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OPTICAL STUDIES OF THE JET FLAME OF THE V2 MISSILE IN FLIGHT 

ABSTRACT 

Generation of thrust by burnlnq of fuel outside the missile Is among 
the jetphenomena.foundlnth!s studyoftheflylng V2 rocket. Other items 
are the explanation of an abrupt cbanqe In jet structure at sonic missile 
velocity and a ·~shta.U" jet form at supersonic missile velocities. 

Photometry of motion picture spectrograms has yielded the change 
In Intensity of jet emissions as the missile rises. It appears that at high
er missile velocities and altitudes the jet may not be as faint as simple 
theory predicts. 

The motion pictures of jet detalls and the Jet clnespectrograms 
were made during V2 missile firings at White Sands Proving Ground. 
They were obtained with the aid of tracklnq telescopes developed by the 
Ball!Btic Research Laboratories for detailed observation of missiles In 
flight at high altitudes. 
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OPTICAL STUDIES OF THE JET FLAME OF THE V2 MISSILE IN FLIGHT 

I. INTRODUCTION 

The development of trackUlg telescopes by the Ballistic Research Laboratories at Aberdeen Provlnq 

Ground permitted for the first time the telephotography In some detail of missiles flying at high aUtitudes. 

Examination of motion picture records obtslned with trackUlg telescopes at White Sands Proving Ground has 

led to the discovery of unforseen phenomena in the jet structure of the V2 missile. 

The unexpected nature of the changes Invited an attempt to understand them In terms of physical 

principles. There also arose the question of possible effects on mlssUe performance. Theee considerations 

led to the collaboration of the Ballistic Research Laboratories and the Physics Department of JOhns HopkUls 

University In a spectrographic and photographic. Investigation of the jet flame of the V2 missile In fl.iljht. 

Some of the results and conclusions of this Investigation are: 

1. Spectrography of the jet flame shows that nearly all of the ern.itted light comes from impurities. 

Some of these are sodium, potassium, lithium, barium, magnesium oxide, stron11um oxide, and various cal

cium compounds. Emission from substances found in the burnin9 of alcohol With oxygen, specifically 

c
2
, co, CH, and OR, are apparenUy much weaker than those due to impurities. They have not been identi

fied on any of our spectrograms to date. Conditions !or spectrographic observations In the near ultraviolet 

have not been favorable so far. 

As the missile rises, all of the flame emissions decrease In Intensity In about the same proportion. 

This uniform behavior for various substances agrees with the flame emission theory herein set forth. 

2. Comparison of measured jet cross section with spectrcphotometrlcally determined jet temperatures 

thru adiabatic relationships leads to the followln9 results: 

{a) The measured jet cross section agrees with the assumption of adiabatic expansion and jet pressure 

equal to ambient atmospheric pressure up to about 50,000 ft. altitl.lde. 

{b) Above 50,000 ft. the jet cross section is smaller than 'ambient pressure-adiabatic" assumptions 

require. Either the pressure on the jet surface is greater than the free air stream pressure, or the 

pressure fall In the jet is greater than adiabatic. 

(c) Spectrophotometric jet temperatures are hi9her than those calculated on the 'atmospheric- ad

iabatic" assumption. This is qualitatively consistent with (b) above and SU99esia that the pressure 

on the jet surface is greater than the free air pressure. 

(d) Comrarison of spectropbotometric temperatures with measured jet diameters with the aid of ad

iabatic relationships and assumed constant axial jet velocity leads to a ratio of specl!1c heats K ~ 1.10 

for the jet gases. This dlf!ers considerably from K = 1.24, the expected value as estimated from the 

known specific heats of the component flame gases. This suqgests either that part of the jet emission 

may be non-thermal or that the jet gases may contaln a hitherto unsuspected source of heat. 

3. It is shown that for any vehicle propelled by a supersonic jet, the Mach node structure of the jet will 

vanish as the vehicle itself achieves supersonic velocity. 

4. The delivery of a total of about four pounds per second of turbine exhaust gas thru two diametrically 

opposite exhaust ports into the boundary layer around the boat-tall of the VZ missile is found to have the 

following effects at supersonic missile velocities. 
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(a) Creation of a strong bilaterally symmetric pattern ill the jet flame. 

(b) Partly by adding low velocity material to the boundary layer and partly by burning of turbine ex

haust oxygen with alcohol In the jet surface, to thicken the boundary layer around the boat-tall and thus 

decrease missile drag. 

(c) During the later part of burning, to cause the air stream around boat-tan of the missile ill the 

plane of the steam exhausts to diverge due to a plugging action by the burning of turbine exhaust 

oxygen with the alcohol In the jet name surface at the polnl of ''colllsion" between the jet surface and 

the alr stream. This appears to be an accidental example of a novel method of creatillg thrust on the 

missile by addition of heat to the gas flow several feet away from the missile. In view of dlfficultles 

which occur with very high energy fuels, it is probably worth while to further Investigate this method, 

In which the burning is not In contact with the rocket. 

(d) lt is found that the air-flame interface of a conically expanding supersonic jet flyi.ng axially in a 

supersonic air stream may be unstable and tend to assume an oval shape at downstream points. It 

is also noted that "flylng wing'· shapes rather than cylindrical bodies may be preferable in some types 

of supersonic vehicles. 

n. APPEARANCE OF THE A4 JET FLAME 

A. At Subsonic Missile Velocities 

Until the missile reaches the speed of sound. the jet structure consists of the familiar train of 

11Mach nodes 11
• In addition moving bright regions have been detected. Occasionally lateral tracking errors 

blur the jet image in a direction normal to the jet axis. Such images present a diagonal, 'barber pole" pat

tern. The spiral pattern appears superposed on the streaks due to the stationary shock nodes. The diagonal 

streaks are apparently made by bright disturbances moving down the jet. At missi.le velocities much below 

the speed of sound, these travelling 'waves' appear at two frequencies, of approximately 70 and 140 cycles 

per second. Near the nozzle, the 'wave' length between brightenings is about 10 feet for the 70 and 140 

cycle components alike. The velocity increases from about 700 and 1400 ft/sec. for the 70 and 140 cycle 

components respectively near the nozzle, to about twice those values near the tail of the jet. 

The two frequencies correspond approximately to the fundamental and first harmonic of the rocket 

fuel pump rotation frequency. 

B. At Transonic Missile Velocity 

Within about a second of the passage of the missi.le thru sonic velocity, the Mach nodes fade and 

vanish. They are replaced by a different type-of Jet structure. Plate 1 consists of photographs selected from 

the 35mm motion picture record made with a tracking telescope. The slant range from telescope to missile 

at that time was about 9 miles. These photographs were specially printed to bring out details of the jet 

structure and show the passage of the jet thru sonic transition. The Mach nodes fade out, one by one, begin

ning at the tail of the jet. In about a second they are all gone, to be replaced by the new supersonk r:attern. 

Thi.s same change is exhibited by every V2 mi.ssile, and may in fact be used as a dependable check upon the 

synchronization of fi.lm records from various tracking telescopes. 

C. At Supersonic Missile Velocities 

As the mtssile continues to gain speed and altitude the jet flame grows in diameter and assumes a 

flattened, fishtai.l appearance. The sequence of tracking telescope photographs in Plate 2 shows the typical 
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Broad 

Narrow 

35 sec. 40 sec. 45 sec. 50 sec. 

Plate 2. V2 Round 27 

pattern and sequence of change, with views of the 'broad' and 'narrow' appearing aspects of the flame. Plate 

3 shows a r ocket which rotated. The jet rotated wtth it clearly displaying the flattened appearance of the 

flame. The rotation rates of r ocket body and jet pattern are the same within the accuracy of measurement. 

The jet brightness falls steadily as the missile rises. At about 55 seconds after takeoff it becomes so 

faint that photometry is difficult. 

m. SPECTROGRAPHY OF THE JET 

A. Tracking Telescopes 

The two tracking telescopes employed for spectrography of the jet are known by the designations 

Tl and T2. 

Telescope Tl consists of two 4 1/2" astronomical refractors and one pair of 20 X binoculars mom1ted 

on a modified Mount. Machine Gun Multiple. M45. This mount is electrically powered and is controlled by a 

pair of handlebars. The tracker sits between the telescopes and watches the missile thru the binoculars. 

