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Abstract: Copper calorimeter, based on a calorimetric principle, offers a solution for heat transfer measurement
in high enthalpy situation, especially in the erosive flow of high enthalpy shock tunnels. In this study, we numer-
ically investigated the measuring performance of copper calorimeters. Non-ideal effects, such as heat loss to the
insulator around and replacement of the average temperature of the copper element by the junction temperature,
were discussed in detail. The influences of copper element thickness, copper/constantan wires thickness and sen-
sor diameter were also estimated, with the aim to provide theoretical guidance for the design of copper calorime-
ter. In addition, corresponding experiments in JF10 high enthalpy shock tunnel were carried out against the data
of coaxial thermocouples for verification. Results showed that the non-ideal thermal environment of a copper
calorimeter (heat exchange with its surroundings) would result in a smaller measuring heat flux comparing to the
one actually loaded; proper thickness of copper element matching the effective test time of shock tunnel was
suggested. Besides, preliminary experimental results with corrections showed reasonable agreement with the heat
flux of thermocouples, with an average deviation of 8%. Over all, this gauge developed extends and supplements
the high enthalpy shock tunnel heat transfer measurements made by other techniques.
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1. Introduction considerable interest in numerous important applications,

particularly in aecrodynamic heating, where the convec-

Hypersonic technology represents one of the most
important issues affecting the future of the aerospace
industry. High speed, shock compression, and viscous
energy dissipation behind the bow shock of an aircraft
head result in very high temperatures. A massive amount
of kinetic energy is converted into heat energy, causing
the thermal environment to become potentially critical.
Transient heat transfer problems have therefore received
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tive surface heating rates play a major role. To this effect,
accurately predicting heat transfer rates is a major issue
for researchers and developers working within the current
space program [1-2].

Due to the high cost of flight tests, most aerodynamic
heating experiments are performed in ground facilities,
where shock tunnels offer advantages in terms of being
able to accommodate relatively large-size models and
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low operational costs. Also, the development of experi-
mental techniques has made it possible to realize hyper-
sonic flows ranging from 2.5 to 45 MJ/kg, which corre-
spond to velocities from 2 to 10 km/s, respectively [3-4].
In such facilities, where the effective test time is on the
order of milliseconds, the heat flux rate is derived from a
transient temperature monitored at selected points on the
model with fast response testing technology. Generally,
the techniques can be divided into two categories: one
based on heat flux sensors, such as resistance thermome-
ters [5-8], thermocouples [9-13], calorimeters [14-17],
etc.; and the other based on non-intrusive techniques
such as temperature sensitive paint [18-19] and thermog-
raphy [20-21]. Each technique has its own benefits and
challenges. For example, non-intrusive optical measure-
ments are a candidate for obtaining global temperature
distribution measurements and have temporal/spatial
advantages. However, the calibration procedures are very
cumbersome and the accuracy can be seriously affected
by impurities of the flow field and vibration of the model.
Overall, this technique remains technologically immature,
especially in high enthalpy shock tunnels, where the
self-luminescence of high temperature test gas exists.
Because of these optical drawbacks, point heat flux sen-
sors, typically cylindrical in shape, are primarily used for
heat transfer measurements in high enthalpy facilities
[22]. By the nature of the shock tunnels’ operation, high
enthalpy test flows can be contaminated with particulates
and fragments of metallic diaphragm, particularly at high
enthalpies and, even more so, at high densities [23],
which will impact models at high speed, thus resulting in
stringent demands on heat flux sensors. Although thin
film resistance gauges can be made to have very short
rise times and high electrical output per degree rise in
temperature, they are prone to thermal damage and rapid
erosion by small particles in the flow, and the lifetime of
each gauge is limited to one or two shots [24]. Thermo-
couple and calorimeter are robust gauges offering a solu-
tion for high enthalpy situations. However, the junction
of a thermocouple is formed either by mechanical inter-
ference or abrasion, which requires re-abrading or
re-machining between shots due to damage by the ero-
sive flow. And there are also uncertainties associated with
the junction structures [25]. Instead, by using a calorim-
eter style gauge, the temperature sensing element can be
shielded from direct contact with the erosive flows. Be-
sides, it has the advantages of simple production, low
cost and suitable for fabrication or modification accord-
ing to the various requirements in the laboratory.
Calorimeter gauges are based on calculating the in-
stantaneous heat transfer rate by measuring the time rate
of the thermal energy change within a metal element,
usually copper. The thermal energy is determined from a
temperature measurement at the rear surface, and it is the
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change rate of this temperature that gives the heat flux
into the exposed surface. Different types of calorimeter
gauges, such as thin wall calorimeters [14], slug calorim-
eters [26] and null point calorimeters [27-28] have been
developed by researchers to address the requirements of
their special testing environments. However, each type
has its own advantages and challenges. Slug and null
point calorimeter gauges are generally developed for long
test time measurements with relatively long response
time (such as plasma wind tunnel), whereas a thin wall
calorimeter is more suitable for high enthalpy shock tun-
nels with testing durations in the order of milliseconds.
Rose [14] developed a calorimeter gauge for use in shock
tubes, with testing times of up to 50 ps, using a ~0.033
mm thick strip of platinum as the sensing element. The
operating principles and experimental setup were report-
ed in some detail. However, this element was found to be
too thin for use in high enthalpy shock tunnels with rela-
tively long test times, where the heat flux loss to the
back-up insulator could not be negligible. Taler [16] de-
veloped a mathematical technique, based on the solution
of the inverse heat conduction problem, for determining
the transient heat flux based on experimentally-acquired
interior temperature-time data. Note that the calculations
were performed by considering the classical, one-
dimensional heat transfer problem for a semi-infinite slab,
and heat flux loss was not included.

