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ABSTRACT

Thermodynamic temperature measurement techniques
fall into three separate classes: pneumatic devices, heat-
transfer gages, and calorimetric methods. All three are
characterized by the ability to measure temperatures (or
related fluid properties such as enthalpy) at levels bevcnd
the capability of thermoelectric materials or pyrometer

calibration devices.

The pneumatic probe consists of a tube having two
choked (sonic) orifices in series. It may be cooled, and
need not be thermally insulated. It can be used onlv tor
gases, and assumption of the perfect gas law, among other
stipulations, is necessary. It has been in wide use since
early 1950, and, despite its many drawbacks, is quite adecuate
for certain applications,

The simplest form of calorimeter in use tcdav 1=

as a cooling jacket; e.g., energy balances across arciet
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"torches" may be made by measuring flow rate and temperature
rise in the torch jacket. More sophisticated devices have
recently been developed to determine local enthalpies or
temperatures in high-energy fluid streams. Of the two
principal types in use today, one employs a watur-cooled
sampling probe with a cool diluent introduced into the
unknown gas at the probe tip. The cooled sample is then
analyzed to determine the diluent fraction, and the initial
unknown gas conditions may thereby be deduced. The second
calorimeter is a simple, water-cooled sampling tube using

a "tare" measurement (sample flow shut off) to eliminate
errors due to both radiation and the external cooling
requirements, This design has been particularly successful
in the formerly unmeasurable arcjet regime (10,000 to 20,000°K
at 1 atmosphere), and has also been applied successfully

to measurements 1n rocket chambers and nozzles. Further,
unlike most other devices, it provides simultaneous
capability for pressure, velocity, Mach number, and chemical
composition measurements.

The heat-transfer probe may be used to deduce
temperature or enthalpy by measuring the heat transfer rate
from the unknown gas to a blunt-nosed cooled probe, and using
existing, verified theories for stagnation-point heat transfer
to deduce the unknown gas temperature. The same principle
may be applied by using uncooled, ablating probes constructed

of materials whose ablation rate has previously been determined

vii



as a function of stagnation-point heat transfer, which,
in turn, may be related to unknown fluid temperature and
other properties as in the direct heat-transfer gage.
The present paper reviews the principle of operation,
present status, range of applicability, and performance
of each of these thermodynamic temperature and enthalpy-
measuring techniques. In many instances, particularly
when opaque gases or high temperature gradients are
present, the thermodynamic probes represent the only
suitable method for measurement of extremely high gas

enthalpies and temperatures.

I INTRODUCTION

The measurement of extremely high temperatures
and enthalpies, particularly in flowing gases or plasmas,
has recently become of considerable importance in several
areas of technology. Well-known examples are the interiors
and exhaust jets of rocket and arcjet engines, hyperthermal
wind tunnel test sections, re-entry nose-cone environments,
etc. In many of these instances, temperatures are too
high for conventional thermoelectric or pyrometric devices,
and spectrographic techniques are often not applicable due
to lack of window facilities, opacity of the gases, or depth-
of-field errors caused by extreme temperature gradients and

other irregularities. Other sophisticated methods such as



microwave interactions, sonic speed measurements, electrical
conductivity probes, etc., also suffer from application
problems, and often require delicate, elaborate equipment
and/or considerable dependence on complex theoretical
descriptions of gas or plasma characteristics. In such cases,
thermodynamic probes are often the only acceptable recourse.
The basic advantages of thermodynamic probes are
their ability to measure local gas characteristics, even in
fields with extremely high gradients, and their comparative
simplicity of both principle and apparatus. The fundamental
disadvantage of any probe technique is, of course, the
necessity for disturbing the medium to be measured. The
recently-achieved miniaturization of these devices, minimizing
the error due to probe insertion, has therefore contributed
significantly to the usefulness of thermodynamic techniques.
placing them in direct competition with the more classical

methods mentioned above,

[ PNEUMATIC PROBES

The pneumatic probe is defined here as a thermo-
dynamic temperature-measurement device which depends on
application of the continuity equation to a continuously-
flowing sample of the unknown gas. The first application

of this principle, utilizing two sonic orifices in series,



has been discussed at some length in the literature (1, 2,
3, M)*, and has found extensive application in rocket
engine interiors and exhausts and in high-temperature
wind tunnels.

