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SUMMARY 

. 

J 

This report presents a preliminary study of a ramjet that would use 
the chemical energy of dissociated molecules in the ionosphere for pro- 
pulsion. A review of the physical properties and chemical composition 
of the upper atmosphere shows that the available energy is not sufficient 
for flight requiring aerodynamic lift. Above 300,000 feet, dissociation 
energy might be useful for satellite-sustaining. Ccnrparison of maximum 
thrustandexternal dragfor an orbitingrsmjetfrcm300,OOOto 700,OO~ 
feet shows that a positive net-thrust margin might be obtained over the 
entire region for SCXKE of the engine sizes considered. However, the re- 
gion between 325,000 and 400,OCO feet is the most favorable, because 
high gas densities produce high recc&Fnation rates. 

Two thermodynsmic engine cycles are considered for a ramjet orbit- 
at 328,080 feet: (1) all-supersonic flow with frozen composition in the 
diffuser and chemical equilibrium Fn the nozzle; (2) normal-shock inlet 
with equilibrium expansion. Only the all-supersonic cycle shows promise 
for sustaining a satellite. Calculatims of the rate of recc&ination 
are only approximate because of uncertainties in the data on the chemical 
reaction rates. These approxWate calculations indicate that, although 
equilibrium expansion cannot be obtained, up to 50-percent recaubination 
may be possible for a nozzle 100 feet long. This would give thrust in 
excess of the drag. 

Aerodynamic-heating problems of the orbiting ramjet are considered. 
External surfaces are sufficiently cooled by radiation. The internal 
throat area, which presents the most difficult coo- problem, requires 
cooling rates that are met by current technology; but, in order to mini- 
mize heat loss due to titernal cooling, the inlet radius of the engine 
will probably have to be greater than 20 feet for an engine 100 feet 
long. 

The reclination rsmjet appesrs to be a marginal device even in 
the optimistic view. Before definite conclusions can be drawn, the 
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atmospheric composition near 300,000 feet and the recombination-rate 
coefficient for atcmic oxygen must be accurately known. 

-- 
If favorable Y 

composition and rate coefficients sre Easured in future research, then 
the "fuelless" recombtiation ramjet can probably be developed, but only 
for use where most of the lift comes fram the orbiting velocity. 

3MTRODUCTlON 

About 75 years ago, W. N. Hartley observed the abrupt termination 5 
of the ultraviolet end of the spectrum of all heavenly bodies and postu- 8 
Lated the existence of ozone in the Earth's atmosphere to account for 
this absorption. In 1930, Sydney Chapman showed theoretically that the 
absorpticm of solar ultraviolet light should-cause diatamic oxygen to 
dissociate at altitudes above 100 kilometers. The theory was clear-cut - 
and was universally accepted, although the atcmic cxygen in the iono- 
sphere had not been experimentally measured. More recent theories have 
postulated that nitrogen is also dissociated in the upper regions of the 
ionosphere. Ballorm meriments and, in the last ten years, high- 
altitude rockets have proved these speculations to be correct. - 

A small fraction of the solar energy absorbed by the Earth is locked 
in reactive chemical species such as ozone, dissociated molecules, and 
gaseous ions in the upper atmosphere. This energy msy be available for 
flight propulsion in the upper atmosphere. For example, in 1950, Proell 
(ref. 1) proposed the use of "fuelless box-ramjets" using the energy of 
atomic oxygen at about 100 kilcaneters to move and direct space stations, 
alter orbits, and overcm frictional losses. The Vfuelless" feature of 
an engine that converts the chemical energy of reactive air particles 
into t&u& is very attractive for these applications. -Furthermore, the 
smlicity of the ramjet is desirable where long service times are 
required. 

II 
L 

L 

- 

The availability of atmospheric energy for propulsion is investigated 
in detail Fn this report in the light of atmospheric data obtained by 
rockets in the last five years. To facilitate the ramjet cycle calcula-- - 
tions, the reacticm enthalpy for the conversion of photochemically dis- 
sociated air to stable molecules in equilibrium is summar ized as an 
available energy density (Btu/cu ft of air) for altitudes from 50,000 to 
1,000,COO feet. An analysis comparing the available energy with the 
energy required for flight shows that sufficient thrust can be provided 
only by an orbiting engine. 

Next, the orbiting ionosphere ramjet is considered in detail. The 
external drag for various nacelle gecmetries is c-red with the msxti 
available thrust from 325,000 to 700,000 feet. One of the more prcanis&g 
flight altitudes and configurations is chosen for a thermodynamic cycle 
calculation. Finally, the problems of recc&ination chemical kinetics 
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and internal and external heat transfer are examined for this rsmjet ' 
orbiting at 328,080 feet. The calculatim of heat transfer and friction 
drag is discussed in appendix D by J-s F. Schmidt. 

Unfortunately, existing data are not complete enough to evaluate 
definitely the reccmbination rmet. The purpose of this report is to 
present a preliminary study snd to point out the research data that are 
necessary. By Wg plausible assumptions where data are lacking, it 
is possible to propose the major design requirements and to indicate the 
probable magnitude of the problems likely to be encountered. 

MODELS OF UPPERATMCSPHERE 

Physical Properties 

% 
The pressure, density, temperature, and ccs~osition of the atmos- 

B ' phere extrapolated up to sn altitude of 1,600,OOO feet are sLmIms&zed 
ummaries 

';' 
in engineering units in tables I to 111. Three data s 
atmospheric rocket research (refs. 

of upper- 

k 
2, 3, and 4) have been selected to 

-0 serve as "standard atmospheres" for this discussion. The c&tied re- 
sults of all rocket flights frcxn 1946 to January 1952, presented by the 
Rocket Panel (ref. 2), are summarized Fn table I. Another suuunary (ref. 

s- 3) was prepared by Dr. E. 0. Hulburt, Director of Resesrch at the Naval 
Research Laboratory. Hulburt presented smoothed, average values obtaFned 
by all flights up to July 1954, and he extrapolated the data frcxn 
725,OOC to 1,600,ooO feet. This working model of the atmosphere is pre- 
sented in table II. A more recent standard atmosphere (1956) has been 
proposed as the Air Force ARDC Model Atmosphere (ref. 4). Table III is 
an abridged form of this model. 

Sy&ols are defined in appendix A, and the reliability of the tabu- 
lated physical properties of the atmospheric models is discussed briefly 
in appendix B. 

Chemical Cqositian 

The chemical ccxupositicns in tables I to III sre less certain than 
the physical properties, because ccarrposition data above 250,000 feet are 
very scant. In fact, the compositions in table I are hypothetical; the 
Rocket Panel assumed these values only to calculate an average molecular 
weight, which Fn turn could be used to calculate temperature from meas- 
ured pressure and density. As discussed in appendix B, the Hulburt-NRL 
model cannpositions fram 357,OCC to 420,000 feet (table II> are based on 
data fran three Aerobee rocket flights in 1953. Above 426,OCO feet, the 
compositions are based on assumed atmospheric conditions. The ARDC com- 
positions of table III were prepared frcan smoothed individual particle 
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concentrations read from a graph published in reference 5. 
table III ccxmpositions are approxmte, 

Therefore, 
but they probably represent the 

ARX! adopted values within 3 percent for any component. Appendix B in- 
cludes a discussion of the compositions of the three model atmospheres. 

The chemical energy associated with the nonequilibrium composition 
of "air" at these high altitudes has been estimated fraanthe tabulated 
composition data of tables I and II (fig. 1). The available chemical 
energy is taken to be the reaction enthalpy for the can-version of the 
photochemically dissociated air to stable molecules in chemical equilib- 
rium. Chemical propulsion schemes based on the presence of ozone, atomic 
oxygen, and atomic nitrogen can be evaluated readily from figure 1, which 
shows "available chemical-energy density" (Btu/cu ft of air) from 50,000 
to 1,ooO,OOO feet. Table III energy density, though not shown, would be 
between the Rocket Panel and Hulburt-NRL curves in the region from about 
300,000 to 600,000 feet. 

rc 

The calculation procedure used to obtain figure 1 from tables I and 
II, together with some additional c(x?position data on ozone (table IV), 
is included in appendix B. Therefore, only a qualitative description of 
figure 1 will be given here. The solid curve between 50,000 and 260,000 
feet represents the chemical energy of ozone, which is not shorn in 
either table I or II because it is present in only minute concentrations. 
The vertical line at 270,000 feet emphasizes the uncertainty of the Rocket 
Panel's assumed ccxmposition at this altitude; actually, the abrupt rise 
in atomic oxygen concentration listed in table I would lead to a nearly 
vertical slope. The solid curve from 270,OCO to 394,000 feet is the en- 
ergy density associated with a-t&c oxygen; above 394,COO feet, atomic 
nitrogen begins to contribute with increasing mortsnce. 

l - 

i 

- 

For the energy-density curve from the Hulburt-RRL model of table II, 
the atomic oxygen begins to contribute to the energy density at about 
150,COO feet. The dashed curve from 150,OCO to 325,ooO feet reflects a 
rapid buildup of atomic owgen concentration which, though below 2 per- 
cent of the total air, is still 6ignificantLi.n terms of energy because 
of the relatively high total air density. Because the atclmic oxygen con- 
centrations are small in this transition region from 150,OCO to 325,000 
feet, the percentages are not listed in table II but are included in 
table IV instead. The peak in the dashed curve (fig. 1) at about 
320,000 feet is caused by the leveling off of the initially steep in- 
crease in percentage of atcxnic oxygen in the transition region to the 
values shown in table II above 328,000 feet. The slope of this curve 
following the peak reflects the exponential decrease in total air den- 
sity. Atomic nitrogen starts to contribute to the energy at about 
460,000 feet, causing the change in slope shown in figure 1. 

- 

m 
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c 
THE ICNOSPHERERAMJET 

Assuming that the atmospheric energy described in the previous sec- 
tion is available for propulsion, it is important next to determine the 
flight speeds and altitudes at which this energy would be sufficient. 
Such an orienting analysis is presented in appendix C, which formalizes 
the relations concerning required energy, lift-drag ratios, engine effi- 
ciency, friction drag, altitude, and flight speed. This smJysis shows 
that for a supersonic ramjet the available energy would not be useful 
for sustaining flight requiring aerodynamic lift. However, for an orbit- 
ing ramjet the available energy may be sufficient to overcome friction 
drag above about 3C0,OOO feet. 

3 

Therefore, sn orbiting ionosphere rsmjet is considered in this sec- 
tion. Appearance , operation, and design problems are discussed. No 
attempt is made to consider all possible engine desi@s. Rather, ane 
plausible ramjet is studied in detail to test the feasibility of using 
atmospheric energy. The external friction drag for various truncated- 
cone nacelle geometries and orbit altitudes is presented first. Then, 
far a promising configuration snd altitude, a thermodynamic cycle is 
followed through to determine scme factors influencing engine efficiency. 
Since the chemical kinetics for the reccsibination of dissociated air 
wKKl govern the actual engine cycle, the assumptions used in the thermo- 
dynamic analysis are examined with respect to the kinetics. Finally, 
since aerodynamic heating can destroy an object orbiting in the atmos- 
phere, the internal and external heat-transfer problems are considered. 

