










List of Figures 

1.1 Schematic view of an electrothermal gun 4 

3.1 An overall view of the 25.4 mm gun setup for studies of plasma -
fluid interaction processes 14 

3.2 Reaction chamber. 1, metallic holder; 2, Kevlar fiber; 3, polyethy
lene sleeve; 4, gas exit to barrel 15 

3.3 Plasma injector. 1, anode; 2, insulator; 3, polyethylene capillary; 4, hol
low cathode; 5, insulator sleeve 16 

3.4 Pulse-forming network 16 
3.5 Schematic view of the x-ray setup geometry. 1, x-ray tube head; 2, x-

ray tube head; 3, reaction chamber; 4, working fluid; 5, x-ray film. 18 
3.6 X-ray shadowgraph of a plasma jet propagating in water. The re

gion reached by the plasma jet appears dark on the film. The picture 
was taken 350 its after the beginning of the discharge 19 

4.1 a. Voltage and current through the discharge b. Energy and power 
dissipated in the plasma column 24 

4.2 Successive pictures of the plasma jet propagating in the water. The 
time interval between frames is 100/zs; the first exposure was taken 
150ps after initiation of the capillary discharge 25 

4.3 a. Residual gel pulled out of the reaction chamber after ~ 500 fis 
exposure to a 160 kJ capillary discharge plasma, b. Cross section 
of the water-gel cylinder 27 

4.4 a. Visualization of water streamlines surrounding the jet that orig
inates from the central water cylinder facing the jet. b. Gradient 
operator applied on the pixels gray-level distribution of Figure a. . 28 

4.5 a. Voltage and current passing through the plasma, b. Energy and 
power dissipated in the plasma column 30 

4.6 Successive exposures of the plasma - water interaction in a 0.75—cm 
radius reaction chamber 31 

4.7 The mass of the water seen in the shadowgraphs vs. time. The 
straight line corresponds to a least square linear fit of the data 
measured on the films 32 

4.S a. Pressure measurements for the plasma jet penetration experi
ments described in section 3.1 b. Pressure measurements for the 
water ablation rate experiments described in section 3.2 33 

iii 



4.9 Original pressure reading at P I , from the experiments of section 3.2. 34 

5.1 Volume element of radiative energy balance 40 
5.2 Entalphy of water at 30000°K between 500 and 3500 bar, 51 
5.3 Schematic view of the ablation surface recession 52 
5.4 Temporal behaviour of the ablation and heating rates 61 
5.5 Heat capacity of water at a constant pressure of 3.5 kbars 63 
5.6 Ionization state of water plasma at 3.5 kbars from 7000° A' to 31000°A". 

74 
5.7 approximate form of the thermal conductivity of water at 3500 bar 

and between 300 to 30000 degrees 75 
5.8 Entalphy of water at 3.5 kbars 77 
5.9 Planck mean free path of water. The continuation of the graph from 

T = 12600°A' down to 300°K is an extrapolation of the polynomial 
fit 78 

5.10 Temperature profile in the sheath 80 
5.11 Conduction and radiation fluxes as function of position across the 

sheath 80 
5.12 Conduction and radiation fluxes as function of temperature across 

the sheath 81 

6.1 Volume of the Taylor cavity vs. volume of the capillary plasma. . . 89 
6.2 Si tematic view of the proposed flow pattern of the plasma water 

system in configuration 2, section 3.2 90 



List of Tables 

3.1 Reaction chamber configurations 22 

5.1 Solution of saha equations for ionizing water at 3500 bar between 
7000 and 31000 degrees 73 

5.2 Approximate values for the thermal conductivity of water 74 
5.3 Variation of the ablation rate and m and the width of the sheath 8 

for different boundary condition 82 

v 



Abstract 

This thesis comprises an experimental and theoretical study of a plasma-jet-

water interaction in electrothermal guns. The electrothermal gun is an advanced 

projectile acceleration device. It creates a propelling gas out of a working fluid by 

evaporating it with a capillary plasma jet. 

In the present work the plasma jet was produced by a high current pulsed 

discharge in a plasma injector consisting of polyethylene capillary, closed at one 

end by a metallic anode and supported at the other end with a hollow cathode. 

A thin aluminum fuse placed inside the capillary and connecting both electrodes, 

provided an initial conducting element. A pulse forming network delivering a high 

current pulse through the fuse, exploded it and produced an aluminum plasma. 

Subsequently, ablation of the capillary wall begun as a result of it's exposure to 

radiation from the fuse plasma. The ablation products were heated by the pulse 

current until ionized, replacing the fuse plasma by a polyethylene plasma thus sus

taining the ablation process. In these experiments the current pulse lasted 500fis 

(FWHM) during which 182 kj of electrical energy were dissipated in the plasma. 

The capillar}' length and inner radius were 22 cm and 0.32 cm respectively. The 

continuously produced polyethylene plasma was evacuated through the cathode as 

a jet with a velocity of approximately 12000 m/s and temperature of 34000°A". 

The experimental investigation reported here used x-ray shadowgraphy to 

observe the plasma-working fluid interaction process. The interaction with the 

working fluid took place in a specially designed reaction chamber, transparent to 

x-rays and attached to a 25.4 mm gun barrel. The inner diameter of the reaction 

chamber was 32 mm and it contained approximately SO gr of working fluid: a 

solution of 02% (by weight) of water with 8% lead acetate P6(C 2ff 302)a • 3H*0, 

gelatinized with agar (3% of the water mass). This solute, by increasing the x-

ray absorption of the working fluid, improved the contrast between it and the 

transparent plasma jet on the shadowgraphs. The pressure developed during the 

process was measured at two positions in the reaction chamber and released along 
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the barrel while accelerating a projectile. 

The penetration of the plasma jet into the working fluid was exposed on 

films at successive time intervals by means of x-ray shadowgraphy. An initial jet 

penetration velocity around 240m/s was observed from direct measurement on 

the x-ray films. Consecutive x-ray pictures show a deceleration of the jet until 

the capillary discharge turned off. The jet penetration velocity was also estimated 

theoretically, for the particular geometry 01 this experimental arrangement. It was 

shown to be roughly equal to the exit velocity of the jet at the cathode times the 

square root of the plasma density divided by the water density. A calculation of 

the initial penetration velocity on this basis yielded approximately 190m/s. This 

theoretical result agrees well with the observed value given above. 

The good resolution obtained on the x-ray pictures revealed a well defined 

boundary between the plasma and the water that corresponds to a large mass 

density gradient at the interface between the two fluids. This interface was not 

even but had a wavy shape caused by the development of Kelvin-Helmoltz insta

bility, since the plasma jet and the working fluid surrounding it move at different 

velocities. 

The working fluid lost mass from the bulk as a result of the interaction with 

the plasma. This mass was entrained in the plasma and evacuated through the 

barrel. In order to obtain quantitative information on the entrainment rate of the 

water by the plasma, a slightly different experimental arrangement provided was 

used. In this arrangement the diameter of the reaction chamber was reduced to 

16 mm and the plasma injector was designed so that the jet started at a large 

distance from the water surface. The plasma expanded on its way to the water 

and a hot plasma front readied the water surface. The entrainment of water into 

the plasma was now observed on the shadowgraphs as a recession of the plasma-

water interface. The rate of mass loss from the bulk of the water was measured 

from a set of 7 successive shadowgraphs taken 50 (is apart starting ISO fis after 

the beginning of the discharge. Consequently the measured entrainment rate was 
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35000 ± 10% kg/m2sec. 

When the water interacts with the plasma it also ablates. This ablation rate 

was estimated from energy conservation considerations. Assuming that the radia

tive energy flux delivered by the capillary plasma to the water is entirely returned 

into the plasma as a flux of hot ablation products we obtain an ablation rate of 

approximately 155 kg[m? sec. This rate of mass loss by ablation is significantly 

lower than the measured rate of entrainment given above. It was suggested that 

the main mechanism for water loss is in -Ls form of droplets pulled apart by shear 

forces exerted by the plasma-water direct interaction. These droplets are entrained 

in the back-flowing part of the plasma jet streaming out of the interaction chamber. 

Peak pressures up to 3.5 • 10 8 Pa were measured during the process. At such 

pressure water does not undergo a phase transformation when heated. Thus the 

mass density at the plasma water interface should be regarded as a continuous 

function of temperature. The determination of the temperature profile at the 

interface between the capillary plasma and the water requires the solution of the 

heat transfer and the radiative transfer equations under ablation conditions. This 

constituted the main theoretical part of the present work. It was assumed that a 

sheath with a large temperature gradient is formed between the capillary plasma 

and the water as they come in contact. As the water .iblates, ff20 molecules enter 

the sheath from the cold side, absorb most of the radiation flux emitted by the 

plasma and reach the hot side partially ionized and dissociated into H, O, H+, 

0+ and e", at the temperature of the capillar}' plasma. At the first instants of the 

interaction, the sheath does not yet exist and there is nothing between the plasma 

and the water to attenuate the radiation reaching the water surface. During these 

instants the sheath is formed and the ablation rate is very large and non steady. 

After the sheath has been formed it absorbs most of the radiation flux emitted 

by the plasma and the water ablates at constant rate. A simple zero dimensioned 

model was developed to estimate the time required for the ablation rate of water 

to become steady after a sudden exposure to a large radiation flux. It was found 
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that for a radiation flux of 5 MW/cm2 the initial ablation rate is two orders 6f 

magnitude larger than the one in the final steady rate and the stabilization time 

is shorter than 0.2 yisec. Since the duration of the whole electrothermal process 

is 500 psec, the ablation rate of the water may be regarded as steady during the 

interaction. 

I proposed a one dimensional steady ablation model, involving a set of two first 

order differential equations. This model is capable of calculating the temperature, 

radiation and conduction flux as function of the position in the sheath. The 

equations were solved numerically for the case of an energy flux from an optically 

thick plasma at 31000°A" into water at 3500 bar. The model predicts that at 

the two extremes of the sheath radiation transfer will dominate while in between 

particle heat conduction will. Another interesting outcome of the model was that 

the radiation flux at the cold side of the sheath (it's water end) is two orders of 

magnitude larger than the heat conduction flux. It is also shown that the width 

of the sheath is of the order of 10"'' m. 
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Chapter 1 

Introduction 

1.1 The problems of interior ballistics 

Interior ballistics is a branch of applied science that investigates the physical pro

cesses taking place in a gun barrel during the acceleration of a projectile. In 

conventional guns the projectile is accelerated by the pressure of the gas released 

during the combustion of the propellant, The propellants employed in modern 

conventional guns are made of nitrocellulose (chains of C^H^OiiONO)^) as ener

getic material and the combustion products are: C 0 2 , CO, H^O, H2, iV2 and also 

free radicals like H, OH and NO. subsequent reactions in the exhaust gases can 

produce C, NH3 and CH4. The energy of combustion is distributed among these 

molecules in internal degrees of freedom (vibration, rotation electronic excitation 

etc.) and kinetic energy, which gives rise to high pressure when the process takes 

place in a fixed or slowly varying volume. 

The motivation to increase the muzzle velocity of projectiles created the field of 

research called interior ballistics. Interior ballistics of conventional guns deals with 

the manner in which the chemical energy stored in the propellant is transferred as 

kinetic energy to the projectile. During the acceleration of the projectile several 

interdependent processes take place inside the barrel. At first there is the ignition 

of the propellant grains: the chemical reaction that releases the combustion gases 

takes place on the surface of each grain in such way that the surface recedes 

until the grain vanishes leaving only the combustion gases. The burning rate (or 
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combustion rate) of the propellant depends on the instantaneous pressure in the 

barrel. As the projectile begins to move a pressure gradient is established along 

the barrel, thus the burning rate of each propellant grain becomes coupled to the 

position and velocity of the projectile which in turn, depend on the pressure in 

the barrel. The calculation of a ballistic cycle would require the simultaneous 

solution of the coupled equations for the propellant combustion, the motion of 

the projectile and the two phase flow of gas and burning propellant grains along 

the barrel. This complex set of equations is usually solved numerically using 

phenomenological approximations for the pressure dependent burning rate and 

approximate models for the two phase flow. In practice there is no need to solve 

the ballistic cycle equations in order to understand the nature of the limitation 

on the muzzle velocity 1 obtainable with conventional guns. An idealization of a 

gun is an infinite pipe divided by a piston, where on one side there is an ideal 

gas with initial pressure Fo and on the other side vacuum. The gas is allowed to 

expand towards the vacuum by pushing the piston into it. The solution to this 

problem is given in [1] and [2]. It is found that the velocity of the piston reaches 

an asymptotic limit, u„ c , independent of its mass or the initial pressure Po, given 

by: 

v m = ~ ^ (1.1) 

where c is the speed of sound in the gas and 7 = cpJcv, cp and c„ are the 

specific heats at constant pressure and volume respectively. It can be deduced 

from Eq. 1.1 that the muzzle velocity of a projectile in a real gun would be limited 

by the speed of sound in the combustion products of the propellant, provided that 

all other parameters characterizing the ballistic cycle remain fixed. 

The speed of sound, c, in a gas is given by: 

'Muzzle velocity is defined as the velocity reached by the projectile upon exiting the gun barrel 
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V < i 
(1.2) 

where T is the gas temperature and < m > the weighted average mass of 

the gas molecules. From Eq. 1.2: it is seen that increasing the temperature or 

reducing the mass of the propellant molecules would result in a larger speed of 

sound. However, in practice real guns cannot stand for a significant increase in the 

temperature of the combustion products since this would result in an accelerated 

erosion of the gun barrel. At present, guns operate well at temperatures up to 

3500°A" even though this temperature is higher than the melting point of the 

metal. This is allowed since the heat pulse delivered to the gun bore lasts merely 

a few milliseconds and is not enough to cause a significant damage 2. The second 

parameter < m > is an intrinsic property of gun propellants and there is no 

freedom to control it while employing nitrocellulose propellants. 

Other less important factors that influence the muzzle velocity are the length 

of the barrel and the amount of propellant (or chemical energy) invested in the 

acceleration. The barrel has to be as long as possible to prolong the accelera

tion path, but ultimately it is limited by engineering problems like bending due 

to excessive weight or convenience of transportation. Increasing the amount of 

propellant in a gun of given length results in larger muzzle velocity up to a certain 

limit. Adding propellant beyond this limit results in a reduced ballistic efficiency 

and negligible increase of muzzle velocity. 

Nowadays the performance of conventional guns operating witli nitrocellulose 

has been optimized for use as weapons, and any attempt to cross the corresponding 

muzzle velocity barrier will require a different technology using propelling gases in 

which the speed of sound is larger. 

"This does not mean that gun barrels last forever. Ill fact, after several hundred or thousands 
of shots most guns become unusable. 
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1.2 The electrothermal gun 

The electrothermal gun (ET gun) is an advanced hypervelocity3 propulsion de

vice. It was invented by GT-Devices in 1981 [3][4] and has been the subject of 

experimental and theoretical studies since then. 

The ET gun operates by injecting a plasma jet generated by a capillary elec

trical discharge into a cartridge filled with the working fluid (liquid propellant), 

that becomes the propelling gas of the gun upon its evaporation by the interaction 

with the plasma jet. A schematic view of an ET gun is shown in Fig. 1.1. The 

pulse forming network drives a confined high pressure electrical discharge through 

the capillary, the electric current flows through a plasma, produced by ablation 

of the inner capillary wall. Ablation of the capillary wall is caused by an intense 

heat flux delivered by the plasma onto it. 

Figure 1.1: Schematic view of an electrothermal gun 

Typical capillary discharges for ET launchers[5] produce dense plasma at tem

peratures around 3 eV (34000°K), electrons densities above 10 2 0 cm'3 and mass 

density of ~ 2 • 10" 3 gr/cm3. For a commonly used polyethylene capillary the 

plasma is composed of hydrogen and carbon with 75% ionization and pressure of 

several kbars. A plasma with these properties radiates approximately like a black 
3The precise definition of hypervelocity depends on the context. In interior ballistics, hyper

velocity is defined as a projectile velocity superior to the maximum velocity that can be achieved 
with an optimized conventional gun 
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body with a radiative energy flux around 5 MW/cm2. Since mass is free to flow 

through the hollow cathode, a pressure gradient is established along the capillary 

which causes a jet of plasma to be ejected through the cathode. The plasma jet 

flows into the cartridge containing the working fluid and interacts with it. The 

reason for using the working fluid as propellant rather than the plasma itself is 

twofold: first the temperature of the propelling gas has to be reduced to one tenth 

of the temperature of the plasma in order to avoid erosion of the barrel; second, the 

particle number density of the propellant gas has to be initially as large as possible 

in order to avoid a large pressure drop as the projectile moves along the barrel. 

Basically the role of the plasma fluid interaction in the cartridge is to transform a 

gas at high temperature and low density (the plasma) into one at high density and 

low temperature, by having the initial energy stored in the hot gas be distributed 

uniformly in the resulting mixture with the evaporated working fluid at the end 

of the process. 

Unlike conventional guns, where the propellant is also the energy source, the 

plasma might be the only energy source in the ET gun. Consequently, a large 

variety of working fluids can be considered as adequate candidates for projectile 

propellants. In view of the discussion in the preceding section, the right choice 

of working fluid would be one whose molecular weight is smaller than that of the 

combustion products of nitrocellulose. 

