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Transient Radiative Heat Transfer from a Plasma Produced
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The objective of this work is to develop a better understanding of the transient behavior of radiative heat
transfer from a plasma. The plasma generation occurred within a 3.2-mm-diam and 26-mm-long polyethylene
capillary. Because of its high temperature and high pressure, the plasma evolved from the capillary into an ambient
air environment as an underexpanded supersonic jet that interacted with a stagnation plate. Various diagnostic
techniques were used. They include heat flux and pressure gauges mounted on the stagnation plate, heat flux gauges
and silicon photodiodes mounted below the plasma jet, as well as current transducers interfaced with the electrical
circuit. The heat flux gauges were manufactured via sputtering and calibrated using a standard convection oven.
A fused-silica window, placed about 1 mm above the gauges, ensured that only the radiative heat flux transmitted
by the window was deduced. The row of heat flux gauges mounted below the plasma provided an assessment of
the fraction of the radiative heat flux transmitted by the fused-silica window. The results show that the peak of
emitted radiant flux occurs immediately after the peak of the discharge of electrical energy, which usually occurred
a relatively long time prior to arrival of the precursor shock on the stagnation plate.

Nomenclature
c = specific heat, J/kg · K
k = conductivity, W/m · K
q ′′ = heat flux, W/m2

T = temperature, K
Tref = ambient temperature, K
t = time, s
V (t) = voltage at time t , V
x = axial coordinate, m
α = thermal diffusivity, m2/s
β = temperature coefficient of resistivity, 1/K
ρ = density, kg/m3

I. Introduction

T HE use of a high-temperature and high-pressure plasma for
ignition of solid propellants has recently received considerable

attention.1−8 The high temperatures and pressures produce a com-
plex interaction between the plasma and the propellant, involving
several modes of energy transport. First, the characteristic velocities
and thermal conductivity of the plasma are large, thereby producing
high convective heat transfer coefficients. Second, the plasma con-
tains electrons, ions, atoms, and low-molecular-weight species from
the ablation of capillary and electrodes that contribute significantly
to the thermal radiation in the UV/visible wavelength range. Third,
as the plasma cools, particularly in the interaction region near the
propellant’s surface, heat is released from recombination reactions
among electrons, ions, atoms, and low-molecular-weight species.
Finally, chemical reactions between products from the solid pro-
pellant and products from the plasma may enhance the chemical
reactions, thereby producing reduced ignition delays compared to
conventional ignition systems. However, few studies are available in
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the literature that have attempted to characterize heat transfer rates
from plasmas generated by capillary discharges.

Information about average heat flux rates to plasma-exposed sur-
faces were deduced by Williams and White.9 They allowed plasma
impingement on a black-carbon-coated thin copper plate. The tem-
perature history on the back side of the plate was captured using
an unfiltered infrared camera. An inverse analysis was utilized to
deduce average heat flux rates from the temperature data. This work
served as a refinement of the earlier effort by White et al.,10 in which
thermocouples were used on the back side of the copper plate. In-
frared photography was utilized rather than thermocouples, because
the electrical noise likely caused by rapidly varying electromagnetic
fields was significant.

Taylor11,12 performed radiative heat flux measurements on plas-
mas emerging from a long capillary into stagnant air at 1 atm. The
experimental configuration was similar to the one used by Hank-
ins and Mann13 and Hankins et al.14,15 A polyethylene capillary of
about 175 mm in length was employed, coupled with very large input
energy levels of 40 kJ. The copper initiation wire was 1 mm in diam-
eter, which is significant. Time-resolved spectroscopy was utilized,
covering the wavelength range from 258 to 892 nm. The spectrome-
ter was calibrated using a standard deuterium lamp for wavelengths
between 258 and 400 nm, and a tungsten lamp for 336 to 892 nm.
Measurements at the exit port suggested that the radiant heat flux
levels are much lower than expected, with maximum brightness
temperatures of 14,500 K. In view of the deduced low radiant heat
flux levels, Taylor16 suggested that metal vapor condensation, with
its concomitant release of latent heat, contributed significantly to
the short ignition delays. In addition, Proud and Bourne17 examined
plasma injection after ignition of a nitroguanidine-based propellant;
a 60% burn rate enhancement was observed but its cause was not
explained.

