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FOREWORD 

VOLUME 11 OF 12 

In accordance with the reporting requirements of Contract AF 33(657)-12l46* 
the following Buaaary technical report Is presented. The final report 
covers all work accomplished from 25 January 1963 through 28 February 1964. 

In order to provide a report which can be more easily handled, and to meet 
the requirements that the materials section be "detachable" and Proposal 
Section V be a separable and distinct part» the final summary report has 
been divided Into 12 volumes as follows: 

VOLUME 

1 

2 

3 

k 

5 

6 

7 

8 

9 

10 

► 11 

12 

CONTEBTS 

Electromagnetic Ramjet Research 

SECTION HUMBER 

IV 

Jet Compressor Research and Ramjet Ejector 
Investigation V & VI 

Extended Mach Number SORAMJET Investigations VII 

Novel Engine Installation Techniques VUI 

New and Novel Engine Concepts X 

Isotope Ramjet Studies IX 

Digital Computer Controls and New Control 
Studies XI & XIII 

Pure Fluid (Non-Moving Part) Control Elements XII 

Ramjet Structural Elements» and Non-Régénérâtively _ 
Cooled Cbflfcustlon Chambers and Nozzles XVI & XVII 

High Temperature Coated Tungsten Structures XVIII 

Aero thermal Capability of Plasma Heaters» 
and High Pressure Air Generation XIV 4 XV 

Extended Mach Number Concepts and Self- 
Consuming Ramjet Vehicle XIX 4 XX 

For ease of reading» all figures» tables» and references» have been 
Included within the section with which they are associated. This was 
accomplished by prefixing all figure» table» and reference numbers with 
the Roman numeral of their respective section. 
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This report is the Final Summary Technical report on the CYI963 Ramjet 
Technology Program and la submitted in partial fulfillment of the re¬ 
porting requirements as set forth by Contract AF 33(657)-12146. This 
report presents a technical summary of the work accomplished during the 
period 25 January 1963 through 28 February 1964. 

SUMMARY 

The objective of the CYI963 PLASMA ARC HEATER PROGRAM was basically to 
design* fabricate; and test plasma heaters capable of operating at 
pressure levels beyond the current state-of-the-art. übe experimental 
pressure range was to be between 1000 psla and 8OOO psla. During this 
program all of the program goals were exceeded; one particularly out¬ 
standing test run with air at 2Ô00 psla produced a gas enthalpy level 
of 3150 Btu/lb at a O.I35 lb/sec flow rate with an arc power of 1.12 Mw. 
This plasma arc heater has materially advanced arc heater technology. 
Another experimental arc heater was successfully operated at 76OO psla 
or approximately 200 atmospheres. This plasma heater has demonstrated 
the feasibility of arc heaters at extremely high pressures. This 
heater has also yielded Information Important to the design of very 
high pressure air breathing facility devices. An analytical study 
Included In this year's effort has covered the feasibility of a super¬ 
sonic flow arc heater, übe concept of a supersonic flow heat addition 
arc heater is technically feasible and could possibly extend arc heater 
capabilities beyond presently accepted limits. 

The purpose of the CY I963 HIGH PRESSURE AIR GEHERATION PROGRAM was to 
demonstrate the practicability of creating extremely high pressures 
utilizing the principle of heating a cryogenic fluid In a constant 
volume vessel. The numerical goal of pressure levels In excess of 
50;000 psla was successfully met when one test run attained a pressure 
level of 62,600 psla; at a fluid temperature of 790*R- In addition; a 
method for obtaining and documenting pressure; volume; and temperature 
data at pressures In excess of currently available Information was 
successfully demonstrated. 

INTRODUCTION 

Tne CYI963 Ramjet Technology Program was directed toward a comprehensive 
program of air breathing propulsion research which was aimed at provid¬ 
ing the foundation upon which future engine development programs may be 
established. This program was slanted strongly toward examination of 
a number of promising new engine concepts while still providing a well 
balanced program of applied research In technological areas related to 
air breathing propulsion. This program was an extension and continu¬ 
ation of the Advanced Atmosphere-Breathing Engines and Oomponents 
Program conduct d under the CYI962 Air Force-Marquardt Contributing 
Engineering Program (Contract AF 33(600)-4o809). 

-Til- 
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XIV. IMPROVEMBIT OF THE AEROTHERMAL CAPABILITIES OF PLASMA HEATERS 

Plasma hsaters ara racognlzad as an axtramaly attractive daviee 
for adding energy to a high pressure moving air stream. High air pressure 
and enthalpies are required in a ground test facility to simulate equiva¬ 
lent stagnation conditions of the airbreathing flight corridor. Research 
experiments have demonstrated arc heater application and have illustrated 
the future potential of further developing this technique of energy addi¬ 
tion. 

Previous arc heater studies have been confined to subsonic 
flow configurations. Studies conducted on this program have shown the 
feasibility of arc heater operation in the supersonic flow regime. It 
was shown that electric arc heater capability for simulation of hyper¬ 
velocity flight conditions can be extended by operation in the supersonic 
flow regime. The basic reason for this extension is that the supersonic 
heat addition method eliminates the large radiation losses associated with 
the hot, low velocity chamber gas of a subsonic flow arc heater. 

The CT 1963 Ramjet Technology Program on plasma heater develop¬ 
ment has analytically and experimentally evaluated three major areas: 
(1) supersonic arc heater analysis, (2) development and testing of a 1 
megawatt, 3000 psia arc heater, and (3) design, development, and testing 
of a 230 kilowatt, 80OO psia arc heater. 

A. Arc Heater Analysis 

1. Air Heating Studies 

a. Application of Vitiated Air to Experimental Studies 

Vitiation (i.e. combustion) heating of gas mixtures 
for simulation purposes has been considered for applications toward both 
aerodynamic and combustion test simulation. Hydrogen and propane vitia¬ 
tion was summarized in curve form for final fluid temperature composition, 
and molecular weight, respectively, in Reference XIV-1. Vitiation was 
found to be a very practical simulation technique, providing the fluid 
composition can be accounted for in the application of the vitiated 
airstream to a test item. 

REFERENCE XIV-1 Campbell, J. R. "Second Quarterly Progress Report 
on the CY I963 Ramjet Technology Program" Report 
Number 23.092 CONFIDENTIAL (Title - Unclassified) 
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b< Flight 61«<il«tlon for Iqttlllbrlum 

•ad Troitn Flow 

Th« ability to aiaulat* hyporaoaie flight has baaa 
•▼aluatod for oxpaaaioa of arc*ehaabor atagnatioa paraaotora through a 
conrergont-divergent typo noztlt. Calculations wore porforaed with both 
equilibrium and frozen flow expansions of heated air to relate arc-chamber 
conditions to simulate flight velocities and altitudes. 

Prosea flow expaasioa whoa compared to equilibrium 
expansion (Reference XIV-2) requires a lower total pressure (diminished 
molecular weight created by the pronounced freezing of atomic oxygen), 
aad a larger total teaperature (the kinetic energy must be developed froa 
eensible energy alone, without benefit of recovered dissociated energy) 
for siaulation purposes. Consequently, the design of a facility nossle 
aad selection of arc-chaaber operating conditione to eiaulate hypersonic 
flight are greatly dependent upon whether the aetual flow falls eloeer to 
the equilibrium or to the frozen expansion limit. Equilibrium performance 
of a system designed on the presumption of frozen performance will be 
extreaely aieleading. Both the velocity attained and the exit static 
teaperature would be auch greater than desired. Conversely, if fronen flow 
were to occur in an exhaust nossle designed for equilibrium perforaanee, 
the flow would greatly overexpand and the exit static teaperature would be 
considerably less than expected. 