There are three kinds of working fluids based on their heat release character

istics: a. inert working fluid, b . mildly energetic working fluid, and c. highly 

energetic working fluid. Inert working fluids are such that the energy released, 

by chemical reactions, after interacting with the capillary plasma is much smaller 

than the electrical energy supplied by the plasma injector. Examples of inert work

ing fluids are: water, lithium-hydride (LiH) or lithium-boron-hydride (LiBHA); 

these materials are good candidates for ET propellants due to their low molec

ular weight. Mildly energetic working fluids release a large amount of energy 

by exothermic reactions but also need a large amount of electrical energy for the 
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activation of the reactions. Mixtures of titanium-hydride {TiH^) and water or alu

minium powder with water are examples of mildly energetic working fluids. The 

oxidation of the metal (titanium or aluminium) is a highly exoiucrmic reaction. 

However, its activation requires the dissociation of the water in order to release the 

oxygen needed. The latter is an highly endothermic reaction. Finally highly ener

getic working fluids are such that the activation energy is small compared to the 

chemical energy stored in the fluid. Solid propellants based on nitrocellulose can 

also be categorized as highly energetic working "fluids". Another example is the 

mixture of octane (CsHts) with hydrogen peroxide (H2O1). The thermochemical 

properties of several working fluids, including those cited above, have been stud

ied by Oberle and Bunte[6] using the thermodynamic equilibrium code BLAKE[7]. 

They obtained relevant thermodynamic properties of the propellant gas mixtures 

at various electrical energy inputs. A study of the interior ballistic processes in an 

ET gun operated with the highly energetic octane-hydrogen peroxide mixture was 

made by Chen, Kuo and Cheung [S][9]. Their work includes a model of the ballistic 

cycle where first the plasma interacts with the propellant initiating the chemical 

reaction. Simultaneously little droplets are torn off the working fluid surface and 

entrained in the flow along the barrel while burning. A very extensive literature 

review, covering most aspects of ET propulsion technology may be found in Ref.[9] 

1.3 Present work 

An understanding of the energy transfer process from the plasma jet to the working 

fluid is essential for the design of efficient ET accelerators. The proper modeling 

of this interaction requires experimental data for the physical parameters such as 

the rate of energy transfer from the plasma to the fluid and the flux of mass lost 

by the working fluid that characterize the relevant processes. 

This thesis combines an experimental[10] and theoretical study of plasma fluid 

interaction in a 25.4 mm ET gun. The working fluid chosen for the present work 

is water, an inert working fluid with a molecular weight of 18. Compared with the 

6 



average molecular weight of nitrocellulose combustion products, 2S, there is an 

increase of v / j | = 1.25 in the speed of sound at the same gas temperature. This 

work concentrates only on the interaction between the plasma and the water for 

the duration of the capillary discharge and there is no reference to the later stages 

of the ballistic cycle, that are relatively well understood. 

Chapters 3 and 4 describe a technique, based on x-ray shadowgraph}-, for 

visualization of the plasma jet propagation into water. A special reaction cham

ber, made of Kevlar, transparent to x-rays, was designed for this purpose since 

the metallic barrel is rather opaque to the available x-ray source. Information 

is obtained on the jet penetration velocity into the water, the geometry of the 

plasma - working fluid interface, and the mass loss rate of the water. The exper

imentally measured rate of mass loss is compared with estimates for the ablation 

rate of the working fluid resulting from the heat flux radiated by the plasma. In 

addition to the x-ray data, pressure measurements relevant to the ballistic process 

were made and analyzed. 

The theoretical work includes setting up a model for the energy transfer from 

the plasma to the water. The model assumes that during the interaction, three 

regions are formed, a. the capillary plasma jet displacing the water, b . an interface 

sheath through which energy is transferred form the capillary plasma to the water, 

and c. the bulk of the water beyond the sheath. A calculation of the temperature 

distribution in the sheath at steady state ablation is presented. The calculation 

is based on a simultaneous solution of the heat transfer and the radiative transfer 

equations in the shealh adjacent to the ablating fluid. These equations take a 

simple, time independent, form for constant ablation rate. Under this condition a 

time independent temperature profile in the sheath can be calculated. However, if 

the time independent heat transfer equations are to be valid, it is necessary that 

all transient solutions decay in a period of time much shorter than the plasma fluid 

interaction time. In order to prove that this is indeed the case in the ET gun a 

simple, zero dimensional, model is set up to estimate the time dependence of the 



ablation rate, of a material after a sudden exposure to a large radiative heat flux". 

It is shown that steady ablation is a justified assumption in the ET gun. 
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Chapter 2 

Capillary discharges 

Tais chapter explains how to derive some useful formulas for the properties of the 

plasma inside the capillary as function of the current and capillary dimensions. 

The calculations are based on Refs.[5][ll]. 

Consider a capillary discharge operating at steady state i.e., the physical pa

rameters characterizing the plasma are time independent. It is assumed that the 

capillary cross section is circular, thus, the plasma produced inside takes a cylindri

cal shape. Let / be the current through the plasma and R its resistivity, the power 

dissipated in the plasma cylinder is PR where R is given with good approximation 

by the Spitzer resistivity law[12]: 

i S « - ^ 6 . 5 3 - 1 0 3 ^ ohm (2.1) 

where £ is the capillary length in cm and na? its cross section in mm2. 0 is a 

correction factor that accounts for the presence of neutral atoms in the plasma and 

is given by: /? = 1 + j 2 where veo and ue; are the electron-atom and electron-ion 

collision frequencies respectively. At temperatures above 2.5 eV 0 is approximately 

equal to 1. T is the temperature of the plasma. InA is called the Coulomb 

logarithm and is approximately equal to 1 for the plasma employed in the BT 

gun. 

It is assumed that all the energy dissipated in the plasma is radiated to the 

capillary walls, causing their ablation and heating the ablation products to the 
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plasma temperature. It is also assumed that the plasma radiates like black body 

hence we can write: 

I2R = <7T42irae (2.2) 

where a is the Stephan-Boltzmann constant. Inserting the expression for R 

form Eq. 2.1 in Eq. 2.2 we get: 

T = 1 . 5 7 - 1 0 4 / ? 2 / n ^ 7 n - (2-3) 

where T is in °A' and J in kA. Inserting the last expression in Eq. 2.1 gives 

the resistivity of the plasma column as function of the current: 

R = °-22^F^0hm (2-4) 

the total power dissipated in the plasma is, 

jas/Hjis/n 
S = I2R = 2.2 • 10 1 3 / „ Watt (2.5) 

all the radiated power is returned form the capillary walls as hot plasma which 

is accelerated towards the hollow cathode by the pressure gradient prevailing along 

the capillary. The energy flux through the capillary exit nozzle can be equated to 

the power dissipated in the plasma. The total energy flux through the exit nozzle, 

Sout, is given by 

,1 S.ut = M(-vlt + h) (2.6) 

where M is the mass flux at the nozzle, the first term in the parenthesis is the 

kinetic energy per unit mass, and the second, h, is the entalphy, per unit mass, of 

the plasma. Neglecting the kinetic energy density with respect to the entalphy 4, 
4Fot critical flows, the velocity of the jet is, equal to the local speed of sound e, i.e., VJ„ = e, = 

V <m>'> where Jbt is the Boltzmann constant and < m > the average particle mass in the plasma. 
At T = 30000*A" the kinetic energy density does not exceed 25% of h(T) (see [13]) 
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it is possible to obtain an approximate expression for the mass flux in the jet by-

equating the electrical power to the S„u<; we obtain 

S0„, = Mh = 5 (2.7) 

For polyethylene plasma, the expression of h h as function of the temperature 

at constant pressure, can be extracted from the SESAME tables[13]: 

k{T) w 0.UI46 • T) MJ/kg this yields: 

Mtxl.1/36'"-^- gr/sec (2.8) 

the pressure P and density p at the capillary erst can be estimated from 

Eq. 2.S. The mass discharge is given by: 

M = pc,Mjctira2 

where JWje, is the Mach number of the jet and c, is the speed of sound in the 

plasma given by: 

c, = 48.1(1 + Q ) 1 / 2 T 1 / 2 ml sec (2.9) 

where a is the average ionization of the plasma defined as: a = n ĵ , n,- and 

n„ are the number densities of ions and neutral atoms respectively. 

solving for p and using Eqs. 2.3, 2.8 and 2.9 yields: 

O5/lljl0/ll« 
p . 5 . 8 - 1 0 - 5

f l 2 6 / i ; i + a ) 1 / a A / > t 3r/cm> (2.10) 

The pressure is given by inserting p and T from Eqs. 2.3 and 2.10 in the 

equation of state of the plasma: 

P^^-phT (2.11) 

where fcv is the Boltzmann constant and < m > « 4.5m p is the average mass of 

the particles in the partially ionized plasma as obtained from the Saha equation, 

and mr is the proton mass, we obtain for P: 
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More rigorous models for capillary discharges[14][15] do not neglect the kine'ic 

energy density or assume constant temperature along the plasma. It is found 

that the temperature decreases slightly towards the open end of the capillary. 

The jet velocity at the exit nozzle Is found to depend on the external pressure 

i.e., the pressure prevailing outside the capillary. If the pressure of the external 

environment is not too high, the flow through the nozzle is critical which means 

that the jet velocity coincides with the local speed of sound. In later chapters it is 

assumed that the jet velocity is equal to the speed of sound corresponding to the 

temperature predicted by Eq. 2.3. 

For further references on capillary discharges see, [16],[17],[1S],[19]. 
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Chapter 3 

Experimental Setup and 
Procedure 

3.1 The reaction chamber 

The interaction of the plasma jet with the working fluid is studied in a reaction 

chamber that is attached to a 2 m long, 25.4 mm diameter gun barrel and is 

made of Kevlar that is transparent to x-rays. The breech assembly of the gun, 

presented schematically in Fig. 3.1, consists of the plasma injector (2) that fires a 

plasma jet into the working fluid (9); The resulting evaporated gas expands into 

the gun barrel (3), to accelerate the projectile (4). Note that the gun barrel is 

perpendicular to the plasma jet direction. The reaction chamber is a composite 

material cylinder (7), with an internal diameter of 3.9 cm and wall thickness of 

2 cm placed between the barrel connection block (6) and the sealing flange (10). 

It is protected internally by a polyethylene sleeve (8), which reduces the in

ternal diameter to 3.2 cm. Only 11.5 cm of the 16.5 cm chamber length are 

transparent to x-rays, since the winding of the Kevlar fiber begins and ends at two 

metallic holders (see Fig. 3.2 item 1). 

The working fluid is 'pushed' by the plasma jet against the sealing flange that 

keeps it from moving. Thus the penetration of the plasma jet into the working fluid 

is done against a stationary medium. This perpendicular configuration enables to 

obtain shadowgraphies of the jet penetrating a static medium. 
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1. metallic sleeve 8. 
2. plasma injector 9. 
3. gun barrel 10. 
4. projectile 11. 
5. pressure gauge insert 12. 
6. barrel connection block 13. 
7. reaction chamber 

polyethylene sleeve 
working fluid 
sealing flange 
screw 
pressure gauge insert 
plug 

Figure 3.1: An overall view of the 25.4 mm. gun setup for studies of plasma - fluid 
interaction processes. 
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Figure 3.2: Reaction chamber. 1, metallic holder; 2, Kevlar fiber; 3, polyethylene 
sleeve; 4, gas exit to barrel. 

3.2 The plasma injector 

The plasma injector, presented schematically in Figure 3.3, consists of a polyethy

lene capillary tube (3), enclosed by the anode (1) and an annular cathode (4). The 

tube is 22 cm long and has an inner diameter of 0.64 cm. The injector is electrically 

insulated from the barrel connection block by an insulating sleeve (5). Material 

loss from discharge by the flow of the hot plasma jet through the cathode opening, 

is balanced by the ablation of the capillary walls. The ablation-compensated mass 

loss results in a steady state operation condition for the discharge. The physical 

parameters of the plasma, such as electron temperature (T„), electron density (iVe), 

and neutrals temperature and density, are determined by the capillary dimensions, 

i.e., length and radius, as well as by the electric current flowing through it. 

3.3 The pulse-forming network 

The electrical energy is supplied to the capillary by a pulse forming network (PFN) 

consisting of a five-stage capacitor-inductor bank. (Figure 3.4). Each stage has 

400 (i F capacity and 6.25 pH inductance. The energy stored in the capacitors 

is delivered to the discharge in an approximately square current pulse, with full 
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width at half amplitude (FWHA) r = 500/isec. The internal impedance of the 

PFN, Ri, given by the expression Ri = y/LjC, equals 0.125 fi. The PFN was 

designed to obtain impedance matching between Up, the plasma impedance, and 

Ri, that of the PFN. 

The discharge of the PFN into an impedance matched resistivity gives a square 

current pulse in the plasma of the same FWHA r. The impedance matching 

ensures also optimal energy transfer from the PFN to the discharge. Usually at 

least 90% of the energy stored in the capacitors is dissipated in the plasma. In the 

experiments reported here, the PFN was operated at voltages of 11 kV (section 

4.1) and 13.5 fcV (section 4.2), corresponding to 121 kJ and 182 kJ of electrical 

energy, respectively. The electrical performance of the plasma injector with these 

parameters is presented in sections 3.1 and 3.2. For explanations on PFN operation 

see[20] 

HigliVbltas« 

Figure 3.3: Plasma injector. 1, anode; 2, insulator; 3, polyethylene capillary; 4, hol
low cathode; 5, insulator sleeve. 

Figure 3.4: Pulse-forming network. 
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3.4 The x-ray system 

The flash radiography setup consists of two Scandiflash 450 systems, each capable 

of generating a 20 nsec x-ray pulse. The radiation source is bremsstralilung from a 

vacuum discharge with 450 kV peak voltage and 10 KA peak current, generating a 

radiation dose of 20 mR at 1 m distance from the x-ray tube head. The point-like 

structure of the sources leads to a spatial resolution better than 0.1 mm on the 

film. The x-ray pulses can be triggered with a variable time delay with respect to 

the initiation time of the capillary discharge. The x-ray tube heads were placed 

1.8 m away from the reaction chamber and at an angle of 54° between the lines 

connecting the chamber and the tube heads. The film is bent into two sections, 

and placed in contact with the external wall of the Kevlar chamber, so that the 

reaction chamber is situated between the source and the film. Each film section 

faces only one of the x-ray sources, aligned to radiate onto it. The geometry of 

the shadowgraphy setup is shown in Figure 3.5. The x-ray shadowgraphs were 

obtained using Kodak DEF-5 film placed between two Agfa MR-400 fluorescent 

intensifiers and processed with D-19 developer. Well defined and highly resolved 

images were obtained in a single shot operation mode. Two shadowgraphs are 

obtained from each experiment at variable time intervals. In order to obtain a set 

of exposures showing the location of the plasma and the working fluid at different 

times, repeated experiments were conducted, in each of which the x-ray tubes 

were set to be triggered at a different time. This timing arrangement depended 

on the experimental reproducibility of the system - which was good - and allowed 

to follow the temporal behavior of the plasma - water interaction. 

3.5 The working fluid 

The choice of working fluid material had to be consistent with the requirements 

explained in the introduction. The average molecular weight of nitrocellulose 

combustion products is around 28. Choosing water with a molecular weight 18 
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Figure 3.5: Schematic view of the x-ray setup geometry. 1, x-ray tube head; 2, x-ray 
tube head; 3, reaction chamber; 4, working fluid; 5, x-ray film. 

results in an increase of i / | | »s 1.25 in the speed of sound in the propelling gas 5. 

Even though water is not the best choice as other materials with lower molecular 

weight will have a higher speed of sound, other candidates (like liquid hydrogen 

for example) are ruled out since they are too difficult to handle in the laboratory. 

Since pure water is transparent to x-rays, a solution of 92% (by weight) of 

water and S% lead acetate PMfiiHzOiji • ZHiO was used in order to obtain a 

good image of the interacting plasma - water system on the x-ray film. The 

solution heated and mixed with 3% of agar, gelatinizes upon cooling. This makes 

the working fluid easier to handle. The small amount of lead in the solution 

(approximately 4% of the total weight of the working fluid, corresponding to 0.4% 

molar concentration) is believed to have a negligible effect on the relevant features 

of the plasma - water interaction. However, lead acetate increases considerably 

the x-ray absorption of the working fluid while the plasma remains essentially 

transparent to x-ray radiation, thus, allowing good detection and definition of 

the boundary separating them. A typical x-ray shadowgraph of the interaction 

chamber is shown in Figure 3.6. The regions that contain only water appear light 

on the picture, but those parts containing only the plasma jet, or from where the 

water was displaced by the jet, appear darker. The cavity formed in the working 

5If partial dissociation occurs then this ratio might change but still remaining larger than 1 
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fluid by the penetrating jet is usually called Taylor cavity. 

In another experiment, the working fluid was prepared with a radial discon

tinuity in the x-ray absorption. The concentration of lead acetate in the central 

part of the water gel was enhanced, while that of the outer region remained low. 