Telescope T2 is a 10 inch Newtonian reflecting telescope carried on the same type of mount as des

scribed above for Tl. 

Plates 4 and 5 are photographs of Tl and T2 respectively. 

B. Sl Uless Spectrographs 

To determine the geom~tric distribution of intensity of various emission lines in the jet, "slitless 

spectrographs" were employed. For those used on Tracking Telescopes 1 and 2, the dispersion element 

consisted of a 1440 Hne/inch Wood transm'.ssion replica grating combined with a glass prism to give an un

deviated ray in the green. The grating was so ruled as to concentrate intensity in one first order. This 
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arrangement permits the conversion of the telescope into a spectrograph simply by inserting the dispersion 

element directly behind the amplifying lens and making a slight focal adjustment. It was used on the 4.5 inch 

refractor on the left side of Tracking Telescope 1. 

In the case of the 10 inch reflector of Tracking Telescope 2 it was necessary to get spectra while still 

providing a record of direct photographs with the same telescope. To accomplish this, a device called an 

'tnterlacer' was constructed. The i.nterlacer produces direct photographs and spectrograms alternately on 

successive frames of the 35mm fUm record, The fUm is driven by a synchronous motor at the rate of 8 

frames/ second. In this devi.ce, the grating-prism dispersing u:1.it is mounted on a moving carriage. Duri.ng 

the interval when the camera shutter is closed, the disperser is carried into or out of the beam. When the 

shutter is open, the disperser is stationary. Plate 5 shows this device attached to the telescope. 

To provide a spectrographic record including the zero order and a linear dispersion scale, a Mitchell 

ctnetheodolite with a 12 inch focus objective was equipped with a Wood 1440 line/inch replica transmission 

grating. This gives approximate wave lengths for the observed flame emissions, aiding the identification of 

the emissions on the tracking telescope spectra. Examples of sli.tless spectrograms obtained wi.th these 

instruments, together with identification of the observed emissions are shown in Plates 6 and 7. 

Strontium nitrate was added to the fuel of Round 27, and the resulting spectrum is shown in Plate 7. 

This spectrum shows the red bands typical of strontium nitrate burned in air. The strong, red light of 

these bands makes strontium nitrate useful in flares and fireworks. Reference to the literature showed (5) 

(6) that the molecular source of those red 'strontium bands' was in doubt. The introduction of metallic 

strontium and i.ts salts into a carbon arc in a helium atmosphere, then doing the same in an air atmosphere 

showed that the band source is SrO, not Sr 
2

. The spectra obtained are shown in Plate 8. The same results 

were obtained independently a few months earlier with the use of a nitrogen atmosphere at Pi.catinny Arsenal 

(7). The srO bands, photographed under high dispersion at Johns Hopkins University, proved to be confused 

and complicated in structure. No detailed analysis of them is undertaken. 

C. Blockhouse ~pectrographs 

In order to achieve a higher resolution and longer exposure than those obtained with the slitless 

spectrogram's of the flying missile, a slit spectrograph was constructed from available parts. It was erected 

on the roof of the blockhouse about 200 feet from the missile launching site. The optical system consisted 

of a 100 em. focus, 6" aperature Askania reflector-type objecti.ve provided wi.th a Wood 1440 line/inch replica 

transmission objective grating and attached to the body of a K24 Aerial Camera. It was focused on a step 

s!i.t 42 feet from the objective, and lined up so that the flame would pass thru the optic axis at a height of 

about 50 feet above the ground. The dispersion was about 143 Angstroms/mm. Stray light was excluded by 

a tube made of ventilator duct, extending from the slit to the camera. The shutter was electrically controlled 

from a station at one of the periscopes in the blockhouse. The expostJ.re time was about one second, the inter

val required for the jet to pass along the sl\t. Plates 9, 10 and 11 are photographs of this instrument. Plates 

12 and 13 are spectra obtained with thi.s device, together with identification of flame emissions. Plate 12 was 

made at a predawn firing and is free of solar background. To facilitate identification of the flame bands ob

served with the blockhouse spectrograph, a sample of the well water normally used to dilute this alcohol in 

the A4 fuel (which is 25% water) was boiled down, acidulated slightly to hold the impurities in solution, and 

atomized into an acetylene flame. The resulting spectra, obtained with a 3 meter concave grating spectra-
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·. Plate 11. Blockhouse Spectrograph and V2 Missile 
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graph by the Interior Ball\st!cs Laboratory of the Ball\stlcs Research Laboratories, are shown In Plate 15, 

together w\th the band lndentiflcat\ons. The sequence of MnO bands which appear In the A4 flame spectra 

apparently do not come from the fuel water. 

on one occasi.on a small Bausch & Lomb quartz spectrograph with a quartz lens focused on the slit an::i 

~ telescope for tracking was set up on a suitable tripod about 300 ft. from the rocket launching site. The 

rocket was tracked for the first six seconds of flight. The resulting flame spectrum, superposed on sky back

ground, Is shown In Plate 14. The jet flame has no strong emissions between Potassium 4046 and the ultra

violet quartz cutoff. 

D. Identif\cat\on of the Observed Jet Emissions 

All of the emi.ssions identified i..n the jet spectrograms are due to impuriti.es. These areNa, K, 

Li, MnO, CaO, and possibly other ~alclum compounds. The hand systems of various molecules formed by 

burning of the alcohol and oxygen do not appear on the spectrograms. Specif\cally, the bands of CH, c2, CO, 

OH, and NH are not suffi.ciently intense to be detected on any of the spectrograms so far obtained. However, 

the observed emi.ssi.ons, particularly Sodi.um D, are suitable for use i.n the jet temperature estlmates descrtb

.,d below. 

IV. THEORY OF FLAME BRIGHTNESS AND TEMPERATURE 

A. Temperature Dependence of Jet Brightness 

There are'two approaches to this problem. The flame may be assumed to be a .,grey body", with 

emmtsivi.ty which varies with wave length but is substantially independent of flame temperature. In this case, 

the Wien formula is a satisfactory approximation to Planck's equation, since the flame temperature is 2500CX 

or less and the wave lenl\"l:hs of the emissions being measured are lesR than 7 x 10-5 em. When AT< 0.3, the 

difference between Planck's and Wlen's formulae ts less than 1%. In our case, AT .S 0.1 '75 so we may write 

the radiati.on from the flame at a given wave length, per unit solid angle, as 
c2 

- AT 
e calories/ sec./ em 

2
/ steradian 

Where, if A. ts expressed in centimeters, 

E emm\slv\ty of the jet. 

C
1 

2.81 X 10-13 calorle/sec/cm2 

8 
C

2 
1.432 X 10 em, degrees 

A Area of radiating surface In em 
2 

or the surface brightness would be 

The second approach to the flame temperature problem is thru consideration of the distribution of 

states in the speciftc molecules responsible for the emission being measured. In this case, if E is the ex
n 

citation energy of the staten above the ground, the number of atoms (or molecules) in the state n is propor-

ttonal to the Boltzmann factor provided that the energy states are in thermal equilibrium. 
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The number of atoms i.n the state n i.s also proportional to the a priori. probability, or st8.ti.sti.cal 

we\ght g of the state n. 
n 

If N and N are the numbers of atoms i.n the states nand m respectively, we may write 
n m 

e 

E 
n 

KT 

-E 
m 

c- KT 

If m is the ground state, we have the intensity I proportional to N and: 
n 

E 
n 

KT 

The statistical weights being equal to the degrees of degeneracy of the states to which they refer, are 

constants. In many cases the ratio gn i.s not large, so that when En i.s a large number, nearly all of the atoms 
- KT 
gm 

(or molecules) are i.n the electronic ground state. In this case, if N i.s the total number of atoms involved, 

and we may write approximately 

Now let us compare thls expression with Wi.en's Law. The two must di.ffer by no more than a multiplicative 

constant B: 
cl 

_c2 
• 1:'1' _En 

1..4 
e gn KT BN - e 

c2 gm 

For any glven f.., the two exponential terms must be identica~ so we have 

or 

and since 

v 

we have 

cz 

c 
'X 

he 
K 

h VA_ 
K 
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which we recognize as the definition for c2 in Planck's expression for black body radiation, confirming the 

correctness of our result. 

