
" 

U.S.  DEPARTMENT  OF COMMERCE 
National Technical Information Service 

AD-A028 323 

PULSED MAGNETOHYDRODYNAWC PROGRAM 

HERCULES, INCORPORATED 

PREPARED FOR 

AIR FORCE AERO PROPULSION LABORATORY 

16 JULY 1976 



* 

> 

UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE (Wtfn Oala Enlered) 

REPORT DOCUMENTATION PAGE 
1     REPORT NUMBER 

AFAPL-TR-76-34 

2    GOVT  ACCESSION  NO 

READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

3     RECIPIENT'S CATALOG NUMBER 

«.    TITLE (and Submit) 

Pulsed Magnetohydrodynamic Program 

7.  AUTMORf») 

C D. Bangerter & B. D. Hopkins, Hercules Inc, 
T. R. Brogan, MEPPSCO, Inc. 

9     PERrORMING ORGANIZATION  NAME  AND  ADDRESS 

Hercules Incorporated 
Systems Group 
Bacchus Works, Magna, Utah 84044 

".    CONTROLLING OFFICK  NAME   AND  ADDRESS 

Air Force Aero Propulsion Laboratory, AFAFL/POD 
Air Force Systems Command 
Wright-Patterson AFB, Ohio 45433 

14.    MONITORING AGENCY  NAME  &   ADDRESSC^ d/»»renr Irom Contrnltlnt Office) 

5     TYPE OF REPORT a PERIOD COVERED 

Final 
2 Jan.   72-31 March 76 

6     PERFORMING ORG    REPORT NUMBER 

B.    CONTRACT  OR GRANT  NUMBER(a) 

F33615-72-C-i394 
10     PROGRAM ELEMENT. PROJECT.  TASK 

AREA A  WORK UNIT NUMBERS 

31452624 
12      REPORT   DATE 

16 July   1976 
13     NUMBER OF PAGES 

15.    SECURITY CLASS, (ol Ihl, report; 

Unclassified 

18.    DISTRIBUTION STATEMENT (of Ihlt Report) 

F    Approved for public release; 
distribution unlimited 

15«.    DECLASSIFI CATION/DOWN GRADING 
SCHEDULE 

| '7.    DISTRIBUTION STATEMENT (ol Ih» »balracl enlererl In Block 20, if dlfttrenl Irom Report) 

18,    SUPPLEMENTARY  NO reS 

19     KEY WORDS CCon(/nue on reverse s/..o (J neceeaary and Identity by olock number) 

Magnetohydrodynamics, deflagrating solid explosive MHD, solid propellant MHD, 
detonating solid explosive MHD, explosive MHD 

20.    ABSTRACT (Con(/nue on reverse s^de If necessary and Identify by block number) 

This report is the final report for Contract F33615-72-C-1394.  It supplements 
interim report AFAPL-TR-73-16 published in May 197?.. Part I of this report 
coveis the design, fabrication and testing of an MHD generator using a deflag- 
rating olid explosive as the energy source.  ^ power output of 2.4 MW was 
obtained at a mass flow rate of 3.2 kg/s from this generator. Part II covers 
the fabrication, testing and analysi , of an MHD generator using a detonating 
solid as the energy source. An energy output of 11.8 kj was obtained from 
0.05 kg of Composition C-4 explosive for an efficiency of 5.7% from this genera tor 

DD , ^73 1473 EDITION OF  1 NOV 65 IS OBSOLETE 

UNCLASSIFIED 
i^   SECURITY CLASSIFICATION pF THIS PAGE (When Data E^tand) 



r---. ~ -- --- - =---~--~--~~~=========== 

BEST 
AVAILABLE COPY 



NOTICE 

When Government drawings, specifications, or other data are used 
for any purpose other than in connection with a definitely related 
Go" rnment procurement operation, the United States Government thereby 
incurs no responsibility nor any obligation whatsoever; and the fact 
that the government may have formulated, furnished, or in any way 
supplied the said drawings, specifications, or other data, is not to 
be regarded by implication or otherwise as in any manner licensing the 
holder cr any other person or corporation, or conveying any rights or 
permission to manufacture, use, or sell any patented invention that may 
in any way be related thereto. 

This final report was submitted by Hercules Incorporated under 
Contract F33615-72-C-1394. The effort was sponsored by the Advanced 
Research Projects Agency under ARPA Order No. 2357 and the Air Force Aero 
Propulsion Laboratory, Air Force Systems Command, Wiight-Patterson AFB, 
Ohio under Work Unit 31452624 with R. F. Cooper, AFAPL/POD, as Program 
Manager.  C. D. liangerter and B. D. Hopkins of Hercules Incorporated were 
technically responsible for the work. 

This report has been reviewed by the Information Office, (ASD/OIP) 
and is releasable to the National Technical Information Service (NTIS). 
At NTIS, it will be available to the general public, including foreign 
nations. 

mu&m v 

■m 
NC 

W5Ti:ij»iio» 

nui stein 
Ml SestlM    □ 

a 

JY • - 
llttTE!BintlilI/A»illU."tt!TK Mftö 

£ I   .1 *. 

Copies of this report should not be returned unless return is 
required by security considerations, contractual obligations, or notice 
on a specific document. 



^ TABLE OF CONTENTS 
  

Section 

I. SUMMARY 

REFERENCES 

Page 
No 

1-1 

PART I 

DEFLAGRATING EXPLOSIVE MHD STUDIES 

II.        INTRODUCTION Z-1 
2-7 

III. SELECTION OF A SOLID PROPELLANT 3-1 
A. General Criteria for Solid Combustors 3-1 
B. Special Considerations in Applying 

Solid Propellants 3-3 
C. Related IR&D Activities 3-5 
D. Solid Fuels Selected for Testing 3-12 
E. Fuel Fabrication 3-14 

IV. EXPERIMENTAL APPARATUS 4-1 
A. Combustor ^"^ 
B. Channel 4-16 

C. Diffuser Design and Fabrication 4-39 
D. Magnet 
E. Load Bank 4-44 

References 

4-44 
4-44 
4-58 

V. TEST RESULTS 5"1 

A. Conductivity Tests 5-1 
B. Subscale Diffuser Tests 5-7 
C. Channel Power Tests 5-7 

VI. CONCLUSIONS 6"1 

VII. RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF 
SOLID PROPELLANT MHD 7-1 

A. Phase I - Characterization of the 
Existing Channel 7"1 

B. Phase II - Lightweight Channel Develop- 
7-9 ment ' *■ 

C. Phase III - Development of Multi- 
Pulse Combustor 7-2 

in 



• 

Section 

Page 
No 

PART II 

DETONATING EXPLOSIVE MHD STUDIES 

^ 

VIII. INTRODUCTION 
REFERENCES 

IX. EXPERIMENTAL APPARATUS 
A. Magnet 
B. Channel 
C. Instrumentation 

References 

X. TEST RESULTS 
REFERENCES 

XI. ANALYSIS OF CHANNEL PERFORMANCE 
A. Effective Resistance of Loads 
B. Inductance and Internal Resistance 
C. Losses 

References 

XII. CONCLUSIONS 

XIII. RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF 
EXPLOSIVE MHD 
A. Energy Losses 
B. Vacuum Requirements 
C. Power Conditioning 
D. Proposed Program  for Devt 1 o."'ent of 

X-MHD 
E. Program Plan  for Further Development 

of X-MHD 
References 

APPENDIX A    CALIBRATION OF ROGOWSKI  COILS 

APPENDIX B    RAW DATA FROM X-MHD TESTS 

APPENDIX C    VOLTAGE,  CURRENT AND ENERGY OUTPUT FOR 
SELECTED X-MHD TESTS 

APPENDIX D    CURRENT AND INDUCTANCE IN THE X-MHD 
GENERATOR 

8-1 
8-3 

9-1 
9-1 
9-1 
9-4 
9-14 

10-1 
10-13 

11-1 
11-1 
11-3 
11-9 
11-12 

12-1 

13-1 
13-1 
13-2 
13-6 

13-"; 

13-10 
13-14 

A-l 

B-l 

C-l 

D-l 

iv 



SECTION I 

SUMMARY 

This is the final report on work completed under Contract F33615-72- 

C-1394. The goals of the program were twofold:  (1) To develop the 

technical base to allow for the design and construction of lightweight, 

multimegawatt deflagrating solid explosive driven MHD (C-MHD) and, (2) to 

evaluate the feasibility of multikilowatt, high-repetition-rate detonating 

solid explosive MHD (X-MHD) generators. This work was to include demonstra- 

tion of 4 MW power output from a deflagrating explosive generator with a mass 

flow rate of 4 kg/s and 25 kj energy from a detonating explosive generator 

at an efficiency of SZ. 

The report is divided into two sections which are organized in a 

roughly parallel format.  Part I covers the work on deflagrating explosive 

MHD while Part II covers detonating explosive MHD.  Each part has an introduc- 

tion, a description of the experimental apparatus, the test results, conclusions 

and recommendations for future development.  In addition. Part I has a section 

covering the selection of a solid propellant while Part II has a separate 

section with some additional discussion of the X-MHD channel performance. 

The early part of the program dealt almost exclusively with the theory 

and design of X-MHD systems involving explosives, generator geometry, and 

magnet. That portion of the program has already been reported in an interim 

report,1 AFAPL TR-73-16 (DDC-AD 762934) dated May 1973 and is not included 

in the present discussion.  The fabrication of the experimental apparatus 

was not covered in the earlier report and is, therefore, discussed in 

the present report. Additional detail is also given on the design of the 

C-MHD channel and fuel since they were not covered in the earlier report. 



Although it cannot be claimed that the very ambitious goals of the 

program were fully achieved, some significant positive steps toward 

fulfillment were taken. A maximum power output of 2.4 MW was achieved 

in the C-MHD channel at a mass flow rate of 3.2 kg/s. This corresponds 

to a power extraction of 0.74 MW/(kg/s). The X-MHD device produced a 

maximum energy output of 11.8 kj from 1/2 of the dual linear channel using 

0.05 kg of Composition C-4 explosive.  This corresponds to an efficiency 

of 5.7% based on the heat of explosion jf the charge material. As is 

shown in the following sections of the report, the reasons for reduced 

performance have been identified and a future course cf action has been 

suggested to obtain the desired performance from both types of generator. 
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SECTION II 

INTRODUCTION 

Deflagrating solid explosives have found extensive application in 

tactical and strategic rockets because of small size and high energy 

content.  The propellant contains both the fuel and oxidi^er which 

eliminates any requirement for separate storage of these components or need 

to provide a way of mixing prior to ignition. This is particularly important 

when long-term storage or portability is required.  The lacf of valves or 

cryogenics for the combustor also increases reliability of the system. 

The advantages of a solid propellant in an MHD application are expected 

to be as follows: 

(a) High conductivity of combustion products 

(b) Relatively constant conductivity with expansion 

(c) Efficient conversion of gas dynamic energy to electrical 

energy 

(d) Compact, high density source of high temperature gas 

(e) No valves or cryogenics for combustor 

(f) Long-term storage capability 

(g) Fast startup even after long, inactive period 

(h) High reliability 

Figure 2-1 shows the calculated conductivity of a cesium-seeded propellant 

as a function of channel entrance pressure starting from a 20.4 atm chamber 

pressure.  This figure demonstrates that the expected conductivity is 

several times higher than normally associated with seeded combustion 

products of liquid hydrocarbon fuels and oxygen. 

Both the high conductivity and its relative constancy are due to 

the extremely high flame temperature, the relatively slow temperature 
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drop with pressure along the isentrope, the high seed concentration, and 

the relatively greater importance of electron-ion collisions which tend 

to make the conductivity insensitive to temperature. 

High power density and a small length-to-diameter ratio with reduced 

friction and heat transfer losses and low weight are direct results of 

high conductivity.  Additional benefits include reduced field requirements, 

reduced breakdown probability for fixed power density, and greater factor 

of safety. The benefits of the relative constancy of the conductivity are 

more subtle and can be described as ease of diagonalization over wide 

static pressure ratio and much greater design flexibility. 

The first experiments with a deflagrating solid explosive as an energy 

source for MHD power were performed in 1963 at Hercules Incorporated. This 

work was continued through 1967 under both 1RM) and contract funding and 

1 
it included demonstration of 1.5 MW at an efficiency of 5.3 percent. 

A well documented example of the use of solid propellants for an 

MHD application is given in Reference 2. This example shows clearly that 

excellent performance can be obtained from solids even though the channel 

used for the testing was not designed for use with this propellait. Tbis 

work began in mid-1967 when Hercules obtained a contract to furnish 20 

10-pound solid propellant grains, motor hardware, and a mating transition 

section to the University of Tennessee Space Institute (CTSI).  These 

grains were fired in the UTSI diagonal conducting wall generator and also 

in a UTSI Hall channel. The basic conclusions that can be drawn from the 

UTSI work are as follows: 

(a) Solid propellants offer an increase of at least a factor 

of 4 to 5 in the specific energy over that provided by RP-1 

2-3 



and gaseous oxygen, 

(b) The solid propellant gave a specific power of 0.23 Mj/kg 

with an average efficiency of 3.5 percent and a one- 

tesL efficiency of 5 percent. 

fc)  Condcrsatijn of aluniinum oxide on electrodes and 

channel walls is not dctrimentai to the generator 

performance. 

The solid propellant wss of a type similar to the double-base 

metallized propellants used for rocket applications, except for the high 

potassium nitrate loaJing (12.7 wt percent).  The solid combustor used a 

cylindrical core solid rocket motor operating at 23.8 atm through a heat 

sink graphite nozzle and a transition section connected to the generator 

channel.  The nozzle throat area was a 3.2 cm with a channel inlet ratio 

of 16:1.  Computations indicate the following channel entrance conditions: 

Mass flow rate, 0.52 kg/sec; pressure, 0.211 atm; gas temperature, 2630oK; 

mixture velocity, 2250 m/sec; electrical conductivity, 73 mhos/m; and 

2 
UUT/B, 2.1 m /volt-sec (where ÜU is the cyclotron frequency, T is the mean 

time between collisions for an electron, and B is the applied magnetic 

field).  The calculation did not consider heat transfer or particle lag 

so the correct temperature would be below 2ö30oK. 

OTSI fired the Hercules propellant In two different types of 

channels.  The first type was a Hall channel while the second set of 

tests were performed in a 45° diagonal conducting wall (PCW) device. 

Both conductivity and power output were measured in the DC'/ channel. 

2 
The results of these tests were ar. follows: 
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Hall DCW 

Conductivity (a) 40-55 mho/m 
Hall Parameter (UUT) -- 0.47 - 0.73 
Peak Power* ,     18 KW      117 KW 
Peak Specific Output Energy* 0.021 MJ/kg 0.23 Mj/kg 

The average power produced during the first test run in the DCW channel 

was 162 KW at a load resistance of 7 ohms.  The maximum power produced 

was 208 KW during part of one test. 

The most significant aspect of these '"ests was the fact that the 

45° DCW channel with a solid propellant produced a generator output of 

three to four tir.es that produced by a 20 percent higher mass flow rate 

of RP-1 and gaseous oxygen.  For an airborne system this would be a sub- 

stantial advantage in addition to the greatly superior handling convenience 

of a solid propellant over liquid or gaseous reactants. 

The efficiency of converting the total mixture enthalpy into 

electrical energy can be calculated fron, 

Electrical Power Out. x 100% 
Eff = 

Total Mixture Enthalpy per Unit Time 

The available total enthalpy for the UTSI experiments was 6.6 MJ/kg which, 

at a mass flow rate of 0.52 kg/sec, gives an energy per unit time of 3.4 

hW.  This input power gives an efficiency of 3.5 percent.  It should be 

noted that the channel used in these tests was not designed for use with 

solid propellants. 

This part of the report covers all work which was performed on defla- 

grating explosive MHD (C-MHD) under Contract No. F33615-72-C-1394.  The 

work was mainly experimental, although a significant amount of analysis waj 

* ,       .  . 
Based on best fit, voltage-current characteristic curve 
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done as a part of the channel design task.  The following sections discuss 

the solid propellanlrs used, give a description of the experimental apparatus, 

including the subscaie test hardware, presc-nt the test data obtained with 

two different propellants, and give a description of problem areas.  The 

final section of this part contains suggestions for future development 

of C-MHD. 
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SECTION III 

SELECTION OF A "OLID PROPELLANT 

A.  General Criteria for Solid Combustors 

Deflagrating solid explosives or solid propellants, as used in this 

application, refers to a propellant in solid form containing the oxidizing 

material and fuel within the same matrix. This discussion will further be 

limited to the double-base matrix, as opposed to a composite system.  This is 

due to the higher temperatures achievable with the double-base system.  The 

double-base system is so named because, classically. It has as principle 

ingredients nitrocellulose (NC) as (.he fuel and an energetic plasticizer, 

usually nitroglycerin (NG), as the oxidizer. Various other materials are 

added such as aluminum to increase temperature and various plasticizers and 

burning rate modifiers.  For MHD applications, it is also necessary to add 

metal salts as seed materials.  These are usually added in the form of an 

oxidizing salt such as KN03 or CsN03.  Composite propellants are made by 

embedding a finely divided solid oxidizer in a plastic, resinous or elasto- 

meric matrix. This matrix usually provides the fuel for combustion of the 

propellant. 

Solid fuels burn by parallel layers such that all burning surfaces 

regress in a direction normal to the burning surface. This allows the 

designer to predict the burning surface area as a function of time and 

allows the design of neutral burning surfaces. The burning rate of a solid 

fuel depends on the combustion pressure.  In simplest form, this can be 

expres?ed as: 

u  n r = bp 
c 

where b and n are constants characteristic of the given fuel system and 



p is the chamber pressure. 

The mass flow of the fuel can be written as 

m = Spr 

where S is the grain surface area, p is the fuel density and r is   the 

regression rate.  The mass flow rate can also be written as: 

* = PcCdAt 

where C,   is   ..he discharge   coefficient which  depends  only  on  composition 

and  temperature of  the  exhaust  gas,   and A    is  the  cross-sectional  area  of 

the throat.    Under steady-state conditions which are reached very  rapidly, 

these   two  equations are  equal  so  that 

p C.A    = S pr = Snbp 
^c   d   t K     c 

or 

IVdi 

1 
1-n 

The  ratio  of S/A     is   called K. 

For  an  ideal   gas with  constant  specific  heats  and  no  viscosity  or 

thermal   conductivity, 
Yhl 

2(V-1) 
Ld       a     Ivfl 

c   \ 

where a  is the sound speed in the chamber and \  is the specific heat 

ratio for the gas.  Aluminized rocket propellants usually have 

3Ü 

a ~ 1100 m/s 
c 

V ~ 1.18 
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In real situations, the values of r and K as functions of pressure 

are determined experimentally. Figure 3-1 shows the dependence of r and 

N on pressure for a specific propellant.  A valie of K is determined from 

the experimental data which yields the desired pressure and this, in turn, 

determines the burning rate.  The mass flow rate can also be rewritten in 

another useful form as 

m = KAt pr. 

B.   Special CcnsiJerations in Applying Solid Propellants 

The combustion of solid pcopellants produces a gas together with 

aluminum and aluminum oxide droplets.  The general treatment of a chemical 

reacting flow containing solids or liquids which participate in the chemistry 

and undergo phase changes throughout the flow is extremely complex.  Conden- 

sation rate, particle growth, size distribution, and reaction rate all 

interplay with details of the flow si       locity, temperature, and 

pressure gradients.  Phenomena such a      nsed phase temperature and 

velocity lag and chemical nonequilibrium can complicate the general analysis 

of such flows considerably. 

In general, complications due to presence of condensed phases are 

pronounced in regions of high gradients and tend to become of minor 

importance where gradients are small or nonexistent.  Large gradients are 

commonly present in boundary layers, shock waves, DeLaval nozzles and, 

occasionally, in combustion chambers, and consideration of the detailed 

effects of condensed phase loading is often necessary in these situations. 

On the other hand, in situations where there is moderate "run" at low 

gradient, near equilibrium conditions may be expected. 
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An MHD generator employing solid fuels usually operates at supersonic 

velocity so the generator working-fluid can pass through regions of high 

gradients prior to reaching the MHD channel.  However, in practice, ttie 

region? of high gradient will be well i- -stream of the MHD generator because 

thr expanding supersonic nozzle flow mus; match the expansion angle of the 

MHD generator at the channel entrance.  This generator expansion angle is 

usually quite small (0-4°) so the nozzle expansion resembles that cf a long 

wind tunnel nozzle designed to produce nearly parallel flow rather than the 

widely divergent propulsion nozzle commonly associated with solid prooellanc 

rocket motors.  Since the gradients d) turn out to be small, at least in 

the generator, the gas-condensed phase mixture can be treated as a single 

component continuum in most MHD applications. 

C.   Related TR&D Activiries 

During the past several years, Hercules has maintained an IR&D program, 

one of whose objectives was to formulate and evaluate MHD propellants.  The 

propellants used for the present contract were developed under this IR&D 

program.  The following is a summary of these activities as they relate to 

the present work. 

1.   Propellant Formulation 

A major factor in obtainin-, the optimum performance from the 

MHD generator is selection of the optimum propellant formulations.  The 

properties that are required to achieve the highest possible level of 

electric energy generation are: 

(a) High conductivity of the exhaust gases 

(t) Hi^h ga? mixture velocity 

In general, the velocity increases and the conductivity decreases as the 

exit pressure decreases at a constant chamber pressure.  Propellant 
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characteristics that increase gas mixture velocity are high flame 

temperature and low molecular weight gases. 

These requirements dictate the use of the highest possible binder 

energy consistent with processibility and mechanical prjperty considerations. 

The high flame temperature requirement also dictates a high level of a 

metallic fuel such as aluminum. 

Hercules has conducted a large number of calculations using a 

thennochemical computer code which has an electrical conductivity option 

to determine the propellant formulation parameters that give the necessary 

properties for obtaining maximum electrical power generation.  The program 

used is trimarily a "free energy" procedure for calculating equilibrium 

composition of comnlex gas mixtures; the basic premise being that chemical 

equilibrium in a gas mixture at a given temperature, and pressure is 

attained when its total free energy (Gibbs1 function) is miaimized.  The 

theory on which the program is based has been extended by several authors 

to include the effect of condensea and ionized molecular species on equilibrium 

composition, and procedures based on this work are incorporated in the program. 

The principal use of this program is the evaluation of rocket 

propellants b/ simulating their performance in a rocket motor by taking 

the theoretical specific impulse as a performance criteria.  Chamber con- 

ditions in the motor are determined by assuming a balance between the heat 

of forma .ion of the reactants and the enthalpy of the products of combustion. 

From these conditions, the entropy in the chamber can be determined. Taking 

this entropy as a base and assuming an isentropic process, the products 

of combustion are expanded to specified stations in an (ideal) nozzle. 

Conditions at these stations are then determined, and the theoretical 

specific impulse ano product composition are calculated from the enthalpy 

difference between the chamber and the subject station. 

3-6 



The program also includes an optimization procedure and the 

capability of calculating equilibrium composition at a specified tempera- 

ture and pressure. Transport properties for the mixture can be obtained 

from a separate program. An electrical conductivity option is available 

to modify this program giving the conductivity and gas mixture velocity 

at any specified station. 

The parameters studied in these free energy runs were as 

follows: 

(a) Level of electron generator.  Pctassium nitrate and 

cesium nitrate were the two electron generators 

studied with this program. 

(b) Binder energy: 

(1) Increasing nitrocellulose (NC) and the expense 

of nitroglycerin (NG). 

(2) Increasing NG at the expense of the low energy 

polymer, polyethyleneglycol adapate (PGA). 

(c) Aluminum level. 

(d) Solid oxidizers in place of energetic binder. 