Thrust-Drag Ccmpsrison at Various Altitudes 

The thrust F of a reccxnbination ramjet is easily related to the 
energy density e of the air at the orbit altitude. The thrust per 
unit inlet area Al is 

F - = qeJ 
Al 

(1) 

The thrust is a function of engine efficiency 3 and sltitude, since 
e depends on altitude. If the engine efficiency is assumed to be 100 
percent, then it is convenient to define a thrust psreter that is a 
function only of orbit altitude: 

F eJ -=- 
Alo1 o1 

(2) 

The thrust parsmeter has been evaluated for altitudes from 300,000 to 
700,ooO feet using the two model atmospheres of figure 1. The two ' 
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curves of figure 2 represent the probable upper and lower limits on the 
energy available for propulsion for a reco@bination ramjet at orbital 
velocity. 

.G 

A similar term can be defined for external drag, but the nacelle 
geometry must also be specified. Figure 3 shows the simple truncated- 
cone nacelle gemtries considered in this preliminary study. Nacelles 
having these shapes can be distinguished for the following discussion 
by giving the ratio of length to capture radius Y/Rl, the cone half- 
angle 8, and the over-all length L?. A variety of cc&inations of the 
three variables was chosen, and the external drags for each nacelle were 
calculated over sn altitude range. In the friction-drag calculations 
outlined in appendix D, a procedure described by Eckert (refs. 6 and 7) 
was used. The external drag is divided by the inlet area and s&lent 
density for direct comparison with the maximum thrust. 

ei 
53 - 

The energy available is compared with the energy required to over- 
come drag for altitudes from300,000to 700,000 feetandfor 9 of 100 
and 1000 feet in figures 4(a) and (b), respectively. Figure 4(b) is in- 
tended only to show the effect of engine size Cal external drag snd msx- 
hum thrust over a wide range. Both plots give the drag parameter for 

P/R1 of 2.5, 5, 10, and 30, snd for 6 of 2', O", -4.3', and -8.6'. 

The requiremen t for sustained satellite flight is p- 

F 7 D 
Alpl=- Alol 

7.. 

Figure 4 indicates that, even with an engine efficiency of 100 percent, 
the smallest engine size shown @= 100 feet) would not sustain satel- 

- 

lite flight unless very small g/R1 and negative 8 could be used. As 
might be expected, larger inlets give increasingly favorable thrust mar- 
gins with this idealized ccxmparison. 

- . ..-_ 

The difference between the thrust and drag parsmeters in figure 4 
is proportional to the maximum net thrust. Between altitudes of 320,OCO 
and 400,000 feet, four of the design configurations show positive net- 
thrust capabilities. It will be shown later that the chemical reccxubi- 
nation reaction is strongly influenced by air density, being more favor- 
able as density increases. Furthermore, the drags in figure 4 are prob- 
ably too low above 450,COO feet, because the flow would be approaching 
free-molecule flow (see appendix C). Therefore, for the following cycle 
analysis, 328,080 feet was chosen as a favorable altitude, although this 
precise choice was arbitrary. 
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Thermodynamic Cycle for Reccxnbination RamJet 

The engtie efficiency of a reccxabtiation ramjet will certainly be 
less than 100 percent, and the nacelle geometry ten be expected to affect 
efficiency as the ratio of inlet to exhaust area (snd therefore the de- 
gree of expansion) is varied. These performance Variables and others 
are discussed in the fOl.bWing paragraphs. 

The problem is to get the energetic s&ient air on board, to reccm- 
bFne the atomic oxygen, 
taln thrust. 

to exhaust the hot diatomic air, and thus to ob- 
A circular orbit of 328,060 feet and the atmosphere of the 

Rocket Panel (table I) are the aSSum?d flight conditions. Two different 
cycles are analyzed. However, it should not be inferred that these Fn- 
elude all possible cases. 

All-supersonic cycle. - The first cycle is an all-supersonic cycle; 
that is, the flow throughout the engine is above sonic velocity. The 
cycle can be divided into three stages, as follows: (1) frozen- 
cqositian compression, ( 2 canversion of compressed air to chemical ) 
equilibrium, and (3) chemical-equilibrium exhaust expansion to ambient 
pressure. There is an apparent paradox in these assumptions, because 
the first requires the reccxKbination rate to be zero, while the third 
assumes that the rate is fast ccsrq?ared with flow residence times. For 
the moment, assume that each limiting condition could be approached.by 
III&- the diffuser residence time short ccxupared with the exhaust- 
nozzle flow time. Iater, a kinetic analysis will es-tin&e the accuracy 
of these limiting asswtions. 

Unfortunately, the published thermodynamic properties for air do not 
extend over the entire low-pressure region of this cycle (e.g., ref. 8). 
However, a report on the thermodynamic properties of the three-component 
hydrogen-oxygen-nitrogen system has recently been published (ref. 9). 
This system is available at the MACA Lewis laboratory in a digital- 
cmutor progrsm desi@ped to study rocket nozzle performance. The sWple 
expedient of drivFng the hydrogen content to negligible proportions 
(10-l' percent or less) converted the hydrogen-oxygen-nitrogen system of 
reference 9 to an argon-free air system that included the entire pres- 
sure range of interest here. All thermodynamic propertIes used in this 
section were obtained from this program and reference 9, using "air" 
with 1 mole of oxygen (32.000) for every 3.773 moles of nitrogen 
(28.016). 

Figure 5(a) shows the thermodynamic cycle on a plot of static tem- 
perature against static pressure. Figure 5(b) gives the corresponding 
air enthalpy as a function of static pressure. The three stages of this 
cycle are discussed briefly in the following paragraphs. 
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For the 328,080-foot orbit, the frozen cczrposition is 19 percent 0 
(by volume}, 9.5 percent 02, and 71.5 percent Ni. The enthalp$ 
any tqerature station in the ccPnpression is given by 

The air enthalpy of figure 5(b) was calculated from equation (4) 
molar enthalpies .z&$ tabulated in reference 
tion between tqerature and pressure for the 
assmd to be that for isentropic flow: 

9fora.U T. The 
frozen compression 

Since the exponent y/y-l is a function of temperature, a small temper- 

% at 

and the 
rela- 
WSB 

ature difference (T-& - 'PI = 1800 R) was used, and the pressure ratio was 
calculated for these temperature increments. Reference 9 data on C J W 
for the individual chemical c-one&s were averaged on a molar basis 
(as in eq. (4)) for use as y/y-l. Therefore, the compression in both 

. 

V 

5 
8 

4 

enthalpy-pressure and temperature-pressure relations includes an allow- 
ance for adjustment in specific heats. J 

The problem of where to terminate the ccanpression is unique to the 
recombination-ramjet cycle. The procedure used to calculate the 
compression-termjnakicm station, where the conversion of frozen to equi- 
librium is assumed to occur, is illustrated by figure 5(c>. This figure 
is simply an enlarged temperature-pressure diagram in the region near 
station 2 of figure 5(a). 

- 

If the frozen compression is assumed to persist until very high 
static temperature is attained, then the conversion of the ar&ient ccm- 
position air to equilibrium will lead to more dissociation and a temper- 
ature drop. To illustrate, consider station b (fig. 5(c)), which is an 
arbitrary station in the frozen compression. The constsnt-pressure 
adiabatic conversion froan frozen to equilibrium causes a temperature 
&COP t0 Tb. On the other hand, let the c@pression be terminated at a 
low pressure (station a). Then recombination occurs when the gas is 
converted at constant pressure to equilibrium, and a temperature rise to 
Ta is noted. The compression-termination statim 2 in figures 5(a) and 
('99) is the adiabatic, isobaric, isothemnal conversion of the frozen Fn- 
let air to equilibrium. 

It is not apparent from the preceding discussion that StS.tiOll 2 is 
the most advantageous conversion point, and indeed it might not be. 

-# 
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However, of the three points discussed, the isothermal conversion was 
observed to give higher engine efficiency with full expsnsion than either 
station a or station b. This efficiency difference was small, being less 
than 1 percent for all three cases. Therefore, the choice of any other 
conversion station in the regicm shown in figure 5(c) rather than sta- 
tion 2 would have had negligible effect on the results of the cycle 
saalysis. 

The final stage cxf the cycle is sn isentropic expansion in chemical 
equilibrium from statian 2 to station 3. In figure 5(a), note the mu- 
sual temperature-pressure dependence from station 2 down to about 10-l 
pound per squarre foot; in this region the rectiination of atmic oxygen 
is occurring. The release of the chemical energy is also shown clearly 
m the enthalpy-pressure plot (fig. 5(b)). 

The chemical ccmposition during the equilibrium expansion from sta- 
tions 2 to 3 is given in figure 6. At static 2, the difference between 
the inlet frozen cqosition snd the cconposition of the equilibrium mix- 
ture is due solely to 2.23 percent HO. The eqtilibrfum compositions of 
figure 6 are used Fn the chemical kinetics analysis of the next section. 

The ideal engtie efficiency and the net thrust were calculated frcm 
the cycle Bm ized in figures 5 and 6. The flow conditions at the 
throat (station 2) are as follows: 

I -3 u2 = u; 
where 

u1 = 26,050 ft/sec (orbital 

-Pi0 

- (5 - HlkcJ (6) 

velocity) 

Hl = 984.8 Btu/lb(M) 

Hz= 2309.4 Btu/lb(M) > 

u2 = 24,743 ft/sec 

A&B. 5(b) 

and the ratio of inlet to throat area is calculated frcm continuity: 

Al Uz TlP2 Al -- -- 
- = Ul T2 Plz2 AZ 

(8) 

= 740.6 
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The average molecular weights 2 at stations 1 end 2 were calculated 
from compositions given in table I and figure 6. V 

In a similar 
to exit area were 

manner, the ratios of throat to exit velocity and throat 

expansion. Then, 
evaluated at vsrious stations throughout the equilibria 
the thrust per unit inlet area was determined from 

- = !gL (u3 - ; A3 
C1)+P3 q -1 ( ) 

That if3, the Uu-ust depends on the inlet area and the ratio of Wet to 
exit area. If truncated-cone nacelles are used, then the drag also de- 
pends on the ratio of inlet to exit area. This suggests that an optimum 
area ratio exists, as will be discussed shortly. 

Closely related to the thrust is the engine efficiency: 

II 
F 

=AleJ (10) 

The Rocket Penel energy density e from figure 1 at 328,060 feet was 
substituted into equation (10) together with the results frcan equa,titm 
(9). The resulting en&ne efficiency is given in figure 7 as a function 
of Al/A3. 

If the thermodynamic cycle assumptions of equilibrium expansion and 
reversible adiabatic flow are good approximations, then an optimum con- 
figuration for maxirmrm net thrust can be found. Figure 8 gives the 
thrust and dragas a function of the ratio of inlet to exit area for a 
lOO-foot engine having an inlet radius of 20 feet. The drag is much 
more sensitive to this srea ratio than the-ideal thrust, and it is clear 
that the difference between thrust and drag will pass through a maximum. 
Figure 9 shows the net thrust for engines 100 feet long with various in- 
let radii as a function of ratio of inlet to exit area. The large effect 
of inlet radius could be expected, because the thrust is directly propor- 
tional to the inlet area, or (Rl)2, 

- 
while the drag is proportional to the 

nacelle surface srea, or apprtitely Rl. The optimutnnetthrustpeaks 
more sharply for large inlets, but in all cases shown the peak occurs at 
area ratios between 2 and 6; the corresptiding cme half-angles sre neg- 
ative, about -4' to -6'. 

