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ABSTRACT 

For the past five years the air arc. or plasma generator, has 
found an important use in the laboratory simulation of environ-
ments encountered by vehicles flying at hypersonic velocities 
through the atmosphere. One purpose of this paper is to out-
line the re-entry requirements of ballistic, satellite, glide 
and space vehicles and to show the usefulness of various air 
arc test configurations in providing the appropriate simulation 
of flight conditions. 

To illustrate the capabilities of current arc facilities, the 
results of recent development studies with a hypersonic wind 
tunnel are presented. Measured expanded flow properties are 
discussed in terms of effective area ratio, boundary layer 
growth and state of the gas. 

INTRODUCTION 

When vehicles re-enter the atmosphere they are subjected to 
wide ranges of pressure, heat transfer and shear levels, and to 
other aerodynamic properties which influence their performance 
and strongly determine their design. On a relative basis, some 
of these environments are quite severe in terms of instantaneous 
combinations of thermodynamic properties (for example, high per-
formance ball is tic missiles ), whereas some are mild in terms of 
thermodynamic properties but severe in terms of time duration 
and integrated effects (for example, manned glide vehicles). 
In Fig la are plotted the blunt body stagnation region enthalpy 
and pressure values for wide ranges of flight altitudes and ve-
locities. Also shown in the figure are the general operating 
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regimes for several classes of re-entry vehicles. We have at-
tempted to indicate the regions of interest for future super-
orbital vehicles as well as for those of vehicles of current 
interest. Fig. lb has been included to illustrate the heating 
rate and time characteristics of some typical re-entry vehicles. 

The designer is interested in complete re-entry simulation. 
Since this appears to be an impossible or at best an impracti-
cal task in the laboratory, the experimentalist is faced with 
the job of providing sufficient simulation for the study of 
various aspects of the re-entry problem. In general, he has 
turned to two approaches. In the first, he takes advantage of 
both short time flow duration hypervelocity facilities, such 
as the shock tunnel, hot shot tunnel, and aerodynamics range, 
and of more conventional long time flow duration wind tunnels. 
With these tools he can study the aerodynamic or "external" 
problems of re-entry. In the second approach, he utilizes long 
time flow duration hot flow facilities, such as the rocket 
motor and the plasma generator (or air arc), to study the re-
sponse of materials and structures to re-entry environments in 
the time scale typical of the re-entry mission in which he is 
interested. At present it appears that the air arc heater is 
the most attractive long time test facility. However, because 
of the restrictions in its operation which prevent it from be-
ing used to provide complete aerothermodynamic simulation of 
re-entry flight, it has been found necessary to "tailor" the 
flows in tools of this type to meet the requirements of particu-
lar studies; thus, these two approaches have been found to be 
complementary. This general approach to re-entry testing is 
presented in some detail in Ref. 1 . 

The purpose of this paper is to describe the use of air arc 
facilities in the study of atmospheric re-entry problems. The 
discussion is restricted to the facilities in which the simu-
lation of the thermodynamic properties of fligjat in the model 
flow field is the basic concern; that is, the authors will not 
consider except in passing the application of electric arcs to 
heaters for high Mach number, continuous flow wind tunnels 
which have the express purpose of investigating aerodynamic 
problems. Because of the pressure requirements on such facil-
ities, these cannot, at least at present, reach the enthalpy 
levels required for the complete simulation of re-entry fligjat. 
Examples of the work being done in this field are given in 
Refs. 2 and 3. The paper is divided into two main sections. 
The first is a general discussion of arc heaters, test config-
urations and restrictions; in the second, a detailed descrip-
tion is given of the operational characteristics of a recently 
developed air arc wind tunnel. 
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First, consider the flight problems of interest. Table 1 
presents a generalized list of the characteristics of flight 
problems that may be studied in arc heated facilities. As men-
tioned before, the primary effort here is to investigate the 
behavior of heat protection systems in environments that simu-
late the re-entry flight. Two heat protection systems are of 
general interest: ablation, where the heat is absorbed and 
blocked by the removal of mass from the surface; and re-radia-
tion, where the surface temperature and emissivity of the struc-
ture are sufficiently high to radiate heat to space at about 
the rate at which it is put into the body. Ablation is most 
satisfactory for short time, high heating rate, low total heat-
ing missions, such as the ballistic missile, whereas re-radia-
tion is attractive for long time, moderate heating rate and 
high total aerodynamic heating applications, such as a glide 
vehicle. Of course, this is a simplified presentation of heat 
protection system concepts, since they can be combined and since 
there are other types of systems; however, these usually have 
the main features of either or both of the two mentioned (for 
example, a transpiration cooling system). The main test objec-
tives for air arc studies or re-entry problems can be categor-
ized as shown in Table 1 . These are again quite general and 
several subheadings could be listed; for example, under mate-
rial performance one could be interested in shape changes with 
time, heat of ablation with and without appreciable radiative 
contributions, oxidation resistance of re-radiating materials, 
surface temperature response, and several other materials prop-
erties . Several objectives can often be investigated in the 
same test program. Note that although the authors are not con-
sidering the class of arc facility designed to conduct basic 
aerodynamic studies, relative aerodynamic effects have been in-
cluded as a test objective. This refers to flow situations, 
generally associated with slender bodies, in which the response 
of the heat protection system (thick boundary layers, time and 
space varying mass transfer and surface temperature, surface 
roughness) can affect the pressure distribution and forces on 
a vehicle shape. The basic approaches here in arc wind tunnel 
tests are to compare results with theory and to use theory in 
interpreting the results obtained with different heat protection 
systems. 

