


Laminar flow is characterised by a situation in which the fluid particles flow in regular layers of different velocity. The flow is quite orderly. In a long cylindrical tube the flow velocity at distance r from the axis of the tube can be represented by [2,3]
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                                     Figure1. Laminar flow profile [4].
Figure 1 shows that the velocity is zero at the solid wall of the tube and increases parabolically with flow, reaching its maximum at the centre of the tube in axis. At the axis of the tube the velocity of the fluid is given by 
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. This is a useful criteria to see whether the flow is laminar or not.
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                                     Figure2. Laminar flow profile in 3D perspective [5].
Turbulent Flow

At higher fluid velocities the order in the flow decreases; the fluid particles do not longer move straight lines through the tube, but there is momentum transfer in directions perpendicular to the axis of the tube. This results in a chaotic flow with

vertices that do not damp out. Turbulent flow is extremely complex. A complete theoretical description is still to be presented. However a description that is often used for the average flow profile is given by Nikoradze [2,6].
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With 
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the maximum velocity of the flow at the axis of the tube and the constant die represents the degree of turbulence [2]. 
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                                     Figure 3. Turbulent flow profile [4].

Figure 3 shows at the turbulent flow velocity is zero at the solid wall of the tube, but the face velocity is straighter and squared up. As the velocity of the fluid continues to increase the face velocity will continue to straighten up until all particles are moving at the same velocity ( except at the solid wall of the tube where the flow remains at zero) [4]. 

Experimental values of n are 6 ( at 
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 Figure 4. Turbulent flow profile according to the formula of Nikoradze.

For the description of turbulent flow one may also use the following  empirical formula:
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This profile is shown in Figure 5. Close to the wall of the tube the formula 4 and 5 are equivalent.
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                    Figure 5. Continuous turbulent profile according to formula 5.

Transient effects


At transitions in the diameter of the tube the flow profile will generally be disturbed over some distance: the flow needs a certain distance to stabilise again.

This effect can also occur due to disturbances such as by a non-smooth wall of the tube or a bend in the tube. The distance over which the disturbances can be observed depends on the velocity of the flow, the diameter of the tube and the initial profile. Empirically the following formula has been established for the distance over which the flow profile can be disturbed. 
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For a laminar flow with 
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 in a tube with the radius R = 1 cm one may thus expect a disturbance over a distance of 2 meter. Notice that the formula does not give hard criteria but rather represents an crude estimate [2].

Transition between laminar and turbulent

With increasing Reynolds number it takes more time for small disturbances to die off. Above a certain flow velocity, characterised by the critical Reynolds number 
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, a transition to turbulence will take place: disturbances are longer damped but rather do reinforced one another. Usually one finds 2300<
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<2600. however, in the case very precisely controlled initial profiles critical Reynolds numbers amounting to more then 10000 have been obtained [2,7].

2.1.b Laser Doppler velocity measurement

Doppler shift

In laser Doppler velocity measurements use is made of the frequency shift that is inflicted on light that is scattered on moving particles. This very small frequency shift remains undetectable under normal circumstances. However, detection can be accomplished by splitting the laser beam and having the two beams cross one another under an angle 
[image: image35.wmf]q

(figure 6 and 7). 
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Figure6. A laser is splitted into two equal-intensity, parallel beams. A lens causes these beams to cross and focus at common point (F) [1].

A particle that passes the focal point will scatter light both with a somewhat higher as well as with a somewhat lower frequency. The beam that is directed mainly opposite to the velocity of the particle will give a positive frequency shift (blue shift) and the beam that is directed mainly in conjunctions with the velocity of the particle will give a negative shift (red shift). If a particle passes the focal point of the two beams than both signals will be emitted simultaneously. In fact one has a point source emitting with tow different wavelengths. This situation can be described with a sum-and a difference frequency. The sum frequency can not be detected easily, but the difference frequency can. For the difference frequency, known as the Doppler frequency 
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The observed frequency is thus a measure for the flow velocity. A larger frequency corresponds to a larger flow velocity.[2]

Fringe model

If two coherent laser beams cross one an other an interference pattern (‘fringes’) will exist in the crossing volume. 
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Figure7. LDA description according to the fringe model [1]

The distance 
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, the crossing angle:
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The number of maxima is depending on the diameter of the laser beam and the geometry of the set-up. In a properly lined up experimental set-up in the student-lab this number will be approximately be eight. In figure 7 only 4 maxima are depicted for clarity.

