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Abstract

High-enthalpy, arc-heated flows used for aerothermal test-
ing present a challenging environment for flow characteriza-
tion. This paper describes the design and use of cooled dwell
probes used for heat-transfer and pressure characterization of
the NASA and United States Department of Defense (DoD)
arc facilities located at Moffett Field, CA, and Arnold Air Force
Base, TN. Dwell calorimeters designed, fabricated, and tested
by Thermal Technologies, Inc. (TTI) in the NASA IHF and the
USAF H1 and H2 arc test facilities provide heat flux and pres-
sure data with excellent repeatability. These calorimeters use
standard Gardon calorimeter gages and pressure ports with
unique cooling systems enabling them to withstand the severe
arc-heated environments for durations sufficient for acquisition
of steady-state data. The TTI probes have proven very robust
in the extreme aerothermal environments of these facilities.
This paper provides an overview of calorimeter instruments
typically used in arc facilities, discusses design features of the
TTI dwell probes, presents selected data acquired by the TTI
calorimeters, and provides comparisons with data acquired
from using measurement techniques.

Nomenclature

A* Arc heater nozzle throat area, in.2

C* One-dimensional throat characteristic flow velocity, ft/sec

CF-R Multiparameter factor derived from the basic Fay-
Riddell expression, nondimensional

Chb Coefficient of convective heat transfer with surface
blowing, Btu/ft2-sec-R

Cho Coefficient of convective heat transfer, Btu/ft2-sec-R

cp Gas specific heat at constant pressure, Btu/lbm-R

D* Arc heater nozzle throat diameter, in.

∆t Exposure time for Teflon ablation sample, sec

η Blowing correction factor applied to Teflon ablation rate

gc Gravitational constant, 32.2 ft-lbm/lbf-sec2

H• Freestream gas enthalpy, Btu/lbm

Hgw Gas wall enthalpy, Btu/lbm

HoINF Inferred (Fay-Riddell) enthalpy, Btu/ lbm

Hr Recovery enthalpy, Btu/lbm

HT Total enthalpy, Btu/ lbm

HTef Teflon enthalpy, Btu/ lbm

Hw Probe wall enthalpy, Btu/ lbm

K Thermal conductivity, Btu/ft-sec-R

l Slug calorimeter mass thickness, ft.

Le Lewis number

mdot Teflon mass loss ablation rate, lbm/ft2-sec

Arc heater gas mass flow, lbm/sec

Pe Boundary-layer edge pressure, atm

Po Arc heater total pressure, atm

Po’ Pitot (stagnation) pressure, atm

Pr Prandtl number

Cold wall heat flux, Btu/ft2-sec

Hot wall heat flux, Btu/ft2-sec 

 Stagnation hot wall heat flux, Btu/ft2-sec

Radiative heat loss, Btu/ft2-sec

s Gardon gage foil thickness, in.

S Measured Teflon ablation depth, in.

T Total temperature, °R

Ue, V Edge gas velocity, ft/sec

ρ Material (Teflon) density, lbm/ft3

rn Calorimeter nose radius, in.

Introduction

Use of Calorimeters for Arc Heater Flow-Field 
Characterization

Endoatmospheric aeroheating places extreme demands
on aerostructures and materials operating at hypersonic
speeds. The extreme aerothermal conditions experienced by
thermal protection system (TPS) materials during hypersonic
endoatmospheric flight result in complex material thermo-
structural responses. These effects normally require evalua-
tion in ground test facilities. Arc facilities are unique in their
ability to reproduce thermal environments simulating high
Mach number flight for the long exposure periods required for
aerothermal survivability testing. Consequently, arc heaters
have found wide usage in both military and commercial aero-
space applications for development of high-temperature mate-
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rials and structures for missiles [1]. An important part of
ground test evaluations in arc-heated facilities is accurate flow
calibration for correlation of ground test performance data
with nominal or predicted flight conditions. Perhaps the most
fundamental of flow characterizations are measurements of
stagnation and surface heat flux and pressure on standard
cone and hemisphere probes. Definition of those parameters
provides for derivation of the total flow enthalpy, a fundamen-
tal arc operating parameter which is calculated from mea-
surements of stagnation heat flux and pressure. Also of
interest are surface heat flux and pressure on specific test
article geometries such as wedges, cones, flat plates, and
various complex geometries. However, obtaining accurate
measurements of such parameters in the aero-thermal condi-
tions of an arcjet has many technical challenges. This paper
describes the design, fabrication, and use of dwell calorime-
ter hardware developed by Thermal Technologies, Inc. (TTI)
for calibration of high-enthalpy flow fields in the Interactive
Heating Facility (IHF) at the NASA-Ames Research Center,
Moffett Field, CA and the U.S. Air Force arc facilities H1 and
H2 at the Arnold Engineering Development Center (AEDC),
Arnold AFB, TN.

