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ABSTRACT 

This thesis presents an investigation into the feasibility of using particle field holography to 

determine air flow velocities typical of those within an automobile engine compartment. Three 

primary objectives are considered in this study. The first objective is to investigate the behavior of 

spherical microparticles of different sizes in order to determine a suitable particle size that would 

accurately represent local air velocities and could be resolved holographically. The second objective 

is to determine the velocity error due to the fluid acceleration to allow estimates of how well a given 

particle will represent the air flow. The third objective is to investigate the theoretical aspects of 

in-line particle field holography and to estimate particle velocity measurement errors. 

Particle velocity behavior is investigated by developing a computer program determine parti

cle trajectories in an inviscid air stream flowing past a cylinder. The program predicted velocity 

errors and total accelerations. It was found that a 5-micron diameter water droplet could tolerate 

accelerations up to 900m/s^ and still represent the air flow with an error of less than 1.5 percent. 

A theoretical investigation of in-line hologiaphy and expeiimental lesults fiom the liteiatuie 

indicates that a particle of 5 microns can be imaged thioughout a sample volume of about 2.5 to 

5 cm''. The longitudinal focal toleiance is the largest souice of erioi when deteimining paiticle 

displacements. Howevei, this eiror can be reduced if the longitudinal measurement is repeated 

seveial times. If thiee longitudinal measuiements aie made at each paiticle location, and if the 

particle tiavels 1 mm and the fluid acceleration is within the allowable limit foi the paiticle size, 

then the local aii velocity can be measuied with an eiioi of about 1.4 peicent. 

Two seiious disadvantages of using particle field holography to measure fluid velocities are the 

high equipment costs and the time required to analyze holograms. The construction of a low cost 

miniature ruby laser to experimentally verify air flow measurements is suggested. 
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CHAPTER 1 

INTRODUCTION 

Background 

During recent years improvements in fuel efficiency have been of considerable importance in 

automobile design. As a consequence, modern engine compartments are smaller and more crowded 

than those of past years. This increase in underhood congestion causes restrictions in the air flow 

and makes the cooling of mechanical and heat sensitive electrical componets a difficult design prob

lem. Knowledge of the entire underhood flow field is necessary in order to identify stagnant regions, 

evaluate heat transfer characteristics, and determine what corrective actions should be taken. How

ever, the flow field within the engine compeirtment of a modern automobile is extremely complex 

and its analysis presents a formidable task. 

Automobile engine compartment air flow is an area of active investigation within the Department 

of Mechanical Engineering at Texas Tech University. Basically, two avenues of approach to the 

problem are being followed: computer simulation and experimented modeling. 

Simulating the flow by computer is complicated by the lack of underhood symmetry which 

forces one to consider the flow field in its three-dimensional entirety. This requires a large number 

of finite difference control volumes and a fast, powerful computer. Computer simulation is still in 

the developmental stage and a large and accurate data base will be necessary to assess the accuracy 

and limitations of any computer model. 

Tow tank testing with scale models is presently providing valuable insight into underhood flow 

behavior. By using water as the fluid medium, flow visualization is enhanced and Reynolds numbers 

characteristic of the flow can be obtained at low speeds. Due to the large mass of water involved, 

these tests must be made isothermally. However, thermal effects on the flow field appear to be minor 

except at local hot spots when the engine is idling. Rapid dispeisal of the injected dye complicates 

the undeihood flow visualization and velocity measuiements. 

The aim of this thesis is to deteimine the possibility of applying paiticle field hologiaphy as a 

nonintrusive method to accurately measure air flow velocities within and about automobile engine 

compartments. Particle field holography involves the three-dimensional recording of a sample volume 

of particles such as aerosol droplets which are in motion. This is eiccomplished by using a high-power 
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pulsed laser which provides sufficient light to expose the film within a few tens of ncinoseconds. By 

seeding a flow with microparticles and rapidly double exposing the film, the velocity field can be 

estimated from the particle displacements which occur between exposures. A ruby leiser equipped 

with a device called a Q-switch, which permits rapid pulsing of the laser, is normally used to form 

the hologram. A He-Ne laser is often used to reconstruct the images of the microparticles. 

Holography records an image of an object by using the entire content of the light: the intensity, 

wavelength, and phase, thus capturing the entire message of a scene including the vivid reaUsm of 

three dimensions. Holography is well suited for recording dynamic microparticles. When filming 

microparticles by conventional photography, the objects must be within a few microns of the plane 

of focus or else be lost from view. On the other hand, holography can record microparticles through 

a sample depth of several centimeters. In some cases up to 10,000 conventional photographs would 

be needed to record the same volumetric information that could be obtained with a single hologram. 

The accuracy of the flow field velocities obtained by holographic measurements depends on 

how well the particles follow the local fluid streamlines between exposures. Larger particles, due to 

their greater mass, are less responsive to changes in fluid speed and direction than smaller particles. 

But smaller particles are more difficult to resolve. Therefore, the determination of the feasibility 

of applying particle field holography to accurately measuie aii velocities typical of undeihood flows 

will consist of two basic paits: (1) developing a pioceduie foi making estimates of the velocity eiiois 

to be expected when using seed particles of different sizes and densities in a given flow situation, 

and (2) evaluating the resolution capabilities and particle displacement measurement errors to be 

expected with the holographic technique. 

Objectives of the Study 

The objectives of this study are as follows: 

(1) Investigate the behavior of spherical microparticles of different sizes and densities in an air 

flow field to determine how well small particle displacements represent the local air velocities. The 

air velocities will be typical of those within an engine compartment when the engine is idling, about 

1 to 7 m/s. 



(2) Investigate the acceleration aspects of particle behavior in air flow in terms of velocity errors 

related to the amount of local fluid acceleration present. 

(3) Determine the necessary particle size to use for high accuracy velocity measurements, and 

the maximum allowable local fluid acceleration. 

(4) Evaluate holographic resolution capabilities, Scunple volume size, and holographic measure

ment errors in order to verify that the required particle size can be recorded satisfactorily and that 

three-dimensional particle displacements can be accurately measured. 



CHAPTER 2 

PARTICLE FIELD HOLOGRAPHY 

Introduction 

The three-dimensional recording and imaging of particle fields was perhaps the first preictical 

application of holography [41,43] and remains one of the most important. Holography is the only 

method by which high resolution viewing of dynamic particles dispersed through a volume can be 

achieved. Particle field holography has been applied to many areas of study such as atmospheric par

ticles, aerosol sprays, particle combustion, two-phase flows, particle impact phenomena, cavatation 

dynamics, and living micro-organisms. 

An optical hologram is a special type of light wave recording which stores all the information 

necessary to reconstruct an essentially identical light wave at a later time. A holograjn is made 

by recording the interference pattern formed when coherent Ught reflected or diffracted from the 

particle field is combined with a mutually coherent reference beam. This interference pattern acts as 

a special type of diffiaction grating and when the film is illuminated with coherent light the original 

object wavefront emerges from the hologram. During image reconstruction the hologram forms both 

a real and virtual image. The real image of a particle can be viewed with a microscope, projected 

on a screen, oi by way of a closed ciicuit TV system. 

By foiming both a viitual and a leal image the hologram acts simultaneously as a negative and 

positive lens. When a particle field is being recorded, each particle forms its own unique interference 

pattern, or lens on the film plate. These lenses are analogous to conventional optical lenses in 

exhibiting a focal length and obeying a paraxial thin lens relation [5, 18, 22]. All optical imaging 

processes, including holography, are resolution limited by the laws of diffraction. The resolution of 

an optical system is proportional to the size of the angular cone of light emerging from the resolution 

point which is recorded [43]. Thus a larger diameter lens can intercept a larger cone of light and will 

have better resolution, or ability to separate two points, than a smaller lens. This also applies to the 

individual lenses formed by particles when recorded holographically since the interference patterns 

are limited in size. 



There are basically two different eirrangements in particle field holography, the in-line system 

and the side-beam configuration. Figure 2.1 shows an example of these two recording methods. 

Additional optical elements are sometimes used; for example collimating lenses which form parallel 

beams are a common practice. The spatial filter focuses the laser light on a small pinhole which 

allows lower frequency light to pass through but blocks the higher frequency components associated 

with optical noise. 

Reference 12, Chapter 11, discusses the maximum allowable particle movement during recording 

in detail, but a good rule of thumb is that the particle should not move more than a tenth of its 

diameter during the exposure time [41]. For small particles this requires exposure times on the 

order of tens to hundreds of nanoseconds. Since high resolution holographic film requires much 

higher exposure levels than ordinary film, only a short-pulsed high-powered laser source can be 

used. The instrument of choice is nearly always a Q-switched ruby laser. The Q-switch allows 

control of the pulse duration and exposure times of 5 to 50 nanoseconds are commonly achieved. 

With the in-line system a single beam serves as both the object and reference beams. This 

system is preferred in particle field studies mainly due to its simplicity. The side-beam system is 

a more complicated arrangement requiring a greater number of optical componets which makes it 

more susceptible to misalignment. The side-beam arrangement requires a separate path for the 

reference beam and this path length must closely match the length of the object beam path. Also, 

the side-beam requires higher resolution film than the in-line system. The in-line method lequiies 

about 80 percent or more of the recording fight to be unaffected as it passes through the sample 

space. However, for particle sizes less than 50 microns the in-line system can record over 5000 

particles per cubic centimeter [55]. With the in-line system, the light associated with both the real 

and virtual images is propagating in the same direction. Hence, when an image is viewed the light 

from the other image is also present and can degrade the image being viewed. However, when the 

particles are in the far-field, the images do not significantly interfere. The far-field condition occurs 

when a particle's distance from the recording plane is greater than d^/Ar, where d is the particle 

diameter and Xr is the recording light wavelength. Since the far-field condition is easily satisfied for 

small particles and a noncongested particle field is desireable for measuring velocities, the side-beam 

arrangement offers no significant advantage. 



Interference of Coherent Light 

Propagation of light can be described in terms of wave motion. Though in some instances 

a vector representation is necessary to fully specify a light wave, most of holography as well as 

physical optics can be described by using a scalar wave theory. A monochromatic light wave can be 

represented by 

E = Acos{u}t-\-<l>) (2.1) 

where A, the amplitude of the disturbance, and 0, the phase of the disturbance, are both functions of 

spatial coordinates only. The symbols t and u represent the time and angular frequency. The symbol 

E represents the disturbance in space and can be thought of as the magnitude of the electric field 

since it is the electric field that is of major consequence when the light interacts with photosensitive 

media [12], 

A light wave flashing through space carries electromagnetic energy and can interact with a 

detector such as the retina of the eye or a photographic emulsion. Since the electric and magnetic 

oscillation frequencies of a light wave approach 10^^ Hz, there is no detector with a rapid enough 

response to record their instantaneous values. Only the average amount of energy over a large 

number of cycles can be recorded on a photographic plate and as a result the phase information is 

lost. The intensity, /p, is the amount of energy per unit area per unit time carried by a light wave 

flowing perpendicularly into a surface and is given by 

Ip = \ceA' (2.2) 

where c is the speed of the wave and e is the permittivity constant of the medium in which the wave 

is traveling. Equation 2.2 results from averaging the Poynting vector over a large number of cycles. 

In holography it is the custom to define the intensity of a light wave in an abbreviated form such 

that 

I = E^. (2.3) 

Holography is concerned with the interference of two waves, an object wave and a reference 

wave, both having the same frequency. Two separate disturbances having the same frequency but 

different phases arriving at a point in space can be represented by 

£•1 = AiCos{uji + </»i) 



and 

E2 = A2 cos(a;t -I- ̂ 2)-

Since El and E2 are solutions of the well known linear differential equation of wave motion [26], 

their sum is also a solution. Also, the sum of two sinusoidal functions is a sinusoid itself, so the 

resultant disturbance E can be expressed as E = Ei + E2, oi 

E = A cos{ut -\- (j)) = Ai cos{u}t -|- 0i) -|- A2 cos(a;t -|- ^2)- (2-4) 

Complex numbers are conunonly used to represent wave disturbances, and if it is understood 

that only the real part has physical significance then Equation 2.4 can be expressed as 

^e^V*"* = Aie^ '̂e*"^* + A2e^^^t^\ (2.5) 

One advantage of using complex number representation is the disturbances can be split into their 

space and time parts as indicated in Equation 2.5. The quantity >le** is called the complex amplitude 

•0. Dividing Equation 2.5 by the harmonic time factor e**̂ ' results in 

V> = Vi + -02 = Aie**^ -h >l2e'*'. (2.6) 

According to Equation 2.3, the resultant intensity is found by multiplying V* by its complex conjugate 

T/i, or 

I = tl)^ = A^ = (Aie**^ + A2e''*"){Aie-''*'' + Aze-'*') 

= Al + Al + A^Aiie'^'"'-'^'^ + e-*(*»-*»)) 

= / i - h 72 + 2^1^2 cos ( 0 2 - 0 i ) . (2.7) 

Therefore the intensity at any point in the interference pattern formed by two wave trains is the 

sum of the intensities of the individual waves plus an interference term. Relative phase information 

is contained in the interference term as long as 02 — 0i is independent of time. This would be the 

case if both light waves were perfectly coherent as assumed. Lasers are the only known light sources 

that can approach this condition. If the light sources are incoherent, then the phase difference will 

vary rapidly and randomly with time. Over a large number of cycles the interference term would 

average to zero and the total intensity would be the sum of the individual wave intensities. 



The Zone Plate 

A geometrical distance multiplied by the refreictive index of the space in which it is meeisured 

is referred to as an optical path. For a monochromatic wave a distance of one wavelength, A, 

corresponds to a change in phase of 27r radians. So by direct proportion 

phase difference 2x , . 
= —- = k. (2-8) optical path difference A 

The parameter k is called the propagation number. For air, the index of refraction is close to unity 

so optical path distances are the same as geometrical distances. 

Consider Figure 2.2 which shows a simple in-line holographic recording arrangement. The point 

S, at a distance Zr from the hologram plane H, is a source of monochromatic spherical waves which 

illuminate the scattering center P located a distance Zg from H. Point Q is located in the hologram 

plane a radial distance r from the optical axis defined by points S, P, and 0 . Light reaches point Q 

directly from S (reference beam), and from S via P (object beam). The intensity at point Q is given 

by Equation 2.7. Assuming ZQ >> r, the amplitudes Ai and ,42, and intensities / i and I2, can be 

considered approximately constant over the hologram plane. Then the cosine of the phase difference, 

02 — 01) determines the variation of intensity at the hologram. Letting A/ be the difference in path 

lengths of the two wavefronts. Equation 2.8 results in 

27rA/ 
0 2 - 0 1 = ^ ; - . (2.9) 

Whenever A/ equals nX where n = 1 , 2, 3, ..., the cosine of the phase difference is equal to one and 

the intensity of the interference fringe has a maximum value. If point Q is rotated about point O in 

the hologram plane, the intensity remains constant since A/ remains constant. Therefore the point 

scatterer P causes circular fringes to be formed which alternate sinusoidally in intensity. Referring 

to Figure 2.2 and following Reference 12, Chapter 2, AI can be expressed as 

Al = a + b-c = Zr-Zo + {zl+ r2)i - {z^ + r^)^. 

Noting that 



for X « 1, then 
r2 r2 

Defining 

then 

AI TH Zr - Zo-\-Zo + Zr - -T— 
2Zo 2Zr 

2^Zo Zr^-

/ Zo Zr' 

r2 

(2.10) 

^l = jj = nX. (2.11) 

The phase difference can be expressed as 

kr^ kr^ 
A0 = 02 - 01 = fcA/ = — = (2.12) 

2 / 2mcZo 

where rric, sometimes called the construction magnification, is given by 

z 
mc = —. (2.13) 

ZT ZQ 

Note that mc=l for a parallel reference beam (z^ —* oo). 

Equation 2.11 gives the radii of the set of maximum brightness circular fringes centered at 0 . 

The bright fringes have radii 

r = (/A)i(2n)^ (2.14) 

which are proportional to the square roots of the even integers. 

Equation 2.14 defines the transmitting zones of a Fresnel zone plate [12]. The zone plate is a 

diffraction grating with focusing properties and is at once both a positive and negative lens. A zone 

plate can be made by drawing concentric circles whose radii are proportional to the square roots of 

consecutive integers. These form annular zones of which every other one is to be blackened. This 

figure is then photographed and the resulting transparency is the zone plate. In this case the sharp 

change between transparent and opaque rings would be a square wave version of the zone plate, and 

in addition to the two primary diffraction orders, usually indicated by +1 and -1 which represent the 

virtual and real image, higher diffraction orders are present which form weaker overlapping images. 

However, when the transition between opaque and transparent regions occurs in a sinusoidal manner, 
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as in the above analysis, then only the two primary diffraction orders are present and a high quality 

rejil and virtual image can be formed. The sinusoidal zone plate is the hologram for a point object 

[22]. 

The zone plate, or zone lens, is analogous to an ordinary lens and the quantity / in Equation 2.10 

is the focal length. Figure 2.3 illustrates the zone plate focusing properties where the point scatter 

P has been removed and the hologram illuminated by source S. The virtual image is indicated by P„ 

and the real image by Pr. The zero order beam is undiffracted background light. Since each object 

point forms its own lens with a focal length depending on its distance from the film plane, then the 

images will be located at different longitudial distances along the optical axis during reconstruction 

and the three-dimensional aspect of the object space is recovered. 