In subsequent works, Taylor measured the radiative heat flux
in plasma–propellant interactions using time-resolved UV/visible
spectroscopy.18,19 Measurements covered a wavelength range from
369 to 1027 nm, and spectra were acquired at a time resolution
of about 50 µs. Experiments were conducted using two different
configurations. Aluminum and copper wires of 0.5 mm diameter
were used as plasma initiators. In the first case, the exploding wire
was placed coaxially with an open-ended propellant cylinder. The
second test case was conducted in a 400 cm3 closed chamber by
placing the propellant at one endplate and a capillary plasma gener-
ator at the opposite endplate. A conventional ignition system using
a puffer bag was also tested in the second configuration. Using a
translucent propellant, it was concluded that the damage sustained
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in the propellant’s internal grain structure was not attributed to the
radiative heat flux. The type of material used for the plasma initia-
tion wire played an important role in the damage of the propellant’s
grain structure.

Gruber et al.20 and Kappen and Bauder21,22 developed a model
of spectral radiative heat transfer from high-temperature and high-
pressure plasmas. Based on the assumption of local thermodynamic
equilibrium, that is, translational, rotational, and vibrational tem-
peratures are equal, the numerical framework can readily com-
pute the radiation heat transfer with input of plasma properties,
including temperature and partial pressure of a wide variety of ions,
atoms, and diatomic and triatomic species. It appears that carefully
conducted emission measurements from various hydrocarbon plas-
mas could yield important information about species present and
line-of-sight temperatures at various positions using the developed
code. For such an analysis, calibration of the acquired spectra is not
needed. However, to deduce the total radiant heat flux, calibration is
needed.

The preceding discussion reveals a limited understanding of the
various heat transfer modes from capillary discharges. The objective
of this study is twofold: 1) to describe a heat flux gauge design with
a high-frequency response and 2) to quantify the transient variation
of the radiative heat flux from a plasma produced by a capillary
discharge.

II. Experimental Apparatus and Approach
A. Plasma Generator

A schematic of the electrical circuit and plasma chamber with
gauge locations is shown in Fig. 1. The pulse-forming network
(PFN) is mainly composed of an energy storage component that
consists of two high-voltage, fast-discharge capacitors connected in
parallel to yield a total capacitance of 192 µF, pulse-shaping com-
ponents including a 20 µH inductor and a crowbar diode, a floating
high-voltage mercury switch (ignitron), and a circuit for triggering
the ignitron. The capacitors can be charged up to 10 kV to yield a
maximum energy storage of 9.6 kJ. The plasma chamber consists of
a capillary, a fine metallic wire, electrodes, and other nonconducting
housing hardware. The capillary is made of high-density polyethy-
lene, which is machined to have a bore length of 26 mm and a
typical diameter of 3.2 mm. Located at each end of the capillary is
an electrode made of elkonite (30% Cu, 70% W), which is resistant
to material erosion. A fine copper wire of 0.16 mm diameter, which
runs through the capillary and connects the electrodes, serves as the
discharge initiator. After being formed immediately upon triggering
the ignitron, the plasma flows through a nozzle that has dimensions
of 3.2 mm (orifice diameter) and 26 mm (length) into the ambient
open-air environment. The nozzle is designed to have this length
simply for accommodating the relatively large dimensions of the
plasma chamber, which is needed to maintain its structural integrity
in case of anomalous pressure excursions.

Figure 2 shows the locations of the various gauges used in the
experiment. Heat flux gauges are placed at two different locations.
One location corresponds to measurements at the position of the
pressure gauges on the stagnation plate, to yield the maximum heat

Fig. 1 Schematic of electrical circuit, plasma chamber, and location of
stagnation plate.

Fig. 2 Schematic of pressure transducer, heat flux gauge and diode
locations with respect to plasma emergence from capillary.

flux rates. For this location, the gauges are covered with two fused-
silica windows (S1-UV, ESCO Products): one sacrificial 1.59 mm
thick and a second 4.76 mm thick. The second row of heat flux
gauges is located below the plasma. It is used to determine the extent
of transmission by the fused-silica window. The fused-silica window
is needed for two reasons. First, the goal is to allow a determination
of the radiative heat flux as opposed to the total heat flux (radiative,
convective, and heat release from recombination reactions). The use
of fused-silica windows allows the former but prevents the latter
two energy-exchange mechanisms. Second, some ionic species or
charged particles arrive at the plasma–solid interface and tend to
produce significant electrical noise.

