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Abstract

The accurate prediction of aerodynamic heating environment can effectively reduce the margin of
thermal design and increase the payload, while the ground wind tunnel experiment is an important
means to predict the aerodynamic heating environment. The existing transient heat flux sensors in
hypersonic ground wind tunnel experiment include thin film thermometer and coaxial thermocouple.
The former has high sensitivity, but it is not suitable for occasions where airflow is severely damaged;
the latter is resistant to erosion, but the sensitivity is low, and the response characteristic is
susceptible to the fine structure of the nodes, therefore it is only suitable for high heat flux
measurement. In order to improve the accuracy of aerodynamic heating measurement, new heat flux
measurement methods should be continuously developed. This paper presents a novel transient
calorimetric heat flux sensor using diamond chips to replace the commonly used copper pieces as the
calorimetric sheet. The temperature on back side of the calorimeter is measured by a thin film
thermometer, which can greatly improves the output sensitivity of the calorimeter. The sensor design
and selection of characteristic parameters is with the help of theoretical analysis and numerical
calculation. The fabricated sensors have high linearity with temperature. The experimental results
show that the repeatability error of the transient calorimetric heat flux sensor is within 4% and the
error of measurement accuracy is within 6%. The sensor resistance keeps unchanged in the multi-
tested and the measurement result is accurate and reliable.

Keywords: aerodynamic heat transfer, transient measurement, calorimetric heat flux sensor,
diamond, shock wave wind tunnel

Nomenclature

T, — Initial temperature q,— Back surface heat flux
T,— Back surface temperature tr — Response time

F,— Fourier number a — Thermal diffusivity

¢ — Specific heat capacity p — Density

k — Thermal conductivity

[ — Thickness

qo— Constant surface heat flux
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1. Introduction

With the development of adjacent spacecraft, the flight time of the aircraft in the atmosphere is
lengthened, and the problem of aerodynamic heating load becomes more prominent. Micro-ablative
or non-ablative materials are required to ensure that the shape of the aircraft is basically unchanged,
so high requirements are placed on the thermal protection design, which is required to meet the
thermal protection problem of the aircraft during long flight. The aerodynamic thermal environment is
the premise for the selection of heat-resistant materials and the design of heat-proof structures.
Therefore, high requirements are also placed on the prediction of the thermal environment of aircraft.
Accurate prediction of aerodynamic thermal environment is an important basis for thermal protection
structure design and material selection, which can effectively reduce the margin of heat protection
design, reduce the quality of heat protection structure, and increase the payload [1].

There are three main methods for aerodynamic heating research: numerical calculation, flight test
and ground wind tunnel test. Since there is no good solution to the accuracy of the numerical
calculation of aerodynamic heating and the problem of grid dependence, it is still necessary to test
the correctness of the numerical calculation results through experiments [2]. The temperature rise of
the structural components of the aircraft during the flight test is high, the influence of thermal
radiation on the measurement results of the heat flux is the biggest source of measurement error.
The three-dimensional characteristics of the flight test flow field and the structure are also not
conducive to the accurate prediction of aerodynamic heat flux [3]. The cost of flight test is very high,
so the ground wind tunnel test is still the main means to carry out aerodynamic thermal environment
research [4][5] .

The heat flux measurement in ground wind tunnel test is divided into transient heat flux
measurement and conventional heat flux measurement. The transient heat flux measurement time is
very short, the wall temperature rise is small, and the wall temperature can be approximated, so the
transient heat flux measurement provides the cold wall heat flux. The cold wall represents the most
severe load determined by the flow field and the shape of the aircraft under the material-free heat
protection mechanism [6], which is an important basis for the design of the aircraft. Conventional
measurement time is long, the surface temperature of the model increases, and the changing wall
temperature brings difficulties to the experimental measurement of heat flux [7]. At the same time,
the temperature rise will cause the thermal property parameters of the material to change [8], thus
affecting the accuracy of heat flux measurement. Therefore, the aerodynamic heating test is not as
effective as the longer the test time, and the transient heat flux measurement is more advantageous.

