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SUMMARY

Supersonic air jets and tunnels, sulitable for performing materials research,
aerodynamic testing, and heat-transfer studies, have been designed and built and
coupled with a ceramic heat exchanger which operates up to 4,500° R. Details for
the ceramic heat exchangers, water-cooled supersonic nozzles, premixed-gas com-
bustion equipment, and control systems for these facilities have been worked out
and have been applied to existing facilities.

The present paper presents a general discussion of the important design prob-
lems applicable to ceramic-heated air tunnels and includes flow conditions, heat
transfer, and construction details. The Langley ll-inch ceramic-heated tunnel,
which can be used either as a Mach 4 free jet with a 4-inch-diameter nozzle or as
a Mach 6 closed tunnel which provides a 10.5-inch-diameter flow, is discussed as
a typical facility which utilizes a ceramic pebble-bed heat exchanger.

INTRODUCTION

Aerodynamic heating from flight conditions at hypersonic speeds has presented
new problems in aerodynamics, structures, and materials. In order to obtain eco-
nomical solutions to some of the problems, higher stagnation temperature ground
test facilities are needed to study aerodynamic heating at hypersonic speeds, to
study imperfect gas effects at high temperatures, and to study the reaction of
ablative and heat-sink materials in high-temperature, high-velocity air. The NASA
has therefore made a study of high-temperature testing facilities such as electric
arc heaters, electric induction heaters, shock tubes, combustion tunnels, rocket
jets, and high-temperature ceramic heat exchangers. Inasmuch as oxidation is a
ma jor problem in materials research, facilities producing high-temperature air in
contrast to rocket-jet facilities were of particular interest. One significant
phase of this work has been the development of ceramic heat exchangers capable of
producing temperatures of approximately 4,500° R. This type of heat exchanger has
been utilized at moderate temperatures in blast-furnace regenerators, packed beds,
and pebble-bed heat exchangers for heating gases; some of these facilities are
described in references 1 through 4. A considerable amount of information is
available on their operation.




Early work on adapting such a ceramic heat exchanger to aerodynamic testing
was done at the University of Minnesota (ref. 5). Additional work was done at
Brooklyn Polytechnic Institute with a facility having a pebble-bed heat exchanger
?onstructed of alumina and capable of producing bed temperatures of 3,500° R

ref. 6).

At the time design was started on
the facility discussed herein, many
problems existed in extending the
temperature capabilities of ceramic-
heated air facilities. Some of these
problems were associated with the con-
tainment of a 4,500° R pebble bed in
a pressure vessel: the ability of the
ceramics to withstand thermal shock,
pressurization, and depressurization;
the problem of economically heating
the ceramics without contamination or
damage; and the incorporation of the
various components into a successfully
operating facility.
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These problems led to the con-
e struction at the Langley Research
Figure 1.- Langley 1ll-inch ceramic-heatjc;?;r}nzl. Cenler ob ercmall cersmlc iest:
exchanger which utilizes zirconia
ceramics. This heat exchanger pro-
vided air for a Mach 2 aerodynamic testing facility at mass-flow rates up to
0.3 lb/sec as described in references T and 8. The successful operation of this
facility led to the construction of a larger facility (fig. 1) which is capable of
delivering airflow up to 15 lb/sec up to 1,200 lb/sq in. stagnation pressure, with
heat-exchanger temperatures up to 4,500o R, providing flow for either a Mach 4
free jet (described briefly in ref. 9) or a Mach 6 enclosed jet system.

The facility, its operation, and its performance characteristics are
described herein. Also included is a brief discussion of some of the approaches
investigated in the design of the heat exchanger, the water-cooled nozzles, and
the pebble-bed heating system.

SYMBOLS

A area
D diameter
& friction factor



Fe friction-factor factor

g gravitational constant

h heat-transfer coefficient

k thermal conductivity

K constant

1 length or depth of bed

M Mach number

R Reynolds number

Npr Prandtl number

P wetted perimeter

P pressure

q heat-transfer rate

Q heat-transfer resistance coefficient = 1/h
t thickness

1 temperature, degrees Fahrenheit or degrees Rankine, as indicated
\' velocity

E modulus of elasticity

7] Poisson's ratio

v coefficient of viscosity

1 coefficient of thermal expansion
(o] stress

o) density

Subscripts:

aw adiabatic wall

b bulk water conditions

effective



g gas

;7 liquid

S sphere

t thermal

W wall

[ free stream

DESCRIPTION AND OPERATION OF APPARATUS

General Description

A diagram for a ceramic-heated air jet facility is presented in figure 2.
Such a unit consists of a pressure vessel lined with a refractory and containing,
in the center, a bed of randomly packed pebbles or spheres. For the heating
cycle, a burner is provided which heats the pebble bed by forcing the products of
combustion downward through the pebble bed until the desired temperature distri-
bution is attained. For the testing cycle, the burner is closed off, and air is
passed upward through the pebble bed and exhausted through a water-cooled nozzle
at the top of the pressure vessel. A quartz window in the side of the pressure
vessel permitted temperature readings to be taken at the top of the pebble bed.