Normal-shock-inlet cycle. - The cycle discussed has assumed that 
the flow in the orbiting rsmjet is supersonic throughout. Many alter- 
native cycles involving shock inlets are-possible, of course, but only 
the extreme case of a normel-shock-inletcycle has been examined for 
this preliminary study. Appendix E gives-an analysis of a reccmbination 

L 

c 
= 
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ramjet with a nOrmSI--BhOCk inlet under the identical fli@;ht conditions 
of the supersonic analysis. This analysis shows that the extremely high 
static temperatures after shock result in more dissociation than can be 
regained in a full equilibrium expsnsian. A rsmJet tith a normal-shock 
inlet Fn a 328,080-foot orbit failed to produce useful thrust by at 
least an order of magnitude. 

Chemical Kinetics of Recombination 

The recomhtiation ramjet could supply sufficient thrust to sustain 
itself indefinitely in circular ionosphere orbits under ideal circum- 
stances: reversible, adiabatic flow end chemical-equilibrium nozzle ex- 
pSIlSiC8l. In this section the assumptions of frozen-cqosition ccxmpres- 
sion and chemical-equilibrium nozzle flow are examined; the next section 
is cancerned with the heat-transfer problem. 

If the chemical rate processes were understood completely and all 
kinetic data were available, the problem of adiabatic nozzle expansion 
with chemical reactions would be solvable, at least in principle. How- 
ever, even for the simple case of reccmbtiing atcmic qgen in the ab- 
sence of foreign fuels, plausible assumptions must replace data that are 
lacking today. The recombination kinetics are analyzed here for two 
limiting conditions to place upper and lower limits on the probable de- 
gree of recombination. The limiting cases considered are: 

(1) Near-equilibrium flow: This condition would occur if the re- 
combination of the atomic oxygen were sufficiently rapid to keep pace 
with the shift of equilibrium compositions resulting frcmthe drop in 
static temperature and pressure in the nOZZle flow. 

(2) Near-frozen-composition flow: In this case the recczibination 
kinetics sre so slow that negligible recombination occurs. 

The details of the kinetic analysis are deferred to appendix F, 
where the general method described in reference 10 is applied to re- 
combination of atcmic oxygen ti the exhaust nozzle. However, a quali- 
tative understandtig of the analysis is sufficient to make the results 
meaningful. In an actual nozzle, the flow may either be Fn chemical 
equilibrium, have frozen composition, or vary anywhere between these 
limiting cases depending on the reaction rate. For example, consider 
a hypothetical nozzle with a very large pressure ratio. The nozzle flow 
could follow chemical equilibrium initially. As the recc&Fnation pro- 
ceeds, the concentrations of atomic oxygen reactants would drop to such 
low values that the reaction rates could no longer keep pace with the 
minimum rate requfred for near-equilibrium flow. Ihe reaction would 
proceed Fn the nozzle with rapidly decreasing rate as the atomic oxygen 

w was converted to molecular oxygen; but eventually the rate would become 
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So slow that, for all practical purposes, no--more rec&ination would 
OCCUT. At the latter condition, the flow is at the other limit, near- 
frozen-cwosition flow. The analysis of the nozzle flow given in appen- 
dix F makes possible the numerical evaluation of the minimum concentra- 
tion of atcHniC cxygen that would exist in a given nozzle when the flow 
deviates from equilibrium because of insufficient reaction rate. m 
mdYSiB also places &z1 u-r limit on the at.omit oxygen concentration 
corresponding to a reaction rate which, if exceeded, would cause the 
flow to deviate fram near-frozen composition. 

- 

. -.i 

!Ehenumericalexample SW ized in table V is for the nozzle ex- 
pansion discussed in the supersonic cycle, The first column lists 

recombination-rate coefficients kf from loll to 1016 (g-mole/liter)-2 
set -'; cgs units are used here for convenience, because these ere the 
usual units used by physical chemists report-&g kinetic data. Only one 
value of kf would be listed if rate data were available; but, as will 
be discussed shortly, there is enough uncertainty concerning kf to 
warrant the wide range of magnitudes in the table. 

The second column in table V gives the minWum concentration of 
atcanic oxygen (vo, g- mole O/liter) requiredfor near-equilibrium flow - 
tith the corresponding rate coefficient. At-+c oxygen concentrations 
smaller than those shown would cause the flow to deviate toward frozen 
flow. However, atomic oxygen concentration depends not only on the mass 
fraction of atomic oxygen but also on the air density, and both vary in 
the nozzle flow. That is, the minimum concentration necessary for nesr- 
equilibrium flow is meaningless as a guide to recc&ination, unless it 
is related to the temperature, pressure, and mesn molecular weight-of 
the expanding air. If it is recalled that the air is assumed to follow 
chemical equilLbri.um until the minimum concentration for near-equilibrium 
is reached, then it follows that the equilibrium concentrations in fig- 
ure 6 together with the temperature-pressure relation w figure 5(a) give 
the required relation between temperature, pressure, mean molecular 
weight, and the mass fraction of atomic oxygen. For equilibrium flow, 
appendix F shows that the mass percentage of atomic oxygen recombination 
csn be calculated as a function of the atcmic oxygen concentration in 
the nozzle flow. Figure 10 is a plot of this relation. The minimum 

VO values in table V are related by figure 10 to the ~&BEI percentage 
of the atomic cgygen that has recombined to molecular oxygen; this num- 
ber is significant, since it sets a lower limit on the amount of recom- 
bination attained if the rate coefficient is kf. 

- 

Y 

The last two columns of table V give similar results for near- 
frozen flow in the nozzle. If v. is smaller than the listed values I 

at the given kf, then negligible recfxibinatian will occur. The relaticnl _. .-_= 
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between V. and mass percentage recombined cannot be determined rigor- 
ously for the near-frozen process by this simple analysis, because the 
necessary flow relations ue unlmown once the flow varies from equilib- 
rium. However, by assuming the equilibrium flow relation between %'O 
and ma88 percentage recombined (fig. lo), it is possible to set an rapper 
limit on the degree of reco&inatian. Regardless of what the actual re- 
action rate is in the intermediate flow between equilibrium and frozen, 
it will certainly be slower than in equilibrium flow. Therefore, the 
CoITespCmdFng mass percentage reconibined given in the table was t&en 
fram figure 10, and it is the maxirmrm. degree of com@etion POSSible in 
the nozzle for a particular value of kf. 

Y 

A reclination-rate coefficient of 10" (g-mole/liter)-2sec-1 is 
frequently employed by physical chemists for reactions of this type, be- 
cause, although no experimental data for atomic qgen are available, 
values of kf of lOlo have been observed for iodine, brcmine, deuterium, 
and hydrogen atcmic recomhinations (ref. ll). Furthermore, the reaction 
rates were found to be almost temperature-independent, with activation 
energies near zero. This is the only justification for refer??- to 
single-valued 

"f 
in anozzle where the temperature vsries over a 4000° 

F range. If 1s were correct, then the flow would never approach chem- 
ical equilibrium, and 8-percent reconibination would occur at most. Under 
these circumstances, the ionosphere rsmjet would not be feasible. 

Fortunately, there is reason to believe that the rate constant for 
recor&Ination of atomic oxygen may be much larger than 1Oll. Feldman 
(ref. 12) has recently reported an interesting high-tqrature shock- 
tube study of the kinetics of ttair." Air was dissociated at the high 
temperatures following the passage of the shock through the tube, and a 
preliminary expertint established that the dissociated air was in chem- 
ical equilibrium. The hot equilibrium air was then passed over a re- 
versed wedge ti a Prandtl-Meyer expansion. By observing Mach angles in 
the expansion, Feldman was able to conclude that the air had maintained 
chemical equilibrium throughout the rapid drop in static temperature and 
pressure. By using an analysis stiller to that given in appendix F, he 
calculated lower-limit recombination-rate coefficients, kf from 4500~ 
to 7900' K and from 0.005to 1 atmosphere for the following reaction: 

where Jddz represents a molecule of "air" and &Z an atcm of "air" 
having half the molecular weight of the molecule. Lower-limit coeffi- 
cients kf as high as ml3 (g -mole/liter)-2sec'1 were reported. 



14 

If 1013 is the correct 
nesr-equilibrium flow would 
50-percent recombtiation is 

NACA TH 4267 
. 

then table V Indicates that, although 
'be attained anywhere in the nozzle, over 

possible in a nozzle 100 feet long. The re- 
suits of the AVCO shock-tube research can probably be applied to the re- 
caribination of oxygen, because atomic oxygen is the predcaninant dissoci- 
ation species of "air" in the temperature-pressure region where 1013 was 
deduced. 

The effect of changing the length of the adiabatic nozzle can also 
be obtained from table V. The values shown are for a loo-foot nozzle, - 
but it is reasonable to expect that goin 
more time for recoxubination. Equations f 

to longer nozzles will give 
F16) and (F21) of append F 

give this quantitative statement. For example, if the nozzle were 1000 
feet long, then the3effect would be to divide each kf in table V by 10. . 
Thus,for kf=10 , up to 78-percent cmletion might be expected, but 
equilibrium flow would not be ap-proached anywhere in the nozzle. * 

The preceding discussion of table V assumes that the inlet-diffuser 
flow will have frozen ccmposition. If recombination-rate coefficients 
of 1013 or less are correct, then the assumption of frozen inlet flow is 
probably much better than the assumption of equilibrium nozzle flow. 
This is especially true where the inlet diffuser length is about 10 feet 
compared with at least 100 feet for the exhaust nozzle. The major prob- 
lem will be obtaining sufficient reccxt%ination. Any reclination occur- 
ring in a short diffuser will simply reduce both the design temperature 
and the pressure. at station 2. That is, the limiting cycle of figure 
5(a) probably envelops the actual cycle, which would have (1) a slightly 
steeper temperature-pressure dependence towerd the end of the ccprq?res- 
sion, (2) a lower temperature-pressure design statian for the start of 
the nozzle expansion, snd (3) a steeper temperature-pressure curve in 
expansion with less pronouncedly flat rectiination region. Naturally, 
the enthalpy difference between stations 1 snd 3 would be less than the 
limiting cycle, because, unlike that in figure 5, the exhaust gas would 
probably have some dissociatia energy. The actual thrust would be less 
than that calculated in this cycle analysis. 

A kinetic solution to give values for the actual cycle outltied In 
general will not be attempted here. The uncertainties in both atmos- 
pheric composition and reactian-rate coefficient are much too large to 
justify laborious "exact" numerical designs. However, if about 50- 
percent conversion could be obtained in an engine about 100 feet long, 
then by making the capture radius Rl sufficiently large, the recom- 
bination ramjet principle would be warthy of further study. 

The chemical kinetics of recombination are very sensitive to orbit 
altitude, since the reaction rate is roughly proportional to the cube of 
the ambient density. The results in table V are applicable to an 
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altitude of 328,080 feet Fn the atmosphere of table I, which is the low- 
est region of appreciable photochemical dissociaticm ti this model. 
Lower orbits, though desirable kinetically, appear to be impossible. 

Heat-Transfer and Cooling Problems of Orbiting Ramjet 

External. - The external equilibrium wall temperature for the re- 
verse truncated-cone nacelle is radiation-cm-trolled. Figure 11 gives 
the results of a calculaticm of the wall temperature at the lCO-foot 
point on a -8.6O nacelle over sn altitude range frcxn 328,000 to 750,CCO 
feet. The calculation assumed that the surface of the nacelle was normal 
to the sun's rays and that it radiated energy as a black body to space 
(see appendix D). Within the accuracy of the calculation, the convec- 
tive heat transfer did not contribute at L? = 100 feet; but, for cone 
half-angles more positive than -8.6O, a small variation in the wall tem- 
perature was noted over this altitude range. The variation of walltem- 
perature over the length of the nacelle is given by figure 12. An orbit 
altitude of 328,080 feet was chosen for this example, and the wall tem- 
peratures for cone half-angles of -4.3O and -8.6O ere typical of the 
effect of convective heat transfer cn the surface linear dimension. The 
important conclusion to be drawn frcm figures 11 and I2 is that, because 
of radiation cooling, external heating will not be a problem. 