The diodes are used to determine plasma emergence (left diode)
and plasma arrival (right diode). Diode 1 (Si) is located directly be-
low the plasma exit port. Diode 2 is also located below the plasma
flow, but is placed at a distance of 48 mm from diode 1. Both diodes
thus have a side view of the plasma; their spectral range covers
300 to 900 nm. The diodes view the plasma through a 6-mm-long,
0.71-mm-diam hole and have a response time of <10 ns. The inci-
dent power on the diodes is thus reduced significantly.

Kistler pressure transducers were used (model 211B3) having
a measurement range 0–34.47 bar. To avoid direct impact of the
plasma on the transducers, the sensing areas of the pressure trans-
ducers were covered with a thin tape. Pearson coils are used to de-
duce the instantaneous current and voltage across the plasma. Data
acquisition was performed at 1 MHz using 12-bit transient recorders
(Nicolet MP120/150), whose minimum bandwidth is 400 kHz.

Side-view images of the plasma were taken using a Cordin model
222-B charge-coupled device (CCD) camera. It consists of 8 CCDs
and is capable of acquiring 16 images, each with a resolution of 1300
by 1030 pixels, a 10-bit dynamic range, and exposure gates down
to 10 ns. The first and last eight images can be acquired at a speed
of up to 108 pictures per second, but these two sets of eight images
are interrupted by a delay of several microseconds for transfer of
the charge.

B. Heat Flux Gauge Design
A thin-film sensor and circuitry were designed and manufactured

for deducing the transient variation of the radiative heat flux. The
principle of its operation is that a constant current flows through
a thin metal layer whose resistivity depends on temperature.23−25

Once the surface temperature of the film is known from the cali-
brated resistance vs temperature relationship, an inverse technique
is utilized to deduce the heat flux data corresponding to the temporal
evolution of the measured surface temperature.26−28 However, the
thin-film gauge itself cannot isolate radiative flux from other heat
transfer mechanisms. Either a large distance between the plasma
source and the gauge or placement of transparent windows over the
gauge can ensure measurement of radiative flux alone, preventing
other modes of heat transfer. Issues related to design optimization
of fast-response gauges have been discussed.29
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Fig. 3 Electrical circuit and layer design for platinum heat flux gauge.

Fig. 4 Response of circuit containing LM 134 constant current source
to a step increase in the resistance.

Figure 3 shows a cross-sectional view of the basic design of the
thin-film heat flux gauge. The polyimide layer, which is 50 µm thick,
has a low thermal conductivity (0.1 to 0.35 W/m · K) and is chemi-
cally stable for working temperatures up to 250 to 320◦C.‡ Sputter-
ing of platinum at 0.67 Pa was employed to yield films that attach
well to the polyimide substrate. The thickness of the sputtered plat-
inum is typically 80 nm, and its width and length are, respectively,
0.25 and 12 mm. At each end of the platinum strip, 3-mm-wide
copper leads of 500 nm thickness and 6 mm length were sputtered
on top of the platinum. The electrical leads are soldered onto the
copper lead to yield a high-strength and high-electrical-conductivity
connection. A transfer tape is used to attach the polyimide film to
the SS304 substrate. The constant current source is National Semi-
conductor’s LM 134 chip, powered by a low-noise 9-V battery. The
external resistor Rsct defines the current flowing through the gauge.
The current is nominally set at 3 mA. This value produces insignifi-
cant self-heating of the gauge, while providing adequate protection
to electrical noise produced early in the discharge process. Figure 4
shows the response of the electrical circuit to a step increase in the
resistance; that is, the switch is suddenly opened. It is clear that the
internal circuitry of the LM 134 constant current source responds
quickly to the sudden change in resistance. Because the platinum
film is thin and located on a poorly conducting substrate, the fre-
quency response is high (>100 kHz), and it is controlled by the
electrical circuit of the constant current source.

