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THERMOMETRIC DETERMINATION OF OXIDANT-FUEL
DISTRIBUTION WITHIN A ROCKET COMBUSTOR
by Marshall C. Burrows

Lewis Research Center

SUMMARY

Tungsten-rhenium alloy thermocouples were used within a combustor to measure
local temperatures and to estimate the propellant distribution as a function of radius and
axial length. Hydrazine and nitrogen tetroxide propellants were injected through quadlet-
or triplet-type elements into a 2-inch (5. 1-cm) diameter chamber.

Temperatures indicated by bare-wire tungsten-rhenium alloy junctions were a
single-valued function of oxidant-fuel weight ratio (O/F) from 0.5 to 4.5. Using an ex-
perimental temperature-O/F curve, mixture ratio was determined as a function of com-
bustor length and radius,

The high-temperature thermocouples were also used to indicate changes in combus-
tion gas mixing. It was possible to chart the improvement in gas uniformity resulting
from placing wedges along the chamber walls to enhance mixing of combustion gases.

INTRODUCTION

The distribution of propellants within a rocket combustor is of interest to the engine
designer with regard to maximizing performance and combustion stability and minimizing
heat transferred to the chamber. Propellant distribution is usually measured in cold-
flow tests using nonmiscible fluids (ref. 1). With combustion, this distribution can
change considerably, especially with hypergolic propellants such as hydrazine and nitro-
gen tetroxide, which tend to repel each other at their interfaces (ref. 2). Clearly, an
experimental method of determining local mixture ratios within the combustion chamber
would be desirable.

Preliminary measurements of temperature distribution within the combustion cham-
ber using tungsten-rhenium alloy thermocouples (ref. 2) were consistent enough to war-
rant further studies. If the indicated thermocouple temperature was a function of mix-



ture ratio, the thermovoltages at each location could be related to the local mixture ratio.
This was done experimentally in the current study.

Bare-wire tungsten-rhenium alloy thermocouples were used to determine local vari-
ations in thermocouple temperature and the approximate propellant mixture ratio for sev-
eral single-element quadlet and triplet injectors. Combustor pressure was approximately
20 atmospheres (2. 02x10% N/mz). Overall oxidant-fuel weight ratios (O/F) were varied
from 0.5 to 1.5 (fuel-rich to slightly fuel-lean). The effects of nonhomogeneous gases on
performance is discussed.

APPARATUS AND PROCEDURE

Uncooled, 2-inch (5. 1-cm) diameter chambers contained four radially alined ports at
each of seven axial locations for thermocouple placement (fig. 1). The thermocouple
junctions extended 0.25 or 0.75 inch (0.64 or 1.91 cm) into the chamber at each location.
Figure 2 shows the position of the thermocouples relative to each injector configuration
tested. These positions corresponded to the maximum variations in mixture ratio as de-
termined by thermocouple surveys and previous photographs (ref. 2).

Two basic types of injection elements were tested in the combustor and are referred
to herein as quadlet or triplet types. Fuel and oxidizer entered either opposite or adja-
cent 0.067-inch (0. 17-cm) diameter tubes in the quadlet element. In the triplet element,
outer 0.067-inch (0.17-cm) diameter fuel jets impinged on an 0. 095-inch (0.242-cm) di-
ameter center jet containing the oxidizer. In all elements, the tubes extended nearly to
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Figure 1. - Single-element combustor, quadlet or triplet injection. Chamber
diameter, 2 inches (5.1 cm); nozzle throat diameter, 0.645 inch (1.64 cm);
combustor length, 22 inches (55.8 cm).
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Figure 3. - Tungsten/tungsten-26-percent-rhenium-alloy thermocouple,
Diameter of wires, 0.015 inch {0.038 cm).

the impingement point, and were flow-checked with water to ensure symmetrical propel-
lant flows.

Tungsten/tungsten-26-percent-rhenium wires with diameters of 0. 015 inch
(0.038 cm) or 0.030 inch (0.076 cm) were used to form the thermocouple configurations,
as shown in figure 3. Wires extended approximately 10 wire diameters beyond the alu-
mina insulator in order to minimize conductive losses.

