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NOMENCLATURE 

db 

P 
D 

>F 

e 

x 

L 

K 

a 

? 

<l 

B 

^a 
8_ 

SK 

•^ 

Area. 

Coefficient ©f tmraar &n&g 

3p«clfie heat at constant pressure 

Diaaeier (in fsefe unless other*is® specified) 

Impulse function PA{1 * i^g) 

Impulse function at M»l 

Fahrenheit degress 

Fuel to air rail® 

Acceleration of gravity 

711B heat transfer coefficient 
BTU/(hr)Cft*)C0F) 

Specific istpulse 

fnersaal conductivity B! 

Length 

Mach mabcr 

Mass flow (lb/see) 

Absolute jjs?e*suiN* 

Sate of heat transfer 

das constant (ft lb/lb 

Kaa&lne degrees 

Air specific lagols* at HKI 

Absolut e t eaperatur% 
l&«sfe«i thrust 

Cte)<ft2}C°F/ft) 
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1 

K 

V 

T 

¥<H)        3= 

Qrerail heat transfer coefficient 
BTU/<hrKft2)(°F} 

Velocity 

Ratio of eoefdfle heats C, 

¥ises>8±ty (ssicropoisee or appropriate imita) 

Sffioiaaey 

Dfl&Bltj   (lb/ft5) 
» 

Subscripts 

° Free stream condition 

1                    K S\trance station 

2           - Exit or station under flow consideration 

a          as Air 

e         « Exit 

r       * Warnl 

friet « Friction 

JL                      S5 Inlet 

II             a i&oz%X& 

j,              jg Rocket 
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ABSTRACT 

:•': 

Two combustion efficiencies are defined; 

the ratio of the measured to the Ideal air speci- 

fic Impulse, and the ratio of th® actual rise la 

stag&atiosa temperature to the theoretically cal- 

culated value. These efficiencies may be measured 

by the determination of appropriate stagnation and 

static pressures and by direct temperature meas- 

urements. It is determined that the former effi- 

ciency la relatiTdly i&seas.itive to the method of 

measurement. Determination of the combustion temp- 

erature on the other hand is not feasible from 

measurements of the appropriate upstream pressures. 

A fair accuracy may be obtained utilizing the stag- 

nation presatjre probe, and an accurate determination 

of temperature profiles is possible by utilization 

of the pneumatic temperature probe. The principles 

and design criteria of the pneumatic probe ar© 

discussed. 
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The ram rocket configuration has isanjr aspects 

of interest (Figure 1),    Possible applications of 

this configuration would be for use as en ejector, 

an afterburner or a. combined rsekei-rssi jst tjP* 

power plant*    A t*»to*l ram rocket configuration is 

Indicated in Fi®a**c 1.    In this di&gr&sa Station 0 

indicates the stream tube at ambient conditions, 

Station i the inlet to tha diffuses*. Station 1 the 

hurn«r entrance, Station 2 the burner exit, and 

Station n the nozsl*# 

She device ©ay nee a blpropell&ni fuel system 

with rsirying degrees of ©xldizer to fuel ratios * 

or ue* a wonopropellant fuel vlth the product* of 

decomposition in the rocket fera&ing the fuel for 
I 

the ram air in the combustion chamber. 

'theoretical calculations of the perfora&ssee 

j of th© ra& rocket indicate it to ha superior teoth 
I 

as to throat per cross sectional area and as to 

I specific fuel consumption to th© ram Jet in th® 
1 

lower Hash range and to tend to coincide with ram 

jet performance at supersonic speeds when oarticu- 

lar fuels ar>e used (1)* 

i 
• 1* 
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it* apparent superloriiy# In g«m«raiP may 

be attributed to Its increases air flow p«r unit 

of frontal &r@a due to the rocket induction effect, 

the static thrust of the rocket portion, and the 

insensit.ivity of the rocket chamber to  ambient 

conditions«    The laat named factor suggests that 

it is possible to provide fuel to the ram air in 

such a state that combustion ©in be effected over 

szuch wider air fuel ratios and pressure* than art 

33ovf possible, utilizing the conventional ram jet 

configuration. 