2. Subsonic Flow Arc-Heater Studies 

of ..«.tic ri«ld Str.ngth and l»r...iir« 
on 

Both aagnetic field strength (B) and pressure (P) can 
strongly influence the design and operation of radial arc heaters eines 
both factors affect the arc voltage drop. Increasing pressure raises the 
heat transfer to the chaaber walls as is discussed in a later section. 
Increasing the magnetic field strength changes the arc resistance from a 
negative value to a positive resistance which in turn iaproves the are 
stability. Furtheraore, (B)2 and (P) are fundamentally related ae energy 
densities in the streaa. The aagnetic lines of force in the arc heater 
are at right angles to the electric potential field aad in the direction of 
gas flow. Froa the analyses, the electrical discharge was shown to rotate 
•e the flow of electrons traveled froa cathode to anode. This rotation was 
exaained with respect to B and P and reported in Reference XIV-1. The net 
offset of the arc rotation ie a lengthened arc path that requires a greater 
voltage drop (aad therefore lower current level) for a specific power level. 
This results in lower eurreat densities, which in turn reduce electrode 

erosion rates. 

SSFERBXCI XIV-2 Caapbell, J. R. MFirst Quarterly Progress Report on the 
CT 1963 Ramjet Technology Prograa", Report Ro. 23,087 
Voluae I. CONFIDENTIAL (Title - Unclassified) 
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3* SttPTSonic Flow Arc-H«atT Studl»» 

Previous studies conducted with ere heaters hare been 
confined to subsonic configurations* This current progran also considered 
the operation of arc heaters in the supersonic regiae. 

Two acthods for the addition of heat to a supersonic 
streaa were analyseds (1) constant area heat addition; and (2) constant 

Mach nuaber heat addition* 

a* Constant Area Heat Addition 

Constant area heat addition reduces the local Mach 
nuaber and a choked condition is approached* If the added energy is too 
great« the steady-state flow will readjust which nay involve, first, the 
appearance of shocks and, finally, subsonic flow* The aaxinua total 
teaperature rise ratio that nay be obtained and sustain supersonic flow 
aloag with the associated total pressure loss was calculated as derived 
in fiefereaoe XIV-3* The calculations showed that the supersonic stream 
must initially consist of a high total pressure and teaperature to perait 
a practical inereaent of increase in enthalpy* 

b* Constant Mach Nuaber Heat Addition 

Constant Mach nuaber heat addition should be accoa- 
plishsd at a streaa velocity slightly greater than the local speed of 
sound to ainiaise the initial total pressure requireaent for flight 
corridor simulation of velocity and altitude* The total pressure ratio 
varies inversely with the total teaperature ratio raised to a function 
of the square of Mach nuaber, which indicates that the stagnation pressure 
loss is vsry drastic for supersonic speeds. Curves were generated as 
shown in Reference XIV-2, which show the supply stagnation pressure and 
teaperature required to simulate the upper limit of the air-breathing 
flight corridor for Mach 1 and Mach 2 heat addition* 

c* Operational Practicality of Supersonic Flow 
Arc Heaters 

The important criteria in arc heaters designed for 
an electric discharge across a supersonic fluid (Reference XIV-3) are: 
(1) the electron drift velocity (velocity with which an electron travels 
fron oathode to anode) between electrodes aust be substantially greater 
than the gas velocity in the direction of flow, and (2) a sufficient 

RXPERXMCI XIV-3 Campbell, J* R* "Third Quarterly Progress Report 
on the CT 1963 Ramjet Technology Program". Report 
lumber 23,109 Volume I. CONFIDENTIAL 
(Title - Unclassified) 
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density of charged particles aust be aaintained between the electrodes 
d**pit* diaplacement forces* It should be noted that experimental 
results with J X B accelerators at Marquardt haws already demonstrated 
the ability to maintain an electrical discharge in a supersonic stream* 

d. Deeiicn Analysis - Supersonic Flow Arc-Heater 

A design analysis for a supersonic flow, radial 
arc heater was conducted. Utilising the constant Mach number heat 
addition method, supersonic flow conditions and heater geometry were 
determined. Arc heater analysis and parameters selected for the study 
were presented in Seference XIV-3* The heater noszle design was of the 
convergent-divergent type with flow expanding to Mach 3* Calculations 
which included friction effects showedt (1) the throat area to be 
0.0292 square inches, (2) the nozsle exit area to be 1*385 square inches, 
and (3) the area immediately upstream of the arc to be 0.0342 square 
inches, for an air flow rate of 0.166 Ibs/sec. These areas would be 
much larger to accommodate flow rates required for a full scale facility 
arc heater. An abrupt area increase (31*7 times larger than the upstream 
area) will occur at the arc station to allow for constant Mach number 
(1.245) heat addition. A scaled vereion of the supersonic arc heater is 
presented in Figure XIV-1. 

A comparison of subsonic and supersonic heat addi¬ 
tion with flow expanding through a DeLavel-type nossle indicated that 
the kinetic energy gain for both modes of operation is approximately 
the same. A substantial relief in heat load on the nossle throat (cold 
flow) and a considerable total pressure loss was associated with the 
supersonic mode of energy addition. However, electric arc heater capa¬ 
bility for simulation of hypervelocity flight conditions can be extended 
by operation in the supersonic flow regime. The basic reason is that 
there is an upper limit to energy addition that applies more strongly 
to subsonic operation. This upper limit is evidenced at the point where 
energy lose (primarily due to radiation) equals equipment ability to add 
energy to the air stream. Supersonic heat addition can substantially 
extend this upper limit, mainly because the hot subsonic mixing chamber 
and its associated energy loss can be eliminated. 

4. A Means to Increase Total Pressure in the Supersonic 
Floy Arc Heater 

A preliminary investigation was made with the objective 
of increasing total pressure by utilising an electromagnetic accelerator 
connected to a supersonic flow arc heater. This would compensate some¬ 
what for the large stagnation pressure loss associated with supersonic 
heat addition. 

-4- 

UNCLASSIFIED 



X-ÄIX Mn»™ / 

i 
i 

SU
PE

RS
O

NI
C 

ao
w 

AR
C 

HE
AT

ER
 ®

 
@

 
<

S
>

 

H
IG

H
 
T

E
M

P
E

R
A

T
U

R
E
 

C
E

R
A

M
IC

 

A
R

C
 R

E
G

IO
N

-T
Y

P
IC

A
L

 

W
A

T
E

R
 

C
O

O
L
E

D
 
C

A
T

H
O

D
E

 

W
A

T
E

R
 

C
O

O
L

E
D
 A

N
O

D
E

 

IN
S

U
L
A

T
O

R
-T

Y
P

IC
A

L
 

T
H

R
O

A
T

 

C
O

N
IC

A
L
 

P
O

R
T

IO
N
 

L
IN

E
D
 W

IT
H

 
IN

S
U

L
A

T
O

R
-T

Y
P

IC
A

L
 

M
A

C
H
 
3
 
E

X
IT

 

H
E

L
D
 
C

O
IL

-T
Y

P
IC

A
L

 

D
E

S
IG

N
 
W

A
S
 

P
R

E
D

IC
A

T
E

D
 
U

P
O

N
 
A

N
A

L
Y

S
IS

 
A

N
D
 

H
E

A
T

E
R
 

C
O

N
D

IT
IO

N
S
 

G
IV

E
N
 

IN
 

T
H

E
 

"T
H

IR
D
 
Q

U
A

R
T

E
R

L
Y
 

P
R

O
G

R
E

S
S
 

R
E

P
O

R
T
 O

N
 

T
H

E
 
C

Y
1

9
6

3
 
R

A
M

J
E

T
 
T

E
C

H
N

O
L

O
G

Y
 

P
R

O
G

R
A

M
"-

R
E

P
O

R
T
 N

O
. 