In this study, a copper calorimeter was developed for
heat transfer measurements in high enthalpy shock tun-
nels with a relatively thick sensitive element. The tem-
perature distribution within the gauge was examined by
solving the two-dimensional heat conduction equations
numerically, thereby providing the measurement perfor-
mance and correction factor simultaneously. Non-ideal
effects, such as heat loss to the surrounding insulator and
replacement of the average temperature of the sensitive
element by the junction temperature, are also discussed
in detail. Further, the gauge was verified in the JF10 high
enthalpy shock tunnel through comparison to validated
coaxial thermocouples and was found to achieve good
performance. In all, this investigation can provide theo-
retical guidance for the design of a copper calorimeter
and improve its measurement accuracy. This developed
gauge also extends and supplements the high enthalpy
shock tunnel heat transfer measurements performed by
other techniques.

2. Principle of copper calorimeter

A schematic of our developed copper calorimeter is
shown in Figure 1. It consists of a circular metal element,
thermocouple wire, and epoxy insulator. The thermocou-
ple wires (copper and constantan) are connected to the
copper element by spot welding. D is the sensor diameter;
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L. and D, are the thickness and diameter of the copper
element, respectively. The element is attached to the in-
sulated holder, with the objective of reducing its heat loss
and enhancing robustness against erosion. In addition,
the thermal junction is placed on the back of the copper,
thus protecting it from the disturbances of high-velocity
gas flow. The copper element first absorbs heat; its aver-
age temperature is related to the junction temperature
monitored by the thermocouple on the back side. If heat
loss from the copper element can be assumed to be neg-
ligible, then the net surface heat flux ¢ is obtained as fol-
lows:

1, 0T dr dT.
=pc| —dx=pcl —% = pcL — 1
qpfoat pel,—==pel.— ()

where p and ¢ are the density and specific heat of
copper material. 7' and ¢ are the temperature and time
respectively. Subscript “a” represents the average tem-
perature of the copper element and “” the junction.
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copper
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insulator

copper wire|
constantan wire

!

