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SUIJIARY 

A photographic technique is described which overcomes many of the problems 

encountered in measuring the droplet size distribution in sprays.    Droplet 

photographs were analysed using a Mullard Particle Sise Ana3yser as recommended 

in the text and it is shown that,for photographs in which the depth of field is 

less than the spray thickness, e high contrast emulsion leads to errors.    In 

general it is better to avoid out-of-foous drops, but a method is suggested which 

permits the results to be corrected provided the extent of the spray is large 

compared to the depth of field. 
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1 DiTRODUCTION 

The reaidenoe time of the propellents in the combustion chamber of an 

operational liquid bi-propellent rocket engine is of the order of 3 milliseoonds. 

During this period the fuel and oxidant must be atomized, vaporized and their 

vapours mixed before combustion occurs.    Since the vaporization step can limit 

the combustion rate and thus affect the efficiency of combustion, knowledge of 

the liquid surface area available for the evaporation process is required.    In 

addition, the distance travelled by the spray in the chamber is governed by the 

droplet size and thus the mixing process is affected.    Some measure of the 

droplet sizesi and their distribution produced by the injectors is tlwrefore 

required but it is extremely difficult, if not Impossible, to obtain these 

measurements under engine running conditions. 

As a first attack on this problem a study of the liquid injeotin process 

was initiated at the R.P.E. using liquid sprays at ambient pressure, with the 

intention that, when the hydrodynamic phenomena at this pressure were unierstood, 

work in more representative conditions was to be attempted.    Consideration was 

first given to the classical techniques for spray evaluation as used by Siffen 

and Muraszew , but they were rejected because the intention was to use actual 

rocket propellentr under simulated combustion conditions. 

Droplet photograpl\v was eventually chosen because 

(a) the spray population was not affected by the measurements, 

(b) information on size distribution was provided, 

(c) the method was general and could be applied to all systems of 

interest, 

(d) a film scanning particle analyser was available. 

This Report describes the photographic and droplet analysis teohniqv»s adopted 

during the first phase of the programme, 

2 APPARATUS 

The basic principle of the apparatus, shown diagrammatioally in Fig.i, is 

simple. Light from a spark point source is collected by means of a condenser 

lens and the beam, after passing through the spray, is fooussed on the nodal 

point of the camera lens. The spray may or may not be sliced, depending upon 

its angle of divergence from the injector element. 



2.1      Slloer 

From some injeotor elements, partioularly the impinging jet type, the 

angle of divergenoe of the  spray is wide, whereby liquid is deposited on the 

camera lens or condenser lens with oonsequent reduction in the quality of the 

negative.    In such oases a 'slioer'  was employed in which the spray passes 

through a flystem of baffles arranged to prevent liquid from reaching the lens 

and yet to cause minimum disturbance to the entrained air flow.    In the first 

arrangement the spray was allowed to pass between two knife edges, but it was 

observed that liquid was thrown from one edge into the 'shadow'  of the other. 

To overcome this, a second pair of knife edges was placed downstream to catch 

any deflected drops, and this proved effective.    The use of knife edges 

inclined at about 45    to the direction of the spray axis prevented the entrained 

air stream from adhering to the downstream side of the baffle so that a 

relatively olean edge to the spray was obtained. 

2.2      Spark souroe 

The light souroe for photography was provided by discharging a 0.05 mfd 

condenser charged to 15 kV across an adjustable gap approximately 1  cm wide. 

The gap was purged with diy nitrogen and the main sperk was initiated by a 

trigger discharge actuateu by the lens shutter mechanism.    The main spark 

travelled down a 1^ mm diameter hole in the pyrophylite insulator block, the 

light emitted at the end being highly directional.    This caused severe 

difficulties initially due to non-uniform illumination of the photographic 

plate.    Eventually a diffuser (Kodatrace) was placed near the light exit which 

gave sufficiently uniform illumination over the plate and reduced the intensity 

by an amount corresponding to only 1^ lens stops.    Care was taken to place the 

diffuser close to the light exit to ensure that the effective souroe diameter 
was not increased. 

