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Development of integrated high temperature sensor for simultaneous
measurement of wall heat flux and temperature
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In this paper, an integrated water-cooled sensor has been developed to simultaneously measure the
heat flux and temperature at the wall of a scramjet combustor. The upgrade sensor was designed based
on the principle of Gardon heat-flux gauge with many improvements. The sensor was well calibrated
by both conductive heating sources and blackbody cavity device. The effects of structural material
and dimensions on the sensor’s responses were examined. Both the experimental measurements and
numerical simulation were conducted and showed that the new sensor has the maximum measure
ability of heat flux of 400 W/cm2 and stagnation temperatures up to 1920 K along with satisfactory
response time. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4731685]

Nomenclature

α = thermocouple coefficient
E = output voltage of heat flux sensor
Q = heat flow
q = heat flux
R = heat resistance
σ = Stefan-Boltzmann constant in thermal radiative heat

transfer
Tb = temperature of the heat sink or sensor base

Tbc = temperature of blackbody cavity
TBN = temperature at the center of BN ceramic disk

Tc = temperature at the center of constantan disk
Ti = initial temperature of the numerical simulation field

I. INTRODUCTION

Wall heat flux and temperature are the key parameters for
designing the thermal protection system of a scramjet com-
bustor. Measurements of wall heat flux and temperature be-
come very difficult at high flight Mach number because the
sensors will face extremely hostile environment due to the
excessive heat release from aerodynamic heating and com-
bustion. For example, at flight Mach number above 6, the to-
tal temperature of air after combustion will exceed 2500 K
and the average wall heat flux in the combustor ranges from
1.0 to 5.0 MW/m2 depending on the specific fuel used (Ref.).
Besides, the high temperature gases contains oxygen, which
will oxidize the sensor materials very quickly. Therefore, the
protection of the sensor become critical, which will determine
the success and failure of the measurement.

The wall heat flux is usually measured using sensor
techniques based on (1) spatial temperature gradient such
as Schmidt-Boelter heat flux meter1, 2 and Gardon heat flux
meter;3, 4 (2) temperature variation of a subject with time;5, 6

a)Author to whom correspondence should be addressed. Electronic mail:
xfan@imech.ac.cn.

(3) surface heating7 (hot-film). The sensor based on spatial
temperature gradient has a good sensitivity but limited range
of measurement of ∼0.1 MW/m2. The measurement range of
this type of sensor could be extended greatly using a bypass
heat flow path with active cooling. However, the measurement
sensitivity is low and the response time is long when the heat
resistances of the two heat flow paths are ill-matched. The
sensor based on temperature history has a much larger mea-
surement range of the order of 10 MW/m2 but can only work
for a few milliseconds in high enthalpy flow. The accuracy of
this type of sensors is also unsatisfactory. For example, the
ground tests showed that wall heat flux measured in HyShot
II Scramjet combustor had an uncertainty of ∼50%.8, 9

Another difficulty related to the heat flux measure-
ment is the sensor calibration. There are various calibrations
methods,10, 11 among which the blackbody cavity12 is the most
practical one. Heat flux calibrated up to 0.5 MW/m2 were ob-
tained with the sensor placed outside a blackbody cavity.13–20

Calibrations of water-cooled sensors placed inside blackbody
cavity have been tested recently and maximum heat flux up
to 0.5 MW/m2 and 1.0 MW/m2 were obtained by Murthy at
NIST (Refs. 21 and 22) and Abdelmessih at Saint Martin’s
University,23 respectively.

This paper is aimed to develop a high temperature sensor
used to simultaneously measure the wall heat flux and tem-
perature in supersonic combustors. The sensor was designed
based on principle of Gardon heat flux gauge but much effort
has been made to improve the sensor’s measurement range,
time response, accuracy, and durability. Recirculating water
was used to cool down the sensor structure. The protection
shell of the sensor was also used as a bypass heat flow path
to extend the measurement range. Heat resistance analysis
and numerical simulation have been carried out to help the
design and optimization of the sensor structure. Calibration
processes of the sensor using radiative and conductive heat-
ing were described in detail. Finally, preliminary results of
the sensors tested in a Mach 2.5 Scramjet combustor were
given and compared at various stagnation temperatures up to
1920 K.

0034-6748/2012/83(7)/074901/10/$30.00 © 2012 American Institute of Physics83, 074901-1
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FIG. 1. Schematic of the Gardon heat flux gauge.