2
5

,1
0

9
 

UNCLASSIFIED 



UNCLASSIFIED 
Btport 2?,ll6 

la an alactroaafaatic accalarator, the auperaonic 
•treaa of hot gaa is accelerated by aeaaa of a body force (croaaed 
aagaetlc and electric fields autually perpendicular to the velocity 
vector) which results ia a total pressure lacrease. This is completely 
ia eoatrast to direct heatiag, such as arc heatiag or coabustion where 

a siseable pressure decrease occurs. 

Stagaation pressure increases with increasing conver¬ 

sion efficiency (7})• All of the electrical energy input is converted 
to direct kinetic energy when 7} » 1. Unfortunately, the channel length 
required to attain large pressure gains increases with increasing T) and 
beeoaes infinite for 7) ■ 1 (the accelerating body force then becomes 

negligible)« 

The aethod of Reference XIV-4 was used with the selec¬ 

tion of constant area chaaael flow. A total pressure increase of 35 
percent was indicated for an initial Mach nuaber of 3* e total teapera- 
ture ratio of approxiaately 2.25» ratio of specific heats of 1.3» end 
a convsrsion effieieney of 60 percent. Obviously, this pressure rise 
is too snail» however, this principle appears feasible at an initial 

supersonic Much nuaber approaching 1. 

5. Radiation Losses in the Stilling Chanber of 

Subsonic Flow Arc Heaters 

There is one distinct problea inherent in all arc 

heater designs, naasly the survival of the arc chaaber inner wall that 
is exposed to the hot gas. The heat flux to this inner surface is pri- 
atrily caused by convection and radiation energy losses of the hot gas 
plus the arc foot« Convection heat transfer predoainates in small sub¬ 
sonic arc chambers and generally reaches its maxiaua value in the nozsle 
thront« Radiation beeoaes aore of an influence with increasing chaaber 
volume aad pressure and certainly predoainates in full scale facility 
arc heaters. Xa fact, it is believed that radiation heat transfer pré¬ 
dominâtes ia the high pressure arc heaters of The Marquardt Corporation, 
tew flow velocity (less than 10 ft/sec in the arc chaaber of the 3000 
psi, 1 Mw electric arc heater) in the arc chaaber is associated with a 
characteristic large radiation loss froa the hot gas to the inner chaaber 

anil. 

To obtain an order of aagnitude for ths radiation loos 
of the 3000 psi, 1 Mw arc heater, a heat balance equation was written 
for the conservation of energy over a wide range of chaaber conditions. 
The final fora of the equation is presented on the following page: 

RVKROICX XIV-4 Baker, J« and Rogers, T., "One-Dimensional 
Magaetogasdyaaaic Channel Flow with Constant 
Conversion Bfficiency", Marquardt MR 20,146, 

fepteaber 1961. 
-6- 

UNCLASSIFIED 



UNCLASSIFIED 
Iqport 25,116 

wh«r«: 
p 
V = Pow«r to gas 

H » Qas enthalpy addition 

V • Chaaber Yoluae 

Cü3 Air flow rate 

£ s Radiation intensity 

(1) 

The gas (air) was asauaed to be in theraal equilibriua 

and the eaissieity values of Kivel and Bailey (Reference XIV-5) vare 
used* Reflection and re-radiation vas neglected since the gas vas assuaed 

to be optically thin. 

Figure XIV-2 shoes gas teaperature after radiation 
energy losses theoretically expected in the arc stilling chaaber of the 
3000 pel, 1 Mv arc heater as a function of pover to gas, air flov rate, 
and chaaber pressure. The radiation teaperature loss is indicated for aa 
CDof 0.03 and 0.10 Ibs/sec at a chaaber pressure of 100 ataospheres. 
Actual experiaental data of the 3000 psi, 1 Mv arc heaters are plotted 
on Figure XIV-2 and fall aaasingly close to theory. There probably vill 
be soae difference at the higher gas teaperatures partly because of rapid 
ionic recoabination taking place (non-equilibriua) and partly because the 

teaperature of the gas vill not be unifora. 

Figure XIV-3 presents the percentage teaperature decrease 

in the arc stilling chaaber due to the radiation energy loss. This plot 
indicates, as suspected, that radiation losses increase with decreasing 
velocity or vith increasing pressure. The curve iaplies that full scale 
facility electric arc heaters vill definitely be liaited because of 
radiation losses unless flov velocities are great enough (supersonic flov 
arc heater) to have aore influence than arc chaaber voluae. 

Figure XIV-4 was constructed to indicate the influence 
of ere chaaber voluae. It is clear vhen coaparing Figure XIV-2 to Figure 
XIV-4 that radiation losses greatly increase vith chaaber voluae. 

B. 1 Mv. 3000 osia Arc Heater 

The experiaental evaluation of the CT 1963 3000 psia, 1 Mv 
electric arc heater, illustrated in Figure XIV-5» has been successfully 

REFERENCE XIV-5 Kivel, B. and Bailey, K., "Tables of Radiation froa 
High Teaperature Air", AVCO Research Report 21, 
AVCO Research Laboratory, Deceaber 1957* 
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completel. The experimental program consisted of 15 test runs completed 
at The Marquardt Field Research Laboratory, Saugus, California. Tha 
heater «as operated with air at pressures in excess of 2800 psia, at a 
power level of 1.12 M« and an enthalpy addition of 3150 Btu/lb to the 
gaa. Figure XIV-6 is an assembly drawing of the tested unit. The data 
taken from the experiments conducted with this unit are tabulated in 
Table XIV-I and are described herein in paragraph B.4. 

Figure XIV-7 displays the location of several of the signi¬ 
ficant data points with respect to a typical airbreatning flight corridor* 
The shaded section indicates the area of the flight corridor over which 
arc heater operation has been demonstrated. 

1* Electrode Design and Performance 

The outer electrode, or anode was made of four spirally 
wound water cooled copper tubes as shown in Figure XIV-8. On several 
occasions, the arc traveled upstream and burned off the tubing at the 
inlet flange. This appears to have been caused by the attachment of the 
power lead at the downstream end of the heater. An analysis of the 
forces developed by current carrying conductors shows that the arc will 
tend to be forced to the end of two parallel conductors when the power 
leads are attached at the same end* A subsequent re-connection of the 
anode power lead to the inlet end of the heater eliminated this problem 
and on later runs the arc attached and held to the downstream end of the 
cathode as desired. 

The center electrodes utilized are of the same design 
previously used. The heavy walled copper tubing was replaced with a 
monel tube to permit operation at the higher pressure levels. In addi¬ 
tion, some changes were made in the facility water system which allowed 
increasing the cooling water pressure to over 500 ¡ai. This increased 
the anode and cathode flow rates as well as providing some assistance 
in the structural integrity. 