It is necessary to consider local flow conditions when speci-
fying a re-entry test. The items shown in Table 1 must be taken 
into account when tailoring an arc test to meet re-entry condi-
tions. As examples: under body station one must consider stag-
nation and body regions, swept surfaces, protuberances, inter-
ference regions, and separated regions; under local free stream 
conditions are such items as total enthalpy, state of the gas 
(equilibrium or nonequilibrium) and vorticity gradients. It is 
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interesting to note that radiative heating, caused by the shock 
heated air ground the vehicle, can be important in determining 
the response of heat protection systems. To the first order, 
the primary convective heat blockage mechanism for an ablation 
system, that is. the blowing of gases into the boundary layer, 
will not reduce the radiative heat transfer; thus, the effective 
heat absorbing properties of a material can be markedly reduced 
when subjected to a large percentage of radiative heating (Ref. 
4). This problem will be of particular importance to vehicles 
re-entering at superorbital velocities. 

The type of response expected from the heat protection sys-
tem is also of key importance in planning an arc facility test. 
Actually this can be divided into the two headings shown in 
Table 1 : a steady state response implying a rapid approach to 
equilibrium conditions (mass loss rate, surface temperature, 
sub-surface temperature distribution, etc) in relation to some 
characteristic time scale describing the change of re-entry 
conditions. A nonsteady response experienced with an ablating 
system will cause performance predictions, based upon a steady 
state response, to be nonconservative (Ref. 5) · 

Note that the test time requirements can vary widely. For 
example, if interested in investigating an ablation material 
for application to a high performance ballistic missile, one 
needs only of the order of 10 seconds test time, since most 
materials of interest will come to an equilibrium ablation state 
during that period. A high heating rate (several hundred to 
several thousand Btu/ft2-sec) is associated with this type of 
response. However, for long time missions, such as those that 
are several minutes to an hour or more, characteristic heating 
rates are low and materials response can exhibit a strong non-
steady behavior particularly for varying trajectory conditions. 
Here, long time testing and, in some cases, variable test con-
ditions are required to obtain the simulated re-entry response. 
The general rule is reached, then, that high heating rate facil-
ities can be of relatively short duration whereas long time 
flows are required for low heating rate environment simulation. 

This discussion has been necessarily nondetailed because of 
the wide spectrum of conditions that can be encountered for the 
many different types of re-entry vehicles of interest. The 
authors have attempted, however, to present some general, con-
cepts against which the usefulness of the air arc facilities 
discussed next can be judged. 
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GENERAL PROPERTIES OF AIR ARC FACILITIES 

Arc Heater Design 

The air arc by its nature is an attractive tool for re-entry 
studies. It provides a heat exchange mechanism whereby gases 
are mixed with an electric arc column, which is capable of 
transferring electrical energy to gaseous energy at extremely 
high rates and without the use of solid heat transferring sur-
faces. Because of these properties, it is immediately attrac-
tive as a wind tunnel device for the study of problems in which 
the gas temperatures are much higher than those obtainable with 
the classical wind tunnel facility. (The air arc, of course, 
has many limitations; these will be discussed in a later sec-
tion.) It is not the intent of this paper to trace the history 
of arc usage in flow processes, which dates back to the early 
part of this century (Ref. 6); a relatively complete coverage 
of the arc literature is given in Ref. 7. The authors will, 
however, discuss briefly several types of arc configurations 
that have been used to produce heated gases for re-entry test-
ing. Perhaps the first arc unit used for this purpose was the 
water arc, shown schematically in Fig. 2c, the design of which 
was based largely on the work of Maecker (Ref. 8) and Weiss 
(Ref. 9)· References 10 and 11 report some of the early work 
done on water arc development in this country. This unit pro-
vided a very high energy stream of gases (temperatures of 
greater than 25,000 Κ have been reported) in which relative 
materials ablation properties were evaluated. It soon became 
apparent, however, that to provide environments similar to re-
entry and, therefore, from which design information could be 
obtained, air was more attractive as the working fluid. 