II. DESIGN OF HIGH TEMPERATURE WALL HEAT
FLUX SENSOR

The Gardon gauge consists of a thin circular constantan
disk, a copper heat sink, and a copper wire at the center of
the constantan disk as shown in Fig. 1. The constantan disk
was well welded at the edge of the copper heat sink. The slen-
der copper wire, as positive electrode of output signal, was
welded at the disk center. Another copper wire, as negative
electrode, was connected to the copper heat sink. According
to the thermocouple principle, the output voltage E is propor-
tional to the temperature difference between the center and
the edge of the constantan disk. The temperature difference is
also proportional to the heat flux q applied normal to constan-
tan disk24

E = α (Tc − Tb) = C · q, (1)

where α is the thermocouple coefficient and C is a constant
for calibration.

The heat flux sensor will be used in a high temperature
environment and should be well protected. An S-shaped cool-
ing channel was designed to cool down the copper heat sink as
shown in Fig. 2. A boron nitride (BN) ceramic disk is glued on
the top of the constantan disk to protect it from high tempera-
ture gases as shown in Fig. 3. The BN ceramic is machineable
and has excellent electric insulation, thermal conductivity. Its
working temperature can reach 2800 ◦C in inert gas but will

FIG. 2. The structure of cooling channels in the copper heat sink.

FIG. 3. Schematic of the present heat flux sensor.

reduce to 1000 ◦C when oxygen presents. The whole gauge is
inserted tightly into a cylindrical metal shell. This metal shell
is also used to bypass part of the heat flow received from the
senor head in Fig. 3. With this bypass, the measurement range
of the sensor will be extended significantly.

It can be seen that with heat flow bypass path, the mea-
surement range of the sensor will be extended significantly.
According to Fig. 3, the total heat flow received from the
senor head can be divided into two branches: the first one Q1

flows through the ceramic and constantan disks, and the sec-
ond one Q2 flows through the metal shell, both of them con-
verge at the copper heat sink. Assuming the heat resistances of
two paths which are R1 and R2, connected in parallel, namely,
Q2 � Q1 when R2 � R1, so that only little heat could flow
through the constantan disk and the output signal is relatively
weak; on the contrary, Q2 � Q1 when R2 � R1, thus the most
of heat will flow through the constantan disk. In Sec. III, our
numerical simulation to the heat conduction processes inside
the sensor structure will demonstrate that the output signal of
the Gardon gauge is proportional to the total heat flux received
from the sensor. Consequently, the measurements with much
higher levels of heat flux can be made by this type of way, in
addition, its measurement range can be adjusted conveniently
by varying the ratio of two heat resistances of R1 and R2.

III. NUMERICAL SIMULATION OF HEAT CONDUCTION
INSIDE THE SENSOR STRUCTURE

Table I lists the materials and their physical properties
used in the simulation.

A. Numerical simulation of heat conduction inside the
constantan disk

The ANSYS 12 solver with uniform heat flux normal
to its top surface was applied in the simulation. as shown in
Fig. 4.

TABLE I. Physical properties of materials used in simulation.

Thermal Specific heat
Density, ×103 conductivity capacity

Component Material (kg/m3) (W/m2 K) (J/kg K)

Insulation disk Boron nitride 2.3 30 1600
Constantan disk Constantan 8.9 22 410
Mental shell Copper 8.0 400 390
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FIG. 4. Computation model of the constantan disk, all dimensions in mm.

The constantan disk has a diameter of 12 mm and a thick-
ness of 0.1 mm. Boundary conditions of constant temperature
at 300 K at the edge of the disk and adiabatic at the bottom
surface is assumed. The initial condition of uniform tempera-
ture distribution (Ti = 300 K) is also assumed.

Figure 5 shows the steady state temperature distributions
on the top surface of the constantan disk for heat flux q of
1.0 W/cm2 and 10 W/cm2. The calculated temperature dif-
ference between the top and bottom surfaces is very small,
∼0.02 K for applied heat flux of 1 W/cm2, which indicates
that the vertical thermal conduction can be neglected and one-
dimensional heat conduction assumption can be used in de-
signing the Gardon gauge.

Figure 6 shows the temperature response at the top cen-
ter of constantan disk when a heat flux of 1 W/cm2 is applied.
It shows the temperature reaches a steady state after ∼6 s.
Figure 7 shows the linear dependence of the steady state tem-
perature at the center of constantan disk to the applied heat
flux. It can also be seen that the maximum heat flux can be
measured from this constantan disk is about 12 W/cm2 cor-
responding to the maximum temperature of approximately
800 K for a T-type thermocouple according to the interna-
tional standard.25

B. Numerical simulation of heat conduction inside the
heat flux sensor

A simplified computation model of the heat flux sensor
corresponding to Fig. 3 is shown in Fig. 8. The constantan

FIG. 5. Steady state temperature distributions on the top surface of constan-
tan disk for two different heat fluxes.