(e) Trade-off between potassium and cesium nitrate 

to determine whether synergysm exists. 

Each of these factors are discussed in the following paragraphs, 

a.   Eleciiron Generators 

Alkali metals are the obvious choice for an electron source 

because they readily give up an electron to form a con-plete orbital shell. 

The alkali metal that has the lowest ionization potential is cesium but 

potassium was also considered because of its substantially lower cost. 

The logical manner to incorporate the alkali metal into 
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the propellant ap, —irs   co  be in its nitrate salt.  The nitrate provides 

considerable energy and oxygen to the propellant without adding electron 

sink atoms such as the halogens.  The pure metals are much Loo reactive 

to consider for MSS in propellants.  Both potassium and cesium nitrate 

are commercially available and both are chemically compatible with other 

common double-base propellant ingredients. 

A comparison of the conductivity o and  gas mixture velocity 

2 
u, using the relationship ou , indicates that the cesium nitrate should 

outperform potassium nitrate by roughly 20 percent when CsNO., is substituted 

for KNOo (in the same propellant that was used at UTSI). Additional tailor- 

ing of the ingredients provides a further increase in the conductivity. 

Because potassium nitrate is cheaper than cesium nitrate, 

a cost-effective advantage might be obtained by replacing part of the 

CsN0„ with KNCL .  Also, the possibility of synergism between the two might 

result in higher performance from ehe mixture than could be achieved from 

either by itself. 

Free energy equilibrium flow calculations indicate, however, 

synergism does not exist and a nearly linear reduction in conductivity occurs 

when replacing CsNOo with KNCL.  Cost effectiveness studies will be required 

at some future time to determine whether an advantage could be obtained 

from using some or all KN0~ in place of the CsNCL. 

b.  Binder Energy 

One of the important properties in the gas stream tlat 

determtnec the conductivity and gas mixture velocity is the exit temperature. 

The energy of the binder (or heat of combustior) greatly affects the exit 

ternpprature; the higher the energy, the highe1 the temperature.  Therefore, 

an important part of the development of a prjpellant is the development of 
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the highest energy binder that is attainable while retaining manageable 

mechanical properties, processibility, and low hazards. 

The most energetic binder presently in tue is the double- 

base binder. This binder, which is based on NC, NG, and a low energy 

plasticizer, triacetin (TA), can be made even more energetic by lowering 

the NC level and the amount of low energy compounds such as TA.  One method 

for accomplishing this while retaining the good mechanical properties is to 

chemically crosslink the NC to make a continuous gelled polymer matrix 

throughout the entire propellant 

Figure 3-2 shows the changes in conductivity that are 

obtained by these adjustments in binder composition.  Increasing the NG 

content by 4 percent at the expanse of NC or by 2 percent at the expense 

of low energy organic compound such as TA increased the conductivity by a 

factor of 1.4 and 1.9 respectively, accompanied by slight increases in gas 

mixture velocity in both instances, 

c.  Aluminum Content 

T'ie oxidation balance of the gas mixture also markedly 

affects the conductivity of the exit gases.  A propellant having an OMOX 

ratio of near 1.0 has the highest conductivity.  (An CWOX ratio of 1.0 

indicates that gas composition consists of metal oxide, CO, and l^-) 

The most effective way to vary the OMOX ratio is to vary the aluminum 

level.  Computation of the conductivity and gas mixture velocity versus 

OMOX are shown in Figure 3-3 in which the only change is varying the 

aluminum content at the expense of NG.  The conductivity has a sharp 

maximum slightly below an GMOX of 1.0, whereas the gas mixture velocity 

2 
continues to increase above an OMOX of 1.0.  The product ou , however, 

achieves its maximum value very close to 1.0 so the aluminum level should 
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be selected so that the propellant formulation is near an CMOX of 1.0. 

d.   Solid Qxldizer 

The use of two different solid oxidizers has been investigated 

to determine if increased performance could be realized by replacing part 

of the binder with a solid.  Cycl tetramethylene tetranitramine (HMX) and 

pentaerythrital tetranitrate (PbTN) were selected because of availability, 

high energy, and because they contain no halogens which are electron sinks. 

In each case, replacing binder with either of these solid oxidizers lowered 

the conductivity and gas velocity. 

The above discussions indicate -.aat propellant development 

efforts should be concentrated on achieving 

(1) High chamber temperature 

(2) High binder energy 

(3) OMOX ratio near 1.0 

(4) CsNO. as the major election source 

2.   Conductivity Measurements 

A diagnostics channel (Figure 3-4) was used for measuring 

conductivity and pressure for van is expansion ratios and combustion 

chamber pressures.  The channel is constructed of copper discs insulated 

with sheets of zirconia.  The channel has an inlet diameter of 5.1 cm, 

an outlet diameter of 8.4 c  and an active length of 40.6 cm.  It is 

configured to handle .nass flow races of 0.5-4 kg/sec.  In operation, 

a voltage is applied between the two end electrodes and the voltage 

distribution and pressure is monitored as a function of distance along 

the channel . 

D.   Solid Fuels Selected for Testing 

Three of the fuels which were developed under the Hercules IR&D program 
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yere found to meet the program requirements.  The first of these fuels 

had 2% KNO-, as a seed material while the other two used mainly CsNCL. 

These latter fuels differed in the fact that one (VQX) utilized KNCL as 

an oxidizer and seed in addition to the CsNCL seed whereas the other (VQW) 

used only CsNO. seed.  All testing performed on this program used either 

the 2% KN03 fuel or VQW. 

1. 2% KN03 Fuel 

The first fuel selected for testing was a double-base propellant 

with 2% KNOo seed added.  Table 3-1 lists the major ingredients of this 

propellant. Table 3-II gives a summary of the electrical properties of 

the 2%  KN03 fuel 

2. VQW Fuel 

The first cross-linked MTID fuel is designated VQW.  It contains 

77. cesium nitrate by wei : as seed material.  Table 3-III gives a list of 

the major ingredients of this propellant.  Table 3-IV gives a summary of 

the electrical properties of the combustion products of this fuel. 

3. VQX Fuel 

The second cross-linked MHD fuel is designated VQX.  This fuel 

also contains 77, cerium nitrate as seed material together with 107, by 

weight of potassium nitrate which re^laces part of the HMX as an oxidizer. 

It has similar characteristics of VQW but has a 10% higher value for 

conductivity and a 757, lower value of orr. 

E.  Fuel Fabrication 

Fuel grains up to 4.5 kg made from all three propellants have been 

fabricated and fired at Hercules on the previously discussed IRM) program. 

In addition, 18 kg grains of both the 27. KNO,, fuel and VQW were cast as 

a part of this progr. n.  The processing of these propellants was the 
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TABLE  3-1 

^—^ ■ J- ■ ■ 

Ingredient Weight Percent ' 

, Aluminum 26.0 

HMX 10.0 

Nitrocellulose 15.0 

Nitroglycerin 44.0 

KN03 2.0 

Miscellaneous Binder Ingredients 3.0 
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TABLE  3-II 

SUMMARY OF  CALCULATED  2% KN03  FUEL  ELECTRICAL  PROPEKIIES 

Ciamber Pressure |                                     48.0 Atm  (705  psi) 

Parameter a (JÜT/B                               u 
** 

e 

Chamber 

Throat 

49.9 

53.2 

0.016       ; 

0.027                    1015 
i 

1.000 

4 Atm 

2 Atm 

57.7                    0.193                    2070 

54.5                    0.393                    2301 

2.809 

4.711 

1  Atm 

0.8 Atm 

48.6                    0.802                    2496 

46.2                    1.00                      2554 

8.090 

9.662 

0.6 Atm 

0.4 Atm 

42.9                    1.36                      2624 

37.8                    2.06            !         2719 
i                               i 

12.17 

16.91 

0.2  Atm                                 28.5         !          4.22                      2862 

0.1  Atm                                 21.0                    8.53                      2990 

29.86 

53.45 

* In meters  per  second. 

** 
Expansion  ratio. 
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TABLE 3-III 

COMPOSITION OF VOW FUEL 

Ingredient 

Aluminum 

HMX 

Nitrocellulose 

Ni troglycerin 

CSNO3 

Miscellaneous Binder Ingredients 

Weight Percent 

22.5 

25.5 

4.2 

26.4 

7.0 

4.4 
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same as cross-linked rocket propellants and no difficulties were encountered 

because of the use of cesium or potassium nitrates. 

Firing these fuels also proceeded in the same way as firing rocket 

propellants. No special precautions were required and no difficulties 

were encountered. 
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SECTION IV 

EXPERIMENTAL APPARATUS 

This section gives a description of ihe  hardware developed under 

the contract and includes the combustor, 'hannel, diffuser, and magnet. 

A description of the load resistor bank, which was available from previous 

company programs, is also given. 

A.  Combustor 

The sc'M fuel combustor is essentially a pressure vessel with 

nozzle containment on one end and a facility for loading the fuel grains 

on the other. 

The original design which was used during the initial period of 

testing is shown in Figures 4-1 through 4-4. As can be seen in Figure 4-3, 

a four piece rectangular graphite nozzle was used which was machined to 

a very precise contour.  A four piece design was used due to the problems 

and expense of machining the internal contours from a monolythic block. 

The reduced exterior dimensions were required by the necessity of using an 

external flange to attach ehe combustor to the channel. 

As seen in Figure 4-4, the forward end which was used for loading 

the fuel grain contained a rupture disc that is designed to fail in the 

event that excessive pressure is generated in the combustor by nozzle 

blockage or grain fracture.  It was also planned to hold this disc on 

with explosive bolts which could be cut on command to provide for emergency 

termination of the test.  Due to problems in developing a fault sensing 

circuit, these were not used. 

As a result of a failure in a thin-wall section of the nozzle during 

one of the early tests which resulted in channel damage, the nozzle design 

was changed to a washer concept embodying thicker wall sections. A copper 
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Figure 4-3.  View of Nozzle rnd of Combustor 
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standoff flange was placed between the channel and combustor which 

allowed the dimensions of the nozzle container to be increased to the 

combustor diameter. 

The new design is shown in Figure 4-3.  The last 7.6 cm of the 

nozzle expansion ring is constructed of copper.  The throat assembly 

was machined from a solid billet of HI^l-85 graphite. 

Detailed two-dimensional therma'. and stress analyses were performed 

on the new nozzle design to insure that it would not fail as the earlier 

design did.  The models used in these analyses represented 2-D cross 

sections at I .ie throat and the exit of the nozzle, and because of 

symmetry, a 'me-fourth section was modeled in the finite-element grids. 

The nozzle material is HLM-85 graphite. 

1. Thermal Analysis 

The 2-D models used for the thermal analysis which are illustrated 

in Figures 4-6 and 4-7, neglect heat tr^j sfer in the third dimension (axial 

direction).  This is expected to be a reasonable approyimation because of 

the lower thermal gradients in this direction.  Temperature distributions 

in the throat and exit sections at 1 second, 2 seconds, and 4 seconds 

(end of burn) are shewn in Figures 4-8 through 4-13. 

The backside temperatures of the HLM-85 graphire are below 

530oK at the narrow side of the throat and below 810oK on the wide side 

of the throat at 4 seconds (see Figure 4-10).  At the thinner exit plane 

section, the backside temperatures are between 810oK and 1370oK at 4 

seconds, except for the corners which are between 530oK and 810oK 

(see Figure 4-13). 

2. Stress Analysis 

Two-dimensional (plane stress) analyses for thermal and 
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pressure loads were also performed on the exit section.  The temperature 

gradients at 4 seconds (see Figure 4-13) and a pressure of 2.7 atm (40 psi) 

were used in the stress analyses (see Figure 4-14"). Two conditions of backside 

restraint were modeled: 

(a) A 0.127 mm gap between the HLM-85 nozzle and 

the steel housing (growth of the outside 

dimensions was limited to 0.127 mm). 

(b) Free unrestrained growtl of HLM-85 

The maximum stresses (tension, compression and shear) conditions 

of restraint are shown in Figure 4-15. Also listed are the allowable 

stresses (strengths) of HLM-85. The results show the stresses are 

generally lower when the HIH-cö is unrestrained at the exit section. 

An exception is the tensile stress on the outside of the wide side winch 

was higher when the HLM-85 was not restrained.  The unrestrained growth 

of the narrow and wide sides was 2.11 to 2.39, and 1.09 to 2.06 mm, 

respectively. 

Based on this analysis of the exit section and two restraint 

conditions, it: appeared that complete restraint would cause compressive 

and/or shear cracks starting on the hot inside surfaces.  No restraint 

would probably cause tensile cracks starting on the outside surfaces of 

the wide side.  Thus the gap and restraint conditions between the 

graphite nozzle and the steel housing shown in Figure 4-16 were used. 

B.  Channel 

Both the C-MHD and X-MHD channels used in this program were designed 

and fabricated by MEPPSCO, Incorporated under subcontract from Hercules. 

The X-MHD channel is discussed in Section IX. 

The C-MHD design objective was to provide potential for achievement 
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of an energy extraction of one (1) Mj/kg.  Since flight applications 

were of interest, compactness is important.  Thus, operation near optimum 

power density, or more particularly power/unit length of channel, was 

required.  Single circuit output was desirable since it was felt that 

the power dissipated on a complex set of bleeder resistors would, in 

fact, be unrecoverable in a practical, lightweight, power conditioning 

system.  The highesu energy extraction previously achieved is 0.62 Mj/kg with 

the original Mark V channel (1965), and recently duplicated in the Viking I. 

The highest single load output is 0.45 Mj/kg with the second Mark V channel, 

which was of the continuous electric Faraday (CEF) configuration.  If 

compact C-MHD combustion chambers could be built at 10-12 atm combustion 

pressure, the CEF configuration could probably be considered for energy 

extraction in the 0.65 Mj/kg range using the high seed, low mobility 

propellants previously developed by Hercules. 

Assuming a local overall equivalent turbine efficiency (including 

friction) in the 0.5 - 0.6 range, and an energy extraction of 1.0 Mj/kg, 

the available energy, A, at the generator inlet must be in the range of 

1.7 - 2.0 Mj/kg.  A is composed of two terms, an impulse term due to 

reduction in kinetic energy, and a reaction term due to expansion.  If 

it is assumed that the flow can be decelerated to 80% of the inlet 

velocity without separation, the impulse term, A., may be written 

A. = (1.02 - 0.82) 1/2 U2 = 0.18 U2 

where U, is the inlet velocity.  The reaction teir. A , is T function 
1 r 

of the static pressure ratio across the channel under conditLDnd that 

permit recovery to atmospheric pressure or higher.  For the present 

design, the impulse and reaction terms with an inlet velocity of 2240 

m/sec are about equal at 0.9 Mj/kg, and the static pressure ratio is 5. 
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The design equivalent stagnation pressure at the channel inlet is 30 atm 

(440 psi).  The effective stagnation pressure ratio across the expansion 

nozzle in the high field is 1.5, and is calculated by assuming a CEF 

configuration in the nozzle. 

The magnet is a constraint.  The magnet was designed for dual use 

with both the C-MHD channel and the linear X-MHD configuration.  With 

the predicted conductivity values, the channel inlet is in the high 

field region.  The exit channel outside dimensions are constrained to 

fit in the 0.36 m x 0.36 m magnet aperture, but this is compatible with 

exit conditions permitting recovery to the atmosphere. 

The channel could have been designed with greater length, but at the 

present length and at design energy extraction, the boundary layers are 

essentially merged at the exit and the momentum defect under full load 

conditions occupies almost 207o of the channel area. 

The channel built for this program is a peg wall design with 

diagonalization of the elejtrodes provided externally.  The pegs in 

the forward part of the channel are of copper whereas those in the aft 

section of the channel are aluminum.  The electrodes and power removal 

box liners arc of high density graphite.  A castable ceramic was used 

between the electrodes and the pegs. 

The channel nozzle and entrance area is fabricated from graphite. 

Since it is located at an axial station with near peak magnetic field, 

inlet pressure losses due to circulating eddy currents in the conducting 

nozzle have been estimated in order to adjust combustion pressure to 

compensate for these losses.  The inlet losses were calculated bv 

assuming that the nozzle flow was equivalent to that in a short circuited 

single electrode Faraday generator.  The throat area was decreased from 
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the value that would be appropriate to the selected inlet conditions 

(equivalent to 30 atm combustion pressure) without losses until overall 

expansion length was reduced to 0.228 rr to keep the losses in bound.  As 

was mentioned above, it was found that a stagnation pressure ratio of 

1.5 was required to compensate for the inlet losses.  Therefore, the 

actual combustion pressure is 45 atm (660 psia) with an effective 

stagnation pressure of 30 atm at the beginning of the active region in 

the channel.  The design operational characteristics of the channel are 

given in Table 4-1. 

Figures 4-17 thru 4-25 give the design parameters of the channel 

as a function of axial distance.  Figures 4-26 through 4-34 show the 

various operations performed while fabricating the channel. 

The assembled channel is shown in Figure 4-35 with the lower 

external diagonal wires installed.  Figure 4-36 shows the "as built" 

internal contours of the channel.  Figure 4-37 shows the location of 

pressure taps in the peg walls and also the position of the first and 

last electrode on both the top and bottom of the channel. 

The channel as  damaged during a conductivity run which necessitated 

its disassembly.  Figures 4-38 through 4-40 show the disassembled channel 

and entrance box.  Figure 4-41 shows the repaired channel side wall. 

During the repair operation, the first few electrodes were replaced 

due to an erosion pattern developing at the point where the electrode caps 

are bolted to the aluminum electrodes.  No measurable erosion was found 

anywhere else on the electrodes.  No operational problems would have 

occurred by using the existing electrode caps but it was felt that 

they should be refurbished while the channel was disassembled.  Originally, 
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Mass Flow:  4.07 kg/ccc 

Propellant Composition: 

TABLE 4-1 

OPERATIONAL SUMMARY 

267. Al, 27, KNO3, 107. HMX, 157« NC, 447. MG, 17. NDPA, 

37o Miscellaneous Binder Ingredients 

Combustion Pressure:   45 atm (660 psia) 

Throat Dincnsions:   .070 (£) x .010 (B) 

Chamel Inltt Location:   STA 22 

Throat Location:   STA 16 

Channel Inlet Dimension:   .052 (B) x .110 (E) meter (2.09" x4.33,,) 

Channel Inlet Wall Half Angles:   Peg: 9.54° 

Channel Inlet Static Pressure: 

Channel Active Pegion Begins: 

Electrode: 3.75° 

2.9 atra 

STA 25 (.076 raetor into channel) 

Active Rej.'ion Inlet Varcracters: 
Static Prcesure;   1.50 atra 
Velocity: •  2240 m/sec 
Dimensions.   .077 m x .115 meter 
Wall Halt Angles:  Pe-: 7.2° 

Electrode: 0° 
Conductivity:  35.9 mho/m 

Channel Active Regien Ende:   STA 64.375 (1 meter active length) 

Active Region Exit Parr.meteis 
Static Pressure:   0.32 atm 
Velocity:   1831 m/sec 
Dimensions:   .254 (B) x .240 (E) (can be opened to 

.254 x - .254 m) 
Wall Midi  Angles:   Peg:  1.6C 

Electrode:  8° 

Conductivity:   32.9 mho/ra 

Velocity Ratio:   0.62 

Exit Recovery Pressure Iiiclr.dini', Boundary Layer: 

Recomrnendcd Diffuser Wall Half Angl>-.c:   0 
2 

Current Dcreity:   12.9 - 2.4 amp/cm 

Maximum Electric Field:   x: 4360 v/m, y: 3692 v/ra 

Maximum Hall Coofficicnt:   3.5 

<t>/D  at Exit: .07 

1.54 atm 

H.  at Exit: ninc 
1.47 

Exit Flange Face Location:   STA 73.75 

4-23 



> 

UJ 

Q 
w 

s 

I- 

i 
p 
s 

4.0 

3.0 

2.0 

1.0 

•1,0 

^ 

^ 

ANODE W ai^^  > 

^ 

y 

^ 

^vx 

i 
-CATHODE WALL 

1 

,/& 
K ^vY 

V s 

4.0 

3.0 

2.0 

1.0 

20 40 60 80 

GENERATOR AXIAL DISTANCE (CM) 

Figure 4-18 

0       20      40      60      80      100 
GENERATOR AXIAL DISTANCE (CM) 

Figure 4-17 

■  

100 

4-24 



c I 

£ 
CM 

-" o 

X   X 

o 

b      p 
S3   U." 
> 

- o 

H H < M 
UM U 

§3  I-J Q W 
M J p-< 
m u > 

O D M z 
U X b< H 

en u 

U ^ 

S I o 
C-o - 

ft- ^ X 
X 

en >i H 
(/IHM 
U   M o 
Dt   tfi C 
a. z J 

u Q &■ 
M 
H S 3; < 6 5 H 2 2 
VI   bu U. 

0 

a: u 

Ig 
ba 

5.0 

4.0 

3.0 

2.0 

1.0 - 

0.0 

4.0 

3.0 

2.0 

1.0 

0,0 

/ 

<r 

/ 7* 
jy^ V 

Y 

\ 

'jr 

t 

20      40      60      80 

GENERATOR AXIAL DISTANCE (CM) 

Figure 4-19 

100 

=-— - 

^          M 

[7 
.  

 —■ 

^H ̂  

1 

1 

"^ 

***^-^ 

P*^^- 

1 
20 40 60 bU 100 

GENERATOR AXIAL DISTANCE (CM) 

Figure 4-20 

4-25 



X 
UJfM 

I   o 

M 

Vi 

U O 

S 
to U 

as 
w o 
H  > 

M 
U O 
M   C 

6.0 

5.0 

4.0 

3,0 

2.0 

1.0 

Xx 

Ey 

^\ 
L  

N 

\ 

Jl—^ ̂ - 1 > .x 
\ 

20 40 60 80 

GENERATOR AXIAL DISTANCE (CM) 

Figure 4-21 

100 

* 

X 

at: en 

11 

14.0 

12.0 

10.0 

8,0 

6.0 

4.0 

2.0 

0 
10 

 — ' 

"V^    JY   I        ,  

 _H  

20 40 60 80 100 

GENERATOR AXIAL DISTANCE (CM) 
Figure 4-22 

4-26 



♦' 

\ 

^ 
^ s. 

\x 

\ 

fe 

^ \ 

^ 

^ N 

\ N 

\ 

o o 

o 
00 

o 

o 

o 

O 

Csi 

00 00 vO o- CM • * • • 
o o o o 

H 'yoiDVd adVHs aiaissandwoDNi 
(wo) 'e 'ssaNxoiHi wnxNaKow aiaissandwoa 

(wo) '^9 'ssaNXDiHX iNaKaovidSiQ aiaissa^dwoD 

s u 

< 

O 

o 

n 
OJ 

u 
3 
M 

4-27 



SS'dV 

u 
p 
M 

< I 
go 
at    , 

< 
c 
H 
tg 

C z 

26 

24 

22 

20 

4L-. 
0 

CHANNEL DIMENSION 
I I 

■. .■ ,r=-FL0W CORE  DIMENSION- 

20      40      60      80 

GENERATOR AXIAL DISTANCE (CM) 

Figure 4-24 

100 

1,8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

3.4 

0.2 

I 
1 

* 

\ J 
1 1 

i 

VO ^y 1 
( 

\ ^DESIRED ^.R. L/ ^s^x^ 
^^ ^/ 

\r 

ACT JAL A.R.X 

I 

0 20 40 60 80 

GENERATOR  AXIAL  DISTANCE   (CM) 

Figure 4-25 

100 

4-28 



Figure 4-26 

Partial assembly of peg boards; boards axe 
bonded to side panels after assembly, packing 
with refractory and surface machining. 