Thermocouple voltages were recorded as a function of run time, and the values were
read after they became constant within 5 percent. This response time required approxi-
mately 0.3 to 0.6 second of combustor operation. Where the thermocouple junctions
were coated with zirconium oxide, response times increased to 1.1 seconds. Steady-
state values of thermovoltage were used for all measurements.

Published values of millivolt output against temperature for tungsten-rhenium wire
do not extend higher than 2600 K (ref. 3). The millivolt-temperature curve was there-
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fore extended, using the junction melting point of 3360 K with the highest observed volt-
age of 45 millivolts for the limiting value on the curve (fig. 4). Limited data were also
taken with tungsten/5-percent rhenium - tungsten/26-percent rhenium, with a similarly
constructed millivolt-temperature curve shown as the dashed line in figure 4. Thermo-
couple erosion and breakage was not noticeably dependent on wire type.

Figure 5 shows the relation of oxidant-fuel weight ratio to the indicated thermo-
couple temperature and calculated gas temperature. The indicated thermocouple tem-
peratures were measured 18 inches (45.7 cm) downstream from the injector in the center
of the chamber using the high-performance, like-on-like quadlet injector.

Bare-wire thermocouple junctions indicated an increasing temperature with increas-
ing oxidant mole fraction until their melting point was reached at an O/F of 4.5. In
oxidant-rich gases, the apparent reaction of the junction with excess oxidant reduced its
size rapidly during the s'teady-state portion of the run. Between the stoichiometric O/F
(1. 43) and 4.5, thermocouple temperatures deviated increasingly from theoretical, and
were a single-valued function of O/F. When the junctions were protected from oxidating
gases with approximately 0. 005 inch (0.013 cm) of zirconium oxide, thermocouple tem-
peratures decreased with O/F values higher than stoichiometric, as predicted by the
thermochemical data.

The coated-wire tests imply that the oxidizing environment caused the bare-wire
junctions to indicate higher-than-theoretical gas temperatures at high oxidant-fuel mix-
ture ratios. The mechanism causing this has not been resolved, but heat released from



{a) Before run.

{(b) After 0.3 second.
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(c) After 1.4 seconds.

Figure 6. - Tungsten/tungsten-26-percent-rhenium-alloy ther-
mocouple showing deterioration of flame-sprayed zirconium
oxide coating after 0.3 and 1. 4 seconds of combustor operation.



the oxidizing junction is implied. Regardless of the cause, the reproducibility of the
bare-wire calibration meets the requirements of this study.

Coated thermocouples were unsatisfactory since (1) the calibration curve produced
double-valued mixture ratios for every indicated temperature and (2) the coating was
weak and could not withstand temperature cycling from run to run. Small cracks ap-
peared in the coating, exposing the metal surface; and indicated temperatures increased
to those of bare-wire junctions (fig. 6).

Temperatures indicated by the bare-wire thermocouples offer a unique opportunity
to define fuel-rich and oxidant-rich zones within the combustor in the O/F range of 0.5
to 4.5. Beyond these limits there is a possibility of double-valued readings. Fuel-rich
gases will approach the decomposition temperature of hydrazine (1465 K) as calculated in
reference 2. Oxidant-rich gases eventually will approach the temperature of saturated
vapor at 20 atmospheres (373 K). The thermocouple temperature - O/F curve in fig-
ure 5 will therefore not be applicable to gases very close to the injector because of the
wide range in O/F mixtures which exist there.

One method of improving combustor performance from poorly distributed propel-
lants is to enhance gas-phase mixing. This was done in the current study by placing
copper wedges on the walls of the chamber, as shown in figure 7. Four to seven wedges
were used to improve performance and mix the gases. The thermocouples were used to

indicate the changes in the gas profile due to mixing.

