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SECTION I 

SUMMARY 

An experimental program was ocmducted using a small-scale, arc-augmented 

gas-ciynamic laser (ODL) with the objective of obtaining coraprehenßive data 

for evaluating theoretical predictions of opti"al gain for such devices over a 

wide range of potential operating conditions. An existing combuntion-driven 

GDL facility was augmented with a 530 kW arc-jut heater to provide stapaation 

temperatures unattainable by the combustion of ordinary liquid and gaseous 

reactants in an attempt to simulate conditions estimated for the combustion of 

solid propellants. The unmodified combustion-driven GDL facility had pre- 

viously been employed for making extensive gain measurements and performance 

evaluations for conventional GDL configurations and had been well-characterized 

during these earlier test programs. Under the present program, stagnation tem- 

peratures higher than those reached in ordinary gas-dynamic lasers were obtained 

and measurements were made to Indicate that an acceptable level of temperature 

homogeneity had been achieved to permit the theoretical determination of the 

plenum gas composition. This information was in turn used to access the im- 

portance of the water-gas equilibrium which, for the conditions considered, 

dictates that excess carbon monoxide would result In slgniflc&nt concentra- 

tions of hydrogen and concommitant reduction in water concentration. In addi- 

tion, limited gain measurements were made. 

During the course of this program, a number of experimental difficultius 

were encountered which limited the scope of the gain measurements and, thereby. 

mam m—mm  — -' 1 ^ 



partially compromiGed the overall progra:!: objective. Include-l among the diffi- 

OUlties were roctrictionü in test tir» due to the effort expended to make the 

equipment opurationai over the ..-xtenlod range of conditiuu^, operational diffi- 

culties resulting from arc-current transients} which cau.--i «BMMto ire elec- 

trode u-rosion during starting, problenu: resulting fror, th .• cündcr;;ation of 

si ictroda material in the noasla throat and possible uncertainties in the no-.- 

Bla throat area. The variances found in the gain traoaa were conGiderably 

larger than anticipated and much greater than had been recorded during pure 

combustion^iriven GDL gain measurement:;. Part of this variability restated 

from operational problems with the arc heater and instabilities in the probe 

laser. For example, the gain data obtained might be suspect because of the 

possibility that orroded copper metal might have contaminated the gases. How- 

ever, ..ince most of the erosion noted occurcd during starting current transients, 

relatively little copper vapor ./as present during the part of test when the 

gain was measured. Kurthermore, post run inspections gave qualitative evi- 

dence of the presence of copper in and upstream of the nozzle throat and also 

within the combustor; no evidence of copper deposits downstream of the nozzle 

throat was found. The difficulty with electrode lifetime was traced to short- 

comings in the arc power supply and attempts to rectify the situation during 

the course of the program were not totally satisfactory. 
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:]BCTI01I II 

HJTOüDUCTIOI; 

In conventional gaü-dynamic lar.er (CDL) f^"'piru''■ n:., ga^eoiu; reactantis 

are combuüted in the appropriate proportions to generate an optimum active me- 

dium.    It is clear that the performance of ruch lasers would be Improved if 

higher ütagr.ation turaporature could be achieved,    unu possible means to obtain 

increased stagnation temperature ic the uce of solid propeilant fuels.    Huch 

use would llio be t-ignificant  in the development of minimum weight, compact 

devices, which would have long shelf life. 

To aid in the development of the appropriate solid propellants,   informa- 

tion is required   -n the magnitude of the optical gain which can be achieved 

with various hypothetical formulations.    Since the combustion of solid pro- 

pellants tends to generate significant concentrations of carbon monoxide, as 

well as high stagnation temperatures, little data are available on the anti- 

cipated gain as indicated in references 1-9.    The magnitude of the gain can 

be estimated using various theoretical models, but these models have received 

relatively little experimental validation at the conditions corresponding to 

those anticipated from the burning of solid propellants.    Therefore, the ob- 

jective of the program described herein was to perform a aeries of comprehen- 

sive gain measurements ii. a small-scale, arc-Jet augmented GDL using gas com- 

positions at temper**-ures representative of those that might be achieved by the 

burning of solid propellants so that the performance potential of such systems 

might be established and the predictions of various theoretical models validated. 
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SECTIOIJ III 

PACiLrry DESCRIPTION 

I.  MINI-ROCKET TEST FACILITY 

The reaction voüLiel which houses the arc-combu^tor-nozzlo assembly is a 

vacuum-tight stainless steel cylinder (twelve inches internal diameter) with 

gas and water feed-throughs in end and side flanges, (see figure l). The arc- 

combustor-nozzle assembly, not visible in figure 1, is installed in the rear. 

The downstream end of the vessel is connected through appropriate piping and 

valves to a vacuum sphere having a volume of 4800 cubic feet. The vacuum- 

tight test facility protects laboratory personnel from exposure to carbon 

monoxide in the event of leaks in the test assembly, and the use of the large 

vacuum sphere permits runs, which were generally of the order of thirty seconds, 

to be made without increasing the pressure in the facility more than 10 to 12 

torr. 

Arc operation, cooling water flows, and gas flows were controlled from 

wall-mounted control panels located a short distance from the reaction vessel, 

(see figure 2). Appropriate safety devices against system over-pressurization, 

over-temperature, etc., were built into the control system. 

A schematic of an individual gas delivery line is shown in figure 3. There 

are five such lines - two for nitrogen and one each for hydrogen, oxygen (or 

nitrous oxide), and carbon monoxide. The gas is supplied from high pressure 

cylinders joined by a manifold and located outside an exterior wall of the room. 

The outlet of the manifold has a single manual shut-off valve through which the 

mmtmmmmmmmmmtmmt MIIII   iin  täBMiäk*i*ui^ >.;**,*..,   . 
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gas is deliv«red to a preiiSure regulator and t'.ien through an on-off aolenoid 

vaiv,- tt> the test arc*.    A manual bleed valve  Is also provided outside the 

building test arua to pirmit r<iady depr.'^urization of the lines.    Inside the 

building the gas pasoos in turn through a second on-off solenoid vaivo, a flow 

regulating munual valv-, a suitable choked orifice, and finally a r-malx check 

valve before entering the test apparatus located within the evacuated reaction 

vessel.    The hot gase;, exiting from the apparatu;   pa:..; ovor water cooled coppur 

coils located within thu reaction versel and the cooled gases exhaust through 

appropriate piping and valving into the largo vacuum sphere again located out- 

ride the building.    Pressure gauges located ir. the control panel indicate the 

^a.: supply pressure and the controlled pressure preceding the choked orifice. 

The pressure within the corabustor is monitored, by a pressure transducer and 

the vacuum within the reaction vessel is monitored with a gauge. 