Figure 4-27 

Completed exit flange-power takeoff.  Made of 
aluminum, inside surface of exi- and  inlet 
flanges is lined with graphite to make good 
contact with the plasma for power takeoff. 
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Figure 4-28 

Pre-asserably for illustration showing mating of 
peg vails to exit flanges. Longer pegs (dark) 
at inlet of channel are of copper to accept high 
heat transfer rate. Shorter light colored pegs 
of aluminum are used in the downstream portions 
of the channel. 

Figure 4-29 

Electrode boards prior to mounting of electrodes, 
Bottom boards  for bottom wall have  "presserts  " 
inserted for electrode mounting.     Electrodes  are 
demountable  for channel repair in the event of 
an interelef^rode breakdown. 
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Figure 4-30 

Peg boards  drying in flood1, prrp oven 
after packing with high  alunina refractory. 
The boards  are  claraned to prevent  distortion 
during drying. 

Figure 4-31 

Nearly completed electrode wall. 
Several electrodes Just installed to replace 
those broken during assembly are visible; the 
refractory cement has not yet been installed 
in the mounting holes for these electrodes, 
or between them. 
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Figure 4-32a 

Channel mounted on tape machine for drilling of 
tie rod holes. Channel has been assembled to the 
flanges for the ma*ch drilling of these holes. 
A water soluble cutting lubricant is being used. 

Figure 4-32b 

Another view of the channel during tie rod hole 
drilling showing sane details of the side panel 
mounting to the exit flange. 
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Figure 4-33 

Channel during assembly 
shown in inverted position. Not<» 
graphite liner on inlet power 
takeoff. Peg board on left side 
is in process of fitting for 
clearance with electrode wall. 
Gun drilled tie rod holes are 
visible on top of peg walls. 

Figure 4-34 

Another view of channel 
in same stage of assembly as in 
Figure 3.  View is looking up 
through exit power takeoff, and 
sl.ows the graphite lining. Graphite 
mountlag holes and rib voids will 
be filled with alundum cement 
at final assembly. 
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Figure 4-38. View of Damaged Entrance Box 

Figure 4-39. View of Disassembled Electrode Wall 
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3 sofc ceramic was used Co fill the countersunk holes and came out 

very easily.  A harder ceramic, Sauercisen No. 78, was used for repotting 

the assembly.  In future designs, it would probably be worthwhile to 

stagger the bolts from electrode to electrode so that they are not 

aligned in the direction of flow. 

C .   Diffuser Design and Fabrication 

The function of the diffuser is to increase the static pressure 

in the channel flow to atmospheric pressure or above so that the flow 

can be discharged into the atmosphere without causing a shock to form in 

the channel.  Typically die supersonic MHD channel, with a Mach number of 

2, will have a static pressure of one-third an atmosphere while the 

stagnation pressure is about 3 atmospheres.  This means, in principle, if 

the flow could be decelerated iscntropically to zero velocity, the static 

pressure would increase to three atmospheres.  In superso'ic flow, either 

a converging-diverging channel or a long constant area channel, or a 

combination of the two is generally used as a diffuser.  In operation, a 

normal shock occurs in the diffuser, decelerating the flow to subsonic 

Mach numbers, with a concurrent recovery of pressure and an increase in 

entropy. 

In this program there were three design flows which had to be 

consideied:  These were: 

a) Tlu Channel Proof Test.  A static tiring conducted 

outsidt ot the magnet with no electrical loading. 

b) Qptimiim Load T». st .  Conducted in the magnet with 

tlu designed Load (if 3.4 ohms. 

c) Short. Circui 1 Test .  Conducted in the magnet with naximun; 
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load current flow. 

Of the above possibilities, t*  channel pro( f Lest places the most 

stringent requirements on tin diffuser.  Taolc 4-II lists the physical 

parameters for each of these tests.  In the proof test the flow continues 

to accelerate as the channel expands, reaching M = 4 at the exit with a 

very low static pressure.  In the p wer generation case the velocity is 

slower, M = 2.2 and the static pressure is about one-third atmosphere. 

In the short circuit case the flow is just barely stpersonic, but the 

static pressure is almost atmospheric.  From a theoretical basts, we 

can say that the  required diffuser performance will depend upon the 

strength of magnetic induction, generator load and plasma conductivity. 

Since these parameters can van/ widely, it is clear that the diffuser 

must be capable of operating efficiently over wide limits. 

Two different supersonic diffuser designs have been evaluated; 

a converging-diverging nozzle and a const ant-area pipe. 

1.   Converging-Pi verging Nozzle 

The design of the converging-diverging nozzle diffuser is 

based on the premise that a shock forming in the MUD channel will move 

through the generator and be swallowed bv the diffuser throat.  For 

most efficient operation, the design should be such that the equilibrium 

position of the shock is in the diffuser throat so that the shock occurs 

at the minimum possible Mach nur her in the diffuser.  However, the most 

critical condition is  tarting, where tin. shock ;:ost move down the channel 

and through the converging section of the nozzle.  The area ratio which 

will allow swallowing of the shock to be accomplished is called v, and 

is given bv the expression 
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An isentropic diffuser would havo a much larger area contraction ratio. 

Hence, if the diffuser is of fixed geometry; i.e , the area ratio cannot 

be changed after flow is started as is sometimes done in supersonic wind 

tunnels whete the diffusers have movable walls, this form of diffuser 

has low efficiency.  (Diffuser efficiency is expressed in terms of the 

fraction of the enthalpy recovered by the diffuser.)  For subsonic and 

slightly supersonic diffusers, the experimentally determined efficiency 

is about 75%.  For higher Mach numbers the diffuser efficiency is slightly 

higher than the efficiency of a normal shock occurring at the inlet Mach 

number. 

Tie value of •, the minimum area ratio for starting the diffuser 

is shown in Table 4-II for the various test conditions.  The short circuit 

experiment. Case III, requires only a small reduction in area ratio to 

start, whereas the channel proof test could use almost a 2 to 1 area 

ratio reduction.  It is clear that each case would require an individuall 

designed diffuser.  Because of the uncertainty in the plasma conductivity 

and electrode voltage drops, the diffuser for Cases II and III would have 

to be designed with a suitable margin cf safety to insure that supersonic 

flow would start under the most optimistic conditions.  This would require 

less contraction than shown in Table 4-11.  However, it design conditions 

were achieved, the result would be reduced pressure recovery.  While this 

reduced pressure recovery could be tolerated, it illustrates the problem 

of operating the experiment with a fixed geometry converging-diverging 

nozzle . 

2.   Constant-Area Pipe Diffuser 

It is known that friction slows a supersonic flow, and that if 
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the pipe is sufficiently long the flow will be decelerated to Mach number 

unity.  At this point a normal shock will occur with static pressure 

recovery.  This type of diffuser has the advantage that for velocities 

lower than the design Mach number the shock will move upstream in the 

diffuser to the appropriate station, thereby making the system much more 

flexi-ie, i.e., it is in a way self-adjusting. 

The conditions for the shock to occur in the diffuser are 

given by the relation 

P P 
4fL  r/ M  ,1   , /M — = [(p-)  - 1] - to (r) 

e e 

where P. and P are the stagnation pressures at the inlet and the outlet, 
i     e 

L is the length of the pipe, f is the friction factor, and D is the 

hydraulic radius.  We can use the isentropic relations to present this 

equation in terms of the Macli number, M, and the specific heat ratio, 

V, as follows: 

2 Vt-I 2 
max      i     V-l ,   2   i 

■M2       2^    1 + .^M
2 

i 2  i 

Because of the relatively low value jf ■ in the solid propel lant flow 

stream (i.e., V = 1.04 to 1.15), the I./D'S required for a shock to occur 

are somewhat la"gei- than is the caje for air, where V = 1.4 

The appropriate L/D values for the three cases are shown in 

Table 4-T1, under the assumption that f = 0.005, a value appropriate for 

supersonic flow over smooth surfaces where the Reynolds number is about 

5 x lO"*.  It may be seen that the L/D* s required for the proof test are 

very high.  For this test it would appear appropriate to use a fixed 

diffuser with the throat area ratio of 0.53, given in Table 4-II. 
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For the power generation experiment, Case II, it was decided 

that a combination pipi diffuber and diverging section be used as shown 

in Figure 4-42.  The straight pipe should be about 9 diameters in length, 

and then diverge with a 3° half-angle.  For proof tests, inserts wete 

installed in the supersonic section to form a fixed area ratio diffuser. 

This design was fabricated as shown in Figure 4-43. 

D.  Magnet 

The magnet utilized in this program was designed and fabricated 

by MCA, Incorporated under subcontract from Hercules and was designed 

for multiple use. That is, it was designed to handle both the combustion 

driven generator, which required the 0.36 m window and the explosive 

generator which, in some cases, could require access perpendicular to 

the bore.  The magnet is shown in Figure 4-44 with the specifications 

given in Table 4-III.  The power supply consists of 300 truck batteries 

tied in a configuration of 10 parallel connected elements of 30 batteries 

each, in series, to produce an unloaded voltage of approximately 360 volts 

Under load, with the magnet, the battery bank delivers up t( 11,000 amps 

at 200 volts.  The bank is shown in Figure 4-45, with the batteries 

and magnet shown schematically in Figure 4-46. 

The parametric analysis used to develop the magnet are given in 

Reference 1.  Figure 4-47 gives a calculated plot of B field versus the 

axial distance. Figures 4-48 through 4-52 show the magnet under construct- 

ion . 

E.   Load B nk 

The resistive load bank consists of two identical sections, one ot 

which is shown in Figure 4-53.  Each section has 60 constantan strips of 
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TABLE 4-TII 

LINEAR ciiA:;;;i.L VAQULT DESIGN SUMMARY 

Opciating Temperature (Initial) 

Working Tine for 10% Resistance Change 

Total Central Magnetic ^ield 

Power 

Current per Coil Half 

Coil Voltage 

Connection 

Conductor 

Turns per Co LI Half 

Rr.-.istance per Coil Half 

Total Inductance 

Copper Current Density 

Transverse Force per Unit Length 
per Coil Half 

Compressive Force per Unit Length 
per Side 

Con-.pressive Stress 

Er.d Turn Force per Coil Half 

Copper Weight 

Iron Weight 

Bore Size 

Length Between End Turns 

Iron Dimen.jions 

300° K 

23 sec 

2,5  T 

2.54 MW 

5700 A 

223 V 

parallel 

2.08 cm (0.82") square 

154 

39.2 raf! 

95 mH 

2 
1330 A/cm 

1.5 3 x IO' H/ra 
(8750 lb/in) 

2.11 x 106 N/n 
(12,040 lb/in) 

(r,,6 " 10 N/n ) 
(956 psi) 

1.5 x  106 3 
(335 x lo5 lb) 

6950 kg 
(15,30'J lb) 

35,900 kg 
(79,000 lb) 

0.356 n   0.356 n 

(14" x 14") 

1.63 in (64") 

1.63 ii x 2.11 n x 1.57 i. 
(64" x 83" x 62") 
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Figure 4-45.   View of Battery Bank 

^. 

A Charging Network 
Battery 
Bank 

Discharge 
Protection 

Magnet 

Figure 4-46. Schematic of Magnet System and 
Power Supply 
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0.067 ohms resistance ead;.  Various scries parallel combinations can be 

utilized with a maximum of - ohms per section when all bO strips are 

connected in series.  Using both sections, a maximur of 8 ohms may be 

attained.  In operation, tht load banks are submersed in a tank of 

transtonner oil to aid in cooling. 
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SECTION V 

TEST RESULTS 

This section covers experimental work completed in both conductivity 

measurement and power generation.  Two fuels are discussed in each area, 

the original 2<7. KNO  fuel and the 77, CsN03 (VQW) fuel. 

A .   Conductivity Tests 

The >asic conductivity tests were made using the diagnostic channel 

shown in Figure 5-1.  The cliannel is fabricated of 1.27 cm thick copper 

uifes separated by sheet zirconia.  It expands at a constant half angle of 

2-1/2°.  In operation, a DC voltage is applied across the ends of the 

channel.  The current and axial voltage distribution are measured which 

yields a value of gas resistivity as a function ol axial position.  This 

is then converted to a value for conductivit\ 

Figures 3-2 and 5-3 give voltage distribution and conductivity as 

a function ol channel position for the 27a  KNu  fuel.  As can be seen, the 

oonduccivity is about 20 mhos/meter at the entrance conditions of the 

power channel. 

Two conductivity tests were made in the same manner using the 27. 1>CNÜ, 

fuel in the large power channel .  These tests yielded a conductivity 

slightly less or about 16 mhos/m at the channel entrance.  A voltage of 

100 volts DC was imposed across the channel in the axial direction. 

Figures 5-4 and 5-5 give the pressure and voltage profile, respectively, 

lor test rWD-l along the channel.  Data are given for three different times 

with the note that the aft part of the nozzle broke up at about 0.8 seconds. 

The data for conductivity test M11D-4 is given in  igurc 5-14 (Section B 

below). 

The pressure measurements were made along the insulator wall of the 
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Figure 5-4.  Plot of Pressure Versus Distance for Power Channel 
Test MHD-1. 
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power channel while Che voltages wen taken fror Liu- cathode (upper 

electrode) wall.  Note that significant pressure anomalies occurred in 

the last half of the channel. 

When the VQW fuel became available, two conductivity tests were run 

again using the diagnostics channel.  This data yields conductivities of 

about 40-50 mhos/meter at the planned channel operating conditions. 

Figure 5-6 shows a plot of conductivity for both the original fuel and 

the VQW. 

E.   Subscale Diffuser Tests 

Prior to fabricating the full scale diffuser, a subscale model 

was tested on the diagnostic channel. This was felt to be necessary 

since certain operating cenditions require pressure recovery from 0.14 

atm.  Figure 5-7 is a photograph of the pubscale diffuser attached to the 

diagnostic channel which was fired with a exit-throat area ratio of 50 

resulting in 0.17 atm at the diffuser entrance.  The diffuser was scaled 

from the large system by utilizing a 10 diameter constant area supersonic 

section, followed by a 5 diameter (entrance) expanding subsonic section. 

Pressure measurements were made each 15 cm of diffuser length.  These 

were taken by attaching 1/8" Teflon tubing between the ports shown in 

Figure 5-7 and absolute pressure gauges. These gauges were then photographed 

at 64 frames/second.  Figure 5-8 shows a typical plot of pressure versus 

distance for 3 times during one run.  The diffuser worked well, as is 

noted from Figure 5-8.  Essentially the same parameters were noted in 

the full scale diffuser. 

C.   Channel Power Tests 

Two conductivity tests and two power tests were run with the 27. KN03 

fuel before the channel was damaged.  In the first power test (MHD-2), 
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the channel was tested at a 1.8 second burn Linn using a 4.?.- load. 

Stall had been predicted at load values in excess of 5.5 ohms, as 

shown in Figure 5-9. 

Figure 5-10 shows a cathode voltage and centcrline pressure data 

froinMHD-2.  As can be seen, a maximun of 1800 volts was reached at a 

point 65 cm fror- the channel inlet.  This then decreased to 900  volts 

at the channel exit.  The data again shows the pressure anomalies near 

the 65 cm position that were noted in MriD-1. 

The second power test (MHD-3) was a 4 second burn using a 2-- load 

for about 2.5 seconds and a short circuit for the remaining 1.5 seconds 

of the burn.  Figure 5-11 shows a plot of the voltage distribution vs 

generator position for the 2  load portion of MHD-3.  The developed load 

voltage is 1400 volts which corresponds to 1 MW of power delivered to thi 

load.  Figure 5-12 shows the voltage disiribut ion after the load had been 

short circuited.  Figure 5-13 shows the measured pressure distribution 

for both load conditions.  As can be seen, the channel pressure and voltage 

distribution still show anoma] JS in the 65-90 cm region of the channel 

but the behavior was somewhat closer to that expected than was the 

4 .2-- firing. 

Afto a careful review of the data from the 2 power tests, it was 

concluded that the voltage and pressure variations observed after the 65 

cm position were probably due to the gas conductivity being well below 

the channel design value of 33 mho/m.  This was in accord with the 

results of firing MHD-1 at 0.5 sec, which showed an entrance conductivity 

of 16 mho/m.  It was decided that another grain should be fired to remeasure 

the gas conductivity. 

This conductivity firing (MHD-4) was normal for about 2.3 sec, after 
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which an apparent failure of the nozzle exit cone caused the exhaust gas 

to bum through the side of the nozzle retention section in the con.bustor. 

The hot gases were also directed against the entrance flange of the channel, 

causing some damage.  In addition, the channel wiring was destroyed and 

the insulation on the magnet coils was scorched by the hot exhaust gas. 

Soire very minor erosion of one magnet pole piece also took place. 

An examination of the nozzle parts indicated that the rear ring in 

the nuzzle assembly may have cracked due to pressure and thermal stress. 

After cracking, pieces of the ring probably fell into the exhaust strean 

leaving the metal retention section unprotected.  A post-firing examination 

showed that part of the failed rinZ  had, in fact, moved into the exhaust 

stream deflecting the gas against the unprotected metal wall. 

The main reason for failure of the last ring appears to have been 

insufficient wall thickness. Tins is supported bv the fact that crack.ng 

of the last ring had been observed in other nozzles after firing, whereas 

the thicker rings in the upstream parts of the nozzle rarely showed cracks. 

The Umitation on the wall thickness at the last ring was imposed by the 

need to make the nozzle retention section smaller than the bolt pattern 

on the channel entrance. 

Figure 5-14 shows the voltage and conductivity data taken during 

MHD-4.  The conductivity at the channel entrance is the same as was 

measured in HHD-1 and is substantially less than the 33 mho/m entrance 

value used in designing the channel. 

S.nce it was apparent that the conductivity ol the 2% KN03 fuel was 

much too low for the channel to operate as designed, a new fuel was 

required.  This fuel (VQW) and its attendant conductivity measurements 
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have been discussed previously.  It was found after this fuel had been 

cast into full size grains that the burning rate was much lower than 

had been expected.  This restricted the mass flow rate to 3.1 kg/sec in 

the grain geometry in which the fuel had been cast.  This mass flow 

rate is compared to a design value of 4.1 kg/sec in the channel.  The 

restriction in mass flow rate because of burn rate can be reasoned by 

referring back to Section III where it was si own that mass flow rate is 

determined by: 

m = pr A 

where the density, p, and surface area, As, are fixed by the fuel 

composition and grain geometry, respectively. 

Five power tests were made with the VQW fuel in spite of the reduced 

mass flow rate. The load resistance was varied from 3.9.. to 8... The 

first power test (MUD-5) resulted in an extremely Low pressure burn due 

Co the low burning rate and produced essentiallv no power. 

Figure 5-15 shows a plot of voltage versus axial distance for the 

four remaining tests.  It can be seen that the experimental data at 3.2 

kg/sec generally follows the predicted curve at 4.1 kg/sec for the first 

60 cm of channel length.  After this point, the voltage curve is flat and 

no more power is being produced. 

It should be noted that the power level shown is taken at. 0.6 

seconds for all tests except M11D-9.  Tests MHD-6, 7 and 8 dropped to 

about one-half the power alter this time.  Data suggests that this occurred 

after a series of shocks moved out of the diffuser and into the channel. 

This did not occur on M11D-9, which remained at its original power level 

for the enti re test. 
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Current data taken in the diagonal wires indicates areas of extremely 

high current (> 150 amps) occurred at various locations in the downstream 

end of the channel.  It is not clear what caused this, tut it is believed 

that this occurred from shocks inside the channel.  It is further believed 

that these shocks occurred because the diffuser was not ible to recover 

the pressure at the reduced mass flow rate.  It should be remembered that 

the diffuser is required to recover from atout 0.17 atm with full mass 

flow.  TaHe 5-1 shows the diagonal current as a function of position 

and time on MHD-9.  During any test in excess of 2 seconds, the wires 

used to make the diagonal connections burned up, again suggesting the 

locally high current value.  It should be noted that this never occurred 

on any tests with the low conductivity fuel, even though they burned 

for up to 4 seconds . 

Plans were made to increase the surface area on the remaining five 

grains of VQW to raise the mass flow rate to the design value of 4.1 

kg/sec.  Present funding did not allow this, however. 

Test MHD-7 produced 2.4 megawatts during tht first 0.6 seconds for 

an "efficiency" of 0.74 megav cts per kg/sec of mass flow and a power 

3 
density of 80 MW/m . 
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SECTION VI 

CONCLUSIONS 

The goal of the deflagrating explosive investigation was to develop 

the technical base to allow for the design and construction of lightweight, 

rniltir.iegawatt deflagrating explosive driven MUD generators with a wide 

range of operating parameters.  It cannot be claimed that this program has 

fully satisfied this goal, but it did produce some very positive steps toward 

the desired e 1.  As was mentioned at the close of the last section, test 

MHD-7 produced 2.4 MW during Che first 0.6 seconds for a power extraction 

of 0.74 MW/(kg/i) and a power density of 80 MW/m3 .  This is a 19'. improvement 

over the previous maximum power extraction, 0.62 MW/(kg/.) produced on the 

Viking I program.  In addition, the channel proved to be mechanical Iv sound, 

.howing very little erosion after 9 firings with rocket-type propellants 

which produce B  very erosive exhaust strear with a high weight fraction of 

liquid aluminum oxide. 

The channel (and other hardware) were designed to produce 4 MW at a 
3 

power extraction of 1.0 MW/(kg/s) and a power density of 130 MW/m . 

Unfortunately neither test series really satisfied the conditions assumed 

in the design A   the channel.  The 27= KXO^  propellant only had half the 

conductivity assumed tor the design.  The tests with VQW propellant had 

a mass flow rate about 3/4 of the design value.  Thus these tests cannot 

be considered a complete evaluation of the channel design. 

The pressure anomalies noted in the last half of tlu channel with the 

KNO  fuel and their relationship to the reduced voltage in this same section 

remain to be explained.  Raising the conductivity by the use of VQW fuel 

brought tlu voltage profile very close to the predicted value in the first 

'I-I 



65 cm of the channel.  The last 35 en ■till showed no voltage gain and 

furthermore the whole chnnnel voltage dropped by roughly a factor of 2 

after 0.6 second of firing tine in 3 of the last 4 firings.  It is likely 

that the flat voltage distribution is related to low nass flow rate, as 

was suggested in Section V, but with the limited data at hand it is 

certainly not possible to rule out flow separation or some other probl« 

The sudden change in Performance at 0.6 second is probably related to burn- 

out of the diagonalizing wires, but again, other problems cannot be completelv 

ruled out 

Clearly one of the most immediate needs for future development of solid 

propellant MHD is to fully characterize the channel that was constructed 

for this investigation.  A program for doing this is suggested in Section VII. 

This one step would make a considerable contribution to the technical base 

needed to design and build lightweight solid propellant MHD generators in 

the 10-20 MW range. 
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SKCT10N VII 

RECOMMENDATIONS FOR FUTURE DEVELOPMENT OF SOLID PROPELLANT WTO 

As was mentioned at Che end of Section VI, the lirst step in the 

development of C-MHD should be to complete the characterization of the 

channel used in the present program.  This should be done in more depth 

than simply firing VQW at 4.1 kg/s.  Once this has been completed, attention 

should be given to designing and fabricating a lightweigl t channel with about 

the same power output as tie present system. After the lightweight channel 

has been constructed and thoroughly tested with a single pulse combustor, 

it may be desirable to consider a multipulse combustor with this lightweight 

channel.  The following paragraphs discuss these phases in somewhat more 

detail. 

A   Phase I - Characterization of the Existing Channel 

This phase would involve a Lost sequence of 62 successful firings. 

