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1.0 INTRODUCTION

Liquid-plasma discharges are of growing interest for the generation of high density,
high enthalpy flows for rocket propulsion and wind tunnel test facilities. An electric
propulsion system with an Ip of 1000-3000 seconds is the pulsed electrothermal thruster
(PET) being developed in our laboratory.' This device uses a high pressure (102 atm),
modest temperature (1-1.5 eV) plasma generated in a capillary confined electric discharge
(Fig. 1.1). In the PET scheme, liquid propellant (water) is injected into the capillary chamber
through a small orifice at the cathode. A second device, currently in the prototype stage, is
being designed to generate mach 10-20 air flows at 2-7 km/s for testing scramjet engines
used on hypersonic aircraft.23 The high enthalpy flow in this device will be created by
injecting liquid air into the capillary and heating it with a 100 MW level discharge.

Arc discharge heaters in the 5-1000 MW class, used for pulsed electrothermal
propulsion or hypersonic combustion research, are required to ingest their working fluid in
solid or liquid form in order to keep working temperatures within the desired 6000-20,000
'K range. Plasma generation proceeds with the application of a high current (3-50 kA)
heating pulse from a capacitive PFN or similar source. Critical to the understanding of these
discharges is an experimental and theoretical investigation into the interaction of a cold
liquid/vapor mixture and hot plasma present in the high power capillary environment.

A variety of complex, interdependent phenomena can participate in the energy
transfer and mixing processes (Fig. 1.2). Plasma radiation, thermal conduction and
convection all contribute to the heat flux for evaporation of the liquid. Vapor-plasma mixing
can occur in the fast flow field as a steady surface erosion or via instabilities leading to a
more-or-less explosive breakup of the injected liquid. This research effort seeks some
understanding of these processes using liquid water injected into a 5 MW, 100 atm, capillary
confined pulsed arc for which the arc heating is roughly constant in time. The goal is to
identify in detail the dominant energy exchange and mixing processes occurring between the
liquid, vapor and plasma components of the discharge.

Over the first year of this program we examined the behavior of these discharges by
the application of spectroscopic and electrical diagnostics and obtained measurements of the
time dependence of various plasma conditions such as density, temperature, pressure, and
resistance.4 During year two, the diagnostics were refined and extended to give a more
detailed picture of the discharge dynamics.5 Additionally, attention was shifted towards
theoretical modeling and numerical simulation of the discharge. * -

This report outlines these earlier studies and incorporates the work performed during J
the final (third) year of the program. The model has been extended to include an empirical
description of the plasma radiation environment along with detailed calculations of the . -

plasma equilibrium composition, thermodynamic functions, and resistivity. Numerical .
simulations of several discharge configurations have been performed and the results are in
excellent agreement with tie e=pcrimental data.
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2.0 SUMMARY

The experimental arrangement including PFN, capillary, and optical diagnostics are
reviewed in See. 3. The parameter domains studied include i) driving pulse durations of 15-
60 is, ii) a survey of power loading effects using discharge currents of 3-6 kA, iii) a 25:1
difference in the liquid surface area using straight jet vs water wall injection schemes, and
iv) the use of other capillary materials, e.g. polyethylene, without water injection, to examine
other "fuels".

Detailed data for the resistance-time behavior are presented in Sec. 4. This data
reveals a complex sequence of events. An early time high temperature, low resistance phase
is followed by vaporization of the liquid surface and increased resistance as the plasma cools.
Due to the density dependence of resistivity, a subsequent decrease in resistance is observed
as the plasma density builds up inside the capillary. The resistance modulations are seen to
be general characteristics of these wall confined discharges. Details of the transients do
depend strongly on such things as power loading, fuel material, etc. Experiments with 60 Ms
pulse durations indicate that quasi-steady state conditions are reached in times t < 30 Ms.

Several optical methods were employed to study the discharge (Secs. 5 and 6).
Broadband photodiode observations and low resolution spectroscopy demonstrate that wall
ablation and a transition to optically thick plasma conditions occurs within 5-15 /s. In low
power density discharges it was possible to determine the plasma temperature from high
resolution measurements of 011 and 0111 emission lines. The method assumes an LTE
plasma where the line intensities are proportional to the upper level populations which
follow a Boltzmann distribution, i.e. I - exp(-E/kT). The intensity ratio of lines from
successive ionization stages gives a sensitive measure of temperature, though the electron
density must be independently established. A relatively hot plasma of temperature T - 3-4
eV is seen at early times (t < 10 tis) with subsequent cooling to T < 2 eV.

In Sec. 6 we present nitrogen laser shadography experiments that show the liquid
water droplets shattering in the fast axial flow of the exhaust plasma. The significance here
is that the capillary model uses a 1-D, one fluid (plasma) description of the discharge where
the liquid and vapor are not explicitly treated as seperate components of the flow. Processes
such as droplet shattering, leading to radial dispersion and/or surface area
enhancements,were assumed not to play an important role in determining the discharge
dynamics. This assumption appears quite reasonable within the domain of the present
experiments though the importance of droplet breakup, especially in higher power, longer
duration discharges, has not been thoroughly investigated.

Third year efforts focussed on improving the physics model and performing numerical
simulations of the discharge (Sec. 7). The fluid equations are solved for a one dimensional
discharge chamber and drift tube section using a flux corrected transport (FCT) algorithm.
Preliminary simulations used a very simple description of the discharge to examine the time
scales over which various fluid parameters approach steady state conditions. Under constant
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current, constant resistance conditions, the plasma temperature responds quickly (-5 us)
while pressure or density require -40 us to stabilize. The simple model did not adequately
describe the measured resistance variations and several refinements were studied. At present
the model incorporates the following basic features.

1) The current pulses input to the code were taken directly from the experimental data.
2) In order to cover a broad range of temperatures, the plasma resistivity was calculated

from a modified Spitzer formula where both electron-ion and electron-neutral collisions are
taken into account. The time variation of ZlnA is also important during build-up of the
density.

3) Vaporization occurs at the liquid surface as a steady surface erosion with a rate
determined by the local heat flux q.

4) Plasma radiation was assumed to dominate the heat flux while that due to thermal
conduction or turbulent transport was assumed negligible. Using q = aT4 presumes the
plasma to radiate as a pure blackbody though it was necessary to incorporate the fact that
the plasma transitions from optically thin to thick during the power pulse.

5) The composition and thermodynamic properties of a water plasma were calculated in
detail from the system of Saha equations (Appendix). Molecular species were not accounted
for at low temperatures while, at high temperatures, up to triply ionized oxygen species were
considered.