In the case of the A4 jet, the initial jet temperature at t~keoff Is known, and the jet temperature of the 

flying missile is to be determined from the observed decrease In the jet emissions as the missile rises. The 

ratio of the temperature T in flight to the known temperature T at takeoff can be determined from the ex-o 
pression 

..C2 ( 2.. 
= e >. T 

- ~ ) 
0 = 

So that to a satisfactory degree of appro;ximation, the consideration of molecular states and of a "grey 

emitter" both lead to the same expression for :flame temperature In terms of takeoff temperature and ob

served emission intensities. This conclusion is consistent with the observed fact that the emissions of 

sodium atoms and of various molecules (strontium oxide, calcium oxide), as well as the continuous emis

sion background, decrease in very nearly the same proportion as the missile rises. This is proof that the 

observed variation of intensity is almost Independent of the structure of the emitting materla.l, and depends 

almost entirely on factors which affect all radiators In the 'lame way. 

We conclude that if: 

(1) Thermal equilibrium is approximated by flame conditions. 

(2) t. T < 0.3 

(3) Nm"' N (Nearly all atoms or molecules in the ground state). 

Then the brightness of the jet will be proportional to the factor 

..En 
K e 

(~ -t-) 
0 

B. Adiabatic Changes In the Jet Flame 

It Is clear that the jet flame, radiating energy and containing compression shock waves departs from 

true adiabatic conditi.ons. The question remains whether expansions and compress\ons tn the jet can be use

fully approximated by adiabatic expressions. On Inspecting the jet structure of the A4 missile at subsonic 

missile velocities we find a very well developed train of eight or nine Mach nodes. This train of nodes ade

quately testifies to the approximate reversibility of expansion and compression processes In the jet; despite 

the losses thru radiation and compression shocks, the expansion-and-compression cycle can repeat itself 

eight or more times. Thus it seems reasonable to use the adiabatic approximation to a distance of, say, fif

teen feet back of the nozzle orifice. Since the jet is supersonic and the rate of rocket fuel flow is approxi

mately constant throughout the burning time, we may assume that the state of the gas In the plane of the 

nozzle orifice is constant throughout the flight although this state continually refers to new PB.rcels of gas 

passing thru the orifice. Now if the gas stream expands laterally while maintaining the same axial velocity, 

after leaving the orifice, the density of any parcel of gas will decrease proportionally to the jet d\a.meter. 

And if the adiabatic approximation is used, \t is possible knowing the effective ratio of specU'ic heats and the 

absolute temperature of the gas In the plane of the orifice to calculate the flame temperature from the ratio 
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of the cross sections of "free11 jet and nozzle orif\ce. Because every parcel of gas is in the same initial state, 

it is unnecessary to follow the separate parcels thru expansion and compresslon; any parcel of a given density 

will have the same temperature as any other parcel, regardless of time or rlace in the jet, to an approxima

tion set by the accuracy of our adiabatic assumption. 

Proceeding with the adiabatic assumption we have 

T 

p 

K 

flame temperature 

flame pressure 

c 
p = 

cv 

c 
p 

C - R 
D 

K-1 
K 

specific heat at constant pressure 

specific heat at constant volume a 

gas constant = 1.987 CHU per lb. mole, Kelvin 

From the estimates of the equUtbrium products of the rocket fuel combustion and from Table 1X.2, 

Page 372, Chern ical Engineering Thermodynamics, Dodge, we have the following evaluation of K: 

So: 

And 

Substance % of Rocket Flame 

55.9 

21.5 

13.2 

5.8 

2.8 

0.2 
Weighted mean C for rocket flame 

p 

K 1.24 

K-1 
K 

.24 
1.24 

0.193 

Cp(2300"K:) 
g.calj 

1 g.mo. 

12 

13 

8.5 

8.5 

10.16 

(3) 
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Now introducing the assumption of a perfect gas, which should be a good approximation i.n view of 

the high temperature and low pressure of the jet: 

We obtain 

so: 

Or, solvi.ng for T: 

PV 

p 

Pf 

RT 

RT 

( 

p 2) 0.240 
T2~T1 -

p 1 

C. General Expression for Observed Flame Surface Brightness 

T 4.16 
2 

(4) 

(5) 

(6) 

25 

Let us now turn to the more detai.led examination of the jet flame structure whi.ch is made possible 

by m\crophotometry of the jet flame photographs. The deta\ls of microphotometr\c techniques are described 

in the section following thi.s one. The following development is i.ntroduced here as part of the basi.c theoret

i.cal material. 

Let: 

1 

K 

T 

t 
a 

tf 

Po 

Px 

Pf 
k 

• 
E 

Observed surface brightness of the jet flame. 

A constant depending on the observi.ng instrument. 

Jet flame temperature, °Kelvi.n. 

Atmospheri.c transmi.ssi.on at standard temperature and pressure. 

Flame transmi.ssi.on at S. T. P. 

Atmospher\c dens\ty at S. T. P. 

Atmospheric densi.ty at point x on the li.ne of sight. 

Flame Dens\ty. 

Boltzmann Constant. 

Flame emmi.si.vi.ty. 

Energy of one quantum at observed wave length. 

The general expressi.on for the observed surface bri.ghtness of the image of the .Jet flame in any given 

wave length is: 
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xl E s 

J Px KT f Pr dx 
p dx x2 p 

0 0 

J xl 0 ds 
I= K t E P e tf 

a f 
xl ~ 

9 

HORIZONTAL 

1f density and temperature in the flame are assumed connected by an adi.abati.c law either P f or T can be 

eli.mtnated i.n terms of the other. 

o. Approximate Method for Exploration of the Jet Flame Structure 

In this equation for T let us concentrate our attention on the part under the integral. This part per

tains to phenomena within the flame. 1f the flame i.s broken up 'Lnto a fi.ni.te number of volume elements, 

throughout each of whlch the temperature and density are assumed constant the integrals i.n (])become series 

of fi.ni.te numbers of terms, i.nvolvi.ng the volume elements i.n the path of the beam. lf we use the coordinates 

(Z, r, ¢)to defi.ne any parttcular volume element wlthi.n the jet we may write: 

X, 

I l E 1 Pf <1x 

J Px 
dx KT p path p f 

0 0 
0 

•.J:P(Z,r,¢)e I = K t tf <1s 
a 

path 

The number, size, shape, and di.stri.bution of these elements wi.ll i.n practice depend upon the aspect of the 

mi.ssile, the resolution of the i.mages used, and the purpose of the i.nvestl.gati.on bei.ng made. 

Consider two photometric traces across the jet at the same distance back of the nozzle, taken from 

two perpendi.cular di.recti.ons; for instance, the ''broad" and 11narrow 11 vi.ews of the flame. At each place on 

each curve the observed i.ntensi.ty 1 wi.ll be given by the total effect of the flame elements seen projected upon 

that place, as described in the above equati.on. Each curve involves each flame element once; both curves 

together involve the same element twice. 

In Fi.gure la are two sets of observed i.ntensi.ti.es 1, representing two perpendi.cular li.nes. The oval 

represents the observed outline of the jet flame. With due allowance for absorption, the tabulated intensities 

l should be the sums of the lntensiti.es of all the flame elements projected upon i.t. Each element is a compon

ent of two such sums, whose values are speci.fted tn the photometric data. The array of brightness numbers 

tn the small flame elements i.n Ftgure la have been adjusted by trail so that their sums approximately match 

the two sets of photometric data. lt was assumed that absorption was negligible tn the "broad" flame aspect, 
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and the discrepancy between the sums and the photometric data for the ''narrow 11 aspect show the effects 

of increased absorption when one 11leq" of the flame is seen thru the other. 

27 

Figure lb is the same scheme using another set of data and checked with a third set of photometric 

!-values taken diagonally as shown. 