The two regions of different lead acetate concentrations were kept from mixing by 

first preparing the working fluid with a low concentration of lead acetate, then 

removing an appropriate gel cylinder from the center of the working fluid, and 

replacing it with a similar one containing a higher concentration of lead acetate. 

This configuration allowed a visualization of the effect of the jet penetration on 

the central part of the water gel. 

Figure 3.6: X-ray shadowgraph of a plasma jet propagating in water. The region 
reached by the plasma jet appears dark on the film. The picture was taken 350 /is 
after the beginning of the discharge. 
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3.6 The data acquisition setup 
3.6.1 Pressure measurements 

Pressure measurements were made at two positions, PI and P2, in the reaction 

chamber (see figure 3.1), using Kistler piezoelectric transducers model 6201-B. The 

piezoelectric transducer converts the pressure pulse into a current signal, that is 

passed through an amplifier (Kistler model 5008) to a waveform recorder LeCroy 

unit 6S10 and stored for analysis in an IBM PC. 

3.6.2 Current and voltage measurements 

The capillary discharge is initiated by an ignitron (high current switch) consisting 

of two electrodes held in vacuum where the cathode is made of mercury. The 

electrodes are placed far enough from each other so that electrical conduction will 

not occur before a suitable trigger is applied. The trigger is a short high voltage 

pulse between the mercury cathode and a secondary (triggering) anode such that 

a spark is formed between the main electrodes, filling the space between them with 

partially ionized mercury gas that closes the circuit. The currents passing through 

the plasma injector in these experiments can reach 50,000 amps, in a ~ 500 fisec 

pulse. 

In order to measure such currents we use a pulse current transformer, Pear

son model 3442 that is a toroidal coil enclosing the line carrying the current to be 

measured along the symmetry axis of the torus. The magnetic field produced by 

the current pulse induces a time dependent voltage between the coil ends that is 

proportional to the derivative of the current pulse which induced it. The Pearson 

transformers employ an integrating circuit, whose output is a voltage signal pro

portional to the current being measured, for the 50.000 amps, mentioned above, 

the model 3442 transformer with an output/input ratio of 0.001 VIA gives an 

easily measurable pulse of 50 V. 

The voltage in the plasma injector is obtained by measuring the current 
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through a 390 ft resistor connected in parallel with the injector to the ground* 

The pulse current through the resistor can reach up to 35 .4 and is measured with 

a Pearson transformer model 110 which gives an output of 0.1 V/A. The voltage 

is calculated using Ohm's law. 

The current and voltage signals are collected together with the pressure signals 

in the LeCroy waveform recorder triggered 100 fis before the ignitron. 

3.6.3 Processing of t he x-ray 61ms 

In order to obtain photographic prints out of the x-ray films I used computerized 

image processing. The technique consists of recording the original x-ray film with 

a CCD camera, thus producing a discrete version of the x-ray image as an array of 

pixels recorded in the computer memory. For black and white pictures each pixel 

is characterized by its gray level ranging from 0 (black) to 255 (white) in steps 

of 1. Processing the image consists of changing the pixels gray levels, according 

to a predesign pattern, so that a desired effect is obtained on the whole picture. 

The original pictures were improved by applying two operations to the digitized 

image: Since the gray level range of most unprocessed pictures was around 120 

levels the contrast was enhanced by spreading this limited range throughout the 

entire available range. Next a software built-in "sharpening" operator was ap

plied to the picture. The order of application of these two operations is unim

portant. Consequently an improved image of the original x-ray film was obtained 

and exhibited on a high resolution screen that was photographed with a camera. 

Figs. 3.6, 4.2, 4.3, 4.4 and 4.6) are high quality prints obtained this way. 

3.7 Procedure 

The experimental setup described previously enables the adjustment of the work

ing fluid volume by choosing a protective polyethylene sleeve of a predetermined 

inner radius (see figure 3.1). It is also possible to generate the plasma jet at var

ious distances from the fluid surface, by a suitable design of the plasma injector. 
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Table 1 lists the various experimental configurations used in the present study of 

the plasma jet - working fluid interaction. 

When the jet is generated close to the water surface, deep penetration of 

the plasma into the working fluid can be expected, since the momentum flux is 

concentrated near the center of the fluid surface facing the jet. This penetration 

is due mostly to mechanical displacement of the water creating the Taylor cavity 

containing the jet plasma. If, on the other hand, the jet emerges at a greater 

distance from the fluid surface, it expands on its way to the water, producing 

a larger contact area, with its momentum flux evenly distributed on it. The 

penetration of the plasma into the fluid is not expected to be confined to a limited 

region. Instead, the water surface should ablate when exposed to the radiative 

heat flux from the plasma, and the plasma - fluid interface will recede into the 

water region, without forming a Taylor cavity. In both cases the water vapor is 

expected to mix with the plasma, and become partially ionized by it. 

Table 3.1: Reaction chamber configurations. 
Configuration Reaction chamber radius 

(cm) 

Distance of the water 
surface from the injector 

(cm) 
1 1.6 < 1 
2 1.6 13 
3 0.75 13 
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Chapter 4 

Experimental Results 

This chapter presents the results obtained with 3 different plasma-fluid interaction 

configurations as explained in section 3.7 and shown in table 3.1. 

4.1 Plasma jet propagation in the water gel and 
observation of the interaction surface after 
the discharge 

In these experiments the PFN was charged to 13.5 kV corresponding to 182 kj 

of electrical energy. The discharge voltage and the current through the plasma as 

measured during the discharge, are shown in Figure 4.1a. The power and energy 

transferred from the PFN to the plasma, as a function of time, are shown in 

Figure 4.1b. 

Configuration 1 enables the observation of the plasma jet as it propagates 

into the water gel. Shadowgraphs of the interacting plasma jet - water system 

at successive times are shown in Figure 4.2. The first picture on the left of the 

figure was taken 150^* after initiation of the discharge; the time interval between 

successive pictures, from left to right, is 100/is. Since the film is placed in close 

contact with the reaction chamber (see Figure 3.5), there is no magnification of 

the x-ray image; it is therefore possible to measure distances directly on the film. 

(The pictures presented in this work have been scaled to fit in the page). This 

enables an evaluation of the average jet penetration velocity between successive 
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Figure 4.1: a. Voltage and current through the discharge b. Energy and power 
dissipated in the plasma column. 
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Figure 4.2 Successive picture of the plasma jet propagating in the water. The time interval between frame* 
is I00|is; the first exposure was taken 150us after initiation of the capilary discharge. 



x-ray exposures. It is important to stress the difference between the jet ve

locity and the jet penetration velocity into the water: the jet velocity refers to 

the velocity at which the plasma leaves the injector while the jet penetration ve

locity measured here refers to the velocity at which the front of the Taylor cavity 

"moves" int j the working fluid. A link between the two velocities will be estab

lished in section 6.1. 

The data indicate that the highest jet penetration velocity is measured at 

the beginning of the interaction. As the jet penetrates into the working fluid, it 

expands and slows down until it stops around 550 fis after the initiation of the 

discharge. The average penetration velocity corresponding to the first two pictures 

is u = 240 mjs. 

Configuration 2 had a short plasma injector, i.e., a larger distance between the 

injector end and the initial water surface, and a reaction chamber of 1.6 on radius. 

This configuration enabled the study of the water surface after the interaction with 

the plasma, as the remaining amount of water gel could be taken out of the reaction 

chamber without affecting the shape of the interacting water surface. Figure 4.3 

shows a picture of the water surface obtained with this arrangement. 

The x-ray images in Figure 4.2 show that the plasma - water interface layer 

exhibits a wavy shape, with wave crests resembling a saw tooth formed along the 

plasma water interface. This effect may be attributed to the Kelvin-Helmholtz in

stability, that appears whenever two adjacent fluid layers of different density move 

at different speeds[2]. In our example the plasma jet propagates forward while 

the water layer surrounding it moves in the opposite direction. The instability in

creases until the plasma gots close to the chamber wall but does not touch it since 

the water driven out fron: the center of the interaction chamber flows backward 

along the wall. The water flow consists first of an outward radial movement, near 

the jet front, followed by a flow along the walls. 

Figure 4.4a was obtained by usi» of water gel with nonuniform lead acetate 

distribxition. 
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Figure 4.3: a. Residual gel pulled out of the reaction chamber after ~ 500 pa 
exposure to a 160 k J capillary ditivliargc- plasma, b. Cross section of the water-gel 
cylinder. 
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Figure4.4: a. Visualization of water streamlines surrounding the jet that originates 
from the central water cylinder facing the jet. b. Gradient operator applied on the 
pixels gray-level distribution of Figure a. 
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The water close to the symmetry axis flows around the plasma jet and moves 

along the interaction chamber walls in the direction opposite to the motion of the 

plasma. This indicates that only part of the water is vaporized and mixes with the 

plasma. Actually, it is shown that most of the working fluid flows backwards to 

make room for the plasma jet. It is suggested that the ejected water remains liquid, 

and flows with the propelling gas as a two phase system. Figure 4.4b was created 

with an image processing software by recording a digital image of the x-ray picture 

with a CCD camera, and applying a gradient operator (Kirsh convolution) on the 

pixels gray-level of the digitized picture. It can be seen in the figure that regions 

with a sharp density gradient, appear as white lines in the processed picture. This 

enables the observation of the streamlines surrounding the plasma jet. 

4.2 Ablation rate of the water 

The ablation rate of water caused by the plasma jet was studied in configuration 3. 

Since the volume of the reaction chamber was reduced, the electrical energy had to 

be reduced as well in order to avoid th development of an excessively high pressure 

in the reaction chamber, thus the PFN was charged to 11 kV. The electrical 

performance of the plasma injector is shown in Figure 4.5. In this configuration 

the expanding plasma jet does not penetrate mechanically into the water, but 

rather delivers its energy by radiation to the water surface, whose area does not 

change much during the process. The plasma - water interface is seen in the 

shadowgraphs at different positions as the water ablates Fig. 4.6. There is also 

an observable increase in the chamber's inner radius due to the high pressure; 

this is taken into account in the measurement of the momentary volume of the 

working fluid. The volume of the water is calculated for each shadowgraph by 

approximating the projection of the image of the volume occupied by the water to 

a rectangle. The accuracy by which the water volume is estimated is limited, since 

its projection is not a perfect rectangle and the interacting surface is not flat. The 

time between successive exposures is 50f<s. 
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Figure 4.5: a. Voltage and current passing through the plasma, b. Energy and 
power dissipated in the plasma column. 
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Figure 4.6: Successive exposures of the plasma - water interaction in a 0.75 — an 
radius reaction chamber. 

A plot of the mass of the water against time M(t) is shown in Figure 4.7. 

The error bars corespond to the inaccuracy in the estimation of the surface of 

the projections mentioned above. The straight line plotted through the data is 

found by linear least squares linear fit. Accordingly, M(t) = c<j + ci(t - t0), where 

Co — 13.G± .2 gr. ex — - 15.S ± 1.1 kg/s and t0 = 150 )is. The size of the error bars 

was estimated from the uncertainty of the water mass located near the. interaction 

surface on the plasma side (see Figure 4.C). The ablation rate estimated from 

these results is M — —Ci = 15.S ±1.1 kg/.*. An estimate of the average area of the 

interacting surface is obtained by assuming that the surface is half a sphere whose 

radius r is the average (in time) of the reaction chamber's inner radius. This yields 
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A/ 
(4.1) 

where m is the ablation rate per unit area. Setting r = .85 ± .05 cm and the 

value for M we get: m = 35000 ± 10% kg/m2sec. As will be shown below, this 

result is too large to be explained solely by the ablation process (see discussion in 

chapter 6). 

Time (msec) 
Figure 4.7: The mass of the water seen in the shadowgraphs vs. time. The straight 
line corresponds to a least square linear fit of the data measured on the films. 

4.3 Pressure measurements 

Pressure measurements were made at two positions, PI and P2, in the reaction 

chamber (see Figure 3.1), using Kistler transducers model 6201-B. Pressure mea

surements for the plasma jet penetration experiments of section 3.1 are shown in 

Figure 4.8a. Figure 4.Sb corresponds to the study of ablation described in section 

3.2. The pressure curves shown in figures 4.8 a and b are not the originals recorded 

with the LeCroy waveform recorder, the original pressure signals result 
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Figure 4.8: a. Pressure measurements for the plasma jet penetration experiments 
described in section 3.1 b. Pressure measurements for the water ablation rate 
experiments described in section 3.2. 
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with a superimposed noise associated with mechanical vibrations of the pres

sure gauge and the gun barrel. The noise was removed from the original pressure 

graphs by applying a low frequency digital filter to the original signal. The cutoff 

frequency of the filter was chosen so that traveling waves propagating in the reac

tion chamber through the plasma fluid mixture, could be observed on the graphs. 

The oscillation time of a traveling wave in the chamber is roughly l/c where / is 

the length of the chamber and c the wave velocity, for the speed of sound in water 

c as 1500 mjs and / as 0.1 m we obtain 15 kHz. I choose the cutoff at 15 kHz and 

a transition region from pass to no pass of 3.75 kHz. Figure 4.9 shows the original 

signal at PI from figure 4.8 b. Notice that the superimposed noise corresponds to 

vibrations much above the frequency cutoff, and has no physical significance. 
2600 
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Figure 4.9: Original pressure reading at PI , from the experiments of section 3.2. 

The consecutive maxima and minima shown in Figure 4.Sb are associated with 

the formation of pressure waves in the narrow tubes leading to the pressure gauges 

(see Figure 3.1 item 13). The pressures pulses begin to rise some time after the 

current pulse. The delay is equal to the time required for the propagation of the 

pressure wave to reach the gauges and the formation time of the jet. Furthermore, 
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in all the experiments, the pressure reading at P2 is higher than P I . This pressure 

difference is attributed to the force exerted by the jet flow on the working fluid, 

pushing it toward the sealing flange, and giving rise to a dynamic contribution to 

the stagnation pressure at P2. This dynamic contribution is absent in PI since 

there is no mass flux towards this pressure gauge. 
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Chapter 5 

Theoretical considerations 

The present chapter contains a theoretical discussion of energy transfer between 

plasma and water, under ablation condition. It is assumed that the ablation pro

cess has two stages. The first stage is a transient that begins when the water and 

the plasma come in contact, at this point the water surface absorbs the full energy 

flux emitted by the plasma. Consequently the ablation rate, being proportional 

to the energy flux at the surface, is maximal. At subsequent instants a sheath, of 

ablation products begins to form between the plasma and the water. As the sheath 

grows it absorbs an increasing part of the energy flux, ihus attenuating the flux 

at the water surface and decreasing its ablation. It is assumed that the ablation 

products are heated by radiation and heat conduction until they reach the tem

perature of the plasma. It is also assumed that when they reach that temperature 

they no longer form part of the sheath and become part of the plasma. During the 

first stage there is an imbalance between the ablation rate and the rate at which 

the ablation products are removed from the sheath by heating. This is refereed 

to as the transient stage during which the ablation rate is time dependent. The 

second stage begins when the ablation and heating rates equalize, then the sheath 

ceases to grow and the ablation rate becomes constant. 

Sections 5.1 and 5.2 bring, respectively, an introductory review of radiation 

transfer and heat conduction under ablation conditions. Section 5.3 presents a 

zero dimensional model that enables an estimation of the time required for steady 
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ablation to be established, after the water is initially exposed to the energy flux 

of the capillary plasma. Section 5.4 contains a calculation of the temperature and 

radiation flux profiles in the interface sheath, during the stage of steady ablation. 

The calculation is based on a solution of the one dimensional heat and radiative 

transfer equations in the sheath region. 

5.1 Fundamentals of radiation transfer 

The transfer of energy in a material medium may be accomplished in three ways: 

convection, thermal conduction and radiation. The equation for the energy balance 

in a medium is given by: 

far , &T\ a / &r\ <LF 

where p and cp are the material density and heat capacity (at constant pressure) 

respectively, v is the convection velocity and k the thermal conductivity coefficient. 

The second term in the parenthesis on the left hand side of Eq. 5.1 corresponds 

to the convection heat flux and the first on the right hand side to the thermal 

conduction flux. The second term on the right hand side is the divergence of the 

radiation flux F. Eq. 5.1 has to be solved simultaneously with Euler equation 6, 

the continuity equation, the equation of state of the medium and the radiative 

transfer equation. The problems discussed later on in this chapter are simplified 

so that Euler's equation and the continuity equation take independent and trivial 

solutions. Consequently only one more equation has to be set for the radiation 

flux F. This section reviews some basic concepts of radiative transfer. 

Let I(v,r,U,t)dudQ be the energy at time t, within a frequency band dv 

around u radiated per unit time and unit area from the point r, into the solid 

angle element dil = sin6ddd<t> about fl, where n is a unit vector given in terms 
6The general, problem of energy transfer, with convection, involves the Navier-Stokes equation, 

that accounts for viscosity effects, rather than Euler's equation. In this case Eq. 5.1 should contain 
an additional term corresponding to an energy flux resulting from non uniform viscous dissipation 
in the flow. 