The model was evaluated primarily by comparing the resistance data obtained
experimentally with the simulation results. An excellent match is obtained for both the
magnitude and dynamic behavior of the resistance of all water discharges studied. Other
measured parameters such a temperature, pressure, and axial variation in resistance show
good agreement with the simulations. Section 7 includes the simulation results and detailed
comparisons with the available experimental data.

Conclusions of the present study are presented in Sec. 8 where it is noted that the
present model is sufficiently well developed to give confidence in our design and predictive
capabilities for these capillary discharges.

5



3.0 EXPERIMENTAL ARRANGEMENT

This section provides basic documention relating to the subsystem components of the
experiment. The general characteristics, nominal operating paranmeters and system layout are
summarized below. Additional details are given in previous interim reports.' 5

3.1 Capillary Structure

The capillary assembly and individual components are shown in Figs. 3.1 and 3.2. A
vacuum feedthrough shaft, 3/4" outside diameter, was constructed as a coaxial conductor.
The center conductor was drilled through to form part of the water injection line. The
discharge chamber itself was fused quartz tubing (GE type 214) measuring 10 mm OD x 40
mm long with an inner diameter of either 5.0 mm or 3.5 mm. Slots were made in the outer
return conductor to give direct visual access to the discharge plasma. Water was injected
from the cathode end through a 200 um diameter pinhole. At the exhaust end a screw-on
cap clamped the components together and also serves as the discharge anode. A
transitioning or nozzle profile was not incorporated in the end cap so that the plasma
undergoes a free expansion into the vacuum chamber.

In recent studies, the above capillary structure was modified to enable resistance
measurements to be made with resolution in the axial direction. The Maycor structure of
Fig. 3.3 has steel pins of 1/16" diameter inserted radially at 3/8" intervals along the capillary
length. At the OD of the Maycor, the pins are held in place with epoxy while the interior
ends are flush with the bore and make electrical contact with the plasma. The anode,
capillary, and feedthrough shaft are clamped together with threaded rods which also serve
to form an approximately coaxial current return path.

3.2 Water Injection

Various jet and spray injection conditions were avaliable. The experiments described
in this report were performed using either the straight jet, or so-called water wall injection
schemes. The straight jet is essentially a continuous cylinder of water injected along the axis
of the discharge chamber and having a diameter equal to that of the pinhole. The water wall
configuration was obtained by injecting a highly divergent spray of water droplets. The spray
impinges on the capillary wall within a few millimeters of the cathode and subsequently
forms a uniform, thin film of water flowing along the wall.

A continuous flow of water was maintained in the capillary using a simple blowdown
arrangement. Excess water was pumped from the vacuum chamber. Under normal operating
conditions an ambient pressure of 4.5-5.0 torr water vapor is maintained. The mass of water
resident in the capillary on each shot is well defined and determined only by the pinhole
size. A 200 tim diameter pinhole injects 0.31 mg/cm of capillary or 1.4 mg total in the
discharge chamber. Typical jet velocities are only a few meters per second so that on the
discharge time scales the water is essentially a stationary mass fill. It is worth pointing out
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that no attempt was made to match the discharge energy to the available water, as would
be desireable for efficient fuel utilization in thruster applications. Only a small fraction Cf
the resident water mass is vaporized during the discharge time (1-30 % depending on energy
and injection conditions). Effects due to fuel depletion are not expected to be observed.

3.3 Discharge Circuit

A schematic of the cir",,it is shown in Fig. 3.4. The PFN was composed of identical
LC stages with an impedance of 0.38 a. Pulszs of 15, 30, and 60 gs nominal width were
obtained for N = 3, 8, and 17 stages respectively. Initial tests, using only 3 stages, gave a
limited view of the discharge dynamics. Most of the data was obtained with a 30,4s pulse.
A few experiments to examine the approach to steady state were run with a 60 ts pulse.

The resistor RD in series with the capillary was used as a load matching element.
Since the capillary resistance was generally in the range of 100-250 ran, RD helps to damp
oscillations. At the same time, RD acts as a buffer in that the time dependence of the driving
current is relatively independent of the capillary resistance.

3.4 Optical System

The experiment was basically a table top one (Fig. 3.5). The capillary inserts into a
small vacuum tank with optical access windows. A fiberoptic pickup and broadband photo-
diode provided routine monitoring of amplitudes and timing of the plasma emissions.

The major instrumention for spectroscopic work was an EG&G PAR Model 1460
GID OMA III optical multichannel analyser system. The detector head, Model 1420, has a
700 channel silicon detector array with microchannel plate intensification. Optical response
peaks near 400 nm and the minimum detectable signals are 5-10 photons per channel. The
detector is gatable to 5 ns though these experiments used 200 ns gating which gave quite
acceptable time resoluton and signal level. The spectrograph is an Instruments S.A., Inc.,
Model HR320 having F/5.4 and 0.32 meter focal length. Interchangeable low and high
resolution gratings were purchased. Survey studies under low resolution (0.5 nm/channel)
were made during the initial investigations. Higher resolution (0.06 nm/channel) was required
to isolate the oxygen emission lines used for temperature measurements.

3.5 Experimental Matrix

Figure 3.6 shows the paiameter domain that has been studied. The primary variables
were water injection conditions and capillary bore diameter. The effects of power loading
on a given configuration were obtained by simply varying the PFN charging voltage. The case
of water wall injection into a small bore capillary was not examined. A brief series of shots

were made without water injection. These "dry" discharges were intended to view the extent
to which the liquid water is controlling the discharge dynamics.

10
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Figure 3.6 - Matrix of experimental parameters studied.
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4.0 RESISTANCE MEASUREMENTS

This section describes the results of a champaign to accurately measure resistance-
time histories of the capillary under various discharge conditions. Previous short pulse
experiments (t - 15 gs) gave only a limited view of the discharge dynamics. 4 Pulses of 30 us
duration were used to obtain the majority of the data and these pulse widths reveal the full
characteristics of the dynamic response. Steady state behavior is evident in the longer pulse
(t - 60 tis) data.

Resistance data was obtained as R = V/I from the net voltage drop and the total
current. In order to make very accurate measurements of resistance it was necessary to
subtract out of the total voltage an inductive component which was due primarily to the
inductance of the current feedthrough shaft (L - 100 nH). In most cases, especially at early
times t < 5-10 js, the dynamic features were obscured unless careful attention was paid to
extracting only the purely resistive component of the voltage drop.