The data for Figures la and lb were all obtained from one continuous film record of a rocket that lost 

roll control and rotated rapidly, so that there was no problem of calibration between film records from dtffep. 

ent instruments. The two perpendicular views were obtained so close together in time that changes in \ntri.n

sic properties of the jet were relatively small. The fact that the telescope was looking obliquely upward 

through the jet instead of normal to the jet axis would have some moderately small effects on the results be

cause of increased effective jet thickness and jet structure changes i.n an axial direction. No correction has 

been made for these. However Figures la and lb are believed to give a qualitatively correct picture of the 

cross sectional distribution of the jet brightness near the brightest part of the Jet. 

E. Atmospheric Transmission 

In the general expression for the observed jet surface brightness, the atmospheric transmission 

factor on the line of stght from rocket to observer i.s: 

t 
a 

X 

i ~ dx 

= t 
a 

X 

J 
0 

A+B 
sin 9 

where A and B refer to the parts of the optical path in the troposphere and stratosphere respectively. 

We need to put the integral into more convenient coordinates insert the functional form of x, and 

integrate. Expressing the integral in terms of Z and 9, we get 

1 
p 

0 

z 

1 
If one adopts the U. S. Standard Atmosphere, (B) with a constant lapse rate to the tropopause and con

stant temperature above one obtains for the troposphere 

and for the stratosphere 

J hl 
B = !:..__ 

Po h 
2 

gZ 
e- RT dZ 

fJ 
T 

0 

q 
R 
z 
hl 

h2 

= lapse rate 
qround temperature 

= grav. accel. 
= qas cons!. 
= altitude 
= altitude of tropopause 

= altitude of missile 

Where h
2 

.( h
1

, the stratosphere term is discarded and h2 replaces h 1 as the upper limit of the 

troposphere term. This development neglects curvature of the Earth. 
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The atmospheric transmi.ssi.on term then becomes 

A+B 
t Sin 9 
a 

Integration gives at once: 

B = PRTJ 
Po g 

A= 
T R 

0 

g 
~) 
T 

0 

For Ta = 0.8, the stransmission in the J:Qth for various altitudes and elevation angles is given in Fig. 2. 

V. MICROPHOTOMETRY OF THE SPECTROGRAMS AND DIRECT PHOTOGRAPHS 

A. Mlcrophotometric Traces 

Mi.crophotometri.c traces from the fi.lm records were made with a Leeds and Northrup recording 

mi.crophotometer. The resolution Hm't.t of thi.s instrument proved to be considerably smaller than the width 

of the narrowest detail encountered in the film records, so that all such detail could be traced out with 

satisfactory accuracy. The mai.n li.mi.tati.on of the instrument was i.nabi.li.ty to measure suffl.ci.ently high densi.

ti.es with short microphotometer slits. 

In the case of spectra obtained wi.th tracking telescopes, the jet flame image was three to ten times 

as long as the microphotomete:r sli.t used to measure it. Except as otherwise noted, the microphotometer 

traces were made across the brightest part of the jet image, normal to the flame axis. 

Selection of specific images for photometry was commonly done by inspection of all images within 

a few tenths of a second of the desired ti.me, or of all imag-es displaying the characteristi.cs under study. 

Those images showi.ng the best definition were then chosen for measurement. 

Densiti.es due to the jet flame were measured from a strai.ght line interpolated between the sky back

ground levels on each side of the image or spectrum concerned, up to the photometric trace of the spectrum 

or tmage emission in the jet flame. The density diiference so measured represents light added by radtati.on 

from the jet m\nus llght lost by absorpt\on of the sky background behind the jet. Th\s absorption effect 

is evidently small. In the first place, the m'tssile is, thru the signiiicant part of the burning time, so high 

and far away as to put most of the sky light between it and the observer, and a relatively modest part of the 

sky background passes thru the jet. Furthermore, i1 absorption in the jet were heavy, the direct photographs 

would show a dark streak behind the bright, emitting part of the flame. The exhaust gases, after ceasing to 

emit, would conti.nue to absorb radiation from the sky background. No such dark streak has ever been ob

served. This result is consistent with the fact that, in photographs taken by cameras i.n the missile fins, the 

Earth can be seen thru porti.ons of the jet flame. It is therefore concluded that absorption of sky background 

light in passage thru the flame is negligible. 



1.0 

BALLISTIC RESEARCH LABORATORIES 

.--:-
1 
' ' 

· •. L!. 
, ' 'I ~· +i.r-, .. r 

.9 1 

' ' ' ' .:p 

: , r:,:t , , . '++H : ~· ··r, +, -+-,;::.1+~ . ,tt+ b., : ·, HH' , .. 1. , I"" -+-.· .... •.•· n :+* . . . i::.t:J.Ilic .:..L-q_;_;:T _ f ' . -:-W-±::t:C:+•L+. , .,....- J~ .J... L!:t 
_ .. I ' I _; I-- ' ' L' ____:___! ' I I I ' : I : ' I I I :.-L-i-' ' '+t~ ;- ' ~ ·_- -;-!-~ 

-~+-1 I ' ; ' ' I I ' H I I ' I : ' I : I ' t-~-j____L___:__j_l 
0 o, , ' 20 40 , so eo 100 ' 120' ·-'-' '-+-L 

MISSILE HEIGHT, THOUSANDS OF FEET 

Fig. 2 

31 



32 BALLISTIC RESEARCH LABORATORIES 

B. Exposure vs. Density 

The motion picture film records of daytime firing show the jet flame spectra or direct photographs 

superposed on a sky background of moderate density. For several rounds, short lengths were cut from un

exposed parts at the ends of the spectrographic film before development. These were i.mpressed with sector 

wheel spectrophotometric exposures in the laboratory and developed along with the missile record. It was 

found that, for the range of dens\t\es (0 to 1.4) usually covered by the m\ssile jet images, the density was 

very nearly proporttonal to the exposure. For all of the moti..on picture work) Eastman sqellburst Pan emul

sion was used. This emulsion is similar to Eastman Spectroscopic 3F emulsion. Earlier photometric 

experience with 3F emulsion had led to a similar density-exposure linearity in the same density range. 

Figure 3 shows some calibration curves from films used in various rounds. 

For the investigations herein discussed, the simplifying assumption of density proportional to ex

posure appears sufficiently accurate. This assumption \VaS therefore adopted. 

A constant exposure time (constant camera speed} for all frames in any given film was also assumed. 

Thts assumption was verified within a few percent with the atd of ttme marks at 1/2 second i.ntervals on all 

films except those from the Mitchell theodolite and in that instrument by watching a film speed indicator dial 

on the instrument. 

c. Sensitivity vs. Wave Length for the Telescope U 

Spectrograph 

During part of its ascent the rocket leaves behind i.t a vapor trail. This trail, presumable compos

ed of condensed water, appears to be white, a non-selective reflector of sunlight. Assumi.ng the non-select

ivity of this reflection, and knowing the spectral intensity distribution of sunlight as transmitted thru the 

atmosphere, (
9
) one can calculate the effective spectrograph sensitivity !J. density as a function 

t1 intensity 
of wave length, on the basis of the photometric curve along the vapor trail spectrum. This has been done 

and the result is displayed in Figure 5. The minimum around 5000 A corresponds to a sensitivity minimum 

in the shellburst emulsion. 

Use of this curve Permits the transformation of the spectrophotometric curves of the jet flame tnto 

curves showing true relative intensity at various wave lengths. 

VI. CALCULATION OF ]ET FLAME TEMPERATURE 

A. Spectrophotometric Temperature Determination 

Factors inc:luded in the calculation of flame temperatures from photometric measurement of the 

spectograms are as follows: 

(a) Atmospheric absorption between missile and observing i.nstrument. 

(b) Absorption within the flame, particularly 11self-reversaP'. 

(c) Angle ¢ between line of sight and jet axis which is related to the thickness of the jet 

in the line of sight. 

(d) Expansion of the jet which changes the number of emitters per unit volume and the self

absorption. 

(e) Rate of flow of fuel thru the rocket motor, which may also affect the density. 