As a specific example figure 1 shows the Langley ceramic heat exchanger with
a test house on top for mounting the Mach 4 free-jet nozzle or the Mach 6 nozzle
diffuser system. Used with the Mach 6 nozzle, this facility is known as the
1ll-inch ceramic-heated tunnel. The heat exchanger shown in the general diagram
in figure 2 consists of a 54-inch-diameter steel tank 30 feet high lined with
12 inches of refractory and containing a 28-inch-diameter bed of 3/8-inch-diameter
spheres, randomly packed 20 feet deep.

Figure 3 presents a diagram of the Mach 6 nozzle and the diffuser system
which is used interchangeably with the Mach U4 free-jet nozzle.

Heat-Exchanger Design

Choice of materials.- In choosing ceramics for use in the heat exchanger,
consideration must be given to the fact that air is used as the test medium, and
that it is desirable to choose a ceramic which will produce the least reaction
with air at the highest possible stagnation pressures and temperatures. A study
was made of the properties of commercially available, high-temperature ceramics
which might be used in the construction of the heat exchanger. Inasmuch as it was
desired to build a heat exchanger which would permit operation at temperatures up
to 4,560° R for heating air, the following properties were considered: mechanical
strength as a function of temperature; reaction with air and other materials;
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density, thermal conductivity; heat capac-

— ' & o ity; abrasion resistance; and thermal shock

H—_W resistance upon heating and cooling; avail-
ability; and health hazards. Only the
oxides were considered since other refrac-
tories such as carbides, nitrides, sili-
cides, borides, sulphides, and the refrac-
tory metals oxidize at high temperatures in
air. A detailed discussion of the various
oxides is available in references 10 and 11.

131.2 in.

Zirconia (Zr0Oo) with a melting point
e S aee of 5,330° R was used in the heat exchanger
rather than thoria (ThOp) or beryllia (BeO)
(because of their potential health hazards
Test and high cost), or magnesia (Mg0) (because
Model insertion [l section || of its lower density and higher vapor pres-
/}7 /_ sure), or alumina (A1203) (because of its
=) — lower melting point). Zirconia appeared to
(:) E be the most promising commercially avail-
able refractory for use in a heat exchanger
Observation which produced temperatures up to %,500° R.
windows However, zirconia does have several disad-
vantages: 1its surface is less resistant to
abrasion than alumina; it may revert to

Water passage

Nozzle—" zirconium carbide at high temperatures in
a carbonaceous reducing atmosphere, and in
Figure 3.- Mach 6 nozzle and test section. . the pure state, it passes through a crys-
talline inversion between 2,000° and
2,900° R.

The commercial zirconia originally used in the heat exchanger was the par-
tially stabilized product chosen for its high resistance to thermal shock. Suc-
cessful operation of the heat exchanger was obtained with the partially stabilized
product; however, decomposition occurred in certain regions of the heater lining
with time. It was found that the partially stabilized zirconia in sections of
the unit which were heated above 2,000° R, but not above 2,900° R, lost strength
completely after repeated cycling. However, the same product retained its
strength when heated above 2,900° R. A series of controlled experiments in a
laboratory kiln were made to define the nature of the problem. They showed that
the problem was associated with crystalline inversion.

Figure 4 presents a diagram of the linear expansion of zirconia as a function
of temperature during heating and cooling, as presented in reference 12. Pure
zirconia has a monoclinic crystalline structure at lower temperatures and under-
goes a sudden change to tetragonal form with an accompanying decrease in volume,
beginning at 2,300° R; upon cooling it reverts to the monoclinic form with a sub-
sequent increase in volume. The bond between the crystals breaks down and thereby
reduces the strength of the ceramic body to nearly zero when nonstabilized zir-
conia is cycled through this inversion region.
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Figure 4.- Linear expansion as a function of temperature for zirconia. From reference 12.

The partially stabilized zirconia, produced by adding 5 percent to 6 percent
calcium oxide (Ca0) to give a predominantly cubic structure, undergoes only a
small volumetric change in cycling through the inversion region. However, tests
show that the material breaks down after being repeatedly cycled (approximately
50 times) from 1,900° R to 2,500° R. Tests were also run on fully stabilized
zirconia; it did not break down under the same conditions. Fully stabilized zir-
conia, made by adding 10 percent to 12 percent calcium oxide, having a fully cubic
crystalline structure retains its crystal form on heating and cooling and was
found to retain its strength. It is also known that this product is less resis-
tant to thermal shock than the partially stabilized product. Fully stabilized
(cubic) zirconia is now used in portions of the heat-exchanger wall which are not
heated above 2,900° R where it appears to cycle satisfactorily even though it is
less resistant to thermal shock.

The load-bearing capability of zirconia decreases rapidly with temperature;
at 3,960o R, its compressive strength is about 45 Ib/sq in. (ref. 12). 1In the
absence of available data, measurements were made at Langley Research Center of
the strength of zirconia at 4,460° R. At this temperature, zirconia has a
strength of 7 1b/sq in.