4.1 Discharges Using Water Injection

The main parameters varied were: 1) water injection conditions, 2) capillary bore
diameter, and 3) PFN charging voltage. The effects of these different conditions are
discussed below while the data is summarized in Fig. 4.1. The data is presented as curve
pairs corresponding to a low and high voltage discharge (solid and open circles for 3 kV and
4 kV charging voltages respectively). Each pair of curves represents a given injection
condition and bore diameter. Current profiles for the discharges using water wall injection
are included in Fig. 4.1 for reference.

A few general expectations are born out in this data. In all cases the initial
breakdown (t < 5 gzs) and final cooling stages (t > 25 /is) show a cool, high resistance
plasma since the ohmic heating power is quite low. Comparing the small and large bore
capillaries, an overall higher resistance results with the smaller bore. All else being equal,
the resistance would scale simply with the cross-sectional area. In the two straight jet cases,
the resistance might be expected to differ by approximately (5.0/3.5)2 = 2, which is roughly
as observed. Comparing different injection conditions (water wall vs straight jet in the 5 mm
bore) a higher resistance for the water wall results due to the much larger surface area of
water exposed to the plasma. An increase in water surface area would yield a higher flux of
vapor resulting in a generally cooler, more resistive plasma. The two injection conditions in
the 5 mm bore have surface areas differing by a factor of 25. The data in Fig. 4.1 does show
a tendancy toward higher resistance with water wall injection though the sensitivity to surface
area is rather weak.

Three distinct phases of the heating and vaporization dynamics are apparent during
the flat top portion of the current pulse. Attention here is focussed on the straight jet data
for the 3.5 mm bore capillary. The low resistance stage near t = 5 ps corresponds to heating
and ionization of the background vapor only. (The ambient pressure in the vacuum chamber

14
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Figure 4.1 - Resistance data for various capillary
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the cases having water wall injection.
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was 4.5-5.0 torr water vapor.) A low gas density with high specific power density produces
a fairly hot plasma. Measurements have shown that the plasma temperature is in excess of
3 eV during the initial heating phase. In the second phase the injected liquid begins to
participate in the discharge. Water is ablated from the liquid surface to mix with and cool
the plasma, resulting in an increasing resistance over times t - 5-15 t.s. A third phase
appears as the gradual drop in resistance over t - 15-25 Ms. This resistance drop basically
results from the increasing plasma density which manifests itself as a reduction of the ZInA
term in the resistivity.

Though the three phases noted above are most evident in the data for the straight
jet with a 3.5 mm bore, all cases studied show the same basic trends. However, the timing
and relative amplitude of the resistance modulations are quite sensitive to the various
parameters surveyed.

A stable operating mode is not apparent in the data taken with a 30 /is pulse length.
Shots taken with the longer 60 tMs power pulse (Fig. 4.2) do show the development of quasi-
steady behviour. The resistance reaches a steady value at about 20 M s for the 3.5 mm
capillary and at about 30 ps for a 5 mm bore. A slight upward drift in resistance is seen after
these times. Model results show the duration of the transient phase to be determined by the
relaxation times for pressure and density.

It is worth pointing out that these experiments were not performed in a regime where
the resident water mass was significantly depleted during the pulse time. If this were the
case, one would expect a final transition to a high temperature, low resistance phase when
the fuel is exhausted. Such studies would be a useful and important extension of the present
work, particularly for those applications requiring efficient fuel utilization.

Axial variations in resistivity were evaluated using pin voltage measurements on the
Maycor capillary (Fig. 3.3). Both the 5 mm and 3.5 mm bores were studied over a range of
power levels. All cases had quite similar behavior with typical results shown in Fig. 4.3. The
resistivity is very uniform along much of the capillary length and increases significantly near
the anode where the exhaust plasma expands and cools. Gradients in the plasma parameters
near the anode (notably temperature) will be much steeper than Fig. 4.3 indicates since the
pin spacing allows only limited axial resolution.

4.2 Materials Comparisons

In an attempt to isolate the effects due to the water alone, additional resistance data
was taken for discharges that did not have liquid water injection. Initial conditions of 4.5 torr
background pressure were maintained by allowing a water vapor leak in the vacuum
chamber. Two capillary materials were examined. The usual quartz tubes were used to see
to what extent ablated wall material participates in the discharge. Other capillary tubes were
constructed of high density, opaque (black) polyethylene. This would simulate the case of
water wall injection conditions with a material that has identical surface area but is

16
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somewhat less easily vaporized than water.

Figure 4.4 sumarizes the resistance data for these so-called "dry" discharges. Current
traces for the shots using polyethylene are also shown in Fig. 4.4. The polyethylene data has
the same generally slowly varying behavior as those cases with water wall injection conditions
(Fig. 4.1), though the average resistance with polyethlyene is considerably lower. At a given
power level, less mass is ablated from the polyethylene wall (compared with water) so that
the discharge runs at a higher plasma temperature. The resistance for discharges in a dry
quartz capillary show again the three phase structure. Several details of the resistance
variations differ significantly from the corresponding data taken with water injection.

These "dry" discharges respond quite differently from those with water injection. The
differences are ultimately tied to the basic thermal properties of the ablating material, i.e.
thermal diffusivity, heat of vaporization, etc. For the purposes of this investigation the dry
discharges are only qualitatively considered. The important aspect is that the behavior
observed with water injection can be taken to be due primarily to the presence of the water
itself.

The resistance measurement campaign has given a large body of accurate data on the
discharge behavior. The goal of this research is to obtain a detailed understanding of the
discharge dynamics displayed in Figs. 4.1, 4.2 and 4.3.

19
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5.0 SPECTROCSOPIC STUDIES

Here we describe the optical studies that were made of the plasma emission.
Broadband measurements made with a photodiode or with low resolution spectroscopy
demonstrate the transition from optically thin to optically thick plasma conditions. Wall
ablation is shown to severly limit optical access to the discharge. Where possible, detailed
measurements of the plasma temperature have been made using the intensity ratio of oxygen
emission lines. The temperature measurements have been restricted to times when the
plasma is optically thin and sufficiently hot to have oxygen present in multiple stages of
ionization. The data, though sparse, has been invaluable for understanding the role radiation
plays in the discharge dynamics.

5.1 Broadband Response

A flavor for the kinds of low resolution spectra observed is given in Figs. 5.1 and 5.2.
These were obtained using straight jet injection in a 5 mm bore capillary at a time of 14 lis
into the discharge.

