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Summary

APPLICATION FOR MUI,TISPECTRAL PHOTOGRAPHY
FOR FLAME FLOW VISUALIZATION

G. Stoffers
German Institute for Aeronautics and Space

Research and Development

/4*

For flames of short duration and low intensity of radiation

a spectroscopical flame diagnostics is difficult. So, in order

to find some other means of extracting information about the

flame structure from its radiation, the feasibility of using

multispectral color photography was successfully evaluated.

Since the flame photographs are close-ups, there is a consid-

erable parallax between the single images, when several cameras

are used, and additive color viewing is not possible. As, for

this reason, each image must be analyzed individually, it is

advisable to use color film in all cameras. One can either use

color films of different spectral sensitivities or color films

of the same type with different color filters. Sharp cutting

filters are recommended.

*Numbers in the margin indicate pagination in the foreign text.
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1.	 Introduction
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The use of flame spectroscopy appears to be very difficult

without investment of considerable technological effort when

investigating flames that burn for a short time only due to the

nature of the experiment, and radiate with low intensity. Such

flames may appear during supersonic combustion experiments in a

wind tunnel with a short run, for instance. To avoid the

difficulties mentioned, an attempt was made to gain inf.:mation

about the flame structure from the flame's radiation by means of

multispectral photography, employed successfully for aerial

photography, in which separate separate pictures are taken for

various spectral regions.

To test the applicability and usefulness of multispectral

photography test pictures were taken of quite a vrriety of

flames, during an experiment of supersonic combustion, from a

hot gas jet with a temperature of about 4500 K,as well as from

a plasma jet with temperatures up to 25,000 K.

2.	 The Method of Multispectral Photography

2.1 Multicamera Svstems

In aerial photography four cameras,which are mounted in the

same housing, are usually used to take black and white pictures

in four spectral areas, using panchromatic film with blue, green

and red filters and infrared film with a blank filter. In Fig. 1

sensitivity curves for the two types of film (solid lines) and

transmission curves for the filter used (dashed lines) are shown

schematically.

Individual pictures are either evaluated densitometrically

or, available as diapositives, are projected with one placed on

top of the others. Different color filters are placed in front

of the projector objective, and the color of the filter used for

3
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projection need not agree with that of the filters used to take

the picture. The purpose of the filters is to produce color

contrasts ,between individual objects shown on the pictures,so

great that they can be clearly distinguished from each other.

A normal color photograph also represents a multispectral	 /8

picture for which individual exposures are taken on different

film emulsions in three spectral areas (blue, green, red). The

advantage is that the individual pictures are taken through the

same objective and from the same position. When using several

cameras,which are necessarily in different positions, a certain

amount of parallax will exist, however. For aerial pictures the

distance between individual cameras is small compared with the

object distance, so that parallax can be neglected. With regard

to the objectives, differences between individual objectives

that are well within manufacturing tolerances can account for

certain inaccuracies when several cameras are used. In spite

of it, better results are often achieved in aerial photography

with several individual pictures in different spectral regions

than with a single color photograph.

No superposition of individual pictures can be used since

the short distance from the object used when taking flame pic-

tures, causes severe parallax errors when several cameras are

used. For that reason it makes more sense to use color film for

flame photography.

2.2 Use of Color Films

Fig. 2 shows the schematic for color films corresponding to

the schematic shown in Fig. 1. The sensitivity curves for the

emulsion used in color films are shown. Color film that is sen-

sitive to visible light has three emulsions for blue, green and
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red light. The initial adjustment of sensitivity of the three

emulsions in Fig. 2 corresponds to illumination by daylight.

Infrared color film has, in addition to the emulsion sensitive

to infrared, two more emulsions for red and green light. Spec-

tral sensitivity is adjusted to the most frequent application of

the film, namely agricultural aerial photography, which means

light reflected from healthy foliage illuminated by daylight.

This light contains, in addition to a green component, a much
t

	

	
larger share of infrared radiation. To do justice to it the

sensitivity of the infrared sensitive emulsion was reduced some-

what from that of the two other emulsions.

Since, in addition to the emulsion prepared for blue light, 	 /9

all others are also sensitive to blue light they must be pro-

tected against it by means of color filters. Daylight color

films have a yellow filter emulsion between the blue-sensitive

emulsion and the two others. It is represented by the left-hand

dashed line in Fig. 2.

