308 J.SPACECRAFT

VOL. 12, NO. 5

Electric Heater Development and Performance
Data for a Mach 14 Wind Tunnel

J.F. Reed,* C. W, Peterson,7 and W, H. Curryi
Sandia Laboratories, Albuquerque, N. Mex.

A high-pressure Mach 14 testing capability has been added to the Sandia Laboratories Hypersonic Wind Tun-
nel (HWT) facility. Of particular significance is the new electric heater which was developed for this addition.
The heater is considered unique. Its heating elements are groups of rectangular screens oriented normal to the
flow and positioned at several longitudinal stations. The heater is extremely compact in size and operates directly
from three-phase alternating current. It can deliver up to 1 Mw of power to the test gas at pressures as high as
2000 N/cm 2 (2900 psia) for a 60 sec run. Stagnation temperatures to 1400 K (2500°R) are achieved. Pressure and
temperature calibrations show that the flow in the 46 cm (18 in.) diameter test section is satisfactory for research

and development experimentation.

Nomenclature

d, = diameter of control orifice, cm (in.)

d, = diameter of nozzle throat, cm (in.)

€,€€;3

I*,J*,K*, = real gas parameters defined by Randall in Ref.

KpJy 1

M = Mach number

P, = stagnation pressure in the control orifice,
N/cm? (psi)

P, = stagnation pressure at the electric heater,
N/cm 2 (psi)

P, = pitot pressure, N/cm 2 (psi)

P, = wall static pressure, N/cm 2 (psi)

P = freestream static pressure, N/cm 2 (psi)

T. = stagnation temlture at the control orifice,
K (°R)

T, = stagnation temperature in the electric heater,
calculated from Eq. (1), K (°R)

T, ; = local total temperature in the boundary layer,
K(°R)

U = velocity, m/sec (fps)

Y = transverse distance across tunnel, cm (in.)

VA = axial distance downstream of nozzle throat,
cm (in.)

Ben = real gas mass flow parameter in control orifice
(8 .) and nozzle throat (8,)

Y = perfect gas ratio of specific heats

0 = density, kg/m 3 (slugs/ft 3)

Subscripts

e = condition at the edge of the wall boundary
layer

2 = conditions behind a normal shock
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Introduction

ANDIA Laboratories’ Hypersonic Wind Tunnel?

(HWT) was placed in operation in 1962. The original
facility is shown schematically in Fig. 1. Separate nozzles
provide nominal Mach numbers of §, 7, and 11; each nozzle
has a test section which is 46 cm (18 in.) in diameter. All com-
ponents were designed for a maximum stagnation pressure of
200 N x cm 2 (300 psi)

In recent years, the need arose for higher Mach and
Reynolds numbers, thus necessitating a much higher
stagnation pressure capability. Also, certain undesirable
operational features, such as contamination of the flow by
dust from the alumina pebbles in the heater and frequent dif-
ficulties with the quick opening hot valve, indicated that the
heating system should be replaced with an electric type. A
major modification program was implemented, and the first
step was to provide a high-pressure M = 14 capability utilizing
an electric screen heater.

Certain operational and physical constraints made the
development of an electric heater for the M = 14 facility par-
ticularly difficult. A major constraint was that lower Mach
number nozzles be operated using the pebble bed heater
without interruption during the implementation of the M= 14
capability. All nozzles are mounted on a revolver located be-
tween the quick opening valve and diffuser inlet. Since there
was no room for the electric heater in front of the revolver
with the pebble bed heater in place, the electric heater had to
be located on the revolver in line with the M= 14 nozzle for
most efficient operation. Consequently, the heater had to be
compact, yet capable of delivering up to 1 Mw of power to the
test gas at pressures as high as 2000 N/cm 2 (2900 psia) for 60
Sec per run.