The spectrum in Fig. 5.1, taken with 3.8 kA peak current, shows an optically thin
plasma radiating primarily through the hydrogen and ionized oxygen lines. Neutral oxygen
does not appear since all the strong transitions in 01 lie outside the visible region. The dense
group of OII lines all originate from transitions with upper level exitation energies in the
range of 25-30 eV. Under equilibrium conditions these high lying levels require T > 2 eV
to have significant population densities. Silicon originates from the quartz wall and begins
to show up in the spectrum when wall ablation sets in.6

In contrast to Fig. 5.1, the spectrum of Fig. 5.2 is seen with the discharge current at
5.5 kA giving approximately twice the average power input. Here the spectrum is almost
completely dominated by silicon in the boundary layer of ablated wall material. In the warm
inner regions of the boundary layer, singly ionized silicon is seen in emission. Cold regions
close to the wall give rise to absorption in the resonant components of SiI at wavelengths
of 265 nm and 300 nm. Under these conditions the opacity of the boundary layer prevents
viewing plasma in the interior of the discharge.

In conjunction with the resistance measurements the temporal development of the
plama radiation level was monitored via plastic optical fiber routed to a silicon photodiode.
The fiber plus photodiode combination has a relatively broadband response so that signal
levels will be indicative of the total radiation flux environment in the discharge chamber.

Radiation levels for a 5 mm capillary with straight jet injection are shown in Fig. 5.3
for three seperate charging voltages. Overlaying the traces on a single record with fixed
sensitivity settings emphasizes the relative amplitude and timing of the radiation flux with
respect to power input. These cases involve an optically thin plasma where radiation levels
scale like the square of the plasma density. At early times the radiation from the background

21



1600- E2.Z0 on
t - 14 us

1400- t=3.8 kA
V = 3kV Si 11

1200-

zD 1000-

Cd Si I
.$800-

Si R

600-H

400-

200-J I

0-
0 .7. .5 .4

WAVELENGTH (MICRONS)

2BA2008

Figure 5.1 - Low resolution spectrum observed
at t = 14 pis with straight jet injection and
3 kV charging.
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4.0 kV (lower to upper traces respectively).
Time sweep is 5gs/div.
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vapor alone is rather low. As vaporization of the liquid sets in the plasma density and
radiative output increases significantly. Vapor generation cools the plasma with an attendant
increase in resistance (Fig. 4.1).

The correspondence between radiation and discharge dynamics is best seen by
comparing the photodiode signals (Fig. 5.4) and resistance (Fig. 4.1) for the 3.5 mm
capillary. The first 5 As has very small radiation levels during the low resistance phase. The
radiation level then increases sharply and the timing of this increase is well syncronized with
the resistance rise. Subsequently the radiation intensity appears to saturate near some
maximum level. Additionally, the 4 kV shot in Fig. 5.4 shows a strongly decreasing intensity
after the peak is reached. Two effects are being observed here. Firstly, the plasma transitions
from optically thin to optically thick at which point the radiation intensity is indicative of the
plasma temperature (I - aT4). This transition has been observed in similarly confined
discharges.7 Secondly, at high input power, wall ablation is severe and strong temperature
gradients develop at the wall. Then, radiative losses occur through the outer regions of the
boundary layer where the temperature and therefore radiation intensity is lower.

5.2 Temperature Measurements

This section gives some idea of the plasma temperature being observed in these
discharges. Temperature diagnostics based on the absolute or relative intensities of spectral
emission lines are well known techniques.8'9 Application of these methods to the capillary
discharge has been investigated using the available lines of hydrogen and oxygen. The
usefulness of these methods has, however, been limited to early times when optically thin
conditions prevail. Some success has been obtained using the intensity ratio of transitions
from subsequent ionization stages of atomic oxygen.

The general expression for the intensity ratio of lines from an optically thin LTE
plasma at temperature T is

1 gZ- 2 2 exp(-AE/kT) (5.1)
[ g; if 7ik Wre h

where

AE =Ek - Ez-' + Ez- l _ AE. -  (5.2)

Here, z denotes the ion charge with z = I for singly ionized atoms. Transitions of
wavelength I originate from upper level k having exitation energy Ek. The lower level
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Figure 5.4 - Photodiode traces of the plasma
emission levels in a 3.5 mm bore capillary.
Charging voltages were 3.0 kV, 3.5 kV, and
4.0 kV. Time sweep is 5is/div.
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degeneracies gi and absorption oscillator strengths fik are obtained from the NBS
compilations.'0 The electron density N. enters Eq. 5.1 through the Saha condition relating
the relative abundance of the charged species. At high densities, the ionization energy, E,
may be reduced by AE, due to Debye shielding or proximity effects."

Several candidate transitions in 0111 and OIl were observed. Figure 5.5 shows a 10
nm band of the emission spectrum centered about the prominent 0111 lines: The spectrum
was obtained in a non-imaging arrangement and as such represents a spatially averaged
profile. The diagnostic lines used were from 0111 at a wavelength of 375.987 nm and from
OIl at 374.949 nm. Table 5.1 gives the relevant atomic data for these transitions. The 0111
transition given in Table 5.1 was the strongest of those observed for doubly ionized oxygen.
The proximity of a suitably strong OIl line is convenient since the spectral sensitivity of the
detection system can be assumed equal for both lines.

Table 5.1 - Atomic parameters for the diagnostic lines.

Species I (nm) F, (eV) Ek (eV) gifik

0111 375.987 54.93 36.48 1.59

OIl 374.949 35.15 26.30 0.76

Evaluating Eqs. 5.1 and 5.2 for the diagnostic lines chosen gives

1(011) 6.25 x 1 _ 1 exp(-45.33/T), (5.3)

1(011) N,, 13.61J

where the plasma temperature and electron density have units eV and cm 3 respectively.
Lowering of the ionization potential has been neglected. Though AE. can amount to 1-2 ev
for these capillary discharges, the essential results are not seriously effected by this
simplification. Plots of Eq. 5.3 are shown as the solid lines in Fig. 5.6. The intensity ratio is
seen to be strongly depenent on temperature and relatively insensitive to electron density.
These features make the line ratio approach generally quite attractive for diagnostic
purposes, provided suitable emission lines can be found. Signal to noise levels limited the
range of detectable intensity ratios to about 20*1 so that only temperatures in the range of
2.5-4.5 eV could be reliably measured.