The several arc configurations shown in Fig. 2 are representa-
tive of the designs that have been used by various investiga-
tors in re-entry studies. These are simple representations of 
classes of arcs and many modifications have appeared, each hav-
ing particular advantages and disadvantages. The simplest con-
figurations are the free arcs shown in Figs. 2a and 2b. To our 
knowledge, no extensive testing has been done with configura-
tion 2a although it has been used for a significant amount of 
arc research. The development and use in re-entry studies of 
Fig. 2b at high power levels is discussed in Ref. 12. One 
major difficulty with the free arcs is the large amount of 
eroded electrode material that mixes with the test gas at high 
current densities. This tends to cause poor re-entry simulation 
in the chemical behavior of the test gas, an important factor 
in many materials studies. To eliminate this problem, several 
investigators have turned to the use of arc systems that are 
driven by the interaction of the arc column with a magnetic 
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field. Fig. 2e and 2f show typical magnetically driven con-
figurations, where the d-c system is driven by an external field 
and the a-c configuration is driven by the fields generated by 
the ring electrode configuration. The electrodes are usually 
made of water cooled copper and the arc motion reduces elec-
trode material loss to a small amount. It has been found pos-
sible with these modifications to go to fairly high perform-
ance figures; for example, power levels of approximately 2 mw 
(11,000 rms amps) at a pressure level of 12 atm and an enthalpy 
level of 5000 Btu/lb have been obtained in configuration Fig. 
2f (Ref. 13 ) . Configuration 2d has also been used to reduce 
the contamination level. Since it was observed that the cath-
ode material loss was approximately one half of the anode loss, 
the use of a water cooled anode sharply reduces the electrode 
material loss (Ref. Ik). This type of design has also been 
used in a multiple unit with common plenum chamber to provide 
a high powered arc facility (Ref. 15)· Other modifications of 
configuration 2d involve the separation of the anode and cath-
ode over relatively long distances. In such a case the voltage 
is increased and current reduced and, thus, the electrode loss, 
strongly a function of arc current, is reduced. Here it is 
also possible to bring the cathode to the wall and rotate the 
arc column with an external magnetic field (Ref. 3)· Such 
modifications, however, are associated with large chamber sur-
face areas and attendant increases in energy losses to the cool-
ing system. Fig. 2g is a sketch of an arc configuration which 
was developed by McGinn and is designed to provide both the 
elimination of electrode material and arc constriction for high 
temperature plasma generation (Ref. l 6). The inlet flows on 
either side of the plenum are divided, a portion blowing back 
the electrode materials in a mixture that is exhausted from 
the system. The arc column passes through the plenum chamber, 
mixing with the pure test gas that then exhausts througb the 
nozzle. This design, called the tandem Gerdien arc, is an ex-
tension of an arc described by Gerdien and Lötz (Ref. 17 )· 
Another type of electric heater not shown in Fig. 2 is the high 
frequency induction heater in which energy is transferred to 
the test gas from a rapidly alternating magnetic field. This 
system is not strictly an arc heater because of the lack of 
electrodes in the system. The concept is attractive, however, 
because of this fact. 

Broadly speaking there are several properties that appear to 
be important in an arc design. First, constriction of the arc 
along the flow direction tends to increase the temperature of 
the column as well as increase the mixing of the cool gas with 
the hot column. In some cases, constriction also allows opera-
tion with a stable voltage-current characteristic. The free 
burning and magnetically driven arcs shown in Fig. 2 do not 
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accomplish this (arc constriction) as well as do the vortex and 
divided flow units and, therefore, do not reach as high an en-
thalpy level as these systems. Second, electrode contamination, 
generally undesirable, can be reduced to small amounts by mag-
netically driving the arc column or essentially eliminated by 
dividing the gas flow as shown in Fig. 2g. Third, since uni-
formity and steadiness of the test gas are desirable features 
in a test flow, plenum chambers are often used downstream of 
the arc station at the expense of a reduction in enthalpy and 
efficiency. All configurations shown in Fig. 2 except 2c and 
2d have plenums inherent in their design. Configurations 2e 
and 2f can be quite flexible in operation, since their designs 
can be earily accommodated to include a varying plenum volume. 
It is interesting to note that swirl introduced by a rotating 
arc or by a vortical entrance flow can be eliminated in con-
figuration 2g, or when multiple units are connected to a single 
plenum chamber, simply by bucking the tangential components in 
the opposite entrance sections. This also improves mixing in 
the plenum chamber. 

Input pressure levels for typical arc units are from less 
than 100 kw to more than 10 mw and facilities have been contem-
plated at several times this latter value. At present the 
largest units (Refs. 12, 13 and 15) put from 2 to 3 into the 
test gas and run for the order of 30 sec. Maximum current and 
voltage levels for existing facilities are of the order of 
10,000 amp and 2000 v, respectively. Large continuous arcs 
have also operated successfully to the order of 1500 psi, at 
enthalpy levels of below 5000 Btu/lb (Ref. 18); however, at 
higher enthalpy levels to the order of 20,000 Btu/lb operation 
to date has been restricted to the order of 2 atm (Ref. l 6 ) . 

Electrode materials are generally carbon or water cooled cop-
per although thoriated tunsten has also been used extensively 
in smaller units. Some systems have also been developed to re-
duce electrode contamination by sheathing the electrodes in 
argon. In most units capable of long time operation the arc 
chambers, plenum chambers, nozzles, etc. are made of water 
cooled copper. 

Test Flow Configurations 

Since the arc unit is essentially a gas heater, any may be 
used in conjunction with several types of test flows, each of 
which has certain advantages in re-entry studies. Six of these 
test configurations are shown in Fig. 3· In these, it is as-
sumed that the power Ε has been added to the gas flow m upstream 
of the plenum chamber through a continuous arc discharge. 
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Fig. 3st shows a sketch of a configuration in which the heated gas 
is expanded only to subsonic velocities. Such a device has been 
used generally for stagnation point testing and as a screening 
tool for materials studies (Refs. 10,11 and 19)· In Fig. 3*> it is 
assumed that the plenum pressure Ρ pi s greater than about twice 
the ambient pressure and reaches a moderate supersonic free stream 
test flow (Ref. 12 ) . Fig. 3c is a representation of a supersonic 
tunnel. Here, relatively large models may be tested for a given 
arc heater with some simulation of atmospheric flight conditions 
(Refs. 5,14-,20 and 21) . The shroud nozzle flow configuration 
shown in Fig. 3^ is an adaptation of the wind tunnel test technique 
suggested by Ferri and Libby (Ref. 22). It has several advantages 
in the materials testing area: it allows a large percentage of the 
heated gas to interact with the model and, therefore, allows the 
testing of a large model; there is an appreciable latitude in the 
selection of the model and nozzle shapes; and it is not necessary 
to experience a total pressure loss through a bow shock wave in 
front of the model (Ref. l). The final two configurations, the 
straigjat and the contoured pipe models in Figs. 3© and. 3£" are in-
cluded to illustrate how an arc heated facility may be tailored to 
the study of special problems; in this case, turbulent boundary 
layer flow. 