Types of Calorimeters Used in Arc Facilities

Calorimeters function primarily in two roles in arc facilities.
First, stagnation and wedge calorimeters provide empirical
data quantifying the baseline test conditions generated by the
arc heater and presented to a test article in an arc-heated
flow field. Second, calorimeters of various geometries are
used to define incident heat flux and surface pressure condi-
tions for many specific test article configurations. Calorimeter
measurements, taken as a whole, define the baseline test
condition for a given operating point, and then provide empiri-
cal data for validation of aerothermal codes, as well as for cor-
relation of ground test results with flight test predictions and
flight data [2].

Many types of heat gages are used in arc facility calorime-
try, including slug calorimeters, Gardon gages, coaxial ther-
mocouples, thin-skin thermocouples, and Schmidt-Boelter
gages. The first three types of gages, in particular, have been
widely used in the NASA and DoD arc facilities. Each gage
type has distinct advantages and preferred applications, as
discussed further in this paper.

Transient (Heat sink) and Steady-State (Cooled) 
Calorimeters

Early heat flux measurements in arc facilities were made
with uncooled sacrificial probes. These probes, instrumented
with a null-point slug or other heat gage, were sometimes
shielded with a Teflon“ cap to provide temporary protection
from the arcjet during facility startup [3]. Once the cap was
fully ablated, the heat gage (or gages) provided time-temper-
ature data for a short interval before being destroyed by the
high temperatures. Since those techniques were used,
improvements in heat flux instrumentation, and in the model
injection hardware used in arc facilities, have provided
improved alternatives. These improvements include:

1) Rapid-response, durable heat gages, that make it pos-
sible to construct diagnostic probes that can accurately mea-
sure heat rates while traversing the flow field rapidly enough
to prevent damage to the instrument. In addition to the instru-
mentation and thermal design advances made, model injec-
tion hardware has been developed for many facilities which

enables the rapid probe sweeps required for the transient
sweeps.

2) Cooled probe body and heat gage configurations that
are capable of surviving the high-temperature arc environ-
ment to provide time-averaged, integrated heat flux measure-
ments within the arcjet. Cooled probes play an important role
in the calibration of arc-heated flows because of their ability to
make steady-state measurements in the arc flow. Dwell calo-
rimeters provide time-averaged heating measurements which
integrate local pressure and enthalpy transients to quantify
actual incident heat flux and pressure on a particular test arti-
cle configuration.

3) The use of “witness ablation” samples with relatively
well-characterized ablation behavior. Ablation profiles
obtained with such materials can be used to infer the convec-
tive heat flux contours over the sample heated planform.

Stagnation Calorimeters

Stagnation heating and pitot pressure measurements are
essential parameters used in defining total enthalpy, one of
the most basic of arc heater flow-field parameters typically
referenced. For equilibrium air, the kinetic and temperature
components of total enthalpy may be expressed as

Several techniques are used to derive the nominal refer-
ence enthalpy for a specific arc heater operating point and
configuration. The inferred enthalpy technique developed by
Fay and Riddell [4] is widely used because it derives directly
from measurements made within the flow field. Stagnation
heat flux measurements are paired with pitot pressure mea-
surements to infer local total enthalpy within the arcjet by the
relation

where CF-R is a factor derived from the basic Fay-Riddell
expression by combining the nondimensional parameters (Pr
and Le) with appropriate values for viscosity, velocity gradient,
and probe wall temperature at the particular freestream con-
dition.

Stagnation calorimeters are exposed to the highest heat
flux and pressure levels which are normally measured in arc
facilities. For example, in the DoD H1 arc facility, stagnation
heat fluxes up to 20,000 Btu/ft2-sec, with an incident surface
pressure of 90 atm, have been measured on the centerline of
the arcjet on a 0.25-in. nose radius stagnation calorimeter.
Consequently, heat gages for such applications must be
extremely robust. Null-point and slug calorimeters have
served well in this role [5-7]. The calorimeter slug is essen-
tially a thermally insulated calorimetric mass for which the
back-surface temperature history can be measured. The
assumption is made that all of the incident thermal energy is
stored in the slug. Then the expression used to derive heat
flux becomes.

It can be seen that mass density and specific heat are the
only thermophysical properties which must be known, since
the calorimeter mass thickness (l) and the measurement time
interval can be measured with good accuracy (+0.1 percent).
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Care must be taken in fabrication to ensure that the assump-
tions inherent in this approach are not violated. In particular,
strict dimensional tolerances for the mass and slug body, and
adequate insulation of the mass from the slug, are essential.

Wedge or Plate Calorimeters

Wedges are used in ground test facilities to test frustra
and flat TPS samples. The purpose of wedge calorimeters is
to aid in definition of the aerothermal boundary conditions
that prevail over the heated surface of TPS samples. This
requires that the wedge calorimeter measure the heat flux
and pressure distribution over geometries replicating the
actual TPS test articles. Since wedge surface heating rates in
an arcjet may be as much as 10 to 20 times lower than stag-
nation heating rates, the use of heat gages such as Gardon
gages, coaxial thermocouples, and Schmidt-Boelter gages is
in many cases feasible on wedge calorimeters.