The electric heater which was developed is considered
unique. The heating elements are groups of rectangular
screens oriented normal to the flow and positioned at several
longitudinal stations. The heater operates directly from three-
phase alternating current. To the authors’ knowledge, there is
no similar heater in existence. The purpose of this paper is to
present the details of the heater design, to describe the M = 14
configuration, and to discuss the performance of the facility
as measured by flow surveys in the test section inviscid core
and boundary layer.

M =14 Electric Heater and Associated Components

The new M = 14 facility is shown schematically in Fig. 2. It
consists of nitrogen supply, heater, and nozzle as subse-
quently described.
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Fig.2 New M =14 facility.

Nitrogen Supply and Control Components

Nitrogen is supplied from a 5.68 m?* (1500 gal) liquid
nitrogen reservoir. The nitrogen is gasified and fed at a con-
trolled pressure of 21 N/cm? (30 psia) to the second stage of a
six-stage, 2.38m3/min (84 scfm) air-cooled compressor. The
compressed nitrogen is stored at 6900 N/cm? (10,000 psia) in
20 bottles totaling 1.4 m3 (50 cubic ft). At typical M=14
operating conditions, pumping capacity is sufficient for a 65
sec run every hour.

Immediately downstream of the high-pressure storage bot-
tle farm is a regulator which reduces the pressure in the line to
3450 N/cm > (5000 psi). A pressure controller is used to set the
stagnation pressure at the control orifice (P.), and a ther-
mocouple records the stagnation temperature at the control
orifice (T.). The flow through the orifice is always sonic, en-
suring that the mass flow rate into the electric heater does not
change when heater power is suddenly applied. The control
orifice also makes it possible to regulate P, so that the desired
value of the heater stagnation pressure (P, ) and temperature
(T ,) shall be obtained after the heater is turned on. An ex-
pression relating P, to P,, T, and T, was derived assuming
a one-dimensional stready-state mass flux balance between
the flow entering the control orifice and the flow leaving the
nozzle throat. The governing equation, which is valid for any
gas which may be described by a Beattie-Bridgeman equation
of state with variable specific heats, is:

p. ., T dn (40 Bn )
(——-PD )2—(—-To )(—dc ) (—Bc )
where
_ ” Jr 5 K*
B= LI JE+ [ (y=1)/2]1 I T &y ]

+[1+eptepi+tesp’]

(Starred quantities indicate that these parameters are
evaluated at local sonic conditions.)

Electrical Supply and Control Components

Power to energize the heater is provided from a 44 kV/4.16
kV, 10 Mw substation. Power control is provided by a
General Electric 5-Mw Inductrol Controller. The Inductrol
output voltage is continuously variable from 0.66 to 1.33
times the input voltage. Thirty seconds are required to traver-
se the entire range from 2773 to 5546 volts. The Inductrol out-
put is fed through a drawout air-break contactor, which
serves as heater start-stop switch, to a 5433/70 volt, delta-
connected, 1000 KVA power transformer. Bus bars and
water-cooled cables provide the feed from the secondary of
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this transformer to the M = 14 electric heater. Voltage control
is provided from the tunnel operator’s console. In normal
operation, the starting voltage and running voltage are preset
prior to the run and actuated by microswitches after tunnel
flow is started.

Electric Nitrogen Heater§

The electric nitrogen heater is unique in several ways. Con-
straints on its size have resulted in a very compact unit; it is
34.3 cm (13.5 in.) in diameter, 87.6 ¢cm (34.5 in.) long and
weighs about 405 kg (890 1b). Its small size permits it to be
mounted on the HWT revolving nozzle rack and greatly sim-
plifies storage and handling. It is the only wind tunnel electric
heater, to the authors’ knowledge, which utilizes in-line
screens and three-phase alternating current power.§ The use
of ac power did not make the heater design less difficult, but it
greatly reduced the cost of power supply and control equip-
ment.