C. Data Reduction
A standard inverse approach was employed to estimate the tran-

sient, absorbed radiative heat flux variation from the measured time-
dependent voltage data. The model assumes that conductive transfer
in the polyimide film is one-dimensional, that a perfect thermal con-
tact is made between the platinum film and the polyimide substrate,

‡Data available online at http://www.goodfellow.com [cited 29 April
2005].

and that thermophysical properties are constant. The inverse prob-
lem is governed by

k
∂2T

∂x2
= ρc

∂T

∂t
0 < x < ∞, 0 < t < t f (1)

−k
∂T

∂x
= q ′′(t) x = 0 (2a)

T = Tref x → ∞ (2b)

T = Tref t = 0 (2c)

where q ′′(t) is the unknown, absorbed radiative heat flux. Based on
the conjugate-gradient approach described in detail by Ozisik,28

a numerical procedure was developed. The inverse data reduc-
tion technique was applied to the measured surface temperature
to determine the absorbed, radiative heat flux. The model used a
thermal conductivity k = 0.25 W/m · K, which is the normal con-
ductivity obtained by Kurabayashi et al.,30 ρ = 1420 kg/m3, and
cp = 1040 J/kg · K of the polyimide substrate. Because the width
of the platinum is 250 µm and the polyimide thickness is 50 µm,
the use of a one-dimensional film may raise concerns. It is possi-
ble to estimate the thermal wave penetration based on a uniform
heat flux during a specified time interval. The analysis results in a
thermal wave penetration depth δ ≈ 2(α × t)1/2. With a maximum
duration of about 300 µs of the plasma emission, the thermal wave
penetration depth is approximately 14 µm. Hence, the use of a one-
dimensional heat conduction model is very reasonable.

The temperature coefficient of the electrical resistivity of plat-
inum, β = 0.002/K, was assumed to be linear over the temperature
range from 20 to 220◦C, and it was deduced from measurements us-
ing a standard convection oven. This value is about 50% lower than
the bulk value (0.00389/K). For the manufactured film thickness of
80 nm, the incident radiant energy is either absorbed or reflected by
the platinum film; the transmissivity is practically zero. The theo-
retical spectral absorptivity of platinum can be roughly estimated
using bulk properties.31 The diffuse or normal spectral absorptivity
is about 0.75 at 200 nm, decreases to 0.4 at 400 nm, and about 0.32
at 600 nm. The platinum film appears slightly dark to the naked eye.

III. Discussion of Results
Figures 5 and 6 show eight images acquired by the Cordin 222-B

CCD camera using an exposure time of 70 ns, with the first (top)
image 40 µs after triggering and subsequent images separated by
20 µs. Images after 100 µs reveal a rapid decay of the plasma emis-
sion, with the eighth image showing only weak structures remaining
of the plasma. The fourth image at t = 100 µs reveals that the gauge
at the stagnation point (P0/T0) is covered by the plasma for all
hemispherical solid angles. Plasma expansion, however, is signifi-
cant, resulting in partial coverage for the outermost gauge position
(P4/T4), which is located 38 mm from the stagnation point. Clearly,
plasma emission is most significant in the region to the right of the
Mach disk, which shows some curvature. General features of the un-
derexpanded supersonic jet have been discussed elsewhere.5,7,8,32

Figures 7–9 show the results from open-air testing involving a dis-
tance between plasma exit port to stagnation plate of 50 and 75 mm,
as well as charging voltages of 2.5, 3.0, and 4.0 kV. Figure 7 re-
veals that, irrespective of charging voltage, peak values of current
i1 are reached at about 80 µs into the event. However, the duration
of electrical energy conversion varies from about 190 to 220 µs.
Current i1 represents the current flow through the plasma cham-
ber. At the end of the i1 current flow, there is still some residual
energy in the capacitor, however. It is slowly dissipated in the non-
inductive bypass resistor, which is used to deduce the instantaneous
voltage drop across the plasma. The output from diode 1, shown in
Fig. 8, reveals that the larger the charging voltage, the earlier the
plasma emerges into the ambient air. This earlier plasma emergence
is caused by increased rate of electrical energy conversion, pro-
ducing a more rapid increase in pressures within the capillary and
thus an earlier emergence of the plasma. For example, for a charg-
ing voltage of 4.0 kV, the plasma emerged 25 µs after triggering,
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Fig. 5 Side-view images of plasma obtained from a charging level
of 2.5 kV, and acquired 40 (top), 60, 80, and 100 µs (bottom) after
triggering.

