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Global heat flux measurement techniques with high spatial resolution are needed to accurately capture the peak heat flux and its
location for the design of thermal protection system. However, background radiation from combustion presents an obstacle to the
application of global heat flux measurement techniques. To solve this problem, a new method for heat flux determination suitable
for strong combustion radiation environment is described. The core idea of this method is that heat flux on the inner surface of the
combustor was identified by solving the three-dimensional transient inverse heat conduction problem while measuring the outer
surface temperature using temperature-sensitive paint. Measurement system configuration, data processing method, and effect of
layer thickness of the temperature-sensitive paint on the measurement results are introduced in detail. Finally, both numerical
and experimental results are presented to demonstrate the validity of the new method.
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1. Introduction

Air-breathing hypersonic vehicle can reduce the cost of space
exploration by using air from the atmosphere for combus-
tion, and have many features that rockets do not, such as
hypersonic cruising ability and recoverable space launches.
Great strides have been made in the design and development
of air-breathing hypersonic, but fundamental research is still
required to optimize their operation and performance. One
important research area is the quantification of the extreme
heat loads caused by combustion heat release [1], since heat
flux distribution and location of peak heat flux are critical
design parameters to optimize efficiency of the thermal pro-
tection system. Many techniques have been used to measure
heat flux, such as thermocouples, direct-write sensors [2],
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Gardon heat flux gauges [3], diamond calorimeters [4], and
state observer-based method [5], all of which have con-
tributed greatly to the development of air-breathing hyper-
sonic vehicle. However, limited by sensor size and installa-
tion space, spatial resolution of the above method is limited
and is difficult to accurately capture the peak heat flux and its
location, especially for areas with large heat flux gradients
and complex heat flux distributions. Global heat flux mea-
surement techniques are needed to overcome the problem.

Temperature-sensitive paint (TSP) are well-known global
heat flux measurement techniques, that have been commonly
used in hypersonic experiments to measurement heat flux and
to visualize boundary layer transition. Their use in high tem-
perature condition, however, has been more constrained and
few measurements have been carried out. Background radia-
tion from the heated high temperature gases, either by aero-
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dynamic heating or combustion, presents the obstacles to the
application of TSP [6, 7].

In this study, a new method of applying TSP in hypersonic
test with strong combustion radiation is described. Both nu-
merical and experimental results are presented to demon-
strate its validity.

2. Method

The conventional TSP technique has to airbrush the paint on
the inner surface of the combustor and the luminescence of
the paint must pass through the flow field before reaching the
imaging camera. In general, the luminescence is weak rela-
tive to the radiation of the flow field, and this problem can-
not be easily solved by optimized spectral filtering or camera
gating. To overcome this problem, the heat flux on the in-
ner surface was identified by solving the three-dimensional
transient inverse heat conduction problem (IHCP) while also
measuring the outer surface temperature using TSP. A com-
parison of the conventional TSP method and the proposed
method is shown in Fig. 1.

2.1 Method of temperature measurement

TSP is a thin polymer layer doped with luminescent
molecules whose emission under certain excitation is sensi-
tive to temperature due to thermal quenching. The quenching
processes can be described using an Arrhenius formulation,

ln
I(T )

I(Tref)
=

Ea

R

(
1
T
− 1

Tref

)
, (1)

where Ea is the activation energy for the non-radiative pro-
cess, R is the Universal gas constant, Iref is the emission in-
tensity of the TSP layer at reference temperature Tref . In
practise, Eq. (1) does not always hold exactly, so that one
tends to carry out a calibration at known T and perform a fit
of I(T )/I(Tref) to T/Tref :

I(Tref)
I(T )

= f (T/Tref). (2)

Therefore, once TSP on a surface is calibrated, the surface
temperature can be measured by detecting the luminescent
emission from the TSP layer with digital cameras [8-10].