37 



of the polar coordinates 0 and <j> by 12 = (sin8costj>,sin6cos<t>,cos$). I(v,r, O,*) 

is called the specific intensity, its units are W/Hzm2str and can be obtained as 

the solution of a radiation transfer problem. Other relevant physical quantities 

like the radiative energy density or flux, are obtained from the specific intensity 

as moments with respect to the angular distribution of radiation intensity. The 

spectral radiative energy density, U(y, r, t), is proportional to the zero"th moment 

of the specific intensity and is given by 

U{v,r,t) = - f I(v,r,Sl,t)dQ J/m3Hz, (5.2) 
C J47T 

where c is the speed ol light. F(v, r, t), the energy flux per unit frequency interval 

at the point r is the first moment given by: 

F (v , r , * )= / I(v,r,n,i)Sld.n W/m2H=, (5.3) 

The integrals of expressions 5.2 and 5.3 with respect to the photon frequency 

u yield the total radiative energy density and flux respectively. 

A particularly simple case is a radiation field in thermodynamic equilibrium 

(TE). When TE prevails in a medium the properties of the radiation field are 

determined by the laws of statistical mechanics. The equilibrium spectral energy 

density, Up(u,T), was derived by Planck and is given by: 

S-h v3 

P " , ( » , r ) = - ^ - e t o / t t T _ 1 (5.4) 

where h is the Planck constant, fct is the Boltzmann constant and the subscript 

p will henceforth be attached to variables with Planck distribution. In strict 

thermodynamic equilibrium the temperature is constant throughout the medium, 

implying that there is no transfer of radiative energy; consequently the radiation 

field must be isotropic i.e., independent of fi and r. The vanishing of the radiation 

flux follows from Eq. 5.3. In TE a simple relation exists between the spect ral energy 

density and the specific intensity given by, 
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w-z&n (,5) 
The total energy density, UP(T), is the frequency integral of the spectral den

sity and is expressed in terms of the temperature as follows 

where a is the Stephan-Boltzmann constant. 

A temperature gradient in the fluid would result in an increased emission of 

radiative energy from hot regions towards colder parts of the fluid and a radia

tive energy flux will be present. Photons emitted at any point in the fluid, will 

travel freely until they are absorbed. The probability of their absorption per unit 

length of travel in the fluid is called the absorption coefficient. It depends on the 

composition of the absorber, its temperature and mass density, and is denoted by 

k(v,p, T) where p is the mass density of the fluid and T its temperature. The 

probability for a photon of energy hv to travel a distance s before it is absorbed 

in the fluid is given by 

A monochromatic beam of initial intensity Io{v) traveling a distance s through a 

material with absorption coefficient k(v,p,T) will be attenuated to I{v,s) given 

by: 

This relation is valid only in the absence of local emission of radiation. In 

general, photons absorbed at any point r act to increase the temperature and 

hence the radiation emitted at that point. Consequently the radiation intensity at 

any point will be different from the value obtained by assuming pure absorption of 

the initial beam. The effect of absorption combined with local emission is treated 

within the framework of the full radiative transfer equation, as will be derived 

below. 
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Let us write the energy balance in a volume element of the radiating fluid. 

Consider an infinitesimally small cylinder whose cross sectional area is da, Fig. 5.1, 

and its symmetry axis points along the vector ft. Let I(v, r(s), ft, r) be the specific 

intensity of a ray traveling into the cylinder and s, a coordinate along the vector Q; 

by definition r ( j ) = I l s + b where b is an arbitrary constant vector. The amount of 

energy entering the cylinder, from the left base, during a time interval dt is Idadt 

(see Fig. 5.1) and the amount leaving through the right base is ( I + dl)dadt. dl 

is the change in the intensity of the photon beam as result of its passage through 

the cylinder during dt. In the Eulerian coordinate system it is given by: 

. . ,M M ( d I 8 I \ d s d l . d l <tf = d t _ = ^ _ + c _j=__ + d , - (5.7) 

n 

; stds 

s 

Figure 5.1: Volume element of radiative energy balance 

where the relation ds = cdt was used 7 

Inside the cylinder the intensity can increase due to radiation emitted by the 

material medium and decrease as result of absorption, thus the change in the 

intensity of the beam is given by: 

dl(v,r(3),it,t)dadt= (n(e,T) - k(v,p,T)I(v.r(s),fl,t))dsdadt (5.8) 
T I assume throughout this text that the index of refraction of the radiating fluid is everywhere 

equal to 1 
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where ?;(f, T)dvdQ is the power radiated per unit volume, within a frequency band 

dv around v into the solid angle dQ, from a point in the fluid held at temperature 

T and k(v, p,T)I(v,r{s),n,t)dvdSl is the energy absorbed from the ray. Inserting 

expression 5.7 for dl in the last equality and dividing the two sides of the resulting 

equation by dsdadt, we obtain: 

1 rt 
-—I( i / , r , f t , i ) + ft • VJ(i/,r,ft,<) = ri(v,T) - k(u,T)I{v,r,n,t) (5.9) 

where the directional derivative, g;, has been replaced by its explicit form, ft • V. 

Equation 5.9 is called the radiation transfer equation. The absorption coefficient 

was written as a function of temperature and frequency only, since in later sections 

the pressure will be assumed constant, therefore it is possible to use the equation 

of state to express k(v,T) in terms of T as the only position dependent variable. 

In order to solve the radiative transfer equation we need to know the ab

sorption and emission coefficients i?(i/, T) and k{v,T). In general both coefficients 

depend on the state of the material medium, and are not necessarily related. 

However, there ' ; a particular and very important case where a simple relation 

exists between k and JJ, this happens when the radiating material is in local ther

modynamic equilibrium (LTE). Matter is said to be in LTE when all distribution 

functions with exception of the radiation energy are equilibrium distributions with 

the same temperature T. 

LTE can be realized in a continuum of situations ranging between the follow

ing two extremes: 

1.) When the collisional rates that populate and depopulate the various en

ergy levels of matter are much larger than the corresponding radiative rates. In 

this case the ionization stages, particle velocities and energy level distributions 

are mainly determined by particle collisions giving rise to equilibrium distribution 

functions with the same temperature. If in addition the radiation fie'd is far from 
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equilibrium with the matter then the medium is in LTE. Plasmas satisfying these 

conditions are called collision dominated plasma. This situation may be realized 

at interfaces between cold matter and a hot radiating plasma, where the radiation 

field is far from equilibrium by being anisotropic. If the density of matter at such 

interface is high enough so that collision rates by far exceed the non equilibrium 

radiative rates then LTE prevails. 

2.)The radiative rates are of the same order of magnitude as the collisional 

ones but the radiation field is very close to its equilibrium value with the same 

local temperature as the material medium. When this situation holds, it is some

times said that the radiation field is in LTE with matter. This situation can be 

realized only when the temperature gradients in the medium are small. 

The fundamental difference between these two situations is that in the first 

example, the deviation of the radiation field from equilibrium may be such that 

it would be impossible to attribute a thermodynamic temperature to the field. In 

this case the specific intensity would depend explicitly on the position vector r. In 

the second case the deviation from equilibrium is small and the dependence of the 

specific intensity on the position is expressed through the temperature by inserting 

T(r) , in Eq. 5.5. In this case the local temperature of the material medium in LTE 

serves as a parameter in the photon frequency distribution of the field. The local 

temperature T(r) is attributed to the radiation field. 

The emission coefficient i; is made up of two contributions, a spontaneous 

emission term and an induced emission contribution which depends on the radi

ation field. The total emission coefficient per unit volume per unit time reads as 

follows, (see [21]) 

rfiu, T)=j(u,T)(l + C ' i I { ^ ; Q ) ) (5.10) 

where j(v, T) is the spontaneous emission coefficient and the term proportional 
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to the intensity in the parenthesis is the contribution from induced emission. In 

TE the radiation emitted at every point must be balanced by an equal amount 

of radiative energy absorbed at that point and the specific intensity takes its 

equilibrium value Ip(v, T). Hence, dividing Eq. 5.10 by k(u, T), we obtain the 

following relation between the spontaneous emission and absorption coefficients: 

or also 

j(u, T) = / > , T)k(v, T)( l - eh"""'T) (5.12) 

Equality 5.11 is called KirchhofTs law, and is a particular case, applied to 

radiation, of the general principle of detailed balance, namely that in a system 

in thermodynamic equilibrium every microscopic process taking place is on the 

average balanced by the inverse process so that the distribution of particle veloc

ities and level populations is determined by the local temperature according to 

the laws of statistical mechanics. Eq. 5.11 holds also in a medium in LTE with a 

nonuniform temperature distribution. 

Eqs. 5.10, 5.12 and the TE relations 5.4 and 5.5 can be used to express The 

radiative transfer equation in terms of J"(i/,r,fl,f), Ip(u,T) and k(v,T) as follows 

-•^I(v, r ,Q, t) + n • V/(,/ ,r , fi,r) = !c'(v, T) (Jp(«/, T) - I(u, r, fi, t)) (5.13) 
cot 

where k'{v,T) is defined by: 

k'(u, T) = k(v, T){1 - e-h"/hT) (5.14) 

This new absorption coefficient attributes the reduction in the total absorption 

to the effect of induced emission, see [21]. 

The equation of radiation transfer may almost always be regarded as time in

dependent. This is seen in the following example, consider a material medium 
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whose temperature, initially 0, is instantaneously raised (by some unspecified 

means) to a higher temperature T, independent of position. A radiation field 

will grow up until it reaches radiative equilibrium with the m: .erial medium. The 

solution of Eq. 5.13 with zero spatial gradient can be written in the form: 

I(u,t) = /„(</, T)(l - e-<k'W) (5.15) 

This transient solution converges to the equilibrium solution in times of the 

order of 1/cfc'. For example with # = 1cm" 1 we have 1/ck' ss 3 • 1 0 _ n sec which is 

much shorter than the characteristic time scales of variation in the thermodynamic 

quantities in the plasma-working fluid interaction. Henceforth we shall consider 

only the time independent radiative transfer equation: 

n • VI{v, r , « ) = k\v, T) (IT(v, T) - I(y, r, O)) . (5.16) 

There is a simple approximate relation between the energy flux and the energy 

density when the specific intensity is a weak function of O, i.e., the radiation field 

is nearly isotropic. Let us Multiply Eq. 5.16 by SI and integrate over all angles; 

the integral over h'(v, T)I?(v, T) vanishes since /„ is independent of direction, then 

using Eq. 5.3 we obtain 

[ nn-v/(i/!r,n)rfn = -fc'(i/,r)F(j/,r) (5.17) 

The integral on the left hand side of 5.17 can be evaluated as follows: the i 

component of the vector integral is given by: 

/ |^,rvfi = g- / mm = ~fu = ~ (5.i8) 
A* drj 3 cfrj J** ' drj 3 3 3 3r, K ' 

where J^- was removed out of the integral sign since, by assumption, it is 

weakly dependent on fi. Finally defining the spectral mean free path ,£(u, T) = 

\/k'{v, T) and using Eq. 5.5 as an approximation for almost isotropic radiation 

field, and 5.17 we obtain: 
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F(i/, r) = _ ^ Q £ W ( i / , r) (5.19) 
o 

Expression 5.19 for the radiative flux is called the diffusion approximation and 

it holds wherever the departure from isotropy of the radiation field is small. It is 

important to stress that an anisotropy of the field is always accompanied with a 

spatial inhomogeneity. This is deduced from equality 5.17: when / is independent 

of n then F = 0 and the equality is satisfied only if VI = 0. Thus spatial 

homogeneity implies isotropy and vice versa. In the general case of an anisotropic 

radiation field the flux is non-vanishing and the specific intensity J depends on 

position. 

When the variations of the temperature of the medium over distances compa

rable to the radiation mean free path are small then the radiative transfer equation 

can be expressed as a heat conduction equation with a suitable definition of a ra

diation heat conduction coefficient. Assume 

Hu,T)\VT\<T. (5.20) 

This condition is satisfied if for all v, £{v,T) is much smaller than the dimen

sions of the radiating body; it is then said that the body is optically thick. It is 

also ensured by relation 5.20 that the radiation intensity at every point is very 

close to the equilibrium value corresponding to the temperature at that point. It 

is then said that the radiation field is in local thermodynamic equilibrium with the 

medium. In this case we can replace U(v, T) with Uv(v, T) in eq. 5.19 to obtain, 

F f o T(r)) = JS^piwp(V,T) (5.21) 

and the total radiative flux is 

' = "I Jo" ̂  TWU^T)*,. (5.22) 
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An average value of the mean free path t, weighted with the frequency distri

bution of the equilibrium radiation field, can be factored out of the integral 5.22. 

Using Eq. 5.4 we obtain the following expression for the radiation flux: 

F = —|"Vjf o Ur(v,T)dv = g = _ V T (5.23) 

where IR is the frequency averaged mean free path defined by: 

^ = " J T 3

i T • (5.24) 

CR is usually called the Rosseland mean free path, it is an average of the mean 

free path with respect to frequency and is a function of the local temperature and 

density of the gas. The validity of the relation 5.20 enables the formulation of the 

radiation transfer problem as an ordinary heat conduction problem where in addi

tion the energy flux, F c o n j = — kconiVT, contributed by particle heat conduction, 

there is also a radiation flux with a similar expression namely, 

F = -kTadVT (5.25) 

where krad = 16"(£ ^ s e e n f r o m Eq. 5.23 and fcCOnj is the particle thermal 

conductivity coefficient. Then the temperature of the medium (omitting convec

tion terms) is determined by following heat conduction equation: 

pc,Zg = - V [ - ( f c c o n , + kTad)VT] + W (5.26) 

where W is the energy released per unit volume in the medium by external 

sources. Eq. 5.26 is called the radiation heat conduction approximation. 

In many cases of interest, the radiation heat conduction approximation fails, 

and the calculation of the temperature requires a simultaneous solution of the 

radiative transfer equation 5.16 and the heat conduction equation. However, in 

this case, equation 5.26 does not contain the contribution of the radiation flux 
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F = —A-„jVT in the same form as in equation 5.26 and instead we have the 

following set of coupled integrodifferential equations, 

« • VJ(i>,r,fi) = k'{v,T)(Ip(v,T) - J( i / , r ,n)) (5.27) 

F ( i / , r ) = f° f I(v,r,fl)fldvdSl, (5.28) 
JO J4 r 

dT 
pcp-gf = - V ( - t „ „ d V T + F) + TV. (5.29) 

The Rosseland mean free path is an effective, frequency averaged absorption 

coefficient that can be applied when dealing with radiation transfer in optically 

thick medium. In the optically thin case where photons are free to escape through 

the boundary, the radiation field is far from its equilibrium value Ip and it is not 

possible to define an effective radiation heat conduction coefficient. In this case a 

different averaging procedure has to be devised to treat the transport of radiation 

averaged over frequency. This is done as follows: consider the radiative cooling of 

a body with linear dimensions much smaller than the radiation mean free path for 

any frequency involved. A photon created at any point inside the body will escape 

with a probability close to 1 hence the energy loss, J , per unit time from a volume 

element will be of the order of the frequency integrated emission coefficient, that 

is, using Eq. 5.2 we obtain, 

r roo roo 
J= k\v,T)Ip(v,T)dvdSl = c / k'{v,T)Up{u,T)du (5.30) 

J4-K J0 Jo 

The average absorption coefficient, kp(T), is defined by the following relation 

J = c r fc'(„,T)U„(v,T)dv = ckPUp. (5.31) 
Jo 

kp(T) is called Planck absorption coefficient; its reciprocal (p{T) is the Planck 

mean free path. Explicitly we have: 
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1 JS°k'(„,T)Up(v,T)d„ 
kp~JZ~ JUi ( 5 - 3 2 ) 

c 

These definitions will be useful later on. 

In order to gain an insight into the relative importance of radiative transfer 

vs. particle heat transfer, consider the following argument: the energy density 

of a monatomic gas with n atoms per unit volume in equilibrium is given by 

E — | n t i T . volume. The equilibrium radiant energy density in the same gas is 

given by Up = Iz-T4. In a capillary discharge plasma where T at 30000°/$.' and 

n a 5 • 102° cm" 3 , we have E ss 3 • 10 8 J/m3 and Up « 600 J/m3, thus the 

radiant energy provides a negligible contribution to the total energy of the gas. 

However, when a temperature gradient exist in the gas, energy flows by particle 

heat conduction and radiation transfer. For not too large temperature gradients 

the energy flow is a diffusion process, and the diffusion coefficients are given by 

(RC/3 for radiation and lmv/3 where v is the average speed of gas particles and 

lm the particle mean free path. At temperatures where the gas is not relativistic 

we have v -C c, moreover if the gas is not very opaque the radiation mean free 

path may be considerably larger than the free path for particles which means that 

the diffusion of radiant energy is larger than material heat conduction by several 

order of magnitude. In these cases the transfer of energy by radiation is important 

or even the dominant mechanism that controls the transfer of energy in the gas, 

although the radiant energy density is negligible. It will be shown below that this 

is the case in the interface sheath between the plasma and the water. 