In order to prevent loading the ceramics beyond their capabilities at any
place in the pebble bed, the pebble bed was designed for a decreasing temperature
through the bed, with 4,560° R as the maximum temperature at the top of the bed
and 1,460° R as the maximum temperature at the bottom of the bed.



Although commercial zirconia is fairly resistant to thermal shock, care must
be exercised to prevent rapid heating and cooling of the ceramics. Large ceramic
shapes, sharp overhanging corners, and areas of shear were avoided in the design.
The heat exchanger was designed to prevent passage of air through the brickwork
(thus bypassing the pebble bed) by staggering the joints, avoiding open spaces,
and by inserting cement barriers between the layers of brick.

Other ceramics can be used in the lower temperature sections of the heat
exchanger; however, care should be exercised in their choice since solid-state
reactions can take place between unlike ceramics which completely alter their
properties at high temperatures. Alumina ceramics were used in zones of the heat
exchanger and the outer brick lining where the temperature does not exceed
2,460° R. Reference 10 presents a phase diagram for the alumina-zirconia reac-
tion. Alumina is highly resistant to abrasion; therefore, very little of it will
sift or be blown into other sections of the heat exchanger.

Heat transfer through ceramics.- The main heat-transfer considerations in the
design of the heat exchanger were the heat transfer through the ceramic lining
from the combustion gases to the pebbles, and from the pebbles to the air during
the heating and blowdown cycles.

In order to determine the lining thickness required to keep the steel
pressure-vessel shell below 1,060° R under peak temperature conditions, steady-
state conditions were assumed, and shell temperature was computed by the method
of total resistance. Steady-state heat conduction through walls of unlike solids
may be calculated by dividing the total temperature drop by the total resistance,
which is the sum of the individual resistances. The heat transfer then is

AT

I S S R S 5

hl h2 h3 h)+ h5

q_:

where subscripts 1, 2, and 3 are the successive layers of ceramics, 4 is the
pressure-vessel shell, h5 is the convective heat-transfer coefficient of the

outside wall to the air, and AT is the temperature difference between the inside
wall and the outside cooling air.

Design of the ceramic walls was based on conditions at the top of the bed
where maximum heat transfer occurs. The same thickness of insulation was used in
the remainder of the pressure vessel to prevent excessive heat loss. Basing the
design of the heat exchanger on steady-state conditions for maximum operating
temperature gave conservative, satisfactory engineering results. In actual prac-
tice the maximum bed temperature of 4,560° R is seldom maintained for more than
2 hours. Measurements show that under this condition, the shell temperature does
not exceed 970° R.

Heat transfer through the packed bed of spherical particles for conditions
of stagnant interstitial gas, that is, no flow through the heat exchanger, was
calculated by conventional methods (ref. 13), to determine the order of heat
fluxes during idling conditions.
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The capabilities of the pebble bed as a heat exchanger with flowing gases
were investigated by a computational procedure which considered the heat conduc-
tion through the insulating side walls and utilized theoretical and experimental
heat-transfer information on pebble-bed heaters from references 13 and 14.

Pressure drop through pebble bed.- Pressure drop across the packed bed is an
important factor in the design of a pebble-bed heat exchanger. When the pressure
drop multiplied by the cross-sectional area becomes equal to the weight of the
bed, a partial fluidization begins to take place.

Several methods which have been used to calculate differential pressure drop
through packed beds are presented in references 1, 14, and 15. The methods in

reference 15 give satisfactory engineering answers over a wide range of conditions

when used with previously determined experimental friction factors. Since a tem-
perature differential is maintained through the bed, differential pressure over

increments of the bed is calculated by

i £(Fe)1V4p
2gDg

where
Dy diameter of spheres
) effective velocity based on empty cross-sectional area
o) density of gas
1 length of pebble bed
~Ap pressure drop due to friction

In the absence of available data on zirconia spheres, values of friction-
factor factor Fp and friction factor f for alumina spheres of comparable size,

tabulated in reference 1, were used in the computations to determine pressure drop

through any section of the bed.

Figure 5 presents measured pressure drop compared with theory across the
pebble bed of the 1ll-inch ceramic-heated tunnel during a typical run. Stagnation
pressure is also plotted. The pressure drop during the pressurization period
must be closely controlled, since it may be several times the value of steady-
state operation. In actual operation, the allowable pressure drop is limited to
TS5 percent of that required to lift the bed.

Method of heating the bed.- Because of the size of the bed and the tempera-
tures involved, a combustion heater was the most practical for heating the bed.
The combustion system must heat the bed under controlled temperatures and heating
rates in order to obtain the desired temperature distribution, must not contami-
nate the ceramics, must be controllable over the entire operating range, and must
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Figure 5.- Differential pressure and stagnation pressure as a function of time for a typi-
cal test run for the 1l-inch ceramic-heated tunnel.

produce complete combustion in a very small space. After a study of the require-
ments and experimental work with burner types which use both gas and oil (see
ref. 1), a gas-fired premixed burner was chosen for use in this system. Propane
was chosen as the fuel because it was readily available and easy to meter and
control. Oxygen enrichment of the combustion air was necessary to heat the
ceramics to 4,560° R inasmuch as the propane-air combustion temperature is sev-
eral hundred degrees less than 4,560° R.