To withstand heat and pressure loads, combustor models
is always made of metal or metal alloys such as steel. How-
ever, the TSP is an insulator with a thermal conductivity sev-
eral orders of magnitude lower than that of the steel wall of a
combustor. This difference in thermal conductivity requires
the use of a double-layer thermal conduction model. Figure
2 shows the thermal conduction model and its corresponding

Figure 1 Comparison of the two methods. a Conventional TSP technique;
b method used in this study.
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Figure 2 Double-layer thermal conduction model and its corresponding
coordinates.

coordinates. L1 and L2 are the thickness of the test model
wall and the TSP layer, respectively. The boundary condi-
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tions at the interface of the wall and the TSP layer are based
on two requirements: (1) the two layers in contact must have
the same temperature at the interface, and (2) the interface
must not store any energy, so that the heat flux on both sides
of the interface is the same.

2.2 Solution of inverse heat conduction problem

With the temperature data measured by TSP, the next step is
to solve the IHCP. Well-know methods for solving the IHCP
include Tikhonov’s regularization method, the conjugate gra-
dient method (CGM), the sequential function specification
method, and the Kalman filter method [11]. In this study, the
heat flux on the inner surface is recovered by the CGM due to
its fast convergence rate and robustness. The CGM is an iter-
ative method and converges the following objective function
to a minimum:

J[q(y, z, t)] =
∫ t f

0

im∑
i=1

[T(xi, yi, zi, t) − Y(xi, yi, zi, t)]2dt

=

∫ t f

0

im∑
i=1

[Ti(t) − Yi(t)]2dt, (3)

where q(y, z, t) is the heat flux on the inner surface, T and Y
are the calculated and measured temperatures, respectively,
of the outer surface at the extracted locations (xi, yi, zi) at
time t; im represents the number of measured temperature ex-
traction points; and t f is the final time. The iterative process
of CGM to find the heat flux on the inner surface satisfying
the temperature of the outer surface was as follows [12-14]:

qn+1(y, z, t) = qn(y, z, t) − βnPn(y, z, t), n = 0, 1, 2, . . . , (4)

where n is the number of iteration; βn is the search step size
form iteration n to n + 1; Pn is the search direction given by
the following conjugate equation:

Pn(y, z, t) = J′n(y, z, t) + γnPn−1(y, z, t), (5)

which is a conjugation of the gradient direction J′n(y, z, t) at
iteration n and the direction of descent Pn−1(y, z, t) at the iter-
ation n − 1. The conjugate coefficient γn is determined from

γn =

∫ t f

0

∑im
i=1[J′n(yi, zi, t)]2dt∫ t f

0

∑im
i=1[J′n−1(yi, zi, t)]2dt

with γ0 = 0. (6)

If the measured temperature of the outer surface contains
no errors or noises, the traditional convergence criterion is
specified as

J[q(y, z, t)] < ε, (7)

where ε is a small-specified number. However, in actual ex-
periment measurement errors is unavoidable and it can be

expressed as follows:

Ti(t) − Yi(t) ≈ σ, (8)

where σ is the stand deviation of measurements. Substitut-
ing Eq. (8) into Eq. (3), the following expression for ε is
obtained:

ε = imσ2t f . (9)

To perform the iterative process of CGM method, the cal-
culated temperature Ti, the search step size γn, and the search
direction Pn are needed. In order to develop expressions for
the determination of these three quantities, a direct heat con-
duction problem, a sensitivity problem, and an adjoint prob-
lem are constructed as described below.

(1) Heat conduction problem
In the direct heat conduction problem, heat flux of the in-

ner surface is known, and the temperatures of the outer sur-
face are determined from the solution of the mathematical
formulation, given as follows:

∂T
∂t
= α

(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2

)
, (10a)

− k
∂T
∂x
= q(y, z, t) for x = 0, t > 0, (10b)

− k
∂T
∂x
= 0 for x = L, t > 0, (10c)

− k
∂T
∂y
= 0 for y = 0,M, t > 0, (10d)

− k
∂T
∂z
= 0 for z = 0,N, t > 0, (10e)

T = T0 for 0 ≤ x ≤ L, 0 ≤ y ≤ M,

0 ≤ z ≤ N, t = 0, (10f)

where, k and α are the thermal conductivity and thermal dif-
fusivity of the material; L, M, and N are the size of the wall
in the x, y, z direction, respectively. The initial temperature
of the wall is uniform and equals T0. The heat flux on the in-
ner surface is a function of time as well as y and z distances.
All side wall surfaces and the outer surface are assumed to
be adiabatic.