FIG. 6. Center temperature response curve of the constantan disk.

disk has same dimension as in Fig. 4. Copper is chosen as the
shell material. The copper heat sink and the shell are assumed
to be at the same temperature of 300 K due to cooling and the
initial temperature of the sensor is uniform at 300 K.

Figure 9 shows the steady state temperature con-
tour of the simplified sensor model with a heat flux of q
= 100 W/cm2. The maximum temperature is 480 K at the
center of top surface of the ceramic disk.

Figure 10 shows the steady state temperature distribu-
tions at the top surfaces of constantan and BN ceramic disks
with a heat flux of 100 W/cm2. Compared to Fig. 5 the tem-
perature at the surface of constantan disk becomes lower for
the same heat flux due to the addition of copper shell and ce-
ramic disk.

Figure 11 shows the temperature response at the top cen-
ter of the constantan disk when a heat flux of 100 W/cm2 is
applied. The response time is ∼8 s, a little longer than that in
Fig. 6.

Figure 12 shows the linear dependence of the steady state
temperatures at the top centers of constantan and BN ceramic
disks to the applied heat flux. The two profiles can be fitted
linearly as following:

Tc = C1q + Tb, (2)

FIG. 7. Steady state temperature at the center of constantan disk as a function
of applied heat flux.
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FIG. 8. Simplified computation model for the heat flux sensor in Fig. 3. All
dimensions in mm.

TBN = C2q + Tb, (3)

where Tc is the temperature at the center of constantan disk,
Tb is the temperature of copper heat sink, TBN is the temper-
ature at the center of BN ceramic disk, and C1 and C2 are
the proportional constants. It can be seen from Fig. 12 that
the maximum heat flux can be measured from this constantan
disk is about 400 W/cm2 corresponding to the maximum con-
stantan temperature of ∼800 K, which is much higher than
the maximum heat flux of 12 W/cm2 that a Gardon gauge can
measure.

C. One-dimensional heat resistance analysis of the
sensor for optimization

According to the previous numerical simulation, heat flux
measurement range and response time are strongly influenced
by structure and material of the insulation disk and conduction
shell. In order to get appropriately strong signal during each
measurement, sensor with different range is needed for the
different heat flux measurement environment. For example,
heat flux in the isolator of a supersonic combustor is usually
below 100 W/cm2 but it will reach even up 500 W/cm2 at
combustor.

When measured heat flux intensity changes, heat resis-
tance analysis is taken to adjust the proportion of the two re-

FIG. 9. Steady state temperature contour of the sensor.

FIG. 10. Steady state temperature distributions at the top surface of constan-
tan and BN ceramic disks.

sistance value and to make sure that the sensor works at best
measurement range. Analysis of a sensor with a maximum
measurement range has been taken in following as an exam-
ple.

Figure 14 shows thermal resistance network for the
present sensor. Total heat flow Q makes total temperature �T
difference because of the total resistance R.

There are three resistances on the first path, BN ceramic
insulation disk R11, thermal conductive layer R12 and constan-
tan disk R13, all of which are in series.

For BN ceramic insulation disk R11, thermal conductivity
λ11 = 30 W/(m K), thickness l11 = 3 mm, diameter d11 = 12
mm, heat resistance

R11 = l11

λ11A11
= 0.885 K/W. (4)

As BN and constantan do not touch perfectly, high tem-
perature thermal conductive glue is filled between them to
drive air away. Conductivity of the glue is about λ12 = 5
W/(m K), thickness is about 0.1 mm, l12 = 0.1 mm, diame-
ter d12 = 12 mm, then the resistance

R12 = l12

λ12A12
= 0.177 K/W. (5)

FIG. 11. Temperature response curve at the center of constantan disk.
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FIG. 12. Temperatures at the top centers of constantan and BN disks as a
function of applied heat flux.

Conductivity of constantan λ13 = 22 W/(m K), thickness
l13 = 0.1 mm, diameter d13 = 12 mm, according to Gardon
gauge theory, thermal resistance of constantan disk is

R13 = 1

4πλ13l13
= 36.19 K/W. (6)

Total heat resistance on the first path

R1 = R11 + R12 + R13 = 37.25 K/W. (7)

In the second path, as shown in Fig. 13, copper shell’s re-
sistance is divided into two parts, they are in series. A thin air
layer needs to be considered though the shell touches tightly
with the heat sink.