This spectrum of test configurations illustrates the principle 
of tailoring test flows to meet the requirements of particular re-
entry studies. The shroud test unit is attractive as a high heating 
rate facility; that is, it can be used for the study of problems 
of vehicles that re-enter at higb speeds at relatively low altitude 
A typical approach taken to the design of a shroud unit is shown in 
Fig. 4. Here the nozzle entrance section has been contoured to matcl 
a potential flow stream tube for subsonic spherical flow. Thus, the 
velocity gradients in the vicinity of the stagnation region are 
reasonably well known. Experimental pressure distributions in the 
vicinity of the stagnation point in a 200 kw shroud unit have veri-
fied that the potential flow velocity gradient is closely approxi-
mated in the stagnation region. Although this is not essential for 
the use of such a tool, it provides an additional control from 
which test flow properties can be determined. Standard calibration 
procedure for the shroud unit is also indicated in Fig. 4. Here, 
simple throats are inserted into the plenum chamber and the facil-
ity is calibrated over a range of throat diameters and pressure, 
mass flow and power levels according to a technique which requires 
simply a knowledge of Pp , m and 4, (Ref. 23). When model tests are 
conducted, mass flow and input power levels are set before the 
model is inserted. The test pplevel, established after insertion 
of the model, indicates the effective ά φ represented by the blockage 
of the complex test flow. For ablation studies, the model is moved 
into the nozzle during a test so that Pp and, thus, the effective 
throat area remains constant. This has proven to be a reliable 
and repeatable technique. 
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A photograph of a 200 kw shroud unit in operation is shown 
in Fig. 5· For this power level, it has been possible to test 
models up to 2 in. in diam; however, this dimension depends 
critically upon the pressure level, since the throat clearances 
become quite small at high pressures. Tests have been con-
ducted in the shroud unit shown in Fig. 5 up to the order of 5 
atm. Of course, as the power available goes up, higher pres-
sure levels can be used; however, the model size remains small. 

The smaller power level shroud is most practical for use in 
stagnation region testing; however, for larger power levels it 
is possible to consider testing away from the stagnation region 
and possibly into turbulent boundary layer flow regions. Here, 
when testing ablation systems, the change in shape of the model 
during a test must be considered. 

The instrumentation techniques available for the shroud unit 
shown in Fig. 5 are listed in Fig. k. 

In Fig. 6, a schematic diagram of a supersonic arc wind tun-
nel is shown. The main purpose for such a test configuration 
is to provide a low heating rate environment; that is, the flow 
is expanded to a Mach number sufficient to reduce the total 
head in the stagnation region of the model to a level required 
by simulation considerations. At present, this test philosophy 
must be followed with arc wind tiinnels if it is desired to simu-
late the stagnation enthalpy of flight. If one attempted to 
simulate both Mach number and enthalpy at reasonable flight al-
titudes, the pressure requirements near the orbital velocity 
would probably be impossible to achieve, since the order of 
100,000 psi and the throat cooling problem would be enormously 
difficult to solve. Mach number levels of usual interest for 
this type of facility are from 3 "to 10 (assuming an equilibrium 
expansion process; this will be discussed in a later section). 

The various sections shown in Fig. 6 are self - explanatory. 
Usual operation involves the starting of the flow and the com-
ing to equilibrium facility conditions before the model is in-
serted into the flow. Facilities of this type usually run for 
long time periods greater than 10 minutes, so that a continu-
ous pumping system is required. For small scale units of the 
order of 200 kw diffusion and backing pumps are adequate; how-
ever, for larger tunnels, ejector systems are generally most 
practical. A photograph of an early laboratory scale tunnel, 
Mach 5> is shown in Fig. 7 · A more recent design is discussed 
in detail later in this paper. Typical model measurements for 
such a tunnel are listed in Fig. 6. 

Fig. 8 is a photograph of a large AC air arc facility located 
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at the General Electric Switchgear Development Laboratory in 
Philadelphia. This facility was developed for the conduction 
of re-entry studies requiring large model scale, particularly 
turbulent ablation studies. The insert in Fig. 8 shows the 
turbulent test configuration used in several test programsj 
this is the test configuration shown schematically in Fig. 3e. 
Here, a subsonic pipe model is used to provide a flow of suffi-
ciently high Reynolds number to cause boundary layer transition 
before fully developed pipe flow is experienced; thus, an es-
sentially constant pressure or flat plate test configuration is 
produced (Refs. 1, 7 and 15). Several properties of the turbu-
lent ablation configuration and test procedure should be pointed 
out. First, there is a bypass port through which the heated 
gases are exhausted until the unit comes to full operating tem-
perature. A quick opening valve is then actuated to divert the 
hot flow through the model. Valid test times for as short as 
1 sec are thus available. Second, the model is sectioned so 
that local test data can be obtained. The entrance section is 
made of the test material and it extends into the plenum cham-
ber of the arc unit. This section is only used to establish 
the flow; data are not taken from it. Third, ablation tests 
are conducted for various flow time durations. Since the model 
area is varying during a test, data for each station of the 
model must be interpreted on a rate basis (mass loss, area 
change and nonablating heating rate). Fourth, facility calibra-
tion is accomplished in the same manner as for the shroud (Fig. 
4); i.e., a series of short calibrator nozzles are substituted 
for the turbulent flow equipment. The blockage from the test 
set-up is then correlated with the calibrator exit diameter 
data to give the proper entrance flow conditions to the pipe 
models. It is to be noted that this approach to calibration 
eliminates the need for estimating the exit area reducing ef-
fect of boundary layer growth through the model and nozzle; if 
this effect is neglected, an overestimate of the test gas stag-
nation enthalpy will result. Fifth, nonablating calorimeter 
data is obtained through the use of highly cooled copper models 
in place of the test model. Sixth, heat transfer rate and 
shear stress can be varied independently to some extent by us-
ing models of various internal diameter. This provides a de-
gree of flexibility in the test procedure and allows the in-
vestigation of the effects of these two parameters which are 
important in the performance of many ablation materials. 