Throughout t;ns phase, diagnostics and instrumentation would be developed 

to the extent possible, as needed.  The parameters to be varied to characterize 

the channel include: 

(a) Chamber  pressure 

(b) Load  impedance 

(c) Magnetic   field  level 

(d) Fuel   variation   ( •  an^  J-7) 

(e) Electrode   trimming  resistors 

(f) Slant  angle 

The test matrix would consist of a baseline composed of 24 tests at 8 

load conditions with the other parameters set at the design conditions. 

This diagnostic series of tests would be run first to show any basic 
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problems in the channel design.  Single variations would then be made at 

selected loads to determine off-design operating characteristics.  This 

places load resistance as the prime independent variable at each condition. 

The matrix is shown in Table 7-1. 

The two additional fuels shown in Table 7-1 would be formulated after 

the baseline tests  are run.  This would allow the fue?s to be designed 

within the characteristics of the channel.  They would also be designed 

to be compatible with the existing slant wall configuration. 

B.   Phase II - Lightweight Channel Development 

A design would be developed for an MHD generator channel based on the 

concept of using stacked graphite washers overwrapped with filament epoxy 

composite.  The channel would be designed for a 4 kg/sec flow (~ 4 Mw power 

output) and use with the existing magnet.  The channel would be designed 

to operate continuously for 4 sec, at the 4 kg/sec flow rate without 

external cooling and be capable of continuous operation for 16 seconds. 

Cooling would be accomplished by forced convection using water for this 

longer run time. 

After the channel has been fabricated, it should be subjected to 

a complete characterization program with emphasis on determining its 

wear characteristics. 

C.   Phase III - Development of Multipulse Combustor 

As stated previously, the purpose of this portion of the program 

would be to develop a combustor-fuel combination for multiple pulse 

operation.  The first task would be to conduct an analytical study of 

either a multiple wafer design or a multiple shot cartridge system.  The 

results of this study would then be compared to mission requirements since 
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TABLE   7-1 

TEST MATRIX   - PHASE  I 

Load  Resistance 
in 1-c l.i 6fi      10 

Baseline Tests 
Pc - 650 psi 
B 3.5 Tesla 
Fuel - 7% CSNO3 
Slant Angle - Existing 

Pressure Variation 
Pc - 500 psi 
Pc - 800 psi 
B - 3.5 Tesla 

Magnetic Field Variation 
Pc - 650 psi 
B - 2.5 Tesla 
B - 1.5 Tesla 

Fuel Variation 
Pc - 650 psi 
B - 3.5 Tesla 
Fuel #2 
Fuel #3 
Slant Angle Variation 
C2 = 30° 
cr = 70° 

NOTE:  Numbers indicate number of successful tests at that 
condition. 

7-3 



each has areas of pulse length/power level dominance.  One system would 

then be selected tor further dc .•elopinent . 

A fuel system v uld be designated using fuel requirement data, such 

as ignition requirements and burn rate, conductivity, urr and thermodynami' 

requirements.  A computer study would then be undertaken to provide the 

basic candidate fuel to be made. 

After the combustor design and the fuel had been selected, the 

combustor could je  fabricated and tested.  This testing would, of course, 

include firings with and without the lightweight channel. 

In addition to the above channel and combustor development phrses, 

it is assumed that parallel work would be done on a superconducting 

magnet.  This would allow testing of a complete 4 MW lightweight solid 

propellant generator prior to making a commitment to scaleup. 
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PART II 

DETONATING EXPLOSIVE MHD STUDIES 
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SECTION VIIT 

INTRDPUCTION 

The detonating explosive magnetohydrodynamic (X-MllD) generator was 

conceived and studied during the early and mid-lQöO's as a compact source 

of intense electrical impulses of from 10 microseconds to 1 millisecond 

duration.  This early work was carried out at MHD Research, Incorporated 

and at Hercules Incorporated, Bacchus Works, Utah.    Peak power output 

of 280 megawatts and energy output of 25 kilojoules were attained at 

Hercules' using a sheet of 0.45 kilogram of Composition C-4 detonated by 

a plane wave generator and seeded on the surface with cesium picrate. 

These experiments were carried out with an X-MHD channel of cross section 

dimensions 0.20-0.15 meters in a 2.8T magnetic field.  The channel was 

3        2 evacuated to a pressure of approximately 1.3 x 10  newton/m prior to 

detonation of the explosive.  The performance corresponds to 1.5 , conversion 

of explosive chemical energy to electrical output.  The present program was 

conducted to improve X-MHD conversion efficiency as well as study fundamental 

X-MHD processes under controlled conditions. 

For efficient and practical operation of the X-MHD, two factors 

beco-  of prime importance and are interrelated.  First, the conversion of 

explosive chemical energy to electrical output should be maximized in order 

to minimize the amount of explosive as well as reduce stress and heat loads 

on the generator.  And second, the X-MHD channel should provide acceptable 

performance with residual or purge gas pressure equal to ambient pressure 

in order that heavy, bulky and power consuming vacuum pumping equipment 

will not be required. 

This part of the report details the work completed on the detonating 

explosive MHD generator portion of Contract No. F33615-72-C-l394 since 
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the publicatxün of Technical Report AFAPL-TR-73-16, dated May 1973. 

That report covered the theoretical studies associated with the X-MHD 

channel design, magnet design, and the experimental work completed on 

containment of 1 kilogram detonating charges.  Coverage of this earlier 

work is not repeated in this document. 

The following sections of this report contain a description of the 

experimental apparatus with descriptions of each component.  The test data 

is then presented in its entirety with an analysis of the results and a 

description of problem areas.  The final section contains a discussion 

of the future outlook for explosive MHD along with a suggested development 

program to be pursued. 
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SECTION   IX 

EXPERIMENTS  APPARATUS 

A. Magnet: 

The magnet utilized in this program was developed under the 

contract, as was discussed in Section IV.  This magnet was designed for 

multiple use.  That is, witn the combustion driven generator, which 

required the 0.36 m window, and with the explosive generator which, in 

some cases, requires access perpendicular to the bore.  The magnet is 

shown in Figure 4-42 with the specifications given in Table 4-III.  The 

power supply consists of 300 truck batteries tied in a configuration of 

10 parallel connected elements of 30 batteries each, in series, to produce 

an unloaded voltage of approximately 360 volts.  Under load, with the magnet, 

the battery bank delivers up to 11,000 amps at 200 volts.  The design features 

of the magnet are given in Reference 1.  The design magnetic field is 3.5 

Tesla at a current of 12,000 amperes. 

B. Channel 

The generator channel used lor this part of the program utilizes 

two identical channel sections.  They are placed on opposite sides of a 

detonation chamber or driver and utilize the bi-directional nature of the 

gas flow out of the chamber.  The channel-driver configuration is shown 

schematically in Figure 9-1 and photographically in Figure 9-2. The 

channels are fabricated of stainless steel with an Internal liner of 

phenolic.  The aluminum electrodes are set Into the phenolic liner and 

attached to the stninl. ss steel through a series of bolts.  The bolts used 

for the upper electrodes are insulated from the case.  Beryllium copper 
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Figure 9-2.    Photo of X-MHD Channel and Driver 
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bolts are used at the end of the channel for power renoval. 

The detonation section of the explosive channel is shown in 

Figure 9-3.  Firings were conducted using 0.1 kg charges of Composition 

C-4 explosive.  The explosive was shaped with a cylindrical disk with 

diamond shaped edges, as shown in this figure.  The explosive was bonded 

into a split ring of stand-off material made of EA 946 epoxy and glass 

microbeads.  The steel blast ring and deflector plates direct the gases 

down the channel.  The steel blast ring was used for tnree or four shots 

before It required replacement.  The phenolic liners, used to prevent 

shorting of the gases across t! .• channel, were used two or three times 

before requiring replacement. 

Q.   Instrumentation 

The instrumentation for the explosiv. MHD firings consisted of a 

voltage divider and a Rogowski coil for voltage and current measurements 

on each MHD channel.  In addition, the west channel was fitted with four 

pairs of ion^at.on pins for the purpose of d.tennining the veloc.ty of 

the conducting layer. 

1.  Voltage Measurements 

The voltage output of each X-MHD channel was measured with 

a high impedance voltage divider placed across the applied load.  The 

schematics for the dividers are shown in Figure 9-4.  The cables connecting 

the dividers to the scopes wer. apprcx^tely 40 meters of RG58AU coaxial 

cable.  Each cable was terminated with a 50- resistor in parallel with the 

scope.  in many cases, a 10 to 1 attenuator was inserted in a line just 
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it 
before the termination resistor.  Figure 9-5 shows a schematic diagram of 

the voltage measuring circuit with the termination in place. 

The system was calibrated by applying a known DC voltage to 

the voltage divider and observing the oscilloscope output. The resulting 

calibration factors for botv. data channels used are given in Table 9-1. 

The rise time response of the system was checked by applying a lO^s long 

square pulse to the divider and recording the oscilloscope trace. The rise 

time of the system, defined as the time between 107,  and 90% of final amplitude, 

was found to be 0.1-s, which is well below any requirements of X-MHD. 

2.  Current Measurements 

The current output of each X-MHD channel was measured with a 

Rogowski roil.  The coils were constructed by stripping the ground shield 

of a length of RG-11 coaxial cable back a few inches from the end, attaching 

a fine wire to the shield and winding approximately 720 turns on the exposed 

dielectric. At the end of the turns, the coil wire was connected to the 

center conductor of the cable.  In use, the end of the cable with the wire 

winding is bent around the current path to form a closed loop and taped 

in position.  This functions like a continuous coil but it can be placed 

in position without breaking the load circuit. 

The Rogowski coil must be used with an integrator since its 

output is the time derivative of the current passing through the loop.  An 

RC integrator was used in this work to perform the necessary integration. 

This attenuator still provided a 50.. termination for the coaxial cable. 
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TABLE 9-1 

CALIBRATION DATA 

Data Channel #21: 

Data Channel #23; 

Data Channel #24; 

v ■ 43.'   v tn 

45.0 v 
IT 

=  (10.5 x 103 A/V)rvo +   (10 /s)JvodT] 

Data Channel #25: 1 =  (10.4 x ICT A/V)[v    +  (10 /s)J v di] 

v    = voltage divider output as measurad by  scope. 
m 

v = integrator output as measured by st.pe. 
o 
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L 
Approximately 40 meters of RG58AU coaxial cable was used to transmit the 

signal from the coil to the integrator.  Appendix A gives a detailed 

discussion of the circuit used and its calibration.  A schematic of the 

circuit is shown in Figure 9-6. The relationship between oscilloscope 

voltage and X-MHD channel current for each data channel is given in 

Table 9-1 with the voltage calibration factors. 

3.  lonization Pins 

The ionization pins shown in Figure 9-7 were installed to 

determine the velocity of the conducting sheet in the generator.  They we.e 

connected electrically, as shown in Figure 9-7.  Basically, the circuit 

involves a capacitor for each pin which is charged to a negative 50 volts 

DC.  As the pin is sb rted out by the conductive layer, a path is provided 

which allows the capacitor to discharge througii the plasma co ground. The 

current flow through this circuit is monitored on the oscilloscope.  Ideally, 

one should be able to determine conductivity and sheet thickness from exam- 

ination of the voltage level and wave shape. This hat not been possible, 

however, because the ionization pins appear to have been triggered by the 

shock which precedes the conducting sheet. The data is, however, useful 

for determining velocity of the conductive sheet. 

D.   Test Procedure 

As seen in Figure 9-3, the system has four flanges.  Under the 

present test setup, all of these must be disconnected to reload the detonator 

chamber. 

The detonation cnamber is loaded at a separate location from the 

channel using the following steps: 

1.   The molded explosive charge i3 cemented into place using 
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SEE  DETAIL A 

r^jyi 
CHANNEL WALL 

ELECTRICAL 
TAPE! 

THREADED HOLE. 
1.25 CM IN. 
DIAMETER      DETAIL A 

WALL PROBE 

//   //   // :zz: 

I T—WVV T # 
-L 100 n 

OSCILLOSCOPE 

24V 

I_i 
3000 ^iF IONIZATION PIN 

Figure 9-7.  Schematic and Circuit Diagram of lonization Pins 
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one standoff spacer and Eastman 923 cement. 

2. A paste composed 3f CsNO-, and cellulose dissolved in 

Methyl-1-Ethyl-Ketone is then spread on the face of 

the explosive and the plane wave generator. 

3. The explosive detonator is cemented to the plane wave 

generator cone, which is then placed inside the second 

standoff spacer. 

4. The standoff spacer containing the plane wave generator 

is then cemented to the charge holder. 

5. The charge holder assembly is placed in the detonation 

chamber along with the deflector plates.  The detonator 

leads and scope trigger pin leads  are connected to the 

electrical lead-outs, which completes the assembly of 

the detonation chamber. 

The detonation chamber is mounted between the two channels using 

a rubber gasket seal between the flanges.  The entire assembly is then 

slid into the magnet and the exhaust tubes attached with Mylar diaphragms 

placed between the flanges.  This allows a vacuum to be drawn on the 

channel.  Load resistors and Rogowski coils are mounted to each channel 

and the current and voltage leads connected. 

The channel is evacuated and flushed with the fill gas to be used 

and then evacuated to the pressure desired.  The magnet is brought up to 

full field and the detonator fired. 

A pair of ionization pins were inserted into the explosive to provide a 
trigger signal for the oscilloscopes which record current and voltage. 
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SECTION X 

TEST RESULTS 

A total of 19 X-MHD firings were made under this program.  The complete 

raw data from each firing is included in Appendix B.  Appendix C shows the 

measured currents, voltages and the energy output for firings X-MHD-13 thru 

X-MHD-19 as derived from the raw data. 

There are several general observations that can be made about the data. 

First, the voltage traces for all shots show an inductive overshoot at the 

beginning and end of the current flow.  The loads used were constructed to 

be low inductance but the inductance was measured to be on the order of 0.1 -h 

With a load current rising from 10 to 100 kA in 40 ..s, as was the case in 

some of the better firings, the voltage appearing across the inductive part 

of the load would be 

iv - L f|i ~ do"
7 h) 9QX10^ '   230 volts. 

dt 40xl0"bS 

This is about 107c of the total voltage appearing across the load.  In 

principle, this should not cause a problem in evaluating the energy 

delivered to the load, provided that the load inductance is constant. 

This can be seen as follows; 

T2      T2 T2 
'  2 ,     > . di _, 

W =  vidt =   i Rdt + L,' ^ dt dt 

Tl      Tl Tl 

T2 
T2 

iZRdt + --L   [i (T2) - i (T1)J 

T, 

i Rdt. 

1 

Here W is the energy delivered to the load and it is assun.ed that the times 

T and T    are  chosen so that iC^) - i(T2).  This would be true, for example. 



if T and T were Che times at which current was 107 o£ the peak current 

on rise and fall, respectively.  In practice, this equality between J vidt 

and ' i Rdt was found to bo approximately true for data taken on t lu west 
J 

channel but the east channel data showed J vidt was generally much larger 

. 2 
than  i Rdt 

The discrepancy in west channel data might be explained as a departure 

of the load inductance from constancy but this seems unlikely because two of 

the load resistors were used on both channels with no change in the relation 

between these integrals.  Another hypothesis that can be advanced to explain 

this observation is that some ground loop or other internal currents may 

have been flowing in the east channel. This is supported by the observation 

of voltage variations during open circuit tests that look like inductive 

overshoots even though no current should have been flowing in the system. 

Between shots X-M11D-14 and X-MHD-15, the system was changed to provide a 

more positive grounding of both channels but this diJ not solve the 

problem.  It was also suggested that the true resistance of the load might 

be higher than that measured with a Whcatstone bridge.  These "effective 

load resistances" are considered in Section XI but are also shown to be an 

unsatisfactory explanation to the phenomena. 

Another observation about the data is that X-MHD-14 shows much better 

performance than X-MHD-13, even though the load resistances were the same. 

One difference between these two firings was careful sanding of all surfaces 

used to connect the loads to the channel.  This was done to reduce the contact 

resistance (which could b( on tiie order of milliohtns without sanding) down to 

a level below the load resistance.  Although this did improve the agreement 

between the vi and the iR products, it did not resolve the discrepancy 

completely.  For the purposes of this report, energy calculations were made 
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by integrating vi as well as i2R but the latter are consl'l red more reliable 

because of the problen with the voltage measurement. 

A third Important observation is that the performance of the channel 

containing the driver is much worse than the one without it.  The low 

performance of the channel with the driver is probably due to the fact that 

the blast products from the main charge propagates into the relatively dense 

products of combustion of the plane wave generator, and must accelerate them 

as well as the residual gas.  Since the mass of the plane wave generator is 

nearly 20% that of the total charge, this is not too surprising.  On run 

X-MHD-19, a cap and small piece of Deta Sheet in the center of the charge 

was used to fire the round. While the front produced by this method of 

firing the explosive probably jets t« the center and is far from plane, it 

is likely to be symmetric with respect to the two channels, or nearly so. 

The data from X-MHD-19 indicate that this is so.  In fact, the output of 

the east channel was greater than that of the west channel, although well 

below that of the non-driver channel when the charge is fired by the usual 

plane wave generator.  The obvious solution to this problem is to split the 

main charge in half and put the plane wave generator in between. 

Finally, it is to be noted that decay time for the current pulse is 

much longer than the rise time.  It is probably due to the drop in applied 

magnetic field as the current sheet travels down the channel, which causes 

the current to fall with a characteristic time somewhat longer than the 

inductive decay time.  The observed decay time is too long to be due to 

thickening of the conducting sheet.  It also could not be due to inter- 

action with rarefaction waves propagating thru the explosion products 

because the ionization pin measurements suggest a  ?arlv constant sheet 

See Section VI of Reference 1. 
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velocity. 

Table 10-1 gives a summary of the firing results for the last six 

firings.  The most important result is that the channel without the driver 

achieved more than 4"/, efficiency in 3 of the 6 snots.  On shot X-MHD-14, the 

efficiency of the best channel exceeded 5%.  The average efficiency of the 

best channels on shots X-MHD-14 and X-MHD-15, which have approximately the 

same load, is just under 5%.   Note also that the efficiency for the 4.89 mw 

load on shot X-MHD-16 is nearly as good as the average of the 2 previous 

shots . 

All efficiency calculations were based on the heat of explosion of 

the charge material, Composition C-4.  This parameter was computed by two 

different methods. The first method was a simple weighing of the heats of 

explosion for each of the components of the material.  The second method was 

a free energy calculation similar to that of Reference 2.  The results of 

this calculation are gi vt-n in Table 10-11. 

It should be noted that heat of explosion is not the only yardstick 

that could have been used to judge the efficiency ot the generator.  One such 

parameter is the "ballistic potential" of an explosive.  This is the amount 

of work done bv the explosion products in an adiabacic reversible expansion 

process from the Chapman-Jouguet point to ambient pressure (areas Al  + A2 + 

A -f A  in Figure 10-1).  A somewhat more accurate measure of the explosion 

energy can be obtained by deducting Areas Aj + A3 from the ballistic potential 

This is suggested bv the formula 

"The reason for the discrepancy between the two energy outputs with approxi- 
mately the same load appears to be due to increased internal resistance in 
the later shot (see Section XT).  The loading on the opposite channel was not 
the same in both cases (open circuit for X-MHD-14 and 8.42 m.j for X-MHD-15), 
but there should be little connection between channels on a given shot. 
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TABLE 10-11 

PROPERTIES OF COMPOSITION C-4 

Weighted Composition Method' 

Free Energy Method 

Average 

Calculated 
Heat of Explosion 

4.10 MJ/kg 

4.16 MJ/kg 

4.13 MJ/kg 

Composition C-4 components are as follows: 

RDX 
Polyisobutylene 
Motor Oil 
Di-(2-ethylhexyl) sebacate 

91.00% 
2.10 
1.60 
5.30 
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L 
which relates the explosion energy, Q, to the internal energies, e, 

pressures, p, and densities at the Chapman-Jouguet point (subscript CJ) 

and starting conditions (subscript o).  Note that the second term on the 

right is just the sum A, + A.,.  Normally A, can be neglected compared to A-. 

The value of the area A9 for Composition C-4 is calculated to be 

A2 = 3.59 Mj/kg 

which is not greatly different from the calculated heat or explosion.  Heat 

of explosion has the added advantage, however, of being subject to relatively 

simple experimental determination. 

Table 10-€II gives data taken from ionization pin pairs placed in the 

west channel.  The pins were only used on the last five firings in the 

program. Figure 10-2 shows x-t diagrams of the pin response for these firings. 

Of particular interest is the fact that the front velocity increases somewhat 

from the beginning of the electrode to Pin No. 2 (0.A6 meter) and then becomes 

essentially constant. This was found in earlier tests with the 0.4 m channel 

and reported in Reference 1.  This is probably due to a high-speed center 

core jet which imparts energy to the outer edge in an attempt to become 

planar. 

An examination of the current duration suggests the ionization pins 

were triggered by the shock rather than the conducting sheet formed at the 

contact surface between the explosion products and the inert fill gas. A 

shock with a Mach number of 8 or less, as indicated by the ionization pin 

response, would produce at most 6300oK> so neither helium nor argon would 

be expected to have significant ionization behind the shock. It is 

very likely that the residual cesium seed material left on the walls from 

the previous shot provided enough ionization to trigger the pins even 
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when the fill gas was helium.  No special effort v..is made to clear, the 

channel walls between shots so some cesium was undoubtedly present.  This 

assumption allows a much better reconciliation of the estimated conducting 

sheet speed and th».j pulse length. 

The conducting sheet speed listed in Table 10-1 was calculated by 

assuming the shock speed was constant after contacting the eK-ctrodes with 

the average value taken for the whole electrode length  The indication at 

the front of the electrode is weighted about equal to Pins 1 and 2 together 

because all of the indications could have some time delav and the nigher 

field streng'. ■ across the electrodes should make the delay smaller for the 

electrodes  The sheet speed was assumed to be constant and equal to the 

gas velocity just behind this shock.  For the purposes of this calculation, 

the sound speed and specific heat ratio for the fill gases used were as 

follows: 

Sound Speed     Specific Heat Ratio 

()  

1.667 
1 .667 

The average shock speeds used in the calculations were as follows: 

Average Shock Speed   Average Shock 

Fill Gas rnVs) 

He 
80% He-207. Ar 

1020 
92A 

Test No. (m/s) Macn Number 

X-MHD-14 7010 6.87 

X-MHD-13 7690 ^.54 

X-MHD-lb 6160 6.67 

X-MHD-] 7 663') 7.19 

X-MHD-18 5054 5.47 

X-MHD-19 7010 7.59 

The use of these average speeds allows a relatively simple dectrminatlon 

of generator internal resistance and inductance, as is shown in Section XI. 

During the course of the experimental program, several problems occurred 

which nindered the recovery of data from the tests.  First and foremost of 
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these was data loss when the oscilloscopes were either off scale or failed 

to trigger.  This problem was eliminated as experience in firing the channel 

increased.  Midway through the testing program, the diode protective system 

on the magnet began to arc.  On examination of the diode system it was 

found that a carbon ^"ildup, probably due to smoke from previous firings, 

had occurred on the Micarta standoff insulators, which had initiated the 

arcing.  It was necessary to completely disassemble the diode system for 

cleaning.  It was then reassembled with new Micarta standoff sheets and 

reinstalled on the magnet.  No further arcing problems were experienced. 
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SECTION XI 

ANALYSIS OF CHANNEL PERFORMANCE 

The phvsical operation of the X-MHD generator has been assumed to be 

that presented in Section III of Reference 1 for the purposes of this 

discussion.  No further gas dynamic analvses of this type presented in 

Reference 1 has been done for this report.  The starting conditions just 

after detonation of the charge are so complicated that they are difficult to 

model with any greater accuracy than was done in tiie original report.  Thus 

there was little to be gained from additional numerical calculations. 