Transient heat flux measurement also has advantages in the aerodynamic thermal environment test.
Transient heat flux measurement requires no special cooling system due to its short flow time. The
design and manufacture of the model is relatively simple. The temperature rise of the model during
the test is small. It is believed that the wall temperature of the model remains basically unchanged
during the test, which greatly simplifies the data processing [9].

There are three main types of transient heat flux sensors: thin film resistance thermometers, coaxial
thermocouples and copper calorimeters [10]. The film resistance thermometer was firstly applied, its
sensitivity is high, but the film thickness is very thin, the structural and physical parameters are
unstable. The reliability of measurement is difficult to improve, and it is not suitable for the
measurement of airflow scouring and airflow conduction. Coaxial thermocouples have made
remarkable progress in recent years [11], and the performance meets the requirements for use, but
the sensitivity is low. The existing copper foil calorimeter uses a thermal couple to measure the back
surface temperature. Although it is resistant to scouring, the sensitivity is not high, and the
thermocouple contact technique is difficult, which hinders the accuracy of the measurement data
from further increasing.

The purpose of this study was to create a transient calorimetric heat flux sensor with a greatly
improved sensitivity. If the calorimeter back temperature measuring element is changed from
thermocouple to thin film resistance thermometer, the sensitivity of the sensor can be greatly
improved. However, the existing calorimeter uses copper foil as a calorimetric sheet. The copper has
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high thermal conductivity, which satisfies transient calorimeter requirements, but it also has high
electrical conductivity, which hinders the use of thin-film resistance thermometer as the back-side
temperature measuring elements. The key to this study is to find a material with good thermal
conductivity and good electrical insulation. After exploration, it was proposed to use diamond chips to
replace the commonly used copper pieces as the calorimetric sheet, which greatly improved the
output sensitivity of the transient calorimeter.

The new transient heat flux sensor can not only solve the problem in the case of low heat flux and
strong scouring that no sensor is available, but also cover a wider range of heat flux measurement.
Meanwhile, the sensor is in contact with the air flow with non-metallic materials, which can facilitate
the study of aerodynamic heating under dissociation conditions. The new sensor has a wide range of
applications.

2. Design principle of transient calorimetric heat flux sensor
2.1. Sensor structure design

Schematic diagram of the transient calorimetric heat flux sensor is shown in Fig.1. First, a platinum
film is sputtered on the back of the calorimeter as a temperature sensing component, and then the
calorimeter is mounted on the sensor base. Platinum film wires are taken out from the back of the
calorimeter, and the backing is filled with air or epoxy. The measuring principle of the calorimeter is
to assume that there is no heat loss on the back side and the side surface of the calorimeter. The
heat transferred into the calorimeter per unit area at a certain time interval should be equal to the
heat accumulated in the calorimeter. The rate of temperature change can be used to determine the
heat flux. In actual measurement, the average temperature is difficult to measure, generally the back
surface temperature is measured instead of the average temperature [12]. In this design, the
platinum film resistance is used to measure the temperature of the back surface of the measuring
calorimeter, which output sensitivity is high.
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Fig 1. Structural diagram of the transient calorimetric heat flux sensor

The selection of calorimetric sheet materials is the key to the development of new sensors. For
transient heat flux measurement, the thermal response time of the calorimeter is required to be fast;
the electrical insulation of the back surface is required to be good for sputtering platinum film. In this
design, the diamond piece is used as the calorimeter. The thermal conductivity of diamond can reach
1800W /(m - K), which is about 5 times of the thermal conductivity of copper, and its resistivity is
greater than 10*Q-cm. It can meet the requirements of high thermal conductivity and high
resistivity of the calorimeter in design at the same time, so is an ideal calorimetric sheet material.
Natural diamonds are expensive, but in recent years, the research on synthetic diamond membranes
has been very extensive. The diamond membranes are usually synthesized by low pressure or
atmospheric pressure chemical vapor deposition (CVD) [13], which can greatly reduce the cost.