For viewing through the human eye the infrared light is

transformed into red light in the projected picture, red arti-

cles are shown as green and green ones as blue.

When it is desired to Include all four spectral regions

two cameras are required, one of which is loaded with infrared

color film the other with daylight color film. The question of

illumination is irrelevant in the choice of the film material

since the light of the flame itself provides the illumination

for flame photography. The use of material that is responsive

to artificial light instead of daylight is, therefore, appro-

priate in reversal film if that corresponds more closely to the

flame spectrum.
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The possibility was investigated in this case for using

color film in combination with various color filters. It was to

be determined which film/filter combinations provide the most

information and how many individual pictures had to be taken.

The result was quite variable for the three experimental set-ups

for which test pictures were available.

For the hydrocarbon gas flame,described in Section 3,all

essential information is contained in two single pictures, one

on infrared color film and one on color film for artificial

light. Additional clay -Li fication can be achieved with a third

photograph, in which color film for artificial light is used in

combination with a bright yellow filter having an edge at 420 mm.

That way one succeeds in the optical separation of two flame

zones that are superposed.

The hot gas jet described in Section 4 is available for an

extended time period and is nearly stationary, so that a whole

series of pictures can be taken, through various edge filters

with closely adjacent filter edges. This makes it possible to

assign the radiation recorded by the photograph not only to

certain flame zones but also to narrowly limited wave length

regions.

Finally, in the third experimental set-up for which test pic-

tures were made, application of the method proved to be less

appropriate. This involved a hot gas jet of about 25,000 K,

which is very good for spectroscopic analysis but very hard to

photograph for various reasons that will be discussed later.
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3.1 Experimental Set-up

The first test pictures were taken of the pilot flame of an

experiment with supersonic combustion (Fi . 3). The Mach number

for the inflow during the experiments was Ma-2.3(Ma-2 for Fig. 5).

Static pressure in the undisturbed flow amounted to about 7.3%

of atmospheric pressure. Propane was used as fuel for the pilot

flame. Boiler ignition cartridges were used for ignition,which con-

tained aluminum and barium nitrate according to information

from the manufacturer. The cartridges emit a stream of solid

particles as igniter into the flow ,whose radiation is brighter

even than that of the pilot flame. Traces of the particles are

visible in nearly all of the pictures.

";e burning time of the pilot flame corresponds to that of

the ignition cartridge (20-30S) and so determines the duration

of a test. This time is just about sufficient for taking a

series of four to five pictures with the same color filter and

changed illumination. The exposures were made at a distance of

60 cm.

At first highly sensitive reversal color film and infrared

color film were used for the test pictures, later reversal film

with its spectral sensitivity set for artificial light was also

used.

3.2 Description of the Photographs on Daylight Reversal

Film

For better understanding, Fig. 4 shows the flame structures

as derived from analysis of the photograph. First a series of

pictures is made without filter. The best one of this series is

shown in Fig. S. The color of the pilot flame was perceived by

7
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the eye as blue as its exit from the experimental object changed about°2 cm

later into yellow, then to orange and adopted a weak reddish-

violet hue in returning to the body. The photograph does not

come near to reproducing this color structure. The blue color

at the exit from the body is reproduced only as a glimmer of

light because of underexposure of the picture hue is also

blanketed by the igniter. The reddish-violet hue further back,

immediately below the body, is also barely definable as a color

on the photograph. Only the yellow color from the center part

of the flame is reproduced with more or less fidelity while the

burning off of the ignition cartridge of its exit from the body,

is overexposed.

When taking a series of pictures with edge filter Schott

GG 475 (filter edge at 475 nm) the best one had relatively short

exposure (11120 s as contrasted with 1/25 s without filter). A

very clear picture of the center part of the flame is received

(Fig. 10). It can be observed, for instance, that it is quite

sharply limited at first f becoming diffuse towards the rear.

Easily recognizable are also the deposits left behind by the

ignition on the outer wing. The initial part of the flame is

not reproduced at all, nor is its final part. This may be an
t.

indication that the predominant color hue there must be as-

signed to the violet end of the spectrum and not to the red one.

Pictures taken with the weaker yellow filter GG 420 show

the same part of the flame; only the igniter and the front end

of the central part are overexposed so that not as many details

can be recognized as with the preceding filter.