A particle that passes the crossing area will scatter the light in the maxima [2].

Light intensity versus time is processed by doppler burst signal processor:
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Figure8: Doppler burst before (upper) and after (lower) filtering [1]

This scattered light can be detected by a photo-diode. The frequency of the flashes 
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 is a measure for the velocity of the particles perpendicular to the fringes 
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Notice that if a particle passes not through the crossing volume but rather through the two separate laser beams two pulses with a lower frequency are observed [2].

Laser optics

A laser power source is required, with excellent frequency stability, narrow line width, small beam diameter, and a Gaussian beam intensity profile (bright at the centre). Typically, HeNe or Argon ion lasers are used, with power levels from 10 miliwatts to 20 watts.

Somewhere close to the laser the beam will be most narrow. This area is called the waist. A positive lens can focus the beam again. Behind the lens a second waist will than result. It may be clear that the smallest and thus best defined crossing volume will be obtained if the two laser beams cross one another in their waists. Furthermore the quality of the lenses used is of importance. To obtain a well defined crossing area carefully grinded lenses should be used that have very little spherical aberration [8].

3 Experimental set-up

The experimental set-up can be divided into three parts: 

· The fluid circulation part

· The optical part

· The data acquisition part

3.1.a The fluid circulation

[image: image131.png]



Figure 9. Fluid circulation LDA set-up.

The pump P pumps water from the storage vessel V through the tube B and /or via the bypass with valve K1 back to V. The valve K0 is mounted on the storage vessel and is meant to close off the storage vessel after the experiment. During the experiment K0 is fully opened. The flow velocity through the glass tube B is regulated by the valve K1 that determines the flow through the bypass. The valve K2 is for further fine tuning of the flow in the turning. The frequency of the voltage pulses is to be measured. The flow meter thus measures the total flow through the glass tube. The power supply and the frequency meter are integrated in the case that contains the storage vessel. The calibration curve of the flow meter can be found in the file flow.dat.

For controlling the flow one uses preferably the valve K1 because in that way the load on the pump is minimised, thus leading to a less disturbed flow. The pump pumps water with starch dissolved in it. The starch particles are the light scattering particles. To prevent the grow of algae some chlorine has been added to the water as well [2].

3.1.b Optics
The optical part of the Laser Doppler Velocity measurement is shown in figure 10. The waist of the laser beam is imaged on a grid T with the aid of the lens L1. The grid splits the beam in a number of beams. By lens L2 both of the first order beams are refracted to parallel beams. The 0-th and higher order beams are stopped. Mirror S reflect the beam over 90 degrees for the trivial reason of limiting the space taking up by the experimental set-up as a whole. Lens L3 refracts both of the beams toward one another, thus making them cross in the focal point of L3. In this focal point the glass tube with the starch water or, alternatively, a calibration disc can be placed. The scattered light is detected with a photo diode FD. Both of the firs order beams are stopped by case of the photo diode.
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Figure 10. Optics of the LDA set-up.
Following is a sequent step to set up the optic instrument.

· Laser beam aligned parallel with the rail from x=0 to infinitive.

· Lens  L1 with focus  = 40 mm placed in 20.5 cm, makes the beam divergent.

· The grid placed at 4.5 cm from L1.

· Lens L2 with focus = 100 mm placed at x= 33.4 cm makes the beam sharp and parallel again.

· The mirror S placed at x = 47.2 cm to reflect two beams at 90 degrees.

· Lens L3 to be placed as needed.

3.1.c Data-acquisition
   Figure 11: Electronic scheme of the LDA set-up
The signal of the photo diode is amplified by the amplifier J283 (see figure 11). The amplified signal (OUT1) is filtered by the Krone-Hite 3100 filter. The filtered signal is amplified once more by the amplifier J283. This amplifier has a built-in load speaker with separate volume control. This makes it possible to hear the Doppler burst. This feature is useful in the fine-tuning of the apparatus. For the real measurements it is better to turn the sound volume to zero, because in the fact that there is some pick-up between the coil of loudspeaker and the signal. The Krone-Hite 3100 filter is necessary to separate the desired Doppler signal(1-100 Hz) from undesired disturbing signal (sun light, TL – light 50 Hz noise). Moreover the filter takes care that the wave train becomes symmetric with respect to zero (see figure8). This is necessary for further processing by the computer. Adjust the low frequency cut-off of the filter to appr. 1/5 of the Doppler frequency. The high frequency cut-off of the filter should be appr. 5 times the Doppler frequency. The filter can best be used in the RC-mode. 