Figure 6 presents a diagram of the fuel-air mixing device, or burner, used
with the ceramic-heated facility. Propane, air, and oxygen are mixed together in
the center tube of the burner and are injected into the settling chamber (fig. 2)
above the pebble bed where combustion takes place. Velocity of the gas mixture
in the inner tube of the burner is sufficient to prevent flashback at all firing
rates and fuel-air-oxygen mixtures used in the operation. Flame velocity, com-
bustion temperatures, and gaseous diffusion rates of propane-air-oxygen mixtures
can be calculated by methods presented in reference 16.

Circulation of water through the outer jacket of the burner prevents over-
heating of the metal parts where they extend through the heated ceramic wall
(fig. 2). Premixing of propane-air and oxygen in the inner tube of the burner
produces a clean, carbon-free, continuous, low-luminosity flame at all operating
conditions.
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Figure 6.- Diagram of burner for heating pebble bed.

Figure 7 is a photograph of the burner for the ceramic-heated tunnel
described herein. The burner is designed to operate at heating rates of AO0,000
to 2,000,000 Btu/hr. For bed temperatures up to 3,600° R only propane and air
are used; for higher temperatures, com-
mercial oxygen is used to obtain higher
flame temperatures. At 4,500° R 60 per-
cent of the required oxygen is supplied
by commercial oxygen, and 40 percent is
supplied by air. Higher oxygen-air
ratios are not used since 4,500° R is
considered the maximum safe operating
temperature for this facility. In order
to maintain an oxidizing atmosphere
which is necessary for complete combus-
tion of the fuel, oxygen, 10 percent in
excess of that required for a stoichio-
metric mixture, is used.

When the ceramics are cold, igni-
tion is accomplished with a gas-fired
igniter. Above 1,900° R, bed-temperature
ignition is spontaneous when the fuel-air
flow is begun.

Figure 8 presents a diagram of the L-60-1218
burner control system. Fuel-air and Figure 7.- Photograph of burner for heating
oxygen rates are regulated by means of pebble bed.

manually operated valves while the rates

1E1



3—3' To propane supply

T |

— )

control valve /

Flow meter

B

/
LPressure guage

7

i \ﬁ—To oxygen supply

Burner

Check vclve_/

SEE S

\
Pressure regulator —\

| i —To air supply

o

T

Shut-off valveA/j
1L

Be

NSRNSIENG
-0

T T

Figure 8.- Diagram of burner control system for ceramic heat exchanger.

of each are measured by manometers connected to low-pressure-drop, sharp-edged-
orifice meters. Fuel and oxidizer rates are accurately controlled during the
heating cycle.

The premixed gas-fired combustion system has proved highly satisfactory for
heating the heat exchanger throughout its range of operation.

Nozzle Design

Mach 4 nozzle.- Figure 9 presents a diagram of the Mach 4 water-cooled nozzle
with a tabulation of the ordinates downstream of the throat, and figure 10 pre-
sents a photograph of the nozzle. The nozzle has an exit diameter of 4 inches and
exhausts to the atmosphere. Ordinates for the nozzle, designed for a minimum
length, were determined by methods presented in reference 1T7.
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Figure 9.- Diasgram of water-cooled Mach 4 nozzle. Dimensions are in inches.

The inner wall and throat section of the nozzle are constructed of T-1 high-
strength alloy steel. The wall thickness at the throat is 0.062 inch. A solid
copper filler block (fig. 9) directs the
cooling water along the inner wall of
the nozzle and also acts as a heat sink
in case of failure of the nozzle wall
which would prevent rapid opening of the
nozzle throat.

Figure 11 presents a diagram of the
water-cooling system for the nozzles.
During the blowdown cycle, water from
the supply tank is forced through the
water-cooling system at 300 lb/sq in.
by applying air pressure to the top of
the supply tank. Approximately
80 gal/min are forced through the cooling
passage of the nozzle. At all other
times, water is pumped through the nozzle
at 60 1b/sq in. and through the closed
circulating system. The water is treated
¥igure 10.~ Photograph of Mach % water- with a mixture of sodium bichromate and

cooled nozzle. sodium polyphosphate to retard rust and

L-60-1222
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Figure 11.- Diagram of nozzle water-cooling system for 1ll-inch ceramic-heated tunnel.

scale formation. During the firing cycle, the closed water system is maintained
at 120° F by the heat exchanger to prevent condensation of combustion products
on the inside of the nozzle.

This type of nozzle has been successfully used for several hundred tests and
has proved adequate up to stagnation conditions of approximately 4,050° R and
1,200 lb/ sq in. Long-term rust and corrosion are still a problem; however, con-
struction of the nozzles from stainless steel does not appear to be practical
because of its lower thermal conductivity.
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Mach 6 nozzle.- Figure 12 presents a diagram, and figure 13, a photograph of
the Mach 6 nozzle. Construction of this nozzle is identical to the Mach 4 nozzle

38.25 in.

|
1.22 in,

-------

........