The fringe spacing, or local spatial frequency, u, of the interference fringes is an important 

consideration. The fringe spatial frequency is defined as the spatial gradient of the phase of the 

intensity pattern at a point Q in the hologram plane divided by 2% radians [12]: 

1 d{4>2 - 0l) 
u = ^ 

27r dr 

^J_A(^rl)^ JL = _ ! _ (2.15) 
2T^dT^Xr2f' fXr TTl^Z^Xr ^ ' 

by Equations 2.9, 2.11, and 2.12. The recording wavelength is A .̂ 

Thus, proceeding radially outward from the zone lens center, the fringe frequency increases 

linearly with r. The units of v can be thought of as cycles per unit length where a cycle corresponds 

to a movement between a pair of adjacent maximum (or a pair of minimum) fringes. Normally 

the units of v are spoken of as lines per millimeter since film resolution capabilities are determined 

as the number of lines that can be distingushed on a resolution target per millimeter. A typical 

high resolution hologram plate would be about 2500 lines per millimeter. The reciprocal of u gives 

the fringe spacing. Therefore as the spatial frequency increases when one moves farther from the 

center of the pattern, the fringe spacing decreases. Eventually at some value of r, i/ may exceed the 

resolution capabilities of the film and higher frequencies would not be recorded. This would serve 

to limit the zone lens diameter, or aperture, which limits the resolution. 
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Diffraction Considerations 

So far only an ideal point scatterer has been considered. Actual particles have a finite size, and 

here they are assumed to be spherical in shape. With the in-line arrcingement the light is diffracted 

by the particle which then interferes with the remaining undiffracted portion of the reference beam. 

This situation is treated in the literature by scalar wave diffraction theory which assumes that the 

light is diffracted by a circular disk of the same diameter as the particle. Good results are obtained 

for particle sizes down to about 5 microns [19]. 

In classical terms the diffracted light field associated with an object may be a Fresnel (near-field) 

diffraction pattern or a Fraunhofer (far-field) diffraction pattern, depending upon the magnitude of 

the particle distance from the film plane (zo) relative to the size of the object. When ZQ > d^/Xr, 

where d is the particle diameter and Ar is the recording light wavelength, then the recording plane 

is in the far-field of the object and the field associated with the object is a Fraunhofer pattern. An 

important parameter of particle field holography is the far-field number N. The number of far-fields 

is given by 

^ = ^ . (2.16) 

Using the Huygens-Fresnel principal of diffraction, Tyler and Thompson [48] determined the 

irradiance distribution at the recording plane and gave an analytical description of the reconstructed 

field associated with a Fraunhofer hologram using parallel beams. Grabowski [19], and Vikram and 

Billet [51] considered divergent beams. Assuming a recording wave of unit amplitude at the object 

plane, the intensity distribution at the recording plane for an object of circular cross-section is given 

by [51] 

I{x,y) = —Al- 2 m , H s i n ( - ^ ) + ( m , ^ ) ' ] (2.17) 
mj. 2mcZo 'c 

whe re 

ff = { ^ ) W ^ ) / ( ^ ) l . (2.18) 
2iV Zo I Zo 

The symbol J\ denotes the first order Bessel function, iV is the previously defined far-field number, 

and o is the particle radius. The rectangular coordinates x and y are the coordinates of the hologram 

plane and are referred to the interference pattern center. 
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For particles at more than a few far-fields from the recording plane, the third term in Ekjua-

tion 2.17 is small in comparison to the second term and can be ignored. The second term is the 

interference term. The argument of the sine function is the same £is the phase difference previously 

considered for sinusoidal zone plates. The sine oscillates very rapidly when compared to the Bessel 

function and therefore determines the fringe spacing. The Bessel function acts as an envelope to the 

high frequency sine function. Thus the interference pattern is the zone plate pattern modulated into 

a central maximum and a series of side lobes which have decaying intensity levels as points farther 

from the pattern center are considered. Figure 2.4 is a plot of the second term of Equation 2.17 

with all multiplying terms set equal to one. The absisca X is the argument of Ji. The argument of 

the sine function, bOOX^, was obtained by substituting Xzo/ka for r and letting o = 2.5 microns, 

Xr = 0.69 microns, and Zo = 5.6 cm. The figure shows the central maximum plus three side lobes. 

The high frequency sine function oscillates too fast for individual fringes to be seen so the pattern 

appears solid black. Since the intensity level decreases with distance from the pattern center, at 

some point the film contrast response along with background noise can limit the number of side lobes 

recorded. This can limit the effective aperture before the maximum spatial frequency is reached. 

A useful parameter for describing the fringe contrast is the fringe visibility, V, which is defined 

as 

V = ^^^^^—^ (2.19) 
•'••max T •'Tnin 

where I,nax and Imin are the maximum and minimum intensities in a small region of the recording 

plane. The visibiUty has values between 0 and 1. From Equation 2.17, Reference 51 gives the 

visibility as 

y = , ^ 7 ' ^ ' 2 ^ 2 m . | H | . (2.20) 

1 + {mcHy 

Since the visibility both decays and fluxuates due to J i , the visibility envelope is a useful represen

tation of the visibility level. An approximate expression for the visibility envelope [51] is 

( 2 . ) ^ m TTZ. . 

N ^kar' ^ ' 

It has been shown experimentally and theoretically [4, 19, 39, 48] that the quality of the 

reconstructed image depends on the number of side lobes, or zeros of Ji that are recorded. Reference 
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19 gives a series of figures which illustrate a particle's real image intensity profile with the argument 

of J i as a parameter. If a large number of side lobes, or zeros of J\ are recorded, the intensity 

profile of the image is nearly rectangular. In other words, if one starts at the center of the image and 

moves radially outweird to the edge, the image appears uniformily bright until the edge is reciched 

where the intensity suddenly drops to the background level, indicating a sharp, crisp edge. When 

two side lobes are recorded the intensity across the image shows variations of about 20 percent 

and when the edge is reached, the intensity makes a fairly sharp, but not abrupt treinsition to 

the background level which results in some fuzziness at the edge. If only the central maximum 

is recorded, the intensity at the center of the image is a little higher than before but it steadily 

decreases as the edge is approached. The intensity distribution resembles a bell shaped curve which 

makes the edge of the image ill-defined. If less than the central maximum is recorded, the intensity 

level is very low and detection of the particle is doubtful. A useful criterion is that a very significant 

portion of the information about a particle cross-section is retained if three side lobes are recorded 

[9]. Recording the central maximum only may be sufficient [19], especially if one is concerned with 

detecting particles rather than measuring their size. In this work a particle image will be considered 

marginally acceptable if only the central maximum is recorded. 

Resolution 

The resolution of an optical system is its ability for imaging fine detail. All optical imaging 

systems are resolution limited by the laws of diffraction. The image of a point object forms an Airy 

pattern due to the interference of light in the region of the focal point. This intensity pattern consists 

of a bright central disk surrounded by faint concentric rings. These rings are difficult to detect so 

the image is essentially the Airy disk. If two object points are sufficiently close together, their Airy 

disks will overlap and appear as one image. When the points are farther apart such that each disk 

can be distinguished separately, the points are resolved by the optical system. By convention, the 

points are said to be just resolved when the center of one disk is located at the first Airy pattern 

minimum of the other. This is known as Rayleigh's criterion. Referring to Figure 2.5, the diffraction 

limited resolution of a coherent imaging system is given by [7] 

V = 4 ^ (2.22) 
n 's in^ ' 
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and 

n Sin tf 

where the primed symbols designate positions or queintities in the image space, and the unprimed 

symbols refer to the object space. The symbol h is the distance between the two just resolved points. 

The symbols n and A indicate respectively the index of refraction and the vacuum wavelength of the 

illuminating light. The angle 6 is defined by the radius of the lens, or aperture, and the axis through 

the lens center as shown in Figure 2.5. In most cases sin 6 « tein^ = r/zo. Making this assumption 

and noting that n « 1 for air, then Equation 2.23 can be expressed as 

A = 5 : 1 1 ^ . (2.24) 
r 

Geometrical Results 

In geometrical optics an ideal image of a point object is formed when the wavefronts emerging 

from a lens are spherical with the image point, called the Gaussian image, at their center. As the 

waves converge on the image point, all portions of each wavefront arrive simultaneously and interfere 

constructively. Lens aberrations introduce departures from an ideal spherical wavefront and as a 

result some portions of a wavefront emerging from a lens will arrive at the focal point out of phase 

to certain degree with respect to the rest of the wavefront. This introduces destructive interference 

which causes some degradation of the image. By considering an imaginary reference sphere, called the 

Gaussian reference sphere, with the image point as its center, aberrations are commonly expressed 

in terms of phase differences between the reference sphere and the actual wavefront. 

Meier [29] determined expressions for the phases of the emerging real and virtual image wave-

fronts of point objects from a hologram by using geometrical light path differences. By lelating these 

wavefronts to lefeience spheres, he was able to determine paraxial expressions for image location, 

lateral and longitudinal magnification, focal tolerence, and the primary aberration coefficients. 

Champagne [10] extended these results to include the nonparaxial case. The nonparaxial results 

are more general and will be used here. Figure 2.6. shows the coordinate system with the origin 

located in the center of the hologram and the hologram located in the xy plane. To avoid clutter, the 

figure shows a single point Q with d as a dummy subscript. The dummy subscript d is replaced by 
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o, r, c, or i, respectively, to denote the position of the object, reference beam source, reconstruction 

beam source, or image. The symbol Ra is the distance of point Q from the origin. The acute angles 

ad and /3d indicate the direction of Rd as shown. In this work the object, reference source, and 

reconstruction source will always have negative z coordinates which pleices them on the left side of 

the hologram, and the resulting real image will have a positive z coordinate which places it on the 

right side of the hologram. The real image distance from the origin is given by 

and its location in spaxre is found from 

and 

Ri m RQ Rr Re 

yL = Jify£. _yi.)_yL (227) 
Ri 771 RQ Rr Re 

where /z is the wavelength ratio of the reconstruction beam to the recording beam, 

M = ^ . (2.28) 

If an enlarged copy of the hologram is used for reconstruction, the above symbol m is the enlargement 

factor. A scale change of the hologram is normally not done in practice and several authors caution 

against it [12, 29] since the image is degraded. In this work m will always be equal to one. 

The five types of classical, or primary aberrations are spherical, coma, astigmatism, field cur

vature, and distortion. The first three cause a degradation of the image while the last two influence 

its location [7, 10]. In Champagne's formulation, distortion and field curvature do not appear but 

two mutually perpendicular lateral magnifications do result. These lateral magnifications are in the 

ai and /3i directions and are given by 

M„ = ( ^ ^ ^ ) M e (2.29) 
cos Qj 

and 

Mp=C-^)M,, (2.30) 
cospt 
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where 

%jr / / I ^ Ro . R O N 

The longitudinal magnification is 

Ml = -Mf. (2.31) 

As the paraxial case is approached, the angles ao, ai, l3o, and Pi become small cind the two lateral 

magnifications become equal. In this case the quantities RQ, Rr,and Re respectively approach Zo, 

Zr,and Zc, and Mt becomes the paraxial transverse magnification. The aberrations are best expressed 

by introducing polar coordinates in the hologram plane, or z = pcosO and y = psin6. The phase 

difference between the image wavefront and the reference sphere is given by [10, 29, 35] 

A $ = •^[-•-p*S -\- -p^{Cx cose + Cy sine) - -p^{AxCos^ e -\- Ays'm^ e -\- 2Axy cose sine]. (2.32) 
Ac 8 2 2 

The first term represents the spherical aberration, the second term the coma, and the third term 

astigmatism. The respective coefficients are determined from the following: 

/ x l l l l . . 

^=^^^R?,~RI^~RI~R^' ^^-^^^ 

^y-^^R^,~R^r^~'Rl~l^' ^^-^^^ 

m-Rl R^' RI Rf 

and 

. P' f^oVo ^TVT. ^CVC Xryi (0 ia\ 

In general, for points near the z axis spherical aberration is the main problem, and as one moves 

farther from the z axis coma increases until it is the dominating aberration. For points still farther 

laterally, astigmatism becomes the main problem. When parallel reference and reconstruction beams 

of the same wavelength are used, all aberrations become zero. 
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In practice the particles are fairly close to the z axis. The paraxial results for estimating the 

focal tolerance [28] will be used. The depth of focus Az. of a diffraction limited point image can 

be defined as the axial distance from the true focus within which the intensity does not fall below 

80 percent of its maximum value [28]. By this criterion. Reference 7 gives the focal tolerence of a 

conventional lens as 

A., = ±i(S)'A 

where Zi is the image distance, r is the aperture radius, and A is the wavelength of the image forming 

light. Meier [29] has shown that the focal tolerence in holography differs only by the factor l//i , or 

2 ^ r ^ /i 
A2i = ± T ( - ) ' A , - . (2.39) 

To find the corresponding object tolerance, or depth of field. Equation 2.39 is divided by the paraxial 

longitudinal magnification. Using the paraxial expressions for Mi and Zi [29], the object tolerence 

is given by 

Azo = ±\{^fXe. (2.40) 
2 pr 

Coherence Limitations 

The longitudinal, or temporal coherence of the reference Ught source limits the depth of the 

sample volume. In particle field holography, the small size of the particles normally limits the volume 

depth much more than the temperoraJ coherence of the reference source. 

The lateral, or spatial coherence of the light is of more concern. Loss of spatial coherence occurs 

because the light comes from a finite source and not from a point source [11, 12, 22]. When the laser 

beams are focused at the pinhole filter, the pinhole can be considered as the light source. Since the 

beam at the pinhole is of finite extent, it can be thought of as a collection of point sources. These 

point sources form images of a particle on the hologram at slightly different angles resulting in a 

smearing effect or loss of resolution. The situation is made worse at reconstruction since the angular 

smear is illuminated by another finite source. Following Reference 11, the minimum image spot size 

can be represented by 

minimum spot size = (image distance)(sum of angular spreads), 
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or, 

spot size = Ri{-^ + ^ ) , (2.41) 
iCr Kc 

where 6r and 6c are the diameters of the reference source eind reconstruction source at the pinhole. 

Ri, Rr, and Re are the previously defined distcinces of the image, reference, emd reconstruction source 

from the hologram. If a diffra.ction-limited lens is placed between the sources and the hologram, 

then the above appropriate Rd is replaced by the source to lens distance. Reference 12, Chapter 11, 

discusses the pinhole beam diameter and will be followed here. 

Laser beams have a Gaussian intensity profile rather than sharp boundaries, and pulsed lasers 

have pulse durations that are also Gaussian distributions. The radius, or half-width of the beam 

from the laser (i^i) is usually taken as the point where the intensity has decreased to 1/e^, or 13.5 

percent of its maximum value. Similarly, the pulse half-duration (At) is when the intensity has 

decreased to 13.5 percent of its maocimum value. Typical values of twi and At are 0.5 mm and 15 

nanoseconds. 

When the light from a ruby laser is focused at the pinhole, the intensity may be high enough 

to cause ionazation of the air which disrupts the beam. The air breakdown intensity is about 

7x10^^W/cm^. The peak intensity (/i) for a single frequency laser is given by 

- ) ( — h = ( r ) ( d T 7 ) . ( 2 « ) 

where H is the total energy per pulse. If all the energy is brought to focus at the pinhole, the peak 

intensity (/2) is 

h = i-yiu (2.43) 
W2 

where W2 is the beam half-width at the pinhole. Assuming a ruby laser similar to Reference 6 {H = 

5 mJ and At = 15xl0"^s), and assuming lOi is 0.5 mm, then by Equation 2.42 / i = 6.77xl0'''W/cm^. 

Setting I2 equal to the air breakdown intensity gives a minimum beam radius W2 of 5 microns. Thus 

a minimum beam diameter of 10 microns or less can not be used with a 5 mJ laser. A minimum 

beam diameter of 13 microns will be assumed for later calculations. The power levels of gas lasers 

used in image reconstruction are very low and a typical beam diameter of 6 microns will also be 

assumed. 
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Particle Image Analysis 

A typical reconstruction system consists of a He-Ne laser, spatial filter, and a closed circuit TV 

system which is used to view the images. The hologram may be located close to the spatial filter 

which results in a magnification of perhaps 5 to lOX, and the TV system provides the remaining 

magnification of about 20 to 30X which gives an overall magnification of 100 to 300X. Or, the 

hologram may be located some distance away from the filter or a collimating lens used to form a 

parallel reconstruction beam which then requires an auxiliary lens to magnify the image onto the 

TV camera. The hologram is usually mounted on a three-axis traverse stage and operated with a 

joy-stick. 

Reference 3 describes a semi-automated data acquisition system. The particle image of interest 

was visually identified on the monitor, and by pointing a light pen at the image, characteristics such 

as perimeter, diameter, and area were measured by an image analysis system. The three-dimensional 

position information and size measurement were subsequently computer analyzed. Reference 33 

discusses a similar but more modern semi-automated system along with algorithms for determing 

particle size, shape, and orientation. Again, a joy-stick was used to control the hologram position. 

A limited amount of effort has been devoted to automated three-dimensional analysis of holo

gram images. Reference 21 describes an experimental arrangement for digital three-dimensional 

image processing. A computer code for image filtering and speckle noise suppression was used. In 

this arrangement the hologram position was fixed and the image dissector camera was mounted on 

a computer controlled translation table. The estimated particle size measuring error was about 5 

percent. The focal depth measuring error was not given but a graph showing the focusing parameter 

variation with the depth coordinate for two particles suggests a tolerence of perhaps ±500 microns. 

This system took about 30 seconds to analyze a particle. 

Since accurate flow field measurement will require very small particles with correspondingly 

weak images, it seems that at present the human eye and mind will make the best decisions as to 

whether a particle is at its best focus or not, or if two images in a double exposure belong to the same 

particle. Though advances have been made in information processing and data analysis techniques 

for the reconstructed image, there is still considerable room for improvement [24]. 
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Figure 2.1: In-line and Side-beam Construction Arrangements 
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Figure 2.2: In-Une Recording Arrangement 
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Figure 2.3: Zone Plate Reconstruction Focusing 
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Figure 2.4: Zone Lens Intensity as a Function of A' 
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Figure 2.6: Hologram Coordinate System 



CHAPTER 3 

LITERATURE REVIEW 

Holography was first invented by Dennis Gabor in 1948 [12]. At that time the absence of 

a coherent light source with sufficient intensity seemed to relegate holography to no more than an 

optical curiosity. In the early 1960's, Leith and Upatnieks demostrated that holography was practical 

by using light from a laser. The three-dimensional images they were able to generate excited the 

imagination of all that saw them and stimulated many to initiate their own investigations into the 

potential uses of holography. 