The analysis of generator inductance has been improved and the inductance 

for the linear channels used in our experiment has been determined. The effective 

internal resistance of the generator has also been determined from the inductance 

analysis.  A rough evaluation of the majrr energy losses in this generator is 

given in the last part of this section. 

A.    Effective Resistance of the Loads 

As was mentioned in the previous section, the terminals used for 

mounting the load resistors were sanded on the later firings to reduce contact 

resistance.  In spite of this precaution, the agreement between measured voltage 

and the product of maximum current and resistance is still rather poor.  We 

could assume that this is due to some change in the load resistance due to 

high current flow and define the effective resistance of the load, R «i by 

R ,  = v/i 
eff     max 

where i   and v are the maximun. current and corresponding voltage measured 
max 

at the load.  The results of this analysis arc shown in Table 11-1 for the 

voltage-current data from several firings. 

The use of these effective resistances generally improves the 

9 
agreement between  ' vidt and  ' i"R .^.dt as is shown in Table U-II. The 



TABLE 11-I 

EFFECTIVE RESISTANCE OF LOADS 

East Channel West Channel        i 
Test No. (mJi (m..) 

X-MHD-6 53.8 (25.0),V 

A-MHD-12 1 .46 ( 4.89)   mm 

X-MHD-13 — — 7.53 (8.42)* 
X-MHD-14 -- -- 8.40 (8.42) 
X-MHD-15 36.2 ( 8.42) 10.2 (8.22) 
X-MHD-16 32.1 ( 8.42) 6.71 (4.89) 
X-MHD-17 16.3 ( 8.42) 10.9 (8.22) 
X-MHD-18 -- -- 10.0 (8.22) 
X-MHD-19 22.9 ( 8.42) 9,89 (8.22) 

1            1 
The nurrbers in parentheses are the load values measured on a 
Wheatstone Bridge. 

TABLE 11-I I 

COMPARISON OF   vidt WITH i2Reff dt 

Test No. 

East Channel West Channel 

vidn 
■ .2 

i R cr dt vidt 
. 2 
i R   dt 

■ eff eff 

X-MHD-6 5.79 kj 4,95 kj 
X-MHD-12 1.08 0.55 m — . . 

X-MHD-13 — — 6.52 kj 5.77 kj 
X-MHD-14 -- — 12.7 11.8 
X-MHD-15 5.36 5.16 10.9 10.6 
X-MHD-16 6.16 6.42 12.0 12.2 
X-MHD-17 0.67 0.42 3.09 3.24 
X-MHD-18 — — 0.73 0.62 
X-MHD-19 12.6 13.7 3.26 2.80 
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exceptions to this statement are tests X-MHD-12 and X-MliD-13, where the 

effective resistance is less than the nominal value.  It is tempting to 

leap to the conclusion that these effective resistances are the proper ones 

to use in evaluating energy, (.specially since it would give total energy outputs 

of 15.8 kj, 18.6 kj and 16.5 kj for shots X-MHD-15, X-MHD-16, and X-MHD-19. 

The corresponding total efficiencies would be 3.8%, 4.57, and 4.07;,, respectively. 

Nevertheless, it is very difficult to see how the same 8.42 m.- resistor had 

very close to its nominal value or. the west channel and from 2 to 4 times its 

nominal value on the east channel.  In addition, the voltage divider was 

connected to the resistor rather than to the channel so contact resistance 

between the resistor and its channel connections would not have been counted 

in the voltage measurement.  For the purposes of this report, we will not 

use these effective resistances. 

B.    Inductance and luttTiial Resistance 

The inductance and internal resistance of the generator were obtained 

from a 2 parameter fit of the measured current-time history to Equation (14) 

of Appendix D.  The inductance of the generator was taken to be of the 

form 

L(t) + LL 

where L  is a constant and includes the inductance of the load.  The time 

variable part of the inductance, L(t), was assumed to be due to the variation 

in magnetic flux passing through a current loop formed by the two electrodes, 

the current sheet and the flange at the end of the channel (see Figure 1 of 

Appendix D).  One of the e1ectrodes was connected to the channel shell but 

the J X B force still keeps the current flow opposite the insulated 

electrode. 
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The two parameters In Lhe fitting procedure are, therefore, L^ 

and the internal resistance of the generator, R .  The velocity-time history 

for the conducting sheet, whicli is needed tor the tit, was taken from the 

simplified wave diagram shown in Figure 11-1. As was mentioned in Section X. 

this has been assumed constant through its residence time in the electrodes. 

The space variation in magnetic field due to the position of the channel 

relative to the magnet was also included in the calculation. 

Figure 11-2 shows a plot of the current-time history of test X-MHD-14, 

with both the experimental measurements and the calculated current with 

L = 0.11 Ji and R = 21 mw.  Figure 11-3 shows a plot of the variation of 

inductance with tine.  Table U-III lists the values Rc obtained from the 

last 6 firings by this same method using L^ = 0.11 -h.  Note that the 

internal resistances obtained in this manner have a considerable range of 

variation.  This may be due to variations in mixing at the contact surface, 

causing variation in the amount of seed material that is heated by the 

shocked helium.  The internal resistance for X-MHD-18 is expected to be much 

higher than that of the other firings because of the lower shock velocity and 

consequent lower heating of the seed material. 

The magnetic Reynolds number for the system can be estimated from 

the internal resistance by the relation 

Rm = .- oia 
a   o 

where |i is the magnetic permeability of vacuum, 0 is the sheet conductivity, 

u is the sheet velocity, and a is tie sheet thickness.  If D is the diameter 

of the duct, 

Rma - ^(-f )u , 
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TABLE  11-III 

INTERNAL  RESISTANCE OF GENERATOR 
(Load   Inductance of  0.11   tJi) 

X-MHD-14 21  X   10"3  Ü 

X-MHD-15 35  X  10'3  Q 

X-M1ID-16 20 X  10"3  Ü 

X-MHD-17 54 X  10'3 Ü 

X-MHD-18 > 150 x io"3 n 

X-MHD-19 72 X io-3 n 
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, 

- (3.44 kg/m )(5140 m/s) ^(0.155 m) (1.0 m) 

~ 290 kj. 

where V is the volume of the channel and u^^ is the conducting sheet 

velocity . 

The residual internal energ/ in the explosion products can be 

Including the standoff and seed materials. 
** 

Using data from X-MHD-14. 
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^oU      m  (4n x  10"7 H/niH5140 m/s 
Rc        21 x io"3 n 

Rm =0.31 
a 

This is about a factor of 2 smaller than had been expected for these experiments 

(see Section VB of Reference I). A significant improvement in the generator perfor- 

mance could be obtained by increasing Rma to 1.5 or 2.0. 

C.   Losses 

The major losses in the present X-MHD tests were the residual 

kinetic and internal energy contained in the explosion products after the 

conductive sheet leaves the generator. These losses are difficult to 

assess accurately either experimentally or theoretically. Nevertheless, 

order of magnitude estimates of these quantities can be made by assuming 

density is independent of position when the conducting heet leaves the 

generator.  At this time tie explosion gases" occupy 456 times their 

original volume and the average density is 

o  ~ 3.44 kg/in . Kav 

The average of the gas velocity squared can be estimated as (1/3) of the 

square of sheet velocity so the kinetic energy is 

1    ^Usheet) Tr 
Kinetic Energy ~ ^ Pav    3    v 

1   ■wnwwii 11 iwii-iwiiwiwai^iiaai^ 
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estimated as 

Internal Energy ~ c7(T-300
oK) P„ V av 

-0.246 ^ (454oK-300oK)(65 g)^'^ J) 

-10 kj. 

The values of c and temperature were obtained from a thermochemical 

calculation of the explosion product expansion. As with density, the 

temperature has been assumed constant through the generator for this 

calculation. 

Most of this energy will be exhausted from the machine since the 

products occupy 1440 times their original volume when the pressure is at 

1 atmosphere. This means only a small part of this energy (less than 1/3) 

would remain in the channel for eventual transfer to the walls as heat. 

In ordinary blast waves in air only about 15% of the explosion energy is 

expected to remain with the products.  Since 2/3 of the products end up 

outside of the channel, it is possible that as little at 5% of the explosion 

energy might remain inside for eventual heating of the channel. 

The vaporization of seed and standoff materials does not contribute 

to the losses of the system because of the oxygen available in these materials 

In fact, there is a calculated 2 kj gain in energy due to combustion of 

these materials. 

The residual kinetic and internal energy of the helium fill gas 

is very small, 0.2 kj each. The heat loss from the shocked helium is even 

. .    2 
smaller.  This can be roughly estimated by using gun ballistics techniques. 

Reynolds' analogy is used for the heat transfer coefficient, h, 

h = - ^c pu 

11-10 
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I where c is the specific heat of helium at constant pressure, ^  is a 
P 

dimensionless friction factor, and u is the gas velocity.  If the diameter 

of the channel, D, is in centimeters, then 

X  = 
(13.2 + 4 log10 D)' 

(13.2 + 4 log10 15.5)' 
323 

with a shocked helium density of 2.41 x 10'J kg/m3, 

h = 100 W/m2 0K. 

The total hept transfer as the gas moves down the channal is thus 

tf 

Q = [' hTTD(U-u)t(T-T )dt 
u W 

o 

where U is the shock velocity, T is the gas temperature, T  is the wall 

temperature and t is the time at which the helium leaves the channel. 

Evaluating Q gives 

Q ~ 7J 

Thus the main losses in the generator are associated with the explosion 

products, at least under the operating conditions used here. 
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SECTION XII 

CONCLUSIONS 

The goal of the detonating explosive MHD studies vias to evaluate 

the feasibility of multikilowatt, high-repetition-rate X-MHD generators. 

The authors believe that the results of this progran. show that these 

devices arc feasible at the present tiipe.  The achievement of 11.8 kj 

electrical output from a single channel, at an efficiency of 5.77, with a 

0.1 kg charge shows that high power output can be obtained from a device 

of modest dimensions.  The use of symmetrical charge initiation together 

with a more uniform space distribution of the  applied magnetic field would 

make a very significant contribution toward this end. 

There are, of course, significant problems that must be solveu before 

the X-MHD generator could be considered a fully developed power source. 

Not the least of these problems is providing for high repetition rate 

pulsing of the device.  Section XIII shows how this could be done for 

ten 0.1 kg charges at a repetition rate of 100 shots per second.  Demon- 

strating this concept together with solving some of the other problems 

that contribute to reduced performance of the X-MHD generator will require 

a significant development program.  A suggested outline for such a program 

is presented in Section XIII. 
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SECTION XIII 

RECOMMENDATIONS FOR FITTURE DEVELOPMENT OF EXPLOSIVE M11D 

In viewing the future of explosively driver, MUD as a viable energy 

source, a number of items must be examined.  Of prime importance la the 

application to which this power source will be directed.  The load has a 

direct bearing on the efficiency of the generator inasmuch as its ability 

to use the energy directly or the requirements that it presents for pulse 

shapin, ,.d power conditioning will effect both weight and total efficiency. 

Ideally, the geneffl toi" likes a purely resistive load.  The off-design 

effects of feeding a load with either inductance or capacitance must be 

examined in greater detail. 

To date, the system has met most expectations and it appears that a 

total energy conversion efficiency (heat of explosion to electrical output) 

of 87. can be achieved upon solution of the problem areas now exposed. 

A brief discussion follows on the areas which require further 

definition. 

A.    Energy Losses 

The scope of energy loss mechanisms In the X-MHD generator is 

complex and not completely understood.  They can, however, be divided into 

Internal and external losses.  Internal losses to be considered are:  Low 

interaction parameter (low magnetic Reynolds number), internal impedances, 

nonuniformities in velocity and magnetic field, wall friction, heat loss, 

and the slowing of shock velocity by ambient gas backpressure.  External 

losses arise when coupling into a load which has a complex impedance and 

when any power conditioning is required to meet voltage and wave shape 

requirements.  Losses have been covered rather extensively in Reference 1. 

One area which, developed during the cour« of the experimental program 
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was the asymmetry of the detonation wave when the detonation was being 

driven from me side.  The channel on the plane wave generator side of the 

detonation chamber produced less than half the energy of the opposite channel. 

Removing the plane wave generator produced more energy on the low channel but 

less on -.he channel which had previously produced high power.  It is apparent 

that work will have to be conducted to change the charge/driver geometry to 

give symmetric waves. 

B.   Vacuum Requirements 

As seen from the experimental data, and from Reference 1, the effect 

of residual gas density is very crucial in the efficiency of the system. 

The most desirable condition would be to operate the X-MHD generator with a 

residual gas pressure equal to ambient pressure to avoid the use of a high- 

capacity vacuum system for repetitive pulse operation.  For this to be practical, 

the backpressure imposed on the conducting Eront by the shocked residual gas 

must be minimized to achieve maximum velocity.  At the same time, it is 

necessary to achieve the 8000oK or better temperature requirement.  As both 

backpressure and shocked gas enthalpy for a strong shock are proportional 

to the square of the shock Mach number, these requirements are contradictor;.'. 

Optimur X-MHD performance can be attained by purging with monatomic 

gases.  Monatomic gases available for purging are helium, neon, and argon. 

Neon is rejected because of very high cost.  The most practical purging 

gases are helium or mixtures oi helium and argon. 

Even at 9000oK in a monatomic gas. little ionization occurs, and 

near perfect gas conditions apply in the shocked ca^.  Therefore, a unique 

relationship exists between the required shock Mach number and the initial 

temperature of the residual gas to achieve a specified temperature in the 

shocked residual.  If the residual gas pressure is fixed at 8.29x10 n/m 
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there is also a unique rclaLionsliip between the backpressure imposed on 

the conducting front and the initial temperature of the residual gas i:or 

final temperature.  These relationships are shown in Figure 13-1 for a 

gas heated to 9000oK by the shock. 

The effect of preheat in reducing backpressure requirements is 

dramatic.  For instance, an ambient pressure lonatomic gas preheated to 

2200oK and shocked by the blast to produce a temperature of 90ü0oK will 

impose a backpressure identical to that imposed in the previous high- 

3   2 
power Hercules experiments by air at 10 mm Hg (1.32x10 n/n ), that is 10 

atm.  On the other hand, at ambient temperature, a Mach 10 shock is required 

and a backpressure of 124 atm will be imposed.  These two extremes correspond 

to a very significant 20 percent difference in interface velocity. 

Low-repetition-rate X-MHD generators should be designed for channel 

purging by a preheated monatomic gas.  Specific recommendations are preheat 

temperature capability of 1250CK and helium/argon mixtures.  The mole fraction 

o*7 argon need not exceed approximately 15 percent.  These recommendations are 

arrived at on the basis of preliminary X-MHD gas dynamic calculations described 

in Reference 1. 

At low repetition rate, the helium expenditure to purge is not a 

significant factor, and the time between shots permits a thorough purge. 

With hot heliuiT purge, a very low backpressi.re and high interface velocity 

LS achieved, and 'a values approaching 200 mho may be expected. 

At high repetition rati f100 pps), Liu hot heliur purge is 

probably not practical.  Helium expenditure would be substantial, and 

the 10 msec period might prevent a thorough purge.  Turbine engine exhaust 

or combustion bleed gases are a possibility; however, the spent explosion 

products from the previous round Vsould seem to be the most attractive 
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purge gas. 

When the explosion products from an X-MHD round have completely 

expanded,   i  barrel will be at a pressure of one atmosphere. Mixing with 

external ' nbient gases will be minimal during the 10 msec period.  The 

spent explosion product temperature, T^ is, at the very least, the 

temperature which would result from an isentropic expansion from explosion 

conditions to cat atmosphere. The temperature is probably somewhat greater 

than this value, since all phases of the expansion are not completely 

isentropic. Using the isentroplc expansion, the residual gas temperature 

will be approximately one fifth of the explosion temperature and the sound 

speed approximately 45 percent that of the value of the initial explosion 

products . 

Under these conditions, shock-heated residual gas temperatures of 

6000° to 7000oK and interface velocicica of approximately 5500 n/sec 

should result.  Since the conductivity of the conducting interface is 

proportional to the 1.5 power of the temperature of the shock-heated 

gases (Spitzer conductivity with seed), oa products of approximately 100 

mho may be expected. While this value of Ja is below that obtainable 

with hot helium purge, good X-MHD performance can still be obtained. 

With spent explosion products as the residual gas,   the back- 

pressure will increase to 100-125 atm, as compared with about 25 atm 

using hot he1-am.  This accounts for the decrease in interface velocity. 

With hot helium purge in the low-repcti t.ion-rate generator; a 

thorough and complete purge would be required in order to achieve the high 

values of Oa predicted.  With spent explosion products as the residual gas, 

impurities do not present a problem since they are unlikely to be more of 

an energy sink holding the shock temperature rise than are the explosion 
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products themselves. Thus, while the performance, though acceptable, 

is somewhat below chat of the low-repetition-rate generator, very little 

can occur to reduce performance below that expected. 

One other point is the influence of magnetic Reynolds number, Rma, 

effects.  A low-repetition-rate, high-energy-per-pulse generator will be 

of large diameter, with the cenducting zone thickness small by comparison. 

With this thickness-to-diameter ratio, the Rma effects predicted on the infinite 

sheet basis can be a good approximation.  High-iepetition-rate X-MHD for lower 

energy per pulse will lead to thickness-to-diametcr ratios of order unity. 

Under these circumstances, low Rma approximations will be valid to substantially 

higher values of Rm , probably approaching two. For this reason, low Rma 

approximations can be utilized in calculations for the high-repetition- 

rate devices . 

C.    Power Conditioning 

As noted previously, any power conditioning required will effect the 

total efficiency of the generator. The two areas where power conditioning 

apply are wave shaping and impedance matching. 

The voltage output of a direct coupled X-MHD generator is limited 

by the size since the sustained voltage gradient is limited to about 25 kV/ 

meter under load. For a channel of the size being tested in this program, 

this would yield 3 kV per channel or 6 kV if the two channels were tied in 

series.  This voltage would be increased by the square root of the power 

for larger generators.  For applications requiring larger voltages than this, 

one if left with the choice of inductively coupling, in which the current 

sheet acts as the primary winding of a transformer or designing a transformer 

type load.  The effect of load inductance is covered in Reference 1. 
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D.    Proposed Pro^ran fur Devuiupiniiil ol" X-M11D 

Future X-MHD development is aimed at low volume, lightweight 

systems with, a minimum of complexity.  Prototype design goals are to obtain 

a proven power density abased on total generator volume) of 1-2 kW/cm and 

a specific energy output of 250 j/g. 

Studies, conducted as part of the current program, indicöLt that 

the explosive containment concept will enable achievement of rates up to 

100 pulses per second (pps) using feed mechanism designs developed for high 

rate-of-firc cannons. 

The future program should be directed toward demonstrating 100 pps 

operation for a 10 pulse train.  From that point, the necessary cooled channels, 

cartridge magazines, and prototype feed mechanisms could be developed for 

longer pulse trains. 

The X-MHD device offers a method of producing multi-MW average power 

at modest pulse rates without the complexity, weight, and volume of power 

conditioning for most applications.  This may be the only practical method 

of obtaining high energy pulses in the 50 to 100 microsecond rang^ . 

1.   Technical Discussion 

The X-MHD is a unique direct prime power source of high energy 

electrical impulses at the multi-MW average power level without the need 

for power conditioning equipment.  Thus, X-MHD can be an optimum selection 

for applications requiring repetition rates up to 100 Hz at pulse energies 

to 50 kj. 

The basic principles and potential of the X-MHD have been 

described in Reference 1.  This report shows that the ideal linear X-MHD 

geometry with essentially complete confinement and utilization of the 

explosion products should lead to energy extraction in the 5-10 percent 
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range while operating into ambient backpressure so  that vacuum equipment 

to evacuate the charael is not required.  As a part o' the current program, 

an experimental dual linear 0.155 m diameter X-MHD geometry has been evaluated 

In order to provide baseline data, the 0.155 tti channels are of constant 

cross-section along the  cliannel, and 0.1 kg charges are utilized. 

The areas of prime importance to be addressed in future develop- 

ment programs are as follows: 

a. Efficiency and power generation effects related to 

firing into residual detonation products. 

b. Synchronizing detonation firing circuits to insure 

detonation while the charge is in line with the channel. 

c. Determining channel heat loads under high rate 

conditions. 

The first area is covered quite extensively in Reference 1 with respect 

to pressure, temperature, density and molecular weight of the detonation 

products . 

The second area involves the development of a fail-safe means 

of detonating the charges which takes into account detonation delay times, 

charge velocity and the problems of electromechanical contacts for 

initiation . 

It is expected that the present channel design could handle 

the heat loads generated during a 10 pulse test without additional cooling. 

A proposed baseline mechanism for firing ten (10), 0.1 kg 

charges at the rate of 100 per second is shown in Figure 13-2.  As indicated 

in Figure 13-2, the charges to be fired are mounted in a rigid slider plate 

and c »nnected to a large air cylinder.  A roller release system prevents 

the motion of the plate while the drive cylinder Is pressurized to about 
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3.5x10 N/m .  To initiate the test, an air cylinder is used to pull the 

4 
roller release system thus allowing the 2.2x10 N load (applied by the air 

cylinder) to accelerate the charge holder and slider plate. The delay between 

application of voltage and charge detonation is less than 30 ^ifl.  During 

this ti.ne the charge moves about 0.5 mm so no major problems are ancicipated 

with timing of the detonations. 

By the time the center of the first charge coincides with the 

center of the channel, the system will have attained a velocity of about 

15 m/s.  At this time the piston has advanced to the point that the exhaust 

orifice is uncovered and the driving gas is vented. As the piston continues 

its travel down the cylinder, the gas in front of the piston is compressed 

to prevent additional acceleration of the system. By proper sizing of the 

exhaust orifice and vent orifice, it should be possible to attain a nearly 

constant velocity of the charge holders. 

As the charges approach the center of the channel, electrical 

contact is made with the firing line thus detonating the charges as they pass 

the center of the channel. 

After the last charge is fired, the piston passes the vent 

orifice and begins to compress the remaining gas in the cylinder. The 

compression of this gas decelerates the system and brings it to rest. 

Although a significant amount of testing would be required to 

insure that the feed mechanisms operates properly, it appears feasible to 

build and demonstrate the apparatus with components that could either be 

purchased or fabricated within a reasonable length of time. 

E.   Program Plan for Further Development of X-MHD 

1.   Ob iective 

The objective of the proposed program would be to demonstrate 
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that an explosive generator can be operated at a pulse rate up .o 100 Hz 

with a pulse energy up to 50 kj and a pulse width of 50 ^LS . 

2.  Work Statement 

The work to be accomplished during the proposed program would 

consist of detonation chamber design, fabrication and testing followed by 

complete testing of the system for power characterization. The development 

of a more detailed program plan would take place during the initial part 

of the program. 

a.  Detonation Chamber Development 

The detonation chamber and charge holder would utilize 

the basic designs developed under t.ie present X-MHD program but would be 

modified to allow repetitive operation.  The detonation chamber development 

would proceed as follows: 

1) Task 1 

Design a breech and feed system to provide explosive 

pulses at a rate of 50 to 100 Hz for approximately 10 pulses. The breech 

and feed system would be designed to utilize the explosive containment rings 

developed for the current X-MHD program.  This system would be designeo 

specifically for use with the channels and magnet that were used on the 

present X-MHD program. 

2) Task 2 

Fabricate the equipment designed in Task 1 above. 