A photograph of the heater internals is shown as Fig. 3, and
an electrical schematic of the heater is shown in Fig. 4. The
three-phase power transformer provides approximately 70
volts and 8500 amps to each phase at nominal M =14
operating conditions. Heating of the nitrogen gas takes place
in a channel which is 7.6 cm (3 in.) square and 66 cm (26 in.)
long. The side walls are made of electrically insulating, low
expansion titanium silicate glass. As the nitrogen flows along
the channel, it passes through heated screens which are
fastened to the bus bars at the top and bottom. Screens are
located at 14 stations in the passageway. The first screen
station contains one fine-mesh nichrome screen, which
smooths out the flow nonuniformities entering the heating
channel, and three porous inconel screens. Each of the five
screens at the next three stations are porous mesh inconel.
These first four screen stations are connected in series to one
phase of the three phase delta power supply. The second phase
consists of five stations of porous tungsten screens with four
screens per station, and the third phase consists of five
stations with five tungsten screens at each station.

‘The specific combination of screens per station, screen
material, and stations per phase discussed above gives nearly
balanced loading of each phase in the ac power supply at the
nominal M= 14 operating conditions. Porous screens are
required to prevent large pressure losses along the channel;
when too many fine-mesh screens are used, the increase in
pressure in the channel forces the nitrogen gas to flow around
the edge of the heater screens, causing them to overheat and
break. Nonuniform heating at any screen station is another
cause of screen failure. In order to avoid this problem, ‘‘half-
screen’’ sections, with screen material only at the edges of the
channel, are used in the second and third stations of the first
phase to add extra heat near the side walls to compensate for
conduction heat losses. Nickel deflector plates are mounted
on the side walls between each screen station to mix the gas

Fig.3 M =14 electric heater.

§Detailed design and construction of the electric heater was done by
FluiDyne Engineering Corporation under contract to Sandia
Laboratories.

YA heater using an annular screen and dc power is described by
Clark and Ellison 3 .
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Fig. 4 Electrical schematic of M = 14 heater.

Table 1 Specifications of heater screens

Heater Screen Screen Screen Wire
station number material weave diameter Remarks
(wires/in.) (inches)

450x20 0.0045 Vert.
Dutch Twill 0.010 Horiz.
1 2-4  Inconel 600 40x40 0.010 Vert.
Square Mesh 0.010 Horiz.

Nichrome V

2-3 1 Inconel 600 40%x40 0.010 Vert. Screens
with
Square Mesh 0.010 Horiz.center
half
cut out

2-3 2-5 Inconel 600 40x40 0.010 Vert.
SqMesh 0.010 Horiz.

4 1-5 Inconel 600 40x40 0.010 Vert.
Square Mesh 0.010 Vert.

5-9 1-4  Tungsten 30x25 0.010 Vert.
Twill 0.010 Horiz.

10-14 1-5 Tungsten 30x25 0.010 Vert.
Twill 0.010 Horiz.

and to prevent hot spots from forming. Technical data on the
various screens is presented in Table 1.

When the power is applied to the heater during startup, the
temperature of the screens and the energy input to the test gas
vary with time and heater screen location. The resulting tran-
sient behavior of the gas in the heater has been approximated
numerically by dividing the heater into four chambers and
assuming no spacial variations in gas properties within each
chamber. At each time interval during startup, the tem-
perature, pressure, and total mass in the chambers are com-
puted by equating the electrical energy input to the increase in
gas temperature minus the net convection of energy out of
each chamber. Figure 4 shows the computed time-variation of
mass flow rate at three locations in the heater channel. In or-
der to avoid burning out the heater screens during startup, the
heater is turned on at 80% of the power required to attain the
desired operating conditions. Once the transients in mass flow
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Fig.5 Starting transient in the M = 14 heater.
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rate have passed, the Inductrol is used to increase the power to
its full value. This starting process requires 20 sec, but the
remaining 45 sec of run time is adequate for obtaining data.

The original heater design called for platinum heater
screens so that air could be used.as the test gas, but, after
repeated failures of the platinum screens, tungsten screens
and nitrogen gas were substituted. With this new screen
material, the heater performs satisfactorily as long as the
nitrogen gas is sufficiently pure. However, very small a-
mounts of oxygen in the test gas will destroy the
screens immediately. To preserve the tungsten screens during
several months of use, the M= 14 heater is operated only if
the nitrogen contains fewer than 6 ppm of oxygen. The
nominal oxygen content of the nitrogen test gas during testing
to date has been below 3 ppm.