The flow of gases to the test assembly la controlled in all cases by 

choked orifices.    Th"^e orifices arc calibrated with nitrogen and, from these 

data, the flow with other gases is calculated.    A cross-check of the calcula- 

tion procedure is usually made with argon gas.    The manufacturer's quoted pur- 

ity for each of the gases used in the present program is:   CO, 99.3^; N , 99.T5&; 

Or», 99.^; and H2, 99-9^. 

2.      ARC HEATER OPERATION 

The arc heater used in the test program was a Model 11-2^0 heater made by 

Linde.    The power supply was made by American Rectifier, New York. 

To ipiite the N-250 arc heater, nitrogen flow was initiated and then a 

potential was applied between the anode and cathode.    A one-eighth inch diameter 

10 
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carbon rod at cathode potential was passed from behind through a port in the 

cathode into the space between the electrodes drawing the arc from the anode 

an<l an'ixlng It to the cathode as the rod was withdrawn once again through the 

port in the cathode, (see figure k).    The gas-actuated starter is shown in 

figure % 

In a normal run-starting sequence, the cooling water to the arc was turned 

on, the magnetic coil was energized, full nitrogen flow (appropriately divided 

between arc and combustor with regard to heat and gas composition requirements) 

was established, the potential was applied between electrodes and the starter 

mechanism was actuated.    Upon arc ignition the fuel and oxidant gases were fed 

in.   The run shut-down was in the reverse order. 

11 
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SECTIOIJ IV 

EXPERIMENTAL WORK 

J.  PHASE I 

a. Design of the Arc-Combuütor-Noz^le Assembly 

(l) General Considerations 

The desired operating conditions which the assembly was designed to achieve 

are listed in Table I. As indicated in Table I a wide range of gas compositions 

wore established for the small-scale gas dynamic laser operating at a stagnation 

pressure of 40 atm and at a number of stagnation temperatures. In figure 6 is 

shown a plot of the stagiation temperatures as a function of COp and H2O concen- 

tration;-, which result from the combustion of CO and Hp with either Op or Ko0. 

With CO and Op as the principal reactants, approximately 80 lew must be added to 

the gas stream to achieve some of the desired stagnation temperatures. If rea- 

sonable heat losses are considered, then the addition of approximately 200 to 

too kw of thermal power is required to achieve the desired stagnation temperatures. 

Furthermore, the temperature uniformity within the combustor is exceedingly im- 

portant in providing meaningful comparisons between theory and experiment. The 

comparison of theory with experiment also requires that a reasonably shock free 

gas flow be generated downstream of the nozzle throat to the last port at which 

gain measurements are made. 

The existing UARL mini-rocket GDL was not capable of achieving the desired 

operating goals, and therefore, was modified at the start of this program. The 

existing copper combustor had been tested to approximately 35 atm, at which 

pressure leaks developed because the copper design did not have the requisite 

structural strength. Also, the proposed test conditions required larger gas 

111 iMWfcl——        ,  - ■■ -■ ■  ■ ■ - 
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TABLE I 

RUN CONDmON^ 

GROUP RUN T/K) X 
co2 ^0 v 

1 IbOO 2 0 5 
1 2 1500 2 30 5 

3 1500 2 6o 5 

2 
1+ 
5 

1500 
1500 

5 
5 

0 
30 

2 
2 

Othur Conditions 

6 1500 5 6o 2 A/A* = 60 

7 1500 6 0 1 h    = .03cm 

3 8 1500 6 30 1 
u 

9 1500 6 6o 1 P    =   hO  atm 
0 

10 2000 11 0 1 
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fluw rfcteu thau hii<l nr-.-viously been employed, which Dae«Mitt!t«d ruplocenent 

of the gas supply linos.   Caaeous i*uel was cor.cidered as the only fuel choice 

which would allow all of the dlfferert conditon;^ to be achieved,    nince con- 

siderabli experience had been obtained in using choked orifices for controlling 

thri gau flows in performing other GDI. tents, this san. technique, which can 

readily control gas flows to t 2 percent, was -losen for th<j present study. 

'.'tec*: of th    ,arly GUI two-dimensional copper nozzle contours were di-sl^ed 

with UAKL computer programs to provide  ühock-Zree flow.    These same computer 

procramc HtTC used in th; present prograci. 

(2)    Arc^Jombustor-Nozzle Design 

The modifications which were made to the existing facility to provide the 

vide ranges of running conditions included a 200-iK)0 kw thermal heat source 

and a nor.zle^ombustor design capable of operating at kO atm while providing 

uniform c^s flow.    The following factors were taken into consideration in 

choo.-ing the thermal heat source:    l) capability of generating the required 

■-•nthalpy ut the desired temperatures 2) potential of varying the enthalpy 

during a run 3) operation with varying amounts of I.'   and '.) general flexibility. 

The required enthalpy can be generated by either an arc or a pebble bed heater. 

(An a rcnult of conibustor and norzle heat losses, exit gas temperatures con- 

siderably in excess of 1200oK are required).    However, only by using an arc 

can the heater exhaust gas temperature bo readily varied during the course of 

a run.    This form of operation is necessary to minimi:.e tho number of required 

runs and yet achieve tin desired operating temperatures.    Furthermore, the arc 

is more readily adaptable to operation on the varying amounts of N    required 

17 
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in going I'run one tect point to another. In eupamry, an arc has more flexi- 

bility for this particular program because it can generatn the required enthal- 

pies and bo readily incorporated into the tesst apparatus. The arc uses a power 

supply which cfcn be remotely located. The arc itself has a small volume occu- 

pying lues than 0.5 cu. ft. of space. In addition, commürcial arc units have 

been operated at pressures well in excess of U)  atm and have delivered the 

nquisltt amount of ga., enthalpy at temperatures in excess of those required. 

Uince an eure was chosen as the thermal source, the combustor was designed 

to mate with the arc in such a manner as to provide a relatively uniform gas 

temperature at the nozzle throat. To achieve this goal the combustor w^.s de- 

signed to nave a volume which would provide a relatively large gas residence 

time. However, the larger the residence time the greater the heat loss; a 

residence time of approximately 30 m sec was chosen based on previous exper- 

ience with other types of combustors. The gas emanating from the arc was in- 

jected paralltl to the nozzle throat in order to dissipate the hot gas plume 

jmanating from the arc. The dissipation of the vortex-stabilised arc gas plume 

was further enhanced by injecting the reactant gases with a swirl that was op- 

posite to that of the arc heated diluent. Stainless steel was chosen as the 

material of construction because of its structural properties. Since, in 

general, the run duration was intended to be less than 30 sec the combustor 

was oi ly cooled externally BO that it could be cooled between successive runs. 