2.2. Thermal response characteristics of the sensor

The response time of the sensor is only related to the thermal response characteristics of the
calorimeter material. It can be simplified to the one-dimensional infinite heat conduction problem
according to the working principle of the calorimeter under ideal conditions.
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Assuming an infinite plate with a thickness of / the initial temperature is T,and the surface is heated
by a constant heat flux q,. The back is insulated. The temperature distribution field [14] at any time
and at any position is:

T(x,t) =To + qol( t3t s e mcos(e” (_H)Zt) (1)

Where a = ic is the thermal diffusivity of the material, & is the thermal conductivity, p is the density,
and c is the specific heat capacity.
When t reaches a certain level, the internal heat flux of the plate is equal everywhere:

OT(x,®) _ 4o __
ot = constant (2)

Eq.2 is the basic principle of calorimeter measurement.

The back temperature T, is calculated as:

2
t  1qgl , 2qol 1)t an
T, =T(,0 = T, + 2 - 2200 Moty O ool 3)

Back temperature change rate:

dTp
dt pcl

™\ 2
@ (14255, (-nre (7)) )
The first term and the second term of Eq.3 are the average temperature Ta,,e of the calorimeter. The

first term of Eq.4 is the average temperature change rate of the calorimeter £2*¢. The series terms of

the Eq.3 and Eq.4 converge quickly. The temperature rise on the back of the canrlmeter AT, =Ty, —
T,, the average temperature rise AT,,. = T,,. — Ty. The ratio of the back temperature rise rate to the
average temperature rise rate shown in Table 1:

Table 1.  The ratio of the back temperature rise rate to the average temperature rise rate

Fy = at/lz ATb/ATave ﬂ dT gpe
dt dt
0.1 8% 25%
0.3 47.7% 90%
0.5 67% 98.60%
1 83% 99.99%

It can be seen from the Table 1 that when the Fourier number F, is the same, the ratio of the back
surface temperature change rate to the average temperature change rate is better than the ratio of
the back surface temperature to the average temperature, that is, the back surface temperature
change rate versus the average temperature change rate is more casual than the temperature
change itself. WhenF, = at/I? > 0.5, the difference of the back temperature changes is less than
1.4%. Fortunately, the calorimeter calculation just requires the back temperature change rate.
Therefore, when determining the steady heat flow, the error caused by the back temperature
measurement instead of the average temperature can be ignored as long as ¢t > 0.51%/a.

The back heat flux g, is calculated as:

qp = pcl% (5)
It indicates that once the heat is infiltrated from the surface of the calorimeter to the back side, the
sum of the series of terms in Eq.4 can be replaced by the first item of expansion [15]:

aTp _ 4o _ 240 ,-a(p?t 6)

dt pcl pcl

The back heat flux is compared to the theoretical heat flux value as:
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(pclﬂ) 2 T\ 2
A _ 17 dr” _ 1_26—06(7) t_ 1_26—0((7) tr (7)
q0 q0
The response time t; of the sensor is:
e I 2 8
= o M) (8)
0

It can be seen from Eq.8 that the response time of the sensor is only related to the thickness of the
calorimeter and the thermal diffusivity a of the material.

Fig.2 shows the relationship between response time and thickness of several typical materials with
high thermal conductivity. It can be seen that the thinner the calorimeter, the faster the response
time, and the diamond has the fastest response time when the thickness is the same. When 0.2mm
CVD diamond is used as the calorimeter, the response time of the calorimeter is only 59
microseconds. The thermal frequency of the diamond material is higher than other metal materials.
Therefore, the use of diamond as a calorimeter can improve the response speed of the transient
calorimeter.
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Fig 2. Thermal response characteristics of calorimeter materials

3. The characteristic parameters optimization of the sensor

The characteristic parameters of the sensor mainly include the substrate material, the size of the
calorimeter and the size of the base. The characteristic parameters affect the back surface
temperature distribution. Therefore, it is hecessary to determine the uniform temperature distribution
on the back surface of the calorimeter, then sputter the platinum film resistance in the uniform region
to ensure the accuracy of the measurement results.