Water flow

Water inlet

Figure 12.- Diagram of Mach 6 nozzle. Dimensions are in inches.

upstream of the throat. The Mach 6 nozzle mounts on the facility in place of the
Mach 4 nozzle and uses the same water-cooling system at the same flow rates.
Downstream of the throat, the airflow expands
conically at a total angle of 150 and exits
from the nozzle into the test section at the
10.6-inch-diameter location. The flow con-
tinues into the diffuser, where pressure is
recovered, and then exhausts to the atmos-
phere. Performance and operational param-
eters for the Mach 6 nozzle and diffuser
system are presented in the section entitled
"Performance of Facilities." Heat-transfer
considerations upstream of the throat of the
Mach 6 nozzle are identical to the Mach 4
nozzle.

Nozzle heat transfer.- The requirements
for the design of the nozzle are that it
produce a uniform supersonic flow with a
minimum heat loss, withstand the pressure
and thermal stresses imposed on it, and be
resistant to oxidation and erosion in order
to maintain its contour. Two methods
appeared practical for cooling the nozzle,
that is, film cooling and conduction cooling
with a liquid-cooled wall. The second

L-61-5760
Figure 13.- Photograph of Mach 6
nozzle.
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method was considered the more desirable approach inasmuch as additional mass
would not be added to the flow.

The principal stresses in the nozzle are due to the thermal gradients through
the wall and the hoop stress due to pressure forces. The thermal stresses in the
throat can be approximated by the equation for a thin-wall cylinder (ref. 18).

op = ne AT
2(1 - )
where
AT temperature difference between inside and outside surface of wall
n coefficient of thermal expansion
€ modulus of elasticity
v Poisson's ratio

Thermal stress is proportional to the temperature gradient AT through the wall
and, therefore, to the heat flux through the wall. Neglecting longitudinal con-
duction along the nozzle wal, the heat flux is the same from the gas to the wall,
through the wall, and from the wall to the water as expressed by the equation

9.5 hg(Taw = Tw,hot) = %CTw,hot - Tw,cold) = hL(Tw,cold — Twater)

Analytical design of a nozzle therefore requires determination of h.g in

order to determine the temperature through the wall on which the thermal stress
depends.

Previous experience with liquid-cooled conductive wall nozzles was confined
almost entirely to rocket nozzles. A study was therefore made of the temperature
gradients, film coefficients, and thermal and pressure stresses involved in
designing a nozzle for 4,000o R air at high pressure. Concurrently a water-cooled
nozzle was built and used successfully on the facility described in reference 1.

During design work on the present facility, theoretical predictions gave a
wide variation of results for nozzle-throat heat transfer. Because of the
uncertainty as to what the actual throat heat transfer would be, a nozzle similar
in design to that used in reference 1 was built and tested with the present facil-
ity at successively higher temperatures and pressures, with careful examination
for indications of excessive thermal stress after each run. No indication of
thermal-stress failure was evident when the nozzle was operated at a stagnation
pressure of 815 1b/sq in. absolute and a stagnation temperature of %4,000° R.

Because more information was desired concerning nozzle heat transfer, it was
decided to measure heat transfer in an experimental nozzle over the proposed range

16



of operating conditions.

In order to measure heat transfer, inlet and exit water

temperatures were measured with thermocouples, and a thermocouple was spotwelded
on the back wall of the throat of the nozzle and another, 2 inches downstream of
the throat.
of 815 to 1,200 lb/sq in. and stagnation temperatures of 2,510° R to 4,110° R,
the results of which are presented in table I.

TABLE I.- MACH 4 NOZZLE HEAT-TRANSFER TEST INFORMATION

Five tests were made with nominal conditions of stagnation pressures

runpresme,[SETRCL Coo gt (coottg ter | o T, | AR e s etz
i 815 2,520 524 9.9 83.6 620 584
2 1,200 2,510 526 11.6 83.6 634 608
5 1,200 3,210 535 155 83.6 670 637
4 [ 1,200 4,010 537 22.6 83.6 739 680
5 815 3,260 530 4.7 83.6 639 614

The rate of heat transfer through the wall was determined from the experi-
mental data by use of the equation

g = hL(Tw,cold 5 Twater)

The water heat-transfer coefficient h; was determined by the methods of refer-
ence 13 for turbulent flow in concentric annular passages by the equation

4aA

where D, = 7’ effective diameter of cooling passage

hy

. O.OQBRO.BNPr’bl 5/%)0.14k
= o b

De

cross-sectional area, £42

wetted perimeter

thermal conductivity of liquid

dimensionless Reynolds number

\Vw
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Npr coolant Prandtl number

k thermal conductivity of the liquid
Subscripts:

b bulk water conditions

1 liquid

g gas

W wall conditions

The nozzle throat heat-transfer coefficient was then determined from

a

h
g
- Tw,hot

aw

q

q
Taw - Tw,cold + k/t

where subscript aw 1s adiabatic wall. A turbulent recovery factor of
NPrl/3 = 0.88 was used in computing Tgye Conductivity of the T-1 steel of

240 Btu-in./sq ft-hr-OF for the nozzle wall of 0.062-inch thickness was used in
the calculations. The accuracy in determining the heat transfer is dependent on
the accuracy of the assumptions used in calculating water heat-transfer coeffi-
cient and the assumption of Tg.

