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Measuring Plasma Arc Gas Enthalpy by Energy Balance
This standard is issued under the fixed designation E341; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (&) indicates an editorial change since the last revision or reapproval.

1. Scope

1.1 This practice covers the measurement of total gas
enthalpy of an electric-arc-heated gas stream by means of an
overall system energy balance. This is sometimes referred to as
a bulk enthalpy and represents an average energy content of the
test stream which may differ from local values in the test
stream.

1.2 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Summary of Test Method

2.1 A measure of the total or stagnation gas enthalpy of
plasma-arc heated gases (nonreacting) is based upon the
following measurements:

2.1.1 Energy input to the plasma arc,

2.1.2 Energy losses to the plasma arc hardware and cooling
water, and

2.1.3 Gas mass flow.

2.2 The gas enthalpy is determined numerically by dividing
the gas mass flow into the net power input to the plasma arc
(power to plasma arc minus the energy losses).

2.3 The technique for performing the overall energy balance
is illustrated schematically in Fig. 1. The control volume for
the energy balance can be represented by the entire envelope of
this drawing. Gas enters at an initial temperature, or enthalpy,
and emerges at a higher enthalpy. Water or other coolant enters
the control volume at an initial temperature and emerges at a
higher temperature. Across the arc, electrical energy is dissi-
pated by virtue of the resistance and current in the arc itself. A
heat balance of the system requires that the energy gained by
the gas must be defined by the difference between the incoming
energy (electrical input) and total coolant and external losses.

! This practice is under the jurisdiction of ASTM Committee E21 on Space
Simulation and Applications of Space Technology and is the direct responsibility of
Subcommittee E21.08 on Thermal Protection.

Current edition approved May 1, 2008. Published May 2008. Originally
approved in 1968. Last previous edition approved in 2002 as E341 — 96 (2002).
DOI: 10.1520/E0341-08.

This is a direct application of the First Law of Thermodynam-
ics and, for the particular control volume cited here, can be
written as follows:

Energy In — Energy Out = Energy to Gas (1)
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where

C, = water, specific heat,

E = plasma arc voltage,

H, = exhaust gas enthalpy,

H,, = inlet gas enthalpy,

H; = heat of vaporization corresponding to the material
M,

1 = plésma arc current,

M; = mass loss rate of electrode insulator, interior metal
surface, etc.

QOcr = energy convected and radiated from external sur-
face of plasma generator,

ATy, = To,— T, =water temperature rise during plasma
arc operation,

AT, = T, - T,=water temperature rise before plasma arc
operation,

T, = water exhaust temperature during plasma arc
operation,

T, = inlet water temperature during plasma arc
operation,

T, = water exhaust temperature before plasma arc
operation,

T, = inlet water temperature before plasma arc
operation,

W, = gas flow rate,

Wyo = mass flow rate of coolant water, and

EI = average of the product of voltage, E, and current, 1.

2.4 An examination of Eq | shows that, in order to obtain an
evaluation of the energy content of the plasma for a specified
set of operating conditions, measurements must be made of the
voltage and current, the mass-flow rate and temperature rise of
the coolant, the mass-flow rate and inlet ambient temperature
of the test gas, and the external surface temperature and
housing of the arc chamber. For all practical purposes, the

Copyright © ASTM International, 100 Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959. United States


http://www.astm.org/COMMIT/COMMITTEE/E21.htm
http://www.astm.org/COMMIT/SUBCOMMIT/E2108.htm
https://standards.iteh.ai/catalog/standards/sist/3f76750e-5e6d-494a-b823-622a337f9544/astm-e341-08

Ay E341 - 08

/QCR— External Heat Loss

vz

Gos —t—r
n

74#

\ 9=

Plasm
out

E
|
4
\ //
Coolant Coolant
in out
ENERGY IN - ENERGY LOSS = ENERGY TO GAS
FIG.1 Schematic Energy Balance Method for Determining Gas

Enthalpy

external surface temperature of the water-cooled plasma arc is
minimum. Consequently, it will be assumed throughout this
discussion that negligible energy (compared to the input
energy) is lost from the external plasma generator surface by
convective or radiative mechanisms and that the internal loss of
electrode or plasma generator material is small compared with
the energy input. In addition, as some plasma generators utilize
magnetic fields in their design, the magnetic field coil electrical
power and ohmic-heating dissipation should be included in the
over-all heat balance. Precautions should be taken to assure
that only a negligible portion of magnetic energy is being
dissipated in hardware not within the heat balance circuit. For
the purposes of this discussion, the magnetic field power input
and loss aspects have been omitted because of their unique
applicability to specific plasma generator designs.

2.5 The energy balance is given by Eq 2 when these factors
are taken into account:
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The exhaust enthalpy, H o of the effluent as defined by Eq 1
and 2 is a measure of the average total (stagnation) enthalpy at
the nozzle exit plane of the plasma-arc heater. This enthalpy
does not necessarily apply to the plasma downstream of the
nozzle exit plane.

3. Significance and Use

3.1 The purpose of this practice is to measure the total or
stagnation gas enthalpy of a plasma-arc gas stream in which
nonreactive gases are heated by passage through an electrical
discharge device during calibration tests of the system.

3.2 The plasma arc represents one heat source for determin-
ing the performance of high temperature materials under
simulated hyperthermal conditions. As such the total or stag-
nation enthalpy is one of the important parameters for corre-
lating the behavior of ablation materials.

3.3 The most direct method for obtaining a measure of total
enthalpy, and one which can be performed simultaneously with
each material test, if desired, is to perform an energy balance
on the arc chamber. In addition, in making the energy balance,
accurate measurements are needed since the efficiencies of
some plasma generators are low (as low as 15 to 20 % or less
in which case the enthalpy depends upon the difference of two
quantities of nearly equal magnitude). Therefore, the accuracy
of the measurements of the primary variables must be high, all
energy losses must be correctly taken into account, and
steady-state conditions must exist both in plasma performance
and fluid flow.

3.4 In particular it is noted that total enthalpy as determined
by the energy balance technique is most useful if the plasma
generator design minimizes coring effects. If nonuniformity
exists the enthalpy determined by energy balance gives only
the average for the entire plasma stream, whereas the local
enthalpy experienced by a model in the core of the stream may
be much higher. More precise methods are needed to measure
local variations in total enthalpy.

4. Apparatus

4.1 General—The apparatus shall consist of the plasma-arc
facility and the necessary instrumentation to measure the
power input to the arc, gas stream and coolant flow rates, inlet
gas temperature and net coolant temperature rise of the plasma
generator hardware. Although the recommended instrumenta-
tion accuracies are state-of-the-art values, higher accuracy
instruments (than those recommended) may be required for
low efficiency plasma generators.

4.2 Input Energy Measurements—The energy input term,
EI, to a large degree may be time dependent. Fluctuations in
the power input can produce errors as large as 50 % under
certain conditions. The magnitude of the error will depend on
the amplitude of the unsteady compared with the steady portion
of the current and voltage and also on the instantaneous phase
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