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In arriving at the results of this study, entry and vehicle
conditions were specified. Generality is not lost, however,
since Slye® shows that a turn is relatively insensitive to vari-
ations in re-entry lift loading (W/SC;) and initial flight con-
ditions if it is initiated at speeds equal to or slightly in excess
of the original orbital velocity. Therefore, the results of this
study may be considered applicable for any reasonable W/SCy,
and for return from any low-alittude orbit.

Entry trajectories were computed by integrating the com-
plete equations of motion on an IBM 7090 computer. Charac-
teristics selected were as follows. De-orbit was accomplished
with an impulse of 95 fps from an equatorial, circular orbit
at an 80-naut-mile altitude. A nonrotating spherical earth
model was used and a value of 100 psf specified for W/SC.

An L/D of 3.6 was found to be adequate for global coverage
when advantage is taken of a varying bank-angle schedule.
With a constant 45° bank angle (schedule D), an L/D of
about 6.5 would be required.
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Method of Determining Saturated
Liquid and Saturated Vapor Entropy

Marcorm A. WALKER*
Aerojet-General Corporation, Sacramento, Calif.

Nomenclature
Csi. = specific heat under saturated liquid conditions
C, = specific heat at constant pressure
H = enthalpy
AHpy = latent heat of vaporization
P = pressure
S = entropy
ASry = latent entropy of vaporization
T = absolute temperature
T = critical temperature
14 = specific volume

LIQUID REGION
SATURATED LIQUID
LINE

LIQUID -~ VAPOR
REGION

Fig. 1 Saturated liq-
uid region.

TEMPERATURE

CONSTANT
ENTHALPY

|

|
CONSTANT__!
ENTROPY 1

ENTROPY

T
/
Co—/
/
g e
T /. .
o ////ACP } Fig. 2 Extrapola-
8 e I tion of specific heat.
a - |
w KNOWN RANGE -
7 crmear — 1
TEMPERATURE I
|

TEMPERATURE

Received May 17, 1963; revision received August 14, 1963.
* Project Engineer, Advanced Development Division, Liquid
Rocket Plant.

VOL. 1, NO. 11

T2 c (A8
LIQUID LIQUID-VAPOR VAPOR
REGION REGION REGION

Fig. 3 Construction
of temperature-en-
tropy diagram.

-SATURATED LIQUID
SATURATED VAPOR—"

(ASLy)y

TEMPERATURE

it /A ] \
/
ENTROPY
Subscripts
H = constant enthalpy process
S = constant entropy process
SL = saturated liquid conditions

I. Introduction

HE present lack of thermodynamic data available for all

but the most common liquid propellants makes difficult
the analysis of physical processes, such as the expansion of
saturated liquids in flow-control nozzles. The following
method is presented as a means of determining entropies in
the liquid-vapor region, for temperatures not exceeding the
critical point. - The resulting temperature-entropy diagrams
have been found to be in excellent agreement with accepted
diagrams and with those computed by far more rigorous
techniques.

II. Analysis
It can be shown from basic thermodynamics that!
dH = TdS + VdP @)

The relative magnitude of the VdP term for liquids is so
small (Jess than 0.5%, of dH for saturated liquid water at
150 psia and 358°F) that it may be neglected with small
error, and the following is obtained:

dH = TdS @)

From this it follows that, if either entropy or enthalpy
is constant, its derivative will reduce to zero, and the other
must also be constant, and so it may be written as

(0H)s =0 &)
©8)z =0 (3a)

Fig.4 Comparison of cal~
- culated and accepted tem-
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Fig. 9 Thermody-
namic properties of red
fuming nitric acid (0.15

NO).
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If a temperature-entropy diagram is constructed where a
vertical line is a path of constant entropy, this vertical line
must therefore be also a path of constant enthalpy in any
region of the diagram where Eq. (3) holds. Such a region is
that along the saturated liquid line shown in Fig. 1.

Tor liquids, H and S depend on 7' and are essentially inde-
pendent of P, as long as the critical point is not approached.
Therefore, C, = (0H)/(®T)g; for temperatures well below
T.. 'The enthalpy of the saturated liquid may then be com-
puted for specific heat data. The specific heat of a saturated
liquid approaches infinity at the critical point; this fact is of
value in extrapolating measured specific heat, as shown in
Fig. 2.

The available enthalpy data, in the form of specific heat
and heat of vaporization for a range of temperatures up to
the critical temperature, may be used to construct a tempera-
ture-entropy diagram, as illustrated in Fig. 3.