The effective duration of the spark was extremely short,  so much so that 

attempts to measure it were unsuccessful.    This suggested that most of the 

light was delivered in significantly less than 0.25 microsecond.    Even the 

smallest drops (< 50 micron) travelling at speeds up to 210 ft/seo were 
recorded sharply on the negatives. 

2.3      Droplet size analyser 

The droplet photographs were analysed by a Film Scanning Particle 

Analyser (manufactured by Mullard Equipment Ltd.).    In this machine, the image 

of a flying spot on a cathode ray tube scans the emulsion of the negative and 

assigns a diameter to each drop which is equal to the maximum dimension in the 



line of scan. The light transmitted depends upon the local density of tho 

negative and typical density profiles for an in-foous and an out-of-focuo drop 

are shown in Fig.2(a) and 2(b) respectively. The density at which the sizing 

circuit is triggered is governed by the clipping level control which thua 

determines the diameters to be recorded. 

Unfortunately the sizing circuit was subject to hysteresis so that the 

transmitted light intensity had to fall significantly below the triggering 

level before the flying spot ceased to record the drop diameter. This effect 

is shown diagraramatically in Fig.3 where the plot of density/distance represents 

an out-of-focus drop of diameter D. With the clipping level set as shown, the 

sizing circuit is triggered at A and stops at B. With the olippin- level too 

high the circuit fails to trigger; when too low, the circuit fails to stop, so 

that the displays shown in Fig.k are recorded. The same defect was exhibited 

by the machine used by Belk , 

To obtain the correct size from such out-of-focus particles it is 

suggested that the clipping level should be set at the mean of the two extremes 

depicted in Pig.2. This suggestion, which is developed in the argument below, 

is supported by tha work of Belk3 and Furmidge\ and by the practical results 
given in para. 3.^. 

Consider the density profile cf an out-of-focus particle in Pig.3 which 

has been simplified to illustrate the argument more clearly. The density rises« 

along PQ over a distance A, which may be termed the degree of blurring. 

Similarly along .US it takes a distance A to fall to the background value. The 

corract droplet dianetor to oz  absigned to PQ HS is that given by the intercept 

with XX, where XX cuts PQ and RS at their mid points. However, as there is 

hysteresis in the sizing circuit, the clipping level should be chosen so that 

tlie trigger point A is as far above XX as B is below it. Thus, the delays in 

starting and stopping the sizing circuit should be equal, (Due to the 

difficulty of deciding the exaot density profile from a drop which has a 

diameter less than 2A, it will be assumed that suoh a droplet is ignored by the 
analyser.) 

Prom the foregoing it is evident that the apparent spatial volume of 

spray being sampled depends upon the diameter of the drops being examined. Thus 

large drops are registered over a large depth of field while the volume within 

which the small drops are recorded is restricted. As a drop is ignored when its 

diameter is equal to or less than 2A, and since the degree of blurring A is 

proportional to 6u (see para. 3,1), the distance over which a drop is registered 

is proportional to its diameter. Therefore, to obtain a realistic assessment cf 

PIIBR^^ •?» i ßnm^ 11 u| na ■«MMnMMHMMWMmNi ■*.", W '««WFWMgnn-'-^sra wm T 



th« droplet size distribution, the results for a uniform spatial distribution 

of the spray must be normalised as follows» 

If n is the number of droplets of diameter d registered by the particle 

analyser, the number to be used in evaluating a mean diameter is n/d..   The 

Sauter Mean Diameter is then calculated as 

^3 ^nd2 

-p - inrr   • 

To check these ideas a graticule inscribed with spots of various 

diameters was photographed using the Toepler optical system.    The discussion 

of the results is presented in para, 3»2. 