Gardon gages consist of a hollow cylinder-shaped heat
sink, normally copper, with a constantan foil attached to one
end (Fig. 1). A copper wire attaches to the center of the con-
stantan foil, connecting to an insulated copper tube at the cen-
ter of the gage. With the heat sink (exterior) cylinder cooled to
keep it at a constant temperature, a radial temperature distri-
bution is established in the foil proportional to the heating rate
on the foil surface. The gage output can then be calibrated at
various known heat transfer levels to obtain the appropriate
calibration data [8]. Although the output level for Gardons is
marginal at low heat fluxes (i.e., below 0.5 Btu/ft2-sec), this is
not an issue within the high-enthalpy flow fields generated by
arc heaters. Gardon gages are characterized by excellent cal-
ibration stability and an output directly proportional to the inci-
dent heat flux [9-10] Consequently, Gardon gages have been
used with good results on Thermal Technologies’ cooled sta-
tionary probes in the NASA and DoD arc heaters.

Low-Temperature Ablator Witness Plate Calorimeters

Test articles made of low-temperature ablator materials
are very sensitive to convective heat flux variations on a given
test article surface and thus can provide a visual “footprint” of
the arc test rhombus on a particular model geometry. Such
test articles reveal areas of heat flux nonuniformity, enhanced
heat transfer zones resulting from shock impingements or
interaction, freejet-edge intersection lines on wedges and 3-D
bodies, and other heat-transfer discontinuities, regardless of
their origin. Because of the high number and/or density of
sensors required, such discontinuities are frequently not prac-

tical to map using discrete heat gages. Ablator witness plates
are simple and inexpensive to fabricate, requiring very short
model dwells in arc facilities.

Various correlations are available for use in predicting
ablation rates for low-temperature ablators as a function of
incident heat flux and surface pressure. Conversely, approxi-
mate integrated heat flux levels can be calculated from reces-
sion maps of ablated arcjet samples of materials which are
well-characterized with respect to ablation rate, such as Teflon
(TFE). The ablation behavior of Teflon, TFE-fluorocarbon resin,
at the conditions typically encountered in high-enthalpy arc
heaters is simple and fairly well characterized [11-12]. As a
result of the relatively low ablation temperature and low thermal
conductivity of Teflon, thermal transients and lateral conduction
prove to be of minor importance. Thus the thermal-ablation
response of Teflon for an arc-heated ablation specimen is
essentially steady state, with one-dimensional heat conduction.
Also, Teflon undergoes simple vaporization with no melt runoff,
and the ablation product-air reactions produce very little influ-
ence on surface heating (i.e., boundary-layer reactions are
unimportant). Consequently, Teflon has been used extensively
by TTI to infer convective heating rates in high-enthalpy test
facilities. This approach allows for highly spatially resolved
mapping of total heat flux on 2-D and 3-D model or wedge sur-
faces.

The recommended heat balance for Teflon ablation in air,
assuming steady state and 1-D heat conduction, is

where: ρe Ue Chb is convective transport with blowing, Hr is
the recovery enthalpy, Hgw is the gas-wall enthalpy, qrad is the
radiation loss, mdot is the Teflon mass loss ablation rate, and
HTef is Teflon enthalpy at initial conditions. The blowing, or
ablation, correction to convective transport is given as follows:

Chb/Cho = 1 − (η * mdot)/(ρeUeCho)

The TFE properties recommended for use and presented
in Table 1 were obtained from Refs. 11 and 12. It should be
noted that in high-enthalpy arc heaters, Teflon undergoes
fairly high blowing rates, and the laminar and turbulent blow-
ing factors listed in the table have been derived empirically.
For purposes of these calculations, 1660°R has been
selected as the ablation temperature, since it is evident from
the vapor pressure data presented in Ref. 12 that TFE under-
goes significant vaporization at that temperature. 

The measured TFE ablation depth (S) and exposure time
(∆t), together with the density ρ, can be used to determine the
Teflon mass loss ablation rate as follows:

mdot = ρS/∆t, lbm/ft2-sec

mdot, the estimated recovery enthalpy (Hr), and the properties
in Table 1 can be used to compute the convective cold-wall
heating rate by the following relation:

 

Note that this calculation assumes that the shape change
induced by ablation does not significantly influence heating.
Consequently, one must exercise care when selecting the
exposure time (∆t) to ensure the time is adequate to provide a
good ablation measurement, yet short enough so that shape
change effects on sample heating rates are secondary. As a

ρeUeChb Hr Hgw–( ) qrad mdot Hgw HTef–( )+=
.
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Fig. 1. Gardon Heat Flux Gage



general rule, TTI recommends and selects an exposure time
that results in about 0.100 in. of maximum ablation for typical
arc heater exposures.

