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(This abstract is classifi 

ABSTRACT 

Infrared radiation measurements of rocket engine plumes, taken 
at a wavelength of 2.645 microns, were obtained in the 16-Ft Super­
sonic Tunnel of the Propulsion Wind Tunnel Facility at the Arnold 
Engineering Development Center. Two rocket nozzle-exit area ratios 
(8 to 1 and 25 to 1) and two propellant combinations (oxygen/RP-1 
and oxygen/ hydrogen) were used in the investigation. 

Results concerning the effect of trajectory conditions and equiv­
alence ratio upon the plume radiation emission are presented in this 
report. Relative radiation levels for the quenched and unquenched 
rocket plumes are presented for several test trajectory conditions. 

Infrared radiation levels were significantly higher at Mach num­
ber and altitude conditions than at static sea-level conditions for the 
same equivalence ratio. Increasing fuel richness increased the 
radiance levels at static sea-level conditions. The radiance produced 
by the oxygen/ R P-1 and oxygen/ hydrogen propellants were es s entially 
the same for approximately the same equivalence ratio. 

Quenching by peripheral injection of RP-1 fluid normal to the 
rocket exhaust was effective in reducing both the visible rocket plume 
and the infrared radiation. 
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NOMENCLATURE 

Free-stream Mach number 

Spectral radiance, watt cm-2 ster- 1 micron- 1 

Oxidizer-fuel ratio by weight 

Stoichiometric 0/ F ratio by weight: 

Oxygen/ R P-l: 
Oxygen/ Hydrogen: 

(O/F)* = 3.38 
(0/ F)* = 8.00 

Rocket nozzle exit radius, in. 

Free-stream stagnation temperature, oR 

Total rocket propellant weight flow, lb/ sec 

Quench liquid weight flow, lb/ sec 

Axial distance from the rocket engine exit, 
positive downstream, in. 

Radial distance from the rocket engine centerline, 
(positive left looking downstream), in. 

Altitude, ft 

Wavelength, micron 

Equivalence ratio (ratio of stoichiometric 0/ F 
ratio to test 0/ F ratio) 

x 
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1.0 INTRODUCTION 

At the request of the Space Systems Division (SSD), Air Force Sys­
tems Command (AFSC), under authorization from the Advanced Research 
Projects Agency (ARPA), characteristics of the exhausts of small rocket 
engines were determined for the Convair Division of General Dynamics 
Corporation. Pressure, temperature, gas composition, and radiation 
measurements of rocket engine plumes were made during tests con­
ducted between December 7, 1961, and January 5, 1962, in the 16-Ft 
Supersonic Tunnel of the Propulsion Wind Tunnel Facility (PWT) at the 
Arnold Engineering Development Center (AEDC), AFSC. 

The research program had several objectives. One of these was to 
study the pressure, temperature, and gas composition distributions of a 
rocket jet, particularly the interaction region between a fuel rich jet and 
a surrounding supersonic stream. Other objectives were to study the 
radiation emission of the plume (plume mapping phase) and to determine 
the degree of reduction of infrared radiation and visible flame extinguish­
ment resulting from injecting RP-1.into the rocket exhaust (plume quench­
ing phase). 

Some results of rocket plume temperature, pressure, and gas com­
position distribution are presented in Ref. 1. Presented in this report 
are results regarding the infrared radiation investigations. 

2.0 APPARATUS 

2.1 TEST FACILITY 

The PWT 16-Ft Supersonic Tunnel is a continuous flow, closed cir­
cuit wind tunnel. The tunnel is designed to operate at stagnation pres­
sures of approximately 100 to 2,000 psfa. A flexible nozzle provides 
an operating Mach number range of 1. 5 to 4.0 with a maximum operat­
ing stagnation air temperature of 650°F. The tunnel employs a scaveng­
ing system to remove exhaust gases and a makeup air system to supply 
conditioned air through an atmospheric drier to maintain equilibrium 
tunnel conditions. The PWT 16-Ft Supersonic Tunnel and the associated 
support equipment are shown in Fig. 1. A complete description of the 
tunnel is given in Ref. 2. Shown in Fig. 2 is the location of the basic 
test installation in the tunnel. 