  
The amplified as well as the filtered signal ( OUT) can be looked at on the oscilloscope. By the use of the digital oscilloscope (HM-205) it is possible to freeze a pulse train, thus allowing careful observation and determination of the frequency.


For each measurements the frequency of the number Doppler bursts should be determinate and averaged. A number of measurements gives the flow profile in the tube.


Determination of the Doppler frequencies ‘by hand ‘ is rather cumbersome and moreover frustrates a full-fletched statistical approach. Therefore this task is taken over by a computer [2].

4.Results and discussions

All graphics and data computation are made by ‘TableCurve 2D v5.01’ Program.

Calibration 
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We try to get a nice Doppler signal with the aid of a razor blade. Doppler frequency 
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 is calibrated to 
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of rotating Perspex disc. The aim is to get an equation to convert 
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The velocity values that we are found in air also pertain to water. LDV allows a non-invasive measurement is independent of any media.

    Table 1: Data-acquisition of  Calibration 
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	R(mm)
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(kHz)
	Tolerance of
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 EMBED Equation.3  [image: image55.wmf]u

(kHz)
	Weights
	Velocity (mm/s)

	25
	2.1
	0.1
	1
	15.7

	35
	3.1
	0.2
	0.25
	21.98

	45
	4.00
	0.3
	0.1111
	28.26

	55
	5.2
	0.4
	0.0625
	34.54

	65
	6.2
	0.6
	0.0277
	40.82


In Table 1, the velocity was calculated by using the classical formula:
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 EMBED Equation.3  [image: image58.wmf]
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Where R is radius of rotating Perspex disc (mm) and t is time that needs to cycle 1 rotation (sec).

                         Figure 12.a: Linear regression of 
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                                [image: image62.wmf]Linear regression of frequency versus velocity 

Rank 8  Eqn 1  y=a+bx

r^2=0.99851117  DF Adj r^2=0.99702233  FitStdErr=0.29505173  Fstat=2012.0003

a=2.6562436 

b=6.2285827 
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In Figure 11. we fitted measured data with a simple equation:  y=a+bx

This equation shows that the corelation between 
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 and v is:

                   v=2.65+6.22*
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                                      (10)
Laminar Flow Determination 

Laminar flow can be determined by using equation (1) from theory.
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Where such information are provided:
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 g/ml = 997.07 kg/m3

2R=15.16mm=15.16*10-3m
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 EMBED Equation.3  [image: image69.wmf]6
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Since viscosity kinematics is known, using equation (2), we have the fallow relation:
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Now, we can determinate the Debit:


[image: image71.wmf](

)

=

=

=

-

2

3

10

*

16

.

15

25

.

0

*

1319

.

0

m

s

m

A

v

Debit

p

1.404 l/min

Interpolate Debit- frequency by using table that is given by manual:

 Table 2: Debit versus frequency:

	                    Debit (l/min)
	                Fluid frequency (Hz)

	1
	14

	1.404
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	27



[image: image73.wmf]1

2

1

404

.

1

14

27

14

-

-

=

-

-

u

                    

[image: image74.wmf]Hz

252

.

19

=

u


That means, if you want to get laminar flow the fluid frequency must be set lower than 19.25Hz; and if you want to get turbulent flow, the fluid frequency must be set bigger than 19.25Hz.

Burst frequency measurements for two flows at laminar are recorded in table 3, 4a and 4b.

Table 3. Burst frequency measured with the average velocity: 
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	D(mm)
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(kHz)
	Tolerance of
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 EMBED Equation.3  [image: image78.wmf]u

(kHz)
	Velocity (mm/s)

	19.5
	1.6
	1.6
	1.6
	4
	12.602

	18
	5.6
	5.3
	5.45
	2.04
	36.549

	17
	8.2
	8.1
	8.15
	0.44
	53.405

	16
	15.1
	15.1
	15.1
	0.51
	96.572

	15
	16.5
	16.4
	16.45
	0.82
	104.979

	14
	17.0
	16.8
	16.9
	1.56
	107.768

	13
	16.9
	15.9
	16.4
	1.23
	102.658

	12
	15.2
	15.3
	15.4
	1.23
	98.438

	11
	12.8
	13.1
	12.95
	1.23
	83.199

	10
	9.1
	8.9
	9
	1
	58.63

	9
	5.4
	5.8
	5.6
	1.23
	37.482

	8
	2.6
	2.5
	2.55
	4
	18.511


The next graphs will show fits with the following formulas: 