Turbulent ablation data have been obtained with the arc unit 
and test configuration equipment shown in Fig. 8 at power levels 
of up to about 2 mw (in the air), at enthalpy levels of up to 
5000 Btu/lb and at plenum pressure levels to 12 atm. The model 
is 1 ft long and has an inner diameter of approximately 1 in. 
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It is interesting to relate the performance of various test 
configurations to flight conditions. Fig. 9 is a stagnation 
enthalpy-stagnation pressure map upon which are given the per-
formance characteristics of a typical arc wind tunnel. The co-
ordinate scales in Fig. 9 are the same as for the re-entry 
flight spectrum shown in Fig. la, so that an estimate of facil-
ity simulation of flight conditions can be obtained by compar-
ing these two figures. The assumed arc operation limit is, the 
authors believe, a reasonable estimate of what will be avail-
able in the near future. In the higher enthalpy regions this 
estimate is based upon the results of air arc development work 
that has been conducted by McGinn at the General Electric Space 
Sciences Laboratory in Philadelphia (Ref. l 6 ) . At the higher 
pressure levels the limit is estimated considering gaseous ra-
diation losses and practical efficiency ranges. 

A probable shroud operating range for such an arc heater capa-
bility is indicated in Fig. 9· As discussed earlier, the choice 
of shroud test conditions depends upon several items (e.g., 
test objectives and power level) and, therefore, the limits 
shown are somewhat arbitrary. Pipe model testing of the type 
discussed (subsonic pipe) would be obtained with a maximum test 
condition a few atmospheres lower than the estimated plenum 
conditions. The wide property coverage of the arc wind tunnel 
is obtained through the use of a wide range of test section ef-
fective area ratios. High performance, in terms of high pres-
sure levels, can be obtained at small area ratios; however, the 
test section size, as indicated by the àjy/ΤΓ lines on Fig. 9 
is quite small in these regimes unless a large amount of test 
gas power Ε is available. It can be seen that large test sec-
tions of the type with which the investigators are familiar in 
lower temperature wind tunnels will require the development of 
significantly higher power arcs than those now existing. The 
equilibrium flow Mach number for various points on the opera-
tion map are also shown in Fig. 9· Since the assumption of 
equilibrium expansion through the nozzle is questionable, par-
ticularly in the low plenum pressure regions, these numbers 
have only a qualitative value at best. 

Air Arc Facility Limitations 

During the previous discussions a number of arc problems have 
been mentioned. These will now be discussed briefly. 

Electrode material contamination is detrimental to the con-
duction of re-entry tests in arc facilities in several respects. 
First, if the electrode material is present In reasonable quan-
tities and is in the gaseous state, the chemical composition of 
the test gas will be different from that encountered in flight. 
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This can be particularly important for arcs with carbon elec-
trodes and in tests in which the behavior of the material de-
pends upon the oxidation of its surface, since a relatively 
small contamination level will deplete a much larger percentage 
of the available oxygen in the test gas. Second, the contam-
ination in the form of large particles can have an adverse ef-
fect upon test results, and it is difficult to estimate the 
importance of this effect. Third, the presence of strongly 
radiating contaminants in the test gas can reduce the efficiency 
of an arc unit particularly at the higher pressure levels. It 
can also cause variable test conditions in internal flow sys-
tems such as the pipe test system discussed earlier. Fortu-
nately, it is now possible to reduce contamination levels to 
negligible amounts through the use of specially designed arc 
heaters such as that shown in Fig. 2g. References 2k and 25 
describe some of the work that has been done on this problem. 

Radiation losses limit the performance of arc heaters in a 
manner similar to that shown in Fig. 9j i.e., at high pressures 
lower enthalpies are available. These limits can be extended 
somewhat at the expense of very low efficiency or through the 
elimination or reduction in size of the plenum chambers (in-
crease in flow non-uniformity). Radiation loss intensities 
and characteristic time estimates for pure optically thin air 
are given in Ref. 7 · For contaminated arcs and at pressure 
levels where the gas is no longer optically thin, however, these 
estimates are probably nonconservative. 

In high enthalpy and associated low plenum pressure operation 
of an arc wind tunnel, the gas will undoubtedly be far from its 
equilibrium composition and energy partition levels during ex-
pansion from the nozzle to the test section at any appreciable 
area ratio, even if in equilibrium in the plenum chamber. This 
conclusion is based upon analytical (Refs. 26 and 27) and ex-
perimental (Ref. 28) investigations of similar flows and upon 
data presented later in this paper. This raises several ques-
tions concerning the usefulness of such a facility for aerody-
namic studies although it has been suggested, for example by 
Whalen (Ref. 29), that the resultant high frozen "Mach" number 
flows might be useful with the proper interpretation in terms 
of classical hypersonic parameters. It is also possible that 
the availability of nonequilibrium analyses, such as those des-
cribed by Langelo (Ref. 30), will provide us with a powerful 
experimental tool through which both the kinetics of reacting 
and flowing gases and the effects of nonequilibrium flows on 
complex shapes may be studied. This suggests that a consider-
able amount of effort must still be expended in this area of 
arc facility research. 
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Another serious problem associated with high enthalpy, low 
pressure wind tunnel operation is the rapid growth of nozzle 
boundary layers at relatively low nozzle Reynolds numbers. 
Data presented in a later section of this paper illustrate this 
problem. 