Experimental values for the line ratios and corresponding plasma temperatures are
also plotted in Fig. 5.6. The data shown was obtained for a 3 kV shot in a 5 mm bore
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Figure 5.5 - Sample spectrum of oxygen transitions
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capillary under straight jet injection conditions. In this case, the 0111 lines are detectable for
up to 11 As into the discharge (Fig. 5.7). Electron densities used in Eq. 5.3 were taken from
previous measurements of Stark broadening in the hydrogen lines Ha and Hp under similar
discharge conditions. 4

The most obvious errors entering to the evaluation of temperature would be as
follows. Line intensities can be measured with quite reasonable accuracies (±10 %). The
error bars indicated Fig. 5.6 correspond to an uncertainty of ±50 % in N" or, equivalently,
an uncertainty in AE. of ±2 eV. Additional errors are introduced through the transition
probabilities which are considered accurate to ±25 %. Nevertheless, the line ratio method
is sufficiently immune to the above uncertanties that the basic result is unchanged, namely,
the plasma temperature at early times is in the vicinity of 3.5-4.0 eV.

5.3 Survey Spectra

The example in the previous section of using the 0III/011 line ratio approach to
temperature determination is not fully representative of the observations that have been
made. This section gives a brief survey of other discharge conditions and, in particular,
emphasizes some of the general problems encountered in spectroscopic measurements on
these discharges.

Figure 5.8 presents the temporal behavior of the plasma emission spectra over a 40
nm band centered on the 0111/01I diagnostic lines. In the discharge using a 5 mm bore with
water wall injection, 0111 is not detected beyond t = 5 As and the spectrum shows only
continuum emission for t > 8 A~s. This sequence demonstrates that discharges using water
wall injection cool quite rapidly once vaporization begins since there is a large surface area
of water exposed to the plasma. The other sequence of shots in Fig. 5.8 is for an energetic
discharge (4 kV) in a small bore capillary. Again, 0111 is observed for only a few
microseconds into the pulse. Strong emission from SilI appears for t > 4 As due to severe
ablation of the wall material (quartz). A cold, optically thick boundary layer quickly develops

at the wall making it difficult to optically access the core plasma.

It is interesting to note the appearence of neutral silicon at t = 1 As in the straight
jet case of Fig. 5.8. The explanation for this is as follows. Initial breakdown of the
background gas proceeds with the current confined to a hot filamentary arc. Typically, the
current distribution spreads to fill the capillary bore on time scales of 2-5 gs. 12 High energy
photons from the filament photoablate silicon from the wall. Neutral silicon lines are
observed as the ejected atoms thermalize near the wall in the cold background gas. It is only
after thermal ablation sets in that ionized silicon dominates the emission from the wall
region.

A second observation concerning the initial breakdown process is that non-LTE
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conditions can exist. Line ratio data for the higher energy shots show several OII transitions
deviating significantly from calculated LTE intensities (Boltzman plots) indicating a coronal
type equilibrium. Such deviations were only detected for t < 2 Ais. Evaluation of LTE
criterion has shown that, apart from the initial breakdown, LTE is maintained in these
discharges.

In summary, the line ratio technique for temperature measurements has been
successful up to times t - 5-10 As. However, much of the interesting dynamics of the
vaporization and mixing processes occurs at later times. Plasma cooling to the extent that
0111 is not present and severe wall ablation have limited the usefulness of spectroscopic
measurements for obtaining quantitative data on the discharge plasma.
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6.0 DROPLET SHATTERING

The role of radial processes in determining the vaporization and mixing has been
discussed previously.4 The basic idea is that a high pressure, cold cloud of vapor may
surround the liquid and expand into the hot plasma background with a speed - 150-300 m/s.
Evidence for this has been suggested by a study of water droplet vaporization using CO2
laser heating.' 3 Alternatively, the liquid jet/droplets may breakup into a fine mist in the
high velocity regions of the flow.14"1 A brief series of experiments was performed to asses
the presence of such a vapor cloud and examine the stability of the liquid in the fast axial
flow field.

A nitrogen laser (150 mJ in a 3 ns pulse) was used for backlight photography of the
water jet as it is exposed to the exhaust plasma. Direct photographic access to the capillary
bore was not attempted. The shadow pictures in Fig. 6.1 were taken in the plasma flow a
few millimeters outside the exhaust port. The photograph in Fig 6.1 at t = 10 pts is identical
to the pre-discharge conditions. (Downstream of the injection orifice the straight jet pinches
off into a steady stream of large droplets.) Some distortion of the droplets is seen around
t = 20-30 gts, i.e., near the end of the power pulse. Eventually the droplets do shatter into
a fine mist.

There does not appear to be any evidence of a dense vapor cloud surrounding the
liquid. This suggests that the water evaporated from the liquid surface mixes rapidly with the
flowing plasma. Though droplet breakup is occuring, it is unclear whether or not this is an
important effect inside the capillary for pulse times less than - 30 gus. In particular, such
breakup of the liquid would not be expected to occur near the cathode where the plasma
flow velocity is small. However, liquid breakup may well be an important process in high
power and/or long duration pulses.
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bore capillary, and 3 kV charging.
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7.0 NUMERICAL MODELING

This section describes our efforts to formulate a physics model of the discharge.
Considerable theoretical work has been done to model the basic processes governing the
behavior of high power, high pressure, ablating wall discharges. 16 17' 18 The features of
the model are outlined and specific adaptations for the present problem are described.
Numerical solutions for several discharge configurations are provided and compared with
the experimental measurements.

7.1 One Fluid, 1-D Model

The one dimensional conservation equations used to describe an ablation controlled
capillary arc are

ap + Vpv (7.1)

apv V(pV2 + P) = 0 ,and (7.2)
&

aE + W(E + P) = 17j2 -fQ _ 1pJv2  (7.3)
& a2

Equations 7.1-7.3 were derived 17 for the axial flow field in a cylindrical capillary tube of
radius a.

Liquid injection is cylindrically symmetric and the liquid is assumed to occupy a
negligible volume of the capillary. A straight jet has radius r, while the case of water wall
injection is obtained by letting r = a.

The mass density introduced into the plasma flow due to vaporization of the liquid
is

=QIp, = -a 

3
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Heat transport from the plasma is Q = 2vrrq (W/m) where the liquid surface recieves a heat
flux q (w/m 2) that is determined by the local plasma conditions. Energy lost to the liquid is
returned to the plasma as ablated mass at the local specific enthalpy h (J/kg) of the plasma.