whereas the corresponding time was 32 µs for a charging level of
2.5 kV. Hence, times prior to plasma emergence are of little interest
for both gasdynamic and heat transfer studies. The response of the
second diode, shown in Fig. 9, also shows the plasma emergence at
this early time, but this is caused by multiple reflections within the
test facility. Diode 1, however, records peak radiant heat fluxes that
are much larger than those of diode 2. The occurrence of the peak
value of the heat flux of diode 1 is close to the occurrence of peak
value of current i1. Diode 2 detects reemission in some tests after
the completion of the electrical discharge (t > 220 µs). This reemis-
sion is probably due to interactions between plasma species and air,
as well as recombination reactions among the plasma products. For
small charging levels, the emission from the plasma is quite small.
Diode 2 senses emission only from regions near the stagnation plate;
because it very low compared to diode 1, the plasma has expanded
and cooled significantly once reaching the stagnation plate.

The heat flux gauges were covered with two fused-silica win-
dows (one is 1.59 mm thick, whereas the other is 4.76 mm thick);
this window material is very pure and allows transmission over the
wavelength range from about 170 to 2500 nm. The thin, sacrificial
window is replaced after every test, because some slight degradation
of the surface occurs. Additionally, only a small amount of sooty
residue remains on the surface, in particular for the low charging

Fig. 6 Side-view images of plasma obtained from a charging level of
2.5 kV, and acquired 120 (top), 140, 160, and 180 µs (bottom) after
triggering.

level of 2.5 kV. The LM 134 constant current source is susceptible to
interference from the rapidly changing electric and magnetic fields
during the first 20 µs after triggering. Using a capacitor across the
battery terminals has no effect. This interference is caused by two
effects that produce high-frequency electric and magnetic fields.
First, as the initiation wire is rapidly heated to its melting point, its
electrical conductivity rapidly decreases as the wire expands due to
thermal effects and breaks apart to form small droplets. Second, as
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Fig. 7 Current and voltage drop in electrical circuit for a 3.2-mm-diam
polyethylene capillary for charging voltages of 2.5 kV (0.6 kJ), 3.0 kV
(0.86 kJ), and 4.0 kV (1.56 kJ).

Fig. 8 Response of diode 1 due to emission from ablated products from
polyethylene capillary, initiation wire, and nozzle for charging voltages
of 2.5 kV (0.6 kJ), 3.0 kV (0.86 kJ), and 4.0 kV (1.56 kJ).

arcing occurs between the droplets, a highly conductive plasma is
rapidly produced. During the plasma transitions from one contain-
ing metal ions and atoms to another containing carbon and hydrogen
ions and atoms, as well as hydrocarbon ions and molecules, the elec-
trical conductivity changes again. Once the plasma emerges from
the capillary, a quasi-steady voltage is achieved until the electrical
energy is nearly discharged.

Figures 10–13 show the pressure, gauge temperatures, and de-
duced absorbed radiant heat fluxes for charging levels of 2.5 and
3.0 kV, as well as distances between plasma chamber and stagna-
tion plate of 50 and 75 mm; Tref = 20◦C. The case shown in Fig. 10
yields the peak values: the film temperature rise is 160◦C, the peak
pressure is 8.8 bar, and the peak heat flux is 14.4 MW/m2. Increas-
ing the distance between plasma chamber and stagnation by 25 mm
has a pronounced effect, as shown in Fig. 11. The peak film tem-
perature is only 56◦C and the heat flux reaches a peak of only about
3.8 MW/m2. Increasing the charging level from 2.5 to 3 kV, shown in
Fig. 12, yields a doubling in the peak heat flux, whereas the electrical
energy stored in the capacitor is increased only by 44%. Examin-
ing the results for a gauge location of 9.5 mm above the stagnation
point, shown in Fig. 13, reveals a 20% reduction in the peak heat
flux. Hence the view factor between the plasma and gauge location

Fig. 9 Response of diode 2 due to emission from ablated products from
polyethylene capillary, initiation wire and nozzle for charging voltages
of 2.5 kV (0.6 kJ), 3.0 kV (0.86 kJ), and 4.0 kV (1.56 kJ).

Fig. 10 Pressure, temperature, and heat flux at the stagnation location
for a charging voltage of 2.5 kV (0.6 kJ) and a distance of L = 50 mm
between plasma port and stagnation plate.

Fig. 11 Pressure, temperature, and heat flux at the stagnation location
for a charging voltage of 2.5 kV (0.6 kJ) and a distance of L = 75 mm
between plasma port and stagnation plate.
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Fig. 12 Pressure, temperature, and heat flux at the stagnation location
for a charging voltage of 3 kV (0.86 kJ) and a distance of L = 75 mm
between plasma port and stagnation plate.