A final difficulty with air arc test facilities is the exist-
ence of property nonuniformities and gradients in the test flow. 
These are presumably caused both by the oscillations of the 
arc column and by the strong cooling requirements in the up-
stream plenum chamber and nozzle sections. Photocell observa-
tions of test flows show as much as a 50$ high frequency (order 
of 1000 cps) fluctuation in light intensity in facilities that 
are believed to be relatively steady. Although the variation 
in properties, such as stagnation enthalpy, is by no means of 
the same order of magnitude (as interpreted from simultaneous 
measurements of power fluctuations), it is difficult to esti-
mate the effects of such random fluctuations, particularly in 
aerodynamic applications. 

PERFORMANCE OF AN ARC HEATED WIND TUNNEL 

Facility Description 

The remainder of the paper will be concerned with studies 
conducted in a moderately high Mach number air arc wind tunnel 
developed recently at the General Electric Space Sciences Lab-
oratory. Fig. 10 is a photograph of the tunnel; the arc heater 
is of the tandem Gerdien or divided flow (Fig. 2g) type and is 
mounted in the vertical position. The vertical orientation 
was chosen in order to minimize space and because of certain 
conveniences in operation of the unit. A close-up of the heater 
itself is shown in Fig. 1 1 . As would be expected in any con-
tinuous flow arc heater design, the necessary water lines tend 
to mask the actual hardware. The upper and lower chambers are 
the anode and cathode housings, respectively. A portion of the 
entering air flows through these housings, mixes with the car-
bon eroded from the electrodes, and exhausts from the system. 
The test air is heated in the arc column and collected in the 
plenum located at the center of the unit. The gas is then ex-
panded through the sonic throat and a conical nozzle to the 
test section. It next passes through a diffuser, heat exchanger 
and finally a two stage mechanical vacuum pumping system. The 
test section is of the free jet type with the models mounted 
downstream and just ahead of the diffuser inlet. The nozzle 
is conical (21-1/4 deg included angle) and can be shortened 
from its usual length (4-7/8 in. exit diam) to a point where 
the exit diam is I-3/16 in. Tests can be run in the large and 
small test sections, geometric A/A* values of 1000 and 58* 
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respectively, and at intermediate area ratios by moving the 
model into the large nozzle. Fig. 12 shows a typical model in 
the flow of the large nozzle photographed through the test sec-
tion windows. 

The tandem Gerdien arc heater provides clean flows of air at 
high stagnation enthalpy levels for long running times. Spec-
troscopic studies performed on the gas exiting from the plenum 
have shown it to be free of contamination to the order of 100 
ppm at stagnation enthalpy values (h s/RT Q) of the order of 
400. At these conditions running times up to 15 min duration 
have been obtained, although modifications are now being planned 
to permit continuous operation in excess of 1 hr. 

Test Flow Calibration 

In order to establish the flow properties at the various op-
erating conditions, it is necessary to examine the flow in de-
tail. The following measurements have been made at a relatively 
high enthalpy test condition: impact pressure and stagnation 
point heat transfer profiles across several nozzle stations, 
nozzle wall static pressure distributions and test gas stagna-
tion enthalpy. Conclusions drawn from these data are discussed 
in this section. Some of the equipment used in the calibration 
study is shown in Fig. 13· Included in this figure is a photo-
graph of a model balance which has been developed for the meas-
urement of model forces (three component). 

As with all arc test facilities, an important measurement is 
the stagnation enthalpy level of the test gas. It is possible 
to do this in a number of ways. For example, the following 
measurements will give or lead to the total enthalpy: power 
to the unit and losses from it; local gas temperature spectro-
graphically and local pressure; energy in test gas, locally and 
totally; heat transfer to a model and local velocity gradient; 
mass flow through sonic restriction from known plenum pressure 
level; and free stream velocity measurements in a highly ex-
panded flow. Although each of these will give the correct in-
formation if the measurements are exacting, some approaches ap-
pear to be less difficult and more probable of supplying the 
correct information. Also, the design and operation of this 
particular arc heater influences the choice of methods. 

Owing to the inherent difficulties in measuring heat losses 
in the test hardware and the uncertainties of flow equilibrium 
associated with nozzle flows, the authors have concentrated on 
two stagnation enthalpy measurements. These are gas tempera-
ture obtained spectroscopically at the choken throat, and total 
calorimetry of the gas exiting from the plenum chamber. A 
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special nozzle terminating at the throat is used for these 
measurements. Provision is made for observation of the gas at 
the throat through a window slit arrangement from the side. 
The spectroscopic temperature measurement is made by ratioing 
the intensities of two atomic oxygen lines, 7947/777^A (Ref. 
31). This procedure leads to an exitation temperature. The 
accuracy of the measurement in the vicinity of 8000 Κ is esti-
mated to be + 200 K. Assuming flow equilibrium, this implies 
an accuracy of + 5$ in stagnation enthalpy. The instrument 
used in this work is a Jarrell-Ash F6.3 spectrograph. Simul-
taneously with the spectroscopic measurement, a total calorim-
eter is fastened to the unit so that it can accept the hot gas 
emerging from the throat, extract the heat from it, and meas-
ure its flow rate; this permits calculation of the heat content 
of the gas. Care was taken to minimize the losses that could 
occur in such an arrangement by keeping the contact between 
the calorimeter and the arc or tunnel hardware to a minimum 
(wherever necessary line contact was used). To minimize gas-
eous radiation losses, the distance between the two pieces is 
limited to the optical slit width for spectrographs require-
ments. A photograph and a schematic drawing of the calorimeter 
are shown in Fig. ±k. Because of the high temperature of the 
flow, it was decided to investigate the radiative loss from the 
gas as the flow expanded downstream of the throat in the test 
nozzle. Another calorimeter was built which connected to the 
short nozzle (A/A* 58) suid allowed a stagnation enthalpy meas-
urement at that station. 