Wedge distance Axiﬂ

- from injector, | location,
B B | 8,

A=18in. in. | cm deg
(45.7 cm) 1 25 0
2 5.1 90

3 1.6 180

6152 270

31 20.3 0

12 | 30.5 90

18 | 45.7 180

Figure 7. - Induced gas-phase mixing using copper wedges along vyal|s.
Four or seven wedges; thermocouple distance from injector, 18 inches
(45.7 cm).



RESULTS AND DISCUSSION

Steady-state temperatures of the bare-wire thermocouple junctions were measured
at three overall oxidant-fuel weight ratios using quadlet and triplet injector elements
(figs. 8 to 10). Generally, thermocouple temperatures varied between 1400 and 3360 K,
or from the decomposition temperature in fuel zones to the melting temperature of
tungsten-rhenium alloy at an O/F of 4.5 or higher. When close to the point of liquid oxi-
dant injection, thermocouples registered a temperature of 470 K, or almost 100 K above
the saturated N20 4-N02 vapor temperature.

Like-On-Like Quadlet

Maximum thermocouple temperatures within the chamber shifted from the fuel-
injected plane of the chamber at low metered O/F to the oxidant-injected plane at high
metered O/F, as shown in figures 8(a) to (c). Stoichiometric proportions of fuel and oxi-
dizer at an O/F of 1.43 also shifted in location within the chamber, ranging from the
fuel-injected sides at an overall O/F of 0.53 to the oxidant-injected sides at an O/F of
1.1 and back to the fuel-injected sides at an O/F of 1.51. Cool liquid oxidant controlled
thermocouple temperatures close to the injector on the oxidant-injected sides. For these
temperatures, the approximate O/F scale obviously could not be used.

The impinging streams of hydrazine and nitrogen tetroxide are of equal diameters,
so their momentum will be equal at an O/F of 1,22, This condition should provide for
optimum distribution of propellants and their products. The intermediate O/F data were
taken at an O/F of 1.1 and appear to show the best mixing and flattest temperature pro-
file when the like-on-like quadlet is used.

Unlike-Impinging Quadlet

Thermocouple temperature profiles are completely changed when the unlike-
impinging quadlet is used (fig. 9). Temperatures are low and quite uniform at the low
O/F condition, but show a steep gradient across the chamber at O/F values of 1.1 and
1.41. This radial gradient confirms the marked separation of fuel-rich and oxidant-rich
gases within the chamber that was observed in photographs of this injector which were
reported in the film supplement to reference 2 (NASA film C-258). Oxidizer-rich gases
remain on one side of the chamber, and fuel-rich gases remain on the other side. Even
18 inches downstream, the temperature gradient across the chamber at the higher O/F
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values was 1300 to 1500 K, corresponding to local O/F ratios which varied from 0.5 to
4 or more.

Fuel-Oxidant-Fuel Triplet

The triplet element showed the best distribution of thermocouple temperature with
overall O/F, distance from the injector, and radius (fig. 10). Temperature within
6 inches (15.25 cm) of the injector showed some effects of local changes in O/F.

The diameter of the center oxidant stream was sized so that its area equaled that of
the two impinging fuel streams. Hence, the stream momentums were balanced at an
overall O/F of 1.22, Again, intermediate O/F data were taken close to this value, and
the thermocouple temperature was 2575 K +125 K over most of the chamber width close
to the nozzle. These temperature limits corresponded to indicated O/F mixtures which
ranged from 0. 85 to 1. 3.

It is shown in reference 4 that complete mixing is not a necessary condition to at-
taining high performance. Thus, a variation in O/F of less than 2 to 1 across the cham-
ber did not significantly reduce the performance. However, in the case of the unlike-
impinging quadlet, the O/F variation close to the nozzle was greater than 10 to 1, which
degraded performance as much as 7 percent. The same magnitude of O/F variation was
obtained with the like-on-like impinging quadlet in only 6 inches (15.25 cm) of chamber
length, or in less than 3 inches (7.62 cm) with the fuel-oxidant-fuel triplet.