The double-sonic-orifice pneumatic probe, shown
schematically in Figure 1, depends on an application of
the steady-state continuity equation to a perfect gas
expanding isentropically through the two orifice nozzles,
The unknown ideal gas (see Fig. 1) at stagnation (total)
temperature T10 and stagnation pressure plO flows isentropically
through the first sonic (choked) nozzle, and enters a cooling
chamber in which its temperature is reduced to T20, measurable
by standard thermoelectric or thermometric techniques. It is
not necessary to know the amount of heat removed by the
coolant. The gas then flows isentropically through the second
choked nozzle, and is either exhausted or passed through
any desired subsequent analysis instruments (e.g., chemical
composition). Steady-state measurements of total pressure

P in the unknown gas stream and the total pressure and

10

temperature P and T entering the second sonic orifice

20 20

are made, and it is necessary to know the orifice areas A1

and A2 (or, actually, the effective flow cross-section areas

C,A, and C,A

141 Ao where C represents a discharge coefficient

Numbers in parentheses indicate references listed at the
end of the paper.



which must be determined by calibration under simulated
operating conditions). Then, applying the equation of

continuity to each choked nozzle, the mass flow is written (5)
+!
. 1-(-2-)?.7. Ba o oq ()2 Bz
m = GA | R\ ¥ot Jﬁ 292 R, \ B0 / U3} ﬁ:z
(g.ﬁ_-)‘(a)‘a;
Q;ﬂz r; R|

where P !J;(%T ¥

or Ton =T¢,z(§:)

and all other notation appears in Appendix A and Fig. 1.
The unknown stagnation temperature is thus deter-
mined only if

(a) Perfect-gas, isentropic flow prevails
through each nozzle.

(b) The specific heat ratio ¥ and molecular
weight 7h. of the unknown gas can be
determined (it is assumed that ¥z * My
of the cooled gas are given directly by
its temperature since the gas composition
is either known or can be readily measured
by downstream analysis instrumentation).

(c) The orifice coefficients C1 and C2 are

known under operating conditions.



(d) The orifice areas Al and A2 do not change
between the time they are measured and the
time of operation.

Note also that although the cooling chamber diameter
is usually taken sufficiently large so that the Mach number
M241<: 1, and thus P, , == P, and T,; &= T,, the method as

given above can only determine the stagnation temperature

TlO of the unknown gas. If it is desired to know other
equilibrium thermodynamic properties which depend on the

free-stream temperature T, (e.g., enthalpy or density),

1
it 1s necessary that either the unknown gas be flowing at

low subsonic speeds (Ml<< 1), so that Tl 2= TlO’ or that

Ml be measured separately. Further, if the unknown gas

is partly dissociated (or ionized), it is necessary to

make the rather poor assumption that the degree of dissociation
(or ionization) remains frozen during passage through the

first nozzle (with known values for !ﬁ and Ml’ as mentioned
above), and reaches equilibrium in the low-velocity cooling
chamber between the two nozzles.

In summary, therefore, double-sonic-orifice probes
cannot be used with any expectation of accuracy in reacting,
nonequilibrium, partly dissociated, or partly ionized gases,
or in environments which would produce changes in the orifice
area A1 or its coefficient Cl‘ Since this eliminates all

Plasma devices, hyperthermal wind tunnels, chemical combustion

Zones, and gases which form condensible solids, the double-



sonic-orifice probe is applicable under only rather limited
conditions. Even for reasonably high temperature measurements
in essentially perfect, noncondensing gases, the change in

. fective area of the first orifice is of sufficiently

major proportions to require prior calibration at or

near operating temperatures (see Fig. 2).