5.2 Ablation of the working fluid 

In the discussion that follows I present the mathematical formalism for calculating 

the temperature profile in a semitransparent ablating liquid (such as water). The 

discussion is based on[22]. The presentation of the subject is adjusted to our case 

of interest; the assumptions and definitions are valid throughout the rest of the 
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work. 

The capillary discharge produces a dense and hot plasma that acts approx

imately like a black body radiation source at temperature of 3 eV. When the 

working fluid and the plasma jet come in contact, three regions are formed: a. 

the capillary plasma region, b . an interface sheath, between the plasma and the 

working fluid, through which energy is transferred from the plasma to the fluid 

by radiation and heat conduction, and c. the bulk of the working fluid that lies 

behind the sheath. 

During the interaction the working fluid surface recedes and the material lost from 

it is heated up by the plasma. Eventually water plasma is obtained at the hot side 

of the sheath and it merges with the capillary plasma. 

Henceforth the following assumptions are made: 

1.) The ablation products are heated until they reach the temperature of the 

plasma at the hot side of the sheath. 

2.) The interaction is modeled as a one dimensional heat and radiation transfer 

problem. 

3.) The capillary plasma is modeled as a constant source of radiative energy with 

a flux of magnitude Fcp, emitted at the hot side of the sheath towards the water 

surface and following it as it recedes due to ablation. 

4.) Fcp is given approximately by the Stephan-Boltzmann radiation law, tjT4, where 

X is the temperature of the plasma at the hot side of the sheath. 

At steady ablation part of the flux, (1 — a)Fcp, is spent on the continuous 

heating of the sheath, and the rest, aFcp = Fa is the radiative flux that passes 

through the sheath and reaches the water surface. Strictly speaking at pressures 

of several kbars there is no distinction between the different phases of water since 

it is much above the critical pressure, thus it is not possible to speak of a surface 

separating the liquid water from water vapor in the sheath; nevertheless it is 

possible to define a water surface whose mass density is constant, as the ablating 

surface. The legitimacy of defining such surface is supported by the experimental 
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results of the previous section. In the laboratory frame this surface would be 

moving into the working fluid. A reasonable choice of such surface would be at the 

position where the density is 1 gr/cc. At a pressure of 3500 bar the temperature 

of water at such density is T, = 470°A". In what follows I assume that the surface 

separating the sheath from the working fluid is at the position where the water 

assumes the temperature and density mentioned above. 

The rate of ablation per unit area m is calculated by assuming that the radi

ation flux emitted by the plasma is entirely balanced by an energy flux carried by 

the hot ablation products in the opposite direction. At the hot side of the sheath 

this condition reads: 

m = ^ E (5.33) 

where h is the enthalpy of the water plasma when it reaches the temperature of 

the capillary plasma, it is a function of the temperature T and pressure P. Fig. 5.2 

shows a plot of the enthalpy of water at 30000°A' between 500 and 3500 bar; it is 

seen that increasing the pressure results in an increased ablation rate as well since 

the latter is inversely proportional to the enthalpy. 

Consider a one dimensional configuration schematically shown in Fig. 5.3. The 

working-fluid is considered to extend in an infinite half space, on the positive side 

of the x-axis. At t = 0 the surface of the working-fluid is at x, = 0 in the laboratory 

frame of reference, however, because of the ablation it moves to xs(t) > 0 in time r. 

The radiation flux is directed from left to right, and is normal to the fluid surface. 

Let F(x, t) be the radiative energy flux at a point x inside the ablating material, 

k" its heat conductivity and p and cp the mass density and heat capacity per unit 

mass respectively, t", p, and cp are taken to be constants independent of x. The 

one dimensional partial differential heat transfer equation for the temperature in 

the fluid, T(x,t), is given by:[22][23] 
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Figure 5.2: Entalphy of water at 30000°A' between 500 and 3500 bar 

d ...&T. dF dT 

d-Jk^)-^ = pc^w ( 5- 3 4 ) 

It is more convenient to work in a fluid frame of reference (FFR) where the 

fluid surface is fixed. Its coordinate and time will be denoted by f and t' re

spectively. When the ablation proceeds at a constant rate, the FFR moves at 

constant speed relative to the laboratory frame. This establishes the following 

transformation between the two svstems: 

£ = ar - xs(t) 

t' = t 

Expressing d/dx and d/dt in terms of £ and 4' we obtain, 

(5.35) 

(5.36) 

dx ~ dx df + dx dt' d( 

dt ~ dt dt' + dt di ~ dt' dt dE,' 

(5.37) 

(5.38) 
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Figure 5.3: Schematic view of the ablation surface recession 

Inserting the derivatives in terms of the new variables in Eq. 5.34 we obtain, 

F ^ + PvacpT-F) = P c p - , (5.39) 

where t was used instead of t' since they are equal, and va = ^ ^ is the velocity 

of the receding fluid surface in the laboratory frame. Note that the term pvacpT 

was put under the derivative operator; this can be done only if cp is independent of 

temperature as is the case for water at high pressure and not too high temperature 

where there is no phase transition. For example at 3.5 lobars cp s» 3.9 kJ/kg°K 

throughout the temperature range from 100°A' to 1000°A' [24]. We will see later 

that in the hotter parts of the sheath cp is temperature dependent and Eq. 5.39 

will have to be modified. 

The advantage of the coordinate transformations 5.35 and 5.36 is clear for 

constant ablation rate. Then we can substitute pva = m = const. Moreover, the 

temperature T at any position f inside the fluid is independent of t. Consequently 

the time derivative on the right hand side of Eq. 5.39 is zero, leaving us with the 

following ordinary first order differential equation: 

fc'— + mcpT - F(0 = mcrT} (5.40) 
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where Tj is a constant temperature attained deep inside the fluid, where there 

is no significant change of T with f. 

Eq. 5.40, as it stands, is applicable only in the low temperature liquid region 

where cp and k" are, to a good approximation, independent of temperature. The 

solution requires two inputs: the temperature at the ablating liquid surface T(£ = 

0) = T„ and the function F(£). T, can be chosen as explained above. F(£) can 

be obtained only by calculating the radiation transfer through the sheath, with 

the appropriate boundary condition: F(£ = 0) = Fq,, at the interface between 

the capillary plasma and the hot side of the sheath. This subject will be dealt 

in section 5.4 where a modified form of Eq. 5.40 is employed to calculate the 

temperature profile in the sheath at steady ablation rate. 

Before attempting to find the temperature profile in the sheath and liquid 

water at steady ablation, an estimation of the time needed for the formation of 

the vapor sheath is required. The following section presents a model that describes 

the time evolution of the sheath and enables the estimation. 

5.3 Formation of the vapor sheath 

When the water surface comes in contact with the plasma, it absorbs the entire 

energy flux radiated by the plasma, which is approximately 5 MW/cm2. Follow

ing contact the water surface absorbs the full energy flux emitted by the plasma. 

Consequently the ablation rate, being proportional to the energy flux at the sur

face, is maximal. At subsequent instants, a sheath, of ablation products, begins 

to form between the plasma and the water. As the sheath grows it absorbs an 

increasing part of the energy flux, thus attenuating the flux at the water surface. 

Consequently the rate of ablation decreases. It is assumed that the ablation prod

ucts are heated until they reach the temperature of the plasma and then they no 

longer form part of the sheath but become part of the plasma. During the first 

stage subsequent to contact there is an imbalance between the ablation rate and 

the rate at which the ablation products are removed from the sheath by heating. 
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This is refereed to as the transient stage during which the ablation rate is time 

dependent. The second stage begins when the ablation and heating rates become 

equal. Then the sheath ceases to grow and a steady ablation rate is attained. 

In what follows I present a model calculation that enables the calculation of 

the time required for the establishment of a steady state vapor sheath. In order to 

simplify the calculation of the absorption in the sheath it will be assumed that the 

radiation flux F^, emitted by the capillary plasma, has no angular distribution 

of the corresponding radiation intensity and all the photons leaving the plasma 

propagate along the normal to the ablation surface until they strike the water. It 

will further be assiimed that the energy transfer through the sheath takes place 

only by radiation and that particle heat conduction can be neglected; the effect of 

this neglect will be studied in the next section. 

The radiation flux reaching the sheath is Fcp and that reaching the water 

surface is Fa(t). It is assumed that these fluxes are related by the time dependent 

absorption coefficient of the sheath, a(t), as follows: 

F 0 (t) = a[t)F„, (5.41) 

We can set ot(0) = 1, and expect Q(<) to reach a constant value smaller than 1 

at steady ablation rate. It is possible to write an expression like 5.33 for the time 

dependent ablation rate by replacing h by the enthalpy of the fluid at the ablating 

surface and using the time dependent radiation flux 5.41 that reaches the surface. 

We obtain, 

,h = ^ (5.42) 
"o 

At time t the optical width of the sheath, A(t) and its physical width £(i) are 

related by the following expression8 

8If the radiation intensity / were allowed to have an angular distribution around the normal to 
the ablating surface n, then the optical width would depend on the photon direction I) according 
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ty) = jg hfM,t)dt, (5.43) 

where ke/j(Z,t) is an effective radiation absorption coefficient, that depends 

on time and on the position £ along the sheath, defined by the following relation: 

e - r * . ^ ^ ^ ; ^ ^ , (,44) 

by definition its A"£//(£,i) is independent of the frequency v. Fcl>(v) is the en

ergy flux density per unit frequency interval emitted by the plasma. By definition 

we have the following expression for the attenuating factor a of the radiation in 

the sheath. 

a(t) = e-A<". 

If the vapor sheath consisted of only one type of particles with mass {i ana ;otal 

effective radiation absorption cross section <?„, we could write then: kcjj(£,t) = 

»?(£, s)<7„ where >)(£,<) is the particle number density. Hence 

0 ( , ) = e - j r »«.<)•.«, 

Denoting by M,(t) the mass, per unit area, contained in the vapor sheath at time 

2, and by p the mass density, we obtain for a the relation: 

a { t ) = e-"-?Sr^<M = e-'-?M-". (5.45) 

In the present case the vapor consists of many particles and oa/n should 

be understood as an effective parameter, actually defined by Eq. 5.45. In a gas 

consisting of one particle type oa/f is equal to the ratio of absorption coefficient 

to mass density which is the opacity of the gas. M,(t) can be expressed in terms 

of the ablation rate m-the rate mass is added to the sheath, and ihu-the rate mass 

^'^JmC1-'"^^' 
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is lost to the plasma, mostly by heating and ionizing the vapor. 

M,(t) = i [fa-mH)dt. 
Jo 

From the last expression the following integro-differential equation for m is derived 

j f ^ ^ e - * ? • />- '" '> '" (5.46) 
«o 

ma itself can be calculated from the energy balance relation by which the 

energy absorbed by the vapor is spent entirely on transforming the vapor into 

water plasma with enthalpy h, 

rh„[h-h0) = Fcp(l-a(t))1 (5.47) 

Strictly speaking Eq. 5.47 should include also the contribution of kinetic en

ergy of the ablation products. This contribution is small and will not be included 

in the energy balance. 

Inserting the expression for a(t) in Eq. 5.47 we obtain 

mH = J*;- [l - <T°S £<*"*•>*] , (5.48) 

h - ft0 L J 

and defining /? = c 0 / ; t and 7 = (h — h0)/FCI„ Eqs. 5.46 and 5.48 can be transformed 

into 

mm. = In ^ - ji [\m - mH)dt (5.49) 
hn Jo 

and 

ln(l - ~imH) = -P f (m - mH)dt (5.50) 
Jo 

Taking the derivatives of Eqs. 5.49 and 5.50 we finally obtain two coupled 

differential equations for rh and riij: 

m = — j3m[m — m#) (5.51) 
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% = - ( 1 - -vhH){m - mH) (5.52) 

It follows that m decreases with time and ran increases with time, as long 

as 'trail < 1. The last inequality results from Eq. 5.4S since m > mu always 

holds. Therefore, 0 < fihn < 1. 

Since m and mu do not appear explicitly in Eqs. 5.51 and 5.52 we can use 

the following substitutions 

z = -yrh, y = -yrhn, r = r/ i", 

where 
_ h-hp 

to define a set of non dimensional variables z, y and T. In terms of these variables 

we obtain the following equations: 

J = -*(«-v) (5-53) 

g = (l-j,)(r-j,) (5.54) 

The initial conditions for the system 5.51 and 5.52: are obtained from Eqs. 5.42 

and 5.47 and the requirement a(t = 0) = 1. We obtain rh(t = 0) = - ^ and 

rh[i(t = 0) = 0. In terms of the non dimensional variables we have: Z(T — 

0) = 7?n(i = 0) = h/ho — 1 and y(r = 0) = 0. Since z must always be bigger 

than y, it follows from Eqs. 5.53 and 5.54 that z is a monotonously decreasing 

function of time while y increases monotonously until both variables become equal 

asymptotically as t —* 00. 

Eqs. 5.53 and 5.54 can be solved analytically as follows: 

S = "Hi? ( 5 - 5 5 ) 

or also, 

57 



— (ln(l-y)-ln(z)) = 0. (5.56) 

Integrating over T we obtain, 

-- = .4(1-! / ) , (5.57) 

where A is a constant of integration. At r = 0 y vanishes, hence, we deduce that 

A = Z(T = 0) = z0 where z0 = •£- — 1. At steady state we should have z„ = y„, 

where the subscript oo means that the variables z and y are evaluated at the 

asymptotic limit r —* oo where the heating rate of the vapor becomes equal to the 

ablation rate of the water. Using the equality 5.57 with r = oo we obtain, 

" =l-hi- (5.58) 
°° 1 + Jo h 

In terms of the original variables we have: 

m „ = ̂ . (5.59) 

The radiation flux that reaches the water surface at t —> oo is 

F0(t = oo) = F„%. (5.60) 

Now solving for y in Eq. 5.57 and inserting the result in Eq. 5.53 we obtain 

g = -,(f-l). (5.61) 
The solution of this equation is 

1 — » e _ I 

Inserting the last expression in Eq. 5.57 and solving for y we obtain 

(5.62) 

*=--~r̂ S- ^ - 6 3 > 
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Returning to the original variables we have: 

m = if, „ h „ a f l S : (5-64) 

F c p i - e

- r t» -»o) 
m " = -r — T ^ r (5.65) 

" 1 - ^ ^ e n»-»oi 

The time scale of the transient ablation stage may be estimated by calculating 

the time <i/2 at which m(t) decreases to one half of its initial value &*. From 

Eq. 5.64 we obtain 

Hlh-hp) ft-ftp 
<]/2 " ^ r ' " ^ ^ ; - (5-66) 

For fto <£. h we can expand the logarithm in powers of h0/h and obtain: 

Although this model assumes only one particle species, with constant absorp

tion cross section in the vapor sheath, Eq. 5.67 can still be used for the present case 

of plasma water interaction. In what follows I will try to make such a selection of 

the parameters in Eq. 5.67 so as to obtain an upper bound for ti/2. 

The calculation is made for water at a pressure of 3500 bar. The temperature 

of the water surface was taken to be T, = 470°/f. At these temperature and 

pressure the corresponding enthalpy fto is 1.22 MJ/kg as obtained from [13]. The 

black body energy flux emerging from the plasma at 30000°K is approximately 

Fcp = 5 • 10 1 0 W/m2. \i is chosen as the mass of the water molecule-the largest 

possible particle mass in the sheath-/j = 3 • 1 0 - 2 6 kg. As for cra, since it appears in 

the denominator we are looking for its smallest value in the absorption region of the 

ablation products. I will limit the treatment to the spectral region below 2000 A 

(vacuum ultraviolet) since at 3 eV, more than 75% of the black body radiation is 

concentrated in this region. The absorption cross section of water vapor between 

1S50 A and 200 .4 can be found in [25]. The smallest cross section in this region 
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occurs at 1850 A where cra as 4 • 10" 2 0 cm2. It increases abruptly to 4 • 10"1* at 

1700 A and remains at this magnitude throughout the whole range. Similar cross 

sections are given for Ot in the wavelength range mentioned above. Thus selecting 

aa = 4 • 10" 2 0 cm2 and substituting it in Eq. 5.67 we obtain 0.18 /isec as upper 

bound for 11/2. 

It should be noted that the processes involved in the molecular absorption 

of radiation are manifold. They include dissociation, ionization and excitation of 

internal degrees of freedom of the molecule. In the black body energy spectrum, at 

3 eV, there are enough photons with energy above threshold to produce immediate 

dissociation and ionization of the water molecules. Photoionization of water begins 

at 12.59 eV. 40 % of the photons in the black body flux carry energy above this 

threshold. The photoionization cross sections are of the order of 1 0 - 1 ' —10~18 cm2. 

Dissociation energies are of the order of 4 — 6 eV with similar cross sections. Thus 

immediately after the radiation flux strikes the water, species like HiO+, O2, O? 

Hi, OH, H O, e~ etc. may be found in the sheath. Their abundances as well as the 

population of their energy levels are controlled by the radiation flux in addition to 

collisions, thus the matter in the sheath cannot be considered to be in equilibrium. 