The nozzle ".cntour was determined by utilizing the available UARL compu- 

ter programs. Since the nozzle was to be tested with a variety of gas compo- 

sitions which corresponded to gas mixtures having slightly differing heat 
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capacity ratios, the contour was calculated for conditions correcpondine to 

the average gac composition of the test matrix listed in Table I. Becauße the 

combuctor was macLe of stainless steel it vac thought that the nozzle should be 

made of a material that had a similar coefficient of expansion to minimize the 

potential leakage at the combustor-nozzlc interface. Furthermore, steady- 

state calculations indicated that copper might not have the requisite struc- 

tural strength. However, subsequently it was Learned that copper would be 

acceptable especially for the short run times under consideration. The nozzle 

was fabricated of stamLess steel which resulted in an unanticipated diffi- 

culty, namely the nozzle throat changed dimensions during the course of a tost. 

The stagnation temperature uniformity and magnitude upstream of the nozzle 

throat was to be measured with three equally spaced thermocouples located with- 

in the nozzle but just upstream of the nozzle throat. 

(3) Construction of Arc-Combustor-Kozzle Assemb?.y 

A diagram of the arc-combufvbor-nozzle assembly is shown in figure k.    The 

cylindrical stainless steel combustor is 3.56 Inches ID and 5.75 inches long. 

The internal dimensions of the stainless steel nozzle are i+.000 - 0.005 inches 

in width and seventeen inches in length. The nozzle is three inches thick where 

it joins the combustor (bolted using a copper gasket) and reduces to one and 

one-quarter inches in thickness shortly downstream of the throat area. The 

cylindrical arc heater is a Linde arc. Model N-250, which is eleven inches in 

diameter at the sealing flange and thirteen inches long. Nitrogen is introduced 

into the arc assembly through four separate nozzles at location (A) so that a 

swirling flow is set up within the arc. The nitror • is heated by an arc set 
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up between a hollow anode and a hollow cathode when the unit is energized. The 

hot nitrogen plume flows out the hollow cathode toward the combustion chamber. 

At the entrance of the combustion chamber the hot nitrogen is met by a counter- 

swirling flow of fuel (CO and H,,) and oxidizer (0^ or II^o) introduced through 

separate ports at location (B). Combustion begins immediately, is completed 

within the combustor, and the gaseous product mixture (COg, HgO, Ng, excess CO) 

then enters the nozzle. The nozzle is made in two halves as shown in figure 

7. The internal throat width is four Inches and the throat height is 0.12 

inches but the height can be adjusted by appropriate selection of shim mater- 

ials between halves. Ports are provided at five, ten, and twenty-five cm down- 

stream of the throat for gain measurements. The contour of the nozzle was de- 

termined through use of computer programs at UARL which include both nonviscous 

and viscous effects so as to produce shock-free supersonic gas flow. Critical 

parts of the arc heater, combustor, and nozzle are water cooled. A photograph 

of the assembly in preparation for installation in the test rig is shown in 

figure 8. 

b.    Shake down tests of Assembly in Mini-rocket Facility 

(l)    Facility Problems 

Considerable difficulty was encountered at the beginning of the shakedown 

tests in isolating problems in the power supply which led to secondary prob- 

lems within the arc heater.    The problems were ultimately resolved to an 

acceptable degree  in conjunction with the power supply manufacturer to enable 

dependable running of the arc and allow an evaluation of the capability for 

achieving specified run conditions.    This was accomplished principally by 
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operatinp. the powur aupply without output Bharting relayß and by r-jwiring and 

r:p]'*oiii».'. critical power . uppLy eoapotMBba witn j^rtü having higher voltage 

Ijreahdf.vai uharaetsrlsties«    ha a ootrnqvunoe Ot BOM idior.yncrarie^ in the 

jwwer cupnly, the method of Igniting the arc had to be modified to incorporate 

certain cücential procedures.    T1K   detailu oi' the arc operation are presented 

in Appendix I. 

(P) Temperature Homogeneity 

Three thermocouples wore located in the r.o-ule just upjtream of the throat. 

Their positions are indicated in figure h,    Some initial  -pioratory runs were 

made using shielded chromel-alumel thermocouples (steel sheath) which confirmed 

that temperatures in excess of 15000K were being achieved. However, these 

thermocouple: burned out at temperatures much above thir. value. These tests 

were followed by runs using commercially purchased tungsten/tungsten - 26 per- 

cent rhenium thermocouples, both shielded In tantalum and unshielded. These 

thermocouples lasted only one or two runs when fuel and oxidizer were added, 

but indicated that design temperatures up to HOOO^ were being obtained. 

A set of thermocouples having longer lifetimes were made at UARL from 

platinum/platinum - 13 percent rhodium using a configuration as shown in figure 

9. These ha«, a fairly long life time at temperatures up to about 1600 K. These 

thermocouple configurations were carefully pressure-checked before installation 

since any pinhole that allowed leakage of hot gases through the thermocouple 

almost imediately caused disintegration of the epoxy seal on top and catas- 

trophic failure of the thermocouple. If the thermocouple wa:. pressure tight 

to 900 psig at room temperature, no difficulty was ever experienced during actual 
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running.    The thermocouple fixture was tested with the platinum/platinum alloy 

wire -because it was more readily available than higher melting point materials. 

Furthermore,  the platinum thermocouples were useful In checking the higher 

melting point thermocouples to 1700oK; the temperature limit of the platinum 

thermocouples.    By replacing the platinum/pla1^^ rhodium wire with iridium/ 

iridium - kO percent rhodium wire in the same structure it was found possible 

to repeatably measure temperatures up to 2100oK.    Thifa last thermocouple be- 

came the standard tool for measuring temperatures. 

A characteristic temperature profile during a run is shown in figuie 10. 

When the arc was ignited (K,, only) the temperature immediately rose and leveled 

off.    When the fuel and oxidizer were added, the combustion raised the tempera- 

ture to a higher plateau.    By controlling the distribution of nitrogen between 

the arc and combustor, and by regulating the power output of the arc, fine 

control of the final temperature was possible. 

Temperature data from ten runs are shown in Table II.    North, center, and 

South refer to geographic locations in the nozzle as were signified by N, C, 

and S in figure k.    The readings are corrected for both radiation and conduc- 

tion effects as described in Appendix B.    The magnitude of the errors in these 

corrections is estimated at less than k00K at 2000OK and less than 20 K at 

1500OK.    On the basis of the data in Table II, the variation in the temperature 

across the combustor has a maximum value of about 200OK.    The values shown in 

Table II, representing percentages between k and 13, are within the maximum 

allowable deviation of 15 percent.    A plot showing several run conditions which 

were achieved is given in figure 11.    For three of the sets of points presented 
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ARC AND COMBUSTIBLES OFF 

