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INTERNATIONAL
Standard Practice for
: 1
Measuring Plasma Arc Gas Enthalpy by Energy Balance
This standard is issued under the fixed designation E 341; 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 epsilonef indicates an editorial change since the last revision or reapproval.
1. Scope __ n P
. . El = Qer— 2 WH OCp (ATO - ATl)HZO‘ - E MjHj
1.1 This practice covers the measurement of total gas =1 o i=1
enthalpy of an electric-arc-heated gas stream by means of an = Energy to gas

overall system energy balance. This is sometimes referred to as

a bulk enthalpy and represents an average energy content of theh

test stream which may differ from local values in the test C

stream. P
1.2 This standard does not purport to address all of the

safety concerns, if any, associated with its use. It is theHi’1 inlet gas enthalpy,

responsibility of the user of this standard to establish appro- H. heat of vaporization corresponding to the ma-

priate safety and health practices and determine the applica- terial M;,

bility of regulatory limitations prior to use. I plasma arc current,

water, specific heat,
plasma arc voltage,
exhaust gas enthalpy,

M; mass loss rate of electrode insulator, interior

2. Summary of Test Method metal surface, etc.

2.1 A measure of the total or stagnation gas enthalpy ofQ.g = energy convected and radiated from external
plasma-arc heated gases (nonreacting) is based upon the surface of plasma generator,
following measurements: AT, = To, = To, = water temperature rise during

2.1.1 Energy input to the plasma arc, plasma arc operation,

2.1.2 Energy losses to the plasma arc hardware and coolingT,,,, = T,— T, =water temperature rise before plasma
water, and arc operation,

2.1.3 Gas mass flow. To, = water exhaust temperature during plasma arc

2.2 The gas enthalpy is determined numerically by dividing operation, .
the gas mass flow into the net power input to the plasma arclo, = inlet water temperature during plasma arc op-
(power to plasma arc minus the energy losses). eration,

2.3 The technigue for performing the overall energy balance2 = water exhaust temperature before plasma arc
is illustrated schematically in Fig. 1. The control volume for operation,

inlet water temperature before plasma arc op-
eration,

gas flow rate,

mass flow rate of coolant water, and

average of the product of voltagd, and
current,l.

4 An examination of Eq 1 shows that, in order to obtain an
aluation of the energy content of the plasma for a specified
t of operating conditions, measurements must be made of the

the energy balance can be represented by the entire envelope pY:
this drawing. Gas enters at an initial temperature, or enthalpy

and emerges at a higher enthalpy. Water or other coolant enters 9
the control volume at an initial temperature and emerges at %T'?O
higher temperature. Across the arc, electrical energy is dissi-
pated by virtue of the resistance and current in the arc itself. A 2
heat balance of the system requires that the energy gained lé)é |
the gas must be defined by the difference between the incomin‘\gE

energy (el_ectrical in_put)_ and total qoolant and external Iosse%/oltage and current, the mass-flow rate and temperature rise of
Th|s is a direct appllc_at|on of the First Law O.f Thermodynam—the coolant, the mass-flow rate and inlet ambient temperature
ics and, for the particular control volume cited here, can beof the test gas, and the external surface temperature and
written as follows: housing of the arc chamber. For all practical purposes, the
Energy In— Energy Out= Energy to Gas (1) external surface temperature of the water-cooled plasma arc is
- minimum. Consequently, it will be assumed throughout this
1 This practice is under the jurisdiction of ASTM Committee E21 on Space discussion that negligible energy (compared to the input
Simulation and Applications of Space Technology and is the direct responsibility oenergy) is lost from the external plasma generator surface by