The blue filter BG23 was applied so that the blue part of

the radiation could be captured separately. This is no edge

filter but it has a bell-shaped transmission curve (1) with a
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gentle slope followed by a longer and steeper slope to shorter

wave lengths. Its maximum transmission is at 450 nm. On the

pictures only the front end of the center part of the flame is

shown. This agrees with the observation that thi., part is re-

produced far brighter when yellow filter GG 420 is used, which

also transmits part of the blue radiation, then with yellow

filter GG 475.

The red part of the flame radiation is included in the

infrared color pictures l according to the film's characteristics

it will appear green in that case and appear in the same part

of the flame that is shown in pictures where a yellow filter is

used.

3.3 Description of the Infrared Exposures

More detailed data about characteristics and use of this

film material can be found in [2] and [3], curves of spectral

sensitivity and examples for infrared color exposures also in

[4].

According to recommendation by the manufacturers, the pic-

tures were taken first with a yellow filter, GG,475 and an

orange filter,OG .10. The flame is reproduced essentially white

for both filters, without there being a possibility of dis-

tinguishing individual flame zones.

For that reason three more picture series were taken with

orange filters OG 550, OG 570 and OG 590 (the number shows the

location of the filter edge each time). The optimum in color

differentiation was here achieved with filter OG 570 ( Fig. 11).

The injection zone is shown here as white but no details can be

recognized in it. It can be seen more clearly when the location

9



of the filter edge is at 590 nm but in that case details are

lost all over the rest of the picture.

The infrared photographs also show the rear end.of the

flame,which is not reproduced at all by the films sensitive to

visible light only. It is still underexposed in Fig. 11. To

achieve some improvement here two additional series of expo-

sures with longer exposure time: were made. To attenuate the

visible light in the injection zone in this case even more

severe filters were used with filter edges at 645 and 695 nm.

The result was negative. Flame and igniter were immersed in a

uniform yellowish red, resp. cherry red, in the pictures. 	 /13

Structures could no longer be recognized at all.

In Fig. 11 one more very interesting detail can be seen.

Below and behind the flame particle traces of the igniter can

be identified. Their light and that of the flame are reflected

from the bottom side of the experimental body. A dark spot can

be seen on the picture above the rear infrared flame zone. One

possible explanation for it is that the light from the igniter

does not pass through this part of the flame but is absorbed by

it.

3.4 Description of Exposures Taken on Artificial Light

Reversal Film

When taking pictures with daylight film the blue radiation

contained i1a the flame does not show up well compared to the

brighter long wave radiation. To alleviate this reversal color

film was used experimentally, adjusted to a color temperature

of 3200 K (tungsten photolamps) in its spectral sensitivity and

for that reason relatively more sensitive to blue light than

daylight film. Pictures were taken without filter, with a UV-

filter UG 2 (for the transmission curve see (11), with blue

filter BG 23 and with yellow filter GG 420.

10
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Pictures taken with the UV-filter were underexposed just

like those on daylight film, so much so that even an increase

of exposure times, which experimental conditions may just

about have permitted, would not have provided sufficient im-

provement.

Pictures taken with the blue filter differ in their char-

acteristics from the same ones taken on daylight film. In

those pictures taken on artificial light film a tongue extends

from the flame zone, depicted by itself here, further back and

appears larger or smaller according to the exposure time. Its

image is so weak, however, that it does not show in the reen-

largement of the diapositive (Fig. 8).

Without use of a filter the best pictures were taken during

exposure times of 1/250 s, as compared to 1/25 s with daylight

film. Because of the short exposure time not only the flame

contours become sharper, the picture also experiences less

disturbance by the igniter since fewer solid profiles from the
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ignition cartridge will pass through the picture in the short

time (Fig. 6).

In the exposures through the yellow filter GG 420 (Fig. 7)

the central part of the flame is shown brown and appears dark at

the top near the contour of the experimental body. For pictures

without this filter (Fig. 6) this part is consistently brighter.

It is brown at the lower edge and violet at the upper one. In

the middle it is whitish-grey. This color hue can be explained

as a mixture of brown and violet. The brown hue corresponds to

orange in the unfiltered picture on daylight film. One may say

that there are two flame zones superposed in the central part of

the flame with radiation from one being violet and orange from

the other.