(f) Expansions and compressions within the jet which affect both the temperature and the 

density of the jet material. 
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ln th\s d\scuss\on the part of the jet involved will be a zone scanned by the m\crophotometer normal 

to the jet axis across the brightest part of the jet. The temperature under discussion will be an 11average 11 one 

associated with this brightest part, or the z.one in which U li.es. The effect of jet structure will not be dealt 

with in detail. A suitable expression taking into consideration the above-li.sted factors for a temperature 

of the brightest area based on jet surface brightness, i.s: 

where: 

I 

F 

T 

t 

7" 

8 

"' D 

A+B l 

t 
S\n8 SinO 

I a 1"f DYF S\n cP o 
I (A+ B) 0 S\n6 o 

Do~ t Tf Sin</> 
a 

observed intensity from microphotometer record 

rate of rocket fuel flow 

flame temperature 

transmission of one atmosphere 

brightness observed 
brightness without flame absorption 

angle of elevation 

= angle between line of sight and jet axis 

= flame diameter as seen from observing position 

_ EnK (~ _ ~ ) 
0 

e 

and the subscript o refers to i.ni.ti.al condi.ti.ons. The i.nclusi.on of the term D/ D takes care of density 
0 

changes due to changingahnospheric pressure on the jet surface, and also partially of changes of rate of flow 

of the rocket fuel. Changes in rocket fuel flow have very little effect on the jet velocity; thetr principal re

sult is a change of the jet pressure at the nozz.le exit. Thus, i.ncreased fuel flow results in i.ncreased exit 

pressure, whi.ch in turn leads to a greater diameter of the jet after expansion into the atmosphere, so that 

a given percentage increase in rocket fuel flow causes the amount of material in the optical path thru the 

beam to increase by only the square root of thi.s percentage. Also, the rate of fuel flow is intended to be and 

in fact is constant within a few percent throughout the burning time. 

It has been remarked earlier that the absorption of skylight passing through the jet seems undetect

able. This is not the case wi.th the absorption of jet radi.attons on thei.r way thru the jet, where the speci.fi.c 

emissions generated by the jet meet wi.th atoms of the kind that produced them and tn a state suitable to 

to reabsorb them. The nature of the jet structure provides means to determine approximately the seli

transmissi.on Tf' As the jet flame broadens into two bi.JfiteralLy symmetri.cal parts, the vtew of the broad 

side of the flame shows two bright "cores" standing side by side and obscured by only a thin veU of jet 

material. 1n the cases where the jet loses roll control, this view alternates rapidly wtth the "edge-on" 

aspect, in whi.ch the light from one bright core i.s reduced by having to traverse the material of the other 

bright core whi.ch is obscuring H. If I is the intensity of each bright core as seen broadside, then, if 

there were no absorption, the maximum intensi.ty of the two seen edge-on, or superposed would be 2I. Ob

servation shows the actual edge-on intensity as less than this, and an approximate value for the light absorb-
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ed in passing thru the front core as 

LII=2I-I 
E 

where IE is the observed intensity of the jet viewed edgewise. 

And the transmission of the front core is 

I - L\ I 
I 

< 

This quanti.ty turns out to be about 0.6. The jet self-absorption i.s not suffi.ci.ent to seriously alter the jet tem

perature esttmates. Even if c1> falls as low as 30", the change i.n brightness due to self-absorption of the jet 

viewed broadsi.de wi.ll be less than 20%, correspondi.ng to a jet temperature error of about 20(1 K. Actually, 

when the measurements are made on the "broad" vtew of the flame, as was the case, it i.s probable that the 

effective -r f i.s about 0.9. Therefore, flame self-absorptlon has a negligi.ble effect upon the computed flame 

temperature. 

In view of the above di.scussi.ons of fuel flow and self-absorption we may write to suffi.ci.ent approxt

matlon for the temperature of the bri.ghtest area of the jet: 

( !'+B Ao + Bo) 

1~stno - Sln B 
0 

In practi.ce i.t may occur that atmospherlc transmi.ssi.on duri.ng the fi.rst few seconds of flight i.s much less than 

than the calculated value due to a haze layer near the ground. In this case, the transmi.ssi.on can be obtai.ned 

empi.ri.cally by observati.on of the apparent bri.ghtness of the missi.le body whose true brightness usually wi.ll 

not change greatly during the peri.od in questi.on. It is possible to allow for thi.s by writi.ng 

A+B+C 
t S\n 9 a 

A+B 
Instead of t Sln 9 

a 

where t; i.s the vertical transmi.ssi.on of the haze layer, but the more practical procedure i.s to neglect C at 

hi.gher e and allow for i.t directly from mi.ssi.le body observati.ons at lower 8 . 

Another way to obtain a value of the jet temperature i.s to consi.der the i.ntegrated light over the path 

traversed by the photometer sli.t across the jet. Thi.s temperature should be somewhat lower than that for the 
11bri.ghtest area" descri.bed above. The ''i.ntegrated light" method has some advantages. It i.s more representa

ti.ve of all of the flame materi.al, and i.t i.s not 'much affected by image quality. 

If Lis the integral under the microphotometer curve, we may write 

(ft+B 
= t \Sin B 

a 

_ Ao+Bo) 
Sin 9 

0 
_Ba___ Sin </> 0 
R Sin</> 

e 

,-
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Where R =slant range from missile to observer. 

Note that, if the axis of the missile is vertical, and the missile flies on a vertical path, R sin f/J is a 

constant, the distance from launching ooint to observer. Since the missile axis and path are both almost ver

tical, 

R Sin<!> 
0 0 

"' 1 R Sin 4> 

and to a fair approximation, 

B. Discussion of Jet Temperature and Diameter Measurements 

1. General 

Since the rocket motor performance remains constant throughout the burning time, it is reason

able to seek an explanation for the .iet changes in terms of the changes in missile velocity and in ambient at

mospheric pressure around the missile. Two jet flame parameters which change conspicuously are the jet 

temperature and jet diameter. 

We have now to seek the relationship between: 

Flame Parameters 

(Temperature 

(Cross Section 

and Mi.ssi.le Parameters 

(Atmospheric Pressure 

(Missile Velocity 

To initiate this search we shall provisionally adopt the following assumptions: 

a. Material in the iet flame behaves according to the above-developed adiabatic expressions, so 

far as temperature, pressure, and volume are concerned. 

b. Visible radiation from the .iet flame arises from thermal excitation only and is governed by the 

radiation equations given above. 

c. At the places where 5et radiation and diameter were measurl:!d, the .iet pressure was uniform 

over the jet cross secti.on and equal to the ambient atmospheric pressure at the altitude of the missile. 

2. Jet Cross Section vs Atmospheric Pressure 

By measurements of the .;1et diameter it is possible to determine the jet cross section. This 

process is complicated by the fact that the ,iet at supersonic velocities is not round but roughly elliptical, with 

a comparatively faint outer boundary along the minor axis. Careful measurements (Fig. 7) of the iet images 

for rounds in which the 5et flame is strongly exposed (Round 27, in which the jet intensity is enhanced by 

strontium, and some firings near twilight with a favorable ~et-to sky intensity ratio) indicate that the ratio of 

minor to ma.ior cross sectional axes does not fall much below 0.8 and remai.ns fai.rly constant between 30 and 

50 seconds. 

Therefore, the .iet cross section will be proportional to the square of the ma_ior jet diameter within 

less than 10% error. If our assumpti.ons are correct, the square of the jet major axi.s should be almust pro-
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portional to the reciprocal of the atmospheric pressure at the height of the missile, More nearly, it should 

follow the adiabatic equation 

Reference to Fi.gures 9 and 9a shows the jet cross sections measured for Rounds 24, 27, and 35 

compared with !:1 and (~)0' 8i, where .EL is the ratio of atmospheric pressure on the ground and at the 

Pz \Pz Pz 
missile. It Is seen that the jet cross section agrees very well with Pi and fairly well with Pi 

0
·
8

i up 
Pz Pz 

to a missile altitude of about 50,000 ft. and a time of about 45 or 50 sec. after takeoff. Between altitudes of 
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50,000 and 100 000 feet (times between 50 and 60 seconds) the jet flame diameter does not increase as rapidly 

as theory would predict. 

3. Jet Temperature: Comparison of Results from Spectrographic, Atmospheric Pressure, and Jet 

Cross Section Measurements 

In order to use the above-developed formulae for spectrographic determination of flame tempera

ture, it is necessary to know To, the flame temperature at takeoff. Temperature measurements made by 

others on static firings of rocket motors smaller than but similar to tbe A4 yield results between 2200"K and 

2500 "K. A value of To ~ 2500 "K has been adopted for tbe calculations here presented. 