In an effort to overcome some of these limitations,
the triple-sonic-orifice probe of Figure 3 has been suggested
as an enthalpy-measuring device (6). The unknown gas enters
through the first orifice Al’ and is cooled to relatively

low temperatures by thorough mixing in an adiabatic chamber

with a known, cool diluent gas entering through the second
choked orifice A2. The mixture then passes through the third

choked orifice A3. Stagnation pressures and temperatures

P it 0° and T30 are measured by conventional methods,

20 Pagr T2
as is the composition of the cool mixture issuing from A3’

and the effective areas C2A2 and 03A3 (both at low temperatures,
and therefore not subject to significant change under

operating conditions) must be known. Neither the state

of the unknown gas nor the effective orifice diameter ClAl

is required, thus eliminating essentially all the limitations

of the double-orifice probe. The first choked orifice

serves only to isolate the mixing chamber.

The enthalpy h. of the unknown gas may thus be

1

determined from these measurements by use of the equations

of continuity and conservation of energy:
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and h

The triple-choked-orifice probe is thus a special case of
the diluent calorimeter, the general class of which will
be described in a later section.

The only significant limitations on this device
are the requirement for thorough mixing and equilibration
of the gas entering the third orifice and complete insulation
of the mixing chamber between the two upstream orifices Al
and A2 and the downstream orifice A3. These problems are
common to all diluent calorimeters, and are discussed in
detail later. A minor limitation, as in the case of the
double-orifice probe, is the requirement that adequate
pressure ratios be maintained across all orifices to ensure
the existence of choked flow.

Despite its extended field of applicability as
compared with the double-orifice probe, this instrument
suffers the same fundamental disadvantage of all calorimeter
devices in that it measures only the unknown gas enthalpy.
Determination of such properties as temperature, degree
of dissociation and ionization, or even gas velocity or

Mach number, must be made by additional measurements.



111 HEAT-TRANSFER PROBES

This technique of enthalpy or temperature determi-
nation depends on the measurement of heat flux across a
calorimeter surface (usually normal to the flow velocity)
at a known or measured stagnation (total) pressure, and
subsequent application of a theoretical analysis to deduce
the gas or plasma enthalpy required to produce the measured
heat flux. A variation of this method is to measure the
ablation rate of a material which has been precalibrated to
determine its ablation rate as a function of stagnation-
point heat transfer at the given (or measured) total pressure,
and then apply the theory for enthalpy vs heat transfer.

Both methods therefore require not only an instrument to
measure local stagnation-point heat flux, but also a knowledge
of the relation between heat transfer rate and the gas
enthalpy. Before examining the instrumentation problem,
therefore, it is necessary to discuss the theory of stagnation-
point heat transfer in reacting gases.

The “"classical" theory of laminar boundary layer heat
transfer at a stagnation point in hypersonic dissociating flows
was formulated in (7) and (8) for the case of fully catalytic
surfaces (surfaces upon which there exists thermodynamic equilibrium
at the surface temperature) and in (9) and (10) for surfaces
of arbitrary catalytic activity. The equivalent incompressible
theory of (11) for nondissociating gases has been shown by the more
general analysis of (12) to produce almost identical results when

the effect of recombination is included. It has become general



practice (13) to use the catalytic-wall analysis of (8) to
determine dissociating-gas enthalpy from measured heat transfer rates.

Recent studies extending these basic theories to
include ionization have produced widely conflicting results
in both theoretical (1l4%,15) and experimental(16,17)
investigations. These differences have been traced to
assumptions regarding detailed diffusion cross-sections(18),
but the recent data of (19) offer rather concrete experimental
confirmation of the comparatively simple binary diffusion
theory of (1lu),

Returning now to the analysis of flows with
dissociation, but not ionization, there has been extensive
discussion in the literature regarding the effect on heat
transfer of the svate of the gas within the boundary layer;

i.e., whether it is in equilibrium, frozen, or partially frozen,
It was predicted in (7) and (20), with some indication of
experimental verification (21), that the state of the boundary
layer is unimportant; that is, the heat transfer for given
freestream conditions depends only on the wall surface condition,
regardless of whether that condition was reached by recombination
within the boundary layer or on the wall surface itself. The
catalytic activity of the wall surface (the heat-transfer gage)
was, however, shown by (21) and (22) to be quite important in
determining heat transfer rates when the boundary layer is not
close to thermal equilibriumj in fact, it is suggested in (21)
that changes in heat-transfer gage catalytic activity may be

responsible for some of the wide variations in reported data.