Arc Facility Probe Ther mal Analysis, Design, 
Instrumentation, and Fabrication

Thermal Technologies, Inc. has designed calorimeter
models to define the aerothermal boundary conditions that
exist on thermal protection system (TPS) samples that
undergo development and qualification testing in the NASA
and DoD arc heater test facilities. For the NASA-Ames IHF
facility, a stagnation probe calorimeter was designed and
tested to help determine the flow conditions of the facility over
the entire facility operating envelope. For the NASA IHF facil-
ity and AEDC H1 and H2 facilities, wedge calorimeters were
designed and used to help define the heating and pressure
distributions over the surface of TPS test samples. Each of
the TTI calorimeter models is internally water cooled, in order
to assure survivability in the arcjet test flow for times sufficient
to result in a steady-state thermal condition, and to provide
measurements in the arc-heated flow over relatively long
durations. The TTI dwell calorimeter models use Gardon
gages with a response time of about 0.020 sec. These gages,
when adequately cooled, have demonstrated their capacity to
provide good steady-state heat flux measurements in arcjets.

Dwell Stagnation Calorimeter Probe

Design. Design requirements imposed by NASA for
probes used to map the IHF arc heater high-enthalpy test
rhombus were originally as follows:

1) The probe must measure the convective heat rate,
pressure, and probe surface temperature in the stagnation
region of a hemispherical probe.

2) The probe must operate continuously at the maximum
heating conditions produced by the IHF facility (i.e., the IHF
with the probe mounted 3.0 in. aft of the 6.0-in.-diam exit noz-
zle with the arc operating at 6,000 amps and an arc column
pressure of 120 psia).

3) The probe must interface with existing stings and use
existing facility water for cooling.

4) The probe must be capable of multiple exposures with
minimal refurbishment.

Design conditions incident on the probe surface were esti-
mated based on data acquired by TTI in prior tests [13], as
follows:

1) Model stagnation cold-wall heat flux (qcw) = 1,660 Btu/
ft2-sec (on a 1.50-in.-radius hemisphere)

2) Stagnation pressure = 1.2 atm

3) Total enthalpy = 11,000 Btu/lbm

4) Cooling water = 600 psia inlet (@ 80°F), 60-psia outlet.

TTI conducted engineering analyses on the probe to
design a cooling system allowing the probe and its instru-
ments to operate continuously at the maximum operating
condition in the IHF facility. The probe design is presented
schematically in Fig. 2. Thermally, the most critical portion of
the probe is the Gardon gage. Consequently, the foremost
design challenge centered on adequately cooling the stagna-
tion region while providing the ability to measure heat flux,
pressure, and surface temperature. The design that was
selected used a stem in the probe that is an integral part of
the outer shell. In order to provide high thermal conductivity,
the outer shell is fabricated from oxygen-free, high-conductiv-
ity copper, with no mechanical, braze or weld joints used
between shell and stem. The probe stem houses three instru-
ments, a Gardon gage, a pressure port, and a Constantan

lead wire in the pattern illustrated in Fig 3. The stem is con-
vectively cooled by a small annulus formed around the stem
by an inner housing. After exiting the stem, cooling water
flows into a hemisphere annulus that cools the inner surface
of the outer shell. Near-uniform coolant flow over the entire
inner surface of the hemisphere is achieved by metering the
coolant in the tangent region of the hemisphere-cylinder sec-
tion. The coolant flow then exits the metering section and
enters a slot that collects the water into a single outlet tube.

Table 1. Teflon Thermal-Ablation Properties

Property Temperature, °R Value

Density, g/cc 540 2.15

Emissivity - 0.9

Ablation Temp °R 1660 

Gas-Wall Enthalpy,
Btu/lb, with Ho = 0.0 at Tinitial

- 940

Blowing Correction, η 0.44  (laminar) 0.15 (turbulent)

Temp, °R Cp, Btu/lb-°R K, Btu/ft-sec-°R

530 0.23 3.8 × 10−5

1160 0.30 4.8 × 10−5

1660 0.31 4.8 × 10−5

Fig. 2. Schematic of TTI Dwell Stagnation Probe Calorimeter
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Proper cooling requires accurately controlled dimensions

for the cooling annulus around the stem, the cooling annulus
adjacent to the hemisphere’s inner surface, and the metering
section. This, together with the requirement that the stem
needs to be an integral part of the outer shell, makes machin-
ing of the outer shell a difficult operation. The task was under-
taken successfully by Young’s Precision Machining, utilizing
precision CNC equipment to produce components conform-
ing to all TTI specifications.

Gardon gages as small as 0.060 in. in diameter are reli-
ably fabricated by Vatell (Ref. 13). Previous TTI experience
has indicated that Vatell gages using 0.004-in.-thick foils can
reliably measure heat fluxes as high as 2,000 Btu/ft2-sec, if
adequately cooled. Vatell was contracted to fabricate the
gages, press the gages into TTI-supplied probes, and con-
duct calibrations in Vatell’s Radiation Calibration Facility.

The probe’s surface temperature, adjacent to the Gardon
gage, was measured using a Copper-Constantan thermocou-
ple, with the outer copper shell as one leg of the thermocou-
ple, and a 0.015-in.-diam insulated Constantan wire as the
other leg. The Constantan  wire had a 0.042-in. diam bead
so that it could be pressed into the 0.040-in. hole (see Fig. 3).
Figure 4 illustrates a typical thermocouple temperature trace
measured during a 1-sec TTI calorimeter dwell in the NASA
IHF arc facility operating at the maximum arc-heater condi-
tions. Also shown in the figure is the Gardon gage heat-trans-
fer measurement, made on the same run. Although the
thermocouple gave satisfactory results initially, after a few
uses the bead became loose and the thermocouple was
unreliable.