The model is essentially a one fluid (plasma) model. Vapor is not explicitly treated
as a separate component of the flow since the ablated mass is assumed to be radially
distritated instantaneously and uniformly across the capillary cross-section. Heat transport
and ablation processes are taken to occur at the liquid surface in a thin boundary layer of
negligable thickness.

Ohmic heating is the sole energy source and the current density is taken to be
uniform across the capillary radius. Equation 7.3 includes the energy losses to the wall via
the flux Q, = 27raq. For straight jet injection the jet surface area is a factor of 25 smaller
than that of the wall so that wall losses are severe. Even in the case of water wall injection,
a significant amount of radiation is transmitted through the wall. All calculations have
assumed the maximum wall losses, f = 1. The final term in Eq. 7.3 describes frictional
sweep-up of the source mass. The idea is that evaporated material passes from the liquid
to the plasma through a thermal skin (boundary layer) and, in the process, aquires its axial
velocity at the expense of flow energy.

Heat flux to the wall and liquid can arise from several sources such as conduction,
radiation, and convective transport. Radiation tends to dominate with the flux usually taken
at the blackbody limit q = aT4 . However, these discharges are optically thin early in the
pulse. A detailed treatment of radiation transport is a complex and time consuming
calculation. Instead, an empirical approach was taken where a modified blackbody furctiGn
describes the heat flux, i.e.

q = A(t)aVi,

and A(t) has the forin

A(t) = 1 1 + tanh("01]]

An explicit time dependence through A(t) is intended to roughly simulate an optically thin
to thick transition. Radiation flux is suppressed at early times and passes into the blackbody
limit near time to at a rate determined by r. Additionally, there remains the time
dependence through the temperature T(t). This formulation of the heat flux was found
,.ssential to describing the early time history of the discharge.
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The analytic function A(t) was convenient for incorporating into the numerical
calculations and easily obtained from the measured emission levels. The amplitude function
was found in each case by fitting to the rising portion of the photodiode signals. For
example, two cases modeled with straight jet at 3 kV were the 5 mm bore where to = 30 /s
and r = 11 tis (Fig. 5.3) and the 3.5 mm bore where to = 10.5 ts and r = 5.0 lMs (Fig. 5.4).

It has been equally important to have a description of the plasma resistivity that
covers a broad range of conditions. Electron-neutral and Coulomb collisions are included by
taking the resistivity as19

17 = rts{ 1 +
Vei I

Electron-ion and electron-neutral collision frequencies are2°

vei = 3.5 x 10-6 N nA -1 , and

1/2

v -- NoOy S

where the electron and neutral particle number densities N, and N. are in cm 3 and the
plasma temperature is in eV. The electron-neutral collision cross-section was given the value
oO = 5 x 10-15 cm 2 as a reasonable approximation to the mean value for the hydrogen and
oxygen species present.

The Spitzer resistivity is21

= 3.04 [1] ZlnA m1 -CM

with the Coulomb logarithim given by20

InA = 23 - ln(ZN T3r)
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These expressions use the average ionic charge Z as defined in the appendix while the
coefficient 1/ye is calculated from the equation

1- = 2.0783 - 0.4131Z + 0.0530Z 2

Ye

which interpolates between the values given in Ref. 20.

The system of equations is completed once the species concentrations and
thermodynamic properties of the plasma are specified. This information was obtained by
solving the Saha equations for an equilibrium water plasma. Full details of the composition
calculations are given in the appendix. The total energy density (internal + kinetic) of the
plasma is

E = W+ pv2/2,

while the internal energy density W and specific enthalpy are related to pressure through the
0 enthalpy coefficient g in the usual manner, namely

P
W - , and

g-1

0

h g P
g-1 p

7.2 FCT Code

The numerical method used for this study is an algorithm developed specifically for
the solution of time-dependent flow problems containing shocks or other steep gradients. 2

The FCT or Flux Corrected Transport algorithm incorporates methods of general
applicability to accurately calculate the dynamics of a user defined set of fluid conservation
equations. The computed results are corrected at each time step to remove the errors
introduced by numerical diffusion. FCT can provide complete solutions to 2-D unsteady flow

* problems in the high density continuum regime and potentially can also model free
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molecular flow.23

The capillary is modeled as a semi-infinite cylinder 80 mm long and divided into 200
uniformly spaced cells. Boundary conditions are zero flow velocity at one end (ceii 0) and
free flow through the other end. The discharge is confined to a 40 mm long section (cells
0-100) with the cathode at the closed end. This is the region of water injection and ohmic
heating. The experimental current profiles were used as input to the code. Cells 101-200
form a drift section that has neither water nor electrical input. Wall losses were allowed
throughout the entire computational domain. Initial conditions were set to the experimental
values of 4 Torr ambient water vapor at 273 °K.

7.3 Steady State Time Scales

Initial code runs examined the general behavior of the capillary and the approach to
steady state conditions using a very simpified model. A step function current profile was
used with an amplitude of 3.5 kA while the plasma resistance was held constant at 150 inn.
The heat flux was taken always at the blackbody limit with no transitional time dependence
(A(t) = 1) and no wall losses. An ideal gas having constant enthalpy coefficient g = 1.2 was
assumed. The heavy particle density was N = p/<A>mp where mp is the proton mass and
the mean atomic weight for water is <A> = 6. In this case, ionization and electron pressure
was not taken into account.

Figures 7.1 to 7.3 show the plasma flow velocity, pressure, and temperature
throughout the computational domain at various times in the discharge for code run number
CAP50. These calculations were made for a 5 mm diameter capillary with water wetted wall.
A shock wave, seen near cell 195, is generated early in the discharge and propagates down
the drift tube. The temperature profile remains particularly flat throughout much of the
capillary length. Near the capillary exit plane (cell 100) the gradients steepen sharply. The
flow is subsonic within the capillary and supersonic in the drift tube.

In principle one might expect steady state to be characterized by a relaxation time
tr = 2Lc. where L is the capillary length and c. the plasma sound speed. The sound speed
for water at 1 eV is c. - 4 km/s making tr - 20 js. A relaxation time can be defined for the
code runs as the time for a parameter to reach 80% of its steady state value. Table 7.1 lists
these times for several of the fluid variables from the CAP50 calculation. It is noteworthy
that the most responsive variable is temperature. Since the heat flux for ablation depends
strongly on temperature, the dynamic response of the capillary will be most noticeable in
temperature sensitive diagnostics such as the resistance measurements. Plasma pressure and
density do respond on time scales comparable to ts.
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Figure 7.1 - Plasma flow velocity for CAP50 code
run on a 5 mm capillary with water wall injection.
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Figure 7.2 - Capillary pressure for CAP50 code run
on a 5 mm capillary with water wall injection.
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Figure 7.3 - Capillary temperature for CAP50 code
run on a 5 mm capillary with water wall injection.
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Table 7.1 - Relaxation times at the capillary midpoint
(cell 50) for parameters of the CAP50 calculation.