The first application of holography to particle size analysis and perhaps the first direct appli

cation of holography [41] was by Thompson, Ward, and Zinky during the mid-1960's [42]. They 

used the in-line geometry and a pulsed ruby laser to record naturally ocurring fog droplets. The 

size range of interest was about 5 to 100 microns through a sample volume of 7 cm"*. The Seunple 

volume was located 100 cm from a 200-micron spatial filter. The real images were reconstructed 

with a collimated beam from a He-Ne laser and displayed on a TV monitor. Droplet sizes were 

measured directly by a graticule on the face of the monitor. This first application of holography to 

particle fields was highly successful and this in-Une arrangement formed the basis for later particle 

field studies. 

In 1969, Fourney, Matkin, and Waggoner [18] described the technique of using a Q-switch to 

produce two large pulses in rapid succession from the ruby laser in order to double expose the 

hologram with a known time interval and thereby allow the measurement of particle velocities. The 

equipment and electronic firing circuits are described and some photographs of double exposures are 

shown. Also in 1969, Trolinger, Belz, and Farmer [46] describe using multiple exposure holography 

to study dynamic particle fields. Photographs of 20-to 150-micron particles traveling at 15 m/s are 

shown. 

Pavitt, Jackson, Adams, and Bartlett discuss in a 1970 paper [32] experiments designed to test 

the feasibility of measuring the size distribution of cloud particles from an aircraft using holography. 

Water droplets of 15 to 100 microns were recorded in the laboratory using the in-line geometry and 

a Q-switched ruby laser with pulse durations of 10 to 20 nanoseconds. Ihoy found that droplets 
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could be imaged satisfactorily when moving at speeds of 100 m/s and at distances up to about 13 cm 

from the recording plane. They also discuss their droplet producing system, an ultrasonic atomizer, 

which produced particles of about 10 to 25 microns. 

In 1972, Belz and Dougherty [2] used the pulsed laser in-line method to make holograms of liquid 

sprays during combustion. Despite the high temperature environment, high quality holograms were 

recorded with a resolution of about 15 microns and thermal gradients were observed. Similarly, 

Trolinger and Heap [47] in 1979 recorded coal particles during combustion with a resolution of 

about 3 microns for a volume of 2.5 cm in diameter and 2.5 cm thick. During the combustion 

process the coal particles could be observed changing in shape by multiple exposures. 

Lee, Fourney, and Moulton [23] applied multiple exposure in-line holography to the study of 

air-water two phase flow. The real images were formed on a rotating ground glass disk and viewed 

with a microscope. The rotating disk helped eUminate the speckle noise. They used a diverging 

lens to spread the recording Ught which eff"ectively increased the numerical aperture of the system 

which enhances the resolution and decreases the focal tolerence. They reported a focal depth down 

to 10 microns and show pictures where a particle is in focus at one image plane and out of focus at 

another image plane with a separation of 20 microns between the planes. 

In 1979, Belz and Menzel [3] applied both in-line and side-beam holography to the analysis of 

particles and liquid droplets in air flows within wind tunnels and engine test cells at the Arnold Engi

neering Development Center. These facilities routinely operate with entrained particles to simulate 

atmospheric conditions, and sometimes particles are inadvertently introduced. The particles they 

recorded typically ranged from 40 to 700 microns. High velocities were present and one photograph 

shows a double exposed 50 micron dust particle traveUng at 1210 m/s. When high temperature and 

pressure air flows were studied in a mixing chamber it was found that the air turbulence adversely 

aff"ected the holograms, especially at pressures above 60 psia. The turbulence produced a background 

mottling eff"ect which made images difficult to recognize. The authors describe a multiple glass plate 

film magazine designed for automated hologram recording. 

Witherow [55] reported in 1979 the results of using a highly diverging reference beam close to a 

sample volume of stationary objects. He found that the sample volume depth w.xs much larger v.iih 

this arrangement but aberrations were introduced which had to be corrected. In 1988, \'ikram and 
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Billet [51] examined theoretically the effects of recording with a divergent beam. Their results also 

show that the sample volume depth can be increased with a divergent beam and that the visibility 

of the fringes is improved. 

In 1980, Haussmann and Lauterborn [21] describe an experimental arrangement for digital three-

dimensional image processing for hologram paa t̂icle field reconstructions. This system was used to 

automatically analyze fast moving gas bubbles in liquids. A computer code for image filtering and 

speckle noise suppression was used. In this reconstruction arrangement the hologreim position was 

fixed and the image dissector camera was mounted on a computer controlled translation table. The 

particle size measuring error was 5 percent and the system took about 30 seconds to ancdyze a 

particle. 

In 1981, Brenden [8] described the construction and operation of a miniature multipulse ruby 

laser. He measured particle velocities of about 2 m/s with this leiser and in one photograph a 

2-micron particle is clearly resolved. This laser is small enough to be carried in one hand. 

Watson, Britton, and Cran [54] reported in 1987 on resolution obtained from holographic images 

of targets in water filled tanks. Interest is growing in the possible use of holographic visual inspection 

of subsea componets and structures. Their results indicated that measurements in these circum

stances can be superior to those obtained by stero-photogrammetry. A resolution of 55 microns was 

obtained through 30 cm of turbid water. 

In 1987, Liburdy [25] discussed improving the resolution of seed particles used to measure 

fluid velocity. A holocinematographic velocimeter is under development at NASA Langley Research 

Center with the goal of providing an experimental technique which allows the study of the three-

dimensional velocity distribution in turbulent flow fields. Liburdy found that noise could be reduced 

and resolution improved by using a dual TV camera system. The first camera detects the particle 

images which are displayed on a monitor. The second camera relays the images to a second monitor. 

Using contrast and brightness adjustments of the monitors, improvements in image quality were 

obtained by visual inspection. The enhancement procedure requires a trade-off between individual 

particle detection and minimizing the out-of-focus distance over which a particle can be detected. 

Care must be taken to insure proper focus in the image plane desired. Slight out of focusing results 

in significant image size and intensity alteration. 
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The above references for the most part presented experimental results. The following references 

discuss theoretical aspects of particle field holography. 

In 1965, Meier [28, 29] derived paraxial formulas which give the image location, magnification, 

and focal tolerence. Also, expressions for determining the primary aberration coefficients are given. 

In 1967, Champagne [10] generalized Meier's work to include the nonparaxial case. 

In 1972, Belz and Shofner [4] investigated the intensity distribution in the neighborhood of 

the real image for aperture-limited in-Une holograms of particles. The image was shown to possess 

intensity variations that are dependent on the argument of the first-order Bessel function. The 

theoretical results are presented on isophote diagrams and were verified experimentally. 

The Tyler and Thompson [48] pubUcation in 1976 corrected an error that had existed in the 

literature concerning the equation that describes the ampUtude transmittance of an in-line holo

gram. They presented for the first time a complete analytical description of the reconstructed field 

associated with an in-Une hologram. They restricted their work to a colUmated reference beam and 

Vikram and BiUet [51] extended the results to a diverging beam in 1988. 

Dunn and Thompson [15] presented calculations of fringe visibility for spherical and rectangular 

particles in 1982. They found that circular particles have lower visibility levels than rectangular 

particles. The visibility decreases with increasing distance from the interference pattern center which 

makes outer fringes more difficult to record. Also, the visibility decreases with particle distance from 

the recording plane. 

In 1983, Grabowski [19] discussed the measurement of size and position of aerosol droplets using 

in-line holography. He points out that an important factor concerning image quality is the size of 

the homogenous area of the film and for the commonly used Agfa 8E75 and 10E75 plates this area is 

15 to 25 mm. He derives the paraxial field distribution in the image plane from scalar theory, which 

considers the particle to be a flat disk, and presents graphs showing the image intensity variations 

related to particle size and distance. 

In 1986, Ozkul [31] considered theoretical eff"ects of nonlinearities of an aperture-limited in-line 

hologram. He shows that finite aperture eff"ects influence both the number of extrema, or intensity 

variations of the image, and the degree of edge smear of the image. Exposure levels in the nonlinear 

part of the film amplitude transmission curve produces a decrease in contrast of the image. 



CHAPTER 4 

PARTICLE TRAJECTORY ANALYSIS 

Introduction 

The use of multiple exposure particle field holography to determine velocities of dynamic parti

cles has been weU established during the past 25 years. Of interest here is how weU do the velocities 

of seed particles represent the local streamline conditions of an air flow field. 

When a particle is moving at a different velocity than the fluid it experiences a drag force in 

addition to the gravitational force. The magnitude of the drag force increeises as the relative velocity 

between the particle and fluid increases. Thus the drag force acts on the particle by reducing the 

relative velocity until the particle is moving at the local fluid conditions. Since the result of a force 

on a particle is a change in its momentum, a larger particle will be less responsive to fluid speed 

and direction changes than a smaller one due to its greater mass. If particle displacements are to 

be used as fluid velocity indicators, then the smaller the particle the more accurate the results will 

be. However, the resolution capabilities of the holographic system and the usable sample volume 

win limit the minimum particle size. 

In addition to the drag and gravitational forces, a particle also experiences a lift force when it 

moves through a velocity gradient [30, 37]. Reference 30 investigated this lift force for small spherical 

particles in air flows near a cylinder and found it to have no significant effect on the results. The lift 

force was ignored in this work but it should be noted that this force increases with fluid viscosity so 

its effect should be checked if a fluid with a viscosity signiflcantly greater than air is used. 

The velocity fleld considered here is that resulting from steady two-dimensional inviscid flow 

past a circular cylinder. The fluid is air at standard conditions and the particles are spherically 

shaped. The field resulting from potential flow past a cylinder presents several advantages: it is 

relatively easy to describe mathematically and to visualize, and yet the streamlines offer a wide 

range of curvatures, or accelerations normal to the flow path which the particle must follow. The 

tangential accelerations also vary widely. Thus by adjusting the upstream velocity and choosing a 

suitable location in the flow, the particle can be meide to experience almost any degree of acceleration, 

both normal and tangential. The particle must respond quickly in accordance with the local fluid 

30 
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accelerations or it will depart significantly from the streamUne. Since the particle travels a very 

small distance between hologram exposures, the overall shape of the streamUne is not particularly 

importcmt. What matters is how well the particle represents the local velocity as it travels about 1 

mm or less. Also, the small interval of travel in the planar flow field can be thought of as being part 

of a curve in space with a local velocity along with normal and tangential acceleration components. 

Although a planar flow field was used to study particle trajectories, the results essentially apply to 

more general flows. 

The velocity field in cartesian coordinates for potential flow past a cyUnder is obtained from 

the well known stream function 

where o is the cylinder radius and U is the horizontal velocity of the flow far upstream. The flow 

is moving in the positive x-direction (horizontal) and the coordinate system origin is located at the 

center of the cyUnder. The fluid horizontal and vertical velocity componets, Uj and V}, are given 

U> = '^ = U(l + ^^^^) (4.1) 
•' oy (x^ -h y^y 

and 

^f- dx~ (x2-hy2)2- ^ • ^ 

The drag force by a fluid on a sphere is given by 

F^ = £££ipk, (4.3) 

where 

FD = the drag force, 

CD = the drag coefficient, 

Pf = the fiuid density, 

V = the fluid velocity relative to the sphere, 

Ap = projected area of sphere normal to the flow, and 

Dp = the particle or sphere diameter. 

For the situation considered here the relative velocity squared in the horizontal and vertical 

directions to be used in Equation 4.3 are {Uf - Uj,)\Uf - Up\ and {Vj - Vp)\V} - Vp\, where Up 
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and Vp are the horizontal and vertical velocity components of the particle. The absolute values are 

needed since the drag force must change its sign when the relative velocity does. Thus the equation 

of motion for the particle in the horizontal direction is 

m , ^ = ^PAU, - U,)\U, - U,\^ (4.4) 

where Tnp= the particle mass and Cdh= the drag coefficient for the horizontal direction. Equation 

4.4 can be expressed as 

dUp ^ ^{Cdh{Uf-Up)pf.AUf-Up\DpPf, _ 3Cdh{Uf-Up)pf^ 
dt 4^ ppD} ^^ Pf ^ - 4 ^ 2 R'^ (4.5) 

where pf is the dynamic viscosity of the fluid, pp is the particle density, and Rch. is the Reynolds 

number based on the particle diameter and the relative horizontal velocity. Reference 30 presents 

eight empirical correlations which predict the drag coefficient within 2 percent for Reynolds numbers 

up to about 50,000. 

Similarly, the equation of motion in the vertical direction is 

^ - 4 ^ D | ^ ' • - ' ' ( " ) 

where Cdv is the vertical drag coefficient, Vp the vertical particle velocity, Re.„ the vertical relative 

Reynolds number, and g is the gravitational acceleration which acts in the negative y-direction. 

Computer Numerical Procedure 

To solve for the particle displacement as a function of time, note that Equations 4.5 and 4.6 must 

be solved simultaneously since Uf and V) are both functions of x and y, and also, Cdh and Cdv vary 

with the horizontal and vertical relative velocities. The fourth order Runge-Kutta numerical method 

is used here as the method of solution since it is one of the most accurate numerical approaches for 

solving differential equations [1]. Noting that 

and 
dy 
dt y. = l:, ( • '«) 



33 

Equations (4.5), (4.6), (4.7), and (4.8) can be solved for the four unknowns x, y, Up and Vp. In 

terms of the Runge-Kutta method 

Xi+i =xi + - ( P i + 2P2 -f 2P3 + P4) (4.9) 

C/'p(i+i) = Upi + - ( Q i + 2Q2 + 2Q3 + Qi) (4.10) 

yt+i = y* + - ( ^ 1 + 2R2 + 2R3 + R^) (4.11) 

Vp(i+i) = Vpi -f - ( S i + 2S2 + 253 + 54) (4.12) 

where the Pj,Qj, Rj and Sj are weighting terms. Using functional notation, let 

^ = F[Uf{x,y),Up] 

and 

^=G[Vf{x,y),Vp] 

where the functions F and G are Equations 4.5 and 4.6. Recalling that Uf and Vf are given by 

Equations 4.1 and 4.2, and for given initial values of x, y, Up, and Vp, and letting 6t be a smaU time 

increment, the solution procedure is as follows: 

STEP 1: 

Pi = 6tUp 

Qi = 6tF[Uf{x,y),Up] 

Ri = StVp 

Si=6tG[Vf{x,y),Vp] 
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STEP 2; 

STEP 3: 

P2 = 6t{Up + ^ ) 

Q2 = StF[Uf{x + ^,y + ^),Up + ^] 

R2 = 6t{Vp + ^ ) 

S2 = 6tG[Vf{x + ?^,y+?±),Vp^^] 

P3 = 6t{Up + ^ ) 

2 
Q, = 6tF[Uj{x^^-^,y^?^),Up + ^] 

R3 = ^tiVp + f ) 

S3 = 6tG[Vf{x + ^,y+^),Vp + ^] 

STEP 4: 

STEP 5: 

P4 = 6t{Up + (?3) 

(?4 = 6tF[Uf{x -h P3, y + R3), Up + Qa] 

R4 = 6t{Vp + S3) 

S4 = 6tG[Vf{x + P3,y-\- R3), Vp -h S3] 

Solve Equations 4.9, 4.10, 4.11, and 4.12 for the next values of x,y, Uf, and Vj. 

To find the deviation of the particle from the local streamline it is also necessary to solve for 

the movement of a fictitious element of fluid starting at the same location as the particle during the 

same time interval. Then the final positions of the particle and the fluid element can be compared. 
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As before, the same Runge-Kutta method was used for tracking the fluid element but in this ceise 

only Equations 4.1 and 4.2 must be solved simultaneously. 

Using the above numerical scheme, a computer program was developed to solve for both particle 

and fluid element motion. The user can specify any number of iterations for the particle motion 

before starting the local streamline calculations. Thus the particle can be allowed an adjustment 

period in the flow before determining the streamline location. The distance between the final particle 

and fluid element positions divided by the elapsed time since they coincided gives a measure of the 

average error in velocities. The total length of the streamline interval is found by summing the Unear 

distances between increments of fluid element travel. The average fluid velocity along the interval is 

the total interval length divided by the total travel time. The relative velocity error of the particle 

is found by dividing the velocity error by the average streamUne velocity. 

The program also calculates the normal and tangential acceleration components and the total 

acceleration for both the fluid element and particle. In terms of the path distance s, the tangential 

acceleration component is 

d^ s 
1^' 

atan = - ^ , (4.13) 

and the normal acceleration component is 

a _ = ( | ) V r , (4.14) 

where r is the local radius of curvature and t is the time. 

In terms of the previously defined Cartesian coordinates, the interval of interest can be defined 

by y = y(x). The radius of curvature at a point on the interval is given by 

Since the interval of interest can be divided into an arbitrary number of increments, the radius of 

curvature is evaluated at the end points of each increment and then an average radius of curvature 

is determined for the entire interval. In Equation 4.14 the previously determined average velocity 

is used for ds/dt. The average tangential acceleration for the entire interval is found by taking the 

difference between the average velocities of adjacient increments and then dividing the sum of the 
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velocity changes by the total interval travel time. The magnitude of the total average acceleration 

IS 

. 2 , _2 

The derivatives in Equation 4.15 are determined by a second order forward difference scheme. Let 

Vi = y(aJt) where Xi is an increment endpoint. Also, let hi = Xi - Xi_i. Then by the truncated 

Taylor series expansion for point XQ. 

hr 
yi = y(xo + /ii) = y(xo) + ^iy'(xo) + -^y"{xo), 

and 

y2 = y[xo + (/ii + h2)] = y(xo) + [hi -F /i2)y'(xo) + i ^ i ± ^ y " ( x o ) . 

