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Abstract This paper reports the results of ablation tests conducted in FDO4 arc tunnel of China Academy of
Aerospace Aerodynamics (CAAA) for the development of wing leading edge thermal protection materials. The models
were made of high temperature ceramic( HTC) , with swept angle 53°, height 75 mm, long 55 mm, leading edge radi-
us 2 mm and symmetric cross section made up of a 5° wedge on each side. The test facility included 20 MW arc heat-
er, mixing chamber, rectangular supersonic nozzle, test box, trajectory simulation and vacuum system etc. The rec-
tangular supersonic nozzle with Mach number 3.6 was used in tests. The aero-heating conditions of the wing leading
edge were simulated by a test trajectory with flow field parameters of three steps. The test duration was 77.0 s. The
results show that HTC has well ablation performance, and two models had no breakage during the tests. The inner
temperature responses are attained in tests.
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0 Introduction

It is very important to evaluate the ablation/insula-
tion performance of the thermal protection materials on
hypersonic vehicles. The nose and leading edge areas
are more difficult than other parts to protect because

[1-3]

they withstand more serious aero-heating . Relative-

ly inexpensive, arc heater facility tests are suitable for
. . [4-7]
material screening
High temperature ceramic ( HTC) is one kind of
thermal protection material of spacecraft. In the future
design, it will be applied to the wing leading edge of hy-
personic vehicles, especially when the leading edge ra-

dius is 2 mm. As we all know, in the same flight condi-
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tion the sharp leading edge will endure more serious aero
heating than the blunt leading edge. In order to evaluate
the thermal protection performance and inner tempera-
ture response of HTC, the ground tests have been con-
ducted in FDO4 arc tunnel of CAAA. The experimental
approach and results are described in this paper.
1 Experimental approach

The experimental facility including equipment, in-
strumentation and calibration of flow field used during
the tests are presented below.
1.1 Experimental facility

The wing leading ablation tests were conducted in
FDO4 arc tunnel of CAAA, Fig. 1 indicates its major
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components.

The test facility included 20 MW arc heater, mix-
ing chamber, rectangular supersonic nozzle, test box,
trajectory simulation and system vacuum system etc.

The arc heater used is 20 MW linde-type arc heat-
er, which comprised of a long tube-like front electrode,
a long tube-like rear electrode, a magnetic coil, and a
vortex chamber. By the bypass punch-through effect,
airflow is injected tangentially into the heater, which in-
duces a swirling flow to stabilize the arc and rotate the
arc attachment positions. Therefore, the arc length is not
fixed, but the arc itself is fixed at a relative stationary
location with a nearly periodic manner. For the purpose
of the ablation experiment, its efficiency is over 20%

higher than the first generation of the magnetic rotation

type vertical flow arc heater, and it is applied widely,

for example, AFFDLSOMW linde-type arc heater'®’.

i

Fig.1 Photo of test facility

The mixing chamber is located between arc heater
and rectangular supersonic nozzle. The air heated by arc
heater in here mixes with cold air injected. Mixing
chamber will change and control arc jet temperature,
and make the arc jet more steady.

The rectangular supersonic nozzle with exit cross
section 50 mmx120 mm, long 300 mm, Mach number
3.6 was used in tests. The arc jet flow from the rectan-
gular supersonic nozzle to test box.

The test box is 1.5 mx1.5 mx52.0 m. Each side

has three quartz windows to observe the test models. The

test models were located in test box and closed the exit
cross section of rectangular supersonic nozzle.

The wing leading edge models are made of High
Temperature Ceramic ( HTC), with swept angle 53°,
height 75 mm, long 55 mm, leading edge radius 2 mm
and symmetric cross section made up of a 5°wedge on
each side. Each model has a 27 mm deep groove in or-
der to support model and install thermocouples to meas-
ure the inner temperature response. The sketch of the
wing leading model is presented in Fig. 2.
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Fig.2  Sketch of wing leading model

The trajectory simulation system includes airflow
control system and current control system. The trajectory
simulation system can control the magnitudes of airflow
and current into the arc heater and finally simulate flight
thermal condition with steps in one test.

1.2 Calibration of flow field

One calibration model was used to measure the arc
jet flow field. The fore part size of calibration model is
the same with the wing leading edge model. The rear
part is flat plate in order to install. The measured flow
field parameters include pressure, temperature of lead-
ing edge and cold-wall heat flux of one side surface loca-
ting 40 mm from the leading edge. The cold-wall heat
flux of leading edge was computed owing to the leading

edge radius is too small to install heat flux meters. The

sketch of calibration model and installation are presented

in Fig. 3.