In view of the excellent correlation shown by
the simple binary theories for heat transfer in both
dissociated and ionized gases, it was suggested (23) that
heat transfer from all equilibrium reacting gases with negligible
viscous dissipation might be expressible in the conventional
nonreacting-gas form

G = Ny, (Re, Pry) (@ - @)
(7 o

where ( )k indicates the usual dependence of Nusselt number

and Prandtl number on ordinary thermal conductivity but

(¢ - Qk) is an effective "heat flux potential" across the boundcry
layer, replacing the simple conduction potential (T - Tw)' It
has been shown (24) that although this highly simplified model
overestimates heat transfer rates somewhat, a simple modification
of Lewis number dependence indeed produces excellent correlation
in at least the case of equilibrium dissociated gases. It was
further shown in (20) that this simple model is in essential
agreement with the detailed numerical solutions of (8) for

heat flux from equilibrium dissociated gases. It therefore
appears that reasonably good estimates of the relation between
heat transfer and gas enthalpy at an axisymmetric stagnation

point are given (20) for any reacting gas by
1
T -0.6 0.6 Ah .
X0.763(QPMIT P (h =h_ {1 + [(I:e.) -] i
¥ Pf T ° ¥ { Zl o F\':h_;-

where Ah . 3 (c(i -d. )®

.o (). refers to either ionization
i,w i i

or dissociation, Lei z Di-mix/(k/e‘ﬁﬂ’ Di-mix = binary diffusion
coefficient between species i and the mixture, andfg’is the

velocity gradient for a blunt body in incompressible (M4<1),

10



inviscid flow, given (25) as (TTV/2D).

Note that in flows with Lewis number unity, the
above expression for heat transfer rate becomes identical
to the classical nonreacting-gas formulation (11), except

that proper values for the stagnation enthalpies hO and hw

must be used.

The requirement, therefore, is in general to
measure the heat flux gage temperature Tw and the heat
transfer rate q, and estimate values for frozen Lewis numbers
Lei, Prandtl number Prk, and mass velocity fV. Knowledge of
the catalytic activity of the heat-transfer gage surface
then provides a value for hw’ and an equation of state
(outside the boundary layer) relating h, ol and 6'}inally
provides a solution for the free-stream enthalpy h. The
method therefore depends not only on accurate measurement
of Tw and q, but also on the catalytic activity of the
probe, and assumption of certain characteristics in the free
stream. An extremely important further consideration is the
effect of radiation, which must be estimated separately 1in
order to use the method as described. Although this can be
done by theoretical methods (e.g., 26), the expected error
can be as high as a factor of 2 or 3 (27) in full-scale, high-
density systems. However, since radiation heat flux scales as
D while convection scales as llﬂ_S: radiation will not be as
important in small test facilities as in large-scale or flight-

test conditions.
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In applying the technique, the simplest form of
heat-transfer probe has been used successfully for subsonic
flow of an essentially nonreacting gas at about 8,000°R (28).
The probe geometry, shown in Figure 4, does not provide
either cooling or isolation of the flat heat-transfer gage
face, depending on evacuation of the probe interior and
the use of a very small face thickness/diameter, Heat
transfer is measured by the use of a transient technique,
in which the gage face temperature rise dTw/dt is measured
immediately after immersion of the probe in the hot gas,
The heat transfer rate is then obtained by

4 =2p,Tc Ia(a*r)/at]
where 4 is a correction factor to include the effect of

finite thermal conductivity of the gage face (29):

Another frequently-used technique for transient
heat-flux measurement is the use of small, solid slugs of
a high-conductivity material (e.g., copper) buried in a
larger (uncoooled) test body. The slugs are instrumented with
thermocouples to record temperature drop directly and the
results may then be used in the above analysis.