Text experience has proven the heater to be long-lived, with
more than 300 runs being made in one case between screen
burnouts. Screen replacement is quite simple, requiring about
2 hours, since usually only one or two of the 14 screen stations
sustain damage during a burnout. No danger is involved; a
burnout merely results in a loss of stagnation temperature and
pressure. The complicated arrangement of number of screens
per station, screen material, and screen porosity was
developed over some two years of testing and redesign, and
has been proven to be necessary to reduce the screen failure to
the present low value.

Test experience has proven the heater to be long-lived, with
more than 30 runs being made in one case between screen bur-
nouts. Screen replacement is quite simple, requiring about 2
hours, since usually only one or two of the 14 screen stations
sustain damage during a burnout; no danger is involved, a
burnout merely results in a loss of stagnation temperature and
pressure. The complicated arrangement of number of screens
per station, screen material and screen porosity was developed
over some two years of testing and redesign, and has been
proven to be necessary to reduce the screen failure rate to the
present low value.

The heater has been operated at stagnation pressures to
2000 N/cm? (2900 psia) and stagnation temperatures in excess
of 1400 K (2500°R).

M =14 Nozzle

The M = 14 nozzle consists of a water-cooled throat section,
two uncooled expansion sections, and a 46 cm (18 in.) diam
test section whose contour is a continuation of the nozzle wall
shape. The throat section is zirconium copper; the two ex-
pansion sections and the test section are made of an aluminum
and magnesium alloy. Instrumentation ports are located in
the walls of these sections at ten stations along the axis, and
five additional ports are positioned around the nozzle near the
test section to examine the symmetry of the flow. The test sec-
tion has four window ports which can be filled with window
plugs contoured to the test section wall shape if visual
coverage of the test is not required. One of these contoured
plugs also has instrumentation ports at three axial stations.

Safety Considerations

Any facility such as the HWT possesses numerous potential
safety hazards. The combination of potential energy in the
high pressure stored gas and kinetic energy in the electric
heater made safety considerations of prime importance
throughout the design of the M =14 addition. Every effort
was taken to make the operation as foolproof as possible.
Each isolated portion of the compressed gas system is equip-
ped with a safety valve of the appropriate rating. The tunnel
operator must follow a precisely prescribed procedure during
the tunnel startup and operation. Sequential safety switches
prevent any step in the operation from being taken unless all

previous steps are complete. . .
In many ways, the electric heater itself has inherently safe

characteristics. The small mass of gas in the heater repre-
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sents little potential energy. No circuit breakers or fuses are
necessary in the power circuit; the heater itself acts as an ex-
cellent quick-blow fuse. The small amount of gas trapped be-
tween the control valve and the nozzle would permit quick
shut-down should the nozzle fail.

Performance of the M =14 Wind Tunnel

In the sections which follow, tunnel operational limitations,
inviscid core pitot pressure rake surveys, nozzle wall tem-
perature and pressure measurements, and nozzle boundary-
layer profiles will be presented to indicate the overall per-
formance of the electrically heated M = 14 facility.

Operating Range

The range of operating stagnation pressures and tem-
peratures is shown in Fig. 6. The maximum operational tem-
perature limit of 1400 K (2500°R) was established to avoid
damaging the nozzle throat and internal components of the
electric heater. The minimum pressure boundary was deter-
mined experimentally by requiring at least 50 sec of run time
before observing tunnel stall. The maximum allowable
pressure limit of 2000 N/cm? (2900 psia) is determined by
heat transfer and thermal stress considerations in the nozzle
throat.