2. Heater Pressure Case 

The outer pressure case is constructed of type 321 
stainless steel. This material was selected to provide adequate struc¬ 
tural strength in addition to being non-magnetic. It is essential to 
have the case constructed of a non-magnetic material to avoid undesir¬ 
able distortion of the magnetic field in the arc chamber area. 

3. Magnetic Field Coil 

The original magnetic field coil of water cooled 
copper tubes wound in layers was replaced by a pancake type winding 
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which wee assembled of several sections, each being two rows thick. A 
single section of the coil is shown in Figure XIV-9. The tubing used 
was a square tube with a round hole. This tubing has a much greater 
copper area, resulting in a lower power loss in the coil for a given 
field strength. A picture of the assembled heater with this coil installed 
was shown in Figure XIV-5. The magnetic field strength of this coil was 
checked and is shown in Figure XIV-10. The tests were conducted with a 
field strength ranging from 9«000 to 20,000 gauss. A plot of the actual 
field pattern around the arc head was made with iron filings and is shown 

in Figure XIV-11. 

4. Experiments 

A total of 15 successful experimental tests were con¬ 
ducted with the 3000 psi, 1 Mw arc heater at The Marquardt Research 
Field Laboratory, Saugus, California. The data tabulated in Table XIV-I 
summarizes the significant conditions met on each of the test runs. 

Tests 1 through 13 consisted of a series of runs during 
which an attempt was made to successively increase the pressure and power 
until the target of 1.0 Mw, and 3000 psi operation was realized, during 
this group of runs a maximum pressure of almost 2300 psia was attained, 
however, at this pressure level the rear pressure seals failed. Many 
problems occurred during this series of tests, mainly with the insulator 
and pressure seals at the upstream end. Following run No. 13 the inlet 
end of the heater was modified to provide a more positive pressure seal. 
This was accomplished by completely eliminating the large diameter flat 
insulator between the pressure case and the flange that supported the 

center electrode. 

The center electrode was then provided with an insula¬ 
tor around it in the area of its supporting flange. Various types of 
seals were tried between the flat metal flanges with little success at 
the high pressure levels (over 2000 psi). Finally, an "O" ring was fab¬ 
ricated from copper tubing and this held the chamber pressure to 3000 

psi with very little leakage. 

The selection of an insulator for the cathode also 
presented a considerable problem. It was necessary to obtain a struc¬ 
turally sound, high temperature electrical insulator. A 1/8 inch wall 
mullite tube was selected and epoxied to the cathode. It was found that 
the "O" ring in the Lenz fitting would not provide an adequate seal at 
the higher pressure levels against this ceramic surface. The gap was 
then filled with an epoxy which solved this leakage problem. 

Run 14 was ignited at the maximum available pressure 
(2900 psi) and operated for 3 seconds at which time the clamp holding 
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th« cathod« slipped, poraitting the cathod« to slid« out the bach and 
rslsass ths prsssurs. The rua vas terminated with only minor damage to 
the cathode. A pover level of 968 Kv vas reached on this run with am 
estimated enthalpy addition to the gas of 3020 Btu/lb attained. The 
eatiaated performance vas based on maximum temperature rise data extra¬ 
polated from the first 3 seconds of run time. 

The heater vas reassembled and prepared for another 
test at the target conditions, fiun 13 vas made vith ignition occurring 
at approximately 2700 psi. The pressure rose to 30b0 psi, during start¬ 
up, and settled bach to 2800 psi for the remainder of the run as this 
vas the maximum available pressure from the facility supply. The pover 
level on this run vas 1.12 Mv, resulting in an enthalpy addition to the 

air of 3150 Btu/lb. 

The enthalpy addition to the gas vas calculated from 
heat balance considerations. The electrical pover to the heater vas 
measured by facility pover instrumentation, consisting of shunts and 
traasductors for current, and transductors for voltage. Both parameters 
vere recorded on an oscillograph. The cooling vater flov rates vere 
measured vith turbine-type flov meters, riov values vere read on visual 
meters, rnd recorded just prior to the test run. The temperature rise 
of the cooling vater vas measured vith differential temperature trans¬ 
ducers, and recorded on strip chart recorders. Air flov rates vere cal¬ 
culated from pressure measurements across a flov venturi previously 
calibrated in the range of interest. A tracing of the oscillograph 
record from run Mo. 13 is included as Figure XIY-12. The temperature 
rise data for the anode and cathode are replotted in Figure X1F-13* 

Bun 13 lasted 6 seconds; the arc current, voltage, and 
the chamber pressure reached steady state conditions at approximately 2 
secoads after ignition. These steady state conditions vere maintained 
for the next 4 seconds of the run. The anode and cathode cooling vater 
temperatures had reached 93 percent of their final value after approxi¬ 
mately 3.23 secoads, leaving about 2.73 seconds of steady state (less 
than 3 percent change) run time prior to termination of the test. The 
test vas terminated at 6 seconds because of a mechanical failure of the 
epoxy cementing the cathode to the insulator. The stable operation of 
the unit under these test conditions (see Figure X1V-12) clearly meets 
the goal of operating an arc heater vith air at 200 atmospheres, a pover 
level of 1 Mv, vith an enthalpy addition to the gas of over 3000 Btn/lb. 
It is confidently expected that an improved method of securing the cathode 
in the heater vill permit much longer run times. It is also apparent that 
certain minor modifications is the arc heater design, (based on experience 
vith the 8000 pel arc heater) utilising improved pressure seals and insula¬ 
tor installation and possibly different insulator materials vould be re¬ 
quired, prior to continued testing or use of this specific heater. 

C. Blah Pressure Arc Beater. % Mv. 8000 osla 

The experimental study of the high pressure (8000 psi, 
230 Bv) arc heater has been successfully completed. The arc heater 
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deaifB! fabrie*ti)Dt and «xparimental prograa was accomplished during the 
latter half of Cl 1963. The program followed the completion of the CY 
1962 arc heater prograa which was extended to August, 196}, 

The teste conducted under the 1962 exploratory high pressure 
arc heater prograa extension indicated the need for water cooling of both 
the center (cathode) and outer (anode) electrodes. The arc heater utili¬ 
sed during the 19^3 program incorporated water-cooled electrodes. 

A total of seven runs were made during the test of the high 
pressure arc heater. The teat results definitely satisfy the primary 
objective of the teat program, "obtaining arc operation at extremely high 
chamber pressures". Maximum, steady chamber pressures of 7600 psig with 
nitrogen as the test gas, and 7^00 psig with air, were achieved with arc 
operating times of 20 and 14 seconds, respectively. These tests demon¬ 
strated the durability of the high pressure arc heater hardware, although 
a failure of the anode occurred during the last run. The damage to the 
anode occurred during a test to investigate the effect of increased arc 

current on arc voltage requirements. 

An arc heater efficiency of approximately 9 percent was 
noted during the test run with air, with a corresponding gas temperature 
of 2100*B. Although the numbers presented above are relatively low, by 
previous arc heater standards, the ease in obtaining arc operation at the 
high pressures indicates higher values of efficiency and more power to the 
gas can be expected by increasing the arc gap and by optimizing the chamber 
design. Higher gas enthalpies could also be achieved by reducing the mass 
flow. An assembly drawing of the 8000 psia arc heater with the heat ex¬ 
changer attached is shows in Figure XIV-14. Figure XIV-I5 is a more 
detailed view of the arc heater showing the location of the outer elect- 
rods. A photograph of the assembled arc heater with the outer electrode 
assembly partially removed is shown in Figure XIV-I6. 