For cases in which more accurate steady-state
measurements are required, the "conventional" calorimeter-
type heat transfer probe of Figure 5 is used. Here the

sensing element 1s usually a water-cooled diaphragm on

12



which is mounted a thermocouple or resistance thermometer

to measure gage-face temperature Tw. The heat transfer

rate is obtained calorimetrically from the flow rate and
temperature rise of the gage-face coolant, together with either
measurement or calculation of the heat input from the

probe body cooling jacket. Flow velocities are measured

by replacing the heat transfer probe with a total-pressure
(impact) probe, and using conventional gasdynamic theories

to deduce the velocity,

The principal errors in this device (aside from the
theoretical departures noted above) are inaccurate estimation
of the heat transfer to or from the jacket and the finite area
of the gage face required for adequate resolution, which reduces
the pertinence of the stagnation-point heat transfer theory.
However, quite adequate heat-transfer measurements can be made
by this technique provided the catalytic activity of the
probe is known. Typical dissociated-gas heat-transfer results
(21) are shown (for known free-stream temperature and state
of equilibrium) in Figure 6, whose best results appear to
agree with the assumptions of frozen gas flow in the boundary
layer and a noncatalytic probe.

In applying this technique to ablating heat-
transfer probes, the mass ablation rate h is given by

d“Qa.‘%
By using materials having known heat of ablation Qa’ therefore,
it is possible to determine heat transfer rate q by simply

measuring the ablation rate h. Thus if a constant-area

13



rod of material with known Qa and density ew is placed in
a hot gas stream (Fig. 7), the measured longitudinal rate
of ablation, together with measured probe surface temperature,
provides the data needed for application of the previously-
discussed stagnation-point heat transfer analysis.

Although this technique is by far the simplest and
least expensive of all thermodynamic probes, it suffers
from a number of inherent errors. First, the heat of
ablation itself is a function of the unknown gas enthalpy
(30), as shown (13) in Figure 8., Second, the dependence
of heat transfer On the flow mode (i.e.,, laminar, turbulent,
or transition) is not predictable by the previously-
discussed analysis, since the effects of different flow
modes on the ablating surface cause severe changes in the
effective boundary condition. Third, three-dimensional
heat flux and ablation of the probe's lateral area must be
either accounted for by calibration or minimized by the use
of a cooled or ablating shroud, into which the nrobe must be
fed at a rate exactly equal to its longitudinal ablation
rate. In the latter case, although lateral ablation 1is
eliminated, three-dimensional heat transfer to the sh:roud
must be calibrated. Finally, the finite area of the probe
reduces the applicability of the simple stagnation-point
heat-transfer analysis, and this finite area, together
with the probe surface regression rate, also reduces

the usefulness of the probe in flows with steep temperature

1y



gradients. Despite all these errors, however, the ablating
probe is frequently utilized for quick and inexpensive
approximations of high-temperature gas flows.

As interesting development in the use of
ablating materials for temperature measurement (31) has
been to utilize the reproducitility of the electrical
conductivity of ablating graphite in a simple J2hm's-law
diagnostic probe. However, although this technique
depends on a property of the ablating material, it uses
electrical rather than thermodynamic diagnostics, and

hence is outside the scope of the present paper.

Iv CALORIMETRIC METHODS

The simplest and most often-used calorimeter is
the water-jacketed tube, in which the total heat removal
by the water from the gas 1is subtracted from a known total
gas energy input to determine an average energy of the gas
flowing out of the tube. This technique, which is standard
practice for arcjet devices because of the relative ease of
determining input electrical energy and input gas flow rate,
suffers from the obvious disadvantages that (a) it provides
no information whatsoever concerning the distribution of
enthalpy or temperature within the gas stream, (b) removal
of heat by the jacket both cools the gas stream and distorts

the existing enthalpy distribution, and (c) it does not
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account for radiation loss from the effluent gas jet.
Detailed and accurate enthalpy and temperature measurements
therefore require more elaborate calorimetric probes.

The first step in the evolution of calorimetric
probes was the device shown in Figure 9, in which a simple
double-jacketed sampling probe extracts a continuously-
flowing gas sample from the unknown environment. Measurement
of inner-jacket water flow rate and temperature rise,
together with determination of gas sample flow rate and
cooled-gas temperature at the sample-tube exit, then provides

the unknown gas enthalpy by a simple heat balance:

hs = mngCe AT~ Cpy sy

[}
My

The basic inadequacy of t.is device is the unaccountability
of heat input by the surrounding hot environment; i.e.,

the cooling jacket on the exterior of the probe in Figure 9
absorbs heat from the gases flowing around it, and heat
transfer from the outer to the inner jacket across the
central divider must therefore be measured. An alternate
approach to the use of a double jacket is the placement of
the "water-in" thermocouple at the tip of the probe, thereby
eliminating the need for two jackets, as shown in Figure 10.
The analysis is identical; however, this variation still

suffers from the error due to heat transfer across the

16



dividing baffle.