Parameter time

(As)

Current 0

Temperature 5

Velocity 20

Pressure 40

Density 40

7.4 Detailed Simulations

An extensive set of code runs was performed using the model as outlined in Sec. 7.1.
Simulations were done for the complete experimental matrix using water injection (Fig. 3.6).
This section presents the numerical results in detail for two cases roughly corresponding to
the extremes of the range of discharge conditions covered in the experimental matrix. All
simulations were for the 30 us pulse experiments.

The first case (CAP83) is for water wall injection in a 5 mm capillary at 3 kV
charging voltage. This represents the low temperature, high density, weakly ionized regime.
Figures 7.4 - 7.6 show the spatial profiles of temperature, pressure, and flow velocity
throughout the computational domain. Figures 7.7 - 7.9 give the time dependence of
temperature, pressure, and density near the stagnation region (cell 2) at the cathode.
Similarly, Figs. 7.10 - 7.15 give the corresponding data for straight jet injection in a 5 mm
capillary at 3 kV representative of the hot, low density discharges.

In all cases, the temperature is very uniform within the capillary, while the gradients
at the exit plane are much steeper than the data of Fig. 4.3 suggest. A somewhat unexpected
result appears in the straight jet simulation near t = 5 tis where the density and pressure
show a pronounced drop (Figs. 7.14 and 7.15). This drop is basically a "venting" of plasma
that occurs as the flow velocity profile develops. Figure 7.12 shows the flow velocity at 5 t~s
beginning to increase near the cathode region (cell 2). Compare this with Fig. 7.6 for the
water wall case where the velocity is zero throughout cells 0 - 35 at t = 5 As. Such venting
effects are pronounced only in the high temperature, high velocity cases where the velocity
profile develops rapidly and there is insufficient time for vaporization to raise the density
much beyond ambient (1.32 x 10-3 kg/m 3).
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injection in a 5 mm capillary at 3 kV (CAP83).
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Figure 7.7 - Time dependence of temperature near
the cathode (cell 2) for CAP83 simulation.
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7.5 Comparisions to Experiment

The model was evaluated primarily on the basis of its ability to predict capillary
resistance. All water injected discharges in the experimental matrix were simulated. In each
case, the measured current pulses were used and photodiode signals were obtained to
estimate the amplitude functions A(t). Model results are compared to experimental data in
Figs. 7.16 and 7.17 for 3 kV and 4 kV charging voltages respectively. The experimental data
was reproduced from Fig. 4.1.

Simulations with straight jet injection agree very well with the measurements in terms
of both amplitude and shape of the resistance variations. Resistance for the 3.5 mm capillary
simulations are consistently higher than experiment by -15-20%. (It was later discovered that
the actual capillary diameter was 3.63 mm which accounts for only about half of the
discrepancy.)

In discharges using water wall injection, the ionization levels are very low (1-5%) and
electron-neutral resistivity accounts for as much as half of the total. In these cases,
uncertainties in the lowering of the ionization potential or electron-neutral collision cross-
section can lead to significant differences in resistivity. Measurements for these cases are
compared with code runs that do or do not allow for a lowering of the ionization potential.
The code runs with AE # 0 do appear to follow the resistance modulations more closely in
terms of modulation depth and timing. (The straight jet simulations were run with a lowering
of the ionization potential. However, since the ionization fraction is large, the results were
virtually independent of AF,.)

Extensive quantitative temperature measurements are only available for the 5 mm
capillary using straight jet injection at 3 kV (Sec. 5.2). Nevertheless, these measurements are
in complete agreement with the code results (Fig. 7.18).
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8.0 CONCLUSIONS

This study has provided a unique set of observations and experimental data on the

dynamic behavior of liquid fuelled capillaries. Detailed resistance measurements reveal the
highly transient response of these discharges. Optical diagnostic access has proven difficult
though a great deal of semi-quantitative information has been obtained. The optical data
collected has given a complete qualitative picture of the radiation response. The
spectroscopic and photographic techniques could be extended beyond the limitations of the
quartz wall with the use of diamond as a window material. Diamond has excellent thermal
conductivity, high melting point, and broadband transmission characteristics and would be
well suited to withstand ablation in these harsh plasma environments.

The discharge has been successfully modeled using a simple 1-D description of the
vaporization and mixing processes. The model is capable of accurately describing a variety
of discharge conditions ranging from hot (-4 eV), low density (-1-10 x 10-3 kg/m 3) plasma
to cool (-1 eV) plasmas at pressures in excess of 100 atm.

Useful extensions of this work would include a study of longer time scales and how
liquid break-up effects the steady state behavior. Also, for applications where efficient fuel
utilization is vital, such as the PET thruster, effects due to depletion of fuel during the pulse
time can be examined. The model is sufficiently well developed that it can be applied with
confidence to further design and optimization studies.
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APPENDIX

WATER PLASMA COMPOSITION

This section lays out the equations that were used to determine the species
concentrations and thermodynamic functions for a water plasma. Though limited to the
temperature and density range of interest for the capillary discharges, these equilibrium
calculations appear reasonably accurate and may be of more general interest. Solution of
the Saha equations is relatively straightforward and extensive detail is not presented.
However, the assumptions and analytic approximations are documented in sufficient detail
to reproduce and expand upon the calculations.

In these experiments the temperatures and mass densities being explored lie well
within the ranges 0.5 < T < 5.0 eV and 0.001 < p < 0.5 kg/m3. The low end of the density
range generally represents early stages of the discharge, prior to significant evaporation of
water. At such times the specific energy of the plasma can be large resulting in a relatively
high temperature (3-5 eV). A high density, low temperature plasma is produced for injection
conditions which generate a large surface area for evaporation, such as the water wall type
injection. Within the ranges noted it is reasonable to assume that the water is fully
dissociated so that no molecular species are considered. 24

A.1 Equilibrium Equations

The Saha equation for each atomic species, subscript i, can be written as25

z* i '21mk3/2

___z~ Qj 2' rMkT] / (E ,E (Al)
NZ - z exp{-(E .- Ai.,)/kT)

Electrons have number density N ,. Superscripts refer to the charge state with neutral atoms
0 corresponding to z = 0. Thus, species of charge z have density Niz, electronic partition

function Qiz, and ionization energy E..