3) Task 3 

Test the breech hardware both separately and mated 

with the channel and magnet, 

b.   Channel 

Channel work would be restricted to liner replacement in 
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the channels that are being used in the current explosive MHD program. 

c.  Testing 

Testing would start with the breech and feed system 

hardware alone and proceed to complete testing of the system for power 

characterization ander repetitive pulse conditions. This testing would 

include a demonstration of up to 50 kj per pulse electrical power output 

at a pulse repetition rate of 50 to 100 Hz for approximately 10 pulses. 

3.  Program Schedule 

The proposed program would be carried out over a 12 month 

period, as shown in Figure 10-3. This consists of a 9 month technical 

effort followed by a 3 month period allocated for preparation of a technical 

report 
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APPENDIX A 

CALIBRATION OF ROGOWSKI COILS 

The Rogowski coils used for current, measurement a were constructed 

by stripping the- ground shield of a length of RG-11 coaxial cable back a 

few inches from the end, attaching a fine wire to the shield and winding 

the wire around the exposed dielectric.  At the end of the exposed section 

the coil wire was connected to the center conductor of the cable.  In use, 

the end of the cable with the wire winding is bent around the current path 

and taped in position.  This functions just like a solid coil but it can 

be placed in position without removing the load. 

The theorv if Rogowski coils is well known (see Reference 1), but it 

will be briefly repeated here.  If a current i(t) passes thru a circular 

contour, C, at Its center, the magnetic llux 

Figure 1. Magnetic Flux Density Around Current 
Path 

density is given by 

B(t).^ CD 

where „ is the pLn.eabil i ty of the material along path C, and r is the 

radius of C  Note that the displacement current parallel to i has been 

neglected.  If we have windings around the contour C so that each turn 

has its plane essentially perpendicular to C, then the voltage gain for 



Figjre   2.    A Typical   Turn Around  Path  C 

.-a ch   turn   is  given   by 

ba       at 

whe re A is  the area  of  the   turn,     for N  turns   the  voltage  gain  li 

dB       /N-A\ dl (2) 
^   = NA ^ =  \2-TJ  dt   ■ 

Tins  can  be written   In  terms  of   the  self-inductance  of  the  coil,  Lc,   as 

where 

c     di 
•FT  dt 

N2J\ 

(3) 

"c        2 T 

The  Rogovsk.   coil   must   be   used with  an   integrator  since   its  output 

1S   the   tlroe  derivative  of   the  current.     An  RC   integrator  xs   suitable   for   this 

purpose.3    The  circuit   used   in   this work  was  as   shown   in  Figure  3. 
Scope 

Integrator .  

i '     f n Rogowski   Coil !        R |        \^y I R 

1 
,,20  pf 

Figure  3.   Schematic  of  Current Measuring Circuit 
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Since  the  coaxial  cable   is  approximately  terminated   in  its  characteristic 

impedance,   Z   ,   the   current   in   the   lett   hand   loop,   i.,   satisties 

.      di ~ c   di 
•c —L+ lizo = vi = iT dT 

dt 
(4) 

This equation can be solved to yield 

1 'r^Jh*^ Lc1i) 
c    o 

(5) 

where it has been assumed that i  = 0 at t = 0. 

The right-hand circuit representing the terminating reoistor, the 

integrator and the   scope can be solved approximately by noting that when 

C = 0.1 „f and the time scale for current changes is 100 ,.s or less, the 

impedance of the integrating capacitor is 

Zc ~ 2riC 

-4 
10 s 

160 .. . 
2 - x 10 1 

This is much less than the scope resistance so we can neglect tne scope 

current.  R is 10 k   so we can consider i. to flow thru Zo only.  Therefore, 

the right-hand circuit is approximately as follows: 

loll    ' ■ 

R 
./WV- 

?. 
dq. 

1 
2      dt 

vo(t) 

Figure  4.   Simplified   Representation  of   Integrator 
Circuit 

The  charge   flowing   in   this   circuit   satisfies 
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* 3t   C    i   1 o 

The "oltage, v , measured by   the scope is 

(6) 

o  C 

so (b) can be written as 

dv 

1   Z 
1 fv   • KIT) .       \   o dt / 
o 

Substituting (7) into (5) we have 

N_ r i 
cLu 

dr +   (RC + —)   v 
o Z o o 

RC 
L       dv      I 

i- c   I 

(7) 

(8) 

where   it  lias  been  assumed  that   v^   =  0 at   t   -   0.     In  roost   systems, 

r ■"-RC' 
o 

so 

1       L ü       
lZ   ^   dt RC   ^     o     J c        L O o J 

(9) 

For well designed systems, the second and third terms will be small compared 

to the first so a simple proportionality will exist between observed voltage 

and current.  With rapidly changing or long pulses, this will not be the 

case and it will be necessary to carry one or both of these extra terms. 

The system used at Hercules tor the X-MHD testing had Zc ■ 50~, 

k = lOk^, C = O.U-f, and 

96 uh       Coil #25 

102  M-h Coil #24 

A-A 



Thus, if changes take place in a time greater Lhan (10 LjlJ   ^ 20 „s, we 

can neglect the second term in Equation 9.  Similarly, if we are interested 

in pulse lengths shorter than (RC/10) -lOO.s, thrt third tern in Equation 9 

car be neglected 

Calibration of the coils was accompl i slied by detecting the current 

flowing thru a small resistor during a capacitor discharge.  The discharge 

circuit was as follows: 

^y- 

Rogowski Coil 

Figure 5. Capacitor Discharge Circuit 

The current flow during discharge is governed by 

v W   R dt   o   C 
(10) 

For convenience of notation, the inductance of the rt-sistor, T-R, and the 

inductance of the remainder of the circuit, Ly, will be lumped together 

as I., 

L=LR+ LW 
(10 

Differentiating (10) and using (11) gives 

..2. R  ,. ! 
iLj. ^ -ü ^L + J_ i = 0 
,2 L dt LC 
dt 0 

(12) 
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Solving   for   i   gives 

i   = Ae ^    +  Be 

where 

and 

■+ - - E \l 4 Vl     R„CO 

^  -  -  2L   \ 1   '   V ' R C \ o  o 

(12) 

(13a) 

(13b) 

At   t 0    i   =   0 so  B  =  - A.     In addition,   at   t  -  0 

dt o 
t=o 

where V     is   the   initial   voltage  on   the  capacitor.     Thus 

L(ni+-nO 
nut ni_t. 

(e ^     -   e        ) 

or 

V   (e"^' 
0 

-   c'"') 

o/i- 
4(l./Ro) N 

R  C 
o  o 

(14) 

The  voltage,   v   ,   measured  across  R    and 1      is  given  by 
m OK 

di 
m o K  at 

4(L/R  ) 
o 

R C 
o o 

R
ü R o 

(15) 
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Since |m I < m  , the e +  portion of both current and measured voltage 

will become small after sufficient time and the current and measured 

n t 
voltage will decay as e * .  When this is true, ihe current is given 

by 

"o 0 < !? ) 
(16) 

The parameter n  can be determined by plotting v  vs t on a semi-log plot 

for large times.  Then m can be calculated from 

1  , .  w2% 

"   ^2 " tl)     Vml 
(17) 

wlie re v „ and v  are voltases measured in the linear region of the plot. 
»2     nl 

(L /R ) is somewhat more difficult to determine.  Direci measurement of 
R o 

Lp gave 

LR '  1.5 Ji K ~ 

with the uncertainty due to strav inductances in the measurement setup. 

With R = 0.700. , 
o 

R < 9 1 

o 

(18) 

Another way of determining (L /R ) is to measure the time, t , at which v 
R    o p m 

reaches  its maximum.     According  to  (15)   this  satisfies 

dv 
 i 

dt 
0  = 

VT 4(L/Ro) 

R C 
o  o 

ml. m L„     m+tp. 
/-i -  Rx   in_tn ,,,   ,     +R.    ^  P 

^S1 4 "Y-)e       " rT'+(      "R-)e 
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Solving   for   (LR/R0). 

(m4-m_)t 
me 

(m  -m  )t 
2 2   V +     -     p n       - m    e + 

(19) 

m     is  known   from measurements  of  v^ and   (17)   and  m+   can  be   found  as   follows; 

Solve  (13b)   for  (L/R^)   to  get 

R 

-  m  R C     - 
-   o   o 

1 

m  2R  C -     o  o 

(20) 

and then substitute this result into (13a). 

The procedure for calibrating Rogowski coils with a capacitive 

discharge can be summarized as follows: 

1. Plot v as A function of time on a semi-log plot, 

2. Calculate m  from Equation (17); 

Calculate (L/Ro) fron Equation (20); 

Calculate m  from Equation (13a); 

3 

4. 

5. 

6. 

7. 

Calculate (LD/R ) from Equation (19); 

Calculate i at times t » (-l/m+) from Equation (10); 

Determine the calibration factor from Equation (9) in the 

form 

.NRC. 
Cal . Factor = (r—)■ 

c 

i 

L   dv       ,t 

v + (-r) 7r+ w» vodT   - 'Z  '   dt 
o 

RC ^ 
o 

(21) 

The system parameters that must be known in order to make these calculations 

are 

R , C . t , L . Z . R, C 
o  o  p  c  o 
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Tables I and II show calibration voltages taken from oscilloscope 

displays of capacitor discharge data. All parameters necessary for 

arriving for the cal. factor are also recorded on the tables.  Figures 

6 and 7 show semi-log plot-^ of both v^ and vo for the purpose of deter- 

mining m .  It is worth noting that in both figures the "best-fit" 

lines thru the v and v data were drawn parallel even though v0 has 

a slightly larger slope than v .  This was done because the theory given 

above requires that for times much greater (iJZj  but much less than RC, 

v and v must have the same time dependence.  In both figures, a compromise 
m     o 

was made between the two actual slopes to arrive at an appropriate average 

slope. 

Table III gives the calculated parameters for calibration of both 

Rogowski coils used in this program.  It is to be not d that (\^0)   ^ 

different for the two coils ever thoujh uh« same lo»<1 wag u-, J tor  Doth 

tests.  This 87, variation would, hr -.er, only cause a I* var. atio-. in 

the calibration factor »:• it can b*   icgard' i HS unimpcrtant. 
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TABLE I 

CALIBRATION OF CHANNEL #24 

Time % 
V o 

(us) (volts) (volts) 

9 643 0.128 

11 551 0.112 

13 505 0.100 

15 459 0.089 

17 422 0.076 

19 367 0.066 

21 321 0.057 

23 275 0.054 

25 252 0.046 

27 220 0.039 

29 188 0.036 

31 170 0.029 

33 152 0.026 

35 138 0.024 

37 119 0.020 

39 101 0.018 

R = o 
o.7oo r Zo ' ■ 50 n 

C = 27 uf R = « 10 k 71 
o 

t  ■ 3.1 us C = ■ 0.1 uf 
P 

\- 102 uh 
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TABLE II 

CALIBRATION OF CHANNEL #25 

Time 

9 

11 
13 
15 
17 
19 
21 
12 
25 
27 
29 
31 

33 
35 
37 
39 

t  = 

L  = 

o.7oo n 

27 |A£ 

2.5 V-s 

S6 Hh 

(volts) 

648 
561 
49 7 
440 
389 
350 
302 
268 
250 
216 
194 
173 
151 
134 
121 
108 

o 
(volrs) 

0.120 
0.105 
0.093 
0.082 
0.072 
0.063 
0.055 
0.050 
0.043 
0.038 
0.033 
0.029 
0.025 
0.022 
0.020 
0.018 

Z    =  50  ü 
o 
R = lo kn 

c = 0.1 ^f 
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TABLE III 

CALIBRATION PARAMETERS 

j     Parameter Channel #24 Channel #25 

ni_ - 1/15.6 us - 1/16.2 us 

(L/Ro) 2.69 us 2.33 us 

m
+ 

- 1/3.25 us - 1/2.72 Us 

^R/Ro> 
2.00 Us 1.85 us 

Cal. Factor = 
Lc 

10.5 x 10 amp/volt 
3 

10.4 x 10 amp/volt 

A-14 



u 

REFERENCES 

1. A. J. Schwab, High-Voltage Measurement Techniques (TheM.I.T. Press 
Cambridge, Mass., 1972), p. 180. 

2. V. Del Toro, Electromechanical Devices for Energy Conversion and Control 
Sjrstem- (Prentire-Hall, Inc., Englewood Cliffs, N.J., 1968), p. 40. 
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APPENDIX B 

RAW DATA FROM X-MHD TESTS 
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Firing No. X~MHD-1 Date  June 4' 1974 

Charge Specifications: 

Composition C-4 Weight: 97.3 gm 

Seed (CSNO3) Weight: 3.0 gm (bulk) 

Standoff Material:  17 gm (west), 21.4 gm (east) 

Driver Location: East Channel 

Fill Gas: Air     . initial Pressure: ^0 Torr. 

Magnet Current:  **»QQQ amps. 

Upper Trace: West   Channel Voltage, 1000 Q   Load 

Vertical Deflection 20 v/cm 

Horizontal Deflection ^Q ^s/cm 

Data Channel * 

Lower Trace: East  Channel Voltage, 1000 Q   Load 

Vertical Deflection 20 v/cm 

Horizontal Deflection 50 j^/cm 

Data Channel * 

B-l 



L 

— 

X-MHD-1    (Continued) 

Upper Trace: West  Channel Voltage, 1000 fl   Load 

Vertical Deflection 10 v/ cm 

Horizontal Deflection 50  us/cm 

Data Channel  * (IPX attenuation) 

Lowar Trace: East  Channel Voltage. 1000 Q  Load 

Vertical Deflection  10 v/cm 

Horizontal Deflection 5Q  ^s/cm 

Lata Channel  * (IPX attenuation) 

Notes; 

Data channel not recorded. Use v = (44.0)v as conversion factor. 
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Firing No.     X-MHD-2 

Charge  Specifications: 

Composition C-4 Weight:     97.3  gm 

Seed   (CSNO3) Weight:   2.7 gm  (bulk) 

Standoff Material:   12.5  gm each  side 

Date   June  11,   1974 

Driver Location:   East      Channel 

Fill Gas:       Air .     initial  Pressure: _10_ Torr. 

Magnet Current:   11,000      amps. 

Upper Trace:    East      Channel    Voltage,  975 fl       Load 

Vertical Deflection    20    v/cm 

Horizontal Deflection     10    ^s/cm 

Data Channel    21 

Lower Trace:    West      channel    Voltage,   994 0       Load 

Vertical Deflection    20    v/cm 

Horizontal Deflection    10     ^/cm 

Data Channel    23 
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Firing No.  X-MHD-3 

Charge Specifications: 

Composition C-4 Weight: ^7 • 3 gm 

Seed (CSNO3) Weight: 2.7 em fhulk^ 

Standoff Material: 12.5 gm each side 

Driver Location: East  Channel 

"Fill Gas: jAir . initial Pressure: _10_ Torr, 

Magnet Current: 11,000  amps. 

Date June 11. 1974 

Upper Trace:  East  Channel Voltage, 25x10 Q Load 

Vertical Deflection 20  v/cm 

Horizontal Deflection 50  L a/cm 

Data Channel 21 

Lower Trace:  West  Channel Voltage, 25xl0"3Q Load 

Vertical Deflection 20  v/cm 

Horizontal Deflection 50  Ks/cm 

Data Channel 23 

- 
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X-MHD-3     .  (Continued) 
Reproduced  from 
best available  copy. 

Upper Trace:   Channel   Current,   25x10    R    Load 

Vertical Deflection   10     v/cm 

Horizontal Deflection   50     us/cm 

Data Channel     * 

Lower Trace: Channel Current, 25x10 Q Load 

Vertical Deflection ^-0  v/cm 

Horizontal Deflection 50  ^.s/crn 

Data Channel  * 

Notes: 

Scopes displaying current did not trigger at correct time. 
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Firing No.  X-MHD-4 Date  June 13, 1974 

Charge Specifications: 

Composition C-4 Weight:  100 gm 

Seed (CSNO3) Weight: 2.7 gm/side (surface) 

Standoff Material: 12 gm  

Driver Location:  East Channel 

Fill Gas:  Air    . initial Pressure:  10 Torr. 

Magnet Current:  11,000 amps. 

Upper Trace:  West  Channel Current, shorted  Load 

Vertical Deflection 20 v/cm 

Horizontal Deflection 50  L.s/cm 

Data Channel 25  

Lower Trace: West  Channel Current, shorted Load 

Vertical Deflection 2  v/cm 

Horizontal Deflection 50  ^/cm 

Data Channel 25 
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X-MHD-4 (Continued) 

di 
Upper Trace:     West      Channel  dt   ,   shorted  Load 

Vertical  Deflection     20    v/cm 

Horizontal  Deflection     50_  [is/cm 

Data Channel     25 with  1000X attenuation 
di 

Lower Trace:     ^ast:      Channel  dt   ,   shorted  Load 

Vertical  Deflection     20    v/cm 

Horizontal  Deflection    50    ^s/cm 

Data Channel     2^ 

Notes; 
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X-MHD-A   (Continued) 

Upper Trace:  East  Channelc''irrent. shorted    Loac, 

Vertical Deflection 20 v/cm 

Horizontal Deflection 50 us/cm 

Data Channel  24 

Lower Trace:  East  Channel Current, shorted   Load 

Vertical Deflection 2  v/cm 

Horizontal Deflection 50 ^s/cm 

Data Channel  24 

Notes: 

No current was observed on east channel due to internal short in 
channel. 
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Firing No.     X-MHD- Date      June  20,   1974 

Charge  Specifications: 

Composition C-4 Weight:     200 gm 

Seed   (CsN03)  Weight:  2.7  gm/s.dfc  (surface) 

Standoff Material:     12  mi^' -  

Driver Location;       ^ast  Char.eel 

Fill Gas:      Air .    Initial  Pressure: 10    Ton 

Magnet Current:     11,000    amps. 

-3 
Upper Trace: Fast  Channel Current, 25x10 Q Load 

Vertical Deflection 10  vI cm 

Horizontal Deflection 50  .s/cm 

Data Channel  25 

Lower Trace: West  Channel Voltage, 4.89x10" nLoad 

Vertical Deflection 20  v/cm 

Horizontal Deflection 50  Hs/cm 

Data Channel 21 
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X'MHD-5        (Continued) 

liSliiu! 

Upper Trace: West_ channel lonization Pins 

4-89x10""  Load,   *  Pin Spacing 

Vertical Deflection 10 v/cm 

Horizontal Deflection 50  w/cm 

Data Channel 22 

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

Vertical Deflection _   v/cm 

Horizontal Deflection   ^s/cm 

Data Channel 

Notes: 

Pin No. 1 located 24.8 cm from scope trigger pin 
Pin No. 2 located 20.8 cm from pin No. 1. 
Pin No, 3 located 41.6 cm from pin No. 1. 
Pin No. 4 located 59.4 cm from pir. No. 1. 
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Firing No. X-MHD-6 

Charge Specifications. 

Composition C-A Weight:  100 gm 

Seed (CsNOß) Weight: 2.7 gm/side (surface) 

Standoff Material: 12.6 gm/side  

Driver Location:  ^asi:: Channel 

Fill Gas: Helium  .  Initial Pressure: 5 Torr. 

Magnet Current:  11»000 amps. 

Date  June 24. 1974 

: 

Upper Trace: kist  channel Current, 25x10 Q Load 

Vertical Deflection 5  v/cm 

Horizontal Deflection 50  us/cm 

Data Channel 25 

-3 
Lower Trace: East  Channel Voltage, 25x10 Q    Load 

Vertical Deflection 20 v/cm 

Horizontal Deflection 50  ^is/cm 

Data Channel ^3 
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X-MHD-6   (Continued) 

Upper Trace: Wc-St   ChannelCürrent- ^-89x10^0 Load 

Vertical Deflection 5  v/cm 

Horizontal Deflection 50 us/cm 

Data Channel  24 

Lower Trace: West  Channel Voltage, 4.89x10 Ü Load 

Vertical Deflection 20 v/cm 

Hor:zontal Deflection  50 ^s/cn 

Data Channel  21 

Notes: 

Voltage across 4.89 mu  load is larger than voltage across 25 tnO 
load.  This could indicate voltage leads were incorrectly identified. 

B-12 



A» 

X-MHD-6 (Continued) 

Upper Trace:  West: Channel lonization Pins 

4.89xlO"3r2 Load   *   Pin Spacing 

Vertical Deflect on   v/cm 

Horizontal Deflection 50  Hs/ctn 

Data Channel  22 

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

Vertical Deflection _ __ v/cm 

Horizontal Deflection   ^is/cm 

Data Channel 

Notes, 

Refer to Test No. 5 
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41" Firing No.  X-MHD-7 Date  June 24. 1974 

Charge Specifications: 

Composition C-4 Weight: 100 g"i 

Seed (CSNO3) Weight: 2.7 gm/side (surface) 

Standoff Material: 12.5 gm/side    

Driver Location:  East Channel 

Fill Gas: Heliuni   .  Initial Pressure: 650 Torr. 

Magnet Current:  11,000 amps. 

Upper Trace: West   c.hannelVoltage' 975 n 

Vertical Deflection  5  v/cm 

Horizontal Deflection 50  . s/cn 

Data Channel 21 with 10X attenuation 

Lower Trace: East   Channel Voltage, 994 Q 

Load 

Load 

Vertical Deflection 7 v/cm 

Horizontal Deflection  50 ^s/cm 

Data Channel 23 with 10X attenuation 

Vertical deflection uncalibrated, correction factor of 2.8 times the 
setting of 5 v/cm should be used. 
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X-MHD-7   (Continued) 

Upper Trace:  West: Channel lonization Pin- 
975 0  Load,  *   Pin Spacing 

Vertical Deflection   v/cm 

Horizontal Deflection  50 rs/cm 

Data Channel 22 

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

Vertical Deflection   v/cm 

Horizontal Deflection   \is/cm 

Data Channel 

Notes, 

Refer  to  test No.   5. 
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Firing No.    X-MHD-8 Date       June 24,   1974 

Charge  Specifications: 

Composition C-4 Weight:   

Seed   (CsN03) Weight:   

Standoff Material:   

Driver Location:   Channel 

Fill Gas: Helium   .  Initial Pressure: _5_ Torr. 

Magnet Current: 11,000  amps. 

No data obtained due to failure of scopes to trigger properly 

Upper Trace:       Channel 1000 fiLoad 

Vertical Deflection v/cm 

Horizontal Deflection   us/cm 

Data Channel 

Lower Trace:       Channel I000 "Load 

Vertical Deflection v/cm 

Horizontal Deflection _ p^/cm 

Data Channel 
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Firing No. X-MHD-9 Date   June 25. 1974 

Charge Specifications: 

Composition C-4 Weight: 100 gm 

Seed (C?N03) Weight: 2.7 gm/side (surface) 

Standoff Material: 12.5 gm/side  

Driver Location: East  Channel 

Fill Gas: Helium   .  Initial Pressure: ] ]. Torr. 

Magnet Current: 11i000  amps. 

Upper Trace:  West  Channel Voltage, 975 Q Load 

Vertical Deflection  20 v/cm 

Horizontal Deflection  50 . s/cm 

Data Channel 21 

Lower Trace: East      Channel Voltage, 994 fl   Load 

Vertical Deflection _£^_ v/cm 

Horizontal Deflection  50 ^s/cm 

Data Charnel 23 

* 
Leak in channel-gas was probably helium-air mixture. 
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X-MHD-9 (Continued) 

Reproduced   from gS^ 
best   available   copy. J^0 

Upper Trace: West  Channel Voltage, 9 75 0 Load 

Vertical Deflection  5 v/cm 

Horizontal Deflection 50 us/cir 

Data Channel  21 with 10X attenuation 

Lower Trace: East   channel Voltage, 994 0    Load 

Vertical Deflection  5 v/cm 

Horizontal Deflection  ^0 ^s/cm 

Data Channel 23 with 10X attenuation 

Notes; 

On disassembly, "0" ring was found to be out of groove at 
combustion-channel interface. This may have caused air to 
leak into channel. 
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X-MHD-9 (Continued) 

Ife 
^   d&2 

I.-1 «fc.:     -'-Zl ■■§ Mlf  291 IHn   MM C 

H^lliiiiife.«! 

w^ 

■imjittMni 
irpi 

Upper Trace:  West Channel lonization Pins 

975 0   Load,   *  Pin Spacing 

Vertical Deflection 20  v/cm 

Horizontal Deflection 50  ^s/cn 

Data Channel  22 

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

Verticil Deflection     v/cm 

Horizontal Deflection 

Data Channel 

us/cm 

Notes. 