Further difficulties experienced at Princet 1 with
both these probe types were that the double-jacketed
probe was quite subject to burnout at the rather massive
tip joint, and the tip-thermocouple design suffered from
excessive sensitivity to exact location of the junction
with respect to the gas stagnation-ring at the probe tip;
i.e., varying gas sample flow over rather small ranges,
which moved the probe-tip stagnation ring slightly, produced
a *+50% change in measured gas enthalpy. A self-calibration
method to eliminate this error has been successfully applied
as described in (32), but has been utilized only at rather
low temperatures (up to M,SOOOR) with a large probe (1/2"
outer diameter).

The next development was the Princeton technique
(33) of utilizing a simple single-jacketed probe with a "tare"
measurement; i.e., the probe of Figure 11 was operated first
with a gas sample flowing, and then with the gas sample shut off,

The resulting determination of enthalpy is given by
hsl z (rthc Z}Tc)f - (mCCc lSTc)n - (Cps2 Ts2)f

(ms)f

where ( )f denotes conditions with the g.s sample flowing,
and ( )n denotes conditions with no gas sample flow., In

this embodiment of the calorimetric probe, the water thermocouple
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junctions arelocated precisely at the water inlet and
outlet connections, and the cooled-gas-sample thermocouple
1s placed directly at the water-out thermocouple location,
effectively isolating the calorimeter tube.

The technique was found to be quite successful
(33), since the "tare" measurement not only eliminates
the error due to heat transfer from the outer portion of the
jacket, but also the error due to radiation heating of the
probe. Further, fabrication 1s comparatively simple
compared to the double-jacketed or tip-thermocouple designs
(see Figs. 9, 10, and 11), and models with outer diameters
as small as 1/16" have been run successfully in atmospheric-
pressure arcjet exhausts up to 25,000°R (34). Further, the
probe may be used to measure impact pressure when the gas
sample flow is shut off during the tare measurement (and
thereby velocity or Mach number), and when the gas sample
is extracted it may be analyzed for chemical composition.

A typical experimental configuration for such determinations
is shown 1in Figure 12,

The two disadvantages of the tare-measurement
technique are (a) the necessity for intermittent probe
operation, requiring either a steady-state environment or
duplication of the test conditions for the "flow" and
"no-flow" data points, and (b) the selection of a
sufficiently small gas sample flow rate so that approximate

flow conditions near the probe tip with no gas sample flowing

18



are closely duplicated when the gas sample is being extracted,

The latter condition is readily established in
a steady-state environment by simply making the "tare"
measurement, and then taking a series of data at increasingly
larger and larger gas sample flow rates. Calculation
of gas enthalpy by the above equation for each sample flow
rate should give the same value until the sample flow rate
becomes large enough to violate the tip-flow duplication
requirement, at which point an increasingly large error will
be noted. A typical determination of this type, showing
the resulting optimum gas sample flow rate to be used,
appears in Figure 13. Note that the highest error-free
gas sample rate should be used in order to obtain maximum
probe sensitivity.

One consideration in any calorimetric probe analysis
is the conversion of measured enthalpy to temperature, which
requires a knowledge of the thermodynamic state of the
unknown gas. In the case of nonreacting gases, this is
no problem, but for partly dissociated or ionized media it
is necessary to either establish that the unknown gas flow
is in equilibrium, so that an equation of state may be used
(e.g., the Saha equation), or else measure independently the
electron or dissociated radical concentration. This require-
ment does not, however, prejudice the enthalpy measurement.

A second consideration, as discussed previously, is that these
probes measure only stagnation enthalpy, and therefore require

either very low subsonic flow (M<< 1) or, in the case of super-
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sonic or high subsonic Mach numbers, a separate determination
of Mach number or velocity in order to determine free-stream
temperature T. In the case of the tare-measurement probe,
this measurement is made readily while the tare measurement
is being taken.