Absorption in the visible and infrared part of the spectrum might be accomplished 

by photoionization from excited levels and bound-bound processes i.e., absorption 

of a photon accompanied by the excitation of the atom (or molecule) from one 

excited level to another. The cross section for bound-bound processes is very large 

at the resonant frequency i.e., when the frequency of the absorbed photon is equal 

to the energy difference between the levels cli ided by Planck's constant. The order 

of magnitude of the cross sections for bound-bound absorption is 1 0 - 1 2 —10~14 cm1 

(see [26]). All these processes contribute to the absorption of radiation from the 

plasma. The total absorption coefficient as function of photon's frequency is the 

sum of partial absorption coefficients corresponding to each process. Since all these 

absorption cross sections are larger than 1 0 - 1 8 cm2 the above mentioned processes 

will not alter the value adopted previously for aa. 

60 



Fig. 5.4 shows the temporal behaviour of the ablation and heating rates m and 

inn respectively, as obtained from Eqs. 5.64 and 5.65, with the same parameters 

used above. 

In a typical ET gun the duration of the capillary discharge is 3-4 orders of 

magnitude larger than ti/2- Thus the large ablation rate during <i/2 is only tran

sient and the water ablates steadily at the lower rate for the rest of the interaction 

time. 

10000-

\ Ablation rate 
°»> 1000-^ 

100-= r 
Vapor heating rate 

I I I M I I I | I I I I I I I I I | I I I I I I I I I | I I I I I I I I I | I I I 

Time (/Js) 
Figure 5.4: Temporal behaviour of the ablation and heating rates 

This model also enables us to calculate M°, the mass per unit area contained 

in the sheath at steady ablation. The radiation attenuation coefficient a(t) given 

by: 

= e * \ 

Using Eq. 5.60 and the asymptotic Relation: 

(5.68) 

we obtain: 

F o ^ p e * ' 
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M? = —ln£-. (5.69) 

Inserting in Eq. 5.69 the values of <r. y. and h0 used in the calculation of t\/2 

and h = h = 2.82 • 10 s J/kg from [13], we obtain: M° = 0.041 Icg/m2. This value 

will be compared with the one obtained by another method in the next section. 

5.4 Temperature profile in the sheath at steady 
ablation 

5.4.1 The energy equation 

The derivation of Eq. 5.40 in section 5.2 assumes that there is no thermal expansion 

of the ablating material. It may be used to determine the temperature profile in 

the liquid water at low temperatures where thermal expansion is neghgible. In the 

sheath region there are large temperature gradients. A mass element of ablation 

products crossing the sheath, will heat up from room temperature to above 30,000 

degrees. Consequently it will undergo a considerable thermal expansion that in 

turn will result in an acceleration of the expanding material towards the plasma. 

This expansion appears as a convection term in the heat transfer equation (see 

Eq. 5.1). In the laboratory frame it looks as follows: 

where the thermal conductivity of the sheath ka(T) was explicitly written 

as a temperature dependent quantity (see section 5.4.3). In order to express this 

equation in the FFR we need the transformation of the fluid velocity in the sheath, 

in addition to the coordinate transformation 5.37 5.38 from section 5.2. The fluid 

velocity in the FFR denoted by u, is related to v by u = v — va. Using this in 

Eq. 5.70 we obtain 
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In this reference frame, the temperature prfile in the sheath is independent of 

time, thus we can put |j£ = 0 in 5.71. The mass conservation equation (continuity 

equation) is given by: 

-~7 + g~(Pv) = ° Lai>- frame (5.72) 

~{pu) = 0 FFR (5.73) 

Note that the ablation products are ejected in a direction opposite to the 

positive direction of the f axis, hence, integrating the FFR mass conservation 

equation, we obtain pu = — m. With these substitutions we obtain the following 

time independent equation: 

dT =IHf-) (5.74) pdi ~ dZ\-">-'dZ 
In the temperature range from 300°K to 30000°K, cp is temperature depen

dent. A plot of c p vs. T is shown in Fig. 5.5. Using the definition cp = ffi in 

Eq.5.74 we obtain: 

17500-

14500-

2500 l I l I | l l I I | l l l I | l l l l | I I I I | I I I 
0 5000 10000 15000 20000 25000 30000 

Temperature (°K) 
Figure 5.5: Heat capacity of water at a constant pressure of 3.5 kbars 
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as ( * , ( r ) ? + r h f t ( T ) - F ) = ° ( 5- 7 5) 
thus 

fcs(T) — + mh(T) - F = const (5.76) 

In order to obtain the correct ablation rate the constant in Eq. 5.76 is set to 

zero, and considering the equation in the hot part of the sheath where ^ —» 0 and 

F —> Fcp, expression 5.33 for the ablation rate is recovered. 

The temperature profile in the sheath is determined by the following equation: 

dT F-mh{T) 

di ~ k,(T) ( 5 ' 7 7 ) 

In order to solve it we need to know the thermal conductivity of the sheath and 

the radiation flux. The latter is to be calculated using the radiation hydrodynamic 

equation. The procedures to calculate ks{T) and F are explained below. 

5.4.2 The radiation equation 

The radiation equation 5.16 assumes no symmetry of the radiation field, hence, 

it depends on all possible directions, il, of the propagation of radiation. The 

problem considered here is one dimensional, therefore it may be assumed that 

the radiation field is cylindrically symmetric around the axis perpendicular to 

the ablation surface. In this case il = (0,0, cosO) where $ is the angle between 

the photon direction and the normal to the ablation surface. With the notation 

(i = cos9, Eq. 5.16 takes the following form: 

/ f ( y 0 = k\v,T){Iv(v,T) - 1(^,0)- (5-78) 

An approximate method to solve this equation for a nearly isotropic radiation 

field is the Schwatrzschild approximation or "forward reverse" approximation [21]. 

In this approximation it is assumed that the radiation intensity is a constant 
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function of 8 whose value for 0 < 6 < ir/2, is given by J + ( i / , £) and for 7r/2 <: 9 < 2TC 

is J~(i>, £). The intensities /+ and /"" are chosen so that the correct energy flux and 

energy density are obtained everywhere. This is done as follows: By definition 5.2 

u(u'V = T f - x 1 { v ' * ^ = T ( i f / + ^ + £rdfi)= T ( / + + n ( 5 7 9 ) 

similarly the energy flux is given by: 

F{v, i) = £ I(u, p, ftpdvL = *•(/+ - / " ) (5.80) 

Eqs. 5.79 and 5.80 are a linear set whereby F and U can be expressed in 

terms of I+ and /~ . Integrating Eq. 5.78, over $, in each hemisphere in turn, the 

following equations are derived: 

~ = k\v,T){Ip{v,T)-I+) (5.81) 

- ~ = k'{V,T)(Ip{u,T)~r) (5.82) 

Using the transformation 5.79 and 5.80 to express the last two equations in 

terms of U and F, we obtain: 

*£htl = ck'(V,T)(Up-U(u,0), (5.83) 

the last equation is similar to the expression for the flux obtained from the diffusion 

approximation Eq. 5.19, here a factor of 4 appears before the energy flux instead 

of 3. Eqs. 5.83 and 5.84 are valid only if the diffusion approximation holds. In a 

very anisotropic radiation field with large temperature gradient Eq. 5.84 does not 

give a correct relation between the flux and the derivative of the energy density. 

In the problem considered here, the diffusion approximation cannot be applied to 
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the region of the sheath, since there the temperature drops quickly towards the 

water side and there is no energy flux coming from that side towards the plasma, 

hence, at the sheath the radiation flux becomes highly anisotropic. Although 

the "forward reverse" approximation can no longer be used to solve the radiation 

problem in the sheath I will apply the mathematical formulation of the problem to 

one hemisphere only, in order to define a set of equations applicable in the region 

of large temperature gradient. Let the capillary plasma be located on the negative 

side of the £ axis, and denote by I+ the intensity of radiation in the sheath, directed 

towards the water. Only a small amount of energy is radiated from the sheath in 

the opposite direction thus I~ <C I+ therefore it can be assumed that / " = 0. In 

this case Eq. 5.S0 reduce to F(v, {) = wl+(v, £). Expressing I+ in terms of F in 

Eq. 5.81 we obtain: 

^ M = 2»*-(*,D(/,(„,T) - ^ % (5.85) 

An equation for the full radiation flux is obtained by integrating Eq. 5.85 over 

all v. However, since the absorption coefficient depends on the radiation frequency 

the integral would result in an integrodifferential equation that is difficult to solve 

numerically. It is possible, however, to obtain a simple differential equation by 

using a suitably defined average absorption coefficient. This is done as follows: 

substituting Iv = ^ (Eq. 5.5), in the first term on the right hand side of Eq. 5.85 

and using the definition of the Plank mean absorption coefficient (Eq. 5.32) we 

obtain: 

^jf- = 2kP(T)crT4 - 2 f°° fc'( u, T)F(v, t)dv (5.86) 
d£ Jo 

F[y, £) is not an equilibrium energy flux. Therefore defining an average ab

sorption coefficient using the spectral distribution F(v, £) would result in a func

tion different from kp(T). By assumption I+(i/, () > Ip(v, T) over the hemisphere 

pointing in the positive direction of the f axis, thus, if the spectral flux were known 

it would be possible to define 
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j ~ k\i,,T)F(V,Z)dp = htf,T) J™ F(v,Odv = k^,T)F (5.87) 

where ki(£, T) is a frequency averaged absorption coefficient weighted with F(u, £). 

Since F{v, f) is a non equilibrium flux there is no thermodynamic temperature as

sociated with it and it depends explicitly on £. Thus, the averaged absorption 

coefficient, £•'(£, T), depends explicitly on £ as well, but also on the temperature X 

associated with the LTE state of the material medium and used in the definition 

of k'(v,T). This situation corresponds to LTE in a collision dominated plasma, 

discussed earlier in section 5.1. In order to calculate fci(£, T) we need to know 

F(v, if) which means to solve the whole problem. I suggest to address this com

plication by replacing k\(£, T) by kp(T). Thus the following radiation equation is 

suggested as approximation in the sheath region: 

^ = 2kP(T) (<TT4 - F) (5.88) 

Since fci(f, T) > kp(T) for all T Eq. 5.88 underestimates the absorption in the 

sheath. The factor of 2 before the absorption coefficient means that the energy flux 

is absorbed with an absorption coefficient twice as large as that which corresponds 

to the radiation intensity directed along the axis f namely, I(cos8 = 1). The 

reason for this increased attenuation of the energy flux is that the infinitesimal 

energy flux corresponding to photons traveling at an angle 0 = cos-1/!, decays 

with an absorption coefficient k'(v, T)/cos8 and thus the summation over all angles 

yields a larger value of the absorption coefficient for the energy flux. The factor 

of 2 is specific to the "forward reverse" approximation (or actually "forward" in 

the present case) since this approximation produces a, relation between F and I+ 

leading to Eq. 5.88. 

Eqs. 5.88 and 5.77 provide a complete set of first order differential equations 

for the temperature and the radiation flux in the sheath. Their solution requires an 

estimation of the thermal conductivity of the sheath, k,(T) appearing in Eq. 5.77. 

This is discussed below. 

67 



5.4.3 Calculation of the thermal conductivity of water plasma 

The precise calculation of the thermal conductivity of water, k(T), between 300° A' 

and 30000°A' and at high pressure, is extremely complex since it requires detailed 

knowledge of all the cross sections for collisions between the different particle 

species that are created in the fluid under these conditions: H2O, O2, OH, H2, 

O, H,H+, 0+, 0 + + a n d e ~ . Moreover, for low temperatures and high density it is 

not possible to use simple models where energy is transported by binary collisions 

since multiple particle collisions become important, thus a detailed calculation of 

the thermal conductivity lies beyond the scope of the present work. 

However, fc(T) can be approximated throughout the entire range as an in

terpolation polynomial based on the available experimental data[28],[29] below 

523"A' and on Spitzer's formula [12] that I assume applicable above 19000°A', (see 

below). The Spitzer thermal conductivity, ksp(T), for a fully ionized gas is given 

in terms of the thermal conductivity, fci(T), of a Lorentz gas (a hypothetical fully 

ionized gas in which the electrons do not interact with one another and the ions 

are at rest). For the Lorentz gas we have: (for reference see [12] [30]) 

20 /2\3/2 kV2 T 5 / 2 „ T 5 / 2 

where £0 is the dielectric constant of the vacuum, mc the electron mass, Z the 

mean ion charge number and A is the Coulomb logarithm given in terms of the 

electron density n, and the temperature, by: 

A = (4ne0)3/2%¥S^ = 1.24 • 1 0 7 ^ (SI units) (5.90) 

The thermal conductivity for a real plasma is given in terms of kc(T) by 

multiplying it by two correction factors 6(Z) and e(Z). The first accounts for e — e 

interaction and the second for a reduction in the heat flow caused by the electric 

iield produced by the temperature gradient (thermoelectric effect). Values of S(Z) 

and <•(£) may be found in [12], for Z = 1, £(1) = 0.225 and e(l) = 0.419. We 
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obtain the following expression for the thermal conductivity: 

k,p(T) = e(l)S(l)kL(T) = 1.85 • l O " 1 0 ^ - (5.91) 

It will be assumed that this expression is a good approximation also in the 

partially ionized region provided that the electron density is not too low compared 

to the neutral atom density. In order to extend Eq. 5.91 to low temperatures 

corresponding to partial ionization, it is necessary to calculate the electron density 

as function of temperature and insert it in the Coulomb logarithm. This calculation 

will also be useful since it will enable us determine the range of applicability of 

Spitzer's for'— "„ The electron density is calculated using the Saha equation as 

follows: (Only neutral and singly ionized atoms are included in the calculation) 

define, 

N. total number of atoms per unit volume 

n0 = a0Na density of neutral oxygen atoms 

nf = a+Na density of ionized oxygen atoms 

"W = ceHNa density of hydrogen atoms 

np = apNa density of protons (hydrogen ions) 

ne = acNa density of electrons 

The a's are defined by the relation above. In a plasma with singly ionized 

atoms, act the degree of ionization varies between 0 and 1. The concentration C; 

of particles of type z is related to the corresponding a,- by the relation 

• = n i _ Q i 

The five variables a e , a0, an, otp and a j can be calculated, as function of 

temperature and pressure, using the Saha equation for each particle kind. The 
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equation of state, the stoichiometric relations and the condition of charge con

servation form a set of six equation as required for a complete solution. The 

stoichiometric relations are: 

2 
OH + Q P = j , (5.92) 

<*» + <4 = 3- (5.93) 

Charge conservation is given by: 

ap + at = ac. (5.94) 

The equation of state: 

P = (Na+nc)kbT = Na(l + ac)kbT. (5.95) 

The Saha equation for hydrogen is: 

a»ac 2 (2irm,kbT)3/2 _ 'n-^iri") 
— — = - - — e ki>r 

<*H QHNa ft3 

and for the oxygen atoms we have: 

a + q e _ 2 Q$ (27rm efc iT) 3 / 2 _ ' o - ; y « ) 
c*o ~ NaQ0 h3 C 

(5.96) 

(5.97) 

in the last two equations Q stands for the internal partition functions of the 

atomic and ionic species and AJ(n e ) is the variation of the ionization potential 

due to the immersion of the atoms in the plasma [27]. Several formulas have 

been proposed for the correction to the ionization potential. They depend on the 

temperature and density range used in the calculation. For a dense plasma such as 

the one described here I will use the following relation first derived by Unsold[32] 

AI = 6.964 • K r 9 n J / 3 ( 5-98) 
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where n, is in m~ 3 and A / in eV 

The ionization potentials of hydrogen and oxygen are almost identical, 13.595 cV 

for hydrogen and 13.614 eV for oxygen, hence, they will be taken equal in the cal

culation of the degree of ionization of the mixture. I will use an average value of 

13.6 eV for both atoms. The partition functions Q are calculated using tables of 

atomic energy levels[33]. Only the first level for hydrogen is used in the calcula

tion since the second level lies above the reduced ionization potential, in this case 

QH = 2 J + 1 = 2, where J = 1/2 is the angular momentum of the ground state 

of hydrogen. The oxygen atom and oxygen ion partition functions are calculated 

in the same way, summing terms in the partition function with energies up to the 

reduced ionization potential. We obtain 

^ = 0.685. 
Qo 

Since the ionization potentials are taken equal, the following identity is derived 

from Eq's 5.96, 5.97: 

^ = 1 . 3 6 ^ . (5.99) 

a H <*„ 

The stoichiometric relation and the charge conservation equation can be used 

to express an, a0 and a+ in terms of ac and ap. We obtain: 

Oe-Ofp 
1/3 - a, + av 2/3 - V 

this expression yields a quadratic equation for av in terms of ore, 

(5.100) 

a\ + o ^ 3 ' ! * 1 - <*<=) - 1.852a. = 0. (5.101) 

The solution is: 

a , = / ( a . ) = - | ( 3 . 1 1 1 - a e ) + \yJ{Z.lll-acf+ l.i\ac. (5.102) 
2 V " - ' ' 2 
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Since / ( a , ) = or, > 0 only the positive root has physical meaning. Equating 

the left hand side of 5.100 to the left hand side of Eq. 5.97, we obtain a second 

equation for a, in terms of T and the N„ 

«,-<*, 1 . 3 7 ( 2 * m . W i~ii**x 
l / 3 - a . + o , - JV. h* ( o l 0 3 ) 

Finally expressing Nt in terms of T, a, and P with the equation of state we 

get the following root equation for at(T, P): 

1 / ^ ' ~ f l a i , = 1-295 • 10-10(1 + ac)T^e-^+^W(^)U\ (5.104) 1/3-ac + f(ac) 

This root equation for ac is easily solved with a computer for various tem

peratures. A solution for ae,ap,an,af and a, in the temperature range 7000 — 

31000°A' is shown in table 5.1. The calculation was stopped at 7000oAT since below 

this temperature molecular recombination begins and a different set of equations 

is needed. This will not be done here. 