The results of the stagnation enthalpy measurements at the 
nominal test point were as follows: 

Spectrographs
 h

s /
R T

o
 = ^ 0 0 t 5$ 

Calorimeter (throat)
 h

s

/ / R T
o

 = 355 t 3$ 

Calorimeter (A/A* = 58 ) V
R To = 335 + 3$ 

These data were obtained for an average of five runs per meas-
urement. The differences in levels are expected. As shown in 
Fig. l6, the stagnation enthalpy varies across the flow; this 
is undoubtedly caused by the strong upstream cooling experienced 
by the test gas as well as by boundary layer cooling. An inte-
grated total enthalpy measurement gives a weighted average and 
does not specify the value higher than the average near the 
axis of the flow. Since the spectroscopic measurement responds 
primarily to the maximum temperature regions of the jet, it 
will give a stagnation enthalpy somewhat higher than the aver-
age value. Also, any losses in the calorimeter system will 
tend to reduce the apparent average enthalpy. The mass flux 
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distribution at the downstream stations has not yet been meas-
ured and therefore, absolute values cannot be assigned of en-
thalpy level to the distributions shown in Fig. 16. The calor-
imeter measurement downstream is approximately five percent be-
low the throat calorimeter value. When one considers the bound-
ary layer losses in the nozzle section, it may be concluded 
that the radiative losses from the gases expanding downstream 
of the throat are negligible. One other point should be men-
tioned. The spectroscopic enthalpy measurement is actually 
based upon an electronic temperature. The relatively good 
agreement, therefore, between this measurement and the calorim-
eter data indicates that the throat flow is in thermodynamic 
and chemical equilibrium. From these studies, it may be con-
cluded that the stagnation enthalpy of the test gas in the use-
ful center core region is bracketed by the throat measurements 
and, therefore, is reasonably well known. It is probably closer 
to the spectroscopic than to the calorimeter value because of 
the profile considerations and possibilities of unaccounted-for 
losses that have been discussed. 

The nozzle flow was examined in some detail through the use 
of impact probe and stagnation point heat transfer probe rakes 
and through the measurement of wall static pressure distribution. 
The results of these studies are shown in Figs. 15, 16 and 17. 

In Fig. 15, the effective area ratio as a function of nozzle 
axial length is shown. The experimental band was determined 
as shown in Fig. 17a. In this figure it is seen that the spread 
of area ratio for different constant y (and equilibrium) expan-
sions is relatively small for a measured P s value. This is 

ο 

expected, since the impact probe provides essentially a meas-
urement of momentum flux. The various γ values are used pri-
marily for illustrative purposes, although the γ =1.58 curve 
(see Fig. 17) bas a significant physical interpretation: it 
refers to a frozen expansion from throat conditions in which 
only the translational and rotational degrees of freedom are 
involved. The wide spread in static pressure for expansions 
in various degrees of nonequilibrium is pointed out in Ref. 28 
and used there to investigate expansion processes in shock tun-
nel nozzle flows. The impact pressures, measured at several 
X/L stations in the nozzle, are plotted in Fig. 17· Since the 
flow properties will be somewhere between the frozen and equil-
ibrium conditions, the level of possible effective area ratios 
for each measured pressure level is bound by these calculated 
values. These levels are plotted in Fig. 15. An effective 
boundary layer thickness distribution, based upon this area 
ratio measurement, is shown in this figure. 
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It is interesting to compare the effective area ratio distri-
bution with several prediction techniques. Boundary layer dis-
placement thickness based upon the prediction of Lee (Ref. 32) 
and upon an approximate laminar calculation are shown in Fig. 
1 5 . The Lee prediction is for a turbulent boundary layer. The 
laminar analysis involved a step by step calculation down the 
nozzle in which flat plate solutions were matched for each sec-
tion by matching displacement thickness. The results of Van 
Driest (Ref. 33), Chapman and Rubesin (Ref. 3k) and Low (Ref. 
35) were used to calculate the displacement thickness for each 
step. The data in Fig. 15 obviously compare better with the 
laminar prediction band indicated by the y =1 .1 and γ =1.6 
curves than with the turbulent calculation. Thus, the conclu-
sion is drawn that the nozzle boundary layer is laminar. This 
might be expected, since the local Reynolds number based upon 
distance from the throat is always less than 10^, The rela-
tively good agreement between the data and the y = 1 . 1 calcula-
tion (which is close in properties to the equilibrium case ; see 
Fig. 17) is interesting; however, because of the many assump-
tions used in the analysis (constant γ , for example) it cannot 
be concluded at this time that this agreement provides any quan-
titative information on the state of the gas during nozzle ex-
pansion. 