Though the time increment is constant, in general hi is not equal to /12 due to acceleration along 

the path. Solving the two equations for the derivatives gives 

// X ^ yi(^i + h2Y - y2hi - yo[{hi -f /^2)^ - h\] 

^ °^ hi[{hi + h2Y - hi{hi + h2)] 

and 

»/^ N _ -2[{hi -H /t2)yi - /tiy2 - h2yo] 

^ ^ "^ hi[{hi + h2Y - hi{hi -^ h2)] 

Results 

In all particle trajectory calculations the fluid was air at standard conditions flowing past 

a cylinder with a radius of 2 cm. Figure 4.1 shows the overall flow field represented by several 

streamUnes. Freestream velocities of 1, 3, 5, and 7 m/s were used. The initial horizontal and vertical 

velocities of the particles were set equal to 75 percent of the local fluid velocity at the injection point. 

The particles were allowed to travel about 10 cm to adjust to the flow before determining the local 

reference streamline. The time increment was adjusted for the different freestream velocities in 

order to keep the interval of travel for determining errors at about 1 mm in all cases. This interval 

consisted of 20 increments. Three particle sizes and two specific gravities (sg) were considered in 

detail. The particle diameters were 5, 10 and 20 microns, and the specific gravities were 1.0 and 0.5. 

The gravitational acceleration was included in each case. For a 20-micron particle water particle, 

gravity has a noticeable but not very significant effect on the velocity error when the flow rate is 

about 1 m/s. With a flow of about 3 m/s the effect of gravity is negligible. 
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To gain insight into the overall behavior of particles with different sizes and densities, Figures 

4.2 through 4.10 show particles with reference streamUnes begining weU upstream of the cylinder 

and traveling through the flow field. Figure 4.2 shows a 50-micron water droplet with an upstream 

velocity of 3 m/s . As can be seen in the figure, when the streamline shows only sUght curvature the 

particle departs significantly from it. A particle of this size would in general be a poor indicator 

of an underhood velocity field. Figure 4.3 shows a 20-micron water particle, which is a typical size 

of naturally occurring fog, traveling under the same conditions. This pcirticle shows a considerable 

improvement but its path still deviates significantly from the strecimline as the cyUnder is approached. 

Figure 4.4 is the same situation as Figure 4.3 except the freestream velocity has been increased from 

3 to 7 m/s . The 20-micron particle's representation of the streamline is now worse. 

Figure 4.5 shows a 10-micron water droplet with a freestream velocity of 3 m/s. The path of 

this 10-micron particle is a large improvement over the 20-micron particle. The 10-micron droplet 

closely follows the streamline until it swings behind the cylinder. When the upstream velocity is 

increased to 7 m/s as shown in Figure 4.6, the 10-micron water particle closely tracks the streamUne 

over the front portion of the cylinder. 

Figure 4.7 shows a 10-micron particle (sg=0.5) with an upstream velocity of 3 m/s. On the 

scale of the diagram the particle's path is an exceUent representation of the streamline over the front 

half of the cylinder, and a fairly good representation over the back portion. At a freestream velocity 

of 7 m/s (Figure 4.8), this particle's deviation over the front portion is almost negUgible though the 

deviation is fairly significant in the back portion. Figure 4.9 shows this particle with a freestream 

velocity of 7 m/s traveling a path much closer to the cylinder than in the previous cases. In this 

case the particle passes fairly close to the front side stagnation point where the fluid bends sharply. 

Again, the particle stays very close to the streamline over the front side of the cylinder but as the 

streamline bends towards the back side, the particle departs from it by a considerable amount. 

Figure 4.10 shows the same situation as the previous case but the particle diameter is 5 microns 

with a specific gravity of 1.0. This particle remains close to the streamUne untU it passes to the 

backside of the cylinder where it then departs significantly. 

The above qualitative results indicate that the 20-micron water particle is generally a poor 

indicator of underhood air flow where many twists and turns can be expected. This particle can 
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tolerate only modest durectional changes at low velocities. The lO-micron water particle is a signif

icant improvement but is still somewhat doubtful. The 5-micron water particle and the 10-micron 

(sg=0.5) particle offer promise since their ability to make the sharp turn near the stagnation point 

without hitting the cylinder is impressive. 

Quantitative calculations were carried out by letting the particle be swept along by the flow 

until a point was reached where the particle's motion was compared with the local streamUne flow. 

Figures 4.11, 4.12, 4.13, and 4.14 show the positions in the flow where the motions of the particles 

were evaluated. 

Figures 4.15, 4.16, 4.17, and 4.18 are plots of the percent velocity errors versus the local stream

line velocity for the four particles. Three symbols are used on these figures: a circle, triangle, and 

square. These represent a range of distances from the origin at the cylinder center. These distances 

are expressed in terms of numbers of cyUnder radn. For example, the circles on Figure 4.15 corre

spond to points located between 1.04 and 1.6 cylinder radii from the origin, the triangles correspond 

to points between 1.75 and 2.1 radn from the origin, and the squares represent points between 2.66 

and 3.5 radn from the origin. In all cases the circles represent distances nearest to the cyUnder, the 

triangles designate an intermediate range, and the squares represent the farthest range. Only circles 

were used with the 5-micron water particle since fewer locations were considered and the results had 

little scatter. 

As would be expected, the closer a particle is to the cylinder for a given velocity, the greater 

the velocity error. The points within a given range of distances show increasing amounts of scatter 

with decreasing distance from the cylinder. This is due to larger variations of acceleration for points 

in the vicinity of the cylinder. For example, consider Figure 4.15 which shows the velocity errors of 

the 20-micron particle. The circles on this plot roughly form two fines. The line with the steepest 

slope corresponds to the location near the stagnation point on Figure 4.11. The remaining circles 

on Figure 4.15 correspond to the other two points which are closest to the cyUnder on Figure 4.11. 

Because the velocities are low and the accelerations high for the location near the stagnation point, 

it results in large errors at low velocities. 
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As shown in Figure 4.15, the velocity errors of the 20-niicron particle are about 5 percent or 

less if the particle remains about 1.5 to 2.5 radii from the cyUnder surface. If this particle is about 

0.75 to 1.0 radn from the surface then errors of 5 to 10 percent can be expected. Any attempts to 

move closer results in large increases in velocity errors. 

The performance of the 10-micron (sg=1.0) particle is much better as shown in Figure 4.16. If 

this particle remains more than 0.7 radii from the cylinder surfax:e the velocity errors are about 4 

percent or less for local streamline velocities up to 9 m/s. The velocity errors increase to about 8 

percent if the particle is within 0.25 to 0.6 radn of the surface. As before, the circles on Figure 4.16 

tend to form two lines. These two lines are caused by two points shown on Figure 4.12: the point 

nearest to the stagnation point, and the point near the cylinder bottom which is almost touching 

the cylinder. These two points cause about the same level of velocity errors, up to about 13 percent, 

but the velocities in the region of the stagnation point are relatively low. The streamlines near the 

stagnation point experience large variations in acceleration. Note that as the streamlines approach 

the cylinder their curvature changes from negative to positive. In the region of the stagnation point 

the particle must cope with high tangential accelerations along with rapid changes of path curvature. 

The results for the 10-micron (sg=0.5) particle which are shown in Figure 4.17 are considerably 

better than the previous two cases. When this particle is within 0.5 to 1.1 radii of the surface, all 

the velocity errors are 3 percent or less. When the particle moves to within 0.1 to 0.5 radii from 

the surface and the local streamUne velocities are below 10 m/s, then the velocity errors are below 

7 percent. Distances of 0.02 to 0.13 radii from the surface cause errors up to about 9 percent. Note 

from Figure 4.13 that in this case three of the points considered were near the stagnation point. 

With the exception of positions near the stagnation point, this particle results in errors of 6 percent 

or less if the local streamline velocities are about 7 m/s or less. 

Figure 4.18 shows the velocity error results for the 5-micron water particle. The circles form 

two lines on this plot, and as before, the the steepest line corresponds to the location near the 

stagnation point. If the stagnation point location is ignored, then this particle can approach close 

to the cyUnder at about 7 m/s with an error of 2.5 percent. 

In order to determine the likely performance of a particle in a general flow field it is necessary 

to consider its response to acceleration. The total acceleration includes the effects of speed changes 
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along a streamline and the amount of streamUne curvature. Figures 4.19, 4.20, 4.21, and 4.22 are 

plots of the percent velocity error against the square root of the total acceleration. In these diagrams 

the points tend to spread apart at higher levels of acceleration. As before, this is due mainly to 

locations near the stagnation point. The results for locations near the stagnation point are connected 

by dashed lines. In the case of a cyUnder, locations near the stagnation point are paticularly severe 

since the streamlines make a sharp turn followed by a change in sign of their curvature. If the 

acceleration results corresponding to the stagnation point are excluded, the remaining points form a 

tighter cluster that could be enclosed by boundaries or roughly represented by a single curve. These 

acceleration diagrams allow one to make a reasonably general estimate of a paticular particle's 

suitability for representing an air flow field. A particle's abUity to represent a local streamUne over 

a small interval is essentially its ability to rapidly respond to local accelerations. 

If locations near the stagnation point are ignored on the acceleration diagrams, and if the 

maximum allowed acceleration is taken from the middle of the remaining cluster of points, then for 

a maximum velocity error of 5 percent the maximum allowable total acceleration is about 150 m/s^ 

for the 20-micron particle, 900 m/s^ for the 10-micron (sg=1.0) particle, 1700 m/s^ for the 10-micron 

(sg=0.5) particle, and 7200 m/s^ for the 5-micron particle. For a velocity error of 1.5 percent or 

less, the maximum allowable total acceleration is about 15 m/s^ for the 20-micron particle, 120 

m/s^ for the 10-micron (sg=1.0) particle, 225 m/s^ for the 10-micron (sg=0.5) particle, and 900 

m/s^ for the 5-micron particle. Note that the aUowable accelerations of the particles for a given 

velocity error change in proportion to the mass of the particles. For example, at the 5 percent 

error level the allowable acceleration for the 5-micron particle is 8 times greater than the 10-micron 

(sg=1.0) particle, and the mass of the 5-micron particle is 1/8 of the 10-micron particle. Therefore 

a 7.9-micron water particle, which is about the size of a red blood cell, would have a performance 

similar to the 10-micron (sg=:0.5) particle. 

Since holographic measurement errors can be expected in addition to the particle velocity errors, 

in order to justify the time and equipment expense required by particle field holography the particle 

velocity error must be kept smaU. In this study, the velocities and accelerations which correspond 

to a maximum error of 1.5 percent will be used. Note that the particle velocity errors are not 

random. If a sufficient number of particles are used to smooth random turbulent effects, then once 
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the particle velocity field is measured holographically, by the methods of this chapter one could 

significantly correct for the amount of particle deviation to obtain a more accurate fluid velocity. 

Therefore, though a 1.5 percent particle velocity error is being aUowed, after correction this error 

would likely be closer to 1 percent or less. 

Within the close confines of an automobile engine compartment a particle is not Ukely to travel 

more than a few centimeters before its trajectory is strongly influenced by some nearby object. 

The 10-micron water particle, with a maximum allowable acceleration of 120 m/s^, could be used 

in locations where the velocity is low and the curvature of the streamlines is moderate. If this 

particle was moving in a circular path with a constant speed of 2.5 m/s, then the allowable raidius 

of curvature would be 5 cm. Thus underhood locations would have to be chosen very carefully in 

order to use this particle. The 8-micron water particle, with a maximum acceleration of 225 m/s^, 

can travel a circular path with a radius of 4 cm at 3 m/s. This seems representative of a minimum 

requirement for a particle's underhood performance. Since this particle can only approach within 2 

cm of the cylinder used in the computer calculations with a modest velocity, many locations of an 

underhood flow would have to be excluded. However, this particle should give good results in fairly 

stagnant regions. The 5-micron water particle can travel a circular path with a radius less than 1.0 

cm at a speed of 3 m/s. Or, if higher velocities are of interest, this pcirticle can travel a circular path 

with a radius of 2.8 cm at 5 m/s. This particle should permit a fairly wide range of locations to be 

accurately measured, although locations in the vicinity of the cooling fan would probably have to 

be avoided. 

Particles less than 5 microns are difficult to image holographicaUy and require small sample 

volumes. Thus a 5-micron particle is about the practical minimum size to be used. Therefore, the 

size range of particles that can be used for underhood flow is about 5 to 9 microns, with sizes of 7 

to 9 microns considered as marginal. 

Validitv of Results 

The method used for determining drag coefficients is based on a series of empirical correlations 

which predict the experimental values with a maximum error of 2 percent [30]. As long as the tluid 

acts as a continous medium, the remits should be vaUd. According to Reference 2(1, air can be 
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considered as a contmous medium for particle sizes down to 1 micron. For sizes below 1 micron, 

slippage effects begin to appear. 

The accuracy of the numerical approach used here is best checked by considering the accelera

tion. Accurate acceleration results depend on accurate velocities. An accurate value of acceleration 

also depends on determining an accurate value for the radius of curvature. Since the same method 

of determing acceleration was used for both the particle and the fictitious fluid element, only the 

fluid acceleration needs to be checked. The horizontal component of acceleration (ox) is 

dt dx dt dy dt~ ^ dx ^ ^ dy' 

and the vertical component of acceleration is 

^dy^^dV^±,dVf^dy_dV^dVf_ 
y dt dx dt dy dt~ ^ dx ^ dy' 

where Uf and Vf are given by Equations 4.1 and 4.2. Finding the partial derivatives is simplifled 

by noting that for potential flow 

dVf dUf 

dy dx 

and 
dVf _ dUf 

dx dy 

Therefore, 

-2U^a'^x 
a . = ^ . :^[{Zy^ - x2)[(x2 + y2)2 + a'{y' - x^)\ ^ 2y''a\3x'' - y^)], (4.16) 

and 

(x2-f-y2)5 

^^ = 7 ^ T % [ ( 3 = = ' - 3/')[(^' + y^f + ^ ' ( y ' - ^ ')] - 2x2a2(3y2 - x^)]. (4.17) 
yx*" -Y y^y 

As a test case, the location near the stagnation point for the 20-micron particle will be used with a 

freestream velocity of 7 m/s. Thus U — 7 m/s, x = —0.0205 m, y = —0.0040 m, and a = 0.02 m. 

From Equations 4.16 and 4.17, ax = 285 m/s'^ and ay = —1605 m/s^. Therefore the total acceleration 

is 1630 m/s^. At these conditions the computer program calculated the total acceleration as 1665 

m/s^, or an error of 2 percent. When this calculation was repeated with the increment size reduced 

by 1/2, a total acceleration of 1638 m/s^ resulted, or an error of 0.5 percent. 
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Actual Particle Considerations 

The above analysis shows that a particle's ability to accurately represent an air flow fleld is 

extremely sensitive to the particle size. For the range of particle sizes of interest here, about 5 to 

9 microns, each micron of size change is important. Not only is the experimenter faced with the 

problem of obtaining particles of this size, preferably closer to 5 microns and with a density less 

than water, but also with removing particles which are larger. Particles that are slightly larger 

will introduce additional errors, cause time to be spent in their anedysis, and introduce higher noise 

levels if their numbers are large. Since nearly any method of producing smaU particles will result in 

a size distribution, some means of separating the bulk of particles above 9 microns wUl probably be 

necessary. 

The selection of an appropriate seed particle is important. The particles should be nearly 

spherical in shape, available in large numbers in a narrow size range, have a density no greater than 

water, and be nontoxic and nonflamable. Solid particles have the advantage of being easier to remove 

from optical surfaces but are likely to be irregularly shaped which would cause their trajectories to 

be somewhat erratic. For the very small particle sizes considered here some degree of irregularity 

in shape could probably be acceptable if the particle density was somewhat less than water and a 

larger number are used in a given location to statistically smooth any random variations of their 

trajectories. Most soUds, when pulverized to the size of a few microns, have densities higher than 

water. MUled flour, which ranges in size down to about 1 micron and has a specific gravity of 0.75, 

may be a good choice though the particles will be irregularly shaped. Plant pollens and fungus 

spoors are designed to travel by air and are approximately spherical in shape. They are uniform in 

size and have specific gravities down to about 0.5. Some types of fungus such as the pufTbaU produce 

large numbers spoors of about 5 microns in size. 

Producing liquid droplets consistently below 9 microns may be a problem. According to Refer

ence 6, aerosol products for the relief of asthma produce droplets down to about the 5 to 10-micron 

range. Reference 32 discusses a droplet producing system which uses an ultrasonic atomizer to 

produce sizes of about 10 microns. 
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Tabulated Results 

The results from the computer study are tabulated on the foUowing pages. Tables 4.1, 4.2, 

4.3, and 4.4, respectively, give the results for the 20-micron, the 10-micron (sg=1.0), the 10-micron 

(sg=0.5), and the 5-micron particles. The algebraic sign of the radius of curvature is positive if the 

interval of interest is concave with respect to the origin. The symbols used are defined as follows: 

X = x-coordinate of the particle (cm), 

y = y-coordinate of the particle (cm), 

U = the freestream fluid velocity (m/s), 

Vf = the average local streamline velocity (m/s), 

VE = percent velocity error between particle and air, 

R — local streamline radius of curvature (m), 

at — local streamline tangential acceleration (m/s^), 

an = local streamline normal acceleration (m/s^), 

Otot = local streamline total acceleration (m/s^). 
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20-Micron (sg=1.0) Particle 
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( l ) x 

(2 )x 

(3 )x 

(4 )x 

(5 )x 

(6 )x 

(7 )x = 

(8 )x = 

(9)x = 

(10) x = 

(11) x = 

(12) x = 

(13) x = 

(14) x = 

(15) x = 

(16) x = 

(17) x = 

(18) x = 

(19) x = 

(20) X = 

(21) x = 

U = 1.0: 

-4.48, y = -2.92, V, = 1.0, Fi? = 0.7, R = -0.20, a* = 2.2, o^ = -4.6 , atot = 5.1. 

-2 .48, y = -3.26, V, = 1.1, VE = 1.6, i2 = 1.14, a* = 13.0, a„ = 1.1, atot = 13.0. 