The Table shows that the distance over which droplets are recorded by 

an optical system giving if:1 magnification is 2 x 15 mm for a machine size 

level* between 3 and 4, thus by proportion it will be 9 cm for size level 11, 

The theoretical depth of field is the largest that can be expected.    In 

practice, the light scattering associated with sprays reduces the depth of 

field, and this will redu:e the effective sampling volume for drops of a ^iven 

size.    Provided that the spatial distribution of the spray is uniform over a 

distance equal to or greater than the distancj over which the largest drop of 

interest is registered then this method of evaluating the Sauter Mean Diameter 

is valid.    It is more accurate to adopt the normalising procedure even if the 

spray only occupies half the distance over which the drop corresponding to 

size level 10 is registered.    This is shown in the Appendix for a typical drop 

population.    Clearly the use of the • slicer» described in para. 2.1  obviates 

the need to correct the irachine results if the distance separating the baffles 

is equal to the depth of field. 

3 OPTICAL SYSTEM 

3,1      Theoretical aspects 

After experiments in which the sprays were first illuminated by a 

parallel and then by a converging light field, the latter was selected because 

diffraction rings around the drops were eliminated.    The resulting optical 

system, shown in Figrl, first used by Toepler and adopted for this work by 

*A machine size level of unity corresponds to a drop image of 200(i 
diameter at the 1:1  magnification.    Other size levels are in proportion. 



Moloney, has been found to be satisfactory.    The reason for the absence of 

diffraction effects may be seen on referring to Pig.5. 

Suppose a spherical wave front fron a point source S (Pig.5(a)) Is dif- 

fracted by a circular obstacle centred on SP, the line joining S to the point P, 

When SP is large, one has the diffraction of a parallel light field.    If we 

divide the incident wave front X-X into half period zones, the contribution of 

separate zones to the intensity at P gives rise to the diffraction patterns 

shown.    V/hen the obstacle is in a converging field centred on P, then diffraction 

does not occur because the lijiht arriving at P always originates from the same 

wave front and is therefore in phase.   Provided that the light from the ooi^enser 

is fooussed on the nodal point of the camera lens, the diffraction rings which 

obliterate small drops are absent. 

Even if the spark is a true point source and the oondenser ia not subject 

to aberration, the camera lens must still be located at the position of the 

spark image for diffraction effects to be suppressed.    In practice, the divergent 

shadows of the drops must be fooussed on the emulsion so that the distance of the 

spray from the camera is dictated by the focal length of the camera lens and the 

magnlf ioation required. 

If the light from the spark is not fooussed on the nodal point of the camera 

lens the illuminated field viewed by the lens is restricted by the aperture.    Any 

increase of the aperture above that corresponding to the diameter of the spark 

image has no effect on en idaol system with no light scattering from the spray, 

A reduction, however, outs down the exposure of the emulsion.   As discussed in 

para. 3.2, light scc.tterlng is responsible for an additional reduction of the 

depth of field, but this is minimised if the aperture is  just equal to the spark 

image diameter. 

The introduction of droplets between the oondenser and camera lens scatters 

nearly all the li^ht which would otherwise reach the emulsion.    Consequently the 

drops are registered as clear spots on a black background (i.Ci i. shadowgraph). 

The only light which is not affected by the presence of the drops is that which 

passes through the centre of each drop and for an in-focus drop this can usually 

be seen as a pin point in the centre of the white spot.    If the drjp is slightly 

out-of-focus this central ray is distributed over a wider area of the emulsion 

and cannot be observed.    Diffuse back-lighting allows much more light to pass 

through the centre of the drop and causes the image to be 'hollow'.    This is 

unacceptable to the particle size analyser. 

An estimate of the depth of field which oan be expected with the Toepler 

system is given as follows.    Let the spark image I'I" in Fig.6 have a diameter Ü. 

'. ."ilLSJi. '..T  . •.Tgwy?"., n—i ■ i.  ■■■■■■■■■■■^■»■■■Bg»»——»IT—ww—■ 
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The extreme rays grazing the drop edge, 0, will pass either to I* or 1" and 

therefore the angle a   at which the shadow of the drop diverge a will be equal 
D to e    radian.    Since we shall consider only those drops which are fairly 

close to the nominal object plane, we may write, with little error, 

a.    .   £     . (1) 
1 u 

For a drop which is a distance 6u from the object plane, the shadow is brought 

to a foous F at a distance 6v from the emulsion. The image formed on the 

emulsion will be blurred over the distance A where 

If the magnification of the camera lens is m, then 

m = — ä — (provided — is small)  . (3) 

The lens formula 

leads to 

for the camera lens. Hence 

1   1 
V      u 

1 
"   f 

dv 
du   = 

2 
V 

u 

(4) 

6v      2 f^ SS « - n  . (5) 

From the above equations we obtain 

^ - 1(^)1  • w 
This indicates that, for a ^iven degree of blurring. A, the depth of field,  6u, 

is 

(a) directly proportional to the focal length of the lens, f, 

(b) inversely proportional to the diameter of the spark image, D, 

and      (c)    decreases as the magnification, m, increases. 