A plot of the a's is shown in Fig. 5.6. The calculation of electron densities as 

function of temperature is straightforward, Using the equation of state 5.95 and 

the definition n e = a eJV0 we obtain: 

--rraif- (5-105) 

At this point we possess the data required to estimate the thermal conduc

tivity at high temperatures. It is seen in the figure that the degree of ionization 

drops from 64% at the highest temperature of 31000 degrees to about 10% at a 

temperature of 19000 degrees. Using Spitzer's formula 5.91 as an approximation 

in this range and the measurements bom Refs.[28] and [29] in the low temperature 

range, we obtain the results shown in table 5.2. 
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Figure 5.6: Ionization state of water plasma at 3.5 kbars from 7000°iv to 31000°.K'. 

Table 5.2: Approximate values for the thermal conductivity of water 

T°K k, W/m°K TK k, W/m°K 
303 0.7574* 25000 16.79 
523 0.8493* 26000 17.96 
19000 8.698 27000 19.09 
20000 10.12 28000 20.19 
21000 11.55 29000 21.27 
22000 12.94 30000 22.34 
23000 14.28 31000 23.41 
24000 15.56 
• Experimental data, the rest is calculated 

The accuracy of this approximation depends on the temperature range. At the 

highest temperature the ionization is high and k,(T) is close to the Spitzer result. 

At the lower end of the temperature range, the thermal conductivity was extracted 

from recent measurement and should also be considered reliable. However in the 

intermediate range 2000 — 20000°if an interpolation can be inaccurate owing to 

the existence of several mechanisms involved with reaction heat conduction. When 
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Figure 5.7: approximate form of the thermal conductivity of water at 3500 bar 
and between 300 to 30000 degrees. 

two atoms diffuse to a colder region of the gas they recombine to form a molecule. 

The energy released by this recombination can be regarded as an additional con

tribution to the kinetic energy previously transported by the atomic species. Thus 

the transport coefficient i.e., the thermal conductivity should have two contribu

tions in a reacting gas, one associated with the transport of kinetic energy through 

collisions and the other due to the transport of a "latent" energy excess, equal to 

the molecular binding energy, that is carried by the atoms prior to recombination. 

The same picture holds in the ionizing region, where in addition to kinetic energy, 

ions carry an energy excess in the form of ionization energy, later released as pho

tons when the ions diffuse to regions of lower degree of ionization. For ionizing 

gas the energy excess is of the order of the ionization potential. The latent energy 

released after recombination takes place, acts to keep the temperature higher at 

the point were the molecule (or ion) formed. Obviously the reaction energy tends 

to flatten the temperature profile, namely to reduce %• When a constant heat flux 

J = k% prevails in a medium, a decrease in the temperature gradient would be 

75 



the consequence of an increase in the thermal conductivity it. Other contributions 

to the thermal conductivity that were also neglected are of lesser importance. For 

example: ion heat conductivity is smaller than the electron conductivity by a fac

tor of t/^*-, also atoms (or molecules) in excited levels transport their excitation 

energy before decaying to lower energy levels. The latter mechanism can be either 

collisional or radiative. 

The calculation of each single contribution to the reaction heat conduction 

of a gas with multiple reacting particle species as is the case with water here, 

is extremely complex. It would be impractical to delve into it quantitatively. 

Therefore in what follows I will use the polynomial approximation 5.106. 

5.4.4 Calculation of the rnperature profile in the s h e a t h . 

The following equations derived in sections 5.4 and 5.4.2 describe the temperature 

distribution and radiation flux in the sheath. 

dF oT* -F 
=£r = 2 , Eq. 5.88 (5.108) 

where tp = 1/kp is the Planck mean free path, £p and h(T) are tabulated 

in [13]. In the present calculations they will both be replaced by a polynomial fit 

in the temperature range of interest. A plot of h(T) is shown in figure 5.8, the 

polynomial in the range 300°A' < T < 31000°A', is given by: 

W = X > n T " (5.109) 
n=0 

where T is in degrees Kelvin and h(T) in J/kg. The polynomial coefficients 

a n are given by: 

aa = -1907130 <z5 = 1.60886 • 10"" 
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<U = 8624.82 

a 2 = -4.93701 

a 3 = 1.65925 • 10"3 

a 4 = -2.28044-10" 7 

at = -6.16336 • lO' 1 4 

a T = 1.22306 lO' 2 0 

a, = -9.86824 • lO" 2 8 

1 0 I i i i i i i i i i | i i i i i i i i i | i i i i i i i i i | i 
0 10000 20000 30000 

Temperature (°K) 
Figure 5.8: Entalphy of water at 3.5 kbars 

Figure 5.9 shows a plot of lp for water at 3500 bar. The temperature range 

tabulated in the SESAME tables begins at 1 eV. The polynomial approximation 

for (AT) in the range 11600°^ < 1 < 31000°K is given by: 

eP = 52bnT» (5.110) 

where ip(T) results in meters for T in degrees Kelvin. The coefficients are: 

b0 = 1.61583 • 10"' 

bt = -4.3164 • 10-

64 = 9.52332 • 10" 2 1 

h = -1.67339 - 1 0 - " 
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Figure 5.9: Planck mean free path of water. The continuation of the graph from 
T = 12600°i<r down to 300°iir is an extrapolation of the polynomial fit. 

For temperatures lower than 1 eV at pressure of 3500 bar, there are no avail

able data in the open literature, for £p. However, owing to the latter's regular 

behavior in the high temperature range, (see Fig. 5.9) its extrapolation to lower 

temperatures using the above mentioned polynomial is suggested. 

The solution of Eqs. 5.107 and 5.108 requires two boundary conditions for 

Ftp = F(f = 0) and Tp = T(f = 0) where f = 0 is chosen as the position of the 

interface between the hot side of the sheath and the capillary plasma. In previous 

chapters I assumed that the plasma radiates like a black body i.e., Fq, = oT*. In 

practice Fcp is always larger than cT* since as the plasma leaves the capillary, a 

temperature gradient is established through the Taylor cavity and the radiation 

flux at the hot side of the sheath is made up of photons coming from inside the 
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plasma where the temperature is higher. However, if a temperature gradient exists 

everywhere in the cavity then the spatial extent of the sheath has to be properly 

defined. In what follows the sheath will be understood as the interface region 

between the liquid water and the polyethylene plasma. It is assumed that only 

ablation products of the water may be found in the sheath and their mixing with 

the polyethylene plasma takes place outside the sheath. Moreover, we will see 

from an example solution of Eqs. 5.107 and 5.108 that the sheath is characterized 

by the largest temperature gradient in the medium. 

F(Z) and T(£) are obtained as solutions of Eqs. 5.107 and 5.108 with F(f = 0) 

and T({ = 0) as boundary conditions. A precise determination of these boundary 

conditions at the present experimental setup described in chapters 3 and 4 is a 

very complex problem that will be left for future work. It is possible, however, to 

make an arbitrary but nevertheless reasonable choice of the boundary conditions 

by taking the temperature at the hot side of the sheath as equal to the temperature 

of the plasma, T p = T(f = 0) = 31000°A', and the radiation flux 20% larger than 

the black body flux of 5 MW/crri2 mentioned in section 5.3. Thus F^ = F(£ = 

0) = 6 MW/cm2. Eqs. 5.107 and 5.10S were solved numerically using the boundary 

conditions given above. The parameter m that appears in Eq. 5.107 is given by 

ftT^0)) = 213.36 kg/m2s. The solution is shown in Figs. 5.10 5.11, the dashed 

line in Fig. 5.11 is the energy flux due to heat conduction. Fig. 5.12 shows the 

energy fluxes as function of temperature. Note that the conduction flux — k{T)^ 

is dominant between 4000 and 20000 degrees. For temperatures lower than 2000 

degrees the radiation flux is two orders of magnitude larger than the conduction 

flux. 
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Figure 5.11: Conduction and radiation fluxes as function of position across the 
sheath 
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Figure 5.12: Conduction and radiation fluxes as function of temperature across 
the sheath 

This result provides an aposteriori justification of the assumption made in 

section 5.3 that during the formation of the sheath, the ablation of the water is 

caused by radiation only and particle heat conduction can be neglected. 

The numerical integration of Eqs. 5.107 and 5.108 was carried out. The solu

tion for the temperature converged to a fixed value given by the temperature of 

the bulk of the working fluid. The width of the sheath, S, can be defined as the 

distance through which the temperature drops to 470°A!' (this is the temperature 

of the hypothetical ablation surface used in section 5.2). For the example described 

above, S = 0.128 mm. The sensitivity of 6 to the boundary conditions was tested 

by solving Eqs. 5.108 and 5.107 for different values of Tp and Fcp. Table 5.3 shows 

four such runs with different boundary conditions. The results of table 5.3 suggest 

that the width of the sheath is insensitive to the energy flux and temperature 

prevailing at the hot boundary. 

Note that the ablation rate varies for different boundary conditions since by 

assumption m = Fcp/h^Tp). 
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Table 5.3: Variation of the ablation rate and m and the width of the sheath 8 for 
different boundary condition. 

TP(°K) Fa(W/m2) m(kg/m2scc) S(mm) 
31000 6 • 10 1 0 213.36 0.128 
31000 1.05 • 10 n 373.4 0.1155 
20000 6 • 10 1 0 401 0.1165 
10000 6 • 101 0 806.4 0.1515 

This model also enables us to calculate M}, the mass per unit area contained 

in the sheath. 

Ml=J°p(0dt (5.111) 

where p is the mass density in the sheath. A numerical computation of this integral 

yields M} = 0.077 kg/m2. This value compares favorably with M® = 0.041 kg/m2 

predicted independently by the zero dimensional model in the previous section and 

serves as a confirmation of the compatibility of the two models. 

5.5 Temperature profile in the working fluid 

This section presents a method to calculate the temperature distribution in re

gions where the temperature is low enough so that the emission term crT* can 

be neglected in comparison with F(£), in the radiation transfer equation 5.88. 

This is the case in the region occupied by the liquid water at temperatures of few 

hundred degrees. Consider for example the virtual surface used in section 5.2 to 

define the coordinate transformation to the FFR, the mass density at the surface 

was arbitrarily chosen as 1 gr/cc and the corresponding temperature at 3500 bar 

is T, = 470°if. the radiation flux at the point where T = T, is, from the model of 

the previa 3 section, F(T,) = 2.57- 10 8 W/m2 (see Fig. 5.12). At this point the 

emission term used in the approximation of Eq. 5.88 is only oT* « 3000 W/m2 

and can therefore be neglected in comparison to F at that point. One further 
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difference that makes the picture qualitatively different, and simpler, in the cold 

region is the fact that the temperature variation in the water is so small that the 

absorption coefficient is practically independent of temperature, although its fre

quency dependence may be complex. In view of the last two facts we may write 

Eq. 5.S8 as follows: 

*E&Zl = -kl(v)F(v,a (5.112) 

where the spectral flux density was used instead of the total energy flux. The 

factor of 2 that appears before the absorption coefficient in Eq. 5.88 was absorbed 

in the definition of the effective absorption coefficient of the liquid fcj(i/). 

Since Eq. 5.112 is independent of temperature we see that in the low temper

ature regime the radiative transfer equation decouples from the heat conduction 

equation 5.107 and its solution is 9 

F{u,0 = F(u, f(T,))e-M*>«-« r*» = F 0(V)e-*'("'(«-«' T '», (5.113) 

where FQ(V) = F(v, £(TS)) is the spectral radiative flux density at the surface 

where T = Ta. Unfortunately the model of the preceding section does not predict 

FQ(V) but only its frequency integral, giving the total radiative energy flux. In 

view of the uncertainty about the spectral dependence of F0(v), the discussion 

that follows will be general and qualitative. Nevertheless we will be able to learn 

about the relative importance of thermal conduction vs. radiation heating in 

determining the temperature profile in the liquid. 

For T < 1000°K the heat capacity of water is constant at 3500 bar (see 

[24]), therefore, in this temperature range the thermal conduction in the liquid is 

governed by Eq. 5.40 rather than the more general equation 5.75. Thus mh(T) 

is replaced by mcrT. With these approximations the heat conduction equation in 

'Actually the emission term, oT4, becomes negligible at temperatures much higher than the 
surface temperature T,. For example at 8000 degrees ^ a 0.12. However, at this temperature 
the absorp.ion coefficient is temperature dependent consequently Eqs. 5.107 and 5.108 are still 
coupled 
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the liquid reads: 

k'— + mcpT = Jo F0(v)e-k'Wdv + ThcpT„ (5.114) 

where £' = f — £(T,), Tj is the temperature of the liquid at f' -+ co and k' is 

the coefficient of thermal conductivity of water below 470°ii". it" RS 0.83 W/m°K 

in the range between 300 to 470 degrees[29]. The solution of Eq. 5.114 with the 

boundary condition T(f = 0) = T„ is 

n o = r ,+( r . - r , )e -^+i j f ^ 1 ^ (.-«•*-e-3*). (5.115) 
The interplay between radiation and conduction can be seen explicitly in 

Eq. 5.115. Two parameters determine the contribution of each energy transfer 

mechanism in the liquid, ki{v) and l/f0 = ^-- When the liquid is completely 

opaque i.e., k\{y) -+ co, the temperature profile in the liquid is controlled by 

thermal conduction alone and the solution is 

T ( 0 = Tj + (T, - Tj)e-M°. (5.116) 

The other extreme case is when the radiation mean free path is much larger 

than fo- Then at distances larger than ?o from the boundary the temperature 

profile in the fluid is controlled by the radiation field at that point. In a real fluid 

the radiation mean free path may be larger than $> in some frequency range and 

smaller in another. This is the case for water. In this case the temperature distri

bution is obtained by calculating the integral in the solution 5.115 this, however, 

can not be done without knowing F0(v). 

To conclude this chapter I remark that the solution 5.115 can be written in 

terms of an average absorption coefficient, as done previously in the definition of 

the Planck mean free path. Eq. 5.115 can be written as follows 

r (0 = r,+cr. - ri)e-^ + ^ _ ^ (.-«*•* - . -**) (5.ii7) 
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where ki(vQ) is some value of the absorption coefficient which represents an 

average absorption with respect to the spectral flux Fo(v) and Fo is the total 

radiative flux reaching the water. Notice that va is not necessarily unique as in 

general ki may have the same value at different v's. 
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Chapte r 6 

Discussion and conclusions 

6.1 Fluid dynamics of the plasma-water interac
tion in the reaction chamber 

6.1.1 The Taylor cavity 

We saw in chapter 4 how the plasma jet penetrates into the water creating what is 

called a Taylor cavity. The growth of the cavity is caused by a displacement of the 

working fluid, induced by the plasma jet. The latter propagates towards the water 

with a very large momentum flux causing a dynamic pressure on the water surface 

that is largest near the symmetry axis of the water gel cylinder. Consequently 

the water has to flow out of the reaction chamber in order to make room for jet 

plasma, the flow pattern depends on the geometry of the reaction chamber. 