It Is the purpose of this paper to exa^in® 

methods of evaluating the combustion efficiency of 

the :pam rco&et burner, experimentally, using a 

bumsr duct* 

*• 

$ 
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Air supply is provided to the buraar toy two 

125 horsepower Spencer Centrifugal Gosspreesors 

which may be run either Hx parallel or In series, 

| Th# iesperainrs Is eontrollsd by Tasr-lable water 

©ooled radiators»    The air supply is ^onreyed bj 

a twelve inch duct vertically down Into a 4-1/2 

| foot diaaeter *4ttling chamber«    The vertical 

section contains an electrically actuated butte*- 

1 fly valve to control the saaes flow of air (See 

;   „ Figure 2). 

I The burner is a twelve foot long, eight Inch 
£ 
I   *' disjaeter, horizontal Iron pipe; exhanatls^ t® 

I atmosphere.    Static pressure taps, which lead to 

1 water manometers,, are located trr&rj two inches 

? along the duct.    The duct is water cooled In seven 
f 
I separated sections. 

| She rocket body is four Inches in external 

diameter, with a windshield ©ap on the front* and is 

streasslined to a one inch esh&ust disaster.    It is 

| concentrically located and aligned with the eenter- 

I line of the burner by means of a steel strut,,    Fro- 
1 
I pellant and Instrumentation linsa arid lead® to the 
it -* 

5, 
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roe&st ar© run along this strut Inside a stream - 

lining fairlssg., 

Air flow measurements a2?«? wad© by means of 

a Taylor Fltot-Venturl Meter and are rsad on aa 

inclined water nanometer to an accuracy of on% 

percent.    Fuel flow jaeaouremeats are effected by 

means of a Potter flov Meter and ©rose cheeked by 

aeans of rooordiag ths ^ayl&tlon of fuel tank 

weight*    the tank weight is measured by mean* ©f 

four reinforcing electronic strain gages mounted 

©n a steel strain ring with a dead weight calibra- 

tion before and after each run* 

Stagnation pressure la measured from a 

static tap in the settling chamber and read on a 

mercury manometer referenced to atmosphere* 

Incoming air stagnation temperature la neaa- 

ured by mea&s of & calibrated iron-eonstantan 

thermocouple located on the nos® of the rocket* 

Cooling Isassefc froa the eombuator are 3falua.t®& 

by means of theraooouplee located at the inlet and 

the screen sa&gsu&t pi|>»»®    Water flew is measured 

by measss of e&libr&ta*! ©rifices*    It should be 

noted that, although a pressure regulator was in- 

- »>   wV^-U*i&&&£&i^,^!t2a&&*&,'t*&i^  V* lii'WWnmitflll!»IWl   ''   "  lli».!ll.lllj.l.l»l>l'lUIWLIIIIllMJU :'*>• '**.V-MT3..>^V- --—'T**-* •^"CT^.'^ir. •. •lO^iJ^JJJ,^^ - 
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•tailed in the upstream line, it has not beaa pos- 

sible to avoid fluctuation ia wet©!1* siasnis flow 

rates* 

R&c&st thrust Is evaluated by two means. 

Four electrically reinforcing strain gages on the 

?eo>et strut measure tha strain, of the strut*    *^hiB 

Is evaluated "by means of s deed weight calibration. 

The rocket ©tsnat effectively Is designed &a 

* b$»ll crank so that the forward thrust of the 
8 

I 
i rocket is transmitted downward to the lop of an 

&&*rj Hydraulic Cylinder.    The thrust Is then 

I   * measured by the pressure read on a calibrated 

v Bourdon Tube Gage. 

I Direct teeasuresasni of combustcr temperatures 

presents some difficult problems.    So obtain a 

true thermocouple stagnation temperature, the 

temperature recovery must be evaluated and radiation 

leases must be minimized by shielding.    In view 

of the fact that, at stolchlometric lalxtuf6© ratios. 

I fjftffi© temperatures are much above the melting point 
i 

of available metals •  some other- d^riee than thermo- 

couples must be csployed. 

5. 
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High temperature measurement has customarily 

teean accomplished by sodium ti line reversal. The 

D line m^thocl has the obvious disadvantage that it 

rispends ispon the opinion of the operator as to when 

the 13 iiaa revsrsee, and on the opinion of the opera- 

tor in evaluating the temperature brightness of the 

D line light aouree with an optical pyrometer or 

thermopile. A second practical consideration is 

that the static temperature of an experimental burner 

will be measured with fche operator a safe distance 

away, obviously necessitating a cumbersome optical 

system. 

An Ingenious solution to this problem was 

presented by David Moore of Fairchild Aircraft in 

the Aeronautical Engineering Review in 1948 (2). 