Internal. - The Fnternsl surface, having no radiant cooling outlet, 
presents the major cooling problem of the orbiting ramjet. The throat 
of the engine (station 2) is most difficult to cool, because the maximum 
heat-transfer rates occur there. !Po estimate the mamitude of the prob- 
lem, consider a ramJet with Rl of 20 feet orbitFng at an altitude of 
328,080 feet. The ratio of inlet to throat area Al/A2 from the cycle 
calculations is 740.6. 

The heat-transfer coefficient is calculated frcm station 2 condi- 
tions and the Dittus-Boelter equation, which is commonly used in rocket 
throat coolFng problems (ref. 13). As shown in appendix D, the maximum 
heat-transfer rate for the throat of this ramjet is 

+ Btu 10.82 set 
S 

)(sq ft) 

Current rocket practice for throat cooling can handle heating rates as 
great as 100 times 10.82. Therefore, the hot-spot cooling for the or- 
biting recombination ramjet could be solved with present technology, 
the problembeing less difficult than that encountered in rocket desiw. 

Of course, the entire internal surface of the engine will require 
cooling. The cooltig system might use the outer nacelle as a radiator 
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and use a coolant in a continuous cycle. The heat transferred by the 
radiator could make the ramjet Inoperative if this heat were a la;rge 
fraction of reccmbination energy, because this radiated energy is not 
available for propulsim. The fraction of the heat lost in cooling will 
depend on the geometry of the engFne and the orbit altitude, but it is 
interesting to mske a crude analysis at 328,080 feet to complete this 
preliminary survey. 

The heat-transfer rate at any section of the internal surface is 

The adiabatic wall temperature will vary only slightly in the engine at 
hypersonic speeds; therefore, if it is assumed that the wall temperature 
is maintained constant throughout, 'Paw - Tw does not vary inthe engine. 
By substituting the Dittus-Boel-ter equaticm for the heat-transfer coeffi- 
cient (appendix D, eq. (D19)), equation (U) becomes 

The velocity is nearly constant in hypersonic flow; therefore, from con- 
tinuity the following approximations can be made: 

u-u= 26,000 ft/sec (13) 

pa2 
2 

= Pldl. (14) - 

Equation (12) can be written in terms of equations (13) and (14) for the 
total cooling required: 

IS 

9 
0.8 1.6 (T,, - Tw)pl dl -$jj (15) 

0 

The numerical value of equation (15) depends strongly on the inlet di- 
ameter dl and to a lesser extent on the internal design (i.e., 

d = f(x)). The greatest value of qcooling for any inlet diameter 
would occur in an engine for which the letigth average internal dismeter 
approaches the throat diameter d2. SFnce d2 is related to dl by 
continuity, this maximum cooling load for the ramjet discussed for the 
supersonic cycle (Al/A2 = 740) is 

. 

t 
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3 
9 cooling = YC 0.682 dF.8z 

The total heat added to the system per second is 

Eadded = UIAle (17) 

At a 328,080-foot orbit altitude, tith e frcxn figure 1, this is 

Therefore, the desired crude formula for the maximum fraction of heat 
lost by cooling is obtained by ccSbinFng equations (16) and (17): 

Maximum fraction heat lost = 0.302 
R1.2 (19) 

1 " 

where Rl and L? areFnfeet. 

Equation (19) is not a useful rule of thumb for estimating the de- 
parture of the engine frcm adiabatic, because the assumption of equation 
(16) is probably too severe on the internal design. For example, if the 
engFne is 100 feet long and the inlet radius is 20 feet, about 80 per- 
cent of the rectiinaticn energy would be unavailable for propulsion be- 
cause of internal cooling. 

An optimistic value of the coolin@; load can also be obtained from 
equation (15), which sets a lower limit on the cooling required. By 
assuming that the length average internal diameter is equal to the jnlet 
diameter (rather than to the throat dieter), the following equations 
are obtained: 

9coomlg = rt 0.049 dTa82 

Minimnm fraction heat lost = O.OZl_Lp 
R;*2 

(211 

For sn engine 100 feet long with an inlet radius of 20 feet, at least 6 
percent of the energy added would be unavailable for propulsion in the 
ramjet example of the cycle analysis. 

The problem of internal frictian drag will not be considered, be- 
cause this heat-transfer analysis clearly points out the desirability of 
small ratios of engine length to inlet radius. Designs minimizing in- 
ternal heat losses will tend also to reduce the analogous friction-drag 
loss in the engine. 
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Discussion 

Atmospheric models. - The Rocket F'anel model atmosphere (table 
was assumed in the preceding analysis. Some cmsequences of this choice 
will now be discussed. 

Despite the fact that both the cooling and drag problems decrease 
with increasing altitude, a low orbit altitude of about 60 miles was 
chosen for the example, because the kinetics of recombination are sensi- 
tive to total density and to the fraction of atomic oxygen. Since kinet- 
its are theoretically the deciding factor in the engine efficiency, the 
ambient conditions for a desirable orbit would be high total density for 
short reaction times and a large fraction of atomic oxygen so that the 
reccxnbination energy would provide appreciable temperature rise in the 
engine. Therefore, this brief discussion of the effect of the assumed 
atmospheric model c~1 the cycle analysis is limited to the reccaribinaticn 
problem at altitudes where the volume percentage of atomic oxygen is 
appreciable. 

If table II had been used in the cycle analysis, the assumption of 
an orbit at least as high as 360,000 feet would have been necessary in 
order for sn appreciable percentage of atcmic oxygen to be present. The 
total density frcmtable II at this altitude is about one-tenth that 
used in the supersonic-cycle analysis. If it is assumed that the engine 
has about the ssme ratio of Fnlet to throat area, then less than 10 per- 
cent of the oxygen can be expected to recombine in a lCO-foot nozzle. 
Higher altitudes give less favorable results. Therefore, if a gradual 
transition region in percentage of atcunic oxygen like that ti table II 
should be confirmed by future research, a ramjet operating only on re- 
combination energy probably would not be feasible. 

The mass fraction of atcmic owgen at 328,080 feet in table III is 
very similar to that io table I. However, the ambient pressure and den- 
sity of table III are about 20 percent smaller than the table I values 
at 328,080 feet. An estWate of the effect of these lower &bient con- 
ditions on recanbinatian showed that about SO-percent reccmbination may 
still be possible in a 100-foot nozzle of an engine with a ratio of in- 
let to throat area of about 740, if kf is 1013 (g-mole/liter)-2sec-1 

As a final comment, it should be emphasized that the crude kinetic 
analysis used in this report is justified only by the uncertainty in 
atmospheric ccxqosition and experimental rate data. When future research 
clarifies these uncertainties, then the cycle should be analyzed more 
exactly. 

Alternative cycle. - A possible remedy for both the kinetic and 
cooling problems would be to Inject a "third-body" gas into the flow at 
the throat. Ihe injected gas would increase the effective density and 
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thus promote recunbinatian ia the nozzle. This scheme would detract 
from the fuelless feature but might m&e the engine operative at higher 
orbits. Furthermore, a gas-injection cycle would help solve the internal 
cooling problem, because the gas could be used Fn a regenerative cooling 
system. After cooling the internal surfaces, the hot gas could be in- 
jected into the flow to conserve energy lost by the closed-loop radiator 
scheme proposed for the fuelless cycle. 

The problem with a gas-injection cycle is how to inject the gas 
into the supersonic flow efficiently. If there were shock losses due to 
injection, the engine efficiency would be lower than predicted for the 
supersonic cycle, but the added mass-flow rate in the nozzle would help 
counterbalance this loss. However, the engine would probably act as a 
good brake if a normal shock occurred at the gas-injection station. 

CCWLJJDINGREWRkE 

At every turn In this prelimina;ry study, it has been necessary to 
make optimistic assumptions. Scme of these assumptions concern future 
technology, and others concern facts of nature that are not yet known 
with certainty. Furthermore, this report has considered only the steady 
operation of the reccwibinatian ramjet in a circular orbit, snd the prob- 
lem of starting the supersonic inlet has not been discussed. The thermo- 
dynsmic cycle analysis for an ideal. engine with supersonic isentropic 
flow throughout and chemical-equilibrium nozzle flow indicated that siz- 
able net thrusts could be realized (fig. 9). It would be possible to 
make allowsnces for inefficiencies due to internal heat transfer and 
drag, but the major assumption is equilibrium exhaust flow. Taking the 
preliminary results of an AVCO shock-tube expermnt as the reccnibtiation- 
rate coefficient in the nozzle, there appears to be no chance for attain- . 
in@; chemical equilibrium in the expansion. However, sufficient rec&i- 
nation despite departure frcan equilibrium may be possible if engine 
lengths the order of 100 feet are used and if appreciable photochemical 
dissociation of air occurs at an altitude as low as 328,080 feet. How- 
ever, drag and heat losses in internal cooling require that the ratio of 
length to inlet radius be kept as small. as 5, or preferably smaller, for 
an engFne 100 feet lang. 

An analysis of a recdinatiosl ramjet with normal-shock inlet and 
equilibrium nozzle flow showed that this cycle is not feasible. 

. 

Even though the reccuzbinstion ramjetappears to be a marginal de- 
vice, the problems of this engine do not appear fmpossible to solve if 
favorable atmospheric composition and reactim-rate coefficients are 
measured in future research. In that case, the fuelless rsmjet could 
probably be developed for service where most of the lift is provided by 
the orbiting velocity. 