(2) Sensitivity problem and search step size
Sensitivity problem can be obtained by the limiting ap-

proach. When q is perturbed by ∆q, temperature T under-
goes a variation of ∆T. Plugging q+∆q and T+∆T into Eq.
(10a), subtracting the Eq. (10a) and neglecting the second-
order terms, the following sensitivity function ∆T can be ob-
tained:
∂∆T
∂t
= α

(
∂2∆T
∂x2 +

∂2∆T
∂y2 +

∂2∆T
∂z2

)
, (11a)

− k
∂∆T
∂x
= ∆q(y, z, t) for x = 0, t > 0, (11b)
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− k
∂∆T
∂x
= 0 for x = L, t > 0, (11c)

− k
∂∆T
∂y
= 0 for y = 0,M, t > 0, (11d)

− k
∂∆T
∂z
= 0 for z = 0,N, t > 0, (11e)

∆T = 0 for 0 ≤ x ≤ L, 0 ≤ y ≤ M,

0 ≤ z ≤ N, t = 0. (11f)

With the solution of the sensitivity equation, the search step
size βn can be determined by Eq. (12) as follows:

βn =

∫ t f

0

∑im
i=1[Ti(t) − Yi(t)]∆Ti(t)dt∫ t f

0

∑im
i=1[∆Ti(t)]2dt

. (12)

(3) Adjoint problem and gradient equation
To obtain the adjoint problem, multiplying Eq. (10a) by

Lagrange multiplier λ and integrating the result over the time
and spatial domain then adding the integration result to the
right-hand-size of Eq. (3), the functional J can be rewritten
as

J[q(y, z, t)] =
∫ t f

0

im∑
i=1

[Ti(t) − Yi(t)]2dt

+

∫ t f

0

∫
Ω

{
∂

∂x

(
k
∂T
∂x

)
+
∂

∂y

(
k
∂T
∂y

)
+
∂

∂z

(
k
∂T
∂z

)
− ρc∂T

∂t

}
λdxdydzdt (13)

with limiting process of Eq. (13), the adjoint problem can be
obtained

ρc
∂λ

∂t
+
∂2λ

∂x2 +
∂2λ

∂y2 +
∂2λ

∂z2 = 0, (14a)

− k
∂λ

∂x
= 0 for x = 0, t > 0, (14b)

− k
∂λ

∂x
= −2(T − Y)δ(x − xi)δ(y − yi)δ(z − zi)

for x = L, t > 0, (14c)

− k
∂λ

∂y
= 0 for y = 0,M, t > 0, (14d)

− k
∂λ

∂z
= 0 for z = 0,N, t > 0, (14e)

λ = 0 for 0 ≤ x ≤ L, 0 ≤ y ≤ M,

0 ≤ z ≤ N, t = t f , (14f)

where δ(·) is the Dirac δ function. Eq. (13) can be simplified
as

∆J[q(y, z, t)]=
∫ N

z=0

∫ M

y=0

∫ t f

t=0
λ(0, y, z, t)∆q(y, z, t)dtdydz. (15)

The variation of functional can be written as

∆J[q(y, z, t)]=
∫ N

z=0

∫ M

y=0

∫ t f

t=0
J′[q(y, z, t)]∆q(y, z, t)dtdydz. (16)

A comparison of Eqs. (15) and (16) leads to the result for
the gradient of functional:

J′[q(y, z, t)] = λ(0, y, z, t). (17)

To solve the direct heat conduction problem, sensitivity
problem, and adjoint problem numerically, a finite difference
code was developed based on the alternating direction im-
plicit (ADI) method. The ADI method applies the Crank-
Nicolson method one direction at a time using two intermedi-
ate temperature fields before obtaining the new temperature
field. All three iterations for x, y, and z directions have to
done for each time step. The numerical errors of ADI solu-
tion are in the order of O((∆t)2) and O((max[∆x,∆y,∆z])2).
For the adjoint problem, the final time conditions at time
t = t f is specified instead of the customary initial condition.
This problem can be transformed to an initial problem by the
transformation of the time variables. Then all the three prob-
lems can be solved by the same finite difference code.