Manuscript released for printing January 1963. 
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2.2 ROCKET ENGINES 

The rocket engines used in the test are shown in Fig. 3. The rocket 
engines had the same throat area but different throat to exit area ratios, 
8 to 1 and 25 to 1. The oxygen/RP-l propellant combination was used in 
both rocket engines, whereas the oxygen/hydrogen combination was used 
only in an 8 to 1 area ratio engine. Rocket engine injector patterns are 
shown in Fig. 4. 

2.3 MODELS AND MODEL STRUTS 

In Fig. 5 are presented the dimensions of the test models. Both 
models have ogive forebodies and cylindrical afterbodies. As shown in 
Fig. 3, the 25 to 1 area ratio rocket engine was housed within the shell 
of the model afterbody to maintain the proper model base to rocket 
engine exit diameter ratio. The test installation of the 8 to 1 area ratio 
rocket engine is shown in Fig. 6. 

The model support struts were made in two sections. The lower 
section was common to both models. Two upper sections, one for each 
rocket engine exit size, were used. The models and upper strut were 
made to scale with the rocket engine exit diameter. 

2.4 QUENCH SYSTEM 

The quench liquid (RP-l) was stored in three five-gallon high pres­
sure vessels manifolded together. The system was remotely pressurized 
and regulated from the control room. The quench injector is shown in 
Fig. 7. The injector consisted of a series of 20 orifices, 0.025 inch in 
diameter, in a circular manifold mounted concentric with and just down­
stream of the rocket motor exit. The RP-l was injected normal to the 
rocket exhaust. The injector screwed onto the body of the 8 to 1 area 
ratio rocket engine. 

3.0 INSTRUMENTATION 

All instrumentation was located in temperature-controlled boxes 
in the tunnel walls as shown in Fig. 8. 

2 
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3.1 RADIOMETERS 

Two radiometers, located in the top wall of the tunnel and equipped 
with plane mirrors, were used to map the infrared level of rocket plumes. 
The mirrors were remotely controlled to rotate about two mutually per­
pendicular axes. This installation permitted an axial scan of six-feet 
downstream and upstream of the center position of the radiometer and 
a unidirectional radial scan of two feet from the centerline of the tunnel. 
The scanning mirror position was determined by measuring the voltages 
across two, ten-turn potentiometers that were coupled to the scanning 
motors. 

The radiation from the rocket exhaust plume was reflected from 
the scanning mirror through a quartz lens. The transmission of the 
quartz was greater than 80 percent from 0.26 to 3.0 microns. The 
reflected radiation was mechanically chopped at 750 cps and passed 
through an interference filter onto a lead sulfide detector. The filter, 
which has a peak at 2.645 microns, permitted only a band of O. 11 
micron to fall on the detector. The interference filter transmittance 
curve is shown in Fig. 9. The 750-cps signal was amplified by a factor 
of 5,000. It was then recorded on magnetic tape and monitored on an 
oscilloscope. This same installation was also used during the rocket 
plume quenching program. One of the radiometers used for these pro­
grams is shown in Fig. 10. 

3.2 PHOTOGRAPHIC COVERAGE 

Photographic coverage included 35-mm cameras using Tri-x film 
with a sensitivity between 0.36 and 0.65 micron (visible light range). 
Movie coverage was provided with three 16-mm cameras. 

3.3 PRESSURE INSTRUMENTATION 

Pressure transducers were used to monitor rocket chamber pres­
sure, and their outputs were recorded on magnetic tape. 

4.0 DATA ACCURACY 

Table 1 presents the estimates of the error in tunnel parameters 
and data variables. The uncertainties were estimated from a study 
of the measuring equipment and the results obtained during the tunnel 
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operation for a probability of 95 percent. The maximum variation in 
centerline Mach number is ±O. 02, and the off-centerline Mach number 
agrees with centerline Mach numbers within ±O. 01. A more extensive 
discussion of the uncertainties in the tunnel flow parameters is pre­
sented in Ref. 3. 

5,0 PROCEDURE 

5.1 CALIBRATIONS 

The radiometer position indicators were calibrated by focusing 
the radiometers on an infrared source at measured tunnel stations. 
Indicator output versus position was then plotted. Calibrations were 
made first along the rocket engine centerline for rocket plume axial 
position and then along lines perpendicular to the tunnel centerline 
for the rocket plume radial position. 