Subcommittee E21.08 on Thermal Protection. ___convective or radiative mechanisms and that the internal loss of
Current edition approved Oct. 10, 1996. Published December 1996. Originally lectrod | t terial i I d with
published as E 341 — 68 T. Last previous edition E 341 — 81 (1992). electrode or plasma generator material Is small compared wi
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ENERGY IN — ENERGY LOSS = ENERGY TO GAS
FIG. 1 Schematic Energy Balance Method for Determining Gas
Enthalpy

the energy input. In addition, as some plasma generators utilizef the measurements of the primary variables must be high, all
magnetic fields in their design, the magnetic field coil electricakenergy losses must be correctly taken into account, and
power and ohmic-heating dissipation should be included in theteady-state conditions must exist both in plasma performance
over-all heat balance. Precautions should be taken to assused fluid flow.

that only a negligible portion of magnetic energy is being 3.4 In particular it is noted that total enthalpy as determined
dissipated in hardware not within the heat balance circuit. Foby the energy balance technique is most useful if the plasma
the purposes of this discussion, the magnetic field power inpujenerator design minimizes coring affects. If nonuniformity
and loss aspects have been omitted because of their unigegists the enthalpy determined by energy balance gives only

applicability to specific plasma generator designs. the average for the entire plasma stream, whereas the local
2.5 The energy balance is given by Eq 2 when these factorsnthalpy experienced by a model in the core of the stream may
are taken into account: be much higher. More precise methods are needed to measure
___ n local variations in total enthalpy.
El = 3 Wy, 0Co(ATy — ATy o 2

e 4. Apparatus
The exhaust enthalpyl,, of the effluent as defined by Eq 1 4.1 General—The apparatus shall consist of the plasma-arc
and 2 is a measure of the average total (stagnation) enthalpy &cility and the necessary instrumentation to measure the
the nozzle exit plane of the plasma-arc heater. This enthalphoWer input to the arc, gas stream and coolant_ﬂow rates, inlet
does not necessarily apply to the plasma downstream of tHé2S temperature and net coolant temperature rise of the plasma

nozzle exit plane. generator hardware. Although the recommended instrumenta-
tion accuracies are state-of-the-art values, higher accuracy
3. Significance and Use instruments (than those recommended) may be required for

3.1 The purpose of this practice is to measure the total oloW efficiency plasma generators. _
stagnation gas enthalpy of a plasma-arc gas stream in which4-2 Input Energy MeasurementsThe energy input term,
nonreactive gases are heated by passage through an electrital {0 @ large degree may be time dependent. Fluctuations in
discharge device during calibration tests of the system. the power input can produce errors as large as 50 % under

3.2 The plasma arc represents one heat source for determif"t@in conditions. The magnitude of the error will depend on
ing the performance of high temperature materials undethe amplitude of the unsteady compared W|§h the steady portion
simulated hyperthermal conditions. As such the total or stag?f the current and voltage and also on the instantaneous phase
nation enthalpy is one of the important parameters for correfélationship between current and voltage. The power input

lating the behavior of ablation materials. portion term should be written:

3.3 The most direct method for obtaining a measure of total _ t
enthalpy, and one which can be performed simultaneously with El = 1# f El dt ©)
each material test, if desired, is to perform an energy balance 0