Thermal conductivity of shell 1 λ21 = 400 W/(m K),
thickness l21 = 1 mm, outer diameter d21Out = 18 mm, inner
diameter d21In = 12 mm, thus the heat resistance is

R21 = l21

λ21A21
= l21

λ21
π
4

(
d2

21Out − d2
21In

)0.018 K/W. (8)

For shell 2, thermal conductivity λ22 = 400 W/(m K),
characteristic length l22 = 10 mm, outer diameter d22Out

= 18 mm, inner diameter d22In = 14 mm, thus shell 2’s

FIG. 13. Schematic of heat conduction in the sensor.

FIG. 14. Schematic of heat resistance network of the present sensor.

thermal resistance

R22 = l22

λ22A22
= l22

λ22
π
4

(
d2

22Out − d2
22In

)

= 0.249 K/W.

(9)

Though copper shell and heat sink make an mechanical
interface fit, small areas of air gaps still exist during real man-
ufacture. These gaps are considered ideally to be a ring col-
umn model and heat flows from the outside into inside. Air’s
conductivity λ23 = 0.025 W/(m K), characteristic thickness
l23 = 0.01 mm, inner diameter d23 = 14 mm, characteristic
height h23 = 20 mm. Areas of outer and inner plane can be
considered to equal as the column is very thin. Then thermal
resistance of the air layer

R23 = l23

λ23A23
≈ l23

λ23πd23h23
= 0.455 K/W. (10)

Total thermal resistance on the second path is

R2 = R21 + R22 + R23 = 0.722 K/W. (11)

Based on parallel thermal resistance, total thermal resistance
of the network is

R = R1R2

R1 + R2
= 0.708 K/W. (12)

Assuming temperature of the heat sink is constant,
Tb = 300 K and the max working temperature of constantan
disk Tcmax = 800 K according to T-type thermocouple
standard,25 temperature difference between the constantan
disk center and edge is

�T13 max = Tc max − Tb = 500 K. (13)

The maximum heat flow can be obtained

Q13 max = �T13 max

R13
= 13.82 W. (14)

According to thermal resistance in series,

Q1 max = Q11 max = Q12 max = Q13 max = 13.82 W. (15)
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According to parallel thermal resistance, in the second path

Q2 max = Q1 maxR1

R2
= 713.0 W. (16)

Again with resistance in series,

Q2 max = Q21 max = Q22 max = Q23 max = 713.0 W. (17)

Total heat flow in the sensor is

Qmax = Q1 max + Q2 max = 726.8 W. (18)

Sensor’s diameter d = 18 mm, thus the maximum heat flux
that sensor can measure is

qmax = Qmax

A
= Qmax

π
4 d2

= 285.6 W/cm2. (19)

The maximum temperature difference of the sensor is

�Tmax = QmaxR = 514.6 K. (20)

According to parallel thermal resistance, temperature
differences on two paths are equal

�Tmax = �T2 max = �T1 max = 514.6 K. (21)

Then the maximum temperature of the sensor upper surface is

TBN max = Tb + �Tmax = 814.6 K. (22)

According to the one-dimensional thermal resistance
analysis, measurement range of the sensor in such a structure
is about 285.6 W/cm2 and the maximum temperature will be
814.6 K. This result is comparable to the numerical simula-
tion in Sec. III B.

The method of thermal resistance analysis can be used
conveniently to design and optimize the sensor structure. For
example, a desired measurement range could be obtained by
properly choosing the materials and sizes of sensor shell or
insulation disk.

FIG. 15. Photograph of the integrated sensor for wall heat flux and tempera-
ture measurements.

FIG. 16. Sensor calibration using tungsten iodine lamps.

IV. CALIBRATIONS OF THE INTEGRATED HEAT FLUX
AND TEMPERATURE SENSOR

Figure 15 shows the picture of integrated wall heat flux
and temperature sensors. The thermal conduction shell was
made from brass. The diameters of the shell and the BN disk
are 18 mm and 12 mm, respectively.