-0.02, y = -3.60, V. = 1.3, VE = 3.1, R = 0.076, Ot = -0 .6 , o^ = 22.7, ô ot = 22.7. 

2.55, y = -3.20, F, = 1.1, Vi? = 1.8, R = -2 .41 , Ot = -12.3, On = -0 .5 , otot = 12.3. 

-3 .15, y = -0.36, Vs = 0.6, VE = 2.9, 22 = -0.04, at = -12.5, On = -9 .5 , Otot = 15.7. 

-2.14, y = -0.78, V, = 0.7, FJE? = 5.6, R - -0 .03, â  = 42.6, On = -12.9, atot = 44.5. 

-0 .31 , y = -2.17, Vs = 1.8, VE = 9.9, iZ = 0.02, ot = 19.8, o^ = 136, atot = 137. 

C/' = 3.0: 

-6.44, y = -2.68, V, = 2.8, F E = 0.4, R = -0 .41 , ot = - 5 . 1 , a„ = -19.7, atot = 20.4. 

-2.56, y = -3.14, V, = 3.2, VE = 3.6, i2 = 2.29, at = 120, On = 4.6, atot = 120. 

-0.20, y = -3.54, V, = 4.0, VE = 6.5, R = 0.07, at = 16.2, an = 214, atot = 215. 

2.44, y = -3.28, V, = 3.3, ^.E = 5.2, R = 3.54, at = -113, a^ = 3.0, atot = 113. 

4.60, y = -2.70, V, = 2.8, VE = 1.9, i2 = -0.19, at = -11.5, an = -42.0, atot = 43.5. 

-3.10, y = -0.26, V, = 1.8, VE = 9.1, R = -0.05, at = -126, a^ = -65.0, atot = 141. 

-2 .13 , y = -0 .53, V, = 1.4, VE = 20.9, iZ = -0.015, at = 295, an = -139, atot = 327. 

-1 .13, y = -1.82, V, = 4.8, VE = 20.3, R = 0.02, at = 688, an = 971, atot = 1190. 

U = 5.0: 

-6 .48, y = -2.66, V, = 4.7, F£; = 1.0, R = -0 .41 , at = -15.0, an = -53.8, atot = 55.8. 

-4.58, y = -2.78, V, = 4.7, F E = 2.4, R = -0.19, at = 43.6, an = -118, otot = 126. 

-2.62, y = -3.06, V, = 5.4, VE = 5.5, i2 = -1 .91 , at = 331, a„ = -91.0, atot = 343. 

-0.34, y = -3.48, V, = 6.6, 1̂ .E = 9.2, R = -0.07, at = 95.9, an = 609, atot = 616. 

2.30, y = -3.36, V, = 5.5, VE = 8.5, i? = 0.71, at = -316, an = 42.7, atot = 319. 

4.56, y = -2.82, V, = 4.7, VE = 4.0, R = -0.20, at = -39.3, an = -113, a,„e = 120. 
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TABLE 4.1 CONTINUED 

(22) X = -3 .12, y = -0 .23 , V, = 3.0, VE = 14.2, R = -0 .05, a* = -358, a„ = -166, atot = 395. 

(23) X = -2.09, y = -0 .45, V, = 2.1, V ^ = 37.0, R = -0.02, a* = 820, o^ = -286, Otot = 868. 

(24) x = -1 .36, y = -1 .58, V, = 7.4, ^.E = 27.0, R = 0.02, at = 2240, o^ = 2313, Otot = 3220. 

U = 7.0: 

(25) X = -6 .53 , y = -2.64, V. = 6.6, VE = 1.4, R = -0.42, at = -30.5, o^ = -103, a^ot = 108. 

(26) X = - 4 . 6 1 , y = -2.76, F, = 6.6, VE = 3.2, R = -0.19, at = 77.8, a„ = -230, Otoj = 243. 

(27) X = -2.68, y = -3.02, V, = 7.4, VE = 6.9, R = -0.88, at = 643, a^ = -62.9, otot = 646. 

(28) X = -0 .45, y = -3.44, V, = 9.3, F .^ = 11.0, R = 0.07, at = 273, an = 1218, atot = 1248. 

(29) X = 2.19, y = -3.42, V, = 7.8, VE = 10.9, R = 0.44, at = -631 , an = 139, atot = 646. 

(30) X = 4.52, y = -2.92, V, = 6.7, VE = 5.8, R - -0.20, at = -89.6, an = -217, otot = 234. 

(31) X = -3.12, y = -0.22, V, = 4.2, VE = 18.1, R = -0.06, at = -711 , On = -309, atot = 775. 

(32) X = -2 .05, y = -0.40, V, = 2.7, VE = 53.0, R = -0.02, at = 1631, an = -333 , atot = 1665. 
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( l ) x 

( 2 ) x 

(3 )x 

(4 )x 

(5 )x 

(6 )x 

(7 )x 

(8 )x 

U = 1.0: 

-2 .45, y = -3 .21, V, = 1.1, VE = 0.4, R = 1.04, ot = 13.5, On = 1.2, otot = 13.5. 

0.05, y = -3.52, V, = 1.3, VE = 0.8, R = 0.07, Ot = -1.7, On = 24.1, otot = 24.1. 

-0.86, y = -2.43, V, = 1.5, VE = 1.6, R = 0.04, a* = 32.8, On = 64.5, otot = 72.3. 

2.10, y = -1 .93 , Vs = 1.1, VE = 1.0, i2 = -0.20, ot = -35.9, On = -5.6, otot = 36.3. 

-3.17, y = -0.27, V, = 0.6, VE = 0.8, R = -0.05, at = -13.7, an = -7 .2 , otot = 15.4. 

-2.20, y = -0.64, V, = 0.6, F ^ = 1.5, R = -0.02, at = 31.3, an = -19.2, atot = 36.7. 

: - .036, y = -2.07, V, = 1.9, VE = 2.9, R = 0.02, ot = 26.6, an = 159, atot = 161. 

: -4 .46, y = -2.86, V, = 1.0, VE = 0.2, iZ = -0.19, at = 2.2, On = -4 .7, atot = 5.2. 

U = 3.0: 

-3.18, V, = 3.3, VE = 1.1, R = 1.50, at = 122, an = 7.2, atot = 122. 

-3.52, Vs = 4.0, VE = 1.8, i? = 0.07, at = -8 .8 , an = 218, atot = 219. 

= -2.39, Vs = 4.5, VE = 4.3, i i = 0.04, at = 326, an = 560, atot = 648. 

-2.04, Vs = 3.3, VE = 3.3, iJ = 0.85, at = -315, an = 12.5, atot = 3154. 

= -0.24, Vs = 1.8, VE = 2.3, i i = -0.06, at = -126, an = -60 , atot = 139. 

= -0.56, Vs = 1.5, VE = 5.7, R = -0 .01 , at = 248, an = - 1 8 1 , atot = 307. 

= -2 .01 , Vs = 5.4, VE = 7.6, i2 = 0.02, at = 464, an = 1263, atot = 1345. 

= -2 .83, V, = 2.9, VE = 0.4, i2 = -0.19, at = 19, an = -42.9, atot = 46.9. 

C;' = 5.0: 

= -3.16, Vs = 5.5, VE = 1.8, i? = 2.5, at = 339, an = 12, atot = 339. 

= -3.52, Vs = 6.6, VE = 2.9, i? = 0.07, at = -7 .5 , an = 607, atot = 607. 

= -2.36, V, = 7.5, VE = 6.8, i2 = 0.04, at = 968, an = 1508, atot = 1792. 

-2 .15, V, = 5.6, VE = 5.6, R = 0.42, at = -847, an = 73.9, atot = 850. 

= -0 .23, Vs = 3.0, VE = 3.9, ii = -0.06, at = -353 , an = -162, at„t = 388. 

= -0 .53, Vs = 2.4, VE = 9.5, ii = -0 .01 , at = 670, an = -497, a,,,, = 831. 

= -1.94, Vs = 8.1, VE = 11.3, i? = 0.02, at = 1598, Cn ^ 3180, a,,,, = 3559. 

(9) X =. -

(10) x = 

(11) x = 

(12) x = 

(13) x = 

(14) X = 

(15) x = 

(16) x = 

-2.48, y = 

0.04, y = 

- 0 . 9 5 , y I 

2.06, y = 

- 3 . 1 6 , y I 

- 2 . 2 0 , y I 

-0.70, y : 

-4.48, y : 

(17) x = 

(18) x = 

(19) x = 

(20) X = 

(21) x = 

(22) X = 

(23) X = 

-2.50, 

-0.04, 

-1.02, 

2.01, y 

-3 .15, 

-2.19, 

-0.89, 

y 

y 

y 

= 

y 

y 

y 
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TABLE 4.2 CONTINUED 

(24) X = -4.49, y = -2.82, V, = 4.7, VE = 0.8, R = -0.19, a* = 51.3, On = -119, otot = 130. 

U = 7.0: 

(25) X = -2 .52, y = -3.14, V, = 7.6, VE = 2.4, R = 0.80, o* = 663, a^ = 75, Otot = 667. 

(26) X = -0.09, y = -3.52, V, = 9.3, VE = 4.0, R = 0.07, at = 16.6, On = 1189, ô ot = 1189. 

(27) X = 2.51, y = -3.17, V, = 7.5, VE = 3.0, R = -6.77, at = -625, an = 92.5, atot = 625. 

(28) X = -1 .07, y = -2 .33 , V, = 10.4, VE = 8.8, R = 0.04, at = 2004, an = 2894, Otot = 3520. 

(29) X = 1.97, y = -2.24, V, = 7.9, VE = 7.7, R = 0.26, at = -1632, On = 239, otot = 1640. 

(30) X = -3 .15, y = -0 .23 , V, = 4.2, VE = 5.5, R - -0.06, at = -696, a^ = -313 , atot = 763. 

(31) X = -2.18, y = -0 .51 , V, = 3.2, VE = 13.2, R = -0 .01 , at = 1310, On = -946, atot = 1616. 

(32) X = -1.02, y = -1.87, V, = 10.7, VE = 14.1, R = 0.02, at = 3523, an = 5781, atot = 6770. 

(33) X = -4.50, y = -2 .81 , V, = 6.64, VE = 1.1, R = -0.19, at = 98.1, an = -234, atot = 254. 
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TABLE 4.3 

10-Micron (sg=0.5) Particle 

U = 1.0: 

(1) X = -3.17, y = -0.18, Vs = 0.6, VE = 0.4, R = -0.07, at = -14.6, an = -4 .9 , otot = 15.4. 

(2) X = -2.25, y = -0.42, V. = 0.4, Fi? = 0.7, R = -0.007, Ot = 15.7, On = -22.8, otot = 27.7. 

(3) X = -1.02, y = -1.97, V, = 1.7, Vi? = 1.5, R = 0.02, Ot = 76.7, a^ = 137, atot = 157. 

(4) X = -1 .68, y = -1.67, V, = 1.3, V ^ = 1.0, R = 0.04, at = 62.6, an = 37.0, atot = 77.0. 

(5) X = 1.49, y = -1.82, V, = 1.3, F E = 1.0, R = 0.04, at = -67.0, an = 43.5, atot = 80.0. 

(6) X = -3 .15, y = -0.49, Vs = 0.6, F S = 0.3, R = -0 .03, ot = -10.3, an = -12.3, atot = 16.1. 

(7) X = -2.02, y = -1.12, Vs = 0.9, y.B = 0.9, R = 0.74, at = 59.2, an = 1.1, atot = 59.2. 

(8) X = 0.84, y = -2.02, V, = 1.7, V ^ = 1.3, R = 0.025, at = -62.9, an = 111, atot = 128. 

(9) X = -1.68, y = -1.16, V, = 1.2, F E = 1.5, R = 0.02, at = 91.1, an = 58.5, atot = 108. 

CT = 3.0: 

(10) X = -3.17, y = -0.16, V, = 1.8, VE = 1.2, R = -0.08, at = -133, an = -41.2, atot = 139. 

(11) X = -2 .25, y = -0.39, V, = 1.2, V.^ = 3.0, R = -0.007, at = 121, an = -204, atot = 237. 

(12) X = -1.18, y = -1.70, V, = 4.9, VE = 4.2, R = 0.02, at = 762, an = 1078, atot = 1320. 

(13) X = -1 .71 , y = -1.62, V, = 3.7, Vi? = 2.8, R = 0.04, at = 611, an = 309, atot = 685. 

(14) X = 1.43, y = -1.92, V, = 4.0, VE = 2.8, R = 0.04, at = -567, an = 403, atot = 696. 

(15) X = -3 .15, y = -0.47, V, = 1.9, VE = 1.1, R = -0.03, at = -95.6, an = -108, atot = 145. 

(16) X = -2.04, y = -1.08, V, = 2.6, VE = 3.0, R = 0.20, at = 521, an = 34.7, atot = 522. 

(17) X = 0.72, y = -2.10, V, = 5.1, VE = 3.5, R = 0.03, at = -478, an = 999, atot = 1107. 

(18) X = -2.62, y = -0.12, V, = 1.2, ^ i ; = 2.1, R = -0.02, at = -156, an = -66.4, atot = 170. 

(19) X = -2.27, y = -0.20, V, = 0.8, VE = 3.1, R = -0.004, at = -32.8, an = -168, atot = 171. 

(20) X = -1.77, y = -1 .03 , V, = 3.1, VE = 4.3, R = 0.024, at = 768, an = 399, atot = 866. 

17 = 5.0: 

(21) X = -3.16, y = -0.16, V, = 3.0, VE = 2.0, iZ = -0.08, at = -370, an = -112, at„t = 387. 

(22) X = -2.24, y = -0.38, V, = 1.9, VE = 5.1, /2 = -0.006, at = 325, an = -561 , at^t = 649. 
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TABLE 4.3 CONTINUED 

(23) X = -1.27, y = -1.64, V, = 7.8, VE = 6.6, R = 0.02, a* = 2199, On = 2728, Otot = 3504. 

(24) X = -1 .73, y = -1.59, V, = 6.1, VE = 4.5, R = 0.05, ot = 1703, On = 816, ô ot = 1888. 

(25) X = 1.37, y = -2 .01 , V, = 6.8, F ^ = 4.7, R = 0.04, Ot = -1481, On = 1143, atot = 1871. 

(26) X = -3.15, y = -0.47, V, = 3.1, F ^ = 2.0, R = -0.03, at = -268, On = -299, Otot = 402. 

(27) X = -2.04, y = -1 .05, V, = 4.3, ĴE? = 4.8, R = -0.34, at = 1434, an = -54.9, Otot = 1435. 

(28) X = 0.61, y = -2.17, V, = 8.5, VE = 5.7, R = 0.03, at = -1123, On = 2751, atot = 2971. 

(29) X = -2.26, y = -0.19, V, = 1.3, F ^ = 5.5, R = -0.004, at = -97.7, On = -456, otot = 466. 

(30) X = -1.80, y = -0.96, Vs = 4.8, F i ; = 6.8, R = 0.02, at = 2048, an = 960, atot = 2262. 

CT = 7.0: 

(31) X = -3.16, y = -0.16, V, = 4.2, Fi? = 2.8, R = -0.08, at = -728, an = -219, atot = 760. 

(32) X = -2 .23 , y = -0.37, F, = 2.6, VE = 7.2, R = -0.006, at = 632, On = -1086, atot = 1256. 

(33) X = -1.34, y = -1.58, V, = 10.6, VE = 8.6, R = 0.02, at = 4413, an = 4948, atot = 6630. 

(34) X = -1 .75, y = -1.57, V, = 8.4, VE = 6.1, R = 0.05, at = 3348, an = 1535, atot = 3683. 

(35) X = 1.32, y = -2 .08, V, = 9.7, F i ; = 6.3, R = 0.04, at = -2746, an = 2302, atot = 3583. 

(36) x = -3.14, y = -0.46, V, = 1.6, VE = 2.7, R = -0 .03, at = -530, an = -584, atot = 789. 

(37) X = -2.05, y = -1 .03, V, = 5.9, VE = 6.5, R = 10.6, at = 2795, an = 3.3, atot = 2795. 

(38) X = 0.51, y = -2.22, V, = 12.0, VE = 7.5, R = 0.03, at = -1865, an = 5378, atot = 5692. 

(39) X = -2 .61 , y = -0 .11 , V, = 2.9, VE = 5.2, R = -0.02, at = -857, an = -347, atot = 924. 

(40) X = -2.25, y = -0.19, V, = 1-8, VE = 7.9, R = -0.004, at = -189, an = -879, atot = 899. 

(41) X = -1 .83, y = -0 .91 , V, = 6.4, VE = 9.1, R = 0.02, at = 3878, an = 1680, atot = 4226. 
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( l ) x = 

(2)x = 

(3)x = 

(4)x = 

-2.3, 

0.91, 

1.49, 

2.37, 

1 y 

y 

y 

y 

(5)x = 

(6)x = 

(7)x = 

(8)x = 

-2.3; 

0.80, 

1.46, 

2.39, 

. y 

y 

y 

y 

(9 )x = 

(10) x = 

(11) x = 

(12) x = 

(13) x z 

(14) X = 

(15) x = 

(16) x = 

-2 .2 , y : 

= 0.71, y 

: 1.44, y 

: 2.40, y 

tr = 1.0: 

: - 0 . 4 1 , Vs = 0.4, y ^ = 0.3, R = -0.007, at = 14.2, On = -23.0, Otot = 27. 

-1 .9 , Vs = 1.7, F ^ = 0.7, R = 0.02, a* = -77.8, On = 134, Otot = 154. 

-1 .79, Vs = 1.3, VE = 0.5, R = 0.04, a* = -68.5, On = 44.3, atot = 81.6. 

-1.09, Vs = 0.7, VE = 0.2, iZ = -0.034, a* = -25.9, On = -20.3, atot = 32.9. 

U = 3.0: 

: -0 .39, Vs = 1.2, y.E? = 1.5, R = -0.007, at = 118, On = -206, atot = 237. 