on the arc chamber. In addition, in making the energy balance, As a consequence each plasma generator should make use of
accurate measurements are needed since the efficiencies axcilloscopic voltage-current traces during operation in order
some plasma generators are low (as low as 15 to 20 % or less ascertain the time variation of the voltage-current input. If
in which case the enthalpy depends upon the difference of twthese traces show significant unsteadiness it is recommended
quantities of nearly equal magnitude). Therefore, the accuracthat additional methods of input power measurements be
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pursued, such as an integrating device if available. In order tbe measured at the inlet and output lines of each cooled unit.
measure power directly, a wattmeter as cited by Dadjgscén  The error in measurement of temperature difference between
be employed. As a precaution in the use of the wattmeteiplet and outlet shall be not more thahl %. The water
reversed readings of current and voltage should be taken andmperature-indicating devices shall be placed as close as
the average of the two readings used. For those plasmaractical to the plasma arc in the inlet and outlet lines. No
generator facilities which operate under known and steadwdditional apparatus shall be between the temperature sensor
input power the use of a voltmeter and ammeter is recomand the plasma arc. The temperature measurements shall be
mended owing to their high degree of accuracy. recorded continuously. Re®) lists a variety of commercially
4.2.1 Voltage MeasurementThe determination of power available temperature sensors. During the course of operation
input to the plasma generator requires the measurement of tloé the plasma arc, care should be taken to minimize deposits on
voltage across the circuit. Suitable instruments for such voltagthe sensors and to eliminate any possibility of sensor heating
measurements are presented by the Instrument Society because of specimen radiation to the sensor. In addition, all
America (ISA) @). The measurement techniques to be used cawater lines should be shielded from direct radiation from the
be either a voltage divider network or a direct readingtest specimen.
instrument. It is highly desirable to be able to record the 4.3.3 Coolant Flow Pressure Gageslf apparatus such as
voltage such that time variations are a part of the test datdlowmeters require the use of pressure gages, they shall be used
Accuracy of the voltage measurements shall be withih%.  in accordance with the manufacturer’s instructions and calibra-
The voltage measurement shall be taken at the electrodfon charts that are furnished with the flowmeters.
terminals of the plasma generator circuit. 4.4 Gas Stream Measurements
4.2.2 Current MeasuremertThe measurement of plasma 4 4.1 Genera—Inasmuch as single or multiple gas inlets
arc current shall be accomplished with an ammeter equippeg,ay he used in the plasma arc the following pertains to each
with a precision shu_nt and the read'mg shall be Wlthnm_ %. gas supply system in use. In particular, for each gas supply
Ref (2) lists othgr mstrumepts .§U|table for measuring alCsystem the measurements shall include inlet gas temperature
current. If a precision shunt is utilized, the temperature acrosgp gas flow rate.
the shunt shall be constant and within the stated limits as given 4 4 5 Gas Stream Flow RateThe flow rate of each gas
by the manufacturer_. e current shall be measured_ taking Intgntering the plasma generator shall be measured and the error
account any losses in thg Iegd lines f_rom the metering shunt %hall be no greater thart4.0 %. Ref P) gives suitable
the ammeter recorder. It is h|ghly deS|rqug to be able to recor ommercially available gas flowmeters. For most applications,
the plasma-arc current so that time variations are a part of thﬁ*ue orifice or rotameter will sufice. Pressure and temperature
test data. measurements shall be made in accordance with manufactur-
4.3 Coolant Energy Loss Measuremen'gs . er's instructions and calibration charts that are furnished with
4.3.1 Coolant Flow MeasurememThe dlscus§|on that fol- the flowmeters. The flowmeter should be placed in that portion
lows assumes that water is the coolant used in most plas the gas line where disturbances are at a minimum. In all

arcs. The water flow rate to each Water-coolec_i component Qlyqeg the flowmeter device shall be checked and calibrated
the plasma arc shall be measured. The error in measuremeﬁgriodically
techniques shall be not more thar? %. Suitable equipment 443 Gas., Stream Temperature Measuremefitasmuch as

that can be used is listed in Re2)(and includes turbine . . . :
flowmeters. heat flowmeters. area flowmeters. etc. Care muggelnlet gas temperature will not differ substantially from room

be exercised in the use of all of these devices. In particular, emperature, it will- usually have negllg!blgz .effects on the
e<%alculat|0n of total enthalpy. However, if it is practical, a

. . . . hermal sensor such as those commercially available inBef
inlet lines to prevent particles or unnecessary deposits frorrt1 y Bef (

: . . - hall be installed in an inlet section where the gas flow is free
being carried to the water cooling passages, pipe and met? disturbances. Preferably the temperature of the inlet gas

walls. Water flow rates shall be properly adjusted in such a wa tream shall be measured in a settling or plenum chamber
that bubbles are eliminated and that water vapor formation i ) ng or p X
here the gas velocity has been minimized. The error in

not present. If practical, the water flowmeters shall be place
: : : measurement shall not be greater thiah %.