-,v 
Refer to Test No. 5 
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Firing No. X-MKD-IO Date   June 27, 1974 

Charge Specifications: 

Composition C~4 Weight: 100 gm 

Seed (CSNO3) Weight: 2.7 gm/side  

Standoff Material: 12.5 gm/side 

Driver Location:  West: Channel 

Fill Gas:  H611"™  .  Initial Pressure: _2_ Torr. 

Magnet Current: 11.000  amps. 

Lpper Trace:  West  Channel Voltage, 975 Q Load 

Vertical Dcflectiun   5 v/cm 

Horizontal Deflection 50  . s/cm 

Data Channel 21 with 10X attenuation 

Lower Trace:  East  Channel Voltage. 994 Q    Load 

Vertical Deflection  5  v/ctn 

Horizontal Dt:flection 50  Ks/cni 

Data Channel  23 with 10x attenuation 
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X-MHD-1Ü   (Continued) 

ttJ 

- 

Upper Trace: **g<-  Channel lonization Pins 

^1^  Load,   *  Pin Spacing 

Vertical Deflection   v/cm 

Horizontal Deflection   ^s/cm 

Data Channel ^2 

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

Vertical Deflection   v/cm 

Horizontal Deflection   p.s/cm 

Data Channel   

Notes; 

lonization pin lead wire apparently shorted to high potential 
electrode 
* 
Refer to Test No. 5. 
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Firing No. X-MHD-U Date  June 28, 1974 

Charge Specifications: 

Composition C-4 Weight: 100 g1" 

Seed (CSNO3) Weight: 2.5 gm/side (surface) 

Standoff Material: 12.5 gm/side  

Driver Location:  East: Channel 

Fill Gas:  Helium  .  Initial Pressure:  2 Torr. 

Magnet Current:  11,000 amps. 

Data lost when scopes failed to trigger properly. 

Upper Trace:       Channel 

Vertical Deflection v/cm 

Horizontal Deflection lis/cm 

Data Channel 

Lower Trace:       Channel 

Vertical Deflection v/cm 

Horizontal Deflection   l^ts/cm 

Data Channel 

Load 

Load 
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A A Firing No. X-MHD-12 Date  Jily 2, 19 74 

Charge Specifications: 

Composition C-4 Weight: 100 gm 

Seed (CSNO3) Weight; 2.5 gm/side (surface) 

Standoff Material:  12.5 gm/side  

Driver Location:  East Channel 

Fill Gas:  Helium  .  Initial Pressure: 2.5 Torr- 

Magnet Current:  9,500  a-ps. 

Upper Trace: Sast:   Channel Current,4 . 89xl0~ ^ Load 

Vertical Deflection 20  v/cm 

Horizontal Deflection 50  ..s/cm 

Data Channel  25 

Lower Trace: East  _ Channel Voltage,4.89x10 0 Load 

Vertical Deflection ^      v/cm 

Horizontal Deflection ^Q  (..s/cm 

Data Channel  23 with 10X attenuation 

Note: No data on west channel due to failure of scope to trigger 
properly. 
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Firing No.     X-MHD-13 

Charge  Specifications: 

Composition C-4 Weight:   100 g"1 

Seed   (CsNOi)  Weight:   2.5  gm/side  (surface) 

Standoff Material:   12 5  gm/side  

Driver Location:       East channel 

Fill Gas:     Helium       .     Initial  Presjure: jLS Ton- 

Magnet Current:     9,500  amps. 

Date      July 3,   1974 

_3 
Upper Trace:  West  Channel Current,8.42x10  Q Load 

Vertical Deflection  l(j v/cm 

Horizontal Deflection  50  . s/ci. 

Data Channel 2^ 

Lower Trace: West  Channel Voltage,8.42x10 w Load 

Vertical Deflection  5  v/cm 

Horizontal Deflection  50  ^5/cm 

Data Channel  21 with 10X attenuation 
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X-MHD-I3  (Continued) 

Upper Trace:  East:  Channel Current, shorted Load 

Vertical Deflection 20 v/cm 

Horizontal Deflection 50 Us/cin 

Data Channel  25 

Lower Trace: East      Channel Current, shorted Load 

Vertical Deflection _5  v/cm 

Horizontal Deflection 50  ; s/crr, 

Data Channel 25 

Notes; 

B-26 



Firing No. X-MHD-14  

Charge Specifications: 

Composition C-4 Weight:  100 gi" 

Seed (CSNO3) Weight: 2.5  gm/side (surface) 

Standoff Material: 12.5 gm/side  

Driver Location:  East channel 

Fill Gas:  Helium  .  Initial Pressure: _3  Torr, 

Magnet Current:  9,500  amps. 

Date  July 9, 1974 

S -1T"——f* 

Upper Trace:  West  Channel VoUage.S^ZxlO- Q Load 

Vertical Deflection 5  v/cm 

Horizontal Deflection 50  ,s/cm 

Data Channel 21 with 10X attenuatio.i 

,-3. Lower Trace: West  Channel Current,8.42x10 Q Load 

Vertical Deflection  10 v/cm 

Horizontal Deflection 50  ^.s/cm 

Data Channel  24 
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X-MHD-14  (Continued) 

n n 
IK 
ma« 

ii HI 
' ii iiii ii ii ■ | 

m iHiü ■ ■ 
IB ■ ■ 
II 

di 
.-3 

Upper Trace:  West  Channel dt>   8-42x10 " Q 

Verticax Deflection  20 j/cm 

Horizontal Deflection  50 ^s/cm 

Data Channel  24 

Lower Trace:  East  Channel Voltage, 994 0 

Vertical Deflection  20 v/cm 

Load 

Load 

Horizontal Deflection  50 ^s/ cm 

Data Channel  23 with 10X attenuation 

Notes: 
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X-MHD-14   (Continued) 

Upper Trace:  West: Channel lonization Pins 
J3  

8.42x10    flLoad.        *     Pin  Spacing 

Vertical  Deflection   20      v/cm 

Horizontal  Deflection   30      ^s/cm 

Data Channel   2^ 

Lower Trace:   Channel   lonization Pins 

  Load,     Pin  Spacing 

Vertical  Deflection   v/cm 

Horizontal  Deflection    us/cm 

Data Channel 

Notes: 

Contact surfaces on load and channel were sanded before attaching 
load to channel. 

* 
Refer to Test No. 5. 
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Firing No.   XMHD-15 

Charge  Specifications: 

Composition C-4 Weight:   100 gin. 

Seed   (CSNO3)  Weight:   2.5  gm/side  (surface) 

Standoff Material:   12.5  gm/side  

Driver Location:     East    Channel 

Fill Gas:     Helium      .     Initial  Pressure: JLJj Torr. 

Magnet  Current:   10,500      amps. 

Date  Aligns 1-   14,    19 7^ 

Upper Trace:  West  Channel Voltage,8 22xl0"J fl Load 

Vertical Deflection 5 v/cm x 10 

Horizontal Deflection  50  .s/cm 

Data Channel 21 

Lower Trace: West   Channel Current, 8.22x10 ' fi Load 

Vertical Deflection 10  v/cm 

Horizontal Deflection  50  ^s/cm 

Data Channel  24 
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XMHD-15  (Continued) 

Upper Trace:  East  Channel Vol tage, 8.42xl0"3fl Load 

Vertical Deflection _J  v/ctn 

Horizontal Deflection 50  -s/cm 

Data Channel 23 

Lower Trace: _East Channel Current, 8.42x10 J[l Load 

Vertical Deflection ^Q  v/cm 

Horizontal Deflection ^Q  ..s/cm 

Data Channel 25 

Notes: 
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XMHD-15    (Continued) 

Upper Trace:  West channel lonization Pins 

8.22x10 ÜLoad,  *   Pin Spacing 

Vertical Deflection 20  v/cm 

Horizontal Deflection 50  ^s/cir 

Data Channel J|  

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

Vertica' Deflection   v/cm 

Horizontal Deflection   us/cm 

Data Channel 

Notes; 

Refer to Test No. 5. 
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Firing No.  XMHD-16 

Charge Specifications: 

Composition C-4 Weight:  100 gm- 

Drte August 15, 1974 

Seed (CSNO3) Weight: 2 5g/side + 5 gm bulk 

Standoff Material:  12.5gni/side  

Driver Location:  East Channel 

Fill Gas:   He-Ar . initial Pressure: 3.5 Torr. 

Magnet Current: 10,500 amps. 

Upper Trace: West  channel Voltage^ ■89xl0"3n Load 

Vertical Deflection 5  v/cm 

Horizontal Deflection 50  i.s/cm 

Data Channel 21 

-3 
Lower Trace:      West    channel    Current^ .89x10    Q Load 

Vertical  Deflection    ^0     v/cm 

Horizontal  Deflection    50     p,s/cm 

Data Channel    2^ 
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XMHD-16   (Continued) 

Upper Trace:     East      Channel  Voltage, 8.42x10    0 Load 

Vertical Deflection    5      v/cm 

Horizont il   Deflection     ^0     us/cir, 

Data Channel  23 

-3 
Lower Tract:  East  Channel Currant, 8.42x10 Q  Load 

Vertical Deflection  10 \/cr: 

Jnt Horizontal   Deflection     50     ..s/crn 

Data Channel     25 

Notes; 
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XMHD-16  (Continued) 

Upper Trace:  West Channel lonization Pins 

4.89xlO"3QLoad,   *  Pin Spacing 

Vertical Deflection  20 v/cm 

Horizontal Deflection  20 ^s/cm 

Data Channel  8 

Lower Trace: 

Vertical Deflection 

Horizontal Deflection 

Data Channel 

___ Channel lonization Pins 

Load,   Pin Spacing 

v I cm 

H-s/cm 

Notes; 

Refer to Test No. 5. 
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Firing No.  ^HD-17 

Charge Specifications: 

Composition C-4 Weight:  140 gm 

Seed (CSNO3) Weight:  5gm/side (surface) 

Standoff Material: None 

Date August 16, 1974 

Driver Location:  East channel 

Fill Gas: He-Ar Initial Pressure: 280 Torr, 

Magnet Current:  10,300 amps 

Upper Trace: West:  Channel Voltage, 8.22x10" ^Load 

Vertical Deflection 5  v/cm 

horizontal Deflection 50 is/cm 

Data Channel  21 

Lower Trace: West  Channel Current, 8.22x10 ^Load 

Vertical Deflection ^0 v/cm 

Horizontal Deflection 50  ^s/cm 

Data Channel 24 

B-36 



,   ■   ■   >■■■■■:.  ■ 

XMHD-17     (Continued) 

Upper Trace:     East      Channel Voltage, 8.42x10" Q Load 

Vertical Deflection    5      v/cm 

Horizontal  Deflection    50    us/cm 

Data  Channel     23 
-3 

Lower Trace:     East      Channel Current,  8.42x10    Ü Load 

Vertical  Deflection    5      v/cm 

Horizontal  Deflection    50    ^s/cm 

Data Channel     25 

Notes: 
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XMHD-17   (Continued) 

Upper Trace:  West channel lonization Pins 
-3 

8.22x10  pLoad,  *   Pin Spacing 

Vertical Deflection 20  v/cm 

Horizontal Deflection 20    ^s/cr<. 

Data Channel  8 

Lower Trace:   Channel lonization Pins 

  Load,   Pin Spacing 

vertical Deflection   v/cm 

Horizontal Deflection   ..s/cm 

Data Channel 

Notes, 

Refer to Test No. 5 
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Firing No.  XMHD-18 Date  August 19, 1974 

Charge Specifications: 

Composition C-4 Weight:  140 gm. 

Seed (CsN03) Weight:  5 gm/side (surface) 

Standoff Material:  None  

Driver Location:  West Channel 

Fill Gas:  He-Ar   .  initial Pressure: 280 Torr 

Magnet Current: _J^122_ aiT1Ps- 

Upper Trace:  West  ChannelVoltage, 8.22x10 d  Load 

Vertical DeTlection '/ v/cm 

Horizontal Deflection 50  .s/cm 

Data Channel  21 

»-->' 
Lower Trace:  West channel Current, 8.22x10 Ü ^4 

Vertical Deflection  ^  v/cm 

Horizontal Deflection ^0  ^s/cm 

Data Channel  24 
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XMHD-18  (Continued) 

Upper Trace:  East  Channel Voltase,8.42xlQ"3w Load 

Vertical Deflection _2  v/cm 

Horizontal Deflection  50 us/cm 

23 Data Channel 

.-3. 
Lower Trace:  East  Channel Current, 8.42x10 w i.oad 

Vertical Deflection _^_  v/cm 

Horizontal Deflection  50  ..a/cr, 

Data Channel 25 

Notes: 

Driver changed to west channel this test to determine if 
driver was causing lower power output in east channel. 
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XMHD-18        (Continued) 

Upper Trace:     West    channel   Ionisation  Pins 

8.22xlO"3QLüad,        *      Pin   Spacing 

Vertical   Deflection   20      v/cm 

Horizontal   Deflection   20       ^s/cci 

Data Channel     8 

Lower Trace; 

Vertical  Deflectioi 

Horizontal  Deflection 

Data Channel 

Channel   Tonization  Pins 

Load,    Pin   Spacing 

v/cn 

„s/cm 

Notes: 

Refer  to Test No.   5 
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100 gra. 

Firing No.      X-MHD-19 

Charge  Specifications: 

Composition C-4 Weight 

Seed  (CSNO3) Weight:      5 gm/side 

Standoff Material:   None  

Driver Location:   Channel 

Fill Gas: He-Ar 

Date  August 21, 1974 

Initial Pressure: 3  Torr. 

Magnet Current:  10,500 amps. 

Upper Trace: West   Channel Voltage,8.22x10" CLoad 

Vertical Deflection  5  v/cm x 10 

Horizontal Deflection  50 Ks/cin 

Data Channel 21 

Lower Trace:  West  Channel Current,8 22x10 flLoad 

Vertical Deflection ^£  v/cm 

Horizontal Deflection  50 ^s/cm 

Data Channel  24 

* 
Cap placed perpendicular to channel axis at center of charge. 
One-fourth inch diameter x one-eighth inch thick deta sheet 
cemented to end of cap. 
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X-MHD-19  (Continued) 

Upper Trace: East  channel Voltage.8.42xl0"3n Load 

Vertical Deflection _5  v/cm x 10 

Horizontal Deflection 50  ^s/cm 

Data Channel 23 

Lowe- Trace: East  Channel Current,8 ■42xl0"3n Load 

Vertical Deflection 10 v/cm 

Horizontal Deflection 50  ^s/cm 

Oata Channel 25 

Notes* 
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X-MHD-19      (Continued) 

Upper Trace:     West   Channel  lonization Pins 

8.22x10    n-ioad,      *       Pin  Spacing 

Vertical  Deflection   20     v/cm 

Horizontal  Deflection   20      ^s/cm 

Data Channel      8 

Lower Trace:       Channel Ionisation Pins 

Load, Pin Spacing 

Vertical Deflection v/cm 

Horizontal Deflection txs/cm 

Data Channel 

Notes: 

See Test No. 5. 

B-44 
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APPENDIX C 

VOLTAGE,  CURRENT AND ENERGY OUTPUT 
FOR 

SELECTED X-MHD TESTS 

C I 



u X-M11D-6 

I                                 EAST CHANNEL li                                 WEST CHANNEL                                    1 

TIME 
CURRENT VOLTAGE i               CURRENT VOLTAGE 

* ** * ** 
(Us) OUTPUT(V) MEAS.   (kA) OITTPUKV) MTAS.     (V) OUTPUT (V) MEAS.   (kA) OUTPUT (V) MEAS.      (V) 

0 0 0 0 0 0 0 i I A 
10 0.2 2.1 0 0 2.3 24.4 
20 0.8 8.4 24 1080 3.8 40.5 
30 1.3 13.8 31 140U 4.5 48.4 
40 2.0 21.2 34 1530 5.0 54.1 
50 2.3 24.6 37 1670 5.3 57.8 
60 2.8 30.1 39 1760 5.6 61.6 
70 2.9 31.4 39 1760 6.0 66.4 
80 3.0 32.8 39 1760 6.3 70.2 
90 3.0 33.1 39.5 1780 7.0 78.3 

100 2.8 31.3 39.5 1780 7.3 82.2 
110 2.5 28.5 40 1800 7.7 87.2 
120 2.3 26.6 39 1760 7.8 89.1 
130 2.0 23.7 36 1620 7.3 84.6 0) 

P4 

140 1.5 18.7 30 1350 7.0 82.2 i u 3 
150 1.1 14.6 24 1080 6.3 75.5 H n 

160 0.6 9.5 16 720 5.5 67.7 IM 

170 0.2 5.3 10 450 4.4 56.6 O O 

180 -0.2 1.2 5 225 3.6 48.6 I 

190 -0. 1.0 0 0 2.5 37.3 
200 -0.6 - 3.1 - 6 - 270 1.4 25.9 
210 -0.7 - 4.2 -12 - 540 0.2 13.3 
220 -0.7 - 4.3 -17 - 765 -0.6 4.9 
230 -0.5 - 2.3 -20 - 900 -0.8 2.7 
240 -0.4 - 1.3 -16 - 720 -0.9 1.5 
250 -0.3 -0.3 -12 - 540 -0.? 1.4 
260 -0.3 - 0.3 -10 - 450 -0.9 1.3 

' f v 
*    i 

t 
■  ( lO^xlO^/^Cvo+ClO^/s)]" v0dt] *    i  - (10.5xl0JA/V)Cvo+(10J/s) f v dtl ' u                  o    o o 

**     v = (45.0) v,,, 

A 

vi dt  ~5.79 kj 

lh Rdt  ~ (9.18xl04j/n)( 25xlO'3n    )  = 2.3    kJ J i2Kdt = ( 8.44xl05j/ri)(4.89xl0"3n ) - 
0 

4.13 kJ 

- 

C-l 



L X-MHD-12 

TIME 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 

EAST CHANNEL 
CURRENT 

OUTPUT (V) MEAS. (kA) OUTPUT(V) 

VOLTAGE 

0 
-3.5 
1.0 
2.0 
2.5 
3.5 
4.0 
4.0 
4.5 
5.0 
5.0 
5.5 
5.5 
5.5 
5.0 
4.5 
4.0 
3.0 
2 
1 
1 
0 
-0.5 
-0.5 
-0.5 
-0.5 

0 
-36.8 
10.1 
20.7 
26.2 
37.0 
42.6 
43.0 
48.7 
54.4 
54.9 

• 60.7 
61.3 
61.8 
57.1 
52.4 
47.6 
37.5 
32.6 
22.4 
17.3 
6.9 
1.6 
1.6 
1.5 
1.5 

0 
+3.0 
-1.0 
+2.0 
1.8 
1.2 
0.9 
0.8 
0.7 
0.6 

.5 

.4 

.3 
2 
.0 

0, 
0, 
0. 
0. 
0. 

-0.1 
-0.2 
-0.5 
-0.8 
-1.0 
-1.0 
-0.8 
-0.5 
-0.5 
- 0.2 
0 

** 
MEAS.  (V) 

0 
+ 1350 
- 450 
+ 900 

810 
540 
405 
360 
315 
270 
225 
180 
135 
90 
0 

- 45 
- 90 
- 225 
- 360 
- 450 
- 450 
- 360 
- 225 
- 225 
- 90 

0 

*   1 ■ (l0.4xl03A/v)Cvo+(103/s)J v0dt] 
o   '     ' 

**   v « (450 ) vm 

J vldt =  1.08 kj 

Ji2Rdt  ~(3.75xi05j/n)(^89xl0"3Q)  =  1.83 kj 

WEST CHANNEL 
CURRENT 

OUTPUT CV) 

i 

MEAS.   (kA) 

VOLTAGE 

OUTPUT (V) MEIAS.     (V) 

NO VI TA OBTAINEI 

OF   SCOPE TC 

DUE TO FA ;LURE 

TRIGGER 

C-2 



I X-MHD-13 

TIME 

I                                 EAST CHANNEL 1                                 WEST CHANNEL                                    I 
1               CURRENT VOLTAGE i               CURRENT VOLTAGE                 | 

* ** * ** 
(^s) oirrPUT(v) MEAS.   (kA) OUTPUT (V) MEAS.     (V) OUTPUT (V) MEAS.   (kA) OUTPUT (V) MEAS.     (V) 

0 0 0 1 i i V 0 0 0 0 
10 1.25 13.1 6.0 63.6 0 0 
20 3.0 31.6 7.5 80.2 1.3 560 
30 3.75 39.8 8.5 91.6 1.6 690 
40 4.25 45.5 8.1 88.2 2.0 862 
50 5.0 53.8 7.5 82.7 2.1 905 
60 5.5 59.6 7.2 80.3 2.0 862 
70 6.1 66.4 •      7.5 84.2 1.9 819 
80 6.5 71.3 7.0 79.7 1.9 819 
90 6.7 74.1 ' 6.7 77.3 1.75 754 

100 6.5 72.6 6.2 72.7 1.5 647 
110 6.25 70.7 5.5 65.9 1.3 560 
120 6.0 68.7 u 4.7 58.0 1.0 431 
130 6.0 69.3 !1 1 3.5 45.8 0.75 323 
140 6.1 71.0 u 

U     n 2.5 35.5 0.5 216 
150 6.2 72.7 •H      0 0 L.3 25.2 0.2 86 
160 5.75 68.6 Li 0.5 14.7 0.0 0 
170 4.5 56.1 U o -0.2 7.4 -0.2 - 86 
180 2.75 38.2 & -0.7 2.1 -0.2 - 86 
190 1.1 21.1 -0.8 0.9 -0.1 - 43 
200 0.0 9.7 -0.8 0.8 
210 -0.5 4.4 -0.8 0.7 
220 -0.75 1.8 -0.8 U.7 
230 -0.75 1.7 -0.8 0.6 
240 -0.75 1.6 -0.8 0.5 
250 -0.75 1.5 

1 ' 

1 

f 

-0.8 0.4 

*    i =  (10.4xl03A/V)[vo+(] 
t 

L03/s)jov0dt] 
,          t 

*    i  =  (10.5X103A/V)[VO+(10:,/S) f v dt] 
O 

**    v = ( 431) v 

J vidt ~ 6.52 kj 

J i2Rdt = (7.66xl05j/n)(!B.42xl0"3  n)  = 
6.45 kJ 

C-3 
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X-MHD-14 

TIME 

I                                EAST CHANNEL r                             WEST CHANNEL                                   I 
f               CURRENT I              VOLTAGE I              CURRENT !              VOLTAGE                  1 

* ** * Vf* 

(Us) OUTPUT(V) MEAS.   CkA) OUTPUT (V) MEAS.     (V) OUTPUT CV) MEAS.   (kA) OUTPUT (V) MEAS.     (V) 
0 I i i \ 0 0 0 0 0 0.0 