    ADD FUEL AND OXIDIZER 

IGNITE ARC 

-TIME 

Figure 10.    Temperature Profile During a Typical Run 

26 

■MM^ -» —— _uia 



^jB^nwji—^j^M^iMii iiuiiiiJMUll.UUJ l'l-IHpimul.ll JI.'^W^WPPHWgT lunii-iuj^jmiipii **^^*m*i^mmmim^mm ^^m^^^mmi^m^ßmm 

s 
g 

N 
[SI 
O 

CO 
CO 
o 
K 

Q 
O 

tu 

U   H o a 
o ^ r— LA vo O CO O -^ ■o ' J NO 

t— ^D o rH _-! m NO vO 0J -Ä 
OJ CM m CM CM OJ CM CM oo 

W 

ä o W o 00 O 3\ O Q rH --. rj 

jj-; pn CO H c— ON CO NO ^.1 H r ( o 
00 _-T J- t- o CO rH r-l NO 1 ■" 

r-i rH rH rH CM H OJ OJ rH H H 
'•^ 

o O LA Q LA LA o o O 9 CO 

a ^D t- O OD ON CM NO -3- H 
t- o ro -3 J- t— O 0\ CM C"\J t- 

CO rH H H H CM H CM CM 
"■ 

rH H 

K 

i 9 o H LA O CM O IA ro o o 

Ur| 
H o LA OJ H t- ro t— H co H 

►^1 ro m J- t— rH ON CM rH NO 
o rH H H H CM H CM CM rH rH 

s h o \s\ LA ON O o LA O O o LA 

M K rH t- t- CU t— f- ON LA rH 00 H 
'   1 o rn ^t m CO O t- ON o LA LA s |aj H rH H H CM H rH CM rH H 

ä 

ES
SU

 
3I

A
 

o 
CO 

o 
CO s ft O O 

CO 
o o 

rH 
LA 

NO 
LA 
CO 

LA 
NO 

CC   OH VO VD vo M3 SO IA NO LA LA NO vo 
[U 

0\ O o c- ro H t- 

OJ t- lA CO 00 -^■ CM H O H ON ON 

S8 
H t— t— 00 ON t- CO co 00 Oi CM 

*K 

ON CO 00 CO t- C0 CO OO ON ON :j\ 

Q -3- vo ^■D t- t- -* 

3 
LA 

H • 
CO 

rH 

CO 

co • 
t— 

• CM • 
00 

ON 
■ 

'.O 

O • 
LA 

ON • O 

IA 

t— -j t- t— 3! \o NO 

CM ON J- 0\ 00 ON -J ON ON CO o o 

R 
• • • 

eg xf oo ro oo -3- ro ro rH CM OJ 
H 

^ 
o o 
J w 
&,   M 

t— t- IA CM ON ON LA CO 

^ 
j oo CO IA vo CM NO rH H OJ OJ 
^f -^ ^r H a\ ON vo NO NO NO NO 

O   D l-r-l ^t -* cvj H H H H 00 ro ro 
EH   3 

I 
rH 

I 7 H rH CM H 0J 
H CM 

1 
H 

1 
s t— CO CO 1 I 1 JL 2 

i 

rn ro .* 
« ^ ^ ^ 

ro 
i VO NO 

i 
CO 

■ 
CM 

1 ^ 
OJ | 

-3" -3- -J- LA IA LA IA LA LA LA LA 

27 

mm wmm 



""'—  ■.■.■"■.in DiiiiMa i ■ « im^^mmmfmmmmmm^mmi'^mmim^mnmmmmmmmt 

2200 

1800 

y 
O 
III 
o 

I 

S     1400 

< 
oc 
a. 

1000 

600 

200 

REQUIRED TEMPERATURE FOR PHASE R 

A UNCORRECTED EXPERIMENTAL DATA 

A CORRECTED FOR RADIATION AND 
CONDUCTION EFFECTS 

1 
8 12 

MOLE PERCENT CO 

16 20 
2.H20 

Figure 11, Experimental Stagnation Temperatures with Various 
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in this figure, it can be seen that the ctagnacion temperatures which were 

achieved for each gas composition exceeded tho; required for Phase II. For 

the fourth point, the arc power setting was too low to achieve the required 

temperature but ample reserve arc power was still available to reach the re- 

quired temperatures• 

(3) Pressure Measurements 

Figure 12 shows a visicorder tracing of the pressure profile during a test 

run. (Simultaneous temperature changes are also shown). When the nitrogen 

flow into the test assembly is initiated, the pressure rises. This has been 

generally referred to as the cold flow pressure. If this pressure was not con- 

sistent with that nominally obtained, it was evident that either leakage or a 

blockage was present. With igiition of the arc, the pressure rose sharply and 

then continued to climb. When the fuel and oxidizer entered the system the 

pressure once more rose sharply until it finally reached a steady state plateau. 

On the tracing shown, the pressure was read out on two visicorder channels. 

The first shows the pressure between zero and 670 psia, whereas the second 

channel is on scale only when the pressure is between 505 (point A) and 670 

psia (point B). The greater sensitivity of the latter channel permits a pre- 

cise measurement of the pressure fluctuations at design pressure. At point C 

on the tracing the arc current was lowered which served to lower the combustor 

pressure to 600 psia where it was sustained. At this design condition, the 

pressure fluctuation was only plus or minus 6.1+ psi as shown. This fluctuation 

is somewhat over 2 percent and consequently well within the allowable limitr. 
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and the relative gas flow rato^ into the combustor as input data. In this 

computational procedure, the equilibrium thermodynamic properties of a reacting 

mixture are obtained by applying a successive approximation procedure to find 

the simultaneous solution of the standard equations of cheirical equilibrium, 

conservation of (atomic) mass, and conservation of energy i'or specified values 

of pressure and either temperature, enthalpy or entropy« The usual thenno- 

chemicaj properties such as temperature and chemical composition, and nozzle 

flow parameters such as Mach number, velocity, static temperature, static pressure 

and nozzle area ratio are standard output from this program. Thus by inputting 

a temperature and relative ratio of inlet gases which is established experi- 

mentally, the final gas composition in the combustion chamber is calculated, 

for a few of the test runs at stoichiomctric conditions gas samples were taken 

and analyzed on a mass spectrometer and gas Chromatograph. These analyses in- 

dicated that in the cases studied all of the fuel was being fully combusted. 

{'))    ürror Analysis 

Error analysis techniques used in this study apply standard methods of 

the type described by Wilson, (reference 10). 

The gain, g, is calculated from the ratio of the experimentally measured 

intensity, I, of the probe laser beam when it is passed through the nozzle 

effluent while running to the intensity, I , when not running. This calcula- 

tion is made from the equation 

I = 1^ (1) 
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where L is the optical path length. The small signal gain, g ^ is calculated 

from the equation 

g = go/(i + I/IS) (2) 

where I is the saturation parameter. Since I n  the present experimental 

work is about f watt/sq cm and I is in the order of 1000 watts/sq cm, g is 
□ 

essentially equal to g and the experimentally Treasured gains are essentially 
o 

the small signal gain values. 