upstream of the plasma generator in straight portions of the di
piping. The flowmeter device shall be checked and calibrated 4-° Recording Means _ _
periodically. 4.5.1 Since the energy balance technique requires that the

4.3.2 Coolant Temperature Measuremerithe method of ~Plasma generator operate as a steady-state device, all calcula-
temperature measurement must be sufficiently sensitive ariPns Will use only measurements taken after it has been
reliable to ensure accurate measurement of the coolant watgptablished that the device has achieved steady operating
temperature rise. Procedures similar to those given in thVelS. To assure steady flow or operating conditions the above
Annual Book of ASTM StandardRart 44, and Ref3) should mentioned parameters shall be continuously recorded such that
be adhered to in the calibration and preparation of temperatufgStantaneous measurements are available to establish a mea-

sensors. The bulk or average temperature of the coolant sh@¥re of steady-state operation. Wherever possible it is highly
desirable that separate measurements be made of the desired

is recommended that appropriate filters be placed in all wat

parameters.
2 The boldface numbers in parentheses refer to the list of references appended to4-5-2 In all cases, parameters of interests, such as _arc
this practice. voltage, arc current, gas and water flow rates, and cooling
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water temperature rises shall be automatically recordetased on the bulk or average temperature rise of the coolant
throughout the calibration period. Recording speed will dependvater for each water cooled section of the plasma generator.
on the variations of the parameters being recorded. Th€onsequently, rearranging Eq 2 the total or stagnation enthalpy
response time of the recorder shadl b s orless for full scale  pecomes:

deflection. Timing marks shall be an integral part of the " " - n

recorder with a minimum requirement of 1/s. Hy = k; wnggle; W, = El + k; ngHink/k; Wy (4)

5. Procedure

5.1 It is essential, if the energy balance technique is to give

a representative measure of the exhaust gas_gnthalpy, that theI'he choice of units shall be consistent with the measured

plasma arc must operate at steady state conditions priortoand " . . e
. . . (uantities (see 2.2 for identification of above symbols).

during data taking. Therefore, the cooling system shall be ) - )

operating at steady-state conditions prior to arc start up. -2 Variance analyses of arc test conditions shall provide a

Automatically record measurements of gas inlet and cooling@und basis for estimation of the reproducibility of the plasma-

water inlet and outlet temperature throughout the calibratio@rc environment. Refs#f and &) may provide a basis for an

period. accuracy error analysis of the measurements used in the

5.2 After a sufficient length of time has elapsed to assurenthalpy determination.

constant mass flow of water and gas, as well as constant inlet

and outlet water temperature, initiate the plasma arc. Aftef. Report

making the necessary control adjustments, operate the plasm

generator for a sufficient length of time to assure that stead¥ . )

: ) Jollowing steady state measurements shall be reported:

state operation has been achieved. Steady-state operation

assumes that the exhaust water temperature, arc current and’-1-1 Arc voltage,

voltage, gas and water flow rates are steady and not changing7.1.2 Arc current,

with time. In parti.cular, the water flow rate should not_change 7.1.3 Coolant water flow rate,

during arc operation. After arc shut off, recprd the gasinletand - 4 4 Temperature rise of coolant water,

water temperature and flow rates, respectively, so that they can7 15 M f te of

be compared with pre-arc ignition values. Changes between "~ ass flow rate of gas,

pre- and post-arc test water temperature may indicate deposit7-1.6 Calculated exhaust gas enthalpy, and

buildups in the plasma generator proper or cooling passages7.1.7 Variance of results.

which may alter the results of the energy balance.

m m
- k; WHQO‘ Cp (ATO - ATl)HZOI /k;l ng

41 In reporting the results of the calibration tests the

. K
6. Enthalpy Calculations 8. Keywords

6.1 The quantities as defined by Eq 2 shall be calculated 8-1 Pulk enthalpy; energy balance; gas enthalpy
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