The thermal diffusion caused by different diameters, pedestals and backing materials has different

effects on the measurement results. These factors are coupled with each other, making theoretical

analysis is difficult. In order to analyze and optimize the design, the numerical simulation method is

used to analyze the heat conduction process of the sensor. The control equation uses the following
two-dimensional unsteady heat conduction differential equation:

T (r,z,t) =£(62_T 19T

orz  ror

a%ry ,.
= +27)(=123) 9)
Where r and z are the radial and axial directions of the sensor center respectively, other parameters
are the same as Eq.1, subscripts 1, 2, and 3 respectively represent the calorimeter, base and backing
material, as shown in Fig.1.

The temperature and the heat flux continuity condition are met inside the sensor. The boundary
conditions at the surface are:
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(g—:) = i—j(i =12):t>0 (10)
Other surfaces are treated as adiabatic conditions. The solution of Eq.9 uses a second-order precision
finite difference in the spatial direction and a fourth-order Runge-Kutta algorithm in the time direction.

Taking into account the size requirements of the sensor in the actual application, the calculated
diameter D of the sensor in this example is 20mm, 10mm and 5mm respectively, the insulating
material is selected as the insulating air and epoxy resin, and the base material is made of easy-to-
process and heat-insulating FRP material. The surface is loaded with a constant heat flux g, =
1MW /m?2.

The results of the numerical calculations are shown in Fig.3, which is a graph showing the
relationship between the backside heat flux value and the theoretically loaded heat flux caused by
different gauge diameters and different substrate materials over time. When the backing is air, the
heat flux error between the back surface and the theoretical is increased as the diameter of the
sensor decreases at the center position. The reason is that when the load heat flux is constant, the
heat loss caused by heat dissipation to the base is certain, but the total heat absorbed by different
diameters of the heat meter are different. As the diameter of the sensor decreases, the heat loss of
this part accounts for a relatively larger proportion of the total heat absorbed by the heat meter, as a
result, the heat flux error increases as the diameter decreases. At the same time, it can be seen that
the error values of different diameter sensors increase with time. At the time of 12ms calculation, the
error value is 0.2%, 2.5%, and 5.2%respectively at D=20mm, D=10mm and D=5mm.

Mt

0.0 —v
-0.1

(=]

o
=
_-)
CI)'
oA v\‘\—‘.
- ]
il
= -0.2 - P
7] —&— D=20mm Backing with air
8_ —&— D=10mm Backing with air
o) —&— D=5mm Backing with air
= -0.3 —¥— D=20mm Backing with epoxy
GC) —&— D=10mm Backing with epoxy
(&) —4&—D=5mm_Backing with epoxy

-0.4

-0.5 T T T T T T T T T T

0 2 4 6 8 10 12
time (ms)

Fig 3. The deviation of the back heat flux to the theoretical heat flux with different diameters at
center position

When the backing material is epoxy resin, the heat flux of the three diameter sensors is much lower
than the theoretical heat flux, and the maximum error reaches 18% at 12ms, indicating that the
measurement error due to the heat dissipation of the epoxy resin is large. The relative error values
between the three diameter sensors are not much different, mainly due to the consistent heat loss
caused by the back epoxy.

The above calculation results show that when the diameter D=20mm and the backing is air, the
difference between the back surface heat flux and the theoretical heat flux is the smallest at the
center point position. Select this parameter as the characteristic parameter of the design, and the
principle sensor produced is shown in Fig.4.
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Fig 4. Photos of the transient calorimetric heat flux sensor

The measurement results of the temperature coefficient of resistance show that the linearity
coefficient of the platinum film resistance and the temperature is very good for the transient
calorimetric heat flux sensor, and the static performance of the sensor is stable.