Spectrographic flame temperature estimates have been made for Rounds 27, 28, and 34. The results, 

plotted against atmospheri.c pressure at the missile height are presented i.n Figure 10. 

We now turn to the calculation of jet flame temperature from the adiabatic relation and the assumption 

of a pressure unliorm over the jet cross section and equal to the amblent atmospheric pressure around the 

missile. The appropriate equatlon is 

which is graphed in Figure 11. 

This same relation is plotted in Flgure 10 for comparison with the photometrically determined tem

peratures. 

li is seen that the two kinds of temperature calculations yield qualitatively similar curves but that the 

spectrographic temperatures tend to be higher than the "pressure" temperatures, especially for Rounds 27 and 

28 and at higher altitudes. 

Recalling that the measured jet cross section was smaller than that calculated on the basis of jet 

pressure assumed equal to ambi.ent atmospheric pressure, we see that the smaller observed jet diameter 

might be consistent with the higher observed spectrographic temperature. We conclude that while the 

assumption of jet pressure equal to ambient atmospheri.c pressure was a useful i.niti.al approxi.mation, it must 

how be modi.fi.ed to account for the resi.dual discrepancy between observation and simple theory. This we are 

the more willing to do because inspection of the jet flame images shows that in fact the jet was probably still 

expandi.ng at the place where the di.ameters were measured, and it was certainly sti.ll expanding at the cross 

section of greatest jet brightness, where the photometric traces were taken. The correspondi.ng outward 

slope of the jet surface would be assoclated with a greater-than-ambient pressure i.n the supersonic air flow 

around the jet. The resulting higher jet pressure would go along with the observed higher jet temperature and 

smaller jet cross section. 

4. Jet Temperature vs Jet Diameter: An Experimental Value for the Jet Cp. 

Let us now turn to the cornparlson of spectrographic jet temperature with the observed cross sec

tion of the jet. We shall do this with the aid of a new assumption, which is: 

''The axial component of velocity of the jet gases at the cross section cut by the photometric trace is 

the same for all observations of a given round." 

.• 
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U this assumption is true then the jet density is inversely proportl.onal to the jet cross section (or, 

approximately, to the square of the jet diameter). Thru this and the adiabatic assumption, we arrive at the 

relation: 

Where T2 is the jet temperature ratio as before, and D1 is the ratio of jet diameters for correspondtng 

~ D2 

temperatures. K is the ratio fo specific heats of the jet gases. 

We now prepare a chart (Figure 12), with T2 and .Q2._ as arguments and plot the above relation as a 
Tl Dl 

family of curves for various K values. We note in passing that, from the probably chemical composi.tton of 

the jet gases the expected value of K is about 1.24 Turning to the observational material, we average the 

corresponding pairs of values for T2 and D2 for Rounds 27 and 28. These observational results are plotted 

~ Dl 

on Figure 13 and correspond to a K value of about 1.10 making Cp = 21 approximately twice the anticipated 

value. lf this result is valid. it must mean that the jet gases contain a large and totally unexpected source of 

heat energy. U the result is not valid, we may, amo'lg other things, suspect the presence of non-thermal 

sources of jet emissions in the visible spectrum. 

5. Summary of the Flame Temperature and Diameter Studies 

We find that: 

a. The measured jet cross section agrees with the assumptions of adiabatic expansion and jet 

pressure equal to ambient atmospheric pressure during the first 45 seconds of rocket flight, corresponding to 

altitudes up to about 50,000 ft. 

b. Above 50,000 feet the jet cross section curve departs increasingly from the "adiabatic-atmos

pheric" curve, the jet cross section being smaller thar:t these assumptions require. This suggests that etther 

the pressure on the jet surface is greater than the ambient atmospheric, or the ·pressure fall in the expanding 

jet i.s greater than the adiabatic. 

c. Jet temperatures based on spectrophotometry are higher than the corresponding temperatures 

calculated on an ''adiabatic atmospheric" assumption, especially in Rounds 27 and 28, and, to a small exterit, 

in Round 34. This checks qualitatively with (b) above, and suggests that the assumption of jet pressure equal 

to ambient atmospheric pressure is of limited validity. 

d. Comparison of spectrographically est.imated jet temperatures and measured jet diameters with the 

aid of an adiabatic relation and the assumption of constant axtal jet velocity leads to a value of K "" 1.10 for 

the average of Row1ds 27 and 28. Round 34 gives K "" 1.15, nearer to the expected value of K = 1.24. These 

results indicate that the jet radiates rriore than the expected amount of ltqht for a given jet cross section. 

We may assume that one or more of the following hypotheses will explai.n the excess radiation. 

(1) The jet temperature is actually higher than adiabatic behavior with K = 1.24 would indi

cate. This would imply that either C is considerably higher than anticipated, or there 
p 
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are heat sources in the jet. One suc.h heat source is the burning of oxygen from the tur

bine exhausts wi.th the alcohol-ri.ch jet surface. However, the heat available irom this re

action would not seem suifici.ent to account for the observed result. 

(2) Part of the visible jet radiation is excited by other than thermal processes. It is known 

that the jet is sufficiently i.onized to affect the propafSation of radio waves. German con

ductivity measurements with probes have confirmed the existence of considerable ioniza~ 

ti.on in rocket flames. Perhaps in some way the free electrons associated with this ioniza

tion are acted U?On by sufficiently strong fields so that in the upper atmosphere, they ex

cite visible radiation wi.thin the jet. During the time involved in these observations, the 

missile moves thru the vertical electrical gradient of the atmosphere at a rate of thous

ands of volts per second. 

(3) The shock thrown across the jet by collision between the jet and the supersonic air stream 

may become increasingly intense as the missile rlses, with a corresponding decrease in 

axial jet velocity and increase in jet density. This would invalidate the assumption of con

stant axial jet velocity and lead to an observed jet brightness greater than that predicted Jy 

by the theory employed above. Measurements and aerodynamic interpretations of the jet 

structure so far made do not seem to indicate a large effect of this kind. 

Vll. AERODYNAMICS OF THE JET FLAME OF THE A4 MISSILE FLYING AT SUPERSONIC VELOCITIES. 

A. The Sonic Transition. 

The disappearance of the Mach nodes from the flame as the miss!le passes through sonic velo

city can be understood In terms of the pressure distribution in the atmosphere on the exterior surface of 

the jet. When the missile is stationary, as in a static firing, this pressure is everywhere constant and we 

have the classic case treated by Mach and others. If the miss!le moves, the Mach pattern and the ''wavy 

wall" of the jet boundary associated with the periodic rarefactions and condensations within the jet move 

thru the atmosphere with the missile. The flow of air along the wavy jet wall now causes variations in the 

external pressure on the jet from point to point. So long as the missile (and the Mach pattern) move thru 

the air at subsonic veloc!t!es, these extel"nal pressure variations tend to accentuate rather than destroy 

the waviness of the jet wall associated with the Mach nodes. (See Figure 14a). The nodes therefore per

sist. As the inissile reaches the transonic velocity range, regions of supersonic flow appear first on the 

outward 'bulges"of the wavy wall (see Figure 14b). The resultant intense disturbances of the jet wall are 

visible in motion pictures of the jet taken with a missile-borne camera, by the Naval Research Laboratory 

and also on tracking te !escape records. These destroy the train of Mach nodes by "roughening" of the walls 

of the jet so that the orderly reflection of disturbances within the jet no longer taKes place. 

In a short time, the missile accelerates to definitely supersonic veloc!t!es, and the jet bourdary re

sumes its smooth appearance. However, the train of Mach nodes carmot reform at supersonic velocities. 