The computational procedure of the CGM method is sum-
marized as follows. Firstly, the direct heat conduction prob-
lem is computed based on the guesses of the inner surface
heat flux to obtain the outer surface temperature T. After-
wards, by comparing this temperature with the measured one,
Y, the objective function is evaluated. If the convergence cri-
terion is not reach, a new inner surface heat flux is computed
by solving the sensitivity and adjoint problem. This process
is iterated until the convergence criterion is satisfied.

3. Numerical validation

In this section, validity of the CGM in estimating the inner
surface heat flux from inverse analysis of the outer surface
temperature is demonstrated. The first step of the valida-
tion was to impose a known heat flux on the inner surface
of the scramjet wall and record the outer surface temperature
change. This temperature was then the input for the CGM as
TSP measured results. Finally, the estimated heat flux was
compared with the imposed heat flux to evaluate the validity
of the approach.

The geometry of the test case is a plate that represents
part of a combustor wall with thickness in the x-direction,
the outer surface of which is painted with TSP. The material
of the plate is C45E4 steel, and its length and width are 90
and 60 mm, respectively. The density, specific heat, and ther-
mal conductivity of the C45E4 steel and the TSP are 7870
and 1300 kg m−3, 486 and 1540 J kg−1 K−1, and 51.9 and
0.16 W m−1 K−1, respectively. The test time was set to be 2 s.
The unknown heat flux on the inner surface was assumed to
be

q(y, z) = q0

[
1 + 0.2 sin

(
πy
45

)]
f (z), (18)
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where q0 equals 0.4 MW/m2. The f (z) function simulates the
boundary condition of the combustor wall, and is defined as
follows:

f (z) =



sin
(

2π
54

z
)
, 0 ≤ z < 13.5,

1.0, 13.5 ≤ z < 46.8,

sin
[
2π
54

(z − 33.3)
]
, 46.8 ≤ z ≤ 60.

(19)

To ensure that the temperature of the outer surface was within
the measuring range of the TSP, the thickness of the plate was
set to 5.1 mm. The thickness of the TSP layer was set to a
typical value of 20 µm.

An analytical solution can be obtained when the heat flux
on the inner surface is constant, which can then be used to
study the grid independence. The time step was set to 5.0 µs
and the grids along the y and z directions were set to 0.3 mm.
The x direction grids of the plate and the TSP layer were
0.3 mm and 2.0 µm, respectively. The computational do-
main wss assumed to be at the uniform temperature of 288 K
initially. With these parameters, the direct heat conduction
problem can be solved to obtain the outer surface temperature
change, which is regarded as the TSP measured results. The
CGM was used to recover the heat flux on the inner surface.
The CGM was first performed by assuming exact tempera-
ture data. To generate results for situations involving mea-
surement errors, Normally distributed random errors within
the range of ±1.0 and ±3.0 K were added to the temperature
data. In all of the cases considered herein, the initial esti-
mates of the inner surface heat flux were taken to be zero.
Figure 3 shows the solutions given by the CGM with differ-
ent levels of temperature noise. The input temperature with
noise was filtered using a 2D averaging filter of size 11 by
11 points. As shown in Fig. 3, reliable estimations were ob-
tained when using both exact temperatures and temperatures
with noise. To analyze the results quantitatively, the exact
heat flux (qE) and the CGM solutions (qCGM) at z = 30 mm
were compared in Fig. 4.

As shown in Fig. 4, differences between the exact heat
flux and the CGM solutions can be observed, and the rela-
tive error increases with the temperature noise. However, the
relative error values of the inner surface heat flux are all less
than 3%, which demonstrates the high accuracy of the pro-
posed method.

Figure 5 shows the convergence process of the CGM. The
convergence process was stopped when the difference be-
tween the calculated temperature and measured temperature
reached less than 0.5 K. Convergence was reached after 9 it-
erations for the above cases. The figure shows the following:
(1) The function decreases rapidly for the first few iterations,
indicating that the initial estimates of the unknown quantities
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Figure 3 CGM solution. a Without temperature noise; b with a temperature
noise of ±1.0 K; c with a temperature noise of ±3.0 K.

can be chosen arbitrarily. If a difference of 0.7 K is accept-
able, then only 3 iterations are required to reach convergence.
These features make the CGM easy to use in practical appli-
cations. (2) The convergence curves with and without noise
are nearly the same, indicating that the CGM is robust and
applicable to solve the IHCP.