A. Low heat flux calibration of the integrated sensor

The heat flux sensor was first calibrated using a radia-
tion heating device consisting of 10 tungsten iodine lamps as
shown in Fig. 16. The maximum power of each lamp is 2 kW.
A standard commercial heat flux meter was used to calibrate
the present sensor. The calibration result is plotted in Fig. 17.
It can be seen from the figure that the sensor’s output volt-
age varies linearly with the applied heat flux. A sensitivity of
7.57 W/cm2 mV with a relative error of 1.7% was ob-
tained from the calibration. The maximum heat flux limited
by the power of lamps in the calibration was approximately
10 W/cm2. Calibration with higher heat flux using blackbody
cavity will be described later.

FIG. 17. Calibration curve of heat flux vs. sensor’s output voltage.

Downloaded 11 Dec 2012 to 159.226.231.80. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions



074901-7 Li, Wang, and Fan Rev. Sci. Instrum. 83, 074901 (2012)

FIG. 18. Schematic of the wall temperature calibration device.

B. Method to determine the top wall temperature of
the heat flux sensor

The wall temperature measurement in scramjet combus-
tor is a crucial problem due to many well-known reasons.
However, the average wall temperature at the top surface of
sensor can be obtained from the heat flux measurement if the
correlation exists between them. As shown in Fig. 12, the
measured heat flux q is proportional to the temperature dif-
ference between the top center of the BN ceramic disk and
the copper base due to Eq. (3)

q = C2(TBN − Tb). (23)

According to thermocouple equation (1), Eq. (23) can be writ-
ten as

TBN − Tb = C3 · E, (24)

where C3 is a constant which can be calibrated by the mea-
surements of TBN, Tb, and E.

Figure 18 shows the consideration for the wall tempera-
ture calibration. The wall temperature at the top of heat flux
sensor is measured using a thermocouple inserted into a thin
copper cylinder which was mounted tightly on the top of the
sensor. An electric heating source was used to heat up the
copper cylinder. The data of heat flux signal E and the base
temperature Tb along with the wall temperature TBN were ac-
quired simultaneously while the cylinder body was heated up
to required temperature. Figure 19 plots the variation of TBN

−Tb with the output voltage of heat flux sensor. It shows a
good linearity with the linear coefficient C3 of ∼49.1 K/mV
with a relative error of 0.73%.

C. Effects of sensor materials and dimensions

There are many factors which will affect the response
characteristics of the heat flux sensor. Figure 20 compares the
response signals of heat flux sensors with different shell ma-
terials and insulation thickness. It can be seen that the bare
sensor without any shell and insulator has the highest signal
level and the fastest time response. In addition, sensor with a
copper shell has the fastest response time but the lowest sig-
nal level. When shells were made from aluminum, brass and
stainless steel, the time response tends to decreasing and the

FIG. 19. Calibration curve of the temperature difference in Eq. (23) vs. the
sensor’s output voltage.

signal level increasing due to the decreasing of the material’s
conductivity. On the other hand, the response signal level of
the sensor with 2 mm BN insulation is approximately twice
of that with 3 mm BN insulation.

D. Sensor calibration using blackbody cavity

The calibrations of the sensor at the circumstance of high
temperature and high heat flux, a new calibration system using
blackbody cavity has been designed and fabricated as shown
in Fig. 21.

The key component of the blackbody cavity is a graphite
tube with an inner diameter of 30 mm and an outer diameter
of 40 mm. The tube is divided equally into two cavities using
a graphite disk of 5 mm in thickness, and is installed inside a
stainless steel cylinder of 680 mm long and 400 mm in diame-
ter. Thermal insulation material is filled in the space between
the graphite tube and the outside cylinder. Two brass flange

FIG. 20. Response signals for sensors with different structures.
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FIG. 21. Schematic of the blackbody cavity calibration system.

brackets installed at the ends of the graphite cube which are
used as the electrodes of the power supply. Circulating water
is used to cool down the electrodes. A high temperature opti-
cal pyrometer (MODLINE 5, Infrared Thermometer Sensor)
with a measurement range of 750–3000 ◦C is used to moni-
tor the cavity temperature through a quartz glass window in-
stalled at the left end of the cavity. The output signal of the
pyrometer is connected to a proportional integral derivative
(PID) controlling system to control the heating power. The
graphite tube is heated with a low voltage of 14 V and large
current of 1000 A. Air is evacuated first and pure argon is
filled into the furnace to prevent the structure from oxidation
at high temperature. In order to obtain a much higher heat
flux, the heat flux sensor is inserted into the tube at a distance
of 30 mm from the partition disk. The sensor for calibration
is protected from high temperature inside cavity using a water
cooled sleeve made of stainless steel. The top surface of the
sensor is coated with soot to obtain an emissivity of ∼0.95,
such that the heat flux applied to the sensor could be estimated
using the law of blackbody radiation

q = σ
(
T 4

bc − T 4
BN

)
, (25)

where σ = 5.67 × 10−8 W/m2 K4 is the Stefan-Boltzmann
constant, Tbc is the temperature of blackbody cavity, and TBN

is the temperature on the top surface of sensor. With water
cooling the temperature TBN is less than half of the tempera-
ture of blackbody cavity Tbc, thus TBN