The nature of the external pressure pattern caused by "waves" or "corners 11 in the jet surface tends to erase 

these irregularities and to carry away thru the boundaries of the jet some of the momentum from the inter

nal jet expansions and compressions causing them. The "total reflection" property of the jet walls which 

makes possible the multiple reflections associated with the Mach node train is destroyed. 
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Figure 14c outlines the situation In which a shock wave meets the wall of the jet flame past which 

alr Is flowing at supersonic velocity. The shock wave deflects the direction of flow. But the angle of de

flection Is reduced by the fact that a shock springs from the corner thus formed Into the air outside the 

jet. The air pressure behind this shock Is Increased, and the expansion angle of the jet wall corresponds 

to this Increased external pressure. Simllarly, expansions and compressions in general are partly trans

mitted, partly reflected at the jet wall. 

Flow 

Air p 1, ul'al 

B 

69 

Consider the situation in a small region surrounding the Intersection of a weak compression (or ex

pansion) with the jet boundary B wh!le the mlsslle Is flying at a supersonic velocity. From linearized flow 

theory ( 11) we have 

And for the reflected pressure change 

So: 

or: 

Or: 
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For the "reflectivity" of the jet wall with respect to dlstubrances lmplnqlng upon It from within the 

jet we have: 

R; !Jt/>"IJB 
= = 1 -

/JcP 

In Figure 15 this reflectivity is plotted against missile Mach number for the A4 jet flame, using the ap

proximations listed there. It Is seen that the conditions for formation of the Mach node train are destroyed 

at the Instant of sonic transition, never to return. This must be generally true of all jet-bearing missiles 

travelling at supersonic velocities thru the atmosphere. The partial reflection of disturbances from the jet 

wall at m!sslle Mach 1.1 to 3 can and does produce one or two cycles of jet dlstrubance in the A4 flame, 

but these are excited by the encounter of the jet with the supersonic air stream around the mlsslle, not by 

the expansion or contraction of the jet upon leaving the nozzle orifice as in the case of the Mach nodes. 

B. Effiux Angle of the Jet Flame Boundary. 

As the jet emerges from the nozzle orifice into a region of reduced pressure in the subsonic 

turbulent boundary layer around the mlsslle, the jet surface Is deflected thru such an angle as to make the 

pressure continuous across the surface. Observation shows that just after the mlsslle passes sonic velo

city this turbulent layer Is only a few inches thick at the stern of the A4 mlss!le. This thickness Increases 

to a foot or more as the mlsslle approaches a speed of one mlle per second and an altitude of twenty mlles 

at propulsion cutoff. When the jet surface meets this boundary layer It turns thru an angle IJB , (Figure 16) 
1 

in order that: 

The pressure P t In the turbulent layer can be calculated approximately from P a· of the undisturbed 

alr flow and the angle which the outer boundary of the turbulence makes with the original flow axis. This 

angle is observed to be always less than the 'boattall' angle of the mlsslle skin with the mlss!le axis at the 

stern of the A4 mlsslle, and near propulsion cutoff is such as to divert the airflow slightly outward, corres

ponding to a pressure greater than P . a 

The jet surface then continues outward and to the rear with a sllght rearward curvature until it ap

proaches the supersonic air stream along the outer limit of the turbulent layer. At this point a pair of 

shocks or at least very rapid compressions are generated, one inside the jet and one in the air outside. 

The two flows are still separated by a thin sheet fed between them from the turbulent layer. The jet 

boundary curves rapidly rearward for a short distance near this point, then becomes almost straight again. 

The situation in this vicinity requires the pressure jumps just inside and outside the jet surface to be equal: 

/Jp = !Jpf 
a 2 
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' 

TURBULENCE --- --------ll"'a-- --::: ----

Figure 16 6 Po 

And In the neighborhood of this point we have approximately: 

2 
liP = P u tan a 119 3 a a a a 

' 
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From these it follows that 

Here the known or measurable quan~ties are 118
1
, 

to calculate liP , IIPf , and Pf u f tan a f 
a 2 2 2 2 

dpu2tan .18 2' .18 3' € , an a a a a' Hence it is possible 

The internal compression thus generated crosses the jet and meets the opposite boundary. The 

situation in the neighborhood of the resultant boundary deflection can be described with the aid of the 

boundary reflection relations given in the section of sonlc transition. 

C. Bilateral Symmetry of the Jet. 

Intuition makes easy the acceptance of the ide~ that a jet expanding out of an axlally symmetric 

rocket motor in an axially symmetric missile flying with no yaw will be itself axially symmetrical. There

fore the discovery of a pronounce(! axial asymmetry of the A4 jet flame came as a surprise. The bilateral 

symmetry of the observed pattern led to a search for bilaterally symmetric features in the structure of the 

missile. Only one was found, namely the two fuel pump turbine steam exhausts midway between pairs of 

fins on opposite sides of the missile near the rear end of the missile body. Tracking telescope records 

disclosed that the broad, bright wings of the jet appear always under these two exhausts. When a missile 

loses roll control and rotates, the winged pattern rotates with it, maintaining alignment with these vents. 

The causal connection between the exhaust vents and the flame pattern seems thus sufflc!en tly well 

established. The question how a total of 250 lbs. of turbine exhaust gases, emitted at subsonic velocity, 

can so greatly affect 9 tons of jet gases emitted with a velocity of 6700 feet per second, now invites an 

answer. The basis for that answer will be furnished in the form of a more detailed examination of the jet 

structure, the turbulent boundary layer around the missile, and the reaction of free oxygen in the turbine 

gases with the alcohol-rich surface of the jet. Plates 2A and 2B, taken by Tracking Telescopes 1 and 2 

respectively, show A4 Round 27 as viewed in two approximately perpendicular vertical planes. It happens 

that Telescope 1 views the missile nearly along the 'minor• flame plane, apd thus sees the broad aspect 

of the flame. Telescope 2 sees the 'narrow' flame aspect. 

Round 27 was chosen for this example because the addition of strontium brightened the flame with

out disturbing the flame pattern. This makes easily visible the outlying parts of the flame as seen from 

the narrow viewpoint, which are normally so faint as to be difficult to see. Information from this and other 

rounds is incorporated in Figure 17 showing the two aspects of the flame and the corresponding cross 

sections at various points along the flame axis at about 50 seconds after missile takeoff. 

It is seen that the ovalness is principally due to variations in the thickness of the turbulent layer, 

the major axis of the oval lying under the turbine exhausts, one of whose effects is now seen to be the 

thickening of llie boundC~.ry layer by adding low velocity material to it, thus increasing its volume and decreasing 

its velocity. The jet thus continues to expand to a greater radius before being shocked back by the super

sonic air stream. At the same time, the boundary layer is markedly thinner in a plane containing the mis

sile axis and the 'minor axis' of the jet. Correspondingly, the expansion angle of the jet is cut back by al-

,. 
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most immediate encounter with the supersonic air stream after emerging !rom the nozzle, so the jet radius 

remains smaller in this plane for some distance back of the nozzle orifice. Only after being 'shocked out' 

aqa!n by the compression emanat!nq from the normal shock formed in the jet as shown in the photographs 

does this surface begin to expand at a sufficient rate to make the jet round. 

Even after the ovalness of the jet begins to decrease the brightness distribution in the flame continues 

to give the appearance of a strongly flattened 'wing'. This is traceable to the fact that free oxygen in the 

turbine exhaust burns with the alcohol-rich surface of the jet flame. The combustion Is seen to become 

suddenly quite intense at the point where the turbine exhaust gases are caught between the Impinging jet 

and supersonic air stream, and elevates the temperature of the jet surface for twenty or thirty feet down

stream sufficiently to brighten the surface appreciably. This combustion effect was pointed out by German 

scientific personnel in a conference on the subject at Ft. Bliss, Texas. 