In the design of the probe, O-rings were used to seal the
various coolant passages in the probe. The O-ring sealing
method was selected rather than brazing and welding in order
to simplify probe maintenance. Use of threaded joints with O-
ring seals allowed the probe to be disassembled, and any
defective part replaced. The water inlet and outlet tubes were
brazed into their respective structures.

Wedge Probe Calorimeters

The wedge calorimeters fabricated for the NASA-Ames
IHF and AEDC H1 and H2 heaters were
designed to aid in the definition of the aerother-
mal boundary conditions on the heated surface
of TPS samples. This required that the wedge
calorimeter assembly replicate the geometry of
the TPS test articles mounted on wedge hold-
ers. Other requirements placed on the calorime-
ters included:

1) The dwell times in the arc flow field must
be sufficient to obtain steady-state heating and
pressure data.

2) The number of convective gages and
pressure ports must be adequate to determine
the axial distribution of heating rate and pres-
sure over the TPS sample.

3) The calorimeter must interface with exist-
ing sting hardware and use existing cooling
water.

4) The calorimeter must be capable of multi-
ple exposures without refurbishment.

Wedge dwell calorimeters were designed and fabricated
to replicate the following TPS sample configurations:

1) 20-deg half-angle wedge used in the NASA IHF facility
and the AEDC H2 facility (Fig. 5).

2) 15-deg half-angle wedge used in the AEDC H1 facility
(Fig. 6).

3) 30-deg half-angle wedge used in AEDC’s H1 facility.

 The TTI calorimeter incorporates the existing TPS wedge
holder and leading edge used in TPS testing. The TPS sam-
ple was simply replaced with a water-cooled, instrumented
copper plate with Gardon gages and pressure ports located
over its heated planform. The gage and pressure locations
are given in Figs. 5 and 6 for the 20 and 15-deg calorimeters,
respectively. For the 20-deg wedge tested in the NASA IHF
and AEDC H2 arc facilities (Fig. 5), the design conditions
were a maximum heating rate of 400 Btu/ft2-sec (continuous)
and 600 Btu/ft2-sec (for about 3.0 sec), respectively. For the
AEDC H1 application (Fig. 6), the cooled plate and gages
were designed to acquire steady-state heating and pressure
data at an expected wedge heating rate of up to 2200 Btu/ft2-
sec for a duration of about 1 sec.

Fig. 4. Typical Dwell Stagnation Probe Responses from IHF
Test
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The wedge dwell calorimeters also used Gardon gages
fabricated by Vatell. The Vatell gages calibrated by the manu-
facturer during the period from March ‘97 to March ’00 have
nominal uncertainties above 15 percent. For those gages cal-
ibrated after March ’00, the gages appear to be accurate to
within less than 10 percent. However, most of the gages used
in the AEDC H1 wedge calorimeters presented in this paper
are from the earlier calibration set and thus have the higher
nominal uncertainty, while the gages used on the NASA and
H2 wedge calorimeters were of the later calibration set and
thus have the lower uncertainty values.

Dwell Calorimeter Use in Arc Facilities

Use of Dwell Calorimeters in NASA-Ames Arc Facilities

NASA-Ames IHF Facility Description  — The Space
Technology Division at NASA-Ames Research Center, Moffett
Field, CA, operates an Arc Jet Complex for the investigation
of atmospheric entry and high-velocity flight phenomena for
NASA and DoD vehicles and missions. The facility supports
thermal protection system development, certification, and
qualification, as well as high-enthalpy propulsion system test-
ing. High-enthalpy gas flows are produced which simulate gas
phase chemistry at the surface of vehicles between 15 and 75
Kft/sec equivalent flight velocity. Since 1960 the complex has
supported all NASA space flight programs and numerous
DoD projects.

The Interaction Heating Facility (IHF) comprises one of
four active arc jet facilities at the Ames Arc Jet Complex [14].
The IHF is equipped with a 60-MW segmented arc heater
with an 8-cm-diam bore that operates with air at pressures
from 1 to 10 atm and enthalpy levels from 3000 to 20,000 Btu/
lbm (air). Cold air can be added in the downstream plenum to
obtain centerline enthalpies below 1000 Btu/lbm. Two nozzle
geometries are used in the IHF: conical axisymmetric and
semielliptical. The nozzles direct the flow into a walk-in, 8- ×
8- × 8-ft test chamber. Flow in the cabin is collected by the 54-
in. diam diffuser before being pumped into the steam-ejector
vacuum system. Static pressure ranges from 0.1 to 10 torr in
the cabin, depending on mass flow and pumping rates. Sam-
ples are exposed to the plasma in an open jet formed
between the nozzle exit and the entrance to the diffuser. The
test chamber houses two hydraulically-actuated model inser-
tion mechanisms, with water manifolds for cooling the test

articles, and instrumentation connections made to
a data recorder via patch panels within the test
cabin. Optical access through ports on both sides
and in the ceiling of the test chamber allow imag-
ing of the test article and plasma stream.