Spectral radiance calibrations of the radiometer were made at 
sea-level conditions using two blackbody sources operating in the infra­
red region of the electromagnetic wave spectrum. The calibrations 
were performed in the tunnel by placing each source in such a way that 
the radiometer viewed the central portion of the source. One source 
provided temperatures up to 230°C and was used for the low radiance 
levels. A variable aperture on the second source provided varying 
degrees of spectral radiance at the radiometer. This calibration 
source temperature was approximately 660°C. No attempt was made 
to correct the data for the difference in absorbtivity of the air at the 
various test conditions. However, it is estimated that the absorbtiv­
ity of air decreased approximately nine percent between sea level and 
the maximum test altitude for an optical path length of 12 ft. 

5,2 TESTS 

When tunnel conditions were established, a firing countdown was 
initiated, and during the ensuing countdown, test monitoring instru­
mentation equipment and propellant system controls were activated. 

Test data were obtained at the test conditions shown in Table 2. 
The 8 to 1 nozzle-exit area ratio rocket engine using oxygen/RP-1 
propellant was investigated at static sea-level conditions and at Mach 
numbers of 1. 75 and 2, 15 at pressure altitudes of 50,000 and 66, 500 ft, 
respectively. The 8 to 1 nozzle-exit area ratio rocket engine using 
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oxygen/hydrogen propellant was investigated only at static sea-level 
conditions. The 25 to 1 nozzle-exit area ratio rocket engine was 
investigated for only the oxygen/RP-1 propellant combination and for 
Mach numbers of 1. 75 and 2.60 at pressure altitudes of 50,000 and 
83,000 feet, respectively. 

For the major portion of the test, the equivalence ratio for RP-1 
firings was approximately 1. 5. Several R pool firings were made with 
equivalence ratios of 1. 1 and 1. 9 with the 8 to 1 area ratio engine. 
An equivalence ratio of 2.0 was maintained for all hydrogen firings. 
The equivalence ratios presented in this report are the average 
equivalance ratio for each rocket firing because a constant equiva­
lence ratio could not be maintained during the long rocket firing 
time (100 to 5000 sec). 

After steady-state operation was attained, the procedure varied 
with the test phase. 

a. Mapping Phase. Radial scans of the rocket plume were 
made with two radiometers at axial increments of ten 
inches from the rocket motor. Following the radiometer 
scans, several photographs were taken with the 35-mm 
cameras. 

b. Quenching Phase. The quenching liquid (RP-l-) was in­
jected at an increasing rate until an optimum condition 
was reached. The optimum condition was determined 
by monitoring the radiometer outputs on an oscilloscope. 
When the radiation level was minimized, an axial scan 
of the plume centerline was made with two radiometers. 
Figure 11 is a block diagram of the quenching system 
instrumentation. 

6,0 RESULTS AND DISCUSSION 

6,1 MAPPING PHASE 

The size of the radiometer field of view had an appreciable effect 
upon the resultant data. Shown in Fig. 12 are raw data curves of radIal 
scans of the plume for both radiometers. The upstream radiometer 
with a field of view one fourth that of the downstream radiometer gives 
the more accurate measurement for the local value of spectral radiance. 
The slopes of the curves shown in Fig. 12 indicate the relative sensitiv­
ity of the two instruments to the change in radiation level along the plume 
radius. 

5 
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The infrared radiation levels along the plume axis at the three test 
trajectory conditions for the 8 to 1 area ratio rocket engine are pre­
sented in Fig. 13 for an equivalence ratio of approximately 1. 5. There 
is no significant difference in radiation level for the two tunnel air-on 
test conditions. The radiation level at the static sea-level conditions 
is considerably lower than the tunnel air-on conditions. The reasons 
for this large difference are not understood, especially because only a 
small portion of the difference in radiation level is caused by atmos­
pheric absorption. 

The infrared radiation distribution for the three test trajectory 
conditions with the 8 to 1 area ratio rocket engine are presented in 
Figs. 14, 15, and 16. For the purpose of presenting curves indicative 
of the radiation profiles, the minimum spectral radiance levels were 
selected as 0.010 for the upstream radiometer and 0.020 for the down­
stream radiometer. This selection was governed by the background 
radiation level with the rocket firing indicated by the radial scans of 
the rocket plume (see Fig. 12 for typical radial scans). The spread­
ing of the radiating portion of the plume remained approximately the 
same for the two tunnel air-on test conditions. Greater spreading 
would be expected at the higher altitude; however, the increase in 
Mach number apparently counteracts this effect. 