The turbine exhaust consists of the decomposition products of H2o2, which is catalyzed with sodium 

permanqanate to form steam for the fuel pump turbine at a rate of about 4 pounde per second. Thus, 

roughly two pounds of oxygen Is released per second, and from each of the two exhausts the oxygen flow 

rate is approximately one pound per second. The surface of the jet as It emerges from the rocket nozzle 

Is rich in the unoxldlzed alcohol which Is sprayed in thru holes In the nozzle wall to protect the wall !rom 

heat and oxidation. The pound of oxygen w!ll mix with the jet surface to form a streak about two feet wide, 

a few inches thick, and several thousand feet long. The total amount of the jet material involved In the 

mixture Is probably about 2000 cu. ft. with an estimated mass of the order of 7 Kg. The heat released by 

the pound of oxygen burning with alcohol Is about 3000 Kg. cal. This Is sufficient to brighten the jet sur

face and to cause a sudden dlabatic pressure rise at the nozzle llke 'opening' thru which the turbulent 

layer passes between the Impinging jet and supersonic air stream. As a result of this combustion

generated pressure increment and its rapid decline as the thin layer conta!n!ng It expands, a ray-like bright

ening passes diagonally across the body of the jet, contained between the combustion-generated compression 

wave and the expansion which follows It at a distance of a foot or so. The distinctness of this feature varies 

!rom round to round, but It can usually be seen between 30 and 40 seconds after takeoff, and frequently the 

bright cross It forms in the flame as viewed !rom Telescope lis one of the most strlk!ng features of the 

jet pattern. It seems very llkely that this combustion process has a strong role in producing the increased 

thickness of the turbulent boundary layer observed underneath the steam exhaust ports. Tbe intense burn

ing of alcohol and oxygen at the point of collision of jet and airs team builds up pressure and acts like a 

dynamic ''plug", raising the pressure In the ''lake" of turbulent flow above lt. 

Not only Is the depth of the '~ake" correspondingly increased, but the pressure rise produces a com

ponent of thrust on the boat-tall of the missile. We thus have the spectacle of the A4 missile propelled 

thru the upper atmosphere by a force produced in part by combustion in the qas flow outside of, and indeed 

at a distance of several feet !rom the missile. 

D. Stability of an Expanding Jet of oval Cross Section. 

For a jet whose walls are everywhere parallel to the direction of flow of the undisturbed super

sonic air stream around It, the wall pressure is everywhere constant regardless of the shape of the jet cross 

section. However, I! the jet wall at any place diverges or converges with respect to the flow axis, (or I! the 



•• 

BALLISTIC RESEARCH LABORATORIES 59 

jet contains compressions or expansions, which comes to the same thing) the jet cross section will not in 

general be stable; tbat is, the pressure of the external air flow will vary from point to point around the 

periphery of the cross section and this will lead to changes In the cross sectional form at downstream points. 

Consider as a simple model a wedge capped on each end by a balf-cone, flying without yaw at supersonic 

velocity (Fig. 18a}. On the wedge, the pressure Increment Is approximately: 

On the cone, the approximation is: 

The equilibrium condition is: 

Or: 

2 
liP = Pu tan a 118 w 

liP = liP w c 

118 log ( 
1 )=tana 68 

Figure 18a 
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This relation is plotted in Fiqure 18b which displays the areas in which 4P >4P below and to the w c 
left of the curve, while the region of 4 P < liP lies above and to the righl Reference to F!qure 17 shows w c 
that the jet near the nozzle approximates a cone. Fiqure 18b indicates that in contact with the axially sym-

metrical air stream the conical jet will in many circumstances be unstable. Consider a perturbation which 

destroys over a small strip the curvature of the jet cone. Over this wedge-like strip an increased pressure 

can appear and this in turn will enhance the effect of the disturbance so that downstream the jet surface will 

not reqain its former conical outline and may indeed depart increasingly from il in the case of the A4 jet, 

the asymmetry of the turbulent boundary approximates the proper type of perturbation and the expanding 

cone is probably unstable up to about missile Mach 2. 5, which is reached about 45 sec. after takeoff. This 

probably enhances the effect of the jet distorting factors 

E. Missile Design Considerations Derived from the Jet Flame study. 

German wind tunnel experiments (3) have shown that the jet flame has an important effect on 

missile drag. The drag coefficient was observed to increase by as much as 75% at low subsonic velocities 

and to decrease by as much as 18% at supersonic velocities when the jet was turned on. At sonic missile 

velocity, the drag is substantially unaffected by the jel The German workers conclude that the effect of the 

jet on missile drag is due to jet-induced pressure changes on the boattail stern of the missile. At sub

sonic missile velocities the jet exerts an 'aspirator' effect, entraining air in its boundary and accelerating 

the flow of air around the bot tail, causing a pressure drop there. This causes an increase in drag. At 

supersonic miss!le velocities the presence of the expanding jet cone is observed to increase the thickness 

of the turbulent layer over the boattail. The supersonic flow, which controls the effective pressure on the 

boattail under these circumstances, is deflected thru less than the boattail angle or even diverges from the 

missile axis. The corresponding increase in boattail pressure decreases the drag, or can even add a net 

thrust when the supersonic flow diverges from the flow axis, as is at times the case for flow around the V-2 

in the plane of the steam exhausts. 

This accidental creation of thrust by such a novel mechanism invites the question whether the effect 

can be enhanced by deliberate design. Three elements are necessary: (1) a jet surface of supersonic now 

diverqlng sharply from the stern of the missile; (2) a missile surface so shaped that the pressure develop

ed in the diverging supersonic airflow around the missile and transmitted thru the turbulent layer will de

liver a thrust component of force, (3) an adequate supply of air or other material to build up the turbulent 

layer to the necessary thickness. A fourth desideratum is the presence of a flame "plug" where jet and 

supersonic air stream coll!de. The problem presented is a complicated one which would probably require 

the establishment of some parameters by experiment, but the large observed effect on the A4 boundary 

layer produced by the addition of four pounds per second of turbine exhaust qas indicates the desirab!l!ty 

of further work. 

The poss!b!l!ty of obtaining somewhat more thrust than is at present derived from the A4 rocket is 

dramatically displayed by the spectacle of the gigantic jet, more than twenty feet in diameter and equiva

lent to a solid body of the same form, driving its way thru the high atmosphere at velocities of 3000 ft/sec. 

or more. This it can do by the thrust it generates in expanding after leaving the rocket nozzle. The thrust 

is created by reaction against the 'nozzle' of the atmospheric surface around the jel This nozzle can be-

•• 
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come almost perfectly efficient, since reference to Flqure 11 shows that the reflectivity of the jet boundary 

becomes very small at hiqher missile velocities. Under these conditions, each expansion ray is 'extlnquished' 

at the jet boundary and a uniform source at the rocket exit will result in parallel flow in the airy 'nozzle' 

with the ultimate extinction of all disturbances and the delivery of maximum 'jet velocity'. 

The observation of the elliptical cross section of the A4 jet and the recoqnition of the connection 

between cross sectional shape and surface pressure led to the question whether an axially symmetrical 

missile body is best with respect to draq. In this matter once aqain the wedqe and the cone offer simple 

models for comparison. Consider a cone and a wedqe whose bases have the same area K and altitude h. 

The draq on the wedqe is approximately 

1 2 2 
D = - k Pu tana 

w hl 

where 1 Is the wedqe length parallel to the leadlnq edqe. 

The draq on the cone is approximately 

For D = D we have 
c w 

Or: 

vfkii + Loq h 
_,L"'o"'q'---"-=-- = tana 

Tlh l 

1
_Tihtana 

-Loq ¥f.+ Loq h 

the wedqe length at which wedqe draq is equal to cone draq. 

A wedqe length qreater than l will qive a wedqe draq less than that of a cone of the same helqht. A 

wedge of length 21 will have half the draq of the comparable cone. To simplify computation, let the base area 

K = n and tanlll = 1/2 

Then: 

h l=Titana-- andTitana=l.57 Loq h 
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The results for l and h are plotted in Figure 19. This and other information is tabulated below. 

h l 

1 

1.5 5,81 

2.0 4.52 

2.5 4.26 

2.72 4.26 

3.0 4.26 

4,0 4.53 

5.0 4,87 

10.0 6,82 

20.0 10.5 

TABLE 

Width of 
wedge base 

.540 

.695 

.735 

.735 

.735 

.692 

.644 

.460 

.30 

Wedge 
Angle 

10.3 

9.9 

8.4 

7.74 

6.98 

4.95 

3.69 

1.32 

0.84 

This indicates that the 'flying wing' type of supersonic craft may be of interest since a wedge of 

reasonable structural characteristics can be made to have less drag than a cone of the same height, es

pecially in craft of larger size. Refinements of theory coupled with engineering considerations would 

probably give an optimum form somewhat different from the simple wedge here considered. 
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