The minimum stagnation temperature boundary of the M
=14 operating range is determined by the onset of con-
densation in the test section. Although a semi-empirical
method for predicting the onset of condensation has been
reported by Daum and Gyarmathy,* this technique is con-
servative and may not account for all of the parameters af-
fecting condensation which are unique to each facility (e.g.,
the amount of moisture in the test gas). Consequently, an ex-
perimental investigation of condensation in the M = 14 nozzle
was conducted using wall static pressures and a pitot probe on
the centerline of the test section. Stagnation pressures and
temperatures were gradually reduced from values above the
condensation line while pitot and static pressures were
monitored. The onset of condensation was taken to be the
temperature at which the ratio P,/P, or P,/P, departed
from a nearly constant value.** The results of these ex-
periments are consistent with data from other nitrogen tun-
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Fig. 6 Operating range of the M = 14 facility.

**These ratios vary slightly in the absence of condensation due to
changes in the nozzle wall boundary layer displacement thickness.

ELECTRIC HEATER FOR A MACH 14 WIND TUNNEL 311

10 T T T T T
EXPERIMENTAL CONDENSATION
DATA FROM NITROGEN WIND H“

5 | TUNNELS (REFERENCE 5) \\\\ 1°
10° \ H
‘\\\‘
M= 14 m\\- X
OPERATING i
1ot - N 10
/
A / o
MMHG SATURATION Nicme
CURVES FOR:
-3
w0l NITROGEN |10
-4
; 10
s
-5
10‘3 L ] [ | L 10
0 20 a0 60 80

TEST SECTION TEMPERATURE, K
Fig. 7 Onset of condensation in the M = 14 nozzle.

P, = 1875 NICM

14.8 T, - 1287 K
_ -
@ 14.4 + —_—==a
E £y
) -~
z
S T
R LEGEND

—— TUNNEL CENTERLINE
B.6 —~=5.72 CM RADIUS
—- 11.43 CM RADIUS
AIRFLOW
4.8 ——
P - 1437 N/CME

(>4
i T - 138K
S UAr — 0
o — -~
= -~
I
< 140 ——_\h?—}
= T e

13.6

{ i A 1 | ]
225 235 245 255 265 2715 285
NOZZLE STATION, CM
Fig. 8 Axial Mach number distribution in the M = 14 nozzle.

nels, as shown in Fig. 7. Since accurate measurements of con-
densation onset are difficult to make due to hysteresis effects
in the condensation phenomenon, testing in the M = 14 nozzle
is conducted at stagnation temperatures which are at least 60
K higher than the minimum temperature line given in Fig. 6.

Inviscid Core Surveys

The preliminary calibration presented in Fig. 8 was ob-
tained by mounting a nine-prong pitot rake at four stations
along a 45.7 cm (18 in.) test section length. The rake has
probes at transverse stations 5.72 and 11.43 c¢m (2.25 and 4.50
in.) horizontally and vertically from the tunnel centerline. The
calibration was conducted at two tunnel conditions: P, = 1437
N/cm? (2084 psia) at T, = 1328 K (2390°R) and P, =N/cm?
(2720 psia) at T, = 1287 K (2316°R). The Mach number data
in Fig. 8 (and all subsequent freestream Mach number data)
were calculated from pitot pressure measurements and
stagnation pressfnze assuming the Beattie-Bridgeman equation
of state with varjable specific heats. The centerline Mach
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number gradients were quite good at both test conditions,
being less than £0.6% from the mean. The flow at radial
stations 5.72 cm (2.25 in.) showed a decreasing Mach gradient
of -0.008 per cm at the inner radial stations and an increasing
Mach gradient of +0.0045 per cm at the outer stations.

A three-prong traversing pitot probe rake was installed in
the tunnel at a station 253.5 cm (99.7 in.) from the nozzle
throat to obtain a map of the inviscid core flow in the vertical
plane. Runs were made at the conditions shown in Fig. 9, and
data points were taken at intervals of about 0.25 cm (0.1 in.).
Although the survey extended well into the nozzle wall boun-
dary layer, only the inviscid core data are presented in this
figure. As can be seen, the vertical Mach number variation at
the probe station, which is near the center of rotation of the
HWT pitching sector—station 250.3 cm (98.5 in.)—is less
than +£0.17 over a 20 cm (8 in.) diam core at all test con-
ditions.