-1.94, Vs = 5.2, y ^ = 2.1, R = 0.02, at = -619, On = 1203, atot = 1353. 

-1 .85, Vs - 4.0, VE - 1.5, R = 0.04, at = -598, an = 403, atot = 721. 

-1 .15, Vs = 2.3, VE = 1.0, it = -0.03, at = - 231 , a^ = -177, atot = 291. 

U = 5.0: 

= -0.38, Vs = 1.9, y.E = 2.6, R = -0.006, at = 320, an = -569, atot = 652. 

= -2 .0 , Vs = 8.7, y i? = 3.4, R = 0.02, at = -1528, an = 3324, atot = 3658. 

= -1.90, Vs = 6.7, FJE = 2.4, R = 0.04, at = -1606, an = 1125, atot = 1961. 

= -1 .21 , Vs = 4.0, Fi? = 1.6, R = -0 .03, at = -639, an = -472, atot = 794. 

C7 = 7.0: 

-2 .25, y = -0.38, V, = 2.6, "l^i; = 3.7, R = -0.006, at = 620, an = -1109, atot = 1270. 

0.63, y = -2 .05, V, = 12.3, VE = 4.6, i2 = 0.02, at = -2640, an = 6485, atot = 7002. 

1.41, y = -1.94, Vs = 9.5, F.E = 3.3, R = 0.04, at = -3045, On = 2470, atot = 3769. 

2.42, y = -1.27, Vs = 5.7, VE = 2.2, i? = -0.04, at = -1248, an = -887, atot = 1531. 
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Figure 4.1: Potential Flow Past a CyUnder 
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CHAPTER 5 

HOLOGRAM SYSTEM EVALUATION 

Introduction 

The goals of this chapter are: (1) present a simplified approach for making estimates concerning 

the performance of an in-line holographic system arrangement based on the information presented in 

Chapter 2, (2) consider the effects of changing the system arrangement, (3) investigate likely errors 

when making particle displacement measurements, and (4) draw conclusions concerning the best 

system arrangement and the accuracy that can be eichieved when measuring particle displacements. 

The main question addressed here in evaluating a system is the estimation of the focal tolerance 

and the sample volume size for which particles in the 5-to 10-micron range can be resolved. Attention 

is focused on the hologram since it is the primary optical element and ultimately determines the 

system performance or resolution. The results from diffraction theory are used in determining the 

sample volume depth, and the geometrical results concerning aberrations are used to estimate the 

sample volume diameter. In order to use these methods several parameters were estimated based 

on general results from the literature and on experimental work which is discussed in the next 

chapter. Therefore the results should be considered as approximations. The calculations are based 

on the assumption that a ruby laser (A^ = 0.694 microns) is used for construction and a He-Ne laser 

(Ac = 0.633 microns) is used for reconstruction. 

Sample Volume Depth 

The approach here is to estimate a minimum film contrast response in terms of a minimum fringe 

visibility level based on particle resolution levels reported in the literature. As mentioned in Chapter 

2, a long accepted rule of thumb is that a hologram will produce a faithful image if the particle is 

less than 100 far-fields from the recording plane. An image can be considered reasonably good if 

at least two or three side lobes are recorded. Most in-line systems use a parallel, or approximately 

parallel reference beam. Based on these considerations it will be assumed here that for a typical 

in-line system with a parallel recording beam the second side lobe, or fourth zero of the Ji function 

{X - 10.2) is normally recorded when the particle is at 100 far-fields. Also, as discussed in Chapter 2, 

a particle image will be considered marginally usable if only the central maximum of the interference 
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pattern is recorded {X = 3.8). According to Reference 19, the size of the homogenous area of a 

holographic plate is one of the most important limitations to the recording of interference fringes. 

On a microscopic level the film emulsion is composed of crystals with irregular boundaries, and the 

film surface along with the glass substrate also has irregularities. The homogenous area represents 

a region sufficiently uniform to record finely spaced fringes. For the commonly used Agfa 8E75 

and 10E75 plates. Reference 19 gives the diameter of an homogenous ajrea as about 1.5 to 2.5 cm. 

Following Reference 19, a typical homogenous radius of 1 cm will be assumed. This radius will serve 

as a fringe cut-off length which limits the aperture size of a particle's interference pattern. 

The procedure used here for assessing the image quality of a particle at a given distance Zo 

from the film plate is: (1) Establish the minimum level of visibility which can be recorded and the 

minimum value of X, the argument of Ji, which corresponds to an acceptable image. Also specify 

the film homogenous area and the maximum spatial frequency. For illustrative purposes a maximum 

spatial frequency of 1500 lines/mm will be assumed. However, for small particles at more than a 

few far-fields from the film, which is the case here, the size of the homogenous area or the minimum 

visibility limits the effective aperture size much more than the spatial frequency, assuming high 

resolution film. The minimum visibility (Emin) is found by expressing Equation 2.21 as 

E = ^ . (5.1) 
NX^ 

Using the above criterion that the minimum visibility is reached after recording the second side lobe 

at 100 far-fields with a parallel beam, then 

E^,^ = _ ( 1 1 ) ( 1 ) ^ . 0.0043. 
(100)(10.2)§ 

(2) Select the particle diameter d, the object distance Zo, and the effective recording source distance 

Zr from the plate. Determine the recording magnification rric from Equation 2.13 

Me = - ^ ^ . (5.2) 
Zr ZQ 

(3) Calculate the number of far-fields from Equation 2.16 

N="-^. (5.3) 
d^ 
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(4) Usmg Equation 2.15, find the maximum allowable zone lens radius based on the maximum spatial 

frequency of the fihn 

r = VmaxmeZoXr. (5.4) 

If r is larger than the homogenous radius (1 cm) then set r equal to the homogenous radius. (5) 

Assume the recording level reaches the minimum visibiUty and determine the Ji argument X from 

Equation 5.1 

If X is less than its minimum value then the image is unacceptable. (6) Calculate the zone lens 

radius which results from reaching the minimum visibility from Equation 2.18 

XXrZo . . 
r = - ^ . (5.6) 

Select the smallest value of r either from Equation 5.6 or from Step 4 above. If the value of r from 

Step 4 is the smaller, then this value is used to determine a new X from Equation 5.6. If this new 

X is less than the minimum X, then the particle image is unacceptable. (7) Using Equation 2.24, 

verify that the particle diameter can be resolved, or 

h = ^:^I^ , (5.7) 
T 

where r is the zone lens radius found from above. 

EXAMPLE 1: 

Consider a 6-micron particle at a distance 2o = 5 cm from the recording plane, and the reference 

source at Zr — 20 cm from the recording plane. Then the recording magnification is 

20 
^'^ ^ 20^75 = ^•^ -̂

The zone lens radius based on the maximum spatial frequency is 6.9 cm by Equation 5.4. Therefore 

the homogenous radius of 1 cm is tentatively selected as the limiting aperture. The number of 

fax-fields is iV = 964 by Equation 5.3, and assuming the aperture radius is limited by the minimum 

visibility, the recording level is by Equation 5.5 

(14)(1.33) j 
^(964)(0.0043)' 
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Thus only about 70 percent of the central maximum is recorded and the image is unacceptable. 

However, Reference 19 considers the recording of a 5-micron particle at z,, = 5 cm possible, though 

with a low quality image. Reference 42 indicated the detection of particles below 5 microns with a 

sample volume depth up to 7 cm. Thus the assumption that only two side lobes are recorded at 100 

far fields appears somewhat conservative. 

EXAMPLE 2: 

Reconsider Example 1 except let Zo = 3 cm. In this case, iV = 578 and X = 3.8. The zone 

lens radius based on minimum visibility is r = 0.423 cm, which is less than the maximum allowed 

value of 1 cm. Thus the actual recording level is X = 3.8 which is the central maximum and the 

image is acceptable. The aperture radius is 0.423 cm. From Equation 5.7, the object resolution is 

h = 3.5 microns. Therefore the aperture is large enough to resolve a 6-micron particle. The object 

focal tolerence is given by Equation 2.25, or 

A,„ = ± i ( i l ) . , ^ = ± i ( _ _ ^ ) = ( 0 . 6 3 3 ) = ±19 microns. 

This example is similar to the experimental arrangement described in Reference 23 which reported 

focal tolerences as low as 10 microns for particles about 5 cm from the recording plane. 

EXAMPLE 3: 

Following the above procedure for a 9-micron particle with Zo = 10 cm and Zr = 20 cm, results 

in m = 2.0, N = 857, X = 3.9, r = 0.947 cm, h= 5.1 microns, and Azo = ±42 microns. Since X is 

greater than 3.8, the image is acceptable 

Reference 23 shows a series of photographs of microspheres on a glass slide at different dis

tances from the film plate. The authors stated that the smallest spheres were below 10 microns. 

The small spheres are clearly imaged at distances of 10 to 15 cm which indicates that the above 

results are reasonable though somewhat conservative. A diverging lens was used to spread the light 

which effectively locates the reference source close to the objects. The authors gave no information 

concerning the location of the lens but the recording source distance of ẑ  = 20 cm which was used 

in the above examples is representive. 

Reference 55 also discusses the results of using a highly diverging reference beam. In this case 

the reference beam leaving the pinhole filter was first collimated and then a second lens focused the 
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light. The focal point then acts as the source location which was near the sample volume. The 

author stated that this system had a resolution of 5 microns through a sample depth of 10 cm. 

The highest far-field distance obtained was 2058. A serious disadvantage of usmg a highly diverging 

beam is that optical aberrations are increased. In the case of Reference 55, a special lens to correct 

for excessive coma was used during reconstruction. 

EXAMPLE 4: 

A parallel reference beam and a 6-micron particle at Zo = 2.0 cm gives the following results: 

N = 386, X = 4.1, r = 0.305 cm, h = 3.2 microns, and Azo = ±16 microns. 

Reference 47 used a parallel construction beam when studying coal particle combustion and 

reported a resolution down to about 3 microns and a sample volume depth of 2.5 cm which is in 

good agreement with Example 4. 

EXAMPLE 5: 

A 9-micron particle at Zo = 3 cm has the following results: N = 257, X = 5.5, r = 0.406 cm, 

h = 3.6 microns, and Azo = ±21 microns. Note the improvement in the object focal tolerence from 

Example 3 when the particle is moved from 10 to 3 cm from the recording plane. 

Examples 2 and 4 show that some improvement in the sample volume depth is obtained with 

a diverging beam. However, the diverging beam increases aberrations which reduce the effective 

aperture size. The examples show that small increases in particle size allow much larger sample 

volumes. Resolution levels down to about 3 microns are obtainable over several centimeters. Focal 

tolerences of about 15 to 25 microns can be expected for particles at about 3 cm from the recording 

plane. For particles closer to 10 cm from the recording plane, focal tolerences of about 50 microns 

can be expected. 

Sample Volume Radius 

In this section the geometrical results given in Chapter 2 are used to calculate the image location, 

magnification, and the primary aberration coefficients. Details of these calculations are not shown 

since the procedure is somewhat lengthy and the application of the equations involves only algebra 

and analytic geometry. Estimates of the aberration effects on system resolution for different locations 

in the sample volume are made and corresponding focal tolerences for several system arrangements. 
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The study of aberrations in detail is a complex branch of optics. A simpUfied approach is 

used here since the aim is to provide a means for making general estimates of resolution levels 

and ranges of focal tolerences for different system arrangements. Eeich aberration is assumed to 

independently determine an effective aperture size [11] and the smallest aperture is considered to 

be the limitation on the system performance. Aberrations cause portions of the wavefront emerging 

from the hologram to arrive at the image location out of phase which causes a certain degree of 

destructive interference. Equation 2.32 relates the phase difference between the actual wavefront 

and a Gaussian reference sphere to the polar coordinates p and e in the hologram. By estimating a 

maximum phase error the quantity p can be thought of as the maximum aperture radius. Another 

viewpoint is that the aberrated wavefront arriving at the image plane forms a larger and dimmer 

Airy disk than the diffraction limited case. The size of an aperture that produces an equivalent 

sized Airy disk by diffraction is the effective aperture p. Thus the previous equations for diffraction 

limited resolution and focal tolerence can be used by substituting p for r. 

Since the aberrations were considered separately it was necessary to associate a different phase 

error with each one. The phase errors were estimated on resolution levels reported in the literture and 

on experimental work. The highest levels of resolution given in the references with low aberration 

approximately parallel reference beams are about 2 to 3.5 microns through a volume depth of 

about 2 to 5 cm. Wavelength errors of 0.5A for spherical aberration and 1.75A for coma were 

selected on this basis. Since the level of resolution due to astigmatism decreases rapidly as points 

are considered farther from the z-axis, the Hmiting resolution due to astigmatism was estimated 

experimentally, which is discussed in the next chapter. This resulted in an estimated wavelength 

error of 3A to use for astigmatism. This combination of phase errors gives resolution levels that in 

general are in approximate agreement with those in the literature. To simplify calculations in the 

following examples, only points in the xz plane of Figure 2.6 are considered. Thus e is always zero 

in Equation 2.32 and the aberration coefficients involving the coordinate y become zero. Therefore, 

from Equation 2.32, 

, . = [ M ^ l i , (5.9) 

Pc = m^t'. (5.10) 
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and 

. . = [ » M ] i , (5.11) 

where ps, pc, and p^ are respectively the effective apertures limited by spherical aberration, coma, 

and astigmatism. 

The effect on resolution due to finite Ught sources will also be considered. The image smeeir 

spots from two nearby point sources will be condidered as separately identifiable if their centers are 

separated by the radius of a spot, which is essentially the same criterion as the resolution of two 

Airy disks. To relate the image spot resolution to the object space, the image size must be divided 

by the lateral magnification. Therefore the object resolution is found by dividing Equation 2.41, 

which gives the image spot diameter, by twice the lateral magnification. Letting osr symbolize the 

object spot resolution (the resolution between two points in the object space as limited by finite 

beam sources), then 

where Miat is the lateral magnification. As discussed in Chapter 2, the quantities 5r = 13 microns 

and ^c = 6 microns will be used here. 

Since the in-line arrangement is being considered, the reference and reconstruction sources 

are on the z-axis {xr = yr = ^c = Vc = 0)' Unless otherwise indicated in the examples below, 

the reconstruction source will have the same location as the reference source (zg = Zr). A single 

reference source location z^ applies to an entire example. Two object point longitudiueil distances, 

Zo = —2.5 and —5.0 cm are considered in each example. For eax:h axial distance ZQ, three object 

lateral locations, Xo = 1-0, 0.5, and 0.25 cm, are considered. The focal tolerances are based on the 

smallest effective aperture for each case. All distances are in centimeters and the resolution h, the 

focal tolerence Azo, and the osr are in microns. The lateral magnifications Ma and Mp are neeirly 

equal in the examples below so the lateral magnification is designated as Miat-

EXAMPLE 6 {zr = -oo) : 

Part A {zo = -2 .5) : 

1. x.= V. 
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Applying the geometrical equations of Chapter 2 gives: Xi = 1.0, z, = 2.8, Ri = 2.9, Mut = 1-0, 

5 = 0.00785, Cx = 0.00785, and A^ - 0.00785. Equations 5.9, 5.10, and 5.11 give effective apertures 

of ps — 0.423, PC — 0.304, and pA — 0.220. These apertures result in resolution levels due to 

spherical aberration, coma, and astigmatism of hs — 2.9, he = 4.0, and /i^ = 5.5. Thus the 

system resolution level is about 5.5 microns due to astigmatism. The focal tolerance bcised on p^ is 

Azo = ±49 microns. 

2. x^ = 0.5: 

Xi = 0.5, Zi = 2.8, Ri = 2.8, M^t = LO, S = 0.00925, C^ = 0.00463, A^ = 0.00231, ps = 0.407, 

PC = 0.363, PA = 0.405, hs = 3.0, he = 3.4, h^ = 3.0, and Azo = ±18. 

3. Zo = 0.25: 

Xi = 0.25, Zi = 2.7, i2t = 2.8, Miat = 1-0, 5 = 0.00968, Cx = 0.00242, Ax = 0.00061, 

/?5 = 0.478, PC = 0.451, PA = 0.792, hs = 3.0, he = 2.7, /i^ = 1.5, and Azo = ±15. 

Note that the levels of resolution as determined by astigmatism change quickly as one proceeds 

away from the z-axis. In comparison, the resolution due to coma varies slowly and the resolution due 

to spherical aberration shows almost no change. For locations less than 0.5 cm from the z-axis, the 

focal tolerances due to aberrations were less than 20 microns. This is in agreement with Examples 4 

and 5 of the previous section. The focal tolerance of 49 microns for an object 1 cm from the optical 

axis shows an increase due to aberrations. 

Part B {zo = -5 .0) : 

1. Xn = 1.0: 

Xi = 1.0, Zi = 5.5, Ri = 5.6, Miat = 1-0, 5 = 0.00116, Cx = 0.00116, Ax = 0.00116, ps = 0.684, 

PC = 0.576, PA = 0.572, hs = 4.2, he = 4.1, /i^ = 4.3, and Azo = ±40. 

2. x„ = 0.5: 

Xi = 0.5, Zi = 5.5, Ri = 5.5, Miat = 10, 5 = 0.0012, Cx = 0.0006, Ax = 0.0003, ps = 0.678, 

PC = 0.717, PA = 1.13, hs = 3.6, he = 3.4, /i^ = 2.2, and Az^ = ±21. 

3. x^ = 0.25: 

X. = 0.25, Zi = 5.5, Ri = 5.5, M^t = 1.0, 5 = 0.0012, Cx = 0.0003, .4^ = 0.00008, ps = 0.675, 

pe = 0.898, pA = 2.23, hs = 3.6, he = 2.7, /i^ = 1 1 , and Azo = ±21. 
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If it is assumed that the reference and reconstruction sources are about 100 cm from the colli

mating lens then the osr in this case is given by Equation 5.12, 

5.5 , 13 6 . ^ , . 