The device described was a water cooled pnataaatic 

probe, which can be utilized at temperatures much 

higher than the melting point of the metal from 

I which it is made (Figure 6), 

k The pneumatic prob© is based upon the prin- 

ciple that the mass flow through a choked orifice 
I 
£ can be measured as & function of the upstream total 
I 
| pressure, the orifice aroafl and the local speed of 

soundi 

*• 

^awwr-y**^***^*•*6* •' 
:,',-,»-•      A«»»W***»A-iJfcv«ss»i*cWK**iWfw-; v*-WPrrsMSf^%?pg»^^^. ,£»**>«••»••-/.,•••*•».•••'- ••     •   •••-•••     wv»~i*-~r- ••->- -v 



"-'«•' ..„'•'••'-      • - -     • -•,-i      -v •  • 

! where ?_ *»ay b# seasured and A orifloe ia known* 

If the siasffi flow through the watisr cooX®& pr»l*« 

is chilled9 fro sen equlllhriua may be aaaKsa«a^ 

i with f and J* oonstant* By sew flowing this cooled 

! % gas through a second scale orlfic®s fhe mass* flow 

ss*y be computed from asaa&ured values of srifice 

area, stagnation pressure and stagnation taapara- 

1 . ture« At the reduced gas tttaparatnres It is pea- 

• slble to use an unshielded thsraoooupla with no 

| correction for radiation losses,* By equating the 

aass flows the entrance stagnation temperature aasy 

| be computedi 

7. 

2 1 
noting that <*/*a>«onl«* (TO) | 

1 
Th« Eiaes flow of @aa SSSLT b® written, 

j     ^H 

B * Orifice ?s J     &(J& 
^r ~—'"j   --'-- 

S yat 

*    A0?4 f(T»S) l»/se© 

• 
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or 

•81 '82 

The pressures, Pgl and Ps2, are measured on 

mercury manometers, Jh/A    Is known, and T_2 1B 

measured by a calibrated iron-constantan thenso- 

couple referenced to  Ics bath. 

All measurements are either photographically 

or electrically recorded on Leeds and Korthrup 

Speedomax Recorders. 
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III.    MEASUREMENT OF  COMBUSTOR EFFICIENCIES 

•••'i 

i:">- 

SrAS 

Combustor efficiencies are affected by the 

completeness of combustion, the air/fuel range 

of operation, the fuel Injection system, the loss 

buetor dimension?*, the exit temperature profile, 

and  the flight conditions of tho rohlcle it propels. 

It la obvious that these conditions are interrelated. 

jFrie&aan, Sennet and Zwicfc proposed that the combus- 

tion efficiencies, h be represented by  (3)! 

T\ s    a 
where the latter is named an efficiency character- 

istic number. 

Since the experimental apparatus has a limited 

range of inlet conditions,  flight conditions may be 

extrapolated to various altitudes and Mach numbers 

by the proper combination of inlet pressures and 

temperatures and the assumption of a reasonable 

diffuses* efficiency.    The roelsei daslgr* stakes ±% 

desirable to operate the rocket at very nearly 

fixed operating condition as regards fuel flow 

and to control the air/fuel ratio by varying t&a 

? • 

-. 
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incogs lug air.    Hesse® tha flight conditions and the 

blowout velocities are indicated by the air fuel 

ratio and the geometry of the combust or.    Since 

one of the primary interests in this configuration 

io the extension of the narrow range of permissible 

operatize air fuel ratios* this will be ssleeied as 

the ind«pendent variable of the experimental ocm- 

buatioiti efficiency* 

If eostbustor sizes and pressure losses are 

within reasonable limits, the most indicative 

ocmbustor efficiency can b© directly defined as 2 

Y)     *    (*&*} measured 
b    *"   T2f^ ideal 

A frequently used criterion of combustor 

efficisaaey is the ratios of the Air Specifls Impulse, 

S f (M) =s F   / m a 

where 

(S.)f(H) measured 
V^rmi ideal 

and S^ is defined as: a 
Sa s ^f/m  )     J***i2Hl*r) 

a        V 8 Y 

See Appendix 1 

10, 
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This is somewhat sore indicative of the t»« 

burster efficiency. S_T0S) ideal ia computed upon 

Rayielgh line heating from entrance temperature ©nd 

Hsoh number to exit adiabatla flejne temperature and 

Mac'h number. This efficiency vould indicate both 

the actual temperature rise across the burner and 

the IOSB in total pressure dvim to friction. 