Lewis Flight Propulsion Laboratory 
National Advisory Ccxnmittee for Aeronautics 

Cleveland, Ohio, February 12, 1958 
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APPENDIX A 

SYMBOLS 

A 

Ji4 

% 

%r 

cP 

v 

D 

D' 

DL 
d 

E 

e 

F 

QC 

H 

2 

nc2P 

h 

hC 

J 

K 

K' 

R-l 

area, sq ft 

atom of "air" 

form-drag coefficient for nonlift elements 

friction-drag coefficient 

heat capacity of air at constant pressure 

concentration, g-mole/liter 

total drag, lb(F) 

drag not due to lift, D - 

drag due to lift, lb(F) 

diameter, ft 

available energy, Btu/sec 

available chemical-energy density, Btu/cu ft 

thrust, lb(F) 

conversionfactor, lb(M)ft/lb(F)sec2 

air enthalpy, Btu/lb(M) 

molar air enthalpy, Btu/lb-mole or Cal/g-mole 

heat of reaction, appendix F 

volumetric air enthalpy, Btu/cu ft 

convective heat-transfer coefficient, Btu/(sec)(sq f't)('F), 
lb(M)/bq ft> ( set) t+ eq. (Dl) 

mechanical equivalent of heat, ft-lb(F)/Btu 

chemical-equilibrium constant 

ratio of actual concentratioa?s analogous to K, eq. (F9) 

Knudsen number 
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kf * 
kr 
L 

9 

;I 

M 

A 

P 

Pr 

9 

R 

Re 
I 

9 

r 

S 

St 

T 

T' 

t 

U 

W 

X 

X 

Yi 

2 

recombination-rate coefficient, (g-mole/liter} -2 -1 set 
i 

dissociaticm-rate coeffiknt, ( g-mole/liter)-2sec'1 

lift, lb(F) 

length of engine, ft 

mean free path of air 

Mach number 

molecular weight 

static pressure, Ib(F)/sq f-t 

Prandtl number 

heat-transfer rate, Btu/sec, eq. (ll) 

radius, ft 

Reynolds nu&er 

universal gas constant 

recovery factor 

air entropy, Btu/lb(M)OR 

Stanton n&er 

absolute temperature 

lagging temperature (see appendix F) 

time, set 

velocity, ft/sec 

weight of aircraft, lb(F) 

any air particle (atom or molecule) 

length dimension 

mass fraction of cmcment 1, dil/d~-) 

ratio of 28.97 to molecular weight of dissociated air 
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Y ratio of specific heats 

B eaissivity 

rl engine efficiency, eq.(Cl) 

8 cone half-angle of nacelle (fig. 3) 

x thermal conductivity of air 

CI air viscosity, lb(M)/(ft)(sec) 

P air density, lb(M)/cu f-t, g/cc in appendix F 

a Stefan-Boltzmann cm&ant, 0.1713~lO-~ Btu/(hr)(sq ft)("R}4 

7 shear stress, lb(F)/ft 

Subscripts: 

aw 

C 

v 

C 

e 

F 

f 

f 

i 

N2 

n 

0 

O2 
R 

r 

adiabatic wall 

convective 

concentration 

"ccmbustion" chsmher 

equilibrium 

frontal projected area of all external surfaces 

forward reactim 

film temperature 

any colnponent 

nitrogen 

any nozzle station 

atomic oxygen 

-Y@;= 

radiation 

reverse reaction 

. 

B 

Y 
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S solsx 

S surf ace 

T temperature 

W wall 

X any aix particle 

Y mass fractim 

1 inlet conditions 

2 throat or ambient to flat plate 

3 exhaust-nozzle exit 

co free stream 

Superscripts: 

average 

* reference conditions 
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ENERGYSOURCR6OFUPPERATMCSPHERE 

From 1946 to 1955, over 200 rockets were fired in upper-atmospheric 
research, and more than half of these carried instants for measuring 
the pressure and density of the atmosphere. Various authorities in 
upper-atmospheric physics have analyzed the accumulated data and have 
proposed tentative model atmospheres. The following discussion of the 
three atmospheric models presented in the text is included here for con- 
venience. No implication as to the relative merits of the three model 
atmospheres is intended. 

Tabulated Physical Properties 

In 1955, pressure had been observed up to 425,000 feet, and density 
data extended to 725,000 feet. The probable errors in pressure and den- 
sity were less than 10 percent at altitudes below 200,OCO feet, but the 
errors increased with increasing altitude up to 2QO to 300 percent at 
660,000 feet (ref. 3). 

.- 
. 

Below 200,000 feet, the three atmospheric models of tables I to III 
agree withti 10 percent. Above this altitude, the pressure and density 
of the three tables are difficult to compare, because no general trend 
persists over the entire altitude range. However, in the 300,000-foot 
region with which this report is primarily concerned, table I pressure 
and density are roughly 50 percent greater than table II values and 
about 20 percent greater than table III values. Reference 3 points out 
that a new set of density data was available in 1953 after the Rocket 
Panel had prepared its summary. Measurements of solar soft X-rays be- 
tween 357,000 and 420,000 feet (ref. 14) indicated that the density in 
this region was lower than the average of previous e.qerWents. Table 
II densities over this altitude range are the actual results of, this ex- 
periment, while table III reflects these results with a smaller weighting. 

The temperatures presented in all three tables were calculated from 
the perfect-gas law by assuming a mean molecular weight for air and using 
the given values of pressure and density. The mean molecular weight is 
determined by the chemical composition of air, and at present this com- 
position is still an active research problem. Therefore, the variation 
in tabulated temperatures at very high altitudes is primarily the result 
of the different chemical catqositians listed. 

. 
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Tabulated Chemical Composition 

The inert gases, which ccsrpose less than 3 percent of the atmosphere, 
are lumped into the tabulated percentage of nitrogen throughout this 
report. 

Atmospheric ozone. - The vertical distribution of ozone fram 30,OCC 
to 230,000 feet has been measured directly five t&s with rockets 
equipped with spectrographs (ref. 3). The results are in good agreent 
with the vast amount of data on "total atmospheric ozone" collected by 
ground-level and balloon observations during the past 40 years. The 
averaged results of the rocket observations are given as table IV. 

The averaged concentration data have a probable error of about 20 
percent. Such excellent precision Fn measuring a "trace" component is 
due to the highly refined ultraviolet absorptia technique employed. 
The sharp concentration peak at 100,000 feet is well established, and 
near this altitude ozone cantributes significantly to the available 
chemical energy. 

Gaseous ions. - Vertical distribution of electrons has been meas- 
ured tith high-altitude rockets, but physical theories of the ionosphere 
indicate that negative ions are also present (e.g., ref. 15). Therefore, 
the concentration of positive ions cannot be reliably inferred from elec- 
tron densities. Apparently, ion densities have not been directly ob- 
served in rocket soundings. Furthermore, the energy of ionization might 
not be recoverable in a simple reconiblnation-rsmjet cycle. Since the 
ion density is uncertain, and the availability of ionization energy for 
thrust in a heat cycle is also questionable, the contribution of gaseous 
ions to the available chemical energy has been neglected throughout this 
report. 

At&c oxygen snd nitrogen. - The only chemical constituents other 
than molecular oxygen and nitrogen that exist in sizable volume percent- 
ages in the atmosphere are atomic cnrygen and nitrogen. 

The Rocket Panel did not seriously propose that the ccplrnositian of 
the atmosphere corresponds to that shown in table I above 260,ooO feet. 
No data of chemical composition were available prior to 1952. However, 
in order to calculate temperature from the perfect-gas law using meas- 
ured pressure and density, the Rocket Panel was forced to assume a mean 
molecular weight for air. Assuming that no dissociation occurred and 
that the molecular weight remainsd constant, they calculated the left 
temperature column of table I (.,& = 28.97). Believing that these results 
were too high, the panel arbitrarily assmd a uniform dissociation rate 
for oxygen fram zero at 262,464 feet (80 km) to complete dissociation at 
393,696 feet (120 km), and smarly far nitrogen from zero dissociation 
at 393,696 feet to completion at 721,776 feet (220 lan). The panel 
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presented the second column of temperature (table I, varying LI;F) as the 
"adopted value," emphasizing that they believed the dissociation assump- 
tions were plausible. 

l 

An important set of composition data was obtained in conjuncticn 
with the total-density measurements from 357,000 to 420,ooO feet in 1953 
(ref. 14). A photon counter sensitive to molecular oxygen was also em- 
ployed in these soundings with Aerobee rockets. The molecular oxygen 
particle density was measured directly throughout this altitude region. 
The percentage composition of atcmic and molecular oxygen can be calcu- 
lated from these measured moleculsr wgen densities if both the total 
air density and the weight fraction of cucygen to nitrogen are known. 
able II from 357,000 to 420,000 feet was constructed to correspond both 
to the total air and to the molecular oxygen densities observed in these 
1953 flights, assuming the atmosphere would have been 21 volume-percent 
molecular olcygen if none were dissociated. However, Hulburt (ref. 3) 
points out that the total air density by X-rsy measurements of 1953 "gave 
upper-air densities about l/2 to l/3 the values of table I in this alti- 
tude range. One cannot decide frcan the data at hand which is correct." 
For the composition below 357,000 feet, Hulburt used the atanic oxygen 
density results of a photochemical theory that accurately predicted the L 
observed ozone density frcan 60,000 to 25O;ooO feet. Table IV summarizes 
these theoretical predictions, because atcmic oxygen compositions smaller 
than 1 percent are not listed in table II. Above 420,000 feet, the com- f 
position given by table II is assumed. The particle densities of these 
constituents above 328,080 feet were calculated for equilibrium with 
gravity. The evidence for the dissociation of nitrogen was mainly 
theoretical. 

As previously mentioned, the total densities in table III are 
slightly greater than the Hulburt-RRL values from 357,COO to 420,000 
feet. Therefore, it is not surprising that the ARDC camposition in this 
region differs slightly from that in table II, because higher density 
leads to a different interpretation of the Aerobee soundings. Below 
357,000 feet, a more gradual transition in atomic oxygen was assumed in 
table III than in table II. Above 420,000 feet, table III composition 
parallels that of table II rather closely. 

An interesting discussion of the 1953 Aerobee experiments has been 
published by the Ionosphere Research Group at Pennsylvania State College 
(e.g., ref. 16). The group presents an analysis that serves as a guide 
to extrapolating the experimental molecular oxygen density to higher 
altitudes. 
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c 

Calculation of Available Chemical mergy 

The follow- heats of formation were taken from reference 17: 

Particles Heat of formation, 
kcal/g-mole 

at O" K at 298' K 

Ozone, O3 ----- 34.0 

Atcmic cxygen, 0 ----- 59.16 

Attic nitrogen, N l12.5 w-s-- 

The heat of formatian is the change in enthalpy t&t would occur if mo- 
lecular oxygen and nitrogen were converted to the listed particles at 
the given ,temperature. In these three cases, the energy associated with 
the reaction is very large compared with sensible-energy changes. For 
example, the heat of formation of atcxnic oxygen at 40CC" K is 61.161 
kilocalories per gram-mole, or only slightlygreaterthanthatlisted 
for 298O K. 

Until much better composition data are available, it is permissible 
to neglect the effect of temperature change with altitude and engine com- 
pression and to calculate the "available chemical energy" in the follow- 
ing manner. Fram table I, at an altitude of 459,312 feet, 

Density, p, lb(M)/cu ft . . . . . . . . . . . . . . . . . . 4.747Xl.O-lo 
Mean molecular weight, 2, lb/lb-mole "air" . . . . . . . . . . . 21.21 
Volume-percent atomic oxygen . . . . . . . . . . . . . . . . . . . 30.7 
Volume-percent atomic nitrogen . . . . . . . . . . . . . . . . . . 23.1 

. 
Thetotalavailsble chemical energy is equal to ah 

03 
-I-aho+ahN: 

q3 
c 0 from table IV 

aho 
30.7 

=izmx 
4.747=0-lo 

21.21 X 59.16 X (453.6 X 3.968) 

= 7.328xLO-7 Btu/cu ft 

% 
= 23.1 x 4.747xLO'10 

100.0 21.21 
X 112.5 X (453.6 X 3.968) 

= 10.486XLO-7 Btujcu f-t 
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Therefore, total available chemical energy is 1.78X10w6 Btu per cubic 
foot. This value is given in figure 1 at 45.0,OOO feet for the Rocket 
Panel. 
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CCBIPARISCN CFENERGYAVAILABIEWITHEHERGYREQKBEDFCRFLIGHT 

In this appendix sme relatims me developed to emnine the flight 
spectrum permitted by the distribution of chemical energy in the atmos- 
phere. Because the engine considered is a remjet, only the lift-drag 
ratios for supersmic craft will be assumed. Cnlya rough treatment of 
drag is given here because of the cursory nature of this examination; 
these values are refined in the prmising parts of the flight spectrum 
when the ionosphere rsmjet is considered in detail in appendix D. The 
object of this analysis is to determJne over what range of flight speed 
and altitude a ramjet using the chemical energy of the upper atmosphere . 
cau proluce useful thrust. 