Figure 1L4 presents the values of gas boundary-layer heat transfer derived
from the above tests compared with theoretical flat-plate values for laminar and
turbulent flow at nozzle-throat conditions calculated by methods of Van Driest
(refs. 19 and 20). As shown by this comparison, the heat transfer measured at
the throat of the nozzle was less than that calculated for turbulent flow but was
considerably above the values for laminar flow.

The nozzle for the facility described herein has been used several hundred
times at pressures up to a maximum of 1,200 lb/sq in. absolute and up to %,000° R
without signs of thermal-stress failure. Operation has been limited to these
conditions inasmuch as calculations from the preceding data indicate that hot
metal wall temperatures approach a limiting condition of 1,T700° R which was chosen
on the basis of thermal stress and oxidation considerations.
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Figure 14.- Gas boundary-layer heat-transfer coefficient at throat as a function of stagna-

tion temperature.

Table II presents a tabulation of the average temperature drop of heated air
in passing through the Mach 4 nozzle, calculated from information listed in

table I.

the airstream is absorbed by the water-cooled nozzle.

in the flow resulting from this removal of heat is primarily in the boundary

layer.

TABLE II.- TEMPERATURE DROP OF ATR PASSING THROUGH MACH 4 NOZZLE

Run Heat abso;:zjs:Z nozzle, Air{%7:ezate, tg;;?ugigpsz;ggi:fogR
15.5 10.56 ko.7
135.0 14.83 34.5
182.9 13.52 49.3
263.0 11.55 8.5
LT 8.72 .5

It is indicated that not more than 4 percent of the total enthalpy of
The decrement of enthalpy
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Operation of Apparatus

Heating and test cycle.- The operation of the ceramic-heated jet or tunnel
system consists of two cycles: first, the heating cycle and second, the blowdown
cycle.

During the heating cycle, products of combustion from the propane-air-oxygen
burner (fig. 2) are forced by pressure of about 1 lb/sq in. from the settling
chamber downward through the pebble bed until the desired temperature distribution
is reached. Some of the products of combustion are also allowed to escape through
the nozzle in order to heat the ceramics leading to it.

Temperature distribution through the pebble bed is controlled by combustion
rate and heating rate. For a typical heating cycle, temperature at the top of
the bed may be 4,5000 R with decreasing temperatures through the bed to a maximum
temperature of 1,500° R at the bottom. Maintaining a temperature gradient through
the bed serves the purpose of imposing the least load on the ceramics exposed to
the highest temperatures, allows the bottom retaining structure to be constructed
of conventional metals, and reduces the thermal shock on the bottom ceramics
during the blowdown cycle. Temperature at the top of the bed is measured by means
of an optical or recording pyrometer sighting through the quartz window (fig. 2).
Temperature at the bottom of the bed is measured by thermocouples.

The heat exchanger is kept hot at all times when not in use, with a heating
rate of 500,000 Btu/hr which maintains the top of the bed at about 3,000° R except
when it is necessary to cool it down for repairs. Heating the bed from a cold
start requires approximately 24 hours, while reheating after a blowdown cycle
requires from 1 to 3 hours.

After the pebble bed and surrounding brickwork are heated to the desired tem-
perature distribution for a test run, the burner is closed off and the heat
exchanger is ready for the blowdown cycle.

For the blowdown cycle, air is passed upward through the pebble bed and
exhausted through the nozzle. The airflow rate into the bed is controlled during
the pressurization cycle at a rate which does not allow the pressure differential
through the bed to exceed 75 percent of the differential required to lift the bed.
Pressure is increased until the desired stagnation pressure is reached after which
the airflow rate is controlled to maintain a constant stagnation pressure. Pres-
surization to 800 lb/sq in. requires approximately 45 seconds. Running time is
generally limited to 60 seconds but can be extended to 120 seconds with a greater
total temperature drop. After the test, approximately 90 seconds are required
for the pressure vessel to bleed down through the water-cooled nozzle.

Model insertions devices and model sizes.- Whenever the facility is used as
a Mach & free jet, either the single model support system (fig. 15) or the
indexing model support system (fig. 16) is used to insert the model into the jet
at the control of the operator, when the desired stagnation pressure is reached.
The indexing model support system is used to test up to four consecutive models
during a single blowdown cycle, and has proved valuable in testing a large number
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of materials specimens. Model movement in and out of the jet can be controlled

manually or by a preset programmer system.
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Figure 15.- Photograph of Mach 4 test section. 1,-61-7905

L-61-8383

Figure 16.- Photograph of indexing model-support system for Mach 4
ceramic-heated jet facility.
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The model support system for the 1l-inch Mach 6 tunnel system can be seen
in figures 3 and 17. The model support system is attached to a carriage mounted
on a track. The carriage is powered by a pneumatic cylinder to insert or remove
the model from the jet. The box containing the carriage is enclosed and sealed
during a test, since the test section operates at a free-stream pressure of less
than 0.5 lb/sq in. after the tunnel is started. The model is protected from the
heat of the Jjet, before and after the test, by a door between the test section
and the box containing the model support system.