Although the burner off- J  ve length, the 

thrust per cross sectional area» and hence the 

combustion heat release per unit volume are impor- 

tant criteria, they can be compared only with other 

eombustora and not with an ideal case* However, 

the effective combustor length may be used as an 

parameter in plotting the various efficiencies. 

Evaluation of the measured quantities is 

dependent upon Y« It has been found that Y may 

reasonably be assumed to be very close to the com- 

puted value at any given air fuel ratio (Figure 3). 

More precisely, Y can be determined by an Orsat 

analysis by quenching a gas sample to freese the 

equilibriums It should be noted that the water 

content must be considered in the determination of 

X from the gas sample* 

33 
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Me&suresaent of the actual stream thrust at 

any section of the burner may b«& <a«4# fey measuring 

the stagnation pressure profile and the static 

pressure*,    By «aaployiiM5 th© relation of th* static 

to stagnation pressure, the average Mach number at 

the station may be eoBnruted and the stress thrust 

•eaeored* 

y s ?A(XeYK*) 

Th© heat loss per second to the cooled burner 

duct may be e-Falust**! by the entwaaaiion of th® heat 

transfer:''rates to the upetresya &tsraer cooling s«?s= 

tlona*/' Since the water flow fluctuates,  since 

some time is required for the coolant to appreaeh 

equilibrium, and since each water temperature is 

recorded only ©&e& every thirty two seconds, caution 

tmml oe axers?ig®a in approximating the instantaneous 

heat transfer rate,> 

From the measured air flow and air tempera- 

ture entering the combustion chaaber, th© entrance 

Mash number and t^pc^&tiis8^ is known? 

,?iAiRi /8Ti 

Neglecting friction, th© ©xiMiu^t temperature may be 

12, 
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ccsputed from the measured Maeh number utilizing 

ftayielgh line considerations,    From the tempera- 

ture, the specific heat of the gas asay be eoaptsted. 

Equating heat t-raziafer rates; 

v&AAT • ******* * aw/8*° 
& fir«ri spppoxlaation of the temperature loss of 

the sas may he obt&lnsd asad an average specific 

fc«at¥ H # computed.    By iterating, the rise in 

i»p*rst?sr3j «ad nance the ii»erea«# In K&ok ais^sas* 

say he compute* to correct for the cooling loss* 

The assumption of Rayleij^i line (fnetionlaass) 

heating is vail within the accuracy of ih«s measured 

heat transfar rate»   ¥ith a more refined measwr®- 

sent of the cooling losses it would he possible to 

replace the t«ssperature loaa of the gas, section by 

section, with a sore accurate average specific heat. 

It should be noted that this correction to the 

temperature is only of the order of 5 to 8 percent 

of the total temperature rise* 

Having measured the Mach number, the section 

impulse, T+t arid the air and fuel flovs9 one can 

apply the principle of continuity to solve for the 

air specific impulse.    Appendix I* 

m 

•£-j>« 

• imHi^f-'i-,m*^:V~ -,<-l:   '•   VS. 

^n^^ki^rAitM^^J> ^fc-*««Wflte3.^a»^/(r:->^^V^-,^-^'T^^^r*^-fi^ ••-•:~^&!^^vtmM***^~T.-.'^-*.&^?*3r&^^^-*&r°L£xm*!^^-^J& 



.. ,..-.,,..., ^.^^a^^^^rc^.^ 
;     --'v. *rf*»^iF»»*?«Vi*V»MtJ(»iJ| 

• 

«j   -    <V"f > 

r? « ^(l*^)    ^^T2   tt*it*i> 

at MgSCL    '2"** 

defining 

/ 
R^lt^T 

ST. 

3. t 
a 

F. V. 1§   « "WW - »aSa 
CUfgMj) 

MJ
2
^2^HX4XJT^|) 

defining the Air Specific Impulse 

EL 

From these ralwfts the stagnation temperature 

may be computed and the actual temperature rise of 

th€ Incoming, air evaluated* 

Since the Impulse in a constant area, friction- 

less duct Is constant, one say compute the exit 

impulse from the measured values at the entrance to 

the duct by applying a reasonable ^ralue of bismes* 

drag. See Appendix 12 

exit ~ entrance"" ^frict 
p2 * PolA2^r - V^r^) 

f?*si»a.t:&ia*W* 

- 
V 
i 
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From these values,Mg> the Air Specific Impulse, 