1. Electrode Design and Performance 

The outer electrode (anode) consisted of five spirally 
wound water-cooled copper tubes, shown assembled to the arc heater forward 
flange in Figure XIV-17. The performance of the outer electrode assembly 
was excellent for the first six test runs. Failure of the anode occurred 
during Run No. 7 when the arc current was increased to investigate arc 
voltage characteristics. The anode melted in half and welded to the outer 
case. A slight erosion of the outer case also occurred. The previous 
six runs, during which 79 seconds of arc operation waa obtained with the 
anode, undoubtedly contributed to the failure through the slight, contin¬ 
ual erosion of the anode inherent during high pressure arc operation. An 
easily accomplished repair to the arc heater, consisting of brazing a new 
anode to the forward flange, would permit further testing. 
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T1»e eettr-cooltd, thick-w«ll«d copper center electrode 
; cathode )t uaed during the first six runs, is shown in Figure XIV-I8. 
Ulso shown is the tubular coppar cathode used during fiun No. 7). 
Psrforaaacs of the thick-walled copper cathode was satisfactory. The 
top cathode of Figure XIV-19 shows the condition of the cathode used 
during Buns 1 and 2 following 16 seconds of arc operation. The erosion 
snown is attributed to inadequate cooling at the downstreaa edge which 
allowed the arc to erode the cathode to an equilibrium shape. An identi¬ 
cal center electrode was installed and used for Buns 3 through 6. Visual 
observation of the cathode following Bun No. 3 indicated the erosion was 
ainilar to that noted following Bun No. 2. Following each run, subse¬ 
quent to Bun No. 3, a alight continual erosion of the cathode was noted. 
The botton cathode of Figure XIV-19 shows the condition of the cathode 
uaed during Buns 3 through 6 and shows the copper oxide deposite and the 
total erosion following approximately seconds of operation. Visual 
observations indicate that the majority of the erosion of this cathode 
occurred during the teat run with air (Bun No. 6). Figure XIV-20 presents 
a sectioned view of the cathodes shown in Figure XIV-19. 

Sufficient operating time was not obtained with the 
tubular ring cathode to permit an evaluation of its structural perform¬ 
ance. r 

2* Heater Pressure Came 

The outer case was constructed of 19-9DL stainless 
***• ■•terial was selected for its structural strength and non¬ 

magnetic property. The case must be non-magnetic so that it does not 
influence the magnetic flux lines produced by the field coil required to 
induce arc rotation. 

3* Magnetic Field Coil 

The magnetic field coil consists of seven rows in 
depth of water-cooled copper tubing. This field coil is the same one 
used daring the CY 1$62 arc heater program except that the center coil 
*** removed for installation on the new heater pressure case. Figure 
*HF"21 r owe the field strength calibration measurements. 

4. Support Equipment 

The support equipment utilized for the test program 
consisted of: 

••A high pressure air supply system including a 
12,000 psia compressor and gas storage system (0.5 ft3), with a pressure 
regulator mt the discharge. 
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b. A calibrated needle valve with micrometer adjust¬ 
ment for simplified inlet air metering operation* 

c* An exhaust system gas cooler to reduce gas exit 
temperature to less than l460°R prior to reaching the exit valve. 

d. An exit gas filter to prevent graphite insulator 
particles from clogging the exit valve. (Filter installed following 
Run 1). 

e. An exhaust system exit valve, which was utilized 
to provide a method of varying chamber pressure without physically chang¬ 
ing the hardware. The arc heater system schematic is presented in 
Figure XIV-22. 

f. An arc circuit ballast resistor consisting of a 
series of nichrome wire coils immersed in water and contained in acrylic 
plastic tubes as shown in Figure XIV-23. The location of the resistor 
in the facility circuit is shown in Figure XIV-24. The arc ballast 
resistor was required to limit the amount of current to the arc heater 
electrodes. 

g. Cooling water differential temperature transducers 
were utilized to measure the temperature rise of the cooling water of 
the anode, cathode, and arc heater exit gas heat exchanger. The trans¬ 
ducer is a 20-junction thermopile, electrically isolated, and electro- 
magnetically shielded against any radiation fields. 

5* Experiments 

A total of seven runs were nude during the test of the 
high pressure arc heater. The results are tabulated in Table XIV-II, 
along with pertinent remarks . The majority of the experiments were 
conducted with nitrogen to prolong electrode life. Run No. 6 substan¬ 
tiated these results with air. Maximum, steady chamber pressures of 
7600 psig with 1 itrogen and ?400 psig with air, were achieved during arc 
operating times of 20 and 14 seconds, respectively. 

Operational procedure of the arc heater was as follows: 
Initiate field coil current, set gas inlet pressure to pre-selected 
value, nd, initiate arc. This procedure was followed to insure esta¬ 
blishment of the field strength prior to arc initiation and to conserve 
the amount of gas available in the storage system. No attempt was made 
to obtain arc ignition at any prescribed chamber pressure. Ignition 
was obtained at chamber pressures ranging from I3OO psig to 3000 psig. 
Termination of the arc was voluntarily accomplished by tripping the main 
circuit breakers. 
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FACILITY ARC CIRCUIT SCHEMATICS 

CIRCUIT *1 

CIRCUIT #3 

1 (+) 
I=L 500 volt* 
-T- OPEN 

IH CIRCUIT, 

CIRCUIT 
BREAKER 

FIELD 
COIL 

WATER COOLED 
STAINLESS STEEL 

SHUNT TUBE BALLAST RESISTOR 

INNER COIL CONNECTED 
TO POSITIVE LEAD 

VISUAL READOUT 
AMMETER 

PAD C 
TERMINALS 

Tv-VOLTAGE TRANSDUCTOR - OUTPUT TO OSCILLOGRAPH 

T* - CURRENT TRANSDUCTOR - OUTPUT TO OSCILLOGRAPH 
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The test fluid enthalpy was calculated utilizing the 
measured gas temperature at the heat exchanger exit and the heat exchanger 
cooling water temperature rise data* The runs were, generally« continued 
until steady state temperature rise data wars obtained. 

Figures XIV-25 through XIV-28 present the variations 
of significant parameters with time during Runs 2, 3« 5« and 6. The 
increase in arc voltage during the later part of Run No. 6 is assumed to 
result from the erosion of the cathode (which changed the arc gap length) 

and the build-up of copper oxide deposits. 

a. Heater Efficiency 

The heater efficiencies indicated in Table XIV-II 

range from 5 to 9 percent. These efficiencies were calculated from the 
cooling water flow rates and temperature rise data of the anode, cathode, 
and heat exchanger and the measured gas temperature at the exit of the 
heat exchanger. Also shown in Table XIV-II is a comparison of the power 
to the arc from electrical measurements (arc voltage and arc current) and 
cooling watex temperature data. The electrical measurements of power to 
the arc are consistently 10 percent higher than the power obtained from 
temperature data. This difference is within the accuracy of the instru¬ 
mentation in addition to being in a direction to be expected since losses 
to the uncooled arc heater hardware (flanges, insulator, etc.) were not 

obtainable. 