Fig. 1 Schematic diagram of copper calorimeter (not to scale)
Equation (1) is applied with several assumptions; the
measurement is unfortunately complicated by the fact
that any deviation (such as heat loss through the insulator
and copper/constantan wire) leads to inaccuracy. In addi-
tion, the average temperature of the copper element is
difficult to measure, and the key requirement is that the
junction temperature gradient can be considered equal to
the mean temperature gradient, with respect to time:
dr, dT,
dt dt
Validation of Equation (2) will be evaluated below.

@)

3. Simulation methodology

The computing model in Figure 1 was simplified as an
axisymmetric problem, with the copper wire replaced by
a ring with the same cross-section area. The governing
equations employed were axisymmetric unsteady heat
conduction equations as below:

or _ k [aZ_T+aZ_T 16T]

—=— +—— 3
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where x and y are the axial and radial coordinates of
the physical space; k is the thermal conductivity. The
material physical parameters used in the calculations are
shown in Table 1, assuming constant with temperature (it
is acceptable that the sensor’s temperature rise is only
several degrees in most cases). Equation 3 is solved by
the finite difference method for spatial discretization and the
fourth order Runge-Kutta method for time integration [29].

Table 1 Thermo-physical parameters of materials [30]

Materials plkg-m? c/J-(kg'K)"! W+ (m-K)"
Copper 8920 385.1 377.2
Constantan 8920 393.1 21.2
Insulator 1060 1960.0 0.2

To improve the measuring accuracy and provide theo-
retical guidance for the design of copper calorimeter, its
thermal environment under different parameters is ex-
amined. Detailed calculation conditions are described in
Table 2. D, is the diameter of the copper/constantan
wires. Scale of the copper calorimeter widely used in the
author’s laboratory is as below: D=3.5 mm, D=3 mm
and L,=0.15 mm. The diameter of the copper/constantan
wires is 50 um and length of the sensor is approximately
10 mm. These are the main research objects. Structured
grids of 401x401 were applied, as shown in Figure 2.
Considering that the depth of heat conduction in x direc-
tion was limited during the test time (in the order of mil-
liseconds), the computing scale along this direction was
chosen to be 2~5 mm, according to different calculation
conditions. The zones near the copper element and cop-
per/constantan wires were incorporated with clustered
points. Initial temperature of the sensor was set to
T..=293 K in present calculation. Since the heat transfer
rate from the gas flow to the sensor was almost constant
during the steady state time inherent in shock tunnels,
constant heat flux ¢, was loading uniformly on its top

oT :
surface, i.e., (—) =q—”, t >0 . Other boundary
ox )y k

conditions could be found in Figure 2, adiabatic bounda-
ry condition for the right and lower boundary, and sym-
metric boundary conditions for the left. Besides, the
temperature and heat flux satisfy the continuity condition
at the interface between two different materials inside the
copper calorimeter.

Table 2 Calculation parameters of the calorimeter

Case L/mm D/mm D,/um D./mm
1 0.15 35 50 D-0.5
2 0.15,0.3,0.5 3.5 50 D-0.5
3 0.15 3.5 50,80,100 D-0.5
4 0.15 22535 50 D-0.5
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Fig. 2 Schematic diagram of computing grid
4. Results and Discussion

4.1 Performance of the copper calorimeter

Figure 3 shows the temperature field inside the copper
calorimeter temperature distribution at the sensor surface
or backside for Case 1 parameters at the moment of 3 ms,
with ¢,, equal to 2.69 MW/m”. AT is the temperature in-
creasing obtained by subtracting the initial temperature:
AT =T -T, . It is found that temperature differences

exist between the copper element and copper/constantan
wires or insulator; the insulator has a much higher tem-
perature than the copper element at the sensor surface
(x=0) but lower than the copper element at the sensor
backside (x=0.15 mm), which will result in substantial
heat conduction between them. This finding disagrees
with the assumption of no heat loss from the copper ele-
ment due to the different thermo-physical parameters of
copper, insulator and constantan; the difference was es-
pecially significant for the first two materials. Overall,
the copper element’s thermal environment is complex;
absorbing heat from the lateral insulator at the surface
region, but dissipating energy to its bottom substrate.
Furthermore, the temperature distributions inside the
sensor also changed with time. However, this study did

insulator

copper wire

Py I—
y/mm

Fig. 3
the sensor surface (x=0) and backside (x=0.15 mm)