and the rise la temperature, may be measured; as 

before., 

By Utilizing th© pneumatic probe the stagna- 

tion temperature of th© gas la measured directly at 

eUjgf   S#Qi.iOu»      ©.y   Pop.i.aQ.i.'Xig   ltCi<5   upliwre<Ml    fc«Sp«l^a*»AS*S 

losses the true stagnation temperature may be accur- 

ately estimated and the measured rise In tsuperstore 

computed. From these temperatures the mesuTared ^Is* 

Speoific Impulse may be computed* Sine® the pneumatic 

probe dspenda upon the measured total press-ore, the 

Maeh number and hence the stream thrust may be eom- 

puted from the static pressure tap at that station. 

5y virtue ©f th© static pressure tape located 

along the humor one may quite accurately estimate 

the burning length and measure the flame temperature 

at this station (Figure 41. The obvious advantage is 

the minimization of the coolant corrections, 

The burning length Is determined by doting the 

point along the burner duct where the pressure drop 

through the flame becomes tangent to the frietional 

pressure drop. These measurements provide a means of 

correlating the required burner length as a function 

of air/fuel ratios (for a given corabustor geometry). 

15, 
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V^tlXlzltts fcb« Bsosaentiaft praams?® &TQ? or prob© 

msfftsay-amerit® ttes ooMplata&^es of combustion atay to® 

®sag*w®£ tlo?»a6bo^t th» beaming length of th« TOK- 

Iwiater.    V« imy, tharcfor*, plot a given percentage 

of completion of ©cmbustica f«rs*«js diaiaaoe along 

tfeta dnot tor vario-as value* ©f $&e elsvfoel rat 

(Figus»e 3). 
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IT  OONCLUSIOHS 

Two combustion efficiencies have been de- 

fined and three methods of evaluating these 

efficiencies are outlined. In measuring tlsw* 

Air Specific Impulse* both the pnaumatlc prsbe 

and the stagnation pressure probe present approx- 

imately the ea»e degree of accuracy. Should the 

design of the rocket be such that separation 

occurs as the incoming air passes over the rocket, 

the error introdueedj combined with the error inher- 

ent in reading assail manometer deflections at the 

eombustor entrance, would make the measurement of 

this efficiency at the entrance to the eombustor 

perhaps one percent less accurate than hy the two 

previous methods. 

Insofar ss the riee in temperature is con- 

cerned ^eraluat ion by measurement of entrance con- 

ditions is very difficult. Since JC an Traluated 

from the impulse function is, at a maximum9 of the 

order of »252 

p2*2 

17. 
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and fg2 evaluated from continuity is: 

IIUMII ii www——yw-iiBnini WWWM ••mm •* 

| 

2&e slightest deviation In any maaie'urement la 
i 

magnified approximately one handred tireee In the 

©.imputation of the exit M&eh maiber, la these 

teats;, since the exit Maeh number ranges from 

about 0*2 to about Q*%9 mx%apmm accuracy Is re- 

quired in the manometer readings using the stag- 

nation probe method, the method s however, Is 

feasible and will provide a much better estimate 

of the true stags&tion temperature* Accuracy of 

the order of 9$  percent la estimated for this 

method* 

The paesmatio probe ia accurate to a devia- 

tion of less then on® p«rcoait. Although t&e 

pneumatic prob© ia dependent upon manometer pres- 

sure readings also* the spread of sianoaeter read- 

ings Is such as to minimize the pereetstage laae~ 

curacy* The pneumatic p:s*©be has the Additional 

advantage that temperature profiles may he measured, 

This in er.pecial.ly advantageous in aseart&inisg; 
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th© ooabuator length at which % isiniform temperature 

profile In ohtalna&« 

The author -would like to e^cprees Ms appy«- 

clatlon %o th® p®F8©on<aX at Ferrestal Research 

0«mt«r for their sttsscstioasip iJ8.8pirmtlo»t and the 

operation of the test program upon which thl» thesle 

Is based. 
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APP2HDIX I 

DERXVATIOH OF STREAM THHUST METHOD 

Trcm simple nomentua considerations It eaa 

b« shown timt the force &ece3.es%ting & fluid in 

a duct is, 

®*r * -d(PJ) * FdA '"^fj.ie^ 

Integrating between Stations 1 and 2 

a2*2 "3*2 ^ "lVl * -V * • *!*! •/. *** ' *tr 

©r defining (PA-MS?) « P4(1«»Y«*) * F 

"2      Impulse fraction 

"• - W'frto* 

in a constant area burner then oa   $ 

Ft ** Fl""Ffrict 

temperature.    At the entrance to the combustion cfoass- 

ber in Section 1 there aye two concentric gM strewn* J 

the rocket Jet and the rasa combustion air (Figure 1), 

Therefore at Section 1 the atrea® thruat will consist 

of the air atreaas thrust F«  and the reeked stress 

thrust F .    Equatingi 

3 
i 

» 