10 -3 -1350 0.5 5.3 0 0.0 
20 8 3600 0.0 5.3 0 0.0 
30 7.5 3380 1.5 i^.O 2.0 862 
40 6 2700 6.0 63  8 3.0 1290 
50 5 2250 8 0 85.7 3.0 1290 
60 4 1800 9.0 97.1 2.8 1210 
70 3.5 1580 9.5 10? 2.6 1120 
80 3 1350 '    10.0 no 2.5 1080 
90 3.0 1350 ,10.0 111 2.4 1030 

100 2.5 1130 10.0 112 2.3 991 
110 2 900 10.0 113 2.2 948 
120 

r 
1.5 675 9.5 109 2.1 905 

130 u U 1 450 9.0 104 2.0 862 
140 •H 

3 
■i-l 
3 0 0 8.5 99.9 1.7 733 

150 u 
u 

U 
u -0.5 - 225 7.5 90.2 1.4 603 

160 •H -1.0 - 450 6.5 80.4 1.1 474 
170 c c -1.5 - 675 5.5 70.5 0.8 345 
180 1 (U 

a -2.0 - 900 4.5 SO A 0.5 216 
190 o O -2.0 - 900 3.0 45.0 0.0 0.0 
200 -1.5 -  675 1.5 29.4 -0.4 - 172 
210 -1.0 - 450 0.0 13.7 -0.6 - 259 
220 -0.5 - 225 -1.0 3.1 -0.7 - 302 
230 0 0 -1.5 0 -0.6 - 259 
240 0 0 -1.5 0 -0.4 -  172 
250 0 0 -1.5 0 -0.2 -    86 
260 

1 

f 
i i 

0 0 -1.5 0 -0 0.0 

* 
i 

*    i  = a0.5xl03A/v )[vo+(103/s)Jv dt]' 
o 

**    v ■  («0 ) Vm **    v =  ( 431 ) vm 

J vidt  ~ 12.7 U 

J i2Rdt =(1.40xl06j/n)(8.42xl0"3n)      = 

11.8 kj 

C-4 



& 
X-MHD-15 

TIME 
(US) 

f                                EAST CHANNEL It                                  WEST CHANNEL 
CURRENT 1              VOLTAGE j              CURRENT 1             VOLTAGE 

OUTPUT (V) MEAS.   (kA) OUTPUT (V) MEAS.     (V) OUTPUT (V) MEAS.   (kA) OUTPUT (V) MEAS.     (V) 

0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 
10 0.0 0.0 0.75 338 0.0 0.0 0.0 o 
20 0.5 5.25 5.3 2390 4.0 42.4 3.8 1640 
30 1.5- 15.8 6.0 2700 7.0 74.7 3.2 1380 
40 2.0 21.2 ,    5.5 2480 8.0 86.0 3.0 1290 
50 2.5 26.7 4.8 2160 8.1 87.9 2.7 1160 
60 2.8 30.1 4.4 1980 8.0 87.7 2.5 1080 
70 3.0 32.5 4.0 1800 8.0 88.5 2.2 948 
80 3.2 34.9 3.6 1620 7.8 87.2 2.1 905 
90 3.5 38.4 3.6 1620 8.0 90.2 2.2 948 

100 3.5 38.7 3.1 1400 8.2 93.1 2.2 948 
110 3.2 36.0 2.8 1260 8.0 91.9 2.0 862 
3 20 3.0 34.2 2.4 1080 7.8 90.6 1.9 819 
130 2.9 33.4 1.9 855 7.2 85.1 1.5 647 
140 2.7 31.6 1.2 540 6.8 81.6 1.3 560 
150 2.3 27.7 0.3 135 5.5 58.5 0.8 345 
160 2.1 25.9 -0.75 - 338 4.2 55.3 0.4 172 
170 1.5 19.8 -2.0 - 900 3.0 43.0 -0.1 -    43 
180 0.9 13.6 -3.2 -1440 1.3 25.3 -0.6 - 259 
190 0.0 4.27 -3.3 -1490 0.2 13.8 -0.8 - 345 
200 -0.2 2.17 -3.0 -1350 -1.0 1.06 -0.9 - 388 
210 -0.2 2.15 -2.1 - 945 -1.2 - 1.17 -0.7 - 302 
220 -1.3 - 2.35 -0.5 - 216 

*    i = (lO^xloVvKv^aoS/s)]'v0( It] *    i  = (10.5xl03A/V)[vo+(103/s)J v dt} 
o 

**     v =  ( 450) vm **   v =  (431 ) v 

n 
vi 

t 
dt ~  5.36 kj J vidt  ~ 10.9 kj 

A 

Ji2 Rdt  ~ a-42xl05j/n)(8.42xl0"3fi ) = 1,20 kj J i2Rdt  ~ a.03xl06j/n)(8.22xl0-3n)  = 
8.50 kj 

C-5 
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« 
X-MHD-16 

TIME 

I                                 EAST CHANNEL i                                 WEST CHANNEL 
CURRENT VOLTAGE i              CURRENT 1              VOLTAGE 

* ** * ** 
(US) OUTPUT(V) MEAS.   (kA) OUTPUT (V) MEAS.      (V) OUTPUT (V) MEAS.   (KA) OUTPUT AH M2AS.      (V) 

0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 
10 0.0 0.0 0.0 0 1.0 10.6 1.5 647 
20 0.2 2.10 3.0 1350 4,8 51.0 2.8 1210 
30. 1.4 14.7 5.7 2570 7.0 74.8 2.8 1210 
40 1.6 17.0 5.7 2570 9.0 96.8 2.7 1160 
50 1.9 20.3 5.3 2390 10.0 108 2.7 1160 
60 2.4 25.7 5.3 2390 10.5 115 2.5 1080 
70 3.0 32.3 5.4 2430 . 10.8 119 2.3 991 
80 3.5 37.9 5.0 2250 10.9 121 2.1 905 
90 3.9 42.4 4.5 2030 10.9 122 1.9 819 

100 4.0 43.9 4.0 1800 10.7 121 1 .8 776 
no 4.2 46.4 3.3 1490 10.3 118 1.5 647 
120 4.0 44.7 J.3 1490 10.0 116 1,4 603 
130 3.9 44.1 2.5 1130 9.5 112 1. 517 
140 3.7 42.4 2.0 900 9.2 no / 431 
150 3.4 39.6 1.2 540 8.5 103 345 
160 3.0 35.8 0.3 135 7.0 88.:. 0. 172 
170 2.3 28.7 -0.8 -    36 5.5 73.' -0.1 -    43 
180 1.5 20.6 -2.1 - 945 3.5 52.- -0.6 - 259 
190 1.0 15.5 -3.3 -1490 2.0 36.9 -1.0 - 431 
2ü0 0.5 10.3 -3.8 -1710 0.3 lfJ.O -1.3 - 360 
210 -0.1 4.09 -4.2 -1890 - 1.0 5.29 -1.3 - 560 
220 -0.2 3.03 -4.0 -1800 -  1.5 -    0.12 -0.9 - 388 
230 -0.3 1.96 - 1.8 -    3.45 
240 -0.3 1.92 -  1.8 -    3.64 

*    i =  (10.4xl03A/V)[vo+(103/s)J v0< It] *    i =  (10.5X103A/V)[vo+(103/s)rv  dtV 
o   0     ' 

**    v ■  (450 ) vm **    v =  ( 431) v v         '    rn 

f vi 
1 

dt  ='6.16 kj J vidt  -    12.0 kj 

Ji2 Rdt S- (2.01 xl05j/n)(8. 42xlO"3P ) = i.69 kj f i2Rdt =  (1.81X10
6
. r/n)(4.89x 10"3Ü )   - 

8.86  kj 

C-6 
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X-MilD-17 

TIME 

1                                EAST CHANNEL                                 l <\                                 WEST CHANNEL 
CURRENT VCLTAGE I               CURRENT VOLTAGE 

..(. ** * -,v* 
(US) OUTPUT (V) MEAS."(kA) OUTPUT (V) MEAS.     (V) OUTPUT (V) MEAS.   (kA) OUTPUT (V) MEAS.      (V) 

0 0.0 0.0 0.0 0 0.0 0.0 0.0 0 

10 0.0 0.0 -0.1 -    45 0.0 0.0 0.0 0 

20 0.0 0.0 1.1 495 0.2 2.12 0.0 0 

30 ■ 0.1 1.05 1.8 810 1.8 19.1 1.0 431 

40 0.3 3.16 2.1 945 2.1 22.5 1.2 517 

50 0.5 5.29 2.4 1' 80 3.0 32.2 1.4 603 

60 0.7 7.45 2.6 1170 3.9 42.1 1.6 690 

70 0.9 9.62 2.7 1220 .   4.2 45.7 1.7 733 

80 1.0 10.8 2.5 1130 4.9 53.6 1.7 733 

90 1.1 11.9 2.4 1080 5.5 60.4 1.7 733 

100 1.2 13.1 2.1 945 5.7 63.1 1.6 690 

110 1.3 14.3 1.6 720 5.5 61.6 1.3 560 

120 1.4 15.4 1.1 495 5.0 56.9 1.0 431 

130 1.5 16.6 0.6 270 4.3 50.0 0.7 302 

140 1.4 15.7 0.1 45 3.3 39.8 0.4 172 

150 1.3 14.8 0.0 0 ..9 35.9 0.2 86 

160 1.2 13.9 -0.5 - 225 2.0 26.7 0.0 0 

170 1.1 13.0 -0.7 - 315 1.0 16.3 -0.3 - 129 

180 1.0 12.1 -1.1 - 495 0.3 8.99 -0.5 -  216 

190 0.9 li.l -1.1 - 495 -0.2 3.72 -0.6 -  259 

200 0.7 9.11 -0.5 - 225 -1.0 - 4.79 -0.5 -  216 

210 0.5 7.08 -0.4 -  180 -1.0 - 4.89 -0.3 -  129 

,220 0.3 5.03 -0.3 -  135 -1.0 - 5.00 -0.1 „    43 

230 0.1 2.96 -0.3 - 135 
240 0.0 1.92 -0.2 -    90 
250 -0.3 -1.23 -0.1 -    45 
260 -0.3 -1.26 0.0 0 
270 -0.3 -1.29 0.0 0 

*    1 
t 

" (l0.4xl03A/v)Cvo+(103/s)JoVodt] *    i  -  (l0.5xl0JA/v)[vo+(10J/s)J v  dt] • 
0 

**      v = (450   ) vm **    v =  (431 ) vni 

S* dt -   0.673  kj 
n 

J  vidt  ~ 3.09 kj 

Sh Rdt  ~ 0.60xl04j/.Q)(8.42xl0"3w)  =   0.219 kj J i2Rdt  ^ (2.97xl05j/n)(8.22xl0'3r   )   = 
2.44 kj 

C-7 



X » 
X-MHD-18 

TIME 
(US) 

I                                  EAST  CHANNEL \                                 WEST  CHANNEL 
!               CURRENT VOLTAGE |               CURRENT I              VOLTAGE 

oirrEUT(v) MEAS.   fkA) OUTPUTS) MEAS.     (V) OUTPUT (V) MEAS.   (kA) OUTPUT (V) MEAS.     (V) 

0 
) i i i 

0.0 0 0.0 0.0 0.0 0 
10 0.0 0 0.0 0.0 0.2 86 
20 0.0 0 0.0 0.0 0.1 43 
30 1.1 495 0.0 0.0 0.1 45 
40 1.6 720 0.7 7.42 0.5 216 
50 1.7 765 0.9 9.62 0.6 259 
60 1.9 855 1.4 15.0 0.8 345 
70 2.1 945 •      1.5 16.2 0.8 345 
80 < ^ 2.2 990 1.7 18.5 0.9 388 
90 c> 2.4 1080 1.9 20.8 0.95 409 

100 vt 2.2 990 2.0 22.1 0.9 388 
110 % 

A 2.1 945 2.1 23.3 0.8 345 
120 en 

JC 
w 1.9 855 2.2 24.6 0.7 302 

130 1.6 720 2.3 25.9 0.6 259 
140 MH 1.3 585 2.1 24.0 0.5 216 
150 i—i 1.0 450 2.0 23.2 0.4 172 
160 TO 0.7 315 1.7 20.2 0.3 129 
170 en 0.5 225 1.5 18.3 0.2 86 
180 u-t 

14-1 0.3 135        l 1.2 15.2 0.1 43 
190 O 0.1 45 1.0 13.3 0.0 0 
200 1 0.0 0 0.8 11.2 -0.1 -    43 
210 -0.2 -    90 0.6 9.20 -0.15 -    65 
220 -0.4 -  183 0.3 6.08 -0.2 -    86 
230 -0.5 - 225 0.1 3.99 -0.3 -  129 
240 -0.5 -  22') -0.2 0.82 -0.3 -  129 
250 -0.4 -  180 -0.4 -  1.32 
260 

\ ' 
( f 

-0.3 -  135 -0.4 -  1.37 

*    i 
t 

■  (10.4xl03A/v) ^+(103/3)/ v0dt] 

• 
*    i  =  (10.5xl03A/V)[vo+(103/s)r v  dtV i o   J 

**      v =  (450) vm **    v  =  ( 431)  v^ 

J  vidt  ^0.732 kj 

J i2Rdt  =  (6.25xl04j/n)(8.22xl0"3C)   = 

0.513 kj 

C-8 



- X-MHD-19 

TIME 
(Us) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
210 
220 

EAST CHANNEL 
CURRENT 

OUTPimV) 

0.0 
0.0 
0.0 
3.0 
4.5 
5.0 
5.6 
6.0 
6.8 
7.0 
7.1 
7.0 
6.5 
6.0 
5.5 
4.5 
3.8 
3.0 
2.0 
1.0 

-0.5 
-0.8 
-0.8 

MEAS. (kA) 

0.0 
0.0 
0.0 

31.5 
47.6 
53.3 

VOLTAGE 

OUTPUT (V) 

,1 
.9 
.9 
,7 
.5 
,2 

60. 
64. 
73, 
76, 
78, 
78. 
73.7 
69.1 
64.5 
54.5 
47.7 
39.7 
29.5 
19.2 
3.52 
0.31 
0.23 

0.0 
.5 
.0 
, 3 
,8 

1 
1 
5 
5, 
5.1 
4.9 
4.8 
4.7 
4.5 
4.0 
3.5 
2.8 
1.8 
0.6 

-0.5 
-1.8 
- 2.5 
-2.7 
-2.8 
-2.5 
-1.5 
-1.0 

MEAS.  (V) 

WEST CHANNEL 

0 
675 
450 
2390 
2610 
2300 
2210 
2160 
2120 
2030 
1800 
1580 
1260 
810 
270 

- 225 
- 810 
-1130 
-1220 
-1260 
-1130 
- 675 
- 450 

1 "  (l0.4xl03A/v)[vo+(103/s)J v0dt] 

**    v =  (430 ) v, in 

J vidt  ~ (10"5s)Z(vi)  = 12.6 kj 
o 

* T 
J  i^Rdt  £'(5.99xl05j/n)(8.42xl0"3- )   = 5 05  kj 

CURRENT 

OUTPUT (V) 

0.0 
0.0 
0.0 
2.8 
3.9 
4.2 
4.3 
4.5 
4.6 
4.8 
4 
5 
4 
4 
3, 
2. 
0.8 
0.0 

-0.8 
-0.9 
-1.0 

MEAS.   (kA) 

0.0 
0.0 
0.0 

.7 

.7 

.2 

.7 
3 

.9 
,5 

29 
41 
45 
46 
49, 
50, 
53, 
55.0 
56.6 
51.8 
47.0 
38.9 
26.5 
14.0 
5.62 

- 2.87 
- 4.01 
- 5.17 

VOLTAGE 

OUTPUT (V) 

0.0 
0.0 
1.5 
2.0 
1.8 
1.6 
1.5 
1.5 
1.6 
1.6 
1.5 
1.3 
1.1 
0.7 
0.3 

-0.2 
-0.8 
-0.7 
-0.6 
-0.5 
-0.4 

MEAS, m 
0 
0 

647 
862 
776 
690 
647 
647 
690 
690 
647 
560 
474 
302 
129 

86 
345 
302 
259 
216 
172 

i  =  (l0.5xl03A/v)[vo+(103/s)f v  dtl 
o 

v =  ( 431 ) v m 

J vidt  ~ (10'5s)v(vi)  -   3.26 kj 

J i2Rdt  =  (2.83xl05j/^)(8,22xl0"3fi)   = 
I 2.33 kj 
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I APPENDIX D 

CURRENT  AND INDUCTANCE IN THE X-MHD GENERATOR 

Faraday's Law, applied   to a  circuit with moving boundaries,   is 

| E'•   dl  = 

C(t) 
^ ^  B   "  nds 

A(t) 

(i) 

where E* is the electric field measured in a_frame of reference attached 
to the moving element of path length dl and B is the magnetic flux density, 
The unit vector n is normal to the surface bounded by the closed path C(tV 
The path of interest for the explosive MHD generator is in the x-y plane* 

Electrode 
Gas Dynamic 

(       Shock 

Conducting 
Sheet 

Electrodes 

Figure  1 

Assumed  Current 
Path,  C(t) Through 
Electrodes 

as  shown  in Figure  1.     The unit normal,   n,   is  parallel   to  the  z-axis  so 
Equation  (1)  becomes 

BCD E 

I' E'dy +   f    E'dx +    :' E1 •   dr+    ,   E1 "   df 
J y    ^ J X « " 

AB C D 

+ J Exdx = ■ di JV B
Z 

dxdy 

F A(t) 

(2) 

Note that we are assuming a single current path between C and D, whereas 
the real current flow is through the duct walls and flange on both sides 

of the channel. 

P / 
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The  integral 

B 

J" E;dy 
A 

can be written in terms of current density by using 

J + ß J A(B/B) 
—t                  e 
E1 =  

= (j/a) + (l/nee)JAB (3) 

where 

J = current density, 

0" plasma conductivity, 

n = electron density in the plasma, 
e 

e = magnitude of the charge on the electron. 

If we assume that 

J ^-J = 0 
X    z 

in  the  plasma,   then 

(JAB)     =  0 
y 

and 

E'   ~J  /a. (3a) 
y      y 

With  this  substitution, 

B B 

E^dy  S'J (Jy/c)dy J 

We will  also  take 

(4) 

J    =   -  i(t)  w(y)(^) (5) 
y c 
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*. 
where 

i(t) =  (counterclockwise)   current  flowing  through  the   load, 

w(y) = width of  the duct  at  height y, 

(&c)c ■  thickness  of  the  conducting sheet  at  height  y. 

Then 
B B 

fE'dy -  - i(t)       __^-—- 

A A 

A 

2" • /■   \ dy =  1{t)   J   ow(y)(^) 
B 

=i(t)R (6) 

where R is the resistance of the conductor defined by 
c 

R = 

A 

c " >>    Jw(y)(Zöc)c 

B 

A similar treatment of the current paths B-C, C-D and F-A using the 
conductivities of the electrodes and the flange give 

C 

^E^dx = i(t) 8^(0  , (7a) 

B 

A 

J E^dx = i(t) RUE(t)  . (7b) 

F 

D 

r r ■ dt = i(t) Rp   . (7c) 

c 

The upper and lower electrode resistances, RUE and RL£, are functions of 
time because their working length grows shorter as the conducting sheet 
moves down the channel.  Because of the high conductivity of these parts, 
however, these resistances will be neglected as will the flange resistance, 
Rp, for the same reason 

The integral over the current path D-F gives the voltage drop across the 

load. 
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n -•,       -• di 
JE • dl = iRL + LLdr (8> 
D 

with 

R = load resistance, 

L, ■ load inductance. 

Both of these parameters will be assumed to be constants. 

Substitution of (6), (7a) through (7c), and (8) into (2) yields the 
approximate equation 

«h + V + hK*-it !!*,***? (9> 
A(t) 

which governs current flow in the explosive MHD generator. 

The magnetic flux,  I Bz dxdy, can also be written in terms of i by 
using Ampere's Law as follows: 

^/A  T, ^   O PfC J(r ) x R , i , i , r 
B(r) = B z + T-     —^—i  dx dy'dz 

with 
r = position of observation point with components x, y, z, 

B ■ magnitude of applied magnetic flux density, 
o 

z = unit vector along the z-axis, 

\j,    -  permeability of vacuum, 

r' = position at which current density is evaluated, with components 
x', y', z', 

R = unit "e^tor pointing from r1 to r, 

R = (x-x1) + (y-y1) + (z-z)  (square of the distance from r' to r). 

This expression can be transformed into a slightly more useful form: 

B(?) = BZ + ^7X   rrfl£|ll dx.d .dz. 
o 4n -UJR 
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where the operator 7 only applies to unprin;f»d coordinates.  With this 
expression, 

A(t) 

•v 

C(t) L J 

D,jBo(x)dx + 

where 

D1 = diameter of the duct + 2/3 of electrode thickness, 

x = x position of path through the conducting sheet, 

X_ = x position of path through flange. 

If we assume the current is uniformly distributed across each conductor 
cross-section, Aj^, then 

-. -..    i (t)  « 

where a is a unit vector along the direction of the current density.  With 
this expression. 

^ 
JjBzdxdy  - D,jBo(x)dx+ —£ 

A(t) x^ C(t) 

i(t)      r     « n 
7— §    rrr^dx'dy'dz' 4n      '      I JJ<J  RA I 

dl 

(10) 

The inductance, L, of the generator is just the coefficient of i in the 
second term on the right: 

c(tr 
OT^dx'd/d^] • dl (11) 

The integration path was assumed to include only 1/3 of the thickness of an 
electrode on each side instead of 1/2 as a rough compensation for the 
curvature of the electrodes. 
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.. Using this definition, Jj Bzdxdy can be written 

JJ Bzdxdy = D' J Bo(x)dx + Li 

A(t) x„ 

The use of Equation (12) in (9) allows us to write 

(12) 

i(Rc + V + LLS-2'D,UBo(Xc> -^T^) 

with the conducting sheet velocity, U, defined by 

dx 
U = dt  ' 

Reorganizing and noting that LL is constant. 

|j [(L +1^)1]+ (Rc+ RL)i ff-D'UB^) (13) 

Equa'-ion (13) can be integrated to give 

■(^)[™(-;,(^)?)] 

[ f B (x) exp 
f Ü iim) *).] (14) 

where xe is the position at which the electrodes start (i.e., the position 
at which current can start to flow). 

The inductance, L, ran be calculated by the techniques outlined in 
Reference 1. This results in an inductance of the form 

L ■ (0.004 nh/cm) D'tn D* +V(D')2 + :(0.2237)(w 4 x)j2 

0.2237(w + s) 

-yD'2 + [(0.2237)(w + s)j2 + 0.2237 (w + s) 
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Rxp   - xc) +-\/(xF-xc)

2 +   [(0.2237)(w +  s)] 
+  (Xp  - xc)^|  

0.2237  (w +  s) 

■V(xF  " Xc)2 +   C(0-2237)(w + s)]2    + 0-2237   (w + s) 

-  0.004   ^i/cm io'-J 
D'  +-^/(D1)2 +  R^ 

R, ] 
V^0*)2 + RI2 + RI 

["(Xp  - xc) + -^/(Xp  - xc)
2 +   [1.022 D1 ]2 "j 

+  («j  " xc)   ^L 1.022 D' J 

■^OZT- xc)
2 +   (1.022 D')2    +  1.022 -} 

where 

D'   = 

w 

Ri  = 

k = 

16.30  cm, 

width of eleccrodes = 8.731 cm, 

thickness of electrodes = 1.588 cm, 

[k - 0.2644(w/xF - xc)] (xF - xc) + 0.2237 (w + s), 

parameter from Table II of Reference 1. 

(15) 

Note that in arriving at (15), the currents through both the conducting 
sheet and the flange have been assumed to have the same width and thickness 
as the electrodes. The departure from this ideal will be assumed constant 
and lumped in with L^. 

■ 
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