4 = Tbc
4, radiation heat

flux could be approximated within an uncertainty of few per-
centage by

q ∼ σT 4
bc. (26)

The blackbody cavity can be heated from 750 ◦C to
2500 ◦C, which corresponds to a heat flux of 8–350 W/cm2.

Figure 22 shows the profile of experimental calibration
for the heat flux sensor. Linear dependence of the sensor’s
output voltage on the applied heat flux can be observed for
the radiation heat flux which is less than ∼100 W/cm2. The
calibration coefficient from Fig. 22 is ∼0.0492 mV/(W/cm2)
with a relative error of 0.09%.

V. MEASUREMENTS OF THE WALL HEAT FLUX
AND TEMPERATURE IN A SUPERSONIC MODEL
COMBUSTOR

Preliminary measurements were carried out in a Mach
2.5 supersonic model combustor (Fig. 23) with liquid
kerosene fuel at total temperature varying from 1100 to
2000 K and total pressure of ∼1.4 MPa. The combustor was
cooled with recirculating water to maintain the experiment
time beyond 200 s. There total seven heat flux/temperature
sensors were tested which are installed along the centerline of
the top combustor wall as shown in Fig. 23.

Figures 24 and 25 show the time histories of the mea-
sured wall heat fluxes and temperatures during a single run
at fuel equivalence ratio of 0.67, total temperature of 1650 K,
and total pressure of 1.4 MPa. In order to measure the wall
heat fluxes without combustion, the liquid kerosene fuel was
injected at the 20th s. It can be seen from the figures that both
the heat fluxes and wall temperatures at all locations reach
steady states after ∼10 s. The outputs from the five sensors in-
stalled in combustion section reach to the second steady states
after another 10 s when fuel was injected, while the outputs

FIG. 22. Blackbody calibration curve for the heat flux sensor.
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FIG. 23. Sketch of the water cooled supersonic model combustor.

FIG. 24. Time histories of the wall heat fluxes along the combustor.

from the first two sensors installed in the isolator remain al-
most constant.

Figure 26 compares the wall heat flux distributions at the
16th (no combustion) and 36th s (combustion). The maximum
heat flux with combustion increases ∼4–5 times. The peak
heat flux appears just downstream the cavity. Figure 27 shows
the corresponding wall temperature distributions for the two
cases. The wall temperatures with combustion is nearly twice

FIG. 25. Time histories of the wall temperatures along the combustor.

FIG. 26. Heat flux distributions along the combustor with and without com-
bustion.

as much as that without combustion in the combustion region.
Most of the sensors survived after about 50 runs and the out-
puts showed very good repeatability.

Figure 26 compares the wall heat flux distributions at the
16th (no combustion) and 36th s (combustion). The maximum
heat flux with combustion increases ∼4–5 times. The peak
heat flux appears just downstream the cavity. Figure 27 shows

FIG. 27. Wall temperature distributions along the combustor with and with-
out combustion.
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the corresponding wall temperature distributions for the two
cases. The wall temperatures with combustion is nearly twice
as much as that without combustion in the combustion region.
Most of the sensors survived after about 50 runs and the out-
puts showed very good repeatability.

VI. CONCLUSION

A water-cooled heat flux/wall temperature measurement
technique has been developed based on the principle of
Gardon heat-flux sensor. Heat resistance analysis has been
used to design the thermal structure of the sensor. Numerical
simulation of the heat conduction inside the sensor structure
demonstrated that the output of the sensor was linearly pro-
portional to the applied heat flux and a maximum heat flux of
400 W/cm2 could be measured using this sensor. Effects of
materials and structure on the sensor’s responses have also
been examined. The response time of sensor is comparable
with Gardon gauge. Calibration processes using radiative and
conductive heating sources were carried out and calibration
profile of heat flux vs. voltage as well as wall temperature
vs. heat flux were obtained. Calibration at higher heat flux
was carried out using a blackbody cavity. The successful
measurements in a supersonic model combustor showed that
the new developed sensors had wider measurement range and
fast response, satisfactory accuracy and precise, as well as
enough durability.
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