4. Hypersonic aerodynamic heating measurement verification test
4.1. Test platform and model

The hypersonic aerodynamic heating measurement verification test is carried out on the detonation
driven shock wave tunnel. The wind tunnel structure diagram and wave diagram are shown in Fig.5.
The drive section length of the shock wave wind tunnel is 15 meters, the initial ratio H2:02:N2=2:1:2,
the absolute pressure is 2.7bar.The driven section length is 11 meters, the gas is air, and the initial
pressure is 3800Pa. The Mach number of the nozzle name is 5.5, and the sewing operation state is
adopted. The total inlet temperature of the nozzle is 3500K, the total pressure is 12 bar, and the
effective pressure platform time is 16ms.
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Fig 5. Principle of shock tunnel driven by detonation

Since the plate flow is relatively simple, the theoretical heat flux can be accurately calculated.
Therefore, the experimental model uses a 17° wedge, as shown in Fig.6. Three new sensors were
evenly mounted on the wedge surface at an angle of 150 mm, 200 mm and 250 mm from the apex,
and thin film resistance thermometer and coaxial thermocouple were respectively installed at each

corresponding position for comparison.
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4.2. Test results and discussion

A total of three repetitive tests were carried out in this test, and the consistency of the three test flow
fields was very good. Fig.7 shows the heat flux results measured for three transient heat flux sensors
at three different locations in a single test.
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Fig 7. Three transient heat flux sensor measurements during one test

It can be seen from Fig. 7 that the resistance and physical properties of the thin film resistance
thermometer change during the airflow scouring process, resulting in a large step signal in the heat
flux signal. The jump position is random, and some heat flux value directly deviates from the true
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value after the jump, indicating that the measurement result of the thin film resistance thermometer
is not credible.

In this case, the heat flux value of the flat plate is low, the signal-to-noise ratio of the measured
signal by the coaxial thermocouple is poor due to the sensitivity of the original output signal. The heat
flux signals at three different measuring points overlap together due to the large signal noise, which
shows that the coaxial thermocouple has poor measurement accuracy in low heat flux measurement.

The heat flux measured by the transient calorimetric heat flux sensor is relatively stable, and the
given heat flux curve versus time can obviously reflect the three stages of flow field initiation,
stabilization and end. The heat flux is relatively flat during the effective test time. The heat flux
distribution of the three different measuring points is obvious, indicating that the new sensor has a
high heat flux identification rate in the case of low heat flux measurement.

Table 2 shows the measured heat flux values of the transient calorimetric heat flux sensor in three
tests. The theoretical value is calculated by the reference enthalpy method [16]. It can be seen that
the repeatability of the new sensor measurement results is very good, and the measurement
accuracy error is within 6%.

Table 2.  Experimental results of the transient calorimetric heat flux sensors (MW/m?)

Point 1 2 3
Run 1 0.19 0.163 0.141
Run2 0.19 0.162 0.140
Run3 0.197 0.17 0.148
Average 0.192 0.165 0.143
Theoretical 0.196 0.170 0.152
Error 2.02% 2.79% 5.81%

In order to investigate the reliability and stability of the sensor, the resistance values of the new
sensor and the film resistance thermometer were accurately measured before and after each test.
Fig.8 shows the change of the resistance of the sensor during the three tests. It can be seen that the
resistance of the thin film resistance thermometer changes after each test, and the sensitivity
coefficient of the film changes, which makes the measurement result inaccurate. The resistance of
the new transient calorimeter remains stable in all three tests, thus ensuring the reliability of the heat
flow measurement results.
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Fig 8. Sensor’s resistance change during the experiment

5. Conclusion

This paper creates a novel transient calorimetric heat flux sensor that is both washable and sensitive.
The analysis of the thermal response characteristics of the sensor shows that the response time of
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the calorimeter is only related to the thermal diffusivity and thickness of the calorimetric material.
Diamond can improve the frequency response of the sensor. The characteristic design parameters of
the sensor are determined by numerical calculation of the two-dimensional heat conduction model.
The results of the prototype verification sensor in the aerodynamic heating measurement test of the
hypersonic shock wave wind tunnel show that the principle of the transient calorimetric heat flux
sensor is feasible. The heat flux measurement result is reproducible and reliable, the accuracy error is
within 6%.
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