Fig. 13 Pressure, temperature, and heat flux at a position of 9.5 mm
above the stagnation location (gauge 1) for a charging voltage of 2.5 kV
(0.6 kJ) and a distance of L = 50 mm between plasma port and stagnation
plate.

is important, suggesting the need for multidimensional radiation
models if this problem is to be studied using computational tech-
niques. The gasdynamic phenomena revealed by the pressure gauges
are complex as discussed previously, and their general features are
captured in comprehensive modeling efforts by Nusca et al.32

The temperature rise of the heat flux gauges is dominated by
plasma emission during the time period prior to arrival of the pre-
cursor shock and shows a fairly smooth variation. After the peak of
the electrical energy conversion, the plasma quickly loses its sen-
sible energy largely by radiation, and thus the gauge temperature
decreases quickly due to primarily heat conduction into the sub-
strate and secondarily to surface emission. Furthermore, inspection
of Figs. 10–13 reveals that the early portion of the plasma emission
is the most intense, corresponding to the time period up to peak
current flow, or peak power dissipation within the capillary. From
other measurements, the plasma has traveled only about 40 mm at
a time of 80 µs into the event.

Increasing the distance from 50 to 75 mm has a pronounced effect
on all the peak values, demonstrating the important effect of gasdy-
namic expansion, directional nature of radiation, heat loss by radi-
ation, and possibly recombination reactions among plasma species.

A two-stage radiant heating effect is observed clearly in Figs. 10 and
13, whereas it is only slightly detected in Fig. 11. The first stage is
caused by the strong plasma emission prior to arrival of the precursor
shock. The second stage is likely caused by increased pressure and
temperature near the stagnation point, as plasma accumulates and
recombination reactions occur, some of which may produce emis-
sion due to electronic transitions in atomic and molecular species.
Figures 10 and 13 show that small but measurable differences in
pressure arrival and magnitude, as well as temperature and deduced
radiant heat flux, occur between gauges located at the stagnation
point and 9.5 mm above the stagnation point. The gasdynamic phe-
nomena also show a slight phase shift in Figs. 10 and 13.

The plasma radiation is both spectral and directional and has a
strong nonlinear dependence on temperature. To push the gauges
to their limits and beyond, we show in Figs. 14 and 15 the re-
sults for a charging level of 4 kV and distance of 50 mm. Of the
five gauges used on the stagnation plate, three were completely
vaporized, a fourth was damaged, whereas the outermost gauge
survived. Since the calibration was performed up to a tempera-
ture of 220◦C, the results for gauges 0 and 2 are terminated near
280◦C. The observed phenomena discussed previously are evident

Fig. 14 Temperature of three heat flux gauges separated by 19 mm
on the stagnation plate for a charging voltage of 4.0 kV (1.56 kJ) and a
distance of L = 50 mm between plasma port and stagnation plate.

Fig. 15 Deduced absorbed radiative heat flux of three gauges sepa-
rated by 19 mm on the stagnation plate for a charging voltage of 4.0 kV
(1.56 kJ) and a distance of L = 50 mm between plasma port and stagna-
tion plate.
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Fig. 16 Deduced radiative heat flux for gauges located below the
plasma with and without the fused-silica window.

again, largely by gauge 4, which is located 38 mm above the stag-
nation point. The peak level of the radiative heat flux of gauge 4 is
slightly above 20 MW/m2, whereas much higher values would be
reached at the stagnation point. Plasma emission is dominant prior
to arrival of precursor shock, during which some of the oscillat-
ing gasdynamic effects can be seen in the deduced radiative heat
flux; plasma emission is much lower after the electrical discharge is
complete.