Turbulent Mixing

The thermocouple temperature data on the three injection systems in figures 8 to 10
show the persistence of nonhomogeneous gaser within the combustion chamber once they
are formed.

Using the thermocouples as indicators of O/F distribution, the degree of mixing in-
duced by obstructions along the chamber walls could be determined. The obstructions
were in the form of wedges, with a length to maximum thickness ratio of 2 to 1, and they
were installed in a spiral arrangement along the walls (fig. 7).

The results of using these wedges to improve mixing within the chamber are shown
in figure 11. The unlike-impinging quadlet was used because of its poor performance and
corresponding large temperature gradient across the chamber. With four wedges (fig. 7)
the temperature extremes were reduced considerably. With seven wedges along the
walls, temperatures became as uniform as they are when either the like-on-like imping-
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Figure 11. - Effect of induced turbulent mixing on thermo-
couple junction within combustor using unlike-impinging
quadlet, Overall oxidant-fuel ratio, approximately 1.1,

ing quadlet or the fuel-oxidant-fuel triplet is used. The corresponding improvement in
performance was approximately 7 percent.

The tests on turbulent mixing show the effectiveness of using thermocouples to de-
tect changes within the combustor that will affect performance. Thermocouple tempera-
tures also provide a sensitive indication of the combustion gas composition within the
chamber. No attempt was made to record thermocouple temperatures close to the cham-
ber walls since there are transient effects of the heat-sink, stainless-steel walls.

Cooled hardware would permit steady-state measurements close to the walls, which, if
calibrated, could be related to the gas composition.

CONCLUDING REMARKS

Although there has been considerable work done on cold flow studies of injector ele-
ments (refs, 1, 5, 6, and 7) only the two-on-two element and two-on-one element repor-
ted in reference 5 were similar to the quadlet and triplet elements used in this study.

Based on reference 5, optimum distribution of the quadlet should occur at an O/F of
1. 22, where stream momentums are balanced. Typical weight ratios 8 inches (20. 3 cm)
downstream and 0. 75 inch (1.9 c¢m) from the combustor axis varied from approximately
0.8 to 1. 2 in the cold flow study, compared to a range from 0.7 to 3.0 in this study. The
two-on-one element in reference 5 produced an optimum cold-flow distribution at a weight
ratio of 1. 87 for the conditions of this study.
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The optimum distribution of propellants for the triplet element in this study ap-
peared to be closer to the intermediate O/F of 1.1. The wide difference in O/F for
optimum distribution between cold flow and combustion data may in part be due to
whether fuel or oxidizer is in the center, the extent of interfacial reactions, and the
length-to-diameter ratio of the tubes in the injector element.

SUMMARY OF RESULTS

Tungsten-rhenium alloy thermocouples were used to map the distribution of propel-
lants within a single-element NoH 4—N20 4 combustion chamber. Bare-wire thermocouple
junctions provided a semiquantitative measure of mixing and reaction as a function of
downstream distance from the injector. Principal results with several types of injector
elements were as follows:

1. Tungsten-rhenium alloy thermocouples provided a simple and economical means
of determining the propellant distribution, degree of mixing, and extent of reaction within
an operating combustor.

2. Indicated thermocouple temperatures with an unlike-impinging quadlet showed
poor downstream mixing and extreme variations in mixture ratio across the chamber.
Performance from the unlike-impinging quadlet was as much as 7 percent lower than the
other injectors tested.

3. Placing wedges along the chamber walls improved mixing in the low-performance
combustor and increased performance. Seven wedges, arranged in a spiral fashion on
the chamber walls, provided a relatively flat temperature profile across the chamber.
Performance of the unlike-impinging quadlet then approached that of the best injectors
tested.

4, Best mixing and shortest reaction length between the N2H 4 and NZO 4 occurred
with a fuel-oxidant-fuel triplet element and with a like-on-like impinging quadlet with

equal stream momentum.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 10, 1969,
722-03.