The numerical results show that the heat flux can be ac-
curately determined by the CGM with a double-layer ther-
mal conduction model. Theoretically, the thickness of the
TSP layer should be determined before analysis. However,
in practice, the TSP layer may be uneven, as it is difficult
to control its thickness, especially on complex surface mod-
els. Hence, the effect of TSP layer thickness on the accu-
racy of heat flux measurements must be studied. To make the
analysis results more generalizable, limited conditions were
considered, wherein the thickness of the TSP layer was con-
sidered to be zero and the CGM was conducted with a single-
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layer thermal conduction model. Numerical cases with dif-
ferent TSP layer thicknesses, test model wall thicknesses,
wall materials, and heat flux environments were performed,
the results of which are shown in Fig. 6. The quantitative
effects of ignoring the TSP layer thickness are summarized
in Table 1. The time needed for a qCGM of 90% of qE and a
value of qCGM

qE
with a test time of 2 s is also listed. The fol-

lowing observations can be made from the results: (1) when
the TSP layer thickness is not considered, the CGM solution
(qCGM) is lower than the exact value, because due to the rel-
atively low thermal conductivity of the TSP, the temperature
gradient of the TSP layer is much higher than that of the test

model wall, and the outer surface temperature is lower than
is the case when the TSP layer is absent. (2) The critical
time is defined as the time when the outer surface temper-
ature begins to change approximately linearly. An increase
in the TSP layer or model wall thickness, or the selection of
a material with a relatively low thermal diffusivity, prolongs
the critical time and the relative error increases slightly. (3)
The relative error of qCGM does not decrease infinitely with
the test time, but is limited. When the test time is longer than
the critical time, the relative error of the qCGM approaches
the limit. For all of the cases considered here, when the test
time is equal to 2 s, the relative errors are all less than 4.0%.
Therefore, ignoring the TSP layer thickness is practically ac-
ceptable as long as the test time is longer than the critical
time.

4. Experimental results

4.1 Scramjet

The proposed method was firstly tested at a variable Mach
number direct-connect supersonic combustion test facility,
which consists of the heater, sonic nozzle, isolation section,
combustor, and exhaust nozzle. The TSP was sprayed onto
the exhaust nozzle of the scramjet, namely, a unilateral ex-
pansion nozzle with an expansion angle of 2.0◦. Figure 7 is a
photograph of the facility. Detailed information of the facil-
ity and test model are available in Ref. [15]. For the experi-
ments reported here, the Mach number, stagnation pressure,
and stagnation temperature of the inlet were 2.8, 1.68 MPa,
and 1475 K, respectively. The inlet conditions were represen-
tative of Mach 5.6 flight conditions with a dynamic pressure
of 64 kPa. The fuel was ethylene and was injected after the
supersonic flow in the scramjet had well developed.

In the experiments, an oxygen-impermeable automobile
clearcoat was used as the binder, and Ru(dpp) was used as the
luminophore of the TSP. The absorption and emission spec-
tra of the TSP used in the tests can be found in Ref. [16]. The
TSP was air-sprayed onto the model surface and the resulting
paint thickness was approximately 20 µm. Continuous illu-
mination was provided by a 455 nm LED. The luminescence
signal was recorded continuously by a 12-bit high-speed
camera (SA-4, Photron) at 250 Hz through a 60 mm lens,
and the size of the raw images was 1024 by 1024 pixels. The
spatial resolution for the tests are 0.32 mm. A 600 ± 25 nm
band-pass filter was selected to exclude excitation light. The
temperature calibration of the TSP was performed in a cal-
ibration device with a temperature range of 298-318 K. As
shown in Fig. 8, a nonlinear relationship was found between
intensity and temperature, that could be fitted by a polyno-
mial curve.
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Figure 6 Effects of ignoring the TSP layer thickness on the measurement results. a Thickness of the TSP layer (L1 = 5.1 mm, C45E4 steel, qE = 4×
105 W/m2); b thickness of the test model wall (L2 = 40 µm, C45E4 steel); c test model material (L1 = 5.1 mm, L2 = 40 µm, qE = 4 × 105 W/m2); d heat flux
values (L1 = 5.1 mm, L2 = 40 µm, C45E4 steel).