£„i < 

'->-*»**.- -•WU-Lii'-*f*,.r ;TZ?'  I ii'iWf'M'WW '  - 
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F2 = Fl*Fr"Ff*ict 

perfectly expanded (1)« 

dent  equals on® is isg,de.    This value corresponds to 

most assumptions In the literature and has been proved 

experimentally to be reasonably Justified (%). 

Ffrict s <0«bKfaL s <X> FlAl^lMf 
"~r—       —i— 

I 

£§ 

fe 
^ 

•h 

Therefore; 

P2 =  CPiAa+Vir1Mf)-{P1A1T1M|3+(P1A14fflp¥r) 

= FlAl^*irlMl^ * ^l^r + Tr measured 
MMMMM 

2 r 
P !JPr 

Isentroolcally ?x a P^ p^~   « Fol^1*^ Ml* 

Exp&ndirsg by the binomial theorem! 

?1 

and neglecting tense of order M  ,  since M-,   is  aaallj 

Fi * psi(1* ^2)<i-^*2*—) 

• p8i*i u^^-i****—-> 
-   PBlAl 

(Mote* The subscript 1 on the Mach number has h&en 
•    dropped for simplicity,} 

22 
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and since A„ s V*r 

s        el 2    v        ai  "M" '• 

where the last tern Is negligible. 

The approximation has proved by measured values 

on the burner to differ from the exact measunsraent 

by A percent at an entrance Jtach number of .15. 

. 

• 

• 

*.;' 

& 

F2 * PslA2 T. 

Hence from measured values of rocket thrust 

and total pressure the Impulse function at Section 

2 may be evaluated. 

Exit pressure of the burner, if uncho&ed, is 

barometric.    To evaluate H2, values of Y calculated 

for the measured air-fuel ratio are used.    This 

assumption introduces a slignt degree of error, in 

view of the fact that Tg will be below the calculated 

adlabatic flame temperature for that airfcxtre ratio* 

Having computed F2 arsd M2 obtain T_2 

From continuity m^ss®. =?(».«; ) 

Ua*mf) * (*Vk)2  * P^g y—      1*J|^ M* 

/R2T2 ^3^/f^j 

l/£ 

"J 
Substituting for P»JU in F,, * P«A»(l*r^l*) 

H 
55. 
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«8   r gy(i*r4-i MJ) 

8U2 Fa - ^2 
„».« 

2 - ^U*-*/%>     «rtCl^r»J(*} 
«T. 

%   if* 

' 

end defining 

F„ 
i. 

M /2(T^l)(lAi MJ) 

3* s 

•a-' 

The Air Spoolfio Impulse- ©ay then be defined; 

a * 2' Fgj/        «   S^fCII;,) 

It is to b® aot&d that F* is a finaction only 

of M&# Mye »t# &n& Eg, Tg, Tg2 where fgt Is assumed 

to be the adiabatlc flame temperature, Therss©- 

«hemlcal computations of equilibrium compositions 

of combustion product* nitd adlabatlo flame tempera- 

ture then may be plotted as theoretical aa a values 

versus air fuel ratios a„ 
•/»f* 

1 

•aWi* 
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APPENDIX II 

DEVELOPMENT OP THE PNEUMATIC PROBE 

The pneumatic prob® la  baaed upon the prin- 

ciple that the mass flow through a choked orifice 

can b© measured as a function of the upstream total 

pressure, the orifice area, and the local speed of 

sound* 
2  

Noting that (T/T8)gonls^ TY*U 

The mass flow of gas may be written! 

m " Orifice ps "V 8TI 
j~7~m 

(ml. 

** 

sr 
" Aeps  f(T»R) lb/«eo 

where Pg may be measured and A orifice Is known. 

If the mass flow through the water cooled probe 

is chilleds frozen equilibrium may be aaearned, 

with y and R constant*    By now flowing this cooled 

gas through a second sonic orifice, the mass flow 

may be computed from measured values of orifice 

area,  stagnation pressure and stagnation tempera- 

ture.    At the reduced gas temperatures it is 

38 25. 