The effect of equivalence ratio on the infrared radiation level along 
the rocket plume axis is shown in Fig. 17 for approximate equivalence 
ratios of 1. 1, 1. 5, and 1. 9 at static sea-level conditions. The highest 
equivalence ratio produced the highest radiation level. It is evident 
that the higher equivalence ratios provide excess fuel for burning in 
the rocket plume and that the chemiluminescent processes accompany­
ing the afterburning are responsible for the differences in the radiation 
levels. There is a leveling off of the radiation level as the stoichiomet­
ric condition is approached. Radial scans at an axial position 30-in. 
(x/re = 40) downstream of the rocket exit are shown in Fig. 18. The 
secondary peaks at approximately y/re values of 12 and 25 coincide with 
the location of a black grid painted on the tunnel floor for visual meas­
urements. It is obvious that the spectral radiance measured beyond 
radial values of y/re "" 9 is caused by plume radiation reflected from 
the tunnel walls. 

Isoradiance and centerline radiance curves for both oxygen/ hydrogen 
and oxygen/RP-1 propellant combinations are presented in Figs. 19 and 
20. Several firings were made at static sea-level conditions using oxygen/ 
hydrogen propellant combination with the 8 to 1 area ratio rocket engine. 
The equivalence ratios were approximately the same for the two combina-
tions, <l> "" 2.0 for oxygen/hydrogen and <l> "" 1. 9 for oxygen/RP-l. No 
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data were obtained with the upstream radiometer for the oxygen/hydrogen 
firing. No appreciable differences between the centerline radiance levels 
for the two propellant combinations were found. Furthermore, the 
isoradiance curves indicate a similarity in the plume radiation geometry. 
The large discrepancy between the readings of the upstream and down­
stream radiometers at x/re = 107 in Fig. 20 is attributed to the fact 
that the two radiometer scanning mirrors are viewing different portions 
of the plume. The downstream radiometer is directly above the plume 
at this axial location, whereas the upstream radiometer scanning mir­
rors must be turned through an angle of 45 deg to view the same loca­
tion, thus providing an oblique" slice" of the plume to be viewed by the 
radiometer. 

Presented in Fig. 21 is a plume photograph of the oxygen/RP-1 
propellant combinations at test trajectory conditions for the 25 to 1 area 
ratio rocket engine and the boundary plotted from the photograph. 
Limited data were available to compare the temperature boundary from 
Ref. 1 with the visible plume boundary in Fig. 21. For the same test 
trajectory conditions, the temperature boundary at an x/ re "" 100 is 
approximately twice as large as the visible plume boundary, and the 
plume temperature profile indicates that the plume stagnation tempera­
ture is approximately 20000R at the visible plume boundary. The air­
stream stagnation temperature was 684°R at this test condition. 

6.2 QUENCHING PHASE 

During the quenching phase of the test program, attempts were made 
to extinguish the afterburning flame by injecting liquid RP-1 peripherally 
into the exhaust of the rocket engine at the nozzle exit. The reduction of 
the plume infrared radiation is desirable to reduce the effectiveness of 
detection systems that measure plume infrared radiation. 

During quenching, radiometer data were recorded at three test 
conditions. At all conditions the quenching flow rate was increased un­
til further increases resulted in no additional reductions in th~ radiation 
level. In Figs. 22, 23, and 24 the spectral radiance along the rocket 
plume axis is presented for the quenched and unquenched conditions for 
three different test conditions. The discontinuities that appear at an 
x/ revalue of approximately 195 in Figs. 23 and 24 can be attributed to 
reflection from a rake assembly installed in the tunnel test section to 
measure rocket plume pressure, temperature, and gas composition. 
Data downstream of this interference are therefore not valid. 

7 



AEDC·TDR.62·224 

The absolute level of centerline spectral radiance for the quenching 
phase is in error for axial scan data obtained from the upstream radiom­
eter. The axial scanning mirrors of the radiometer were found to be 
scanning at an angle off the plume centerline. Because only axial scans 
were taken during the quenching phase, the spectral radiance values ob­
tained will not necessarily agree with the radial scan spectral radiance 
values presented in the mapping phase for the upstream radiometer at 
the same test conditions. The relative values, however, for the quenched 
and unquenched conditions are valid. 