From saturated liquid specific heat data,

AHue = (Cp)i—o(Ty — T1) = He — Ha =
(Hsw)e — Hst)y @

As long as point B is close enough to the saturated liquid
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line, line BC is vertical, (0H)s = 0, and
AH BC = 0 (5)

The actual calculations were performed on an IBM 7090
computer with a AT of 0.5°F. It is apparent from Fig. 3
that

AHuc = AHus (6)

The partial entropy of vaporization between A and B at
T1 is

ASup = AH4s/T: ™
It is also apparent from Fig. 3 that
ASuc = ASas ®)
Substituting and combining, it is shown that
ASsc = [(Hsz)s — (Hseh)/Th ©)

Relative entropies along the saturated liquid line can then
be easily computed if the enthalpies are known.
For complete vaporization,

ASry = AHry/T 10)
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Fig.14 Thermodynamic properties of pentaborane.
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Fig. 15 Thermodynamic properties of perchloryl fluoride.
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Fig. 16 Thermodynamic properties of RP-1 (H/C = 2.0).
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This makes it possible to compute vapor entropies, and thus
the temperature-entropy diagram can be constructed if liquid
specific heat and heat of vaporization data are available.

The temperature-entropy diagrams computed by this
method for oxygen and n-butane are compared with those
given in the literature (Figs. 4 and 5).

The temperature-entropy diagrams of 12 liquid propellants
were computed by this method and are given in Figs. 6-17.2:3
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Design of a High Enthalpy, Radio
Frequency, Gas Discharge Volume

Avaxn MiroNER*
Allied Research Associates, Inc., Concord, Mass.

A design of a highly water-cooled copper-walled
discharge volume that allows radio frequency gen-
eration of high enthalpy, dense plasmas is described.
It is noted that this design allows steady genera-
tion of plasmas of substantially higher enthalpy
level than have previously been able to be obtained
with a quartz-walled discharge volume, either
cooled or uncooled.

URRENTLY, most steady, thermal plasmas are gen-
erated by electric arc discharges. The major problems
associated with this method of gas heating are well known:
1) plasma contamination with eroded electrode material;
2) limited selection of gases that may be heated due to chem-
ical erosion of electrode surfaces; and 3) spatially non-
uniform heating process.

Recently, work has begun at a few laboratories®? in the
United States on induction heating of plasmas. Briefly, in-
duction heating of plasmas is based on the principle that eddy
currents may be induced in an electrical conductor from an
external, oscillatory circuit. These induced currents meet
resistance to their flow, and joule heating of the conductor
occurs. Normally a gas is a very good electrical insulator.
However, upon application of a spark or introduction of a
source of secondary electrons, the insulating properties of the
gas begin to break down, and it becomes a fairly good elec-
trical conductor. The electromagnetic energy being carried
in an external oscillatory circuit may then couple to the small
volume of conducting gas and enlarge it. Provided that the
discharge is properly stabilized with respect to power level
and aerodynamic cooling, a steady state discharge of high-
power level will occur. This method of gas heating shows
substantial promise of alleviating many of the problems asso-
ciated with electric arc heating of gases.

Most of the current work in the ratio frequency heating of
gages has used a quartz walled discharge volume, either with
or without water cooling, to contain the heated gas. Quartz
is a very good dielectric with a very low loss factor; however,
its melting point and mechanical strength severely limit the
enthalpy level that may be obtained in the heated gas. It has
been found!—* that an argon plasma having an enthalpy of
about 50 kcal/g-mole is about the maximum that may be
generated in a quartz discharge volume before melting occurs.
Adequate water cooling of the quartz is limited by its thermal
conductivity and mechanical strength. Thus, it appears
that a quartz wall is not feasible for containing the higher
enthalpy plasmas required in hyperthermal wind tunnels,
MHD power generators, electrical propulsion, and first stages
of controlled fusion processes.

A novel solution to this problem is the highly water-cooled
copper wall that has found extensive application in electric arc
gas heaters. A highly water-cooled copper wall with its high
thermal conductivity and good mechanical strength has been
found to be able to contain plasmas having enthalpy levels of
hundreds of keal/g-mole. However, for rf heating of gases,
the copper wall must contain a slit so as not to shield the gas,
i.e., the slit prevents closed current loops from occurring in the
water jacket wall which tend to dissipate all the incident
electromagnetie power.
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