Instrumentation.~ Tunnel stagna-
tion pressure and pressure drop across
the pebble bed are observed on visual
gages and are recorded on chart
recorders. The temperature of the top
of the pebble bed is measured with an
optical pyrometer before and after
each test and is measured with a
recording pyrometer during tests to
determine the rate of change of tem-
perature with time. These measure-
ments indicate that the temperature
of the top of the pebble bed drops
about 5° F/sec during a blowdown
cycle. Measurements with thermo-
couple probes at the exit of the
water-cooled nozzle during a test
indicate that for tests at about
2,500° R, the air stagnation temper-
ature is about equal to the average
of the '"before-blowdown" and "after-
blowdown" temperatures at the top of
the bed and for temperatures near
4,000° R is from 100° to 200° F below
average temperature at the top of
the bed.

L-61-5400
Tunnel-pressure data and model Figure 17.- Photograph of Mach 6 nozzle
temperature and pressure data obtained and test section for the ll-inch

from thermocouples and pressure trans- CETROLCEUSRLEC SAAD

ducers are recorded on two 18-channel recording oscillographs. The models may be
observed during a test by a remote television viewing system or, in the case of
the Mach 4 nozzle, by a periscope. Motion-picture cameras are also used for
obtaining visual data during a test. A shadowgraph system is used with both the
Mach 4 and the Mach 6 test sections to obtain pictures of the tunnel flow.

Performance of Facilities
The two nozzle systems provided with the heat exchanger give a wide range of

enviromental capabilities. The facilities have been used in many types of high-
temperature research, materials testing, heat-transfer studies, and aerodynamic
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testing. The usefulness of this facility
for refined aerodynamic testing is at
present limited by erosion of model sur-
faces which results from contamination of
the airstream by zirconia dust particles.

Mach 4 nozzle.- This nozzle provides
a free jet 4 inches in diameter at the
exit suitable for testing aerodynamic and
materials models at stagnation tempera-
tures from 2,000° to 4,000° R, with stag-
nation pressures from 40O lb/sq in. to as
high as 1,200 1b/sq in.; however, the
minimum pressure used is 800 1b/sq in.
because of nozzle shock intersection. A
shadowgraph of the flow from this nozzle
operating at a stagnation pressure of
815 1b/sq in. absolute is presented in
figure 18. The boundary shock from this
nozzle, which is operated in an over-
expanded condition because of pressure
limitation, produced a high local heating L-62-T031
rate where the shock waves intersect any Fisgre 138‘-:11 Sﬁadg"ﬁ:@h :f.aag"
surface; therefore, for tests requiring o SR e A
uniform flow conditions, model diameters 815 1b/sq in. absolute and
are generally limited to 2 inches to stagnation temperature of
keep within the shock boundaries.
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Figure 19 presents a variation of calculated Mach number and velocity with

stagnation temperature for the Mach 4 nozzle operating at 815 1b/sq in. absolute.

Also shown as a function of stagna- 7000 ,
tion temperature on the center line Jo 0
are measured values of Mach number 1 e
derived from pitot pressure and i -
total-temperature measurements made ~
1/2 inch beyond the nozzle exit. -
Calculated velocity varies from
4,400 ft/sec at 2,000° R to
6,610 ft/sec at 4,100° R, while
calculated values of Mach number
vary from 3.96 at 2,000° R to 3.T4 L
at 4,100° R. Measured values of

Velocity, ft/sec

——lculated |}

M

Mach number were from 1}2- to 5]2—' per-

cent higher than calculated values.
Calculations were made by methods 1000
presented in reference 21 and were el 20
checked by methods presented in o ik

L0

3.8

3.6

3.k

3.0

2.8

2.6

k000 5000

Mach number

reference 22. Figure 19.- Variation of Mach number and velocity
with stagnation temperature for Mach 4 nozzle.
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Figure 20 presents variation of calculated values of free-stream static
‘ pressure and temperature with stagnation temperature for the Mach 4 nozzle. Free-
‘ stream pressure varies from 6.8 1b/sq in. absolute at 2,000° R to 6.95 1b/sq in.
} absolute at lt,lOOo R while free-stream temperature varies from 525° R at 2,OOOO R

to 1,360° R at %,100° R.
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Figure 20.- Variation of free-stream pressure and tem-
perature with stagnation temperature for Mach k4
nozzle.