Two oonflicting requirements now «.rise.    To minimise D, the condenser lens 

must be as far as possible froa the spark source, but this reduces its lisht 

gathering power.    A Oompromise must be adopted which ensures the required light 

intensity on the enulsion and which gives the smallest practicable values of D. 

A oondenser lens of large diaaeter and small focal length is beneficial. 

It should be noted that equation (6) in no way contrndiots the depth of 

field rule used in normal photography, in which the magnification is much less 

than unity and v « f.    To produce a photographic negative of a given size, the 

depth of field is nearly inversely proportional to the focal length of the lens. 

With the experimental arrangement,  having the 2:1 magnification camera, 

the spark image diameter is 3 mm.    If we require A to be less than 50 micron on 
the plate, then 

6u     a     10 X  ™'k  1   IM. 
0.3 2      2       ' 

i.e. the total depth of field s O.36 cm. 

If the droplets had been illuminated by diffuse backlighting, using maximum 

aperture (Fig,?), the angle, a1, would be much larger, being governed by the 

aperture of the camera lens (up to fA.5) and the depth of field (2 6u) would be 
given by 

6u    a    SOx^O"4   2   15,2 
(15.2A.5)   2   ^ 

»   0.017 cm 

Therefore the depih of field is 0.03if cm.    This is one order of magnitude less 
tlian the depth of field given by the Toepler system. 

Referring once more to Pig.6, it will be seen that, for the drops which 

are out of focus, the images differ slightly in magnification from the nominal 

value.    The magnification of the sharp image formed at P is v * »v , 6v and 6u 

being given the appropriate algebraic sign,.    The nominal edge to the image on 
the emulsion is at ?•  the mid point of & so that 

v P* P1 

v + 6v   ~      P P 

and the effective magnification of the out-of-focus drops at 0 is there given 
as 
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U   +  5u     V  +   ÖT 

u 
i.e. the nominal «agnification, v/u, has been altered by a factor of u + ^ • 

Since 6u rar«ly exceeds 2 cm, the maximum variation in magnification caused by 

the droplet position is about 10^.    The change of magnification on the opposite 

side of the plam of focus is of opposite sign and the nett effect on the 

measured droplet distribution is negligible. 

3,2     Ezperiaental evaluation of optical system 

The foregoing ideas were tested by photographing a graticule in the 

position normally occupied by the spray.    The graticule, engraved with black 

spots of diameter increasing in a V2 progression from 0,031  to 0.5 mm, was 

moved in steps of 3 mm from the point of sharp focus so that a series of 

blurred negatives was produced.    These negatives were analysed by the machine 

giving the results shown in the Table.    The ideal result is also included 

based on the magnification of 4 provided by the optical arrangement and the 

200n size unit of the machine. 

An examination of the "sharp" negative under the microscope indicated 

that an uncertainty of ±0.025 mm remained which increased with the subsequent 

negatives.    The resulc at the first setting for the sharp negative shows that 

at the lowest possible clipping level, about 30, the size of the spots has 

been exaggerated and more particles h« v * been included among those greater 

than tte first  size level.    The discrepancy between the ideal and actual result 

becomes less at the increasing size levels largely because the uncertainty 

represents a decreasing fraction of the diameter.    As the  clipping level (CL) 

increases, the number of drops greater than the first size level increases so 

that at CL = 50 the correct size distribution is given.    The corresponding 

clipping levels for the subsequent negatives were approximately UO, U5, U5, 

50,  55.    If we take the  'best'   clipping levels shown above for eaoh negative 