Although the arc heater efficiencies presented are 

relatively low, by arc heater standards, it is assumed they result from 
the short arc gap length (ar 0.1 inch). A larger arc gap should result 
in a larger arc voltage requirement (for constant arc current and chamber 
pressure). This would increase the total power to the arc heater without 
increasing the percentage losses to the anode and cathode, with a result¬ 
ing increase in a percentage of the power to the gas. (The above hypo¬ 
thesis necessarily assumes that the anode and cathode fall regions are 
basically a function of the arc current, the chamber pressure, and the 
work function of the electrode material). 

b. Heater Exit Qas Enthalpy 

As shown in Figure XIV-29f the gas enthalpies 
obtained during this program are substantially below the extrapolated 
rtate-of-the-art curve for the 8000 psi test region. (Note, however, 
that th) 3000 psi arc heater test data is a substantial improvement in 
the state-of-the-art for arc heater technology). High gas enthalpy 
levels were not the primary objectives for the CT 63 high pressure level 
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ere heater experiments. The data do indicate, however, that higher gas 
enthalpies are possible at these high pressures by optimizing the heater 
geometry, reducing the gas weight flow rate, and by increasing the arc 

gap length. 

c. Parameters of Voltage and Current 

Parameters of arc current and arc voltage are pre¬ 

sented in Figure XIV-30 for the various chamber pressure levels tested. 
The data show a lower arc voltage is required during operation with air 
than with nitrogen at similar conditions, a trend previously indicated 
with other Marquardt high pressure arc heaters. This trend is generally 
assumed to result from the lower ionization of oxygen as compared to 
nitrogen voltage requirements. 

d. Pressure 

Sufficient runs were not available to accurately 
determine the effect of pressure on required arc voltage, since for the 
runs shown in Figure XIV-29 an additional parameter, gas flow, varied 
from run to run. However, in comparing selective runs (2 and 3) in the 
range of 4000 to 6000 psig, the pressure appeared to have little effect 
on required arc voltage. 

e. Arc Qap 

The arc gap length of 0.1 inches utilized during 
this program was nominally the same as the gap used during CT 1962 when 
arc operation at high chamber pressures was obtained. The effect of arc 
gap length on arc heater performance was not investigated during this 

program. 

f. Magnetic Field 

The effect of magnetic field strength upon arc 
voltage requirements was not determined during this experimental program. 
Excellent arc heater operation was obtained for the field strengths of 
9300 to 10,000 gauss utilized during this program. 

D. Results and Conclusions 

The CT 63 Arc Heater test programs were successfully com¬ 
pleted, extending the capability of full simulation over w greater portion 
of the flight spectrum than heretofore possible. The analytical studies 
completed Indicate that a supersonic arc heater is feasible, and may 
extend the capabilities of arc heaters past the limits presently encount¬ 

ered with conventional subsonic units. 
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HIGH PRESSURE (8000 PSIAI ARC HEATER 

CHAMBER 
SYMBOL RUN PRESSURE, pslg 

GAS 
FLOW, lb/*ec 

TEST 
GAS 

O 
A 

□ 
0 
7 

D 

O' 

% 

1 
2 

3 

4 

5 

7 

7 

7 

6 

~2750 

4200 

5950 

6450 

7600 

4700 

5000 

5300 

7400 

0.049 

0.046 

0.045 

0.031 

0.023 

-0.042 

-0.042 

-0.042 

0.024 

n2 

n2 

n2 

n2 

n2 

n2 

n2 

n2 

Air 

c 

600 

500 

400 

- 
\ —1 

AR 

-1 

BLOWOI 

-1 

JT POINT 

r.. 
■ \ 

1 

\ 
1 V 

• 

100 200 300 

ARC CURRENT, lA, amp 
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The development and testing of the M)00 pel, 1 Mw arc 

heater was successfully completed by meeting the design goals. Success¬ 
ful operation was realized at a pressure of 2800 psia, at a power level 
of 1.12 Mw, and an enthalpy addition to the air of 3150 Btu/lb. The 
maximum operating pressure, in the flow range involved, was limited only 
by the supply storage pressure (3000 psi max.) and the pressure losses 
in the lines due to flow. The reader is again referenced to Figure 
XIV-29 for an indication of the arc heater state-of-the-art extension 

by this heater. 

Development and testing of the 8000 psi, )4 Mw Arc Heater 

was successfully completed with the operation of an arc heater with air 

at a pressure of 7^0 psia and nitrogen at ?600 psia at a power 
of approximately 150 Kw. It was considered that enthalpy levels higher 
than demonstrated are possible by optimizing the arc heater design, 
reducing the gas flow rate, and by increasing the arc gap length. 
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XV. HIGH PRESSURE AIR GENERATION RESEARCH 

Extremely high pressure air is necessary for research studies 
associated with airbreathing propulsion system experiments that require 
simulated flight environments in the high speed regions of the air- 
breathing flight corridor. Limitations of air compressors have generally 
been exceeded by facility requirements for ultra high pressure air. The 
high air-flow rates, coupled with the ultra high pressure requirements, 
has somewhat narrowed air supply system concepts to a blowdown simulation 

system that must be periodically regenerated. 

Studies conducted under the CY 19&2 Air Force - Marquardt Con¬ 
tributing Engineering Program (Reference XV-1) successfully reached pres¬ 
sures in excess of 40,000 psia utilizing the principle of heating a 
cryogenic fluid in a constant volume vessel. The test pressure vessel 
used during CY 1962 was also used to conduct the CY 1963 Ramjet Technology 
experiments using both liquid nitrogen and liquid air. In addition to 
demonstrating the pressure level attainable, pressure, specific volume, 
and temperature (PVT) data were obtained for air at pressures far above 
currently available information. 

The maximum pressure level attained under this program was 
62,800 psia, at a fluid temperature of 790#R. Air PVT data was obtained 
for a specific volume range of 0.0182 to 0.0264 lb/ft'. 

A. Teat Equipment 

The experiment utilized a pressure vessel, constructed 
under the CY 1962 Contributing Engineering Program (Contract AF 33(600)- 
40809), of Vascomax 300 CVM high strength l8 percent maraging steel 
designed to withstand a pressure of 100,000 psi. Photographs of the 
high pressure vessel are presented in Figures XV-1 and XV-2. 

In order to create the extremely high pressures, it was 
necessary to submerge the vessel in silicon oil and heat the vessel and 
oil with a coil heater element. Figure XV-3 shows the vessel installed 
in the oil container. Silicon oil was utilized because of its high 
temperature properties. The heater element consists of four, 8 inch 
diameter coils of nichrome wire with magnesium oxide insulation and *n 
incoloy sheath, rated at I5OO watts with a supply voltage of 200 volte. 

REFERENCE XV-1 Cox, P. B. "Phase I Summary Technical Report or the 
CY 1962 Air Force - Marquardt Contributing Engineering 
Report". Report 25,063 Volume VII, February 1963 
UNCLASSIFIED 
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HIGH PRESSURE AIR GENERATION SYSTEM COMPONENTS 

1 

PRESSURE TRANSDUCER 

STEM VALVE 

R-12,649 

VESSEL BODY 

rupture disc assembly 

STEM VALVE 

THERMOCOUPLE 
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A htat-up tie« of *pproxieat«ly 3 hours vas required to reach the maxieua 
temperature ('"-'SéO’R) of the system. This upper limit was due to heat 
losses of the oil to the ataosphere. Figure XV-4 is a photograph of the 
vessel and associated equipeent installed at the test site. 