At all test conditions both the radiation level at the filtered wave­
length and the visible flame were considerably reduced by the quench-
ing fluid. The visible flame appeared to be more completely quenched 
for the two tunnel air-on conditions. Quenching had the least effect up­
on the radiation level at the highest Mach number, but the radiation levels 
were so low as to make such a conclusion questionable. Even though the 
quenching flow was least for this condition, increases in the quenching 
flow did not reduce the radiation level. This result is attributed to the 
fact that the thickness of the mixing layer between the rocket exhaust and 
the free stream decreases with increasing Mach number, The quenching 
fluid affects primarily the mixing layer and not the central core; con­
sequently, less quenching fluid is required where peripheral burning is 
or may be, marginal and dependent upon oxygen from the free stream. 
Because the mixing layer was largest at zero Mach number and more 
oxygen from the surrounding medium was available, more fluid was 
required for quenching. 

It is important to note that the radiation level is presented for only 
a small wavelength band centered at 2.645 microns with a bandwidth of 
approximately O. 11 micron. The effect over the complete infrared band­
width therefore is not known. The spectral radiance of rocket exhaust 
plumes over the complete infrared band of the spectrum is presented in 
Refs. 4 and 5. 

7,0 CONCLUSIONS 

Rocket engines using oxygen/RP-l propellants were used to gener­
ate an exhaust plume for infrared radiation studies. Tests at static 
sea-level conditions included a variation of equivalence ratio and nozzle­
exit area ratio. At several Mach number and pressure altitude condi­
tions, two nozzle-exit area ratios were used. A similar rocket engine 
using oxygen/hydrogen as propellants was used at static sea-level condi­
tions and for one equivalence ratio. Infrared radiation surveys of the 
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rocket engine plumes taken at a wavelength of 2.645 microns with a 
O. ii-micron bandwidth resulted in the following conclusions: 

1. The infrared radiation levels at Mach number and altitude 
conditions were found to be significantly higher than those 
at static sea-level conditions for approximately the same 
equivalence ratio. 

2. The infrared radiation level of the rocket plume increased 
with increasing fuel richness for the oxygen/ RP-l propel­
lants at static sea-level conditions. 

3. The infrared radiation levels along the rocket plume axis 
for static sea-level conditions were approximately the 
same for the oxygen/ R P-l and oxygen/ hydrogen propel­
lants at approximately the same equivalence ratio. 

4. The peripheral injection of quenching fluid (RP-l) in a 
direction normal to the rocket exhaust reduced the 
visible rocket plume and the plume infrared radiation 
for the oxygen/RP-l propellant rocket engine. (Only 
the 8 to 1 area ratio, oxygen/ R P-l propellant rocket 
engine was used in the quenching phase of the test. ) 

5. The quenching effect was found to decrease with increas­
ing Mach number and altitude for constant equivalence 
ratio. 
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AEDC· TDR-62-224 

TABLE 1 

PRECISION OF MEASUREMENTS 

Parameter l:l Error 

Moo ±O.O2 

NA ±O.OO3 

Z ±720 

x/re Isoradiance Curves 
8 to 1 Rocket Engine ±O. 13 

25 to 1 Rocket Engine ±O.O8 

x/re Photographic Boundaries 
25 to 1 Rocket Engine ±O.37 

y/re Isoradiance Curves 
8 to 1 Rocket Engine ±O.13 

25 to 1 Rocket Engine ±O.O8 

y/re Photographic Boundaries 
25 to 1 Rocket Engine ±O.37 

<J) (02/RP-1) during a Rocket Firing ±O. 1 

<J) (02/H2) during a Rocket Firing ±O. 1 
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AEDC-TDR.62·224 

Rocket Engine 
Area Ratio 

8 to 1 

8 to 1 

8 to 1 

8 to 1 

25 to 1 

25 to 1 

25 to 1 

25 to 1 

8 to 1 

TABLE 2 
TeST CONDITIONS 

Propellant 
Combination Mco 

02/ RP- 1 0 

°2/ RP- 1 1. 75 

02/RP-1 2.15 

02/RP-1 0 

02/RP-1 1. 75 

02/RP-1 2.60 

02/RP-1 2.60 

02/RP-1 2.60 

02/H2 0 

12 

Z, ft Tt
lll

, oR 

sea level 610 

50,000 687 

66,500 717 

sea level 518 

50,000 675 

83,000 802 

83,000 854 

83,000 880 

sea level 522 
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a. 02/RP-l Propellant Injectors 
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Fig. 4 Rocket Engine Injectors 
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Fig. 5 Model Dimensions 
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