AT/K

J. Therm. Sci., Vol.27, No.4, 2018

not particularly focus on the thermal environment in de-
tail; instead, performance of the sensor was analyzed by
comparing the heat flux monitored at the junction to the
loading heat flux (g,), as displayed using the non-
dimensional form of g;/q,,, where the heat transfer rate ¢,
represents the loading heat flux on the sensor surface and
g; is obtained from the junction temperature. Moreover,
the results for g;/q, could also provide the correction
factors, which is especially important for the cases whose
ratios are far from 1.

Figures 4 and 5 show the temperature and heat flux
curves of the junction and average of the copper element
for Case 1 calculation parameters, where the horizontal
axis is the time g,, loading. Only 10 ms were considered,
because the effective test time of a high enthalpy shock
tunnel is usually shorter than this duration. As shown in
Figure 4, there is a difference between T, and T}, with
(T.-T))/T, decreasing over time, with the subscript “a”
representing the average of the copper element and *”
the junction. In other words, replacement of 7, with 7; is
acceptable for sufficiently long time periods; although
the difference is significant at the initial stage (~1 ms)
whenever ¢, is loading. Fortunately, calculation of the
heat flux in Equation (1) only requires the changing rate
of temperature but not the temperature itself; the heat
flux is shown in Figure 5, where g, and g; are calculated
as below:

a dTi

,q; = pcl, —= 4
5 =Pk “)

The values of ¢;/q,, and ¢,/q,, are nearly identical after
only ~0.3 ms, i.e., much shorter than the above described
period. Therefore, it is acceptable that the junction tem-
perature gradient can be considered equal to the mean
temperature gradient, with respect to time to replace after
the response time of 0.3 ms, which demonstrates the val-
idation of Equation (2). The values of ¢/q,, in Figure 5
also suggest that the non-ideal thermal environment leads
to a smaller measurement result by about 10%, which can
be corrected by the calculating results of g,/q,,.

(b

4, = pcL,

280 - copper | insulator

260 4

_________________________________

1.00
y/mm

Temperature distribution for Case 1 parameters at 3 ms, (a) temperature field inside the sensor, (b) temperature distribution at
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Fig. 4 Temperature curves of the junction and average of the
copper element using Case 1 calculating parameters
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Fig. 5 Heat flux result curves of the junction and average of
the copper element using Case 1 calculating parameters

The effects of copper/constantan wire diameter, cop-
per element thickness and sensor diameter on the meas-

urement performance of the sensor were also investigated.

Figures 6 and 7 show the results from different copper
element thicknesses, using Case 1 calculation parameters.
Four thicknesses were tested: 0.15, 0.3, 0.5 and 1 mm.
Because the response time is an important performance
indicator for a heat transfer sensor, its variation with the
element thickness was characterized, and the results are
shown in Figure 6. The response time is defined to be the
point at which ¢/g,, = 0.95. As shown in the figure, the
response time is proportional to L., i.e., the smaller the
thickness of the copper element, the shorter the response
time. At a thickness of 0.15 mm, the response time was
0.3 ms, which becomes 4.4 ms when the thickness in-
creased to 1 mm. However, the 1 mm thickness is inad-
visable, for the reason that the response time is nearly the
same as the effective test time of most high enthalpy
shock tunnels. Figure 7 shows the influence of the copper

element thickness on ¢;/q,, with L= 0.15, 0.3 and 0.5mm.

It was found that the larger the thickness, the higher the
value of g;/q,, and the smaller the influence of heat loss
on the sensor performance. Furthermore, the values of
q/9,» continuously decrease with time increasing after the
response time for the 0.15 and 0.3 mm cases, with the
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decrease being more significant for the former case.
However, for a 0.5 mm thick sensor with a much longer
response time, the proportion of heat loss to the total heat
energy absorbed by the copper element is smaller, result-
ing in a measured heat flux that is more stable and closer
to the loading heat flux. Note that the measured value,
below a certain thickness, could be corrected by its g/g,,
vs. time curve, and a thicker copper element is suggested,
considering a matching of its response time with the ef-
fective test time of the shock tunnel.