it is seen that the size of tie droplets ignored increased as the blurring 

increases.    This tendency is predicted by the previous discussion.    VThile the 

size linit is not  (jiite proportional to distance from the plane of sharp focus 

the assumption of linearity is a useful first approximation as it leads to the 

simplification of the mean size calculations, as has been sham previously.    It 

must be emphasised that the test negatives were obtained in the absence of a 

spray and that experience has shown that the optical density of the centres of 

the drops increases with the density of the spray population.    This is presumed 

to be caused by light scattering, i.e.  th-j light was incident on a drop over a 
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larger angle than that predicted.    In the limit, backlighting as from a 

translucent screen will be produced with consequent reduction in the depth 

of field (Fig.7). 

Originally the investigations were limited to the region close to the 

point of breakup of the spray where the spatial distribution was thought to be 

essentially uniplanar.    However the mechanism by which the spray sheet 

disintegrates is one in which the wave amplitude in the sheet must reach a 

critical value before disintegration commences.    Both pattemation tests and 

photographs taken parallel to the spray plane indicate that the wave amplitude 

at breakup is usually greater than the calculated depth of field. 

Extreme care was required in the photographic processing to obtain 

contrast separation between the drops and their variable density background. 

This was achieved by a double printitg process involving the prod»»ction of an 

intermediate positive before final printing on a 35 mm film for analysis by 

the filr. scanner.    It was found the drop count could be varied for a given 

negative by increasing the exposure given to the printing step causing the 

large increase in contrast as more blurred drops were registered.    If the 

exposure given to the original negatives varied for any reason,  a contact 

printing prograoni,  involving fixed exposures would therefore give erroneous 

results.    Clearly it is better to restrict the spray using the  'slioer'  and 

ensure that more of the drops are in focus. 

The problaa cannot be solved by using a film wh-.ch gives a high contrast 

directly because this prevents any control over the sizing of blurred drops. 

A typical log density/log exposure curve for a high contrast emulsion is shown 

in Fig,8(a), whilst :'ig.8(b) and 3(c) represent the local light intensity 

profiles incident on the emulsion for two different exposures with the 

associated density profiles.    Owing to the higher exposure, the optical density 

of the negative rises from the background value earlier than with a low 

exposure and it is apparent that the effective drop sise which would be 

registered by the emulsion receiving the higher exposure    has been increased 

from A to B, though the operator would not be aware of this.    Having once 

produced such a high contrast negative, it is impossible to manipulate the 

particle analyser controls to provide an accurate result.    One nay be also 

misled into believing that the depth of field has been improved due to the 

apparently small degree of blurring. 

The foregoing argument indicates that ary attempt to increase the drop 

count, by giving an original lor contrast negative plate a high exposure during 

the photographic process leading to a high contrast 35 mm negative, will 



12 

produce an error if any blurred imagea are present.    In this case the relative 

numbers of drops in each size band will be altered.    The reduction of random 

sampling errors must only be achieved by analysing many negatives. 

The criterion in setting the   Machine controls is that the direct picture 

(i.e. that fed to tte clipping circuits) should be as clear and sharp as 

possible.    Any alterations of flying spot current, lens aperture or photo 

multiplier gain to this eni are admissible.    This may entail some slight 

modification of the effective exposure in the machine but will only alter the 

volume of spray sampled and not the relative number of drops in the size 

groups. 

U. IGoCftiMEIPATIONS 

(1) To obtain correct drop size distributions from sprey photographs analysed 

in the Mullard Particle Size Analyser, the clipping level must be set at a 

value mid-way between that which causes 'smearing* and clearing of the picture. 

(2) If the thickness of the photographed spray is equal to or larger than the 

diatanoe over which the large drops are registered and this is significantly 

greater than the depth of focus of the optical system, then the size distribu- 

tion from the Partiole Size Analyser should be corrected.    If n is the 

registered number of drops of diameter d, then the corrected number is n/d. 

(3) The recommerded setting for the brightness, lens aperture and photo 

multiplier gain controls on the Partiole Size Analyser is that which gives the 

sharpest and clearest direct picture. 