The thrust of the ramjet engine can be written as 

The lift-drag ratio L/9, of the wing-fuselage ccanbination in 
steady flight is 

If the energy E is obtained from the intercepted atmosphere, it 
beccmes 

E= %A1e (C3) 

Solving equations (Cl), (C2), and (C3) for e yields 

Wn, D'l 
e=A1y+ 

-- 
A1 qJ 

The following breakdown of the nonlift drag terms will be used: 

D' %Pll - v2 
-=c;,r2g 

As & 
Al lc +%q2g,= (C5) 
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where Ml 
I 

is the flight Mach number. As first approximations, let 

&F -=I I 
% 

ma 
A, 55 

(C6) 
- = 10 >> - 
Al Efr 

A brief survey of current ramjet practice shows that the followzIng 
asemxptims are realistic: 

2 
8 

> (C7) 

where R is 2.112X107 feet, the approximate radius of the earth, and 
the gravitatimal cm&ant g is 32.2 feet per second2. 

Equation (C4) can be simplified by using equations (C5) to (C7) as 
follows: 

. 

-- 

1 

e=$~O~-~)+5Pl~~f~ (C8) 

Equation (C8) gives the minimum energy density necessary to sustati 
flight in terms of the flight conditions and Efr. 

The flow conditions in which the ramjet wing-fuselage will be fly- 
ing must ffrst be determined before the friction-drag coefficient is 
evaluated. Although the boundaries of slip aad continuum flows are not 
sharply defined, the definitions of reference 18 will be adopted here. 
That is, the limit of ccmtinuum flow occurs where the Knudsen nut&er 
(Kn p Z/g) is less than 0.001, and slip flow exists for Ku from 
0.001to 2. If the characteristic length of the rsmjet is 10 feet and 
the total length at least 100 feet, then the flow will be slip or con- 
tinuum below about 425,000 feet. 
'fr 

Furthermore, in the slip-flow region, 
for cmtinum flow will probably be within 10 to 20 percent of the 

correct value (refs. 19 and 20). Wrefore, Efr will be cakxilated 
from an empirical method that is applicable to continuum laminar flow. t 
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The length 
a flat plate is 

31 

average friction-drag coefficient for lminar flow over 

Eckert (refs. 6 and7)has 
ad physical properties of . . 
tion (C9) can be used for a wide range of w&Ll temperature and Mach mm- 
ber conditions. This calculation method is discussed in detail in appen- 
dix D; for approximte results, the reference-temperature method is cm- 
venient. The reference temperature for evaluating p and p is defined 
as 

shown that, by evaluating the thermodynamic 
air at a defined reference temperature, equa- 

8 
% 

'p* = O.S(r, + Tl) + 0.22(Taw - Tl) (ClO) 
where 

T aw= 1 T 

and 
T aw - Tl r= 

U$ 
2 Jg;C, 

It is convenient in this approximate analysis to use free-stream values 
of p and p, designated by the subscript 1. Therefore, the effect of 
temperature on air properties is approximated by 

and 

so that 

Before the friction-drag coefficient determined by Eckert's method 
csn be applied to this analysis, the definition for Cfr by Eckert must 
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be reconciled with the definition used in equation (C5). That is, the 
reference-temperature method defines the average shearing stress z as (I - 

7 2 Tl 
= + CfrPlUl 7 

()I' T 
However, Fn equation (C5) the -licit definition is 

The relation between the Eckert Efr in equation (Cl2) and the Ffr 
for equation (C5) is simply 

% %r 7 0 T 
= Ffr 

eq. (Cl-21 I eq. CC51 

CcmbinFng equatims (C9) and (Cll) yields 

'fr 
I eq. (C12) 

-0.8 

(Cl4 1 

. 

Ic15) 

Finally, the desired coefficient for equation (C5) results from substi- 
tuting equation (C15) into (C14): 

(Cl61 

Consider the friction-drag coefficient for two flight-speed condi- 
tions. Low supersmic Wch number: 

T1.s 1 -77 T 

High supersonic Mach nurtiber: For orbital Mach nur&er of about 23, 
'aJTl = 1 + 0.2(550); and, assuming a material limit for the wall 

(Cl7 > 

. 
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temperature, gT1 = 5. Thus, equation (ClO) can be evaluated as 

T* 

and 

- = OS{5 + 1) -I- 0.22(UO) = 27.2 
Ipl 

Furthermore, it is assumed that 

0318) 

PIUIX 
Pl 

= lo2 (Cl9 > 

Then, the Efr frcm equations (C17), (C19), and (C16) and frm 
(C18), (C19), and (C16) are 

Efr = 1.328XLO-2 for low Mach nmiber 

Efr = 0.664X10-2 
> 

@20) 
for high I&ch nmiber 

Finally, substitutim of equation (C20) into equation (C8) gives 

e = rlJ 
' LO k - g)+ 5Pl$ (,.,,,,-' ar O.~&IXLO-~~ (C21) 

At low supersonic velocities and at high altitudes, the first<erm will 
dc&nate. Taking q = 100 percent, 

10 e = - = 1 29xlom2 778 l 

Comparison of this value with figure 1 shows that the atmosphere cannot 
provide the required energy anywhere. 

For orbiting conditions, the first term of equation (C21) vanishes, 
and taking y = 1.4 and Ml = 23, the equation becmes 

e = (3.27XlO-')Pl 
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Using table I densities and pressures together with figure 1, the follow- 
ing values are obtained: w 

Altitude, Required 
ft e 

Available e 1 
7.3x10-l 4.OxlO'5 

1.4xLo-4 9.0xLo-5 

1.7x1o-5 2.0x10-5 

2 .9ao-6 5.ox1o-6 

2.9xLo-7 9.OxlO'7 

4. 9xlo-8 2.OxlO'7 

Thus, above 300,000 feet there is the possibility of obtaining thrust to 
overcome drag with an orbital ramjet that obtains its energy from the 
energized air it flies through. These values are for a Reynolds nmiber 
of 10.. The influence of Reynolds nuu$er is discussed Fn the text under 
THE ICX?oGPEERERAMJlZ. 

100,000 

300,ooo 

350,000 

4C0,oOC 

500,000 

600.000 

Low 

4.0%0'5 

4.oxlo-6 

3.OxlO'6 

l.OxlO'6 

1.0xlo-7 

5.0xlo-8 
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APPENDIXD 

HFATTFLANSFERANDFRICTICWDRAG 

ByJamesF.Schmidt 

. 

Eckert's Tsminar Heat-Transfer Theory for a Realistic Gas 

Eckert's lsminar flat-plate solution for the heat-transfer rate and 
skin-friction coefficient is applied herein to the three configurations 
shown in figure 3, a truncated cone, a circular cylinder, and a reversed 
truncated cone. Since large temperature variations are evident through- 
out the boundary layer at high speeds, Eckert's reference-enthalpy method 
is used rather than his reference-temperature method (refs. 6 and 7). 
This reference-enthalpy method accounts for the varying specific heat in 
boundary layers with large temperature variations. 

The predominant reason for using Eckert's theory iB that his approach 
is a direct calculation method that gives results ccxuparable to those of 
methods that assume equilibrium dissociation of air (ref. 21). Reference 
21 shows that the sktn friction and heat transfer are relatively unaf- 
fected by dissociation if the surface temperature does not exceed 25CC" R. 
In recent years some thought has been given to the phenomena of diffusion 
of dissociated particles. Some investigators have attempted to estimate 
the diffusion rates that could be used in heat-transfer calculations. 
However, sufficient information on diffusion rates is not available for 
such calculations at the present time. 

All the heat-transfer calculations herein are based on the atmos- 
pheric properties of table I. The heat-transfer rate is defined as 

9 = q&J - qJ (Dl) 
where Hw is the enthalpy due to wall temperature, and Hsw is the re- 
covery enthalpy, defined as 

where H2 is the enthalpy due to the temperature of the gas surrounding 
the flat plate, and U2 is the velocity of the gas relative to the flat 
plate. The recovery factor r is obtatied frcxnthe following equation: 

r = (pr*)1/2 (D3) 
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where 

A value of Pr* = 0.71 is assumed in calculations for all configurations 
(ref. 7, fig. 3). 

The reference enthalpy is calculated fr-om the following semiempir- 
ical equation: 

H* = 0.5(% + H2> -I- o.22(Raw - H2> (D5) 

The reference temperature is determined..from the reference enthalpy. 
In the high-temperature range, a linear extrapolation of temperature 
against enthalpy from the gas tables of reference 22 is used. This lin- 
ear extrapolation was checked against the tables of reference 23 for un- 
dissociated air up to 9000' R. Even at 9000' R the accuracy of the lin- 
ear extrapolation is within 5 percent. 

The skin-friction coefficient is given by the following equation: 

0.664 Cfr = - = 
+-- e" 

where 

v* viscosity evaluated at reference temperature T*; formula for vis- 
cosity in NBS tables (ref. 23, p. 10) is used for all 
calculations 

P* density evaluated at reference temperature T* 

X length dimension of flat plate 

The Stanton nmber is related to the friction coefficient by 

St = 9 (pr”)43 (D7) 

and 

St hc =- 
os2 

033) 
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Equilibrium External Wall Temperature 

The equilibrium wall temperature is determined from the followzIng 
energy balance equatim: 

where 

SC convective heat-transfer rate to surface 

ss solar heat-transfer rate to surface 

qR radiation heat-transfer rate frm surface 

Convective heat-transfer rate. - Eckert's flat-plate solution is 
used for calculating the convective heat-transfer rates. TheWCUtem- 
perature has only a slight effect on the convective heat-transfer rate, 
primarily because the recovery temperature is extremely large in ccmpar- 
ison with the relatively low wall temperature. 

Solar heat-transfer rate. - The ramjet vehicle is assumed to be 
orbiting but not rotating, so that the am radiates heat to only half 
the vehicle surface area at all times. In addition, the maxim& heat 
energy is radiated to the ramjet by assuming that the sun's rays are 
always normal to the exposed surface area of the ramjet. Since the 
highest equilibrium wall tqerature tends to produce the maximum ex- 
ternal drag, the maximum heat energy transferred to the vehicle repre- 
sents the worst flight condition. 

The solar heat-transfer rates for the sunny and dark side of the 
vehicle are assmd to be O.ll8 and 0 Btu/(sq ft)(sec), respectively. 
AU the solar energy radiated to the vehicle surface is assumed to be 
ccmrpletely absorbed. This assllmption of complete absorbtion of the max- 
imum mount of radiated solar heat energy predicts the largest external 
drag for all configurations. 

Radiant heat-transfer rate. - The heat energy transferred away from 
the vehicle is sssmed to be radiating to dark space. Therefore, this 
radiant heat-transfer rate is defined by the following equation: 

where the Stefan-Boltzmann 
ea*, 

constant u is 0.1713X10'8 Btu/(br)(sq f-t) 
and the emissivity E is taken as 1.0. 
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Equilibrium wall temperature against altitude. - A balance of energy 
between the convective plus the solar heat flux and the net radiation 
heat flux determines an equilibrium wall temperature (eq. (D9)). An- e 
equilibrium wall temperature was determined for the case in which all 
the energy of the atcxnic oxygen of the ambient air is assumed to be added 
to the free-stream energy. St is assumed that this cmditim would pro- 
duce the highest equilibrium w&ILL terature for any given configura- 
tim. This high-energy conditicm was applied to configuration I (fig. 
3(a)) with the following dimensions: a truncated cone with a 2O angle 
of inclination and a total length of 100 feet. A maximum equilibrium 
wall temperature of slightly less than 1000° R was calc~'lated forr con- 
figuration I. The coslbination of these dimensions for configuration I 
and the high-energy condition is believed to give the highest possible 
equilibrium wall temperature. 