14



ay

REFERENCES

. Rupe, Jack H.: An Experimental Correlation of the Nonreactive Properties of Injec-

tion Schemes and Combustion Effects in a Liquid-Propellant Rocket Engine.

Part I: The Application of Nonreactive-Spray Properties to Rocket-Motor Injector
Design. Tech. Rep. 32-255, Jet Propulsion Lab., Calif. Inst. Tech. (NASA
CR-64 635), July 15, 1965.

. Burrows, Marshall C.: Mixing and Reaction Studies of Hydrazine and Nitrogen Te-

troxide Using Photographic and Spectral Techniques. NASA TN D-4467, 1968.

. Anon.: Tungsten-Rhenium Thermocouple Alloys. Thermal EMF-Temperature

Tables. Hoskins Manufacturing Co., Nov. 23, 1962.

. Hersch, Martin: A Mixing Model for Rocket Engine Combustion. NASA TN D-2881,

1965.

. Elverum, G. W., Jr.; and Morey, T. F.: Criteria for Optimum Mixture-Ratio Dis-

tribution using Several Types of Impinging-Stream Injector Elements. Memo 30-5,
Jet Propulsion Lab., California Inst. Tech., Feb. 25, 1959,

. Knight, R. M.; and Bartlett, R. C.: Chamber Technology for Space-Storable Pro-

pellants. Rep. R-7073, Rocketdyne Div., North American Aviation, Inc. (NASA
CR-~89419), May 25, 19617.

. Dickerson, Robert A.; Tate, Kenneth W, ; and Barsic, Nicholas, J.: Correlation of

Spray Injector Parameters with Rocket Engine Performance. Rep. R-7499,
Rocketdyne Div., North American Rockwell Corp. (AFRPL-TR-68-147,
AD-839979), June 1968,

NASA-Langley, 1970 — 33 E~5199 15



NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
WasniNGTON, D. C. 20546

OFFICIAL BUSINESS

02U 001 58 51 305

n1R FORCFE \
KIRTLAND AFB, NEW

ATT £. LU

*
1

WEAPONS LABORA
MEXICO

U BUOWMAN, CHIEF,TECH.

FIRST CLASS MAIL

POSTAGE AND FEES PAID
NATIONAL AERONAUTICS AND
SPACE ADMINISTRATION

70013 Ot

TORY /WLOL

87117

LI

If Undeliverable ( Section 158

POSTMASTER:  p ] Manual) Do Not Refuzn

..""The acronantical and space activities of the United States shall be

conducted so as to contribute . . .

to the expansion of human krowl-

edge of phenomena in the atmosphere and space. The Administration
shall provide for the widest practicable and appropriate dissemination
of information concerning iis activities and the results thereof.”

— NATIONAL AERONAUTICS AND SPACE ACT OF 1958

NASA SCIENTIFIC AND TECHNICAL PUBLICATIONS

TECHNICAL REPORTS: Scientific and
technical information considered important,
complete, and a Jasting contribution to existing
knowledge. )

TECHNICAL NOTES: Information less broad
in scope but nevertheless of importance as a
contribution to existing knowledge.

TECHNICAL MEMORANDUMS:
Information receiving limited distribution
because of preliminary data, security classifica-
tion, or other reasons.

CONTRACTOR REPORTS: Scientific and
technical information generated under a NASA
contract or grant and considered an important
contribution to existing knowledge.

TECHNICAL TRANSLATIONS: Information
published in a foreign language considered
to merit NASA distribution in English,

SPECIAL PUBLICATIONS: Information
derived from or of value to NASA activities.
Publications include conference proceedings,
monographs, data compilations, handbooks,
sourcebooks, and special bibliographies.

TECHNOLOGY UTILIZATION
PUBLICATIONS: Information on technology
used by NASA that may be of particular
interest in commercial and other non-aerospace
applications. Publications include Tech Briefs,
Technology Utilization Reports and Notes,
and Technology Surveys.

Details on the availability of these publications may be obtained from:

SCIENTIFIC AND TECHNICAL INFORMATION DIVISION

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Washington, D.C. 20546

W