^''" = (2x1:0) [ 100 +Too ^ = ^ - ^ " ^ " ° ^ ^ -

A spot resolution of 0.5 microns indicates that a larger reference beam size at the pinhole could be 

used without limiting the system resolution. Sometimes the reconstruction source is located near 

the hologram in order to magnify the image. If Xo and Zo are still 0.25 and -5.0 cm respectively, but 

Zc = -5 .75 and Xc = 0.25 cm, then the new results are: Xi = 0.25, Zj = 119, Ri = 119, Mut = 21.6, 

ps = 0.595, PC = 0.759, PA = 1.74, hs = 4.1, he = 3.2, /i^ = 1.4, Azo = ±27, and osr = 3.2. The 

image is now magnified 21.6 times and located 119 cm from the hologram. The resolution levels due 

to coma and astigmatism have decreased by about 20 percent and the focal tolerance has increased 

from 21 to 27 microns. The resolution level due to the minimum spot size heis changed from 0.5 to 

3.2 microns. 

The increase in aberrations is one disadvantage in using holographic magnification. Also both 

lateral and longitudinal magnifications can be highly variable through the sample volume which may 

cause errors in measuring particle separation distances. 

EXAMPLE 7 {zr = - 20 ) : 

Part A {zo = -2 .5) : 

1. Xn= 1.0: 

Xi = 1.4, Zi = 3.9, Ri = 4.1, Miat = 1-4, 5 = 0.032, Cx = 0.0267, Ax = 0.0188, ps = 0.298, 

PC = 0.202, PA = 0.142, hs = 4.1, he = 6.0, /IA = 8.6, and Azo = ±118. 

2. Xn - 0.5: 

Xi = 0.7, Zi = 3.8, Ri = 3.8, Miat = 1-4, S = 0.0368, Cx = 0.0152, Ax = 0.0054, ps = 0.289, 

PC = 0.244, PA = 0.266, hs = 4.2, he = 5.0, /IA = 4.6, and Azo = ±40. 

3. X. = 0.25: 

Xi = 0.3, Zi = 3.7, Ri = 3.7, Mut = 1-4, S = 0.0380, Cx = 0.0079, Ax = 0.0014, hs = 4.2, 

he = 4.0, hA = 2.3, and Azo = ±28. 

Part B {zo = -5 .0) : 
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1. g» = 1.0: 

Xi = 2.1, Zi = 11.8, Ri = 12.0, Miat = 2.1, 5 = 0.0061, C^ = 0.0056, A^ = 0.0042, ps = 0.452, 

PC - 0.340, PA - 0.300, hs = 5.4, /ic = 7.2, /IA = 8.1, and Azo = ±106. 

2. Jo = 0.5: 

Xi = 1.1, Zi = 11.6, i2i = 11.6, Miat = 2.1, 5 = 0.006, Cx = 0.0029, Ax = 0.0011, ps = 0.452, 

PC = 0.424, PA = 0.588, hs = 5.4, he = 5.7, /IA = 4.1, and Azo = ±53. 

3. Xo = 0.25: 

Xi = 0.5, Zi = 11.5, Ri = 11.6, Miaf = 2.1, S = 0.0064, d = 0.0015, Ax = 0.0003, ps = 0.446, 

PC = 0.531, PA = 1.19, /is = 5.5, he = 4.6, /IA = 2.0, Az^ = ±48, and osr = 2.6. 

In the previous section it was shown that the detection of particles was improved if the reference 

source was moved closer to the sample space. However, this results in a significant increase in 

aberrations as can be seen by comparing Examples 6 and 7. In order to achieve high accuracy 

particle displacement measurements, the highest levels of resolution along with small focal tolerances 

are necessary. An approximately parallel reference beam has lower image aberrations and also has the 

advantage of providing nearly uniform magnification through the sample volume if the reconstruction 

beam is also approximately parallel. A collimating lens is not necessary since additional calculations 

indicate that the source can be located about 100 cm from the recording plane and the beam will 

still be nearly parallel. The examples show that the diameter of the sample volume should be about 

1 to 1.5 cm to achieve low focal tolerences and the highest system resolution. This is basically in 

accordance with sample space diameters given in the literature which are typically about 1 to 2 cm. 

Particle Displacement Measurement Errors 

When the velocity of a particle is determined by double exposure, the accuracy will depend 

on how well the distance between the images and the time between exposures are measured. Since 

the laser pulse times are routinely measured on the order of a few nanoseconds, with the proper 

equipment the error in determining the time between exposures, which will be closer to a millisecond, 

is essentially negligible. In determining the distance between particle positions, both the lateral and 

the longitudinal displacements must be measured. 
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Lateral measurement errors can occur due to a failure to locate the exact center of a particle 

image and normal measurement errors between the images due to equipment limitations. Since 

the highest resolution levels are necessary in order to use 5-micron particle sizes, the particles will 

have to be nearly paraxial and approximately parallel light sources will be necessary to minimize 

aberrations. Thus it is assumed that the images are not significantly smecired or their locations 

distorted in the image space. 

If the particle image location location is aligned with a set of cross-hairs or similar reference 

marker on the monitor, then an uncertainty of about ±1.8 microns can be expected in locating the 

corresponding object center. For example, suppose a 7-micron particle is magnified 100 times such 

that its image is 0.7 mm in diameter. A lateral error in positioning the image center of about ±1/2 

the image radius is a reasonable assumption and this corresponds to an object lateral uncertainty 

of about ±1.8 microns. If a high precision optical stage is used, the second source of error can be 

kept to about ±0.2 microns in determining the object location. 

Thus the lateral errors are ±1.8 microns at each end of the lateral interval (5i) and ±0.2 due to 

the optical stage scale. These three errors are independent and their Pythagorean summation gives 

an overall lateral uncertainty (A5i) of 

ASi = ±\/l.82-f- 1.82-^0.22 = ±2.6 microns. (5.14) 

The focal tolerance results of the previous sections indicate a longitudinal uncertainty in lo

cating an object point by focusing of about 15 to 40 microns. Since this uncertainty applies to 

both endpoints of the longitudinal interval, it would seem that accurate longitudinal measurements 

would be difficult to achieve. However, an argument will be presented here stating that the focal 

uncertainty can be significantly reduced. The focusing process can be thought in terms of estimating 

the endpoints of the focal interval. The endpoints are the locations where the image first appears 

to be in focus. The best estimate of the true focal position would be the average of the endpoint 

locations. Let the focal interval about the object point be ±0.5 units with the true object location 

at zero. To simplify the analysis it will be assumed that when the observer is anywhere outside the 

interval the image can be declared out of focus with a high degree of certainty, but once inside, the 

image changes are hard to distinguish. As the observer moves inside +0.5, he selects a point between 
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0 and 0.5 units where the image appears to have just came into focus. He then moves peist the true 

focal point and selects a point between 0 and -0.5 where he again considers the image to be just in 

focus, and then determines the focal point as the average of the two estimated interval endpoints. 

Since the changes in focus within the subintervals on each side of zero are very subtle, it will be 

eissumed that every point within a subinterval has an equal chance of being declared eis an endpoint 

of the focal interval. In statistical terms, the focusing process just described amounts to Seimpling 

for the mean focal point by selecting random samples from the subintervals which have a uniform 

probability distribution. A fundamental theorem of statistics states that if a random sample of size 

n is taken from a population having the mean p, and a standard deviation a, then the average value 

of the sample (z) is a random variable whose distribution has the mean p and a standard deviation 

of ajy/n. 

For the process described above, each subinterval represents a separate population so there are 

two random variables, zi and Z2, and two standard deviations, ai and 02- The combination of these 

statistics results in a distribution of focal point estimates. This distribution has the true focal point 

ZQ as its mean, and a standard deviation of 

^(*i+*2) = V ^ i + ^ 

The standard deviation of of a uniform probability distribution is 

L 
a — v/T2' 

where L is the length of the interval. 

With a subinterval length 0.5 units, the standard deviation of a random sample of size n drawn 

from each subinterval is according to the above theorem 

1 0.5 0.5 , . 
CTi = (72 = — = — 7 ^ = J ( 5 . 1 5 ) 

V^v^2 >/i2^ 

The resulting standard deviation (JQ of the focal point estimates ZQ obtained by combining a\ and 

£7-2 is given by 

--^i^iky^^^y-'^-
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For example, suppose the focusing process was repeated three times (n = 3) and estimates of -0.5, 

-0.4, -0.3 and 0.2, 0.3, 0.4 were obtained for the endpoints. The average estimate for each endpoint 

is then zi = - 0 .4 and Z2 = 0.3, and the estimate for the object point is Zo = -0.05 units. If this 

process of taking taking three samples was repeated a large number of times, then by Equation 

5.16 the estimates of the object location Zo, represented by the random variable ZQ, would have a 

standard deviation of 0.118, and according to the above theorem a mean value of z©. 

As a check on the above results, 100 samples of size n = 3 were determined by using random 

numbers. The resulting distribution of Zo had a standard deviation deviation of 0.112 with a mean 

value of -0.01. About 68 percent of the samples were within ±ao of the mean and 96 percent 

were within ±2ao of the mean. These results indicate that Zo is very close to forming a normal 

probability distribution even though a sample size of only three was used. This result occurred since 

according to the central limit theorem of statistics a sampling distribution of means drawn from any 

population will approximate a normal distribution for large sample sizes, say n > 30. However, if 

the samples are drawn from a normal population, then they will form a normal distribution even for 

small values of n. In the situation considered here, the random variables zi and Z2 which represent 

the subintervals, roughly form normal distributions, and Zo is determined from the average of Zi 

and Z2 which improves the normal approximation. Therefore the confidence intervals of a normal 

distribution apply to estimates of the object location to a good approximation even though a small 

sample size is used. 

If a particle's location is sampled twice, then by Equation 5.16 the standard deviation is 0.144 

units. At a 96 percent confidence level (±20") the total focal interval is 58 percent of its original 

size. If a particle is sampled three times, then the focal interval is 47 percent of its original size 

at a 96 percent confidence level, and nearly seven times out of ten the interval is 24 percent of its 

original size. Sampling each particle more than three times may not be practical unless the number 

of particles was fairly small or the focal tolerances were large. If each particle was sampled four 

times, then the focal interval is reduced to 41 percent of its original size at a 96 percent confidence 

level. This is not much of an improvement over sampling three times. 

This effective reduction in the focal tolerence is demostrated experimentally in the next chapter. 

The thickness of two microscope slides located at 4.2 cm and 6.9 cm from the recording plane were 
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measured holographically. Though the focal tolerances were over ±300 microns, and the slides were 

1000 microns thick, the thickness of the nearest sUde was measured with an error of 4.8 percent and 

the error for the farthest slide was 14.3 percent, A sample size of n = 6 was used. 

Misalignment of the hologram can introduce errors. Though the in-Une arrangement is less 

affected by misalignment than the side-beam system, in both cases an effort should be made to keep 

the total angular misalignment to within about 30 seconds of arc. With a laser beam as an alignment 

tool along with precision measuring equipment, misalignment errors can be essentially eliminated. 

Therefore, the error in determining particle displacements is due mainly to the focal toleremce. 

If Si and 52 are respectively the lateral and longitudinal displacements of a particle, then the total 

displa<;ement St is 

5e = (55 + 5 | ) i 

Letting A5i , A52, and ASt denote the respective uncertainties of these distances, then 

ASt = {St + ASt) -St = [{Si + A5i)2 + (52 + A52)']^ - [5? + 5 | ]». 

The percent uncertainty of the total distance is 

St [Si + 52J' 

Suppose a particle moves a lateral distance of Si = 500 microns, a longitudinal distance of 52 = 200 

microns, and the focal tolerance is Az^ = ±50 microns. If the longitudinal positions are measured 

three times, then the effective focal tolerance becomes Az^ = ±(50)(0.47) = ±23.5 microns at a 96 

percent confidence level. Since this uncertainty applies at each end of the longitudinal interval, then 

the overall longitudinal uncertainty is 

A52 = [(23.5)^ + (23.5)^]^ = 33.2 microns. 

From Equation 5.14, A5i = 2.6 microns. Thus, Equation 5.17 gives an uncertainty of ±2.9 percent 

for the total particle displacement measurement. To allow for the other minor errors which were 

ignored, this result will be increased by an arbitrary 0.5 percentage points giving a best estimate 

of ±3.4 percent. If the focal tolerance had been 30 microns instead of 50, then the resulting error 
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would drop to 2.4 percent, which again includes an additional 0.5 percent increase for other minor 

errors. 

From the previous sections it was shown that for particles within about 0.5 cm of the optical 

axis, a focal tolerance of about ±20 microns can be expected. If the focal tolerance is ±20 microns, 

5i = 900 microns, and 52 = 100 microns, then the total measurement error would be about 1.0 

percent. 

Summarv 

Two methods for estimating the performance of an in-line holographic system were presented. 

The first approach was based on diffraction theory and took into consideration the effects of particle 

size, beam spread, and film contrast response which was estimated in terms of a minimum visibility 

level. The second method involved the estimation of an effective aperture due to the primary 

aberrations. In both cases parameters had to be estimated based on general results given in the 

literature so they should only be considered as approximate. It was shown that a diverging reference 

beam can enhance the sample volume depth and resolution, and reduce the focal tolerance. However, 

the optical aberrations increase as the reference source is brought closer to the sample volume. 

Though steps may be taken to correct aberrations to a certain degree, it would probably be best to 

avoid them in the first place. Since the concern here is to locate particles of about 5 microns and 

accurately measure distances between them, the highest possible resolution along with a minimal 

distortion of the image space is necessary. The reference and reconstruction source beams will likely 

be parallel, or least approximately parallel. A sample volume size of about 1 to 2 cm in diameter 

and 2.5 to 5 cm in depth can be expected. 

It should be noted that particle distances from the hologram can be considered as effective 

distances. It is a common practice to physically locate the hologram farther from the sample spcice 

and use relay lenses to image the particles on the film. 

A detailed error analysis was presented. Since the focal tolerance normally is the largest error 

source, a statistical model of the focusing process was presented which demostrated that the focal 

uncertainty can be significantly reduced by repeated longitudinal measurements. For particles near 

the z-axis, three measurements of a particle's position was suggested. A particle displacement error 
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of about 1 percent can be expected if: (1) the psirticle travel dbtance is ncai 1 mm and the focal 

tolerance is about 20 microns, which requires the particle to be neeir both the film plane and the 

z-axis, (2) high precision equipment is used, (3) the longitudinal positions are measured three times, 

(4) the hologram is carefully aUgned, and (5) approximately parallel reference and reconstruction 

beams are used to minimize aberrations. 



CHAPTER 6 

EXPERIMENTAL WORK 

Introduction 

An in-Une hologram was made and diagnosed in order to: (1) verify that the in-Une holographic 

process is a vaUd method for detecting and measuring the three-dimensional spatial distribution of 

microparticle fields, (2) estimate the phase error to be used with the astigmatism term to predict 

minimum particle sizes limited by aberrations, (3) demonstrate that the previous discussion con

cerning an effective reduction in the focal tolerance by repeated longitudinal measurements is vaUd, 

and (4) provide photographs which demostrate holographic magnification and three-dimensional 

focusing properties. 

Hologram Construction and Reconstruction 

Since a pulsed ruby laser was not available, the construction process required the use of a 

vibration isolation table. If such a table is not used, vibrations on the order of a fraction of a 

wavelength during recording can ruin the hologram. The in-Une arrangement was used with a 20 

mW He-Ne laser serving as the construction source. The laser light was filtered with a pinhole 

spatial filter which was located 127 cm from the recording plane. 

Ordinary household dust particles which had collected on two microscope slides served as the 

microparticle field. The two slides were mounted vertically side-by-side but at different distances 

from the recording plane. The slide farthest from the laser will be called the F-slide, and the slide 

nearest to the laser wiU be caUed the N-slide. The side of each slide closest to the laser wiU be called 

side 1 with the other called side 2. The thickness of the sUdes was 1 mm. Side 1 of the F-slide was 

located 4.2 cm from the recording plane, and side 2 was at 4.1 cm. Side 1 of the N-slide was located 

6.9 cm from the recording plane and the side 2 was at 6.8 cm. All measurements were made with a 

ruler calibrated in 1/50 of an inch. 

The hologram plate was a high resolution (3000 Unes/mm) Agfa 8E75HD-1 commercial plate. 

A mechanical shutter was not available so a piece of cardboard was used to block the light. The 

intention was to unblock the construction beam for a fraction of a second but the actual exposure 

was closer to one second. As a result much of the plate was severely overexposed. The plate was 
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processed for five minutes in Kodak D-19 developer, about thirty seconds in Kodak glacial acetic 

acid, three minutes in Kodak rapid fix, two minutes in Kodak hypoclear, and then agitated for four 

minutes in distilled water containing several drops of Edwal spot remover. 

A 35 mw He-Ne laser was used for reconstruction. The spatial filter was not available and eis a 

result the reconstructed scenes had a cloudy appearance which can be seen in the photographs at the 

end of this chapter. However reasonably good images were stiU obtained. A lens from the eye-piece 

of an inexpensive telescope was used to diverge the light during reconstruction. Magnification of the 

images was accomplished by placing the hologram within a few centimeters of the laser. The real 

images were focused on a piece of white cardboard. 

Most of the hologram could not be used due to the overexposure. However, several locations 

which were near the edge of the laser beam received a lower amount of light and provided useable 

images. These locations were of interest since they were several centimeters from the optical axis 

where astigmatism was likely to be fairly high. The location chosen on the F-slide for analysis had 

object coordinates of Xo = 2.75 and yo = 1-25 cm, and the location used on the N-slide had object 

coordinates Xo = yo = 2.75 cm. Thus the lateral distance from the z-axis for the F-slide location 

was 3.0 cm and for the N-sUde it was 3.9 cm. These coordinates were measured directly from the 

hologram since the edges of the slides could be seen on the plate. 