Further, as in all high-temperature measurement
devices, calibratiosn of the calorimetric probe at operating
temperatures presents somewhat of a problem, since some sort
of calibration "standard" is required. This was done for the
probe of Figure 11 by utilizing an arcjet as a calorimeter;
i.e., the total power of the jet issuing from the exit
plane of an arcjet nozzle was computed from carefully-
measured input power and arcjet-cooling-jacket power. The
calorimetric probe of Figure 11 was then used to survey the
nozzle exit plane (about 15 points on the diameter of an
axisymmetric 3/4"-diameter jet), and the resulting enthalpy,
density, and velocity distributions were integrated to give the
total power in the jet at the nozzle exit-plane. The departure
from unity of the ratio of probe-measured power to arcjet-

measured power

v
-[ 2Mrevhdr
EI- o Cou ATea,

then provided a direct indication of the measurement error,

Typical results, from Ref. 32, are shown here in Figure 1u.
The fact that the good agreement cf this figure
was not fortuitous or the result of compensating errors is

illustrated by the equally good agreement between the ratio
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of integrated probe-measured mass flow rate to arcjet

input mass flow rate. The measured mass flow rate ratio

J; a\TrP Ndw

NNo,

is plotted in Figure 15, illustrating the same degree of
precision as did the power ratio of Figure 1u,

Each experimental point shown in Figure 13 and
14 represents a l5-data-point integration, illustrating
the excellent resolution of the small-diameter probe.

This characteristic, essential for making local measurements
in a gas stream having high gradients, is more clearly
brought out in Figure 16, which shows a series of temperature
profiles at different axial locations in a turbulent subconic
arcjet (35).

An additional feature of the simple single-jacketed
probe of Figure 11 is that it may be bent up to 90° in crder
to remove all support and auxiliary hardware from the hot
region, Two commercially-available configurations used
extensively in high-temperature environments are shown
in Figure 17. The 90° probe in this figure has an outer
diameter of 1/8", and the 30° probe an outer diameter of
0.075Y

A final advantage of the tare-measurement probe
is the comparatively modest requirement for auxiliary
equipment. A 30-gallon-capacity 800 psi pressurized-water

source provides both a one-hour controlled coolant supply
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and the necessary flow and pressure instrumentation, and a
rack-mounted gas sample analysis system embodying the
equipment of Figure 12 can be assembled from standard
components. Commercially-available versions of both
these systems are shown in Figure 18,

In applying tare-measurement calorimetric probes
to environments other than the one-atmosphere argon arcjet
described in (33), an important consideration in determining
attainable accuracy levels is the so-called probe sensitivity.

This has been defined as

<s' = (ZSTL)QN"(ZSTQ)h
(AT.)

The sensitivity @ , which must be at least .05 in order that
conventicnal thermocouples provide adequate accuracy, depends
not only on the hot-gas environment but also on the
characteristics of the probe itself. An approximate analysis
of this dependence has been performed in (36) for a straight
probe of the configuration shown in Figure 11. The analysis
for the general case of a partly-dissociated, partly-ionized
gas as given in (36) requires numerical integration and cannot
be expressed in closed form; however, for small degrees of
dissociation and/or ionization the sensitivity is given (36)
by the approximate expression -
o . e (M%) <dL 3 Lng(gi (A_F_’ )(w h
t

oy (Mla) (@) v\ - /T t/0R, T

ret
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where ( )ref indicates any reference set of values. This
result was compared with experimental measurements for probes

of two sizes (36) for the following set of reference conditions:

Pref = 1 atm
T of = 21,400°R
0 ef = 0.14
(m/A)ref = 9,1 x 1073 1b/in? - sec
Lref = 3,87 in.
(di)ref = 0.036 in.
(do)ref = 0,141 in,
(AP) ¢ = 1.91 in. Hg.