•Mrnwuwa ,H ~"*' 

•   -• 

s.;siv. -"w«w»i 



6hnMMi»il II" W»>3t-«v—y. •ISJ1VJ»I>•-_*$3±V?W. 

• 

y. 

possible to use an unshielded thermocouple with 

no correction for radiation losses. By squstlBg 

the mass flows the entrance stagnation temperature 

may be computed J 

*Z 
©r 

T»2 

The general configuration of the probe Is 

illustrated in Figure 6*    The hot gas is smoked 

in through the front orifice at sonic velocity, 

cooled while passing through the water cooled 

probe, carried through an electrically heated tube 

(to prevent condensation of the water products of 

combustion) to the second orific®. Static pressure 

taps are located before and after the second orifice 

leading to mercury manometers. By closing the line 

to the vacuum pusap both ia&ftoaae-&er8 will in&ieat® 

the total prsBsure at the probe tip. Sine® the 

tube to the orifice area is so large, the upstreaa 

tap reads essentially stagnation pressure while the 

tap downstream provides a check that the pressure 

2d, 
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ratio in •:•  *h that sonic velocity will be saintained 
i 

Rcroa© thia second orifice. 

fbm  «ize of the orifices is la general deter- 

rained by the sis® and hence th« mass flow of the 

vaouan p^tp which is available. For ease in oon- 

strraetion and to ainlaia;® the percentage of devia- 

tions in arose fros corrosion, etc., the maziasua 

area available was selected consistent with the 

capacity of the available vacuum pusp and a reason- 

able margin of safety. 

Utilizing the SAGA criterion that a pressure 

ratio of 5»2 will insure sonic flow through a flat 

plate orifice, A-/, was selected at 5.? (5). 

(D a ,0*0/0 * .079) aatohing drill sizes 

Since 

•• 

•„„,„ • v.^Z -      — X£3 

'^al 

saaxlasum flow would occur at the lowest temperatures 

1 and highest total pressures anticipated. 

I At: 

T s 500° R» P«i s 17 lbs/in2, r « l.A 

The mas a flow. 

f » =  ,0505 Ibs/min * A«00 ft Vain 

27 
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at a vaouus pi-ftseixra ©£ 1.6&X lbs/in    absolute , 

which. Is well within the limits of the pump. 

While some velocities stay be achieved at 

lesser pressure ratios by utilizing a nozzle 

instead of an orifice, it was found T$p the HAGA 

that a alzaifcle cooling ««sror was Introduced due 

*^    +V 
**»«**>  V* 

cooled *»£;dl@* Beno® a flat plate orifioe with 

an L/D ratio o* .23 VRS used (Figure 8)» 

The general construction of the probe is also 

Illustrated in Figure ?. The Innermost gas tube 

is l/h  Inch standard •»«•*( ,055 In. wall) stain- 

leas steel tubing. Surrounding this la a 3/8 Inch 

by .020 inch wall stainless steel tube to font 

the inner cooling annulus. Stainless steel was 

chosen merely for its resistance to rust end 

eorroalon in general. The #020 inch wall was 

desired In order to equalize the inner cooling 

ansulua arsa with the outer. The outer wall forms 

the return cooling annulus. Standard size 1/2 

inch by .059 Inch wall Inconel tubing was chosen 

because of its high melting point. The probe tip9 

containing the front orlflce9 was constructed of 

2'3 . 

'^M- 
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beryH&uxa copper because of the reoulrement of high 

he&t conductivity to remora heat from the lip oi* 

th© flat plat© front orifice combined with resis- 

tance to deformation (Figure 8), 

The preliminary heat transfer calculations 

*ere based lapon the measured cooling w?»&er which 

could be flowed through an orifice 85 percent of 

the size of the minimum annulus.    The heat transfer 

re- ulreaenta were then computed based upon the 

maxi»ts» area of the probe which could bo inserts 

into the burner duet. 