· For laminar flow we used:

                                        R=15.16/2 

                                        #F1 = 2*#A*(1-((X-#B)/(R/#C))^2) 

                                        Y = IF(#F1>0, #F1,0)

                     which corresponds to formula (3)

· For turbulent flow we used:

                                        R = 15.16/1.33/2 

                                        #F1 = 1-((X-#B)/R)^2 

                                        #F2 = IF (#F1>0,#F1,0) 

                                        Y = 2*#A*#F2^(1/#C)

                          which corresponds to formula (4)

      Figure 13a. The fitting graphic for 
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using the formula for laminar flow
[image: image80.wmf]flow profile

Eqn 8001  lam(a,b,c)

r^2=0.96516331  DF Adj r^2=0.95209956  FitStdErr=1.2785986  Fstat=124.67417
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c=1.3254165 
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 Figure 13b. The fitting graphic for 
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using the formula for turbulent flow
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Eqn 8001  turb(a,b,c)

r^2=0.96625309  DF Adj r^2=0.95359799  FitStdErr=1.2584409  Fstat=128.84553
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The above two graphs and data show, that for the average velocity   
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 the flow is laminar.
Table 4a. Burst frequency measured with the average velocity: 
[image: image84.wmf]4

.

4

=

v


	D (mm
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(kHz)
	Tolerance of
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 EMBED Equation.3  [image: image88.wmf]u

(kHz)
	Velocity (mm/s)

	19
	8.4
	8.4
	8.4
	1.0
	54.898

	18
	12.8
	12.2
	12.5
	1.7
	80.4

	17
	17.3
	17.18
	17.24
	1.8
	109.8828

	16
	21.4
	21.4
	21.4
	1.4
	132.668

	15
	23.4
	23.5
	23.45
	1.3
	148.509

	14
	23.8
	23.7
	23.75
	1.2
	150.375

	13
	23.8
	23.5
	23.65
	0.9
	149.753

	12
	22.0
	22.1
	22.05
	1.6
	139.801

	11
	18.8
	18.7
	18.75
	1.6
	119.275

	10.45
	16.3
	16.3
	16.3
	0.9
	105.902

	10
	13.8
	14.6
	14.2
	1.0
	90.974

	9.5
	10.1
	10.1
	10.1
	1.0
	65.427


 Figure 14a. The fitting graphic for 
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using the formula for laminar flow
[image: image90.wmf]flow profile
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 Figure 14b. The fitting graphic for 
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using the formula for turbulent flow
[image: image92.wmf]flow profile

Eqn 8001  turb(a,b,c)

r^2=0.98312095  DF Adj r^2=0.97679131  FitStdErr=0.78007327  Fstat=262.10268

a=11.971729 b=13.980019 

c=1.2139008 

9

11

13

15

17

19

distance(mm)

5

10

15

20

25

frequency (Hz)

5

10

15

20

25

frequency (Hz)


The above two graphs and data show, that for the average velocity   
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 the flow is laminar.
Table 4b. Burst frequency measured with the average velocity: 
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	D (mm
[image: image95.wmf])
	                       
[image: image96.wmf]u

(kHz)  
	Tolerance of
[image: image97.wmf]

 EMBED Equation.3  [image: image98.wmf]u

(kHz
	Velocity (mm/s)

	10
	14.2
	13.7
	13.95
	1.2
	89.419

	10.5
	16.8
	16.09
	16.85
	1.1
	107.457

	11
	19.2
	19.2
	19.2
	1.4
	122.074

	11.5
	21.1
	21.09
	21.095
	0.9
	133.86

	12
	22.8
	22.3
	22.55
	1.0
	142.911

	12.5
	23.8
	23.4
	23.6
	0.9
	149.442

	13
	24.6
	23.9
	24.25
	1.0
	153.485

	13.5
	25.0
	24.2
	24.6
	0.9
	155.662

	14
	24.2
	23.9
	24.05
	1.4
	153.241

	14.5
	24.1
	23.7
	23.9
	1.0
	151.308

	15
	23.3
	23.2
	23.25
	1.4
	147.365

	15.5
	22.4
	22.5
	22.45
	1.3
	142.289

	16
	20.5
	20.6
	20.55
	1.6
	130.471

	16.5
	19.0
	19.2
	19.1
	1.5
	121.452

	17
	16.7
	16.5
	16.6
	1.7
	105.902

	17.5
	12.4
	12.0
	12.2
	1.6
	78.534

	18
	11.3
	10.9
	11.1
	1.1
	71.692

	18.5
	8.3
	8.2
	8.25
	0.8
	52.965

	19
	4.3
	4.2
	4.25
	0.9
	29.085


Figure 15a. The fitting graphic for 
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using the formula for laminar flow
[image: image100.wmf]flow profile