The profiles shown in Fig. l 6 show conditions at two nozzle 
stations. Actually, one is slightly downstream of the nozzle 
exit. Here, the boundary layer appears to have merged as in-
dicated by both the impact pressure and heat transfer profiles. 
This is also suggested by the axial impact pressure data as 
interpreted in terms of area ratio in Fig. 15 · The generally 
smoothly rising A/A* band is observed to droop just upstream 
of the X/L = 1 . 0 2 station. A small but definite core is seen 
to exist for the X/L =0.8 station. The Mach number profile 
for the two stations are calculated from measured impact and 
static pressure data assuming a constant γ process. (The nor-
malized profile is insensitive to the assumed γ value.) The 
stagnation enthalpy profile is based upon the assumption of 
Newtonian stagnation point velocity gradient and the measured 
impact pressure and heat transfer data. 

Static pressure data along the nozzle wall are shown in Fig. 
1 7 , plotted against curves for various γ values and for equil-
ibrium expansion. The spread of area ratio for each static 
pressure station is determined from the impact pressure data 
and calculated curves in Fig. 1 7 · Thus, the intersection of 
the static pressure line with the dashed line indicates a par-
ticular area ratio and γ value for the expansion to different 
downstream nozzle stations. At present, it is difficult to at-
tach any physical significance to these results, since they do 
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not agree well with either the equilibrium or frozen expansion 
curves, other than the fact that the expansion process is some-
where between these two limits and probably dominated by neither. 
It is planned in the future to compare results of this type 
with nonequilibrium expansion calculations (Refs. 27 and 30) in 
an attempt to more clearly understand the expansion process. 

Because of the present lack of knowledge of the detailed prop-
erties of the free stream flow in the arc tunnel, it is diffi-
cult to determine the actual flow Mach number in the test sec-
tion. The indicated centerline Mach number specified in var-
ious ways is 

X/L = .80 X/L « 1.02 

P/Pp p s/p p P/Ps P/Ps 

Equil. 5.0 ^ 7 7.0 Equil. 7.8 

γ = 1Λ 7-7 8.2 6.5 γ = 1Λ 7.1 

y = 1,58 9.2 10.3 6.1 y = 1.58 6.7 

This table shows an appreciable Mach number uncertainty. How-
ever, it is thought that this is not a serious restriction, 
since local model surface properties and stagnation enthalpy 
are the variables of primary importance for most current uses 
of arc wind tunnels. Also, it is again pointed out that a tool 
of this type can be used in helping to investigate high energy 
expansion processes and may be more useful in the future as an 
aerodynamic tool when these processes are understood. 

CONCLUSIONS 

The air arc heater in combination with various test flow con-
figurations has proven to be a versatile tool for the simula-
tion of many re-entry environments. At present, however, its 
use appears to be limited to heat protection system studies 
when stagnation enthalpy simulation is required. It may be pos-
sible, however, to extend its capabilities to aerodynamic stud-
ies through improvements in arc performance and through inves-
tigation of the details of nozzle expansion processes. Exten-
sions that are indicated are, first, an incorporation of im-
proved instrumentation techniques (such as are discussed in 
Ref. 36), so that local test section properties will be known 
in detail and, second, comparison with appropriate nonequilib-
rium theoretical predictions, so that an understanding of non-
equilibrium expanding flows will be obtained. 
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The performance of a high purity air arc heated wind tunnel 
has been investigated at moderately high enthalpy test condi-
tions. Several conclusions were reached: 

1) The wall boundary layer merges near the end of the nozzle. 

2) The nozzle boundary layer is laminar and its thickness is 
reasonably well predicted by a simplified analytical prediction. 

3) The flow at the nozzle throat is in equilibrium. 

k) The flow expanding through the nozzle is not in equilib-
rium. Also, it is not completely frozen. Although they do 
not properly predict all flow properties, it is convenient to 
use constant γ expansion processes for characterizing the flow 
in an arc tunnel. 
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NOMENCLATURE 

d _ diameter 
h enthalpy 
m mass flow rate 
q heat transfer rate per ft^ 
t time 
A = area 
E = power added to the test gas 
L length 
M = Mach number 
P pressure 
Q = total heat transferred per ft^ 
R = universal gas content 
R T 0 33.86 Btu/lb 
T temperature 
U velocity 
X axial length 
y = specific heat ratio 
δ* = boundary layer displacement thickness 
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Subscripts 

s = stagnation region 
Ρ = plenum chamber 
e = nozzle exit 
* = nozzle throat 
ο = nozzle axis 
g = glide vehicle 
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Table 1 Characteristics of re-entrytproblem 
areas - air arc facilities. 

Heat protection systems 

ablating 
re-radiating 

Test objective 

material performance 
structural response and perform-
ance 
structural integrity 
aerothermoelastic response 
fatigue and life performance 
relative aerodynamic effects 

Local flow conditions 

body station 
shear stress level 
pressure level and gradient 
cpnvective heating level 
radiative heating level 
boundary layer (laminar, turbu-
lent) 
local free stream conditions 

Type of response 

steady state 
transient 
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Fig. la Re-entry vehicle flight spectrum. 
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Fig. 5a Model out. 

Fig. 5^ Ablation test in sbroud arc facility. 
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Fig. 8 Turbulent ablation facility. 
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Fig, 9 Characteristics of arc wind tunnels. 

Fig, 10 Hypersonic air wind tunnel. 
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Fig. U Arc heater - hypersonic wind tunnel. 

6 9 4 



HYPERSONIC FLOW RESEARCH 

Fig. 12 Model in test flow - hypersonic arc tunnel. dm = 1 in 
and h /RT - 398 
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Fig. lA Total enthalpy calorimeter. 
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in hypersonic air arc tunnel. 
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