(4) Use of a direct spray photograph on high contrast film is not reconimended 

as errors are unavoidably introduced. 
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Appendix 

APPLICATION Or Tiir. DEPTH 07 FIELD CORRECTION TO RESTRICTED SPRAYS 

In the tables below, distribution 1 is typical of that oocurring in a 

sproy while 2 is that which would be photographed if the spray thickness 

corresponded to the maximun distance over which a drop of five units diameter 

is registered.    All drops larger than this therefore appear on the negative aid 

are registered by the Particle Size Analyser.    Distribution 3 is the corrected 

version of 2 on the lines suggested by the text.    The calculation of the Sauter 

mean diameter for each distribution shows that it is more accurate to use the 

adjusted population than one directly obtained from the Particle Slse Analyser 

even with a spray restricted to the extent described. 

(1) Actual 
distribution 

(2) With limited 
depth of 
field 

(3) The corrected 
version of 
(2) 

numbers of drops having the given size 

1 2 3 4 5 6 7 8 9 10 11 

1000 

200 

200 

1000 

400 

200 

500 

300 

100 

100 

30 

20 
i 

100 

100 

20 

25 

25 

4.1 

20 

20 

3.0 

10 

10 

1.25 

5 

5 

0.55 

2 

2 

0.2 

1 

1 

0.1 

Distribution (l) Distribution (2) Distribution (3) 

n d2 d3 n d2 d3 n d2 d3 

1000 1000 1000 200 200 200 200 200 200 
1000 4000 8000 400 1600 3200 200 800 1600 
500 4500 13500 300 2700 0100 100 900 2700 
100 1600 6400 80 1280 5720 20 320 1286 
100 2500 12500 100 2500 12500 20 500 2500 
25 900 4500 25 900 4500 4.1 147 885 
20 1000 7000 20 1000 7000 3.0 150 1050 
10 640 5120 10 640 5120 1.25 80 640 

5 405 3645 5 405 3645 0.55 45 400 
2 200 2000 2 200 2000 0.2 20 200 
1 121 1331 1 121 1331 0.1 12 133 

End2 
=   16866 Znd2    >    1' 546 Znd2 =      3174 

Znd^ =    64996 End3    =   5J ?716 Zni3 «    11588 

r.   '2 
=   3.86 Znd3           , 

 K    =    4. 57 Znd3 

2nd2 
»   3.65 

Zrd 2nd 
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TABLE 

Results of the Kratioule test 

Clipping 
level 

Number larger than size level 

1 2 3 if 5 6  I   7 8 9 10 11 

Ideal result 

7 5 4 3 3/2 2 2 1 1 i/o 0 

Sharp negative 

30 9 6 ^ 4 3 2 2 1 1 1 - 

AO 8 :^ 4 3 3 2 2 1 1 - - 

50 7 5 4 3 3 2 1 1 1 - - 

60 7 5 4 3 2 2 1 1 1 - - 

3 ram out-of-foous 

30 8 6 4 if 3    i   2 
I 

2 1 1 - 

uo 6 5 4 3 3 2 1* 1 1 - - 

50 5 4i 4 3 2 2 1 1 1 - - 

60 4 4 3 3 2    !   2 1     1   1 1 - - 

6 mm out-of-foous 

38 6^ 6 '£ if 3        2 2 1 1 1 - 

50 5 4 k 3 2   ; 2 1 1 1 - - 

60 4 4 3 3 2    i   2 1 1 - - - 

9 mm out-of-focus 

W 5* 5 4^ if 3 3 2    i    !- 1 i - 

50 4 t 3i 3 2^ 2 H 1 - - 

60 4 if 3 2i 2 2 1     !   1 - - - 

12 ram out-of-focus 

k5 5 5 ^ 4    I    if    |   3        3 2^ 2 1 - 

60 4 4 3 3         2    '   2        1 1 i 
2 - - 

15 mm out-of-foous 

50 ^ 4 4 4         3 3 2?      2 2 1 - 

60 3 3 3 3        2 2 1.7      1 1 - - 
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