Individual errors that affect an overall measurement can be combined to 

assess the cumulative error in that measurement using the following expression 

f-tifelW (3) 

Applied to the gain equation, 

g = ln(l/l0)/L 

this becomes 

g M-i^m-w (5) 

For L    = 10.0 cm - 0.025 

I    = 15.0        t 0.030 

IO = lk,0      t 0.030 

(where I and I are measured in the same units) 
o ' 

e 'iM^i^flM^mf'^ (6) 
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and Tor L = 10.0 cm - 0.025 

I = 15.1+   1 0.03 

IO - L5.3  
1 0.03 

_^£_ - 27.8^, 
6 

A sunaary of the error analyses for reprc-iientatiTC couditicms for tills 

program is shovn in figure 13. Prom this figure It con be seen that the per- 

centage of error is a strong function of the magnitude of the small signal gain, 

as was evident from the above examples, having a value of about 10 percent at 

a ::!riall signal gain of 0.1+ percent cm"1 and rising rapidly at smaller absolute 

gain levels. 

The error in measured stagnation temperature from thermocouple conduction 

and radiation effects was discussed in a preceding section. Temperature in- 

homogeneity, generally about 5 percent but varying to 13 percent, is within the 

maximum allowable deviation of 15 percent. The stagnation pressure is measured 

with a transducer (Data Gensors, Santa Monica, California) and is accurate to 

approximately 1 percent. The composition of zhc  gaseous products is determined 

in part by the accuracy with which the fuel and oxidir.er flow rates are measured. 

In general, these gas flows are measured to an accuracy of 1 to 2 percent of 

the individual reading depending upon actual operating conditions. The rela- 

tive gas flow rates to achieve a particular gas composition are selected from 

equilibrium data processed to at least four significant figures via the com- 

puter program previously described. Errors introduced by this portion of the 

calculation are negligible compared to the 1 percent accuracy which is a- 

chieved in measuring the gfts flow rates in the laboratory. Tests have con- 
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Figure 13.    Variation of Error in Gain Measurements with the Magnitude of the 
Small   Signal Gain 
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slstently chown that thQ fuel bums completely in the corr.bustor,  i.e., b-ilow 

the detection limitations of the mass spectrometer and gas Chromatograph, less 

than O.O'j  percent uribumed CO and H2 at  stoichiometric conditions.    Thus the 

overall error in the estimated mass fractions of the individual constituents 

in the combustion chamber is les^ than 3 percent assuming that the gases are 

uniformly mixed within the combustor.    On line gas   dialysis acrosc the nozzle 

exit plane is required to substantiate the degree of mixing.    However, because 

of the long gas residence time within the combustor relatively uniform gas 

mixing is anticipated.    The results of the equilibrium calculations for the 

conditions listed in Table I are given in Appendix IV. 

(6)    Equipment Reliability 

The three items which required frequent servicing wore:    l)    the arc 

heater electrodes which deteriorated rapidly under the  system operating con- 

ditions,   (see figures Ik and 15); 2) the nozzle throat (chiefly due to clogging), 

(c.f. figure l6); and 3) the thermocouples which periodically failed.    The first 

two items required substantial maintenance time after a relatively few runs. 

The first also involves the expense of new electrodes which were destroyed 

primarily by the current spikes generated by the arc power supply.    The third 

requires continuous inspection, repair, and replacement.    None of these prob- 

lems with equipment reliability impair the ability to obtain reliable data, but 

serve rather to slow down the rate at which data can be collected.    In addition, 

some uncertainty still exists as to the time history of the nozzle throat 

height during a run.    This uncertainty is caused by incomplete knowledge of 

the heat transfer and resultant stresses and deformations near the throat during 

■»■i mi 
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high temperature operation. 

2.  PHASE II 

a. Gain Measurements 

The probe laser used for gain measurements In Phase II was an ordinary 

C02 electric-discharge laser which had been specially modified to improve am- 

plitude stability. This was achieved by enclosing the laser in a constant 

temperature environment and thermostating the water used for cooling in the 

laser to control temperature variations to approximately ± 0.1oK. The laser 

operated on a single frequency, i.e., a single P transition, which was mea- 

sured using a Perkin-Elmer Model 98 spectrometer. Operation on the exact cen- 

ter of the transition was insured by maximizing the laser output power by 

changing the mirror separation. The mirror movement was obtained by changing 

the voltage applied to a piezoelectric crystal attached to the totally re- 

flecting mirror. Two variable apertures located between the laser and nozzle 

were used to control the optical power and the divergence of the probe beam. 

These apertures were also used to align the probe laser beam perpendicular to 

the gas flow to prevent an apparent reduction in gain as described in Appendix 

V. The apertures were aligned using a HeNe laser beam and some alignment guides, 

Since the completion of the Phase I effort consumed more time than was an- 

ticipated, an attempt was made to obtain gain data at the three required loca- 

tion;; in the nozzle simultaneously rather than at each location in turn, as had 

been cortemplated in the original program plan. To accomplish this, an optical 

bench was set up utilizing beam splitters and full reflecting nr'-rrors to 

establish three parallel beams. The optical configuration used is illustrated 
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in figure IT. An ovurall VIGW of the laser, optical bonch and reaction vescel 

ic shown in figure 18. Although it was possible to align tne three beams and 

to provide adequate power for the measurements, mech&nic&l instabilities in 

the system reduced measuring sensitivity, and test assembly maintenance pro- 

cedures caused frequent disruption of the optics and necessitated frequent re- 

alignment. Primarily, because of the latter problem, the simultaneous gain 

measurements were abandoned in favor of single beam - single location measure- 

ments which could be set up more readily. The single beam was passed through 

two variable apertures to control the power and divergence of the beam en- 

tering the nozzle. The beam intensity leaving the nozzle was detected on a 

Reeder Detector (6.0 x 6.0 mm window) implemented with a suitably defocusing 

collecting lens. Since the heated nozzle radiated considerable energy it was 

necessary to use a beam chopper and a lock-in amplifier (PAR, Model HR-8) to 

isolate the small signal gain from the background radiation effects. The un- 

modified mini-rocket facility employed a copper nozzle which did not become hot 

and therefore beam chopping had not been previously required. Furthermore, the 

time required to prepare and run the direct combustion GDL was of the order 

of seconds whereas the arc augmented GDL usually required many minutes for 

each run. Consequently, with the old facility one could operate the GDL when 

the probe laser was particularly stable. However, because of the complexity of 

the arc augmented system all efforts were directed at obtaining arc ignition and 

the laser stability became of secondary importance. 

Some of the gain tracings which were taken are shown in figures 19 and 20. 

To better delineate the intensity change when the baseline intensity, I , was 

in 
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drifting duo to laser drifting, a dashed line tea been drawn demarcating the 

b(»^iine drift and a corresponding parallel line WUü drawn tJirough the maxi- 

mm running intensity,  I.    The baco lino drift in figure 19 actually resulted 

from movement of the nozzle port, as a conseqi^nce of the thermal expansion of 

the nozzle, which resulted in a variation in the transmitted power of the probe 

laser beam.    This situation was rectified by increa:ing the nozzle port diame- 

ter and the drift in the data shown in figure 20 reeulta from a drift in the 

amplitude of the probe laser. 