In the high density, low temperature regions lowering of the ionization potential can
have a significant effect on the degree of ionization. At the same time, in high density

* plasma the partition functions are not dependent on temperature alone but have some
density dependence as well through AE. These aspects will be discussed in turn. The initial
calculations take AE = 0 making the right hand side of Eq. Al a function of temperature
only.

The Saha relation for each atomic species can be cast in the form
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N "* = Nifiz(7IN,, (A2)

where fi.Z(T) is the right hand side of Eq. Al evaluated at temperature T. Hydrogen and
oxygen have i = H and i = 0 respectively. Charge states up to and including Z = 3 for
oxygen are considered. A set of four Saha equations results, one for each of the component
densities NH0 , No°, NO1, and No2 . This set of equations are expanded with the relations for
charge neutrality, composition, and mass comservation, namely

N = =zZNz (A3)

z.= 2zNo (A4)

p/Mp = zN.' + 16zN, (A5)

Equation A4 ensures a stociometric water plasma. In Eq. A5 the plasma has mass density
p and mp is the proton mass.

By specifying the temperature and mass density, equations A2-A5 give the particle
densities for an equilibrium plasma. The most direct approach is to first solve for the
electron density, resulting in the expression

01

0 1o +2 o+ fly]

*~ P p H + e___________ (A6)
9m N: NJ (6

This form for Ne is particularly convenient for iteratively finding Ne. The right hand side is
monotonic and smoothly varying so that solutions are easily obtained without any prior
knowledge of N,. It is then straightforward to work backwards through Eqs. A2-A5 to obtain
the remaining densities.
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A.2 Partition Functions

The electronic partition functions were calculated on the bases of Moore's tabulations
of atomic levels.2 The partition functions are very well defined for temperatures below
about 3 eV. For temperatures between 3-5 eV all energy levels up to within a few percent
of the ionization energy were taken into account. Estimates for the contribution of high lying
quasi-continuum levels have been suggested27 but such refinements were not incorporated
in the present calculations. Imposing a small but more-or-less arbitrary cut-off to the
summation does in effect presuppose a lowering of the ionization potential by some fixed
value that is independent of both temperature and density. This is not a severe restriction
since the dominant influence of AE appears in the Boltzman factor in Eq. Al.

The partition functions for each species were calculated at several temperatures
within the range of interest and simple analytic fits were made to the data. Table Al lists
the resulting functions used for Q(T) when T is expressed in electron volts.

Table Al Analytic forms used for the electronic
partition functions of hydrogen and oxygen.

Species Q(T) - T in eV

HI 2.000 + 787.43exp(-12.81,T)

HII 1.0

01 8.880 + 0.0161T 2 + 0.3657T 3

OII 3.790 + 0.6450T 2 - 0.0378T3

OI 8.750 + 0.4870T2 - 0.0497T 3

OIV 5.730 + 0.0765T 2 + 0.0076T3

A.3 Reduction of the Ionization Potential

In cases of low temperature and high density, notably those with water wall injection
conditions, the plasma may have a fractional ionization of only a few percent. Under these
circumstances the resistivity calculations were found to be quite sensitive to the ion-to-
neutral density ratio and it was necessary to account to some degree for a lowering of the
ionization potential.

Two effects are usually considered in estimating the magnitude of AE, namely plasma
polarization and lattice effects. Essentially an electron is considered free of its atom or ion
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when it is excited to a quantum level whose mean orbital radius exceeds the Debye shielding
distance (plasma polarization term) or the average interparticle spacing (lattice term).
Several estimates for AE have been made n1 '8 though there is some dissagreement as tc the
magnitude of the effects. Here we have used the the following expression to obtain AE in
units of electron volts,

AE = 1.44 x 10- 9 (2.78/r. + 0.65/rD) , (A7)

where the interparticle separation, r., and Debye radius, rD, are given in meters. Equation
A7 uses the average value of the Debye and lattice terms tabulated in Ref. 11. The
interparticle separation is r. = (3/47rN)1t3 where the total particle density N is taken to be

N = N e + r Niz

The Debye radius is given by

to [e2(Ne + Z 2NiZ)]

where k is Boltzman's constant, co the free space permittivity, and e the elementary charge.

Throughout the range of plasma conditions being considered the lattice term is the
dominant factor in determining AE. As an example, the magnitude of the ionization potential
lowering for a protonic plasma with N, = 2 x 1018 cm -3, T = 2 eV is 1.02 eV and 0.18 eV
for the lattice and Debye terms respectively.

Figure Al plots the calculated ionization fraction, a, for a water plasma. Alpha is the
mean charge of the heavy particles, defined here as

N= e/Ni .

At low density AE has negligable effect on a. The strongest effects are seen in the high
density, low temperature data where fractional ionizaton increases by factors of 2-3 with the
inclusion of AE.
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A.4 Thermodynamic Quantities

0 Given the equilibrium composition we can define various macroscopic quantities used
to describe the plasma state. The definitions that were used in the capillary modelling are
summarized as follows.

The plasma is treated as an ideal gas with total pressure being the sum of all partial
pressures,

P = kT(Ne + zN,-)

The mean charge of the ions is taken to be

< z > =NZINe ,

where the summation here extends over the ions only.

The internal energy of the plasma is calculated as

W,- (WK + WI + wE)/

using the three primary sources, kinetic WK, ionization W, and electronic excitation WE,
energies. Here the mass density p(g/cm3 ) relates the specific internal energy w(J/g) to the
internal energy density W(J/cm3 ). The contributing terms are

WK = .5kTN,

W,= zNz (Ei.- - AE.-), and

WE =kT2xNOh '

OT
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The analytic forms of the partition functions, as given in Table Al, are used to calculate the
exitation energies of the various species. Recall that complete dissociaton has been assumed
so that molecular contributions to the internal energy have been ignored. In particular, the
dissociation energy per water molecule, totalling 9.63 eV, is neglected in W. However, for
temperatures larger than about 1 eV the dissociation energy contributes only a few percent
to the total internal energy.

Other quantities used in the model calculations are the specific enthalpy h = w + P/p
and the enthalpy coefficient g which is defined as g = h/w, or alternatively through the
expression

h =- g  (Pip)
=g-l

Figure A2 gives the calculated enthalpy coefficient for various conditions. The values of g
for temperatures below about 1 eV should be treated with some caution since, as noted
above, the dissociation energy has not been taken into account.
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