The system also incorporated a technique for measuring the 
weight of air in the high pressure vessel in order to determine the density 
at various vessel fill levels. The weight measuring system, shown in 
Figure XV-4, consists of a low pressure chamber of known volume (1394 iou?) 
equipped with pressure and temperature instrumentation. The volume of the 
low pressure chamber was determined by three methods. (1) Calculated 
volume from dimensions, (2) Difftrence in chamber weight when filled with 
water and empty and, (3) Measured volume obtained by filling chamber with 
water and measuring the amount of water contained in the chamber. The 
percentage difference between the average value and the minimum and maxi¬ 
mum value obtained by the three methods was t 0.32 percent. The density 
of the liquid in the high pressure vessel was determined by expanding the 
high pressure vessel fluid into the low pressure chamber at the completion 
of the test run. Since the initial and final conditions in the low pres¬ 
sure chamber were measured, the initial weight of air in the high pressure 
vessel can be calculated from perfect gas relationships. The regime is 
such that the relations are perfectly valid. A schematic of the high pres¬ 
sure air generation system is shown in Figure XV-5. 

The data recording equipment utilized consisted of the 

following: 

1. Vessel Fluid Temperature 

The output of the copper-constantan vessel thermocouple 
was recorded on Brown millivolt recorder. 

2. Vessel Fluid Pressure 

The output from the Micro-Systems pressure transducer 
was indicated (in terms of pressure) on the visual meter included in the 
Wee-Mite recorder circuit. 

B. Estimated Accuracy of Measurements 

The following presents the estimated accuracy of the various 
measurements made during the tests: 

1. Vessel fluid pressure - A calibration curve of the 
pressure transducer and the readout unit is shown in Figure XV-6. This 
curve was furnished with the equipment and is certified to be within 
1 percent tolerance over the range from 0-100,000 psia. Periodic cali¬ 
bration checks of the electrical output were made over the range of 
0-10,000 psia (the maximum pressure limit of the dead weight tester 
available a.t TMC). It was found that the accuracy was well within x per¬ 

cent reading over this range. 
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HIGH PRESSURE AIR GENERATION TEST SETUP 

P1 = VESSEL PRESSURE 

P2 = EXPANSION TANK PRESSURE 

Tj = VESSEL INTERNAL TEMPERATURE 

T2 = OIL BATH TEMPERATURE AT VESSEL 

Tj = OIL CONTAINER INTERNAL WALL TEMPERATURE 

1A = EXPANSION TANK INTERNAL TEMPERATURE 
A 
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PRESSURE TRANSDUCER AND READOUT UNIT CALIBRATION DATA 
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2, Vessel Fluid Temperature - Figure XV-7 presents the 
output of the thermocouple versus temperature. Actual calibrated points 
are shown. From this information the accuracy of the temperature record¬ 
ing system is estimated to be better than 1 percent of reading. 

3. Vessel fluid density calcula ions based upon the pres¬ 
sure and temperature measurements of the low pressure chamber were 
estimated to have 1 percent accuracy. 

C. Experimental Program 

A total of 25 experimental tests were conducted with the 
high pressure air generation unit located at The Marquardt Research 
Field Laboratory located at Saugus, California. The maximum pressure 
attained was 62,800 psia during test Run No. 17. Table XV-I summarizes 
the maximum vessel fluid pressure and temperature and the difficulties, 
if any, that were encountered during the experimental tests. During 
the initial tests (Runs 1 through 12) a repeated pressure leak at one 
of the vessel ports precluded attainment of ultra high pressures and PVT 
data. Following various attempts to obtain a pressure seal, it was 
determined that a crack existed in the cone seat of the vessel port. 
This was repaired by increasing the depth of the port and re-machining 
the cone seat at the bottom of the port. 

During Runs 15 through 17 a double junction in the vessel 
thermocouple precluded attainment of PVT data. Following fabrication 
of a new thermocouple, test runs were made at various vessel fill levels 
and PVT data were obtained to pressures of 50,000 psia. This limitation 
of 50,000 psia was imposed following Run 17 because the gland nut at the 
vessel from the transducer line started leaking at 62,000 psia. (A leak 
during a test run precludes attainment of necessary measurements required 
to compute the weight of fluid in the vessel and therefore, FVT data.) 
The leak was attributed to an incompatibility in the coefficient of ex¬ 
pansion between the vessel port threads and the gland nut threads even 
though the coefficients of expansion of the material were estimated to 
be satisfactory. 

Subsequent to the test runs where PVT data were obtained 
(Runs 20 through 22) leaks developed at the inlet valve line gland nut 
at the vessel. The tests were discontinued when the leak could not be 
stopped by cleaning the cone seat area and re-tightening the gland nut. 
The occurrence of a leak was easily recognized since a continuous plot 
of the data was made during the run and at various times during the run, 
conditions were allowed to stabilize. When a leak was present the pres¬ 
sure would immediately decrease. 

D. Test Data 

Figure XV-8 presents the data obtained at various specific 
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volumes during the test program in terms of vessel fluid pressure 
versus fluid temperature. A close inspection of the curves of Figure 
XV-8 reveals a departure from the faired line in the temperature region 
of 500 to 650#R. This variation was determined to result from a temp¬ 
erature gradient existing in the oil bath« in the vertical direction, 
with a resultant similar temperature gradient (approximately 10-20 
degrees) existing in the fluid of the vessel. This temperature gradient 
of the oil results from free convection heating of the oil since an 
agitator was not used. However, the accuracy of the curve of each line 
is assumed to be within 2 percent, because at the end points of each 
curve, the vessel was allowed to reach equilibrium following draining 
of the oil. The data in the lower temperature region (150-500°R) is 
assumed to be within 1 percent because air was used to heat the outside 
of the vessel, resulting in a more uniform heating of the vessel. Also 
shown on Figure XV-8 are interpolated data at other specific volumes. 
The interpolated data were obtained from cross plots of specific volume 
versus pressure with constant temperature lines. Table XV—II presents 
the fourth order polynomial equations for a curve fit of the pressure- 
temperature data of Figure XV-8. The largest percentage deviation 
from the data curves utilizing the equations was 0.5 percent. 

Figure XV-9 presents the air compressibility factor versus 
temperature, pressure, and specific volume for the test data of Figure 
XV-8. By graphically differentiating the compressibility factor versus 
temperature at constant pressure (<5Z/ <5T)p, sufficient information is 
available to compute the enthalpy and entropy differences utilizing 
Equations (2) and (3) (derived in Reference XV-1) and existing Mollier 
data at 45 cc/mole (Reference XV-2). Appendix A presenta the complete 
listing of calculated differences utilized for extending the temperature- 
entropy diagrams. Due to the limitation in the amount of data, which 
affects the accuracy of the graphical differentiation for (ôZ/ õT)p» the 
probable error in the calculated enthalpy and entropy differences is on 

the order of 2-3 percent. 