11
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Fig. 9 shows the reenlargement of a picture,which was taken

after the flame had changed considerably because of reconfig-

uration of the experimental body, After the reconfiguration

considerably more fuel was put through. During that experiment

acetaldehyde was injected in addition to the fuel. The flame

was significantly smaller than before. It is shown blue on the

picture, red on a simultaneously made exposure on infrared film.

This suggests selective radiation in blue and infrared. Fig. 91

or at any rate the diapositive on which it is based ,shows

several interesting details. A burning layer of gas can be

identified above the depositions left on the outer wing by the

igniter. The light trs ,., es of solid particles from the igniter

are also accompanied by a diffuse light zone. The explanation

offered for it is that solid particles, which were supposed to

have ignited the fuel/air mixture present, ignite only their

own boundary layer and that the combustion does not spread be-

the boundary layer. The light zone around the particle

'°.ces is, therefore, the image of the burning boundary layer.

^.S Analysis of the Flame Structure, from the Pictures

According to analysis of the pictures the flame can defi-

nitely be separated into individual zones (Table 1):

1. Injection Zone. The pilot fuel, the combustion of tha 	 /ls

ignition cartridge and air, which is drawn in from outside

through the supporting arm, meet in a small chamber inside --i"

experimental body and enter the flow through a joint opening.

The first 1-2 cm below this injection opening are considered the

injection zone. Here is where a weak blue radiation was ob-

served during the test for which the picture of Fig. 3 was

taken. On the photograph the radiation appears so weak that

its color can no longer be determined. If an attt,npt is made

to provide some balance through generous exposure then this

l2
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zone is submerged by the radiation of the following zone.

Color filters are of little use since the following zone is not

only brighter generally but also radiates even more blue light.

Also submerged by radiation is the Injection zone on the infra-

red photographs (Fig. 11) and also because the light emitted

by the following, very bright, flame zone is strongly reflected

from the surface of the experimental body. No statement can be

made, therefore, whether infrared radiation is present in the

injection zone.

2. Main Reaction Zone. Very intensive radiation, which

is present in the entire observed part of the spectrum from

ultraviolet to infrared (Figs. 5, 6, 7, 8, 10 and 11), starts at

a clearly identifiable, fixed, distance from the injection

opening. It is to be assumed that an exothermic reaction takes

place here,which is corrected with a significant increase in

temperature. The flame zone has the shape of a short cone

bent backwards. In the previous sections it was always desig-

nated as front end of the center part of the flame.

3. Postreaction Zone. After the first intensive reaction

has tapered off, enough heat of reaction is still delivered

over a somewhat longer path to maintain relatively balanced

radiation. This extends from green to infrared (Figs. 5, 6,

7, 9 and 11). In the core of this flame zone there is still

some weak blue radiation present (Fig. 8). Attention is also

drawn to a system of bright-dark zones, which can probably be

explained by compression shocks (Figs. 5, 7, Fig. 6 somewhat

less) .

4. Luminous Boundary Layer. At the spot where the pilot

flame approaches the experimental body again and meets with the

boundary layer, violet radiation is present,as can be observed

4
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by a comparison of Figs. b and .. The pilot flame seems to
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heat the boundary laver here just enough so as to excite selec-

tive radiation.

S. "Pear." A pear-shaped area is attached to the post-

reaction tone, which can only be seen on infrared photographs

(Pig. 11). Some .infrared light is radiated here and, appar-

ently, visible light and infrared light is absorbed (see sec-

tion 3.3). This type of radiation suggests the conclusion that

it is not due to a significantly high },-mperature.

6. Boundary layer of Ignition Particles. A blue Lone

around the particle traces of the igniter can be identified when

the pilot flame is only weakly developed and does not submerge

its environment with its radiation (Fig. 9). This is presumably

the image of a burning gas layer around the particles.

Cold Pilot Flame. The pilot flame, as shown in Fig. 9,

has only selective blue and red radiation. The picture was

taken after the fuel consumption was greatly increased through

redesign of the model.

3.6 Conclusions

These experimental pictures have produced two types of

results: one with regard to the flame itself, the other with

regard to the method of multispectral photography.

Multispectral photography has shown itself to be a valuable

aid in making a flame structure visible and analysing it, since

quite diverse information is provided about the flame structure,

depending on the spectral region in which it is photographed.