In figures 19 and 20, the numbers recorded at baseline intensity and at 

peak running intensity are direct millivolt readings taken off the recorder. 

Disregarding baseline drift, the noise level generally was about t 0.03 mv. 

Üince the intensity values average about 15 mv, the sample error calculations 

given previously in the error analysis section pertain closely.   For example, 

for run 6-16-3 (figure 19) where I = 14.^9 t 0.03 mv, I   = 13.5.1 - 0.03 mv and 

L » 10 ~ 0.025 cm, the error is calculated to be 3.42 percent.   For run 6-18-I 

(figure 20) where I = 1^.41 t 0.030 mv, I    = 15»30 - O.030 mv and L = 10 t 0.025 

cm, the error is calculated to be 24.0 percent, 

b.    Analysis of Gain Measurements 

The small signal gain values g   ■ ln(l/lo)/L calculated for the tracings 

shown and other similar ones are presented in Table III.    The measured values 

are of the order anticipated.    For the first seven runs shown, the nominal gas 

composition was about 6,0 mole percent C02, 1 mole percent HO and 93 mole per- 

cent Np.    !lo excess CO was added in any of these runs.    In these runs, temper- 

ature and pressure were varied by changing no'.zle throat area, by changing 

L6 
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the distribution of II0 between nozzle and arc heater and by changing the total 

ga:, i'lüvi. Ac expected, correlation between run temperature and measured gain 

is obcorved (figure 21), although a üoraewhat leos sensitive relationship had 

been expected from previous work. A single theoretical point supplied by the 

contracting agency is noted on the figure. This point is not inconsistent with 

the experimental data points. Combustor prescure varied from 360 to over 750 

psia in these.test runs but no correlation with me&s'^cl ^ain was noted. No 

correlation with total gas flow was evident as well. 

A gaseous composition expected to produce very small gain was utilized 

for the last run shown in Table III. No difficulty was encountered in making 

a measurement. Measurement was aided in great part by the simultaneous pro- 

duction of pressure and temperature traces which readily define the time period 

over which gain may be looked for on the gain trace. This is illustrated in 

figure 22 where the three simultaneous tracings are shown. The period over 

which combustion is occuring is easily discerned on the pressure and tempera- 

ture tracings and is readily related to the gain tracing. 
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SBCTION V 

COIICLUSIONS AJJD RHCOMJ-lKIIPATIOHn 

The following concluoionü wid recoramundfationa liavu boon reached as a re- 

cult of the cropraia inscribed bereia: 

1. "Rio tomperature, preanuro^ and gar. fin    ratef. doRlred for meacure- 

ia;nt of low-r-.ii^al gain of r.iriaated atiLU p^npellant combustion 

productG can bo achieved with United'    pSWDt KTOMUlffBBntod ODL 

i.dni-rocket facility. 

2. Optical gain meacurement at a ainglo location can be made with 

accuracies coramensurate with those required to distinguish between 

the laser performance levels of various solid propellant formula- 

tions. 

3. The probe laser has to be alipied perpendicular to the supersonic 

gas stream to prevent an apparent reduction in gain that results 

from the Doppler Effect. 

h.    Extrapolations of the experimentally measured optical gain in the 

temperature range from 1200 to ItoO   K are in agreement with theor- 

etical predictions at 15000K.    "Hie experimental gain data appear 

to correlate with the measured stagnation temperatures and are 

relatively insensitive to either gas flow rate or stagnation pressure. 

However, restrictions in test time precluded the measurement of 

gain with product gas compositions containing excess CO.   Thermo- 

dynanic calculations performed for such conditions indicate that the 

presence of excess CO can significantly reduce the effective water 
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concentration as a direct consequencs of the water-gae equili- 

brium. Furthermore, significant concentrations of unreacted H2 

are created no that the deactivation of the vibrationally excited 

COp by H must be accommodated. 

5. The optical system used in the present program must be significantly 

improved if small signal gain measurements axe to be made simul- 

taneously at three axial locations in the nozzle. The increase 

in mechanical stability required for these measurements would also 

improve the precision of gain measurements at a single axial loca- 

tion. Msasurements of gain In the minl^ocket system should incor- 

porate this more stable gain-measuring system for increased precision. 

6. The thermocouple probe designed during the course of this program 

can be successfully employed in measuring temperature homogeneity 

within the plenum at temperatures in excess of 2000%. These ex- 

perimental temperatures can be corrected for both radiation and 

conduction heat losses to provide a measuring accuracy of approxi- 

mately i k percent. 

7. The principal source of error in determining the gas concentration 

within the combustor from thermodynanic calculations results from 

uncertainties in the value of the stagnation temperature. For a 

200° change in stagnation temperature at a given nominal value, the 

nitrogen concentration is not changed at all; however, the calculated 

concentrations of the other gaseous products may be varied by sever- 

al percent depending upon the nominal concentration of a particular 
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constituent. 

8» Thu present configiiratlon of United1:; arc heater/power supply for 

the minirockat facility limits thu rate at which data can be ob- 

tained since the required operating mode leads to rapid electrode 

deterioration accompanied by plugging of the GDL nozzle by copper 

from the electrodes. However, additi' ial improvement in the arc- 

power supply would greatly extend the electrode lifetime and there- 

by simplify the data acquisition. Qualitative analysis of the 

nozzle reveals that the copper vaporiaed from the arc electrodes is 

deposited in or upstream of nozzle throat or else in the combustor. 

No copper deposits have been found downstream of the nozzle throat. 

9. Soire uncertainty as to nozzle throat dimensions during each run 

exists because of nozzle heating; and resulting stresses and distor- 

tion cause a reduction in throat area during runs at temperatures 

above room temperature. Although the throat height as calculated 

from gas dynamic measurements appears to stabilize at temperatures 

above about 1300 K, extensive measurement of the throat height at 

these temperatures was not made. Future work should include a more 

complete heat transfer analysis in the region of the nozzle throat 

and possible redesign of the nozzle to minimize thermal distortion 

of the throat. 

10. The program initiated in the study described in this report should 

be continued to obtain a more extensive set of experimental small sig- 

nal gain data at run conditions simulating solid propellant combustion. 
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APPENDIX I 

DETAILS OP ARC OPERATION 

Conditions to achieve arc ignition using a normal nitrogen flow condition 

are illustrated in figure 23. This figure shove ■uraciiit;;j of voltage and cur- 

rent during successive attempt:- to achieve ig?!1 .on by actuating the starter. 