Since a thorough understanding of heat transfer rates on
hypersonic vehicles is essential in most developmental
programs, the M=14 nozzle must generate uniform
stagnation temperatures across the freestream inviscid core so
that accurate heat transfer data may be obtained in the
facility. Because the velocity in the heater is low, it was
suspected that buoyancy effects may cause considerable tem-
perature stratification in the flow upstream of the nozzle
throat. Measurements of total temperature in the vertical
plane of the heater exit and the test section not only confirmed
the presence of buoyancy effects at the heater exit, but also
showed that temperature stratification was not eliminated
during the expansion through the nozzle throat. Several
devices have been built to mix the gas before it passes through
the nozzle throat. Total temperature surveys across the test
section inviscid core showed that even a simple contraction
disk is effective in reducing total temperature gradients in the
test section.

Nozzle Wall Measurements and Boundary-Layer Surveys

Nozzle wall static pressure, nozzle wall temperature and
boundary layer pitot pressure, total temperature, and cone-
static pressure surveys were made at several stations along the
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nozzle. These data were obtained to check the validity of the
turbulent boundary-layer assumptions which were used to
correct the M =14 nozzle contour for viscous effects. Refer-
ence 5 contains a detailed description of these boundary-
layer measurements, but the most important results are sum-
marized in this section.

Nozzle wall static pressure results indicate that the nozzle
wall boundary layer is not separated at either the low or high
freestream Reynolds number operating conditions. These
pressure data, coupled with estimates of wall pressures in the
cooled portion of the nozzle, were used in conjunction with an
analysis by Back et al., ¢ to show that relaminarization of the
turbulent boundary layer is improbable at either test con-
dition. The insensitivity of boundary-layer pitot profiles to
Reynolds number (Fig. 10) is further evidence that these noz-
zle wall boundary layers are turbulent from the throat to the
test section.

The results of the turbulent boundary-layer surveys demon-
strate the inadequacies in common turbulent boundary-layer
prediction techniques used in the calculation of hypersonic
nozzle contours. Nearly every nozzle wall boundary-layer
analysis (examples are given in Refs. 7-10) contains ap-
proximations for the shape of the velocity profile, the skin
friction, and the dependence of velocity upon temperature.
Each approximation assumes that these relationships are
functions of the local wall properties and boundary-layer edge
conditions. However, the present measurements indicate that
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total temperature profiles (Fig. 10) and velocity profiles (Fig.
11) are more dependent upon upstream wall temperature
history than upon local wall temperature. The effects of up-
stream pressure history have been observed in other nozzle
wall boundary layers. Furthermore, cone-static pressure
measurements indicate that significant pressure gradients
exist across the nozzle wall boundary layer, contrary to the
assumptions implicit in the integral equations which govern
the prediction techniques. These results suggest that trans-
formation solutions to the compressible turbulent boundary-
layer problem are inherently unable to model the basic flow
phenomena correctly. Finite-difference numerical techniques
have the advantage of using equations of motion which con-
tain information on the upstream history of the flow, but even
these techniques must be modified to include the effects of
static pressure variations across the boundary layer.

Conclusions

A compact 1 Mw electric heater was developed to provide
the Hypersonic Wind Tunnel with a high-pressure Mach 14
testing capability. It is capable of heating the test gas to tem-
peratures as high as 1400 K (2500°R) at 2000 N/cm2 (2900
psia). After extensive development and testing, the heater has
proven to be both reliable and efficient. Typically, two hun-
dred 60-sec runs can be made before heating elements must be

. replaced. Pressure and temperature calibrations in the M= 14
nozzle which uses this heater show that the flow quality is
adequate for conducting experimental research and develop-
ment programs in aerodynamics and fluid mechanics.
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