Minimum Particle Size 

In order to estimate the minimum useable particle size for the F-slide, the hologram was located 

4.85 cm from the reconstruction source (zg = 4.85 cm). The reconstruction source was in line with 

the area of interest so Xc = Xo = 2.75 cm and ye = yo - 1.25 cm. The first-side was focused 

on the screen at a measured distance of 94 cm from the hologram. The calculated results for this 

arrangement were Zj = 96 cm, Ma. - 15.8 cm, and M^ - 17.8. The average magnification of 16.8 

win be used. The aberration coefficients are 5 = 0.00186, Cx = 0.0051, Cy = 0.0023, A^ = 0.0140, 

Ay = 0.0029, and Axy = 0.0064. Note that in this case the polar coordinate 0 = 25 degrees. The 

resultant coefficient for astigmatism is >1 = 0.0169. 

Using a magnifying glass, several particles which appeared to be about the smallest detectable 

size were selected. These images were very smaU and faint. It was too dark to read the measuring 
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scale and any attempt to illuminate it caused the image to be lost. The images were much smaller 

than 1/50 of an inch so only an estimate could have been made with the scale. In order to obtam 

a crude measurement it was found that with a hand magnifier a human hair could be seen clearly 

when placed against the image. By this means a range of three to five times the thickness of a 

hair for the minimum particle diameter weis made. With the hair placed against the ruler and by 

carefuUy scrutinizing it with the magnifying glass, an estimate of 10 hcurs per 1/50 of an inch, or 

a hair thickness of 50 microns was made. Thus, using four thicknesses as the best estimate of the 

image diameter, and dividing by the average magnification gives a rough estimate of 11.9 microns 

for the minimum particle size. Since at low recording levels the image tends to understate the actual 

particle size, an adjustment of about 10 percent is indicated according to References 4 and 39. This 

gives an adjusted minimum particle size of 13.1 microns. 

A second estimate for the F-sUde was made from Figure 6.5 which shows a photograph of a piece 

of lint. The photograph scale is 41.7 with the actual length of the lint being 1 mm. The right end 

of the Unt has a split, and near where the spUt ends join, the gap between them measures close to 

0.9/50 of an inch. A minimum size particle could be detected in this space. Also, the thickness of the 

upper split measures close to 0.9/50 of an inch and a particle of that size would be about minimal. 

Dividing by 41.7 gives another estimate of 11.0 microns. The adjusted size is 12.1 microns. Thus 

the best estimate for the F-slide from the two measurements is about 13 microns. This value for h 

gives an effective aperture radius of 0.15 cm, and using the astigmatism coefficient of A = 0.0169, 

gives a phase error of 3Ac. The far-field number for 13-micron particles at 4.2 cm from the plate is 

N = 157, which gives a recording level of X = 5.2. Despite the rough measurements, the value of 

X = 5.2 is fairly close to the expected value of X = 3.8 for a minimum sized particle. The effective 

aperture of 0.15 cm gives a focal tolerance of AZQ = ±248 microns. 

The same procedure was followed in determining the minimum particle size for the N-slide. 

The hologram was located 8.5 cm from the reconstruction source which was in line with the area of 

interest. Thus Xe = yc = Xo = yo = 2.75 cm. The screen was located 86 cm from the hologram. The 

calculated results for this arrangement are Zi = 87.5 cm. Ma = 10.4, Mp = 10.3, and A^ = .Ay -

Axy = 0.0059. Thus the lateral magnification is 10.4 and the astigmatism coefficient is A ^ 0.01 IS. 
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The best estimate of the minimum particle size was three to four times a hair thickness which 

gave an adjusted estimate of 18.5 microns. Photographs of this location were of poor quality. 

However, Figure 6.1 shows a photograph of a location where the two sUdes can be seen simultaneously. 

The N-slide is on the left with particles in focus. The lateral distance of this location is 3.8 cm 

which is about the same as the first location. The picture scale is 12.1 and the measured size of 

the smaUest particle image was about 0.5/50 of an inch, which gives an image size of 250 microns. 

This measurement was also done by placing a hair on the image and using a hand magnifier to get 

an estimate of about four thicknesses, or 200 microns. The adjusted average measurement from 

the photograph results in an estimated minimum particle size of 20.5 microns. Combining the two 

adjusted estimates of 20.5 and 18.5 gives a best estimate of 19.5 microns. This value for h gives ein 

aperture radius of 0.172 cm and the corresponding phase error is 2.75Ac. The far-field number is 

115 which gives a recording level of X = 6.4. The object focal tolerence is ±509 microns. 

Though the measurements from both slides were very coarse, the results show that a recording 

level of about X = 3.8 which corresponds to the central maximum is a reasonable criteria for 

predicting the minimum particle size. However, many factors such as the hologram exposure level, 

the homogenity of the laser beams, random noise, and aberrations may make a particle difficult to 

detect even though the central maximum has been recorded. The estimated phase errors based on 

astigmatism were fairly close in agreement and suggest an error of about 3Ac. The effective apertures 

as determined by coma for both sUdes are about twice as large as those found by measurement. 

Therefore the assumption that astigmatism was the limiting aberration is vaUd. 

Focal Tolerance 

The focal tolerance for both sides of each slide was measured by carefuUy watching small particles 

with a magnifying glass while sliding the screen back and forth. Each end of the focal interval was 

established by finding a point where the images were just in focus. 

For the F-slide the hologram was located 5.4 cm from the reconstruction source. The image 

focal interval for the side 1 was found to range from 38.8 to 42.4 cm which corresponds to object 

locations of 4.142 and 4.210 cm, respectively. This represents an object focal tolerance for side 1 of 

±340 microns. The image focal interval for side 2 ranged from 34.9 to 37.4 cm which corresponds 
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to object locations of 4.049 and 4.110 cm, respectively. Thus the focal tolerance of side 2 was ±305 

microns. These measurements compare reasonably weU with the estimated paraxial focal tolerance 

of ±248 microns based on the effective aperture size. 

For the N-slide, the hologram was placed at the same location as was used for finding the 

minimum particle size. The image focal interval for side 1 ranged from 81.7 to 93.1 cm, which 

corresponds to object locations of 6.842 and 6.950 cm, respectively. This results m an object focal 

tolerance of ±540 microns. The image focal interval for side 2 ranged from 72.1 to 81.9 cm which 

corresponds to object locations of 6.729 and 6.845 cm, respectively. This gives an object focal 

tolerance of ±580 microns. Again these results compare reasonably weU with the paraxial focal 

tolerance of ±509 microns based on the estimated effective aperture size. 

Particle Longitudinal Displacement 

To demonstrate that accurate object longitudinal displacements can be measured holograph

ically, the thickness of the microscope slides was measured by focusing the particles on each side 

and measuring the image locations. While watching particles with the magnifying glass, the screen 

was moved back and forth several times to establish a focal range and then stopped approximately 

in the center of the range. This estimated focal point was marked and then the screen was moved 

back out of focus and the process repeated. Due to the large focal tolerances involved, six estimates 

of the focal point for each side of a slide were made. The midpoint between the two inner most 

estimates was taken as the image focal point. The same reconstruction arrangement previously used 

for determining the focal tolerance was again used here with both slides. 

The object plane locations ZQ were calculated using the measured image plane locations z,. 

The estimated image plane locations for side 1 and side 2 of the F-slide were 40.4 and 35.6 cm, 

respectively. The image plane locations for side 1 and side 2 of the N-slide were 87.1 and 78.5 

cm, respectively. The calculated corresponding object locations were 4.17 and 4.07 cm for side 1 

and side 2 of the F-slide, and for the N-slide the corresponding object locations were 6.90 and 6.81 

cm. Therefore the measured particle separation for the F-slide was 1.0 mm and for the N-slide the 

particle separation was 0.9 mm. 
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The slide thicknesses were measured in several places and with different portions of the ruler. 

In every case the measurements matched two divisions of the ruler. Thus the slides were very close 

to 2/50 of an inch, or 1.02 mm. Since the particles that were being watched during the focusing 

process were roughly 30 microns m size, it wiU be assumed that the edges of the particles were 15 

microns above the slide surface. Therefore the best estimate of the actual particle separation is 1.05 

mm. Thus the F-slide particle separation measurement had an error of 4.8 percent and the N-sUde 

measurement had an error of 14.3 percent. 

Using a focal tolerance of 300 microns for each side of the F-slide, the uncertamity of locating 

each side is about 30 percent of the sUde thickness. The overaU uncertainty of the sUde thickness is 

43 percent by Pythagorian summation. In the case of the N-sUde, the focal tolerance for each side of 

about 540 microns represents an overaU uncertainty of 76 percent in determing particle separations. 

Yet measurement errors of only 4.8 and 14.3 percent were obtained. 

The effect of sampling six times can be estimated from the discussion in Chapter 5. Equation 

5.16 gives a standard deviation of cxo — 0.083 for a focal interval of 1 unit. At a confidence level 

of 96 percent (±2(7o)) the interval size is reduced to 33 percent of its original size. At a 68 percent 

confidence level, the interval is reduced to 17 percent of its original size. Thus the 300-micron 

tolerence for each side of the F-slide was effectively reduced to 50 microns at a 68 percent confidence 

level, and to 100 microns at a 96 percent level. The 100-micron interval gives an overall uncertainty 

in measuring the particle separation of 14 percent, and the 50-micron interval gives an overall 

uncertainty of 7 percent. Thus the overall uncertainty for the F-slide was reduced from 43 to 14 

percent at a 96 percent confidence level. About 68 of every 100 such measurements can be expected 

to have an error less than 7 percent. Thus the measured error of 4.8 percent is rather ordinary. 

The focal tolerance of 540 microns for the N-slide was reduced to 180 microns at the 96 percent 

confidence level, and to 90 microns at the 68 percent level. The 180 micron interval gives an 

overaU uncertainty of 25 percent of the slide thickness, and the 90 micron interval gives an overall 

uncertainty of 13 percent. Thus 68 of 100 such measurements can be expected to be less than 13 

percent. Though the measured error of 14.3 percent is a little on the high side, it is still an ordinary 

result. 
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Photographs 

Photographs are shown in Figures 6.1 through 6.5. These Ulustrate holographic focusing prop

erties and magnification. Figure 6.1 shows the F-slide and N-sUde simultaneously The N-sUde is 

on the left with dust particles in focus. Note that some particles which are on the other side of the 

slide are out of focus. The scale factor of the photograph is 12.1. 

Figure 6.2 shows the same location as Figure 6.1 but now the F-sUde on the right is in focus 

and the N-slide is out of focus. Recall that the two slides are separated longitudinaUy by 2.7 cm. 

The scale factor of this photograph is 17.5. 

Figure 6.3 shows the portion of the F-sUde that was used in determining the previous experi

mental results. The large piece of lint is very close to 1 mm in actual length. The particles are near 

the outer edge of the slide but the edge was blocked off due to excessive brightness. The picture 

scale factor is 13. 

The lint in Figure 6.4 is the same as in 6.3 except the picture scale is 31. The magnification is 

achieved by moving the hologram a few mUUmeters closer to the laser. Note that part of this lint is 

out of focus which indicates that it is not flush with the slide surface. 

Figure 6.5 is a highly magnified picture of the same piece of lint. Though the photograph scale 

is 41.7 the image actually had a magnification of nearly 60X and was projected across a room onto 

a wall. The image was difficult to see and this picture resulted from a time exposure. Note that the 

right side of the lint has a split end. The size of this gap, which is about 11 to 12 microns, is a good 

indication of the resolution obtained. A red blood cell is about 7.5 microns. 

If the photographs are examined with a magnifying glass, sometimes very small particles can 

be seen that are relatively bright and in sharp focus. These particles are not part of the hologram 

but were on the negative when the prints were made. 

Summarv 

In this chapter it was demostrated that the in-line holographic process is a valid process for 

detecting and measuring microparticle fields. It was shown that the criteria for a minimum i^articK-

based on the recording of the central maximum is a reasonable assumption. The results for t l.e F-slide 

are believed to be more accurate since the location used was less affected by aberrations and a \u^\\ 
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magnification photograph was available to better determine resolution levels. The images from both 

slides probably suffered to a certain degree from the Icick of homogeneity of the reconstruction source. 

Also, the variable holographic magnification tended to make focal mecisurements more difficult. 

Despite the highly approximate measurements and the lack of reconstruction beam homogeneity, 

the results are generally in line with the methods used to estimate the performance of a holographic 

system. The effective aperture concept provided estimates of the focal tolerances that were compa

rable to the measured ones. Ba.sed on the wave error as determined by astigmatism, both slides had 

results close to three wavelengths which indicates that the method used to predict resolution limits 

based on aberrations can give reasonable estimates of a system's performauice. 

The main objective was to demostrate that the focal uncertciinty can be significantly reduced 

with a small number of measurements and accurate longitudinal measurements can be made. The 

experimental results are in good agreement with the statistical focusing model presented in Chapter 

5. 
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Figure 6.1: Both Microscope Slides: N-slide in Focus 
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Figure 6.2: Both Microscope SUdes: F-slide in Focus 
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Figure 6.3: Portion of F-slide at Low Magnification 
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Figure 6.4: Portion of F-slide at Intermediate Magnification 
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Figure 6.5: Portion of F-slide at High Mae'::ificat;on 



CHAPTER 7 

CONCLUSIONS 

The conclusions from the work presented m this thesis are summarized below: 

(1) Methods for estimating the performance of an in-line holographic system were suggested 

based on theoretical and experimental information scattered through the literature. These methods 

were approximately confirmed experimentaUy. However, the accuracy of the methods is a minor 

consideration as far as the feasibility of accurately measuring air flows by peirticle field holography 

is concerned. During the past twenty-five years, particle field holography has been well established 

as a method of detecting dynamic three-dimensional microparticle fields through a relatively large 

sample volume. When particles of about 5 microns are to be recorded, the results from the Uterature 

indicate that a usable sample volume of at least 1 cm in diameter and about 2.5 cm in depth can 

be expected. A five-micron particle may be detectable as far as 5 cm from the recording plane [19]. 

A sample volume of 3 to 5 cm^ is sufficient for imaging locations in a crowded engine compartment. 

Holocameras that allow rapid changes of film plates have been successfully used [3]. Such a camera 

with a lens that allowed focusing on different regions of interest would enable one to photograph 

larger areas fairly rapidly. 

(2) A diverging reference beam causes the interference pattern to spread more which can increase 

the system aperture, thus improving the resolution and focal tolerance. However this also increases 

the effects of aberrations. The calculations in Chapter 5 indicated that an effective construction 

source location of about 20 cm from the recording plane is probably too close for 5-micron particles. 

One might find an optimal location where the improvements out-weigh the iU-effects, but the highest 

levels of resolution are required for imaging particles of about 5 microns and it seems likely that an 

approximately parallel reference beam is the best choice. An approximately parallel reconstruction 

beam should be used and auxUlary magnification provided since this simplifies image analysis by 

keeping the magnification approximately constant through the sample space and also minimizes 

aberrations. 

(3) Particle trajectories in a potential air flow were computer simulated and vtlocity errors 

determined for several particle sizes. The results indicate that water particles of about 5 microns 
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are necessary to measure a fairly wide range of underhood locations. In order to have this particle 

represent the air flow within 1.5 percent, the total fluid acceleration must be less than 900 m/s* at 

the location of interest. This error could probably be reduced to about 1 percent if the fluid velocity 

is adjusted for the particle deviation. Water particles of about 8 microns would have marginal utUity 

as air velocity indicators since their maximum total eicceleration is only 225 m/s*. 

(4) Holographic measurement errors were considered and a simple statistical focusing model 

was presented. The statistical model showed that the focal tolerance can in effect be significantly 

reduced if each longitudinal position is measured several times. Three focal mecisurements was 

recommended as a compromise between time and accuracy. This effective reduction in focal tolerance 

was demostrated experimentally. 

If particle positions are considered within about 0.5 cm of the optical eixis and the particles travel 

about 1 mm between exposures, then particle velocity measurements with an error of 1 percent cein 

be expected. With an error of 1 percent for both the holographic measurement and the particle 

velocity error, then the overaU air velocity error would be 1.4 percent. 

(5) There are two serious disadvantages to particle field holography: the time required to analyze 

holograms and the high cost of the necessary equipment, in particular the cost of a pulsed ruby laser. 

In the case of underhood flow, it will be necessary to create an optical path through the sample space 

of interest which wiU require cutting holes through underhood components. Any surfaces removed 

wiU have to be replaced with carefuUy fitted glass plates. Also, a means for particle production, 

screening, and injection will have to be provided. 

With a semi-automated reconstruction system it may take about 1 to 2 minutes for a lateral 

and three longitudinal measurements to be made. If the particle concentration is 50 pa^ticles/cm^ 

which represents 100 images, it may take about 2.5 hours to analyze a cubic centimeter. An entire 

day would be necessary to analyze a hologram of 3 cm^ Therefore, this method seems impractical 

for studying a large number of different underhood arrangements but could be used to study perhaps 

two or three arrangements in detaU in order to provide an accurate data base for testing computer 

models. 

The cost of the ruby laser plus high quality auxiUary equipment would be hard to justify if the 

equipment use were restricted solely to measuring several underhood flow fields. However, pulsed 
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laser holography is finding wide application to many areas of research and is suitable for studying 

many types of high speed phenomena. On the bases that the equipment is to be appUcd to other 

reseach projects then its cost seems justifiable. 

Reference 8 describes the construction and operation of a miniature multiple-pulse ruby laser. 

This laser is portable and can be carried in one hand. The author used this laser to measure pcirticle 

velocities of about 2 m/s, and in one photograph a 2-micron particle is clearly imaged. The author 

did not give the material cost but it seems likely that this laser could be constructed at a small 

fraction of the cost of a commercial pulsed laser. 

Since the errors determined in this study are estimates, and if there is sufficient interest in 

pursuing particle field holography as a means of measuring air velocities, then it is suggested that a 

miniature laser similar to the one described in Reference 8 be constructed and used to experimentally 

verify air flow measurement errors. With a firm set of data at hand, one could then make a final 

decision as to whether the equipment cost and required time to implement a holographic system is 

justified. 
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