Figure 21 presents the variation of calculated Reynolds number per foot with
stagnation temperature. Reynolds number per foot varies from 7.76 X 106 at
2,500° R to 3.9% x 100 at 4,000° R.
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Figure 21.- Variation of free-stream Reynolds

number with stagnation temperature for
Mach 4 nozzle. p, = 815 1b/sq in. absolute.
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Figure 22 presents the variation of heating parameter hJBE for the stagna-
tion point of a hemisphere with stagnation temperature for the Mach 4 nozzle as
calculated by methods presented in reference 23.
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Figure 22.- Variation of heating rate for stagnation-point heating of hemispheric model with stag-
nation temperature for Mach 4 nozzle. p_ = 815 1b/sq in. absolute.

Mach 6 ceramic-heated nozzle.- The Mach 6 nozzle which has a 10.6-inch exit
diameter is suitable for aerodynamic, heat-transfer, and materials testing. The
nozzle-diffuser system is designed to operate at stagnation pressures from 815
to 1,215 1b/sq in. and stagnation temperatures from 2,000° R to 4,100° R.

Table III presents the model sizes that have been tested in the facility. Axi-

symmetrical flat-face models up to 2% inches in diameter and hemispherical models

up to 4 inches in diameter can be tested at 1,200 lb/sq in. stagnation pressure
without blocking the tunnel flow.

TABLE IIT.- MODEL BLOCKAGE INFORMATION

o o, | stagmiton mosere, | pumats
2-in. hemisphere cylinder 3.56 815 - 1,215 Ran satisfactorily
é 3-in. hemisphere cylinder 8.64 815 ~ 1,215 Ran satisfactorily
k-in, hemisphere cylinder 14.28 815 - 1,015 {;::°:§:i:§z:t°rily
+ ﬂ 2-in. flat-face cylinder 3.56 815 ~ 1,215 Ran satisfactorily
E 2%—in flat-face cylinder 5.57 815 - 1,215 Ran satisfactorily
3-in. flat-face cylinder 8.64 815 - 1,215 Blocked flow

25




Figure 23 presents shadowgraphs of 2-, 3-, and 4-inch hemispherical models
and a 3-inch-diameter flat-face model with beveled edges in the Mach 6 flow. The
tunnel permits axisymmetrical models which do not choke the tunnel flow to be
tested without boundary-shock intersection. Irregularly shaped configurations
with cross-sectional areas up to 1% percent of the nozzle-exit area have been
tested without choking the tunnel flow.

=4 {sph
2-inch hemisphere 3-inch hemisphere

3-inch beveled cylinder

li-inch hemisphere

L-62-7032
Figure 23%.- Shadowgraphs of flow from Mach 6 nozzle.
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Figure 24.- Mach number and velocity as a function of stagnation temperature for Mach 6 nozzle.
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Figure 24 presents calculated velocity and Mach number as a function of

stagnation temperature.

Experimentally determined values of Mach number are also

presented as a function of distance from the exit of the nozzle.
conical nozzle continues to expand and increase in Mach number beyond the nozzle

exlt.

Mach number

Flow from the
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Figure 25.- Variation of free-stream Reynolds number per foot as a func-
tion of stagnation temperature for Mach 6 nozzle.

Figure 25 presents calculated Reynolds number as a function of stagnation
temperature for 815, 1,015, and 1,215 lb/sq in. stagnation pressures. Reynolds

number varies from 5 X 106 can Alsrel i, Ib/sq in. absolute and 2,000° R to

1.12 x 100 at 815 1b/sq in. absolute and 4,000° R at distances 1 inch from the
exit on the center line.
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Figure 26 presents calculated free-stream static pressure and temperature

(1 inch beyond the exit of the nozzle) as a function of stagnation temperature.

Free-stream temperature, OR

Figure 27 presents the heating parameter WD at the stagnation point of a
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Figure 26.- Free-stream static pressure and static
temperature as a function of stagnation temper-
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ature for Mach 6 nozzle.

hemisphere as a function of stagnation temperature as calculated by methods pre-
sented in reference 23.
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Figure 27.- Variation of heating rate at stagnation point of hemisphere

Stagnation temperature, °R

as a function of stagnation temperature for Mach 6 nozzle.
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CONCLUDING REMARKS

The results of this program to develop high-temperature research facilities
utilizing a ceramic heat exchanger may be concluded as follows:

1. The concepts applied in the development of a h,SOOO R ceramic heat
exchanger for wind-tunnel application have proved practical. A facility com-
prising a 4,500° heat exchanger has been successfully designed, constructed, and
used for testing.

2. A Mach 4 free jet and an 1ll-inch Mach 6 tunnel system have been developed
to operate from the ceramic heat exchanger for materials and heat-transfer
research and aerodynamic testing. The zirconia heat exchanger provides a prac-
tical means for heating air to 4,000° R for research facilities. Contamination
of the heated air by small amounts of zirconia dust limits the usefulness of the
facility for refined materials testing.

3. Water-cooled nozzles have been developed and successfully employed on the
ceramic-heated tunnels.

bk, A simple premixed propane-air-oxygen burner system which is capable of
heating of the ceramics to over 4,500° R has been developed. The system provides
clean, easily controllable combustion over the entire operating range.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., October 16, 1962.
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