14



The most important information is provided by pictures

taken on artifical light film and by infrared photographs. This

combination is recommended as standard equipment for the two

cameras, since space limitation anyway hardly permits the simul-

taneous use of more than two cameras. If a third one is somehow

accommodated it would be appropriate to use artificial light film

in it and an edge filter that cuts off the violet part cf the

spectrum. The additional information provides a comparison with

pictures taken on artifical light film without filter. This

recommendation cannot be generalized for all flames and hot gas	 j17

jets,as is shown in the following example. For that reason test

pictures are needed for another experimental arrangement.

4.	 Hot Gas Jet (4500 K) with Compression Shocks

4.1 Experimental Arrangement

Quite different conditions obtained for the second experi-

mental arrangement during which test pictures were taken, than

for the first one. Involved was an air plasma jet of about 4500

K, which was generated by means of a rotating arc light. The

arrangement was used for determining temperature by means of

spectroscopy 161. Within the service life of the electrodes the
flow conditions could be considered approximately stationary.

Several cameras were not needed, therefore, since the necessary

pictures could be taken, one after the other, with one camera

alone. This has the advantage that the exposures were all taken

from the same position and through the same optics. The flow

condition is not so stationary, however, that individual pic-

tures could be superposed for evaluation.

Because of electrode burning the plasma still contains

copper and chromium particles. A nozzle with supercritical

pressure ratio and a diameter of 1 cm was used for the pictures.

15
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The equipment for heating the arc light is shown in Fig. 17.

Barium Chloride in an aqueous solution was injected to get

better results in photographing the jet. Without this injection

only the inner core of the jet with the six compression shocks

is clearly identifiable.

4.2 Test Pictures of the Hot Gas Jet

Since it is difficult to photograph the jet in the visible
part of the spectrum, infrared color film was used exclusively

for the test pictures. Test exposures were made with six dif-

ferent edge filters whose edges were at 550, 570, 590, 610, 645

and 715 run. The result was somewhat surprising.

For exposure with the edge filter OG 570 the jet appears

white with a blue-green border but without any other visible

structure (Fig. 13).

The picture taken with filter OG 5SO appears essentially 	 j18

the same way; only the color hue inside the border is shifted

more into the blue.

The structure of the jet is clearly identifiable in the

picture with filters OG 590 (Fig. 12) and RG 610 (Fig. 14). For

different exposures certain differences resulted in the repro-

duction of the cone-shaped core zone. With filter RG 610 the

outer border of the cone disappears for shorter exposure; with

filter OG 590 the compression shocks blend into one another for

longer exposures and the core zone is finally shown as homogeneous

cone. Fig. 12, in which that is the case, is the reenlargement

of a diapositive in which the compression shocks are still indi-

vidually identifiable.

16
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When taking a picture of the jet through filter RG 64S,

however, the core structure and the outer border are not shown

at all any more (Fig. 15). The jet appears monochromatic yel-

low. When using filter RG 715, which passes only infrared

light, the jet is shown cherry red (Fig. 16).

4.3 Picture Interpretation

Three separate parts can be distinguished in this• hot gas

jet; the core with the shocks, the outer part of the jet and

the boundary region. The core structure is only visible on

the pictures that were taken with filter OG S90 (Fig. 12) and

RG 610 (Fig. 14). This means that the radiation responsible

for the pictures lies between S90 and 645 nm. In the S50 to

590 nm range (Fig. 13) it is blanketed by the copper radiation.

That does not necessarily mean that the core has no radiation

here. Beyond 64S nm the entire core structure has disappeared.

Here it either no longer radiates or its radiation is too weak

to be recorded. When photographed on regular color film and

viewed with the naked eye, it appears blueish-white to violet.

Accordingly, the largest part of this radiation can be found at

the short wave end of the visible spectrum. The outer part of

the jet can be seen by itself on Figs. 15 and 16. Since it

changes its color hue considerably between Figs. 16 and 15, it

can be stated that the radiation captured here is distributed

in the regions from 645 to 715 nm and from 715 to 990 nm. An-

other change occurs only between 590 and 570 nm (Fig. 13), rep-

resenting a further part of the radiation. These are probably

the two spectral lines of copper at 578.2 and 579.0 nm.

The third part of the jet is the boundary zone, which is

shown in the same way in Figs. 12, 13 and 14,and has disappeared

in Fig. 15. One may conclude from this that it radiates between

610 and 645 nm in the red part of the spectrum.