Stagnation Calorimeter Probes  — TTI has
supported NASA in the design and use of Gardon
gage calorimeters to define arc-heater freestream
conditions and to measure the heating and pres-
sures on TPS wedge configurations. TTI supplied
NASA with two sets of Gardon stagnation calorim-
eter probes described previously. The first set was
tested on three NASA IHF runs. During those
tests, the 6.0-in.-diam exit nozzle was used to pro-
vide maximum heating conditions, with an arc cur-
rent of 6,000 amps and arc column pressure of 130
psia. The TTI dwell probe was mounted on one
sting, and the NASA-designed and fabricated slug
calorimeter probe (Fig. 7) was mounted on a sec-
ond sting, with the two stings sequentially inserted
in the flow to acquire comparative probe data.

In these first tests, NASA’s slug calorimeter performed
well, giving stagnation point heating rates that were consis-
tently about 25 percent higher than those measured with
TTI’s Gardon calorimeter. Figure 8 presents the stagnation
pressure and slug backface temperature data as a function of
time for the NASA slug calorimeter and the Gardon calorime-
ter, with the IHF operating at the maximum condition. The
inferred slug heating rate from the NASA calorimeter is pre-
sented in Fig. 8a. As expected, the NASA slug calorimeter
experienced melting at the high-temperature IHF conditions
and had to be refurbished after each high power run. Figure
8b presents the surface temperature history and stagnation
point heating rate as measured by the TTI Gardon calorime-
ter. The Gardon gages in the first series of TTI probes were
calibrated in 1999 and have the larger calibration errors noted
previously. In the second test series, TTI probes were deliv-
ered with Gardon gages calibrated using the more accurate
Vatell calibrations. Figure 4 is a sample of the test data
acquired from the second series TTI probes. The data com-
pared were acquired at nearly the same conditions as the first
series of test runs, presented in Fig. 8b. Note that the heating
rates measured with the second probe set are over 15 per-
cent higher than measurements made with the first set.

Table 2 provides a comparison of TTI predictions and the
corresponding measured values for the stagnation calorime-
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ter at the specified maximum IHF conditions. The measured
heating rate is about 10 percent higher than predicted, the
surface temperature is about 150°F higher than predicted,
and the measured water flow rate is lower than expected. The
measured stagnation point temperature is higher than that
predicted, probably because of the higher-than-expected
heating rate and/or the difficulty in measuring surface temper-
ature (i.e., any surface irregularity in a stagnation region can
induce hot spots). With respect to heat flux measurements,
the probe performed as designed.

Typical calorimeter measurements at the maximum IHF
operating conditions are presented in Fig. 9. The figure com-

pares the IHF conditions inferred from the TTI calorimeter to
those conditions measured by NASA in prior investigations. A
comparison of Figs. 8b and Fig. 4 indicates that the improved
Gardon calorimeter indicates the stagnation heating to be
1760 Btu/ft2-sec, as compared to 1500 Btu/ft2-sec from the
first test series. Unfortunately, in this second set of probe cali-
brations runs the NASA slug calorimeter did not reliably mea-
sure heating rate, because of thermal shorts in the slug
insulator. Repeated refurbishment of the slug calorimeter was
unsuccessful in eliminating the problem. Consequently, in the
subsequent calibration investigations of the IHF conditions,
the TTI Gardon calorimeter was used.

Wedge Calorimeters  — To simulate the relative high-alti-
tude flight regimes on frustrum reentry heatshields, TTI has
designed a 20-deg half-angle wedge holder (Fig. 5) for use in
the NASA IHF and AEDC H2 arc heaters [13]. The holder
designed for this application differs from the more usual
“splash-test” sample holder to more closely simulate surface
forces produced by gas-wall shear and surface pressure gra-
dients over frustra-mounted TPS. These forces can have a
strong influence on TPS ablation and spallation. Thus, rela-
tive to “splash” tests, this 20-deg wedge holder configuration
requires the added complexity of a leading edge which must
be survivable for flight simulations in excess of 500 sec. To
prevent leading edge ablation and excessive heat soaking to
the wedge substructure, water-cooling for the leading edge
was mandated. As a new design, this new 20-deg wedge

holder had no prior calibration or supporting data
to define the heating and pressures incident on
the TPS sample surface. The water-cooled lead-
ing-edge holder and copper plates were fabri-
cated and tested to replicate the 20-deg TPS
wedge holder, with Gardon gages and pressure
ports installed over the plate planform as shown in
Fig. 5.

Validation of the Gardon wedge calorimeter
data and heat flux mapping over the TPS sample
planform was accomplished in the IHF using TTI
Teflon ablation samples  per the technique
described previously. A typical IHF data set taken
on 12 IHF runs with the TTI 20-deg wedge calo-
rimeter is presented in Fig. 10 for a nominal “pull-
out” condition with the IHF operating at the
maximum condition allowed for continuous opera-
tion of the water-cooled leading edge.