Table 1 Quantitative effects of ignoring the TSP layer thickness

L1 L2 Material
qE Time (s) qCGM/qE

(mm) (µm) (W/m2) (qCGM = 0.9qE) (time = 2 s)

5.1 20 C45E4 steel 4 × 105 0.211 0.983

5.1 40 C45E4 steel 4 × 105 0.394 0.976

5.1 60 C45E4 steel 4 × 105 0.618 0.966

5.1 80 C45E4 steel 4 × 105 0.883 0.954

10.0 40 C45E4 steel 2 × 106 0.665 0.971

15.0 40 C45E4 steel 1 × 107 0.938 0.960

5.1 40 Copper 4 × 105 0.157 0.981

5.1 40 Stainless steel 4 × 105 0.833 0.967

5.1 40 C45E4 steel 1 × 106 0.394 0.976

5.1 40 C45E4 steel 1 × 105 0.394 0.976

Figure 9a shows the measured temperature distribution
with a test time of 7.8 s. The flow in the figures are from right
to left. The outer surface temperature of the scramjet wall
was measured and the distribution of the heat flux was ob-
tained using the CGM, as shown in Fig. 9b. At present, few
numerical and experimental results are available for cross-
validation. Considering that the heat flux distribution should
reflect the geometric characteristics of the test model, po-
sitions of the upper and lower wall of the nozzle were ex-
tracted. Points on the wall with a heat flux equal to 10% of

the maximum heat flux were defined as representing the wall
boundary. The red and black lines in Fig. 9b show the re-
sults. The position data was further analyzed using the least
square method. The fitted included angle of the upper and
lower wall boundary is 2.1◦, which agrees well with the test
model. Further tests were conducted with varying fuel-air
equivalence ratios. The resulting heat flux distributions were
similar to these in Fig. 9b. A comparison of the heat flux
with different equivalence ratios along y = 100 mm is shown
in Fig. 10. The figure clearly shows that an increase in the
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Figure 7 Photograph of the direct-connect supersonic combustion test fa-
cility.
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Figure 8 TSP calibration results.

equivalence ratio increased the heat flux but had little effect
on the heat flux distribution.

4.2 Oblique detonation engine

Further tests were carried out in the JF-12 shock tunnel with
an oblique detonation engine (ODE) to verify its feasibility
in pulse wind tunnels with short test time. The JF-12 shock
tunnel is capable of reproducing airflow for Mach numbers
ranging from 5 to 9 at an altitude of 25-50 km, with a test
duration of about 100 ms [17]. The ODE model, shown in
Fig. 11, is about 2.2 m in length, 0.6 m in height and 0.6 m
in width. It is mainly composed of fuel injectors, inlet, com-
bustor and nozzle. The combustor is in the shape of a rect-
angular straight channel, which is 0.0765 m in height and
0.4 m in width. The fuel was hydrogen and the global equiv-
alence ratio of the fuel-air mixture flowing into the combus-
tor is about 1.0. More information of the test model can be
found in Ref. [18].

The time for heat to penetrate to the outer surface of the
combustor is defined as the heat penetration time. The ana-
lytical expression for heat penetration time is

tp =
L2

απ2 ln(2), (20)

where L is the wall thickness and α is the thermal diffusivity
of the material. The combustor is make of carbon structural

steel and its thickness is 8 mm. The heat penetration time is
much longer than the test time (100 ms). Thermal diffusiv-
ity of copper and carbon structural steel is 1.15 × 10−4 m2/s
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Figure 9 Measured temperature and heat flux distribution identified by the
CGM. a Measured temperature (t = 7.8 s); b heat flux distribution.
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and 1.36 × 10−5 m2/s, respectively. Hence, to meet the de-
mand of the test time, the TSP was air-sprayed onto a copper
sheet. Its thickness is 1.0 mm and the corresponding heat
penetrate time equals to 0.61 ms. Then, the copper sheet was
flush-mounted on the the combustor, with an optical glass to
isolate the TSP from the external flow field. In Fig. 11, TSP
is indicated by bright yellow color.