17
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Table 2 summarizes the result. These pictures contained

the most important information from the visible part of the

spectrum, though the structure of the jet is not recognizable

with the naked eye. This contrast probably rests on an optical

illusion and the explanation may be that the radiation of the

compression shocks is so bright that the rest of the jet falls

back compared with it.

S.	 Hot Gas Jet (25,000 K)
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The final series of trial pictures was taken of a plasma

burner where a hot air jet of 22,000 to 28,000 K is generated

(Figs. 18 and 19) by means of an air stream incident longitud-

inally on a rotating arc light. The jet spectrum consists of

a continuum with its maximum in the green part of the spectrum

and a superposed line radiation. The jet has a very turbulent

outer layer consisting of air, which it pulls along from the

periphery. The maximum of the outer layer continuum is located

more in the red and infrared regions because of the lower temp-

_	 eratures.

By means of multispectral photography it is only possible

to take seperate pictures of the hot gas jet and its outer

layer. No statement is obtainable about the inner jet structure.

The hot gas jet itself is reproduced in the pictures on

artificial light color film and on those with blue and ultra-

violet filters. With increasing distance from the jet nozzle

a strong decrease in brightness is recorded. The explanation

given is that the line radiation of the jet decreases faster

than that of the simultaneously operating continuum, when the

jet cools off. This brightness gradation can just about be

recorded on reversal film but it is not possible to transfer it

18
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to paper prints. The best picture of the outer layer is ob-

tained with infrared color film and a sharp-edged filter with

an edge at S90 nm.

For this experimental setup multispectral photography only
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confirms what is already known from spectroscopy; on the other

hand, taking the pictures requires a big effort since the jet is

very difficult to photograph for various reasons. For one

thing the high contrast in brightness between individual parts

of the jet contributes to it. For extended exposure times the

contours of the jet appear so smudged that its structure is

hardly recognizable any longer. But if a short exposure time

is chosen (1/500-1/1000 s) a very disturbing effect occurs. It

originates from the fact that due to the high flow velocity

(about 1000 m/s) the light trace of a radiating volume element

is recorded only partially on the film when the direction of

motion of the focal plane shutter is parallel to that of the

gas jet. This is the reason why the infrared photographs are

aut fit for printing.

When applied for plasma jets of this type, multispectral

photography requires great effort for a few useable pictures

which supply little information.

b.	 Summary

In view of the fact that conditions for optical flame diag-

nostics during experiments with supersonic combustion in wind

tunnels are highly unfavorable, a method is sought which will

provide information about what goes on in the wind tunnel despite

the short duration of the experiment and the low luminosity of

the combustion phenomena. Multispectral photography, a method

applied in aerial reconnaissance and in agriculture,was borrowed

from aerial photography and adapted to wind tunnel conditions.

19
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} The best results in aerialhoto rah	 are achieved bP	 8	 P Y	 Y
making separate exposures for the various spectral ranges on

black and white film and by projecting them with the use of

multicolored filters superposed upon each other. 	 This presup-

poses that individual pictures are as nearly identical as pos-

sible with regard to the picture frame, exposure angle and time

of exposure.	 Flame photos cannot fulfill this condition since

they are taken from a very short distance (all pictures in this

report were taken from a distance of less than 1 m). 	 This

always creates a very large parallax between individual pictures.

It follows that for flame photographs one needs to utilize the

extra bit of information in each individual picture which is

offered by color film.	 During the supersonic combustion experi-

ments the best combination was found to be infrared color film

and artificial light color film with special sensitivity to the

blue part of the spectrum, with two cameras being used. 	 During

evaluation comparison was always made between two simultaneously -

taken pictures.

An entirely different method of operation was found appro-

priate for the hot gas jet of 4500 K, which was examined for

-_ comparison.	 In this case the flow pattern could be considered

stationary over a long period.	 Only infrared film was used

since the jet was barely visible wit'- the naked eye. 	 In this

case various sharp-edged filters were used with the filter

edges being 20-25 nm apart. 	 In this way information is gained

about the jet structure, and also to which region of the spec-

trum the radiation from the separate components of the jet

belongs.

Although the jet is easy to analyze spectroscopically, the

light gain during supersonic combustion is not sufficient for

spectroscopic flame diagnostics. 	 The plasma jet of 25,000 K
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examined last,represents the opposite extreme. It is easily

analyzed spectroscopically but difficult to photograph because

of its brightness and the high contrasts between light and

shadow. The few photographs that do not suffer from faulty

exposure also supply very little information.