In order to ensure more than marginal safety, a wall temperature of 
1000°Ris assumed for all drag calculatica?s. Since c~igurationIII 
appears to give the lowest external drag, an equilibrium wall temperature 
was calculated for this configuration at 328,000 feet. This calculated 
temperature was found to be more than 300° R lower than the assumed value 
of lOOGo R. Therefore, i is evident that the assumed wall temperature 
of 1000° R is conservative. 

Also, the effect of altitude on wall temperature is negligible for 
altitudes up to 700,000 feet (fig. ILL). 

External Surface Drag Per Inlet Area 

Surface drag per inlet area for canfiguratia I in continuum flow. - 
An obli ue shock wave is produced at the i&let of the truncated cone 
(fig. 3 B . The flow properties behind the shock are found from oblique- 
shock-wave theory (ref. 24) for a perfect gas using free-stream condi- 
tions. !The skin-friction coefficient is calculated as a function of the 
flat-plate length x by use of Eckert's flat-plate solution with the 
flow properties behind the oblique shock wave. The truncated cone is 
treated as a flat plate with infinitesimal width at an angle of attack. 
Expressing the surface area of the cone as a function of x, the surface 
drag is obtained by integrating the product of the local friction drag 
and the unit surface area over the surface length of the cone. This 
drag is divided by the inlet area in order to give the external surface 
drag per inlet area: 

D= "w% 
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L where 

% = f(x) = ZYC(R~ + x tsn e>dx 

Cfro% Tw = 

'fr = 

Therefore, the surface drag per 

-*J ng 

2gC 

fb4 

inlet area is 

and 

D p "2 -= 
Alo1 gcR& 

Cfr(R? + .x tan @)a 

CD=) 

(Dl3) 

(Dl4) 

(Dl5) 

The pressure drag has negligible effect on the total surface drag for 
this configuratianwithsmall cone angles. All drag calculations are 
based on the atmospheric properties of table I. 

Surface drag per inlet area for ccnfiguration II in continuum flow. - 
Since configuration II, a circular cylinder, as shown in figure 3 is 
orientated at-O0 to the free-stream flow directim, no shock waves will 
occur on the cylinder. Hence, free-stream flow properties are used in 
Eckert's flat-plate solution for the skin-friction coefficient. 

The circular cylinder is treated in the same manner as the truncated 
cone (configuration I) for obtaining the surface drag per inlet area 
(eq. (Dll)); where . 

- 

a$ = f(x) = 2&+x ma 

and equations (D13) and (D14) apply. 

Hence, the surface drag per inlet area becomes 

D *s x p 2 

s - = gcR1o1 o Al% 'fr dx (Dl7) 

Surface drag per inlet area for ccnfiguraticm III in continuum 
flow. - A 3ir dtl-Meyer expansion is produced at the inlet Of the re- 
sed trunczed ccne (fig. 3). Since the expansion angle is small 
(e = -4.30, -8.617O), the two-dimensicmal Prandtl-Meyer expansion is 
assumed to be a good approximation for the flow around the corner of 
the cone. 
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Using the properties behind the Prandtl-Meyer expansion in Eckertls 
flat-plate solution, the skin-friction coefficient is calculated as a . 
function of the flat-plate length x. The reversed truncated cone is 
also treated in the same manner as the truncated cone for calculating 
the surface drag per inlet area (eqe. (Dll) to (D15)). The pressure drag 
for this configuration is neglected, because it actually produces a neg- 
ligible force in the thrust direction. 

Maximum Internal Heat-Transfer Rate 

The maximum internal heat-transfer rate is encountered at the throat 
of the ramjet nozzle. The internal heat-transfer calculation was made 
for configuration III with the followWg geometric dimensions: 

8 = -8.616O 

2 = 100 ft 

9 -=5 
Rl 

dl = 40 ft 

Al - = 740.65 
AZ 
d2 = 0.465 ft 

The heat-transfer rate is defined by the following equation: 

q = h&Qaw - T,, 0318) 

The following values were asswned: Allowablewalltemperaturewithmax- 
imum internal cooling Tw, 1660' R, and adiabatic temperature of the 
dissociated air Taw, 9850' R. 

The heat-transfer coefficient hC (ref. 13) is determined fram 

hC = 2 (0,023)(d2;~)0.6@j;33 (D19) 

where the film-temperature Tf is 3311°R, and 

v 
= 174.5xlo-7 Btu/(ft)bec)(% 

o2 = 410xLO-7 lb/cu ft 
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u2 = 24,743 ft/sec 

pf = 419x0-7 lb/(sec)(ft) 

(cpp/$- = Pr = 0.71 

The resulting heat-transfer rate is 

f= 10.82 Btu/(sec)(sq ft) 
6 
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APPEXDIXE 

NCRMAL-SHOCKGREXCTINGRAMJET CYCIZ 

The all-slrpersonic rsmjet cycle discussed Fn the text gives ideal 
engine efficiencies up to 85 percent. However, since the problem of 
starting such a rsmjet might be great, it is natural to investigate cy- 
cles Involving inlet shocks. The extreme case of a normal-shock inlet 
will be examined here. The lower engine velocities would give longer, 
more favorable reaction times; and, as outlined in appendix F, the re- 
co&ination kinetics would be a critical problem. 

For this example, the flight altitude and veloci-ty are identical 
with those of the all-supersonic cycle. The problem is twofold: (1) 
The flow conditions after shock must be determined, and (2) the cycle 
must be completed by expanding the air to ambient pressure and obtain- 
able thrust must be calculated. 

The flow immediately following the normal shock will not be in chem- 
ical equilibrium, because even dissociation kinetics are relatively slow 
at these rarified gas conditions. However, the air after shock will ap- 
proach equilibrium if isentropic constant-area flow sufficient for reac- 
tion is assumed to exist downstream. This assumption is Illade in the fol- 
lowing analysis. 

The following four equationsmust be satisfied at the inlet: 

c~tinuity: 

P&J = PgJl 

Conservation of momentum: 

Conservation of energy: 

2gcJ(Hl - s) = U$, - u"1 

Equation of state: 

Pl = %c1T1 

(El) 

(E3) 

04) 

The subscript m refers to the free-stream conditions, and 1 is the 
inlet or after-shock flow. The solution of these equations is straight- 
forward, but it involves a trial-and-error procedure and the use of 
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charts of thermodynamic properties of dissociated air. The Imown free- 
stream conditions are identical with those for the all-supersonic rmjet 
cycle used in the text: 

u, = 26,050 ft/sec 

PC0 = 5.375aO-8 lb(M)/cu ft 

Pm = 1.24X10-3 lb(F)/sq ft 

Hm = 984.8 Btu/lb(M) 

zal = 1.103 

Briefly, the calculation procedure is to use an assumed Ul in a 
cmbination of equatims (El) and (E2) and also in equation (E3). Fur- 

zd thermore, it is assumed that the air after shock is in chemical equilib- 
2 rium, so that the calculated Pl and Hl determine Tl and z1 on a 
P 
Y 

MoJXer chart for air (ref. 8). Equaticm (E4) with the determined val- 

E 
ues of zl, Tl, and Pl yields the corresponding p . Finally, this 
procedure is repeated until the continuity equatim t El) is satisfied 
by the assumed Ul and the calculated pl. In this manner, the flow 
conditions after shock were found to be 

- 
u1 = ll95 ft/sec 

pl = 1.13 lb(F)/sq ft 

o1 = 1.17X10-6 lb(M)/cu ft 

Tl.' 9630° R 

z1 = 1.888 

Hl = 14,400 Btu/lb(M) 

%Sl - = 65.55 
9 

The rematider of the cycle is eas' 
&.iP 

determined on the Moldier chart by 
following the isentropic curve lSl/w to ambient pressure or Pm. 
Though the chart used did not extend over the entire pressure range, a 
crude extrapolation is sufficient; this will be evident after the thrust 
calculation. 
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. 
The nozzle exhaust properties by exkapolation are 

T3 = 3650(1.8) ?R 

H3 = 7250 Btu/lb(M) 

=3 = 1.45 

From the energy equaticgl and continuity, 

u3 = 18,950 ft/sec 

A3 
xi = 3o-1 

The thrust from this normal-shock-inlet cycle was calculated from 

F _ p,v, (u3 - A3 
x-- Q, qJ+pg a -pa 

( ) 03 (9) 

= -10 lb(F)/sq ft -- 

This large drag clearly reflects not only the inefficiency of a shock 
cycle but also the fact that the great disso>iatiormat the extreme inlet -- _ 
temperature cannot be recovered in the exhaust nozzle to-&y appreciable 
extent. 
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cHEMIcALXINET1cs CFRECOMEET9ATI~ 

The first two sections of this appendix apply the general method of 
reference 10 to the recombination of at&c wgen in an adiabatic noz- 
zle flow. An equation that is used as a criterion for near-equilibrium 
flow is obtained first, and then a similar relation is obtaFned for nesr- 
frozen expansica3. In the final section, these limiting cases are con- 
sidered in a numerical example to point out the necessary kinetic condi- 
tions on the thermodynamic cycle assumptions. 

Adiabatic -ion with Near-Equilibrium Flow 

The intuitive meaning attached to "near-equilibrium flow** is that 
the difference between the actual weight fractions of a given chemical 
component yi and the equilibrium weight fractions for the local condi- 
tions of temperature and pressure yi,e is not large. Before stating 
the precise definftion, it will be necessary to review scme background 
thermodynamic and kinetic equations. Then, a useful criterion for nesr- 
equilibrium flow will be reduced frcm a mathematical formulation of the 
preceding qualitative statement. 

For this analysis, let the actual molecular reaction be 

kc 
0+0+x* 0,+x 

k, 

The rate of the forward reccmb-instion reaction is given by 

kfQ%X 

@l) 

@2) 

where Vi is the concentration of species i (g-mole(i)/cc) and the 
subscript 0 refers to atomic oxygen snd X to all "third bodies," 
taken here as the total molar density. This expressian assumes iso- 
thermal constant-volume reactian. Similarly, the dissociation rate is 

(F3) 

where the subscript O2 refers to molecular oxygen. 
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The net production rate of atomic and molecular oxygen in the re- 
versible 
(F2) and 

reaction equation (Fl) can be written in terms of equations 
(F3) as 

1 MO d*02 
- - - = - = kfEp~~x - k.po2$-x . 2 dt dt 

, 

@4) 

The factor l/2 is determined by the stoichiometry of the reaction; two 
moles of atomic oxygen react for every mole of molecular oxygen formed. 