The penetration velocity of the jet into the water, u, can be estimated from 

the requirement of continuity of the momentum flux in the jet front along the 

direction of propagation of the jet. Consider the reference frame in which the jet 

front is at rest. In this frame the water moves toward the jet front at velocity —u 

and the jet velocity is Uj« — u. Denote by pm and pjct the mass per unit volume of 

the water and jet plasma respectively. Equating the momentum flux on each side 

of the front, we obtain 

Pw(-U)2 = Pitl(vjet - «)2> (6.1) 

Solving for u yields 

86 



« = — 2 * 4 - . (6.2) 
1 + /HZ *•""*' 

V pJet 

In order to compare the velocity obtained from the x-ray data with that 

predicted by Eq. 6.2 we must know pjet and Vjtt. Estimates for pjct and Vjcl can 

be obtained by use of the model for capillary discharge of ET launchers presented 

in chapter 1. The temperature T of the plasma is given by 

T = 1.25^'nIi/ur-B'u, (6.3) 

where I is the discharge current in kA, r is the capillary radius. For plasma 

temperatures above 2.5 eV, /3 « 1. T is given in eV when I is given in kA and r in 

mm. The mass flux from the capillary, M, the plasma density p, and the pressure 

P at the exit of the capillary, are given by the expressions: 

J t f w l . l / ? 8 / 1 1 / 1 2 ' " * - - 7 / " gr/sec, (6.4) 

..s-s-io- 5/?*/"/ 1"/"* 8 
P * r « > / u ( 1 + Q ) i / 2 M . r t " V " " ' < 6 - 5 ) 

where t is the capillary length, given in cm; Mjet is the Mach number of the 

jet; and a = n,/(nj + no), is the average degree of ionization of the plasma, as 

determined by the Saha equation; n, and n 0 are the ion density and neutral atom 

density, respectively. The speed of sound in the plasma, c„ is given by: 

C = 5.18-ltfQ. + a)1'2VT (6.7) 

When the pressure in the reaction chamber is not high, as in the first instants 

of the plasma water interaction, the plasma flow through the cathode is critical 

i.e., the jet velocity is equal to the local velocity of sound. 
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For a PFN voltage of 13.5 kV, the discharge current J is measured to be 48 kA 

and the model yields: T = 2.93 eV, p = 2.2 kg/m3 and vjct a c, = 12000 m/s. At 

the initial stages of the discharge the values of Vjet, p, P and M as calculated from 

the previous formulas can be used to evaluate the parameters needed as inputs 

for Eq. 6.2. pjct is evaluated by assuming that before the pressure rises in the 

reaction chamber, the jet can expand thus reducing its density. Let Rjct be the 

radius of the Taylor cavity and define r} = r2/Kjct. Thus the density of the plasma 

jet is approximately related to that of the capillary, p, by pjet = t)p where p can be 

calculated from Eq. 6.5. Estimating the diameter of the jet, Rjtt, by the data of 

Fig. 4.2, at 150 psec, Rjet as 0.87 cm, we find that pjct « 3 • 10" 4 g/cm3. Inserting 

in Eq. 6.2 the nominal value of pw (1.124 g/cm3) and for Vjet the estimated value 

from above (12000 m/s), we obtain: u as 190 m/s. This estimate is in good 

agreement with the value of 240 m/s obtained from the first two shadowgraphs in 

Fig. 4.2. 

It is interesting to estimate what part of the total volume of plasma, generated 

by the capillary, is contained in the Taylor cavity at every instant. In fact by 

comparing the current volume of the Taylor cavity with that of the plasma we learn 

if the jet material resides a short time in the Taylor cavity and is subsequently 

"pushed" out by the constant influx of plasma from the capillary. Under such 

conditions the plasma does not cool much and provides a constant radiation source 

with large flux on the water surface. The estimation of the volume of the plasma 

at every instant is done by integrating Eq. 6.4 over the time, using the current 

pulse shown in Fig. 4.1, and dividing the result by the mass density of the plasma, 

p, (assumed constant). Denoting the volume of the plasma at time t by Vp(t) we 

should calculate 

The volume of the Taylor cavity can be estimated, roughly, by multiplying 

the length of the cavity by xR%ti a t successive times. This was done using the 
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results shown in Fig. 4.2, where the length of the cavity was measured on the 

film and Rjct « 1-25 cm. Fig 6.1 shows the variation of the volumes during the 

capillary discharge. It can be seen that at the end of the discharge the volume of 

the capillary plasma is four times larger than the volume of the Taylor cavity. It 

follows that most of the jet material produced up to a time t does not reside in 

the cavity but is evacuated into the barrel. 

150-
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50-

Volume of 
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plasma 

Volume of 
Taylor cavity 
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Figure 6.1: Volume of the Taylor cavity vs. volume of the capillary plasma. 

6.1.2 The mixing of the plasma jet with water 

We saw in section 4.2 that the water loses mass at an average rate of 35000 kg/m2sec. 

The enthalpy of water at 30000°.K* and 2.5 kbar-the physical conditions prevail

ing in the present experiment-as given in the SESAME tables, is approximately 

300 MJ/kg. Hence, the ablation rate is calculated to be m « 155 fcj/(mssec). 

Thus the experimentally measured rate of mass loss is two orders of magnitude 

larger than the theoretical value. The present result suggests that the ablation 

given by Eq. 5.33 is not the only mechanism whereby water is removed from the 

interaction surface. 
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Figure 6.2: Schematic view of the proposed flow pattern of the plasma water 
system in configuration 2, section 3.2. 

It is suggested here that during the plasma - water interaction, a thin layer 

of water is removed mechanically from the water surface. This process is caused 

by the shear force applied by the plasma flow on the working fluid surface. The 

jet impinging on the water surface is decelerated and deflected radially. As more 

plasma reaches the water surface, the deflected jet flows backward to make room 

for the in-flowing material. The proposed flow pattern is shown in Figure 6.2. 

The plasma flow induces a boundary layer in the water, the outward motion 

of which follows that of the back-moving plasma. In this way a certain amount of 

water is lost by flowing back along the wall of the reaction chamber. An additional 

feature of this process is the increase of the water surface exposed to the plasma 

radiation, as the water flowing along the chamber is also affected by it. It should 

be noted also, that a turbulent flow of the plasma may result in breaking the back 

flowing water into droplets, that by mixing with the plasma, cause an additional 

increase in the interaction surface. 

The average width, Sr, of the layer of water carried away with the plasma can 
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be estimated by requiring that the water lost by flow be equal to the rate of water 

mass loss determined experimentally in section 4.2 3.2. That is, we should write: 

2irr6rpu,v = M = 15.8 kg/s (6.9) 

where r is the radius of the reaction chamber and v is the average velocity in 

the fluid layer which is taken as one half of Vjct, the velocity of the plasma jet. (It 

is assumed that the plasma flows back at a velocity comparable to the velocity of 

the jet.) JVom Eq. 6.9 we obtain: 

2M 
Sr = — = 8.5 • 10" 5 m (6.10) 

2isrpwvict

 K ' 

This thin layer of water will probably break up later in the turbulent plasma 

into little droplets of linear dimension Sr that cannot be observed on the x-ray 

film. It is of interest, however, to calculate the time it takes to vaporize completely 

a droplet of radius R with the heat flux supplied by the plasma. It is assumed the 

droplets interact with the plasma in the same as described in the previous chapter. 

The ablation velocity of a surface va is given by: 

pwva = m (6.11) 

where m = 155 kg/m!'sec is again the rate of ablation per unit area. As m and 

pw are constant, denoting by r(t) the radius of the droplet at time t, we obtain: 

r(i) = R-—t. (6.12) 

The lifetime r of a droplet is obtained by setting r = 0 and R = Sr: 

T = ^P- = 600ps (6.13) 
m 

This estimate for T is only a lower bound for the lifetime of a droplet, since the 

temperature of the plasma drops constantly after leaving the capillary and mixing 

with the water vapor, reducing the heat flux reaching a droplet. As the duration 
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of the capillary discharge is approximately 550/zs, it is deduced that a certain 

fraction of the water entrained in the back-flowing plasma does not evaporate at 

all. 

It is interesting to compare the erosion of the reaction chamber wall with the 

loss of the water. The area of the polyethylene wall was 10 time larger the inter

action surface of the water. The chamber was weighed before and after exposure 

to the plasma and its weight was found unchanged within an accuracy of ±1 gr 

(in these experiments it is impractical to measure weights with higher precision). 

The enthalpy of polyethylene at 30000°K is, from[13]10,330 MJ/kg thus, A calcu

lation based on Eq. 5.33 yields a total mass loss of less than 0.5 gr. This analogy 

strengthens the suggestion that the loss of water is not expected to be due to the 

effect of plasma radiation, and I suggest that the water entrainment mechanism 

is due to mechanical tearing of the liquid water by the shearing forces exerted by 

the plasma flow. The polyethylene, unlike water, is a solid and therefore was not 

affected by the shear forces exerted by the flowing plasma and lost mass only by 

slow ablation. 

Two phenomena of entrainment of water in the plasma, present themselves, 

to explain the results of section 4.2. The first mechanism is gas (or plasma) 

entrainment of ablation products, consisting of heating the water mainly in its 

surface and producing water plasma that subsequently mixes with the capillary 

plasma. The loss of mass from the bulk of the water by ablation is the slower 

of the two processes and generates the propelling gas of the gun. The second 

mechanism is liquid mass entrainment by shear forces. This process acts to fill 

the space occupied by the plasma with small water droplets that ablate in the hot 

environment. 

It can be seen in the figures of the jet propagation into the water (Fig 4.2 

section 4.1) that there are roll waves along the plasma water interface". Roll 

I 0The SESAME Ublet give the energy density e(p,T> and the equation of state P(p,T). The 
entalphy A was calculated using the definition A = t + P/p 

"Roll waves ate initiated by random perturbations on the gas liquid interface; therefore their 
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waves are formed as a result of the Kelvin-Helmoltz instability that arises as due 

to the parallel flow of plasma over the liquid-water surface. Woodmansee and 

Hanratty[35] used an experimental setup where a stream of air was forced to flow 

parallel over a liquid surface. They showed that if the velocity of the air stream 

exceeds some critical value, droplets from the liquid appear and are removed and 

entrained in the air stream. They suggested the Kelvin-Helmoltz instability as a 

mechanism responsible for the formation of roll waves along the liquid gas inter

face. These roll waves increase in size to become droplets that detach from the 

liquid surface. Tatterson, Dallman and Hanratty[36] suggested a distribution func

tion for droplet sizes entrained in annular gas liquid flows and their results were 

used by Chen, Kuo and Cheung[8] in the modelling of ET guns with exothermic 

working fluids. According to their model the plasma penetrates into an energetic 

working fluid placed in a cartridge that is aligned with the gun barrel thus, forming 

a Taylor cavity in which droplets of combustible liquid are entrained in the plasma 

while burning. It may, therefore, be concluded that in our case the observation of 

roll waves implies the formation of droplets and their entrainment in the plasma. 

It may also be concluded that liquid mass entrainment should not be confined 

to the jet front only as shown in section 4.1 but may occur everywhere on the 

water surface bounding the Taylor cavity. In the subject of liquid mass entrain

ment, it is important to emphasize that this property of the flow is particularly 

important in the ET gun operated with inert working fluids since the presence of 

entrained droplets increases the plasma fluid interaction surface and this results 

in an increased ablation. 

wavelengths may be distributed over a broad range. In Fig 4.2 only waves with wavelength large 
enough to be recorded on a film with limited spatial resolution can be observed. This does not 
mean that roll waves with smaller wavelength and are absent. 
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6.2 Temperature distribution in the Taylor cav-
ity 

Section 5.4 presented a model for the calculation of the temperature distribution 

in the sheath separating the plasma from the water. This model is one dimensional 

and assumes that the water ablates at a steady rate due to a constant radiation 

flux delivered by the plasma. However, in the reaction chamber the situation is 

more complex. Strictly speaking once the capillary plasma is injected into the 

Taylor cavity its temperature is position dependent. As the plasma leaves the 

capillary there is no longer an external energy source to keep it hot, thus every 

volume element of the plasma jet cools down as is moves forward along the Taylor 

cavity. A temperature profile is established throughout the cavity such that the 

temperature decreases radially towards the water and axially towards the jet front, 

with the highest temperature obtained at the jet exit through the cathode. The 

ablation rate at every point on the cavity walls depends on the local radiation 

flux which, in turn, depends non locally on the temperature of the plasma in 

a region of the size of a few photon mean free paths. The calculation of the 

temperature distribution is extremely complicated since it requires the solution 

of a three dimensional non linear heat transfer equation with convection terms to 

account for the flow of the plasma in the Taylor cavity. Moreover, knowledge of the 

shape of the Taylor cavity is required in order to specify the boundary conditions. 

This problem is beyond the scope of the work. Nevertheless an estimate of an 

upper bound of the cooling rate of the capillary plasma after it is injected into 

the cavity is possible. The jet crosses the Taylor cavity in a time of the order of 

<c = £/«jet where L ss 7 cm is the maximum length of the cavity (see fig. 4.2) we 

obtain: 
L 

tc = — w 6ui'. 
Vjtt 

Let us calculate the temperature variation, in a time rc, of an object defined such 

that it resembles the plasma in the Taylor cavity. Assume a sphere of radius 
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R = 1 cm filled with matter at constant pressure at 34000° A' that cools only 

by radiation through the boundary with a cold environment. The initial rate of 

energy loss of the sphere is given by 

iirR3 dh ixR3 dT „ . m 4 

— ' * = — ^ - 5 - = 4 , r f l V r S ( 6 - 1 4 ) 

where h is the entalphy per unit mass of the material, p the mass density and 

cp the heat capacity at constant pressure. Let us choose a pressure of 3000 bar, p 

and c p of polyethylene (recall that we are considering here the cooling of a plasma 

generated in a polyethylene capillary) from [13], namely, p = 2.94 kg/m3 and cv = 

17500 J/kg°K, Inserting these values in Eq. 6.14 and setting also T - 34000°A' 

we obtain: 

^ ( « = 0) = 8.8 • 108 "K/sec (6.15) 

thus the temperature change, AT, in a time tc = 6 (is would be AT R5 

8.8 • 10 s • 6 • 10" 8 = 5300"A". 

This calculation neglects the establishment of temperature gradients in the 

cooling plasma, which tend to slow the cooling. In fact a volume element of 

plasma located far from the plasma water interface, does not radiate like a black 

body since the radiation intensity is more homogeneous and the radiation flux can 

be expressed using the radiation heat conduction approximation. Thus inside the 

cavity at distances of many photon mean free path's from the liquid water, the 

radiation flux is 

|F| = ^ T 3 | V T | < cT*. 

Thus the loss of energy at a rate of black body radiation must be understood as an 

upper bound. In view of this result it can be concluded that the temperature in 

the Taylor cavity is as high as inside the capillary everywhere except in the sheath 

between the plasma and the water. 

95 



6.3 Conclusions 

The feasibility of x-rays as diagnostic tool for plarma-working fluid interaction 

in ET guns was established. This technique yielded quantitative experimental 

measurements of jet penetration velocity and water entrainment rate. The pen

etration velocity of the jet into the water was also estimated theoretically with 

a good agreement with measurements. It was shown that water is entrained in 

the plasma jet by two mechanisms: entrainment of ablation products i.e., water 

plasma and liquid mass entrainment. The former produces water plasma that sub

sequently mixes with the polyethylene plasma while the latter consists of droplets 

torn of the liquid water and entrained in the plasma flow. Moreover, a flow visu

alization technique, that enabled the observation of streamlines in the flow, was 

developed and employed successfully. 

The theoretical research concentrated on a quantitative study of the water 

ablation process. A model was developed to determine the ablation rate as function 

of time after sudden exposure to a large radiation flux. It was assumed that an 

interface sheath builds up between the capillary plasma and the water and a steady 

ablation rate is attained when the total radiation absorption through the sheath 

becomes time independent. The model predicted a decay of the initial ablation 

rate in a time 3-4 orders of magnitude shorter than the plasma water interaction 

time. This result paved the way for a treatment of the plasma water interaction 

as a problem of heat and radiation transfer under steady ablation conditions. A 

set of equations was proposed for the calculation of the temperature and radiation 

flux profiles in the sheath. The solution of the equations enabled an estimation 

of the width of the sheath formed between the plasma and the water at steady 

ablation. The model equations predict a dominance of the radiation flux in the hot 

and cold sides of the sheath, whereas the he?t conduction flux become dominant 

in between. 

It was established both experimentally and theoretically that the transfer of 
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NCI, inasmuch as it determines the graphite morphology and the macroscopic ductility at 
various levels of the wall thickness. 

- Small graphite nodule-spacings (<, 0.100 mm) and high local ductility (dimpled-rupture 
'bands') appear to promote fatigue strength. Conversely, large nodule spacings (£0.200 
mm) and low local ductility (infrequent dimpled-rupture 'bands') seem to reduce the fatigue 
strength. 

- An interesting effect of macroscopic ductility was revealed: while elongation-to-fracture 
values of 12-15% are adequate for most applications of ferrule NCI castings, higher As 
values may be required to ensure a high fatigue strength. 

- Crack initiation in ferritic NCI is associated with decohesion of graphite nodules from the 
surrounding matrix. Emission of microcracks from the decohesion 'moat' created around the 
nodule constitutes the first detectable stage of crack growth, while cracks connecting two 
nearest-neighbor graphite nodules represent the next and main crack-propagation stage. 
Transcrystalline and, to a lesser degree, intercry stalline fractures represent the major (brittle) 
modes of the fatigue failure of ferritic NCI. 

Reference 
[1] M. Mark-Markowitch, F. Schubert, R. Arkush, H. Nickel and E.P. Wamke, in: Strength of Metals and 

Alloys. D.G. Brandon, R. Chaim and A. Rosen [Eds.] (London, UK: Freund Publ. House, 1991), vol. 2, 
p. 927. 

Simulation of Neutron Irradiation Damage in A1-A5 Alloys by Ion 
Implantation'1] 

A. Munitz and C. Coder 

Ion implantation was used to simulate neutron irradiation damage in Al-AS alloys. The 
damage was investigated by scanning electron microscopy. H + and He + ions were implanted up 
to a dose of 2X104 /tCi. It was found that H + ions caused the appearance of blisters and holes 
on the surface, the density of the blisters and holes being a function of the implanted dose. The 
He + ions caused sputtering of the surface via flaking. 

Reference 
[1] A. Munilz and C. Coder, Report NRCN-559 (1991) (in Hebrew). 
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