Figure 12 shows the measured heat flux distribution of
the ODE combustor. The spatial resolution for this test is
0.33 mm. Flow in the figure are from right to left. The high
heat flux region on the right side of the figure is caused by
the oblique detonation wave while the left one is caused by
the reflected shock wave. Although the combustor is two di-
mensional, the high heat flux regions are non-uniform along
z direction due to the non-uniformity of fuel injection.

Four coaxial thermocouples with a diameter of 1.4 mm
was used to validate the new method. The thermocouple
is self-developed and has been widely used in high temper-
ature pulse wind tunnels. Its sensitivity depends on mate-
rial, and is a constant for our experimental conditions. The
sensitivity has been well calibrated for each batch of mate-
rial before every test. The thermocouples were stuck in the
mounting hole of the the combustor with glue. The heat
flux measured by thermocouples are 0.69, 1.05, 0.77, and
0.78 WM/m2, respectively. Heat flux distribution extracted
from Fig. 12 with y = 126 mm and results measured by ther-
mocouples were compared in Fig. 13. As shown in the fig-
ure, the heat flux measured by TSP varies between 0.73 and
0.90 WM/m2. The results between TSP and thermocouples
at the same cross-section are compared considering the two-
dimensionality of ODE combustor. The comparison shows
that although there are some differences (probably due to the
nonuniformity of fuel injection), the TSP results are gener-
ally close to the thermocouples in the magnitude. The differ-
ence between the mean results for TSP and thermocouples is
smaller than 8.2%, which demonstrates the feasibility of the
new method.

5. Conclusion

A new method of applying TSP in hypersonic test with strong
combustion radiation is proposed. The heat flux on the inner
surface of the combustor is determined by recording the de-
velopment of the outer surface temperature of the wall using
TSP and then solving the IHCP. Background radiation can be
avoided for the TSP is physically isolated from the combus-
tion flow. Numerical and experimental tests were conducted
to validate this method, and the following conclusions can
be derived: (1) The CGM method can be applied to solve
the three-dimensional IHCP considering noise with great

Figure 11 ODE model (the bright yellow region represents TSP, while the
red dots indicate the location of the thermocouples).
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Figure 12 Measured heat flux distribution of the ODE combustor.
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accuracy, robustness and convergence. (2) Simplification to
single-layer heat conduction problem by ignoring the thin
TSP layer will bring computational convenience but also
some errors. Nevertheless, the error is relatively small when
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the test time is longer than the critical time. (3) Two typ-
ical experimental cases with long test time and short test
time demonstrates the feasibility of the method qualitatively
and quantitively, respectively. The results in the direct-
connection supersonic combustion test facility show the heat
flux field in the exhaust nozzle with high spatial resolution
and its variance with equivalence ratios. The results in ODE
show the satisfactory coincidence between the TSP and ther-
mocouple with the mean difference of 8.2%.
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温温温敏敏敏漆漆漆应应应用用用于于于高高高超超超声声声速速速燃燃燃烧烧烧辐辐辐射射射环环环境境境的的的方方方法法法

苑朝凯,孟凡钊,刘旭,刘云峰,连欢,刘应征,彭迪
摘要 热防护系统设计需要高空间分辨率的热流密度场测量方法来获取热流密度峰值及其对应的空间位置.然而,燃烧产生的背景

辐射严重阻碍了现有热流密度场测量方法的应用. 为了解决该难题,提出了一种适用于强辐射燃烧环境的热流密度场测量方法,基本

思想是利用温敏漆测量燃烧室外壁面温度的变化历程结合三维瞬态热传导反问题的求解确定内壁面热流密度场分布.文中详细介绍

了测量系统构成、数据处理方法及温敏漆涂层厚度对测量结果的影响,最后给出了数值和实验结果验证了该方法的可行性.
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