Eqn 8001  lam(a,b,c)

r^2=0.99319759  DF Adj r^2=0.99173993  FitStdErr=0.53093529  Fstat=1095.0509

a=12.246422 b=13.712228 

c=-1.313251 
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Figure 15b. The fitting graphic for 
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using the formula for turbulent flow
[image: image102.wmf]flow profile

Eqn 8001  turb(a,b,c)

r^2=0.99266321  DF Adj r^2=0.99109105  FitStdErr=0.55139551  Fstat=1014.7459

a=12.266943 b=13.729509 

c=1.0210183 
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The above two graphs and data show, that for the average velocity   
[image: image103.wmf]4
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 the flow is laminar.
  Table 5.a). Burst frequency measured with the average velocity: 
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	D (mm
[image: image105.wmf])
	
[image: image106.wmf]u

(kHz)
	Tolerance of
[image: image107.wmf]

 EMBED Equation.3  [image: image108.wmf]u

(kHz)
	Velocity (mm/s)

	9
	67.5
	14.0
	422.50

	9.5
	93.4
	16.1
	583.598

	10
	96.5
	19.4
	602.88

	10.5
	100.9
	19.8
	630.248

	11
	106.6
	18.9
	665.702

	11.5
	113.8
	16.5
	710.486

	12
	119.6
	8.2
	746.562

	12.5
	122.6
	9.8
	765.332

	13
	126.4
	6.4
	788.858

	13.5
	126.5
	6.9
	789.48

	14
	127.1
	7.2
	793.212

	14.5
	127.6
	7.2
	796.332

	15
	126.1
	7.7
	786.692

	15.5
	122.9
	9.7
	767.088

	16
	122.6
	7.9
	765.332

	16.5
	118.9
	9.5
	742.308

	17
	117.1
	10.5
	731.012

	17.5
	111.9
	12.4
	698.668

	18
	108.3
	13.4
	676.276

	18.5
	104.0
	14.2
	649.55

	19
	99.2
	15.1
	619.674

	19.5
	80.2
	13.6
	501.494


Figure 16.a). The fitting graphic for 
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using the formula for laminar flow
[image: image110.wmf]flow velocity

Eqn 8001  lam(a,b,c)

r^2=0.95291783  DF Adj r^2=0.9450708  FitStdErr=3.6953466  Fstat=192.27491

a=64.043183 b=14.481293 

c=-0.87309774 
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Figure 16.b). The fitting graphic for 
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.

46

=

v

using the formula for turbulent flow
[image: image112.wmf]flow profilre

Eqn 8001  turb(a,b,c)

r^2=0.97278608  DF Adj r^2=0.96825042  FitStdErr=2.8094579  Fstat=339.58602

a=62.709359 b=14.40499 

c=3.7395733 
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The above two graphs and data show, that for the average velocity   
[image: image113.wmf]3
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 the flow is turbulent.
Table 5.b). Burst frequency measured with the average velocity: 
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  Table 5.b). Burst frequency measured with the average velocity: 
[image: image115.wmf]3

.

46

=

v


	D (mm
[image: image116.wmf])
	
[image: image117.wmf]u

(kHz)
	Tolerance of
[image: image118.wmf]

 EMBED Equation.3  [image: image119.wmf]u

(kHz)
	Velocity (mm/s)

	19.5
	44.5
	12.8
	279.44

	19
	80.6
	17.5
	503.982

	18.5
	93.8
	15.4
	541.086

	18
	101.4
	12.7
	633.358

	17.5
	107.4
	11.1
	671.678

	17
	113.2
	10.1
	706.758

	16.5
	115.8
	10.7
	722.936

	16.
	119.7
	8.9
	747.184

	15.5
	121.8
	8.8
	760.246

	15.
	124.0
	6.7
	772.93

	14.5
	125.0
	11.2
	780.15

	14
	127.1
	5.9
	793.212

	13.5
	127.1
	5.9
	793.212

	13
	126.1
	6.3
	786.992

	12.5
	124.7
	10.0
	778.284

	12
	123.2
	8.3
	768.954

	11.5
	117.6
	14.4
	734.132

	11
	110.8
	18.5
	691.836

	10.5
	106.3
	19.9
	663.836

	10
	102.6
	18.8
	640.822

	9.5
	101.6
	17.5
	634.602

	9
	92.2
	14.8
	576.134


Figure 17.a). The fitting graphic for 
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using the formula for laminar flow
 [image: image121.wmf]flow profile