REFERENCE XV-2 Din, F. "Thermodynamic Functions of Gases" 
Volume 2 
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TABLE XV-II 

EQUATIONS FOR PRESSURE-TEMPERATURE DATA CURVES 

Equation Form: = At Bt5 ♦ Ct Dt (1) 

where : 

and : 

P = Pressure in psia 

t = Temperature in 0R 

A, B, C, D and E, are constant coefficients 

V 
ft3/lb 

).0182 

).0199 

).021 

3.4096x10"7 

8.8628x10"® 

5.l646xlO“8 

EQUATION CONSTANTS 

B 

-4.7278x10 

-1.3163x10 

-7.3953x10 

-4 

-4 

-5 

-4 

1.5285x10 

2.6699x10 

3.2925x10 

.0264 -3.5060x10"5 1.0850x10"4 -1.2436x10 

-1 

-2 

-4 

.-1 

Applicable 
Temperature 
Range 

D E - 

1.1691x1J2 -1.81901x10* I8O-63O 

1.0097xl02 -I.657OXIO4 200-800 

9.3828x1o1 -1.6l97xl04 220-880 

9.9649x1o1 -1.73345x104 ¿90-810 

’IIWTi 
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The change in enthalpy is calculated as: 

(¾ * ^2) (Pp - P. ) 
2 * 1 

(2) 

The change in entropy is calculated as: 

2(ln P2 - In P1) 
(3) 

«here : 

Q 
T2 B ÔZ 
P dT 

W ® -1* 

(-TR ( ÔZ/ 0T)p - ZBT 

T = temperature - °R 

R s gas constant - ft/°R 

P s pressure - psia 

Z = compressibility factor 

Figure XV-10 presents the Temperature-Entropy diagram for 

air extended with the additional data obtained from this test program. 

The data included from this program are presented as the region bounded by 

(a) the 33.14 and 45 cc/mole lines, and (b) temperatures of l67°K and 

317*K. 

Figure XV-11 presents a comparison of data obtained with 

the vessel completely filled at oxygen content levels of 24 and 32 percent 

by volume. Also included on Figure XV-11 is the pressure-versus-tempera¬ 

ture line for nitrogen obtained from an existing Mollier diagram (Reference 

XV-3Í. As seen from Figure XV-11, within the accuracy of the instrumenta¬ 

tion, only a slight pressure increase can be noted when comparing the 

24 and 32 percent oxygen runs. 

REFERENCE XV-3 Din, F. "Thermodynamic Functions of Gases" 

Volume 3 
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This test comparison of oxygen content effects was originally deemed 
advisable to determine the reason for the various levels cf pressure 
obtained during the CY 1962 test program, where it was assumed that the 
vessel was completely filled for all runs. However, from the data shown 
in Figure XV-11, it is apparent that the various levels of pressure 
obtained during CY 1962 were undoubtedly caused by inconsistent filling 
of the vessel. 

E. Conclusions and Recommendations 

1. The test program has successfully demonstrated the 
practicability of creating extremely high pressures utilizing the princi¬ 
ple of heating a cryogenic fluid in a constant volume vessel. A method 
for obtaining PVT data at pressures in excess of currently available 
information was utilized to extend existing temperature-entropy data. 

2. It is recommended that any subsequent tests to obtain 
data at extremely high pressures include the following additions: 

(a) a method for more uniform heating of the vessel 
in the temperature region above 500#R should be used, 

(b) an investigation should be conducted for other 
methods of obtaining pressure seals at high pressures during large varia¬ 
tions in temperatures since difficulties were experienced with the 
existing gland nut-cone-seat method, and 

(c) additional vessel fluid temperature instrumenta¬ 
tion to confirm complete equilibrium of the vessel fluid at all fluid 
temperatures should be added. 

-67- 
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appendix xv-a 

ENTHALPY-ENTROPY CALCULATED DIFFERENCES 

UTILIZED FOR ADDITIONS TO TEMPERATUE -ENTROPY DIAGRAM 

Specific 

Volume 

V 

cc/mole 

Change in 

Temp. Enthalpy 

T ^H2-l 
°K joules/mole 

Enthalpy 

Change in 

Entropy Entropy 

H AS S 
joules/mole jouleofaole-^K joul*v4nole-*H 

Ref. 45 

Value 40.9 

38.4 

36.9 

35.2 

34.1 

33.1 

167 

400 

297 

331 

352 

367 

167 383 

5200 33.20 

5600 -2.60 30.60 

5897 -2.31 28.29 
6228 -1.88 26.41 

6580 -1.60 24.81 

6947 -1.37 23.44 

7330 -1.19 22.25 

45 
41.6 

39.3 
37.6 

36.2 

34.9 

34.0 

33.4 

194 
261 

315 
340 

355 
362 

378 

194 391 

6750 

7011 

7326 

7666 

8021 

8383 
8761 

9152 

-1.70 

-2.03 

-1.71 
-1.44 

-1.27 

-1.11 

-0.96 

37.2 

35.50 

33.47 

31.76 

30.32 

29.05 

27.94 

26.98 

45 222 

42.1 

39.9 

38.3 
37.0 

35.8 

34.7 

34.O 

33.4 222 

299 

331 
350 

366 

375 

377 

385 
402 

8250 

8549 

8880 

923O 

9596 

9971 

10348 

10733 

11135 

-2.02 

-1.68 

-1.45 

-I.28 

-1.12 

-1.05 

-0.92 

-0.79 

40.8 

38.78 

37.10 

35.65 

34.37 

33.25 

32.20 

31.28 

30.49 
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APPENDIX XV-A (Continued) 

▼ 
ce/aole 

JT 
•K joul^olt 

H 
joulee4ole 

As_s_p_ 
Joul6^4ole-°K JouIe9/mole-#K ata 

Bef. 45 

Va1u# 42.6 

40.7 

39.1 
37.8 

36.6 

35.6 

34.7 

33.97 

33.4 

252 

326 

348 

368 

382 

383 

38; 

390 

396 

252 413 

9800 

10126 

10474 

10842 

11224 

11607 

11992 

12382 

12778 

13191 

-1.71 

-1.46 

-1.24 

-1.11 

-1.01 

-0.93 

-O.85 

-0.76 

-0.64 

44.0 

42.29 

40.83 

39.59 

38.48 

37.47 

36.54 

35.69 

34.93 

34.29 

850 

1020 

1190 

1360 

1531 
1700 

1870 

2040 

2210 

2380 

47.75 28I -263 

45 
42.9 *348 

41.1 372 

39.6 378 

38.2 390 

37.2 395 

36.2 395 

35.3 394 

34.5 399 

33.9 404 

33.4 281 419 

10987 

II250 

II598 

11970 

12348 

12738 

13133 

13528 

13922 

14321 

14725 
15144 

♦1.36 

-1.45 

-1.25 
-1.10 

-1.00 

-0.98 

-O.89 

-0.77 

-0.72 

-0.64 

-O.56 

47.96 

46.6 

45.15 
43.90 

42.80 

41.80 

40.92 

40.09 

39.32 

38.60 

37.96 

37.40 

885 

1020 

1190 

1360 

1531 
1700 

1870 

2040 

2210 

238O 

2550 

2720 
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Ref. 
Value 

APPENDIX XV-A (Continuel) 

y T 
/mole °K 

Ah 

3 joule/mole 

H _A_.>_ ß 
joulea/mole jouleB/4ol^*K joulea4ole-#K 

^7.75 316 -315 

45 

43.2 +323 

41.4 394 

39.98 396 

38.8 403 

37.6 407 

36.7 402 

35.9 400 

35.2 400 

34.4 397 

33.9 403 

33.3 316 419 

12685 

13000 

13323 

13717 

14113 

14516 

14923 

15325 

15725 

16125 

16522 

16925 
17344 

♦I.26 

-1.11 

-I.08 

-O.89 

-0.86 

-0.80 

-0.74 

-0.71 

-0.68 

-0.62 

-0.59 

-0.49 

50.76 

49.50 

48.39 

47.31 

46.34 

45.48 

44.68 

43.94 

43.23 

42.55 

41.93 
41.34 

40.85 
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P 
atm 

1050 

1210 

I36O 

1531 
1700 

I87O 

2040 

2210 

2380 

2550 

2720 

2890 

3060 