Wien the potential war. at 900 v, point A, only a ritnall current spike was noted, 

point A^, with no sustained igiition. A potential corresponding to point B 

(1350 v) produced a higher current spike, point B , but still no sustained ig- 

nition. When a potential corresponding to point C (l800 v) was established, 

a still higher current spike, point C , was obtained this time followed by a 

sustained ignition as indicated by the sustained current D and the corres- 

ponding voltage D. (The current spikes at A, D, and C were actually greater 

than are indicated in this tracing since these traces were obtained with a 

relatively slow-response strip chart recorder). The insert added to this figure 

shows an oscilloscope tracing of the starting spike typified by point C. The 

current is seen to reach an initial high of about 1600 amp and then taper off 

over about 150 msec to running current levels. This starting spike causes 

sigiificant damage to the arc electrodes, but consistently occurred under the 

improvised conditions necessary to achieve ignition under design nitrogen flow 

conditions. 

From test sequences such as the atove, it was hypothesized that an increase 

in residual magnetization of the saturable reactors of the power supply with 

each ignition attempt was leading to the successively higher starting potentials 

Preceding page blank 55 

MM-M. mmammm ■MM 



60 SEC 

Figure 23. Voltage and Current Traces During Arc Ignition 
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and currentü. The aame prGmagnetiz.ation could alternatively be accompliGhed 

i'rom the wall control panel using a battery and simple manipulations of the 

panel raetor relay and the saturation current adjust knob. By appropriate pre- 

magnetization using the latter technique, it was possible to repeatedly achieve 

conditions for first try ignitions. However, the current spikes in excess of 

1500 amp/cm2 resulted in the vaporisation of portions of the electrodes. 
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APPENDIX II 

COHDUCTION /ÜIL HADI/vTIOII CORRECTIONS TO THERMDCOUPLE READHJGS 

The derivation of the equations giving the magnitude of the conduction 

and radiation corrections vhich have to be made to the thermocouple readings 

waü performed in reference 11 and vill not be reproduced herein. Physically 

the conduction error arise from the conduction of heat away from the thermo- 

couple junction via the thermocouple wire. The radiation error ruiiult;; from 

the fact that the thermocouple junction radiates heat and Lf the ourrounding 

walls are not at the same temperature they do not radiate at the same mayi.i- 

tude resulting in a net reduction of the junction temperature. The pertinent 

equation as derived in reference 11 is 

where 

v vFL(i-^W^-(1-^ (7) 

1 - \|(m 

T - Actual gas temperature 
6 

T = Indicated thermocouple temperature 
w 

T = Thermocouple support temperature 
h 

T, = Equivalent duct temperature 

agfd.  = Effective absorptivity of gas for black-body radiation at 
temperature T, 

2g = Effective emissivity of gas 

MM. 
1 + k*l^ VTv 

^ = 0.93 x lO"10 Tw
3-82^^r (1 + 0.2M2) 
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't.    - üraiüüivity of thermocouple wire 

tfrn ■ sech (TIL/2) 

(TIL)2 - (T^L)2 (1 + ^ Ew/Tg> 

3 J3.10 
(T^Lf = 1.71 x icT3  (DMr)' T •- (L/D) 

i^ (i + o.a^2)^ 

D = Thermocouple wire diameter 

M = Free stream Mach number 

P = Ctatic pressure 

k = Thermal conductivity of thermocouple wiru 

The corrections listed in the text were made using the above equation, 

however, th<2 evaluation of the equation for particular conditions was greatly 

facilitated by the use of nomographs also supplied in reference 11. Some error 

in the magnitude of the correction resulted from estimating the magnitude of 

certain quantities like the effective temperature of the Inside combustor wall 

and the thermocouple support temperature. Since the absolute magnitude of the 

corrections were relatively small the error within the correction does not 

dominate the estimated gas temperature. 
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APparoix in 

UCW.LE TJihüAT um DUi'.EJC RUIJ:: 

'Hi-: ofroetiV« tiirout w.a whilu ruxmijig cw» l»-- culcuiutu-d I'roiu oxpjri- 

.^r.tully mettütirod gt*ü flow, pressure w\ temperature datu using the formula: 

A = 

v*i 

(b) 

whor-j 

A ■ lOCSll throat area 

W   i Weight i'low 

T     • .'^a^iation Temperature 

P   = stagnation Pressure 
o 

R o Gas Constunt 

M    ■ ttolecular weight 
w 

\ =   Ratio of the heat capacity at constant pressure to that at 
constant volume 

C    = Uozzle discharge coefficient 
D 

Since the thooreticul magnitude of C   approacheü 1 at high stagnation 

pressure;: and experimental estimates made at room temperature were in agree- 

ment with this expectation, CD can be neglected.    By defining the parameter B 

as follows: 

'■WW^) 
v+1 

(9) 

equation (8) can be simplified to give the following expression: 
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B P (10) 

The gu flow p&ruraet'-T, B, varies slightly with ^emper^turu and may be cal- 

culated with considerable accuracy. Over the temperature range of interest, 

i.e., room temperature to 2000 K, B varies fror 6*316 to 6,16U molec-0K/sec-lb 

for nitrr.gen gas. 

The «ff-'Ctive throat area determined experimentally as a function of tem- 

p-jrature 1'or nitrogen gas is shown in figure rU, Above 1000 K, the tempera- 

ture indicated lg the gas temperature as measured Just upstream of the throat. 

The pressure is the final steady state pressure developed over the run. The 

throat height indicated for room temperature is the throat height measured 

mechanically when the nozzle wa;; installed. This value correlated well with 

heights calculated from the gas dynamic equation (10) when cold nitrogen was 

flowed through the nozzle. It is noted that the throat area appears to decrease 

with rising temperature up to about 1300oK. It then appears to remain fairly 

constant as run temperature increases further. At the present time the most 

likely explanation for this break in the curve appears to be the onset of nu- 

cleate boiling in the water cooling passage of the nozzle throat. This 

phenomenon would serve to maintain a more nearly constant throat temperature 

though greater amounts of heat are added. 
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APPEIIDIX IV 

EQUILIHRIUH CALCULATIONS FOR DATA POINTS IN TEST MATRIX 

A UARL computer program was used to perform a series of thermodynamic 

equilibrium calculations for the vbrious g?.;; compositions Listed in Table I 

so that the final gas compositions could be eVRl aated. The proposed ratio of 

the individual gas flow rates, stagnation temperature and stagnation pressure 

were used as input data. In particular, attention was given to the so called 

water-gas reaction, the equilibrium which exists between Hp + CO2 and CO + HgO. 