In conclusion it can be stated that multispectral photog-

raphy may be employed as a useful aid in the evaluation of coir-

bustion experiments. No generally valid method can be recom-

mended, however, for different experimental conditions. Condi-

tions of operation must be adapted individuall y for each experi-

mental setup.

Dip. Ing. Gisela Stoffers
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Technical Data Relating to the Photographs

Fig. 5:	 Kodak Ektachrome High Speed Film (Daylight)
f	 f:2 1/25 s Enlargement via black and white

negative.
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Figs. 6-9:

Fig. 6.

Fig. 7:

Fig. 8:

Fig. 9:

Fig. 10

Fig. 11:

Fig. 12:

Fig. 13:

Fig. 14:

Kodak Ektachrome
3200 K)

f:2 1/25C s.

Schott filter GG

Schott filter BG

f:2, 11250 s.

Kodak Ektachrome
Schott filter GG

Schott filter OG

Schott filter OG

Schott filter OG

Schott filter RG

High Speed Film (Tungsten

420, f*2 1/100 s

23 f:2 11250 s

High Speed Film (Daylight)
475, f:2 1/100 s.

570, f:2.4, 1/25 s.

590, f:3.3, 1125 s.

570, f:2.8, 1125 s.

610 f:2.4, 1125 s.

23



A

Fig. 15:
	

Schott filter RG 645 f:2.4, 1/25 s.

Fig. lb:	 Schott filter RG 715 f:2.8, 1/2S s.

Fig. 17:	 Agfactor-negative film, color enlargement.

Figs. 18 and 19: Extended Range (XR) Film (Applied Photo
Sciences, Inc., 388 Hillside Avenue, Needham
Heights, Mass., 02194, USA).

Fig. 18:	 f:3.3, 1/250 s developed as color negative
film, black and white enlargement.

Fig. 19:	 f:4, 1/250 s developed per Kodak process
C-22 as color negative film. Enlargement
via black and white--positive and negative.

Note
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Considerable loss of picture quality occurred in nearly all

photographs during transposition from diapositives to paper

positives, the exception being a few of the infrared photographs.

For that reason the details, which are mentioned in the text and

part of which is very important, are not always recognizable.

Still,the use of reversal film is recommended for two reasons.

Color diapositives have a much greater range of contrast than

paper positives, which is important for flame photographs. In

addition uncontrollable color shifts due to filtering in the

laboratory occur during enlargement of color negatives. It is

true that one knows the film material and the transmission

curves of the filters that one has used. But since it is not

known which filters the color laboratory doing the film proces-

sing is using and what their properties are, it is not possible

to consider this influence correctly in the evaluation and

interpretation of the pictures.
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TABLE 1

SUMMARY OF RESULTS FROM PHOTOGRAPHS OF SUPERSONIC COMBUSTION

Injection Zone	 Visually Observe

Main Reaction Zone	 X	 X	 X I	 X

Postreaction Zone	 ! X	 X	 X

Luminous Boundary
Layer	 420 nm

"Pear"	 y	 Absorp-	 X
tion?! Absorp-

tion s

Boundary Layer of
Particles	 X	 ?

/26

blue

X

green	 red	 Infra-
red

TABLE 2

SUMMARY OF RESULTS FROM PHOTOGRAPHS OF THE HOT GAS JET WITH
COMPRESSION SHOCKS

Core and Compression Sehocks	 ? X	 X	 }

Outer Part of Flame	 ?	 X	 X	 X

Marginal Zone	 X	 !	 X 
h wf

Filter Edges:	 550	 570 610	 645	 715

(X-radiation present)
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	Fig. 12. Hot gas jet (4500 K).	 Infrared pictures.	 Filter edge
at 590 nin.
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Fig. 13.	 Hot gas jet (4500 K).
Infrared picture. Filter edge
at 570 nm.
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Fig. 14.	 Hot gas jet (4500 K).
Infrared picture. Filter edge
at 610 nm.

Fig. 1S.	 Hot gas jet (4500 K).
Infrared picture. Filter edge
at 645 nm.

Fig. 16.	 Hot gas jet (4500 K).
Infrared picture. Filter edge
at 715 nm.
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