Later in this analysis, it will be convenient to work with the con- 
tinuity equation in terms of weight fractions rather than molar concen- 
trations. Therefore, noting that 

@5) 

8 

where 

yi weight fraction species i, diM3(~~4 

P total mass density, g(mixture)/cc 

4 molecular weight of i, g(i)/g-mole(i) 

equation (F4) is rewritten: 

d*O 2 ldVO 3 
-=‘zdt”.kf 

dt ; 
doAx 

yo2yx @a 

At this point, the thermodynamic chemical equilibrium constant at 
the local temperature and total pressure can be introduced. Defining 
the equilibrium constant Fn terms of equiiibrium concentrations in the 
usual manner and then using equation (FS) to obtain its relation to an 
equilibrium ccn?stant in weight fractions give 

%= ( ) ‘O2 e 

(Yo,“, .- -. 
(F7) 

- 

. 
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The subscript e denotes that equilibrium values must be used. Further- 
more, at equilibrium the net rate of production of all chemical species 
is zero. Thus, 

Equation (F6) csn be written in terms of kf and KV by using equa- 
tion (~8). However, before doing this, it is convenient to definea 
term analogous in form to the'equilibrium constant but expressed fn terms 
of the actual weight fractions at the local temperature and pressure: 

go2 

Kb =v8 0 

y”2 
%=- 

6 

4 1 

Substituting equatims (F8) and (F9), 
i 

K& =q;% 

dW0 2 ldVO -=‘zat=Q P3 
dt 

42X 

@9) 

@lo) 

Note that the subscript has been dropped from Kg/K, because from equa- 

K5i=- tions (F7) and (F9) it is apparent that - =";,!c 
Kq KY K' 

Reference 10 shows that a one-dimensional-flow continuity equation 
for negligible d-iffusion currents is 

D h Y% 

D-t 
D h YO 1 d*02 2 1 d% 

-2 Dt =--- wo2 dt E-x- (F=) 

where the Ruler total derivative for steady x-directian flow is 
r 

D d -= 
Dt VE 
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A coordinate transformation on.the left side of equation (Fll) introduces 
the tW rate of change of temperature T: 

d Iin ‘sTo2 dInyo rxr 
-2 dT > 

1 YO2 1 de0 
dT -=--- D-t ‘ipo2 fit 2%x- @= > 

The desired equation for developing criteria for near-equilibrium flow 
an; ;E2ear-frozen flow is obtained by combWing equations (F9), (FlO), 

. . 

The statement at the begFnnFrzg of this analysis indicated that in 
near-equilibrium fldr the difference between yi and yi,e is not 
large. Follcrwing Penner, the quantity K-$ can be considered to be an 
equilibrium constant at a temperature T' that is slightly different 
from the actual local temperature T. The precise definition for near- 
equilibrium flow states that the temperature difference rrTr - T is so 
small that it is sufficient to retain only the first two terms in the 
Taylor series expansion of K$ = Ky(T') about the temperature T ' (ref. 
10). That is, for near-equilibrium flow, 

K$ = Ky(T') J KY(T) + KY(T) c"hd>'Tj (T1 -T) cFl4) 

Equaticm (F14) is easily rearranged to _ 

l+fb~‘TjT(Tf -T) (F15) 

Equation (FlS), along with the apprnxkustion that J d h KY(T) c 1 
T 

dT T’ 
is now substituted into equation (F13), which simplifies 

to the follawing equation in terms of mol& concentrations: 

(F16) a 

. 
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Equation (F16) relates the temperature lag associated with the ccmposi- 
tion of the near-equilibrium reactFng gas mixture to the temperature rate 
of change withtime at a given point in the exhaust and a reaction time 
(in parentheses). 

t 

Adiabatic Expansion with New-Frozen Flow 

Penner (ref. 10) defines near-frozen flow as flow for which the 
extent of chemical reaction is so small that the difference !I!, - Tc' 
alwsys remains small. Eere, T, is the temperature of the gas at the 
start of expansim; and, as in near-equilibrium flow, T' is a temper- 
ature for which Ky(T') = K.j. Therefore, in this case the criterion is 

-Kjr = I+') = Ky(Tc) - KycTc) p InzcTJTc (Tc - T') (w) 

Equation (F13) can be written In terms of molar concentrations as equa- 

tion (F18) by solsing equatim (F17) for p b2(11Tm and using the 

apprcximationthat 

(" y)Tz [" y::% 

C 

T, - T’ 
Tc - T 

+(-$-1kf~x(4%'0+~)~(Tc -T') Pm 

This equation cm 

beFng considered, 

be reduced by noting that, in the numerical example 
Ky(Tc) 

w 
<cl andthat Tc-T' is also small, so that 

equation (~18) simplifies to the following: 
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Chemical them ice can be used to express the t-era-Lure- 
dependence of the weight-fraction equilibrium constant KY a-terms of 
the heat of the oxygen recombination reaction Ax The exact form of 
this relation is complicated, but the followin@; equation is a good 
approximation: 

. 

'In% Ati 
dT =s 0720) 

Therefore, equation (F18) csn be written as 

Equation (F21) is the desired expressian for characterizing near-frozen- 
cqosition expansion. 

Numerical Example t 

Before applying equations (F16) and (F21) to the nozzle exaznple of 
the cycle analysis, two basic assmtions should be potited out. The 
most important is the assumption that the reaction-rate coefficient kf 
is not temperature-dependent. In general, chemical reaction rates are 
very temperature-sensitive. However, for the reccllnbination reaction 
given by equatim (Fl) (forward reaction), only an algebraic temperature- 
dependence should be expected if oxygen recombination follows the trend 
observed in iodine atomic recombination and hydrogen atcanic reccxnbina- 
tion. In the latter two reactions, near-zero activation energies have 
been observed. For lack of sufficient data the kf has been assumed to 
be temperature-tidependent. Secondly, the total derivative DT./Dt is 
assumed to be constant throughout the nozzle; this is sn adequate approx- 
imation for the Umiting cases hew considered. 

Near-equilibrium expansion. - The temperature, pressure, and ccmpo- 
sition conditions in the equilibrium expansion cycle calculaticm are 
used here. specifically, 

assuming that 

9 = 100 feet 

CC 25,COC ft/sec 
. 
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- g = 5.5X105 OK/set 

The mlar concentrations of 0, 02, and X (total) are calculable from the 
equilibrium nozzle conditions given by figures 5 and 6. By assigning a 
maximum temperature lag (T' - T), equation (F16) was solved for minimum 
values of kf. The results of this calculation using T' - T s 20' K 
are given in table V. This temperature lag is somewhat arbitrary, but 
an examination showed that ZOO K is small enough to assure the rapid con- 
vergence of the Taylor series (eq. (Fl4)) for the oxygen recc&ination 
reaction. 

Near-frozen expansion. - The ca&ulation procedure for near-frozen 
expansion is identical to that for n&r-equilibrium expansion, except 

'hat 
T, - T' 

( 1 
T - T 2 lo-2 was used in equation (F21) to calculate the maximum 

C 
kf possible before the flow deviates from frozen expansion. The heat of 
reaction given in appendix B (A&@= 2(59,160) Cal/mole 02) and T, = T2 = 
2763' K are the additional Information required. The results of these 
calculations are also given in the text. The reduced temperature ratio 
of 10 -2 is sufficient for the convergence of the Taylor series (eq. 
(Fl?)) to within 10 percent in two terms. 

An apparent inconsistency in the derivation of equation (F21) and 
its application in this example should be pointed out and explained. The 
derivation assumes that the gas at the start of expansion is in chemical 
equilibrium; this justifies the use of equation (FZO). The results of 
this crude analysis, as discussed in the text, show that equilibrium 
flow may never be attained in the example nozzle. However, from figure 
6, it is apparent that in this cycle the difference between the ambient 
frozen composition and the equilibrium composition at T2 and P2 fs 
very slight, being off only by the presence of 2 percent nitric oxide at 
equilibrium. Therefore, the use of equation (F21) appears justifiable 
in this example. 

Percent recombined. - The molar concentrations of atomic oxygen cor- 
responding to the necessary '8, for a given kf and flow condition can 
easily be related to the degree of recombination in the nozzle. Since 
the pressure and temperature change markedly in the nozzle, the percent- 
age recombination is defined here in mass units: 

(F22 1 
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This equation can be rewritten in terms of the molar concentrations 
stations 2 aud my other nozzle condition n: 

4267 

at 

1 
22 ( vO)n (g,)2 Percent recombined = 100 1 - - 
gnla,),F& 

I 
The nozzle conditions s ummarized in figures 5 and 6 were used 
tion (F23) to calculate figure 10. 

(F23) 

in equa- 
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TABL?I N. - VERTICALDISTREKJTIONOFATOMIC OXYGENAND OZONE 

Altitude, 
ti 

Ozone 
- 
I Atomic oxygen 1 

Concentration 
of 03' 

molecule/cc 

Volume 
percent 

Concentration 
of 0, 

molecule/cc 

49,212 l.oxlO~ 2. 44x1o-5 -------- 
65,616 2.Oxlo~ 1.05xl0'4 -------- 

98,424 6.7X1012 1.72xlo-3 1.7xlog 
131,232 4.8xd-l 5 .39x1o-4 2.Oxlo~O 
164,040 4.3xlolO 1.79x10-4 4.4xlolO 
196,848 7.0x109 9 .46xlo-5 l.oxLO~ 
229,656 1.2x109 6.OOXlO-5 1.9x1011 
262,464 7.6X107 1.85XlO-5 2.7xlo11 
295,272 5.oxlo6 7.58x10-6 3.3x1011 . 

Volume 
percent 

---m----- 
--------- 

4.36X10-7 
2.25x10" 
1.83X1O-4 
1.35xlO'3 
9 .5oxlo-3 
6.59XlO-2 

0.50 

TABLE! v. - UPPWANDLOWEBLIMITS OFATCMIC OXYGlZNRECOM6INATION 

IN NO2i!ZLEi OF RAMJ-ET OE3ITING AT 328,080 FEET IN A'IMOSPHEXE 

OFTABLE 

[Nozzle length, 100 ft; frozen-ccanpression diffuser.1 

Recambination- 
rate coefficient, 

kpj 

(SF" set" 

loll 
1012 
1013 
1014 
1015 
1016 

Near-equilibrium limit Near-frozen limit 

vOJ 
-mole 0 
liter 

5.3x10-2 
5.3xlo-3 
5.3x10-4 
5.3xlO'5 
3*7xlo-6 
1.2x10-6 

Minjmum 
mass 

percent.. 
recombined 

v 0’ 
g-mole .O 

liter 

0 3.2x10-6 
0 1.Ox1o-6 
0 2.7x10-7 
0 6.6X10-8 
4 1.4xlO'8 

29 2.7x1o-g 

IDS.88 
percent 

recombined 

8 
32 
57 
78 
91 
97 
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Figure 2. - Variation of atmospheric energy available for pro- 
pulsion tith altitude. 
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(a) Configuration I: Truncated cone. 

(b) Configuration II: Circular cyUnder. 

// Prandtl-Meyer expansion 
0, / around corner 

14 

(c) CqFiguratlon III: Reversed truncated cone. 

Figure 3. - Bacelle geometries for recombination ramjet. 
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Figure 4. - Comparison of energy available with energy required 
for suatalnlng ionosphere orbite. Wall temperature, 1000~ R. 
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qulred Par sustaining ionosphere orbits. Wall temperature, 100C" Ft. 
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Figure 7. - 
for ramjet 

Effect of ratio of inlet to exit area on ideal over-all engine efficiency 
cycle of figure 5. 
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Figure 8. - Effect of ratio of inlet to exit area on thrust and drag for ramjet cycle 
of figure 5. Engine length, 100 feet; inlet radius, 20 feet. 
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FIgure 9. - Variation of net thrust for remjet cycle of figure 5 with ratio of inlet to 
exit area for varioue inlet radii. Engine length, 100 feet. 
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Figure 12. - Variation of external equilibrium wall temperature 
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