The effect of this equilibrium for the proposed test points can be observed 

in figures 2^ to 32 by looking at the HO and COg concentrations as a function 

of the CO concentration. The H2O concentration, for example, can vary appre- 

ciably as the N is replaced with CO. The data indicates that an appreciable 

Up concentration will be generated whenever substantial amounts of excess CO 

are present. A summary of the variation in the different concentrations that 

results from a 200 temperature variation is in the box at the top of each 

figure. 
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r    1600K 

PRODUCT   VARIATION FDR MOO* T * 1000 

1.0 
.co (excess) 

Figiire 25. 

n 
30 
60 

XcOj 

0.02-0.02 
0 0!i47   0 0518 
0.060/   0.0682 

*H20 

0.05   0.06 
0.0154   0.0182 
0.0094   0 0118 

>Hn 

2 3»106 1 6»in 
0.034Ü 
0.0403 

0 0317 
0.0382 

xCO 

2.0«10'62 0«105 

0 7653   0.2682 
0 5593   0.5618 

in 30 40 

PERCENT CO 

50 

N2 

0 9-j -0.93 
0b3 0.63 
0.33   0 33 

GO 70 

Variations in Combustion Product Composition Corresponding 
to  Run Conditions  Listed  in Group 1 of Table  I 
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T•1500K 

PRODUCT VARIATION FOR 1400* T • 1600K 

1,0 
% CO (EXCESS! 

0 
30 
60 

«CO, 

0.06-0.06 
0.0636-0 0622 
0 0661    0 0650 

XM-.0 

002-0.02 
0.0066- 0.0078 
0.0039-0.0060 

XMI 

0.0136   0.0122 
0.0160-0.0160 

Xco 

4.6Ml0'64 0Kl0-b 

0.2864   0^878 
0.6839-0.6860 

XNI 

093-0.93 
0 63 0 63 
0.33   0 33 

PERCENT CO 

Figure 26. Variations in Combustion Product Composition Corresponding 

to Run Conditions Listed in Group 2 of Table I 
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T     1500K 

WIOOUCT VARIATION ron i40O* i * IGOOK 

"30     W 
PERCENT CO 

Figure 27. Variations in Combustion Product Composition Corresponding 

to Run Conditions Listed in Croup 3 of Table I 
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T.2000K 

Z o 
H 
U < 

O 
s 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

PRODUCT VARIATION FOR 1900 ITS 2100K 

% CO (EXCESS) xco2 XHjO XH2 Xco XN2 

0 
30 
60 

0.1093-0.1080 
0.1139-0.1136 
0.1155-0.1152 

0.1-01 
0.0062   0.0065 
0.0045-0.0048 

1.4x10b3.6x10-6 

0.0038  0.0036 
0.0055   0.0061 

e^xio^-i^xio3 

0.2962-0.2966 
0.5945-05548 

0.88-0.88 
0.58-0.68 
0.28-0.28 

H,0 

30 40 
PERCENT CO 

Figure 28.    Variations in Combustion Product Composition Corresponding 
to Run Conditions Listed in Group 1+ of Table I 
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T-2000K 

30 40 

PERCENT CO 

Figure 29.     Variations in Combustion Product Composition Corresponding 
to Run Conditions Listed in Group 5 of Table I 
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1.0 

0.9 

T-2000K 

Z o 
u 
< 
cc 

o 

% CO (EXCESS) 

0 
30 
60 

PRODUCT VARIATION FOR 1900* T < 2100K 

XcOj 

0.0397-0.0390 
0.0763-0.0740 
0.0881-0.0857 

»HjO 

0.0798-0.0794 
0.0437-0.0460 
0.0319-0.0343 

<H2 

l^xlO^^.gxIO-4 

0.0''63-0.0339 
0.0480-0.0456 

Xco 

s.oxio^-g.sxio^ 
0.2637-0.2660 
0.5519-0.5543 

PERCENT CO 

*N-j 

0.88-0.88 
0.58-0.63 
0.28-0.28 

Figure 30. Variations in Combustion Product Composition Corresponding 

to Run Conditions Listed in Group 6 of Table I 
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nture  31. Variations in Combustion Product Composition Corresponding to 
Run Conditions Listed in Group 7 of Table I 
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Figure   J2.    Variations  in Combustion Product Composition Corresponding to 
Hun Conditions  Listed  in Group 8 of Table  I 
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APPfflDIX V 

APPAREIIT GAZ: PÜDUCTIOIIS RESULCT« PROM THE DOPPLER SB'FSCT 

The importeuice of aligning the probe laser perpendicular to the supersonic 

gas stream results from the fact that the gas molecules can sense an effective 

frequency shift vhich reduces the measured gain.    This frequency shift results 

from the Doppier effect wherein the bulk velocity of the gas molecules with 

respect to the probe laser beam direction can cause a relative shift in the 

frequency distribution of the molecular population.    The magnitude of this ef- 

fect can be calculated from the Dopple:;' equation which is discussed in many 

references (reference 12). 

f Bfs    |CH-Vr (11) 

He - vr 

where 

f = observed frequency 

f    = frequency of stationary source 

V   = velocity of source relative to observer 
r 

c = speed of light 

By expanding the above equation as a power of  ^./c and eliminating all powers 

of Vr/c greater than 1, the following familiar expression is obtained: 

"/f * V^ (12) 

In the above equation f can be considered to be the vibrational frequency of 

the carbon dioxide molecule and is given by the expression 
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f  = c/X (13) 

where \ is the wavelength and for C02 is equal to 10.6 x lO"
4 cm. Furthermore, 

V is the relative velocity of bhe gas molecules with respect to the direction 
r 

of the probe laser team or 

V = Vcos 9 
r W 

where V is the average gas velocity and 6 is the angle between the bulk gas 

velocity and probe las?r beam. Combining equations (12), (13) and (ih)  gives 

Af = V/X cos 9 
(15) 

Assuming some hypothetical GDL conditions, v = 1 x 10^ cm/sec and 6 - 80 , (a 

10° misalignment) gives Af = l6*k x 10 cps. 

An estimate of reduction in gain which results from a frequency shift of 

l6,k  x 106 cps can be estimated from the curve in figure 33. The «iata in this 

figure represents the variation in gain with frequency which results from in- 

homogeneous line broadening, which is calculated by considering the distribu- 

tion of molecular velocities and applying the same Doppler expression as was 

used herein with the bulk gas velocity resulting from the supersonic gas ex- 

pansion. The curve in the figure is only applicable at very low gas pressures 

where pressure broadening is negligible. If pressure broadening is considered 

the linewidth becomes larger, and the rate of gain variation with frequency 

becomes smaller. However, for the sample case which has been chosen it can 

be seen that a l6.h  x 10' cps shift in frequency caused by a 10 misalignment 
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Figure 33.    Normalized Gain in the Doppler Region as a Function of Frequency 
for T = 3000K 
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between the probe laser beam and bulk gas velocity vector will cause a 23 

percent reduction in gain. The normalized gain is reduced from 1 to 0.77, A 

::jjTu.iar reduction in gain can also result if the probe laser operates at some 

frequency v instead of v , The magiitude of this second effect for the hypo- 

thetical example can also be estimated with figure 33 from the frequency differ- 

ence (v-v ). x  o 
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