Eqn 8001  lam(a,b,c)

r^2=0.90399206  DF Adj r^2=0.88799074  FitStdErr=6.3326571  Fstat=89.450151

a=64.404075 b=13.691752 

c=-0.91383133 
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       Figure 17.b). The fitting graphic for 
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using the formula for turbulent flow
[image: image123.wmf]flow profile

Eqn 8001  turb(a,b,c)

r^2=0.9858564  DF Adj r^2=0.98349913  FitStdErr=2.4305939  Fstat=662.18183

a=62.425588 b=13.858524 

c=3.7703082 
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The above two graphs and data show, that for the average velocity   
[image: image124.wmf]3
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 the flow is turbulent.

          7.Conclusion:

We measured the profile flow for three different velocities: 
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We found that the flow is laminar for the velocities 
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,and turbulent for the velocity 
[image: image130.wmf]3

.

46

=

v

.

 8.References:

1. http://www.dipmec.unian.it/misure/strumenti/LDA/LDA en html

2. Practicum Module,Laser Doppler Velocity Measurement, Natuurkunde      Rug                            

             3. F.W.Sears, M.W.Zemansky, University Physics, Part 1,(Addison   Wesley,1963), blz. 254, [Practicumbibliotheek AN41].

              4. http://www.coleparmer.com/techinfo/techinfo.asp?htmlfile=V   Pdeviations.htm

               5. http://hyperphysics.phy-astr.gsu.edu/hbase/pfric.html#vel
               6. H.Schlichting, Boundary-Layer Theory 6th  edition, (McGraw-Hill, 1968), Hoofdstuk V en XX.[Bibliotheek Nat./Scheik. 113 A 35]

                7. R.S. Brodkey, The Phenomena of Fluid Motions, (Addison-Wesley,1967), Hoofdstuk 9-5, 14-1 en 14-3D. [Bibliotheek Nat./Scheik. 113 A 48].

                 8. F.A. Jenkins H.E.White,Fundamentals of Optics  4th  edition,( McGraw-Hill, 1981). [Practicumbibliotheek  OP6]

3
23

_1135957028.unknown

_1136067500.unknown

_1136620234.unknown

_1136837612.unknown

_1136839202.unknown

_1136887798.unknown

_1136887827.unknown

_1136887891.unknown

_1136839244.unknown

_1136838163.unknown

_1136838741.unknown

_1136838948.unknown

_1136838976.unknown

_1136838923.unknown

_1136838703.unknown

_1136838141.unknown

_1136837523.unknown

_1136837545.unknown

_1136837574.unknown

_1136835879.unknown

_1136837493.unknown

_1136835832.unknown

_1136068523.unknown

_1136294112.unknown

_1136619955.unknown

_1136620140.unknown

_1136069255.unknown

_1136075670.unknown

_1136076476.unknown

_1136239033.unknown

_1136236795.unknown

_1136237044.unknown

_1136076807.unknown

_1136075997.unknown

_1136074871.unknown

_1136075514.unknown

_1136069273.unknown

_1136074852.unknown

_1136069231.unknown

_1136069245.unknown

_1136067624.unknown

_1136068165.unknown

_1136067589.unknown

_1135965349.unknown

_1135967197.unknown

_1136067407.unknown

_1136067465.unknown

_1135967222.unknown

_1135965491.unknown

_1135967127.unknown

_1135965450.unknown

_1135959132.unknown

_1135964419.unknown

_1135964462.unknown

_1135961990.unknown

_1135958671.unknown

_1135958781.unknown

_1135957724.unknown

_1135952166.unknown

_1135955951.unknown

_1135956923.unknown

_1135956972.unknown

_1135956058.unknown

_1135954397.unknown

_1135954967.unknown

_1135952372.unknown

_1135951934.unknown

_1135951992.unknown

_1135952040.unknown

_1135951959.unknown

_1135951316.unknown

_1135951660.unknown

_1135951877.unknown

_1135951434.unknown

_1135951526.unknown

_1135951146.unknown

_1135951221.unknown

_1135951022.unknown