Table 2. Stagnation Dwell Calorimeter Performance

Parameter Predicted Measured

Stagnation Point Cold-
Wall convective Heat 

Flux, Btu/ft2-sec

1660 1750 (Fig. 4)

Stagnation Point 
Pressure, atm

1.2 1.2 (Measured with slug 
calorimeter, not dwell cal.

Cooling Water Flow, gpm 7.6 (@ 500 psi delta-P) 7.2 (@ 450 psi delta-P

Stagnation Point Surface 
Temperature, °F

510 660

Max surface 
Temperature (F)

810 °F at 60° off 
Stagnation Point

(Not measured, but copper 
surface not discolored, indicating 
temperatures less than 1200 °F.

Gardon Gage Backface 
Temperature, °F

270 (Not measured, but Teflon 
Insulation was not damaged.
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AEDC Arc Facility Description

The DoD arc-heated test facilities at AEDC [15] include
two high-pressure segmented arc heaters (HEAT-H1 and -H3)
and one Huels arc heater (H2). Both types utilize a high-volt-
age, d-c electric arc discharge to heat air to total tempera-
tures up to 13,000°R. High-pressure test flows are achieved
by confining the electrical arc discharge to a water-cooled
plenum section capable of operation at chamber pressures
above 100 atm. The combination of high-enthalpy test gas
and high plenum pressure makes it possible to obtain stagna-
tion and wedge surface heat fluxes representative of flight at
speeds in excess of Mach 20 at high dynamic pressures sim-
ulating flight at low altitude where turbulent boundary layers
are the general rule at hypersonic speeds. The DoD arcs at
AEDC provide the enthalpy-pressure combinations required
for aerothermal testing simulating flight at pressure altitudes
below 100 kft and Mach numbers above Mach 8. The DoD
arcs can provide model stagnation pressures approaching
100 atm, with maximum stagnation heating rates duplicating
those of reentry vehicle bodies.

The AEDC H1 Test Unit [16], a continuous flow, electric
arc-heated testing facility, expands arc-heated air to a super-
sonic freejet in the atmospheric environment of the test build-
ing. The H1 arc heater operates at chamber pressures up to
135 atm, with centerline enthalpy levels from 1000 to 8500
Btu/lbm. An optional stilling/mixing chamber can be installed
to mix cold air with the arc-heated air, thereby decreasing the
total enthalpy and increasing the flow Reynolds number. The
H1 test unit has interchangeable contoured nozzles and is
equipped with a multiple-strut, programmable rotary model
injection system capable of positioning test models sequen-
tially into the test free jet.

The H2 Test Unit is an arc-heated aerothermal tunnel pro-
viding high-enthalpy flow at high Mach numbers and dynamic
pressures simulating hypersonic flight at pressure altitudes
from 70 to 160 kft [17]. H2 utilizes an N-4 Huels-type arc
heater to generate high-temperature air for expansion
through a hypersonic nozzle into the subatmospheric test cell
at Mach numbers from 5 to 9 [18-19]. Direction and distribu-
tion of the injected air can be selected to optimize the
enthalpy distribution across the flow to match specific test
requirements, and run times up to 30 minutes are available in
H2 for selected operating conditions.

Dwell Wedge Calorimeters in AEDC H1  — TTI has sup-
ported AEDC in the design and use of Gardon gage calorime-
ters, as well as Teflon ablation samples to aid in the definition
of the aerothermal conditions on wedge configurations used
to test TPS materials at reentry conditions. TTI calorimeters
have been in use in the AEDC H1 arc facility beginning in
1996. Since that time, a number of calorimeter configurations
have been run in the H1 and H2 test facilities. The TTI dwell
calorimeters have been used to complement the swept cali-
bration probes used at AEDC to define radial heat flux and
pressure profiles in the following ways:

1) To provide comparative heat flux and pressure mea-
surements made by the transient AEDC probes;

2) To provide time-integrated heat flux and pressure mea-
surements on specific wedge geometries at a given test con-
dition, and to quantify heating transients traceable to flow
unsteadiness or other sources;

3) To provide direct heat flux and pressure measurements
of wedge geometries which are not duplicated by the AEDC
wedge and stagnation swept probes;

4) To provide calibrations of radiant heat sources used to
preheat material samples prior to injection into the H1 and H2
arcjets. The high resolution of the Gardon gages at heat flux
levels from 10-100 Btu-ft2-sec make them very well suited for
this task, which is not possible using the standard uncooled,
transient wedge probes.

To simulate the relatively low-altitude, high surface pres-
sure reentry flight regimes on frustrum heatshields, TTI
designed 15- and 30-deg half-angle wedge holders for use in
AEDC’s H1 arc heater. Shown in Fig. 6 is the 15-deg, double-
sides wedge holder with TPS samples mounted on both
sides, allowing the testing of two TPS samples on one sting.
A similar wedge holder is used to orient a single sample at 30
deg relative to the flow. As compared to the 15-deg holder,
the 30-deg holder increases the sample edge pressure and
convective heating rate.