Fig.3  Sketch of calibration model and installation

The pressure of leading edge was sensed by using
1.5 mm diam port (the small blue port in Fig. 3) and

pressure transducer. The port was normal to the leading

http://www. yhelgy. com  FHIB B T2 2011 45 552

edge of calibration model. The pressure transducer has
the measuring range from O to 0.5 MPa with accuracy of

+1 percent.

— 125 —



The temperature of leading edge was measured by
using “B” thermocouples. The thermocouples has the
measuring range from 600 to 1 700°C with accuracy of +
0.25 percent. The thermocouples were supported by a
cylinder ceramic. The cylinder ceramic with 3.0 mm di-
am has two holes with 0.5 mm diam. The thermocouples
and cylinder ceramic were inserted in the calibration
model (the big blue port in Fig.3).

Three calorimeters are installed in the calibration
model to measure the cold-wall heat flux of one side sur-
face locating 40 mm from the leading edge. Three pink
ports in Fig. 3 indicate the three calorimeters location.
Every calorimeter includes one cylinder slug made of ox-
ygen-free copper which has very high thermal conductiv-
ity and “K” thermocouples. Because the response of the
calorimeter is only related with the geometric size and
the physical properties of the slug, therefore,if the insu-
lation and adiabatic condition between the slug and its
neighbor protection plate are guaranteed, and the heat
conduction of thermocouples and the convective heat
transfer at the rear surface of the slug are neglected, the
expression of the heat flux may be written as follows

Qoo = Co X (m/A) x(dT/d1) (1)

The cold-wall heat flux of leading edge was compu-

ted owing to the leading edge radius is too small to in-

stall heat flux meters. The formula is following .
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The formula above were well used in ablation-ther-
mal-structure test of large scale air vane in supersonic
flow in FDO4 arc tunnel®’.

results of cold-wall heat flux of leading edge compared

In that test the calculation

well with those measured. Great details of the calcula-
tion approach can be found in reference 9.

According to the flight condition , the results of cali-
bration of flow field are listed in Tab. 1.

Tab.1 Measured and calculated parameters of flow field

Py, T, Gewr. Gewt t
step
/10° Pa /K /kW-m?  /kW-m™ /s
1 3.3 933 1973 253 5.0
1T 3.9 1897 6319 912 7.0
il 1.0 1223 1704 229 65.0

2 Ablation tests and results

In order to support the leading edge models and
measure the inner temperatures in tests, one water
cooled model support was designed. The model support

and model installation are presented in Fig. 4.

- ~ka

Fig.4 Sketch of model support and model installation
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The aero-heating conditions of the wing leading
edge were simulated by a test trajectory with flow field
parameters of three steps listed in Tab. 1. Two wing
leading edge models were tested. The total test duration
is 77.0 s, with respect to every step is 5.0 t0 7.0 s to
65.0 s. The inner temperature response of wing leading
edge models were instrumented with “K” thermocouples
in tests. The mass ablation rates of models were ob-
tained with mass loss divided by test duration. The re-
sults show that the HTC has well ablation performance.
The mass ablation rates of two models are less than 7.6
mg/s, and the two models have not breakage during the
tests.

The inner temperatures increased in step I and step
II, then decreased in step III. The maximum inner tem-
peratures of models were 1 097 and 1 011°C, corre-
sponding test times were 13.5 s and 14.7 s. The final
inner temperatures were 740 and 710°C..

The results of ablation tests and inner temperature-

time curves of models are presented in Tab. 2 and Fig. 5.
Tab.2 Results of ablation test

Vau T Thax L max t
model
/mg's’1 /C /°C /s /s
1# 7.56 740 1097 13.5 77.0
2# 7.31 710 1011 14.7 77.0
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Fig.5 Inner temperature-time curves of models
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3 Conclusions

The ablation tests of wing leading edge models
made of HTC were conducted in FDO4 arc tunnel of
CAAA. The aero-heating condition of the wing leading
edge was simulated by a test trajectory with flow field
parameters of three steps. The mass ablation rate and
inner temperature response were attained in tests. The
results show that the HTC has well ablation performance
and no breakage during the tests. In the given condition
HTC can be used as the thermal protection material of
the sharp wing leading edge. The next study will be the
thermal structure match performance of HTC with other
materials used in the wing.
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