Based upon MoAdasis (6^1 

*Wer = 15°  tl».011T)(Yft/8e^'8    • 6,850 BTU/hr ft2 °F 

(VT 
*' **• • saAsnssn *' '»° ""• ft? °F 

for cross flow of gas around the tube at Y=186"5 ft/sec 

gas 

The overall heat transfer coefficient was com- 

puted to be 

U - 9&*1  BTU/hr ft2 °F 

'.   , or 

q a .649 ETU/in2 eec, 

29. 
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and tiw bulk temposrmture rise of the wstssr 

These calculations wars baaed upon the' eeti- 

nate that the thes'aal conductivity of Incaneil 

could be represented by the conducttTfty ©IT 

etau-caess steel* 

!fesS«r these c02ue.it lone the gas flow beccmee 

m s ,0001 84f? Xfe/»«« «Jo9 the heat transferred te 

I ih«s isms? cooling ems&lus b«««ft«e n-afsligibls. 

I It is desired to quench the tasperafcur* of 

I   . the incoming gas quickly to Insure fr©»en equili- 

brium.    However, the temperature moat be high 

enough that the gaseous water combustion products 

will not condense at the pressures inside the 

system* 

$&d«r the pressures and aass flows exper- 

ienced is the probe itself, it is apparent that 

the Reyzs&lds number Is such as to pla$® the flow 

in the lamina i»*^lma»    Rmee the tilm coefficient 

h was computed from the equation (?)f 

1/5     .       .   1/5 M      .14 .     . 1/? I 
I hS • 1.8*" PC \       / g \ 

k"l*/       \p°J 

Viscosity T&luoa at reduced pres«ur#s w«r« 

fcak^set fro« the 3±as§*;rt&.£ia» of Dr. Xrvin aiassmsn 

<6K 
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Nooo «" = 2^5  
and 

L1/5 • .00^05 

•utilizing KcAdams counter flow heat transfer 

ecuationl 

"750 
JlT? 

0. '•'to      ^__(w»:K?, 4 
1 

.COlr :•?! 

BTU/br « A |~ 

npsrj 
v;here A=xl3L ft ' 

L was determined to be 21 laches. This does 

not represent an exact solution but an estimate of 

the exit temperature, The actual solution would 

have placed the length at about 23 Inches, but since 

the gas temperature can be controlled electrically 

along the incoming gas lino it *as decided that 21 

inches represented the most convenient size from a 

mechanical viewpoint. 

Mechanical considerations dictated a bend 

radius of 1.45 to 1»5 inches. At the minimua 
» 

bend radius of 1,45 the diameter to wall thickness 

as compared to the bend radius to diameter placed 

the outside tube in the near region of requiring 

Internal support, while the two internal tubes 

were not critical. 

31. 
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The probe was assembled la correct ellgn- 

Kent, and a commercial beading alloy (with a very 

low Belting point) was poured Into  It to assure 

retention of the alignment. 

The probe was calibrated up to 15G0a F in 

s.n »l*etrieally h-*«ted fnmscs.    Sosprssssd air 

was run through a coil of heated copper tubing 

immersed in the furnace, the temperature measured 

uisht inches from the exit by a calibrated chroinel- 

ftlumel thermocouples and past the inserted probe 

tip.    Every precaution ^rss taken to avoid radiation 

srrore from the water cooled probe tip.    Both the 

calibrating and the probe thermocouples were cali- 

brated against standard National Bureau of Standards 

Platinum - Platinum fShodlua Thermocouples.    fhQ 

values obtained showed absolutely negligible devia- 

tions from the Le^ds and Rorthrup thermocouple tables. 

The approach velocity was maintained at frcia 

20 to 60 feet per second.    This was to prevent the 

possibility ot the stream tube scrubbing against the 

water cooled tip and hence introducing an erron- 

eously cooler measured temperature.    The general 

ci'lterion is, that the approach Mach number must be 

sueh that the free*- stream tube areag A  » saust b® 

?"x 

W! 

a 

;« 
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Xeaa than the fro&i&l ey®& of the probe (5)t 

e MHM I 

Bajoad l#©«e F the tagRperature was calibrated 

utilising the aodi*j» B UJHI aetiaod.    Results af 

iMs ealihratioi; indloats & dsvlaifcion #i* lese then 

On® preeantioo %e hm aoted is that since the 

probe is exirasely eeaaitiv© to orlfloa area, par- 

tXelea of eajpfetm or oiddes whieh sight bXook tills 

&3m» ©an lai^dus* s«pia«s» ©reflate*    ixsother' e*?staid» 

a^s-tien is that the protoe will indicate as average 

temperature*    Ta reduce the £«spjos« tiae th® 8§X<&&d 

is*-» tube aftotiid b# tha minisran diameter consistent 

vith the *a&s& flov« 

35* 
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