Gas: Argon
The result is shown here in Figure 19, which plots measured
sensitivity O against the sensitivity computed from the
above equation. The ranges of conditions covered by these
tests were
T: 12,000°R to 24,000°R
M/A: 0.01 to 0.1 1b/in? - sec
/\P: 0.1 to 2.0 in. Hg
d.: 0.036 and 0.070 in,

d : 0.141 and 0,25 in,

Despite the apparently unexplainable wide scatter of four

of the data points, the first-order sensitivity formulation
given above appears adequate to at least estimate the behavior
of the tare-measurement probe of Figure 11 under different

operating conditions.
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A third type of calorimetric probe is the
diluent type (37), which uperates on the same basic principle
as the calorimetric probes discussed above, but utilizes direct
injection of a coolant into the gas sample just inside
the probe tip, as shown in Figure 20. Knowledge of the
sample mixture flow rate mm and enthalpy hm’ the inlet
diluent flow rate hd and enthalpy h,, the unmixed diluent
exit flow rate me and enthalpy he’ and the rate of heat
transfer q (x) to the mixture as it flows down the sampling
tube provides a determination of the enthalpy hg of the
unknown gas:

&ghg z mmhm + mehe - mdhd + q (x) dx

where mg = mm + me - md
The most modern published embodiment of this device
is shown in Figure 21 (from Ref. 37). Although the double-
jacketed design of this particular configuration requires
heat transfer instrumentation cn the divider wall to measure
q (x), as discussed previously, the designers have been
able to keep the outer diameter down to 0.105 inch. This
device has been tested to 4300°R, with an average error of
2,3% and a data spread of +6% (see Figure 22, from Ref. 37).
The principal advantages of this type of probe

are its small size and capability for continuous measurement,
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as compared, for example to the intermittent operation
required by the tare-measurement technique discussed
earlier. The diluent-probe's principal disadvantages lie
in the relative complexity of hardware and auxiliary
equipment (e.g., see Figs. 21 and 23), the rather heavy
reliance on the theoretical estimates  necessary to establish
properties of the gas-diluent mixture flow, and the

probe's small but finite susceptibility to radiation error
in high temperature environments.

Calibration of the diluent-type probe at
temperatures up to 4300°R has been reasonably satisfactory,
as indicated by the prior discussion. However, although
the probe of Ref. 37 has been designed for enthalpies of
15,000 Btu/lb, no test data at corresponding temperatures
are available as yet. Problems likely to be encountered at
these higher temperatures, aside from the obvious one of
thermal protection against failure, are the effects of
dissociated or ionized fractions on the required gas-diluent
mixing analysis, effects of radiation, and accurate estimation
of heat transfer to the mixture. These do not appear to
be insurmountable problems, however, and it is likely
that the diluent-type probe will eventually prove to be

as successful as the tare-measurement prole discussed earlier.
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APPENDIX A

LIST OF SYMBOLS

A Flow area

C Orifice or nozzle flow coefficient
c Specific heat

cp Specific heat at constant pressure
D Nose diameter

V. g Diffusion coefficient

d Outer tube diameter

di Inside tube diameter

h Enthalpy per urit mass

+ Heat Transfer coefficient

k Thermal conductivity

L Length

Le Lewis number = ecplylk

M Mach number
M Molecular weight

h Mass flow rate

Nu Nusselt number = hD/k

P Absolute pressure

Pr Prancdtl number =/4cp/k

Qa Heat of ablation per unit mass
Qm Ionization energy per unit mass
Qe Dissociation energy per unit mass
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SUBSCRIPTS

Heat transfer rate

Gas constant

Reynolds number = DV f//«
Absolute temperature
Time

Velocity

Axial coordinate

Conductivity correction factor defined
in the text

Ionized fraction
Velocity gradient

Function of ¥ and R, defined in the
text

Ratio of specific heats

Boundary layer thickness; also fraction
dissociated

Pressure drop

Temperature drop

Heat transfer potential
Coefficient of viscosity

Density

Probe sensitivity, defined in text

Wall thickness

Coolant
Diluent inlet

With gas sample flowing
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) Unknown gas

Based on conventional thermal conductivity

k

)e Unevaporated diluent

)m Mixture

)n With gas sample flow shut off
)o Stagnation condition

)ref Reference condition

)s Gas sample

)w At the wall, or wall material
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PORTABLE 800 PSI COOLANT SUPPLY AND
GAS-SAMPLE ANALYSIS SYSTEMS FOR USE
WITH TARE-MEASUREMENT CALORIMETRIC
PROBE OF FIGURES Il AND 17 FIGURE
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