To assess the role of the fused-silica window and its effect on
the deduced radiative heat flux, Fig. 16 shows the results with and
without the fused-silica window for gauges mounted 75 mm be-
low the plasma port. These results were obtained from averaging
data from three experiments and four heat flux gauges; the effect of
gauge position is not significant when mounting gauges below the
plasma. Inspection of the results in Fig. 16 reveals that a reduction of
only about 12% is obtained by using the fused-silica window. This
reduction is quite acceptable, because the spectral transmissivity of
the window ranges from about 0.92 at 200 nm to 0.94 at 700 nm
(data from ESCO Products). Hence, the effect of the direction of
the radiant energy emitted by the plasma on the deduced absorbed
radiant flux levels is at best marginal. Furthermore, these results also
suggest that the spectral range from about 200 to 2500 nm of the
fused-silica window includes the dominant fraction of the radiant en-
ergy emitted by the plasma. Rovibrational transitions in the infrared
wavelength range beyond 2500 nm by molecular species, such as
Cx Hy , do not appear to contribute significantly to the radiative heat
flux, although diode 2 did record some effects from electronic transi-
tions in the visible wavelength range well beyond the conclusion of
the electrical power conversion as mentioned earlier. Additionally,
the error bars included represent a 99% confidence interval among
the four gauges, which is obtained by multiplying the standard de-
viation by 2.565 and dividing by the square root of the degrees of
freedom.

It is well known that inverse techniques are susceptible to error
magnification. That is, a relatively small uncertainty in an input pa-
rameter may cause a large uncertainty in the estimated values. In
the present combined experimental and numerical effort, the thermal
conductivity of polyimide and the temperature coefficient contains
the largest uncertainty. Other input values are the density and spe-
cific heat, but the uncertainties of these values are usually much
smaller. Figure 17 shows the effects of varying the input parameter
on the estimated radiative heat flux. It is observed that, over the range
of change in thermophysical properties, the response is reasonably
linear. Within the algorithm, the temperature coefficient β and the
term α0.5k−1 appear as a product, thus showing the identical results
in Fig. 17. The uncertainty in the measured temperature coefficient
is approximately 10%, suggesting a similar uncertainty in the esti-
mated radiant heat flux. However, experiments will be conducted in

Fig. 17 Effect of uncertainty in electrical and thermal transport input
data on the deduced radiative heat flux.

Fig. 18 Effect of uncertainty in thermal conductivity on the deduced
radiative heat flux.

the future to determine the thermal conductivity of the polyimide
film, which may be anisotropic.

To demonstrate the temporal effect of uncertainty in the thermal
conductivity and the temperature coefficient of the electrical resis-
tivity, Figs. 18 and 19 show the results of the estimated radiative heat
flux at the stagnation point for a distance of 50 mm between plasma
port and stagnation plate, and a charging level of 2.5 kV. These two
input parameters were changed in increments with a maximum of
±20% in the inverse technique. Inspection of these results shows
that the trends remain the same and that peak values do not shift
temporally. That is, a large uncertainty early in the event does not
affect the results later in the event.

Apart from the thermophysical properties, several other sources
can contribute to measurement uncertainties. One possible source of
uncertainty is atmospheric attenuation of radiation for wavelengths
below 300 nm; however, the potential role of atmospheric attenua-
tion is not addressed in the present study. Another possible source
of uncertainty is the vapor shield created by plasma condensation on
the window, preventing radiative flux to reach the gauge.16,33−36 In
the present configuration, however, the radiative flux attains its peak
before the plasma reaches the window, confining the possible vapor
shield effect to the later part of the event only. The potential pres-
ence of a vapor shield requires further investigation. Experiments,
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Fig. 19 Effect of uncertainty in the temperature coefficient of the elec-
trical resistivity on the deduced radiative heat flux.

however, were conducted to identify the effect of material depo-
sition over the sacrificial windows. Two consecutive experiments
without replacing the sacrificial window showed a 7% maximum
deviation in measured heat flux.

IV. Conclusions
The use of thin platinum films sputtered on a polyimide sub-

strate has been described for deducing the transient variation of
the absorbed radiative heat flux emitted from a plasma produced
by a capillary discharge. The major findings from this study are as
follows.

1) The radiative heat flux reached a maximum immediately after
the electrical power conversion reached a maximum.

2) The spectral transmission range of the fused-silica window in-
dicates that the major fraction of the radiative heat transfer occurred
from about 170 to 2500 nm.

3) Once it arrived at the location of the heat flux sensors, the
emission from the plasma was significantly reduced compared to its
peak values, as a result of significant radial expansion of the plasma
and rapid heat losses by radiation in all directions.

The present study deals with radiative heat transfer from a plasma
produced by relatively low charging voltages. Future studies will
consider other geometries, higher charging voltages, different cap-
illary, wire, and window materials, as well as other heat transfer
mechanisms.
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