The double-sided, 15-deg wedge calorimeter (shown in
Fig. 6) consists of two instrumented calorimeter plates with
pressure orifices, one mounted on each side of the copper
wedge body, with 0.2-in. radius ablative carbon-carbon lead-
ing edge. Each calorimeter plate contains eight Gardon gage
heat flux sensors and three pressure measurement orifices,
connected to Kulite strain-gage pressure transducers through
stainless steel pressure tubing. A typical set of Gardon heat
flux data curves acquired in the AEDC H1 facility with the TTI
two-sided, 15-deg wedge Gardon calorimeter is presented in
Fig. 11. The plot in Fig. 12 was assembled using many such
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Gardon data sets, acquired on multiple runs at the same
nominal test condition. All of the heat flux data shown in Fig.
12 were recorded with the H1 arc facility operating at the 105-
atm chamber pressure test condition configured with the
Mach number 3.5 nozzle, with a flow-field nominal inferred
enthalpy of 6500 Btu/lbm. The data are plotted as multiple dis-
crete points measured on many runs at various wedge axial
stations.

Low-Temperature Ablator Witness Plate Calorimeters
— TTI and Southern Research, Inc. (SRI) have also fabri-
cated Teflon ablation samples for use on the 15- and 30-deg
wedge holders to provide an ablation-inferred heating rate
over the heated planform of the entire TPS sample. An exam-
ple of the Teflon ablation sample shape change data used to
supplement the Gardon measured heating data, is presented
in Fig. 13. The figure presents an ablation contour over the
entire heated planform of the Teflon sample. Figure 14 pre-
sents the heating data inferred from recession measurements
along the centerline of the Teflon sample. The Teflon heating
rates were calculated from the ablation data using the Teflon
ablation model described in with a derived, matched enthalpy
(see previous section) of 5000 Btu/lbm for H1 [13], and a
Teflon exposure time of 0.98 sec. Also presented in Fig. 14 for
comparison are the average heating data inferred from the
use of the AEDC swept calorimeter in the same test series.
The heating rates inferred from the Teflon ablation appear to
be higher than the AEDC data in the forward region of the
sample, and are within the upper region of the TTI Gardon
data scatter.

Typical pressure data acquired for the 15-deg wedge
model using the TTI Gardon calorimeter and the 15-deg
AEDC swept calorimeter/pressure probe are presented in Fig.
15. Figure 16 presents the TTI Gardon calorimeter data and
inferred Teflon heating data acquired in H1 for the 30-deg
wedge holder. Although the Gardon and Teflon data were
acquired on only a single sample and a single insertion,
respectively, the results compare favorably.

Dwell Wedge Calorimeters in AEDC H2  — In addition to
its use in the NASA IHF arc facility, the TTI 20-deg wedge

Fig. 12. Gardon Heat Flux Data Measured with TTI’s 15-deg
Wedge Calorimeter
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configuration discussed previously (see Fig. 5) has been
used on several occasions in the AEDC H2 arc-heated wind
tunnel. The calorimeter consists of two instrumented calorim-
eter plates with pressure orifices, one mounted on each side
of the cooled copper wedge body, with a 0.375-in.-radius,
water-cooled leading edge. Each calorimeter plate contains
five Gardon gage heat flux sensors and two pressure mea-
surement orifices, which are connected to Kulite strain-gage
pressure transducers through stainless steel pressure tubing.
A typical data set of TTI wedge heat flux and pressure mea-
surements made in the H2 arcjet during a 1.4-sec calorimeter
exposure is presented in Figs. 17a and b. The heat flux and
pressure data were recorded with the H2 arc facility operating
at the 60-atm chamber pressure test condition, with a nominal
bulk enthalpy of 2200 Btu/lbm. The probe was inserted and
held on centerline of the 5.0-in.-exit-diam nozzle for the spec-
ified 1.0-sec dwell, with the data recorded at a rate of 100 Hz.
The data sets generated by this probe to date in the H2 facility
have been useful in quantifying flow-field properties for the
new 5.0-in.-diam nozzle fabricated recently to address termi-
nal dive simulations for specific reentry vehicle trajectories.

Summary

High-enthalpy, arc-heated flows used for aerothermal test-
ing present a challenging thermal environment for flow char-
acterization instrumentation. This paper describes the design
and use of cooled dwell calorimeter probes used for heat-
transfer and pressure characterization of the NASA and DoD
arc facilities located at Moffett Field, CA, and Arnold Air Force
Base, TN, respectively. The dwell calorimeters were designed
and fabricated by Thermal Technologies, Inc. (TTI) for use in
the NASA IHF and the USAF H1 and H2 arc test facilities at
AEDC. The calorimeters incorporate active cooling systems
which enable them to withstand the severe arc-heated envi-

ronments for durations sufficient for acquisition of steady-
state data. The water-cooled TTI probe designs have proven
their survivability in the extreme aerothermal environments of
both the NASA and DoD arcjet facilities, providing valuable
flow calibration information on a variety of test configurations
and test conditions.
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