5
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Fig. 6 Response time versus copper element thickness using
Case 2 calculating parameters
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Fig. 7 Effects of copper element thickness on g;/q,, using Case
2 calculating parameters

For a copper calorimeter sensor, the thermocouple
wire was soldered to the back of the copper element,
which can protect it from the erosion of high velocity gas
flow. Copper-constantan wires were chosen to be the
thermocouple, where copper was also the material of the
metal element. Unfortunately, the wires inevitably absorb
some amount of heat from the copper element. Figure 8
shows the value of g//g,, for different diameters of cop-
per/constantan wires; the smaller the diameter, the higher
the value of ¢;/q,, and the smaller the influence of heat
loss on the sensor performance. However, the heat loss
from the copper/constantan wires was not a major com-
ponent, since the difference of ¢g;/q,, between D,~50 um
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and D,=100 um was only 2%. In any case, reducing the
diameter of the copper/constantan wires is suggested for
the design of copper calorimeters.

The sensor diameter, which is also an important pa-
rameter for conducting heat transfer measurements, af-
fects the surface curvature, substantially affecting meas-
uring accuracy of the sensor [31]. With the development
of processing technology, thermal sensors can easily be
miniaturized. However, the miniaturization of a copper
calorimeter changes its inner temperature distribution, as
well as the heat exchange between the lateral and bottom
substrates, requiring an in-depth investigation. This study
does not focus on the thermal environment in detail; in-
stead, the value of ¢,/q,, with different sensor diameters is
shown in Figure 9. It was found that, although g//g,, de-
creases with diameter, and the heat loss influence on the

.
0.8
—=—D =50 pm
0.6 ——D =80 ym
=3 —4—D =100 um
=
o

0.4 4

0.2 4

00 T T T T 1
0 2 4 6 8 10
time/ms

Fig. 8 Effects of copper/constantan wires diameter on g;/q,,
using Case 3 calculating parameters
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Fig. 9 Effects of sensor diameter on g,/g,, using Case 4 calcu-
lating parameters
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sensor performance increases, the difference in g//g,, be-
tween different sensor diameters is almost negligible,
especially for short time measurements. Thus, the proper
miniaturization of a copper calorimeter is advisable for a
better sensor installation.

4.2 High enthalpy shock tunnel test results

The above analysis provides theoretical evidence for
improvement of the design of a copper calorimeter.
Component analysis includes thickness of copper ele-
ment optimized to match the test time, thinner copper/
constantan wires and smaller sensor diameter, under ap-
propriate design conditions. In addition, the correction
factor of a certain sensor may also be obtained using a
simulation methodology. Because the copper calorimeter
with the Case 1 parameters was commonly used in the
author laboratory with mature technology, it has been
used here for the verification of simulation methods via
comparison to the heat flux of well-established E-type
thermocouples, which are the rare survivable sensors in
high enthalpy shock tunnels. Besides, a detailed valida-
tion of the thermocouples can be found in detail in the
literature [25] within an uncertainty of 10%, which is
quite good for heat transfer measurements in hypersonic
flows. Thus, thermocouples were chosen as the reference
for the calorimeter measurements in the actual high en-
thalpy environment.

The experiment was conducted in the JF10 high en-
thalpy shock tunnel, a reflected shock tunnel using a
detonation driving technique, which provides high tem-
perature gas conditions for hypersonic flight as well as
real gas effects that can also be studied. A schematic of
the shock tunnel is shown in Figure 10, and consists of a
detonation chamber, shock tube, nozzle and test section.
A heavy metal diaphragm separates the detonation
chamber and shock tube. The chamber is filled with a
gaseous reactive mixture, typically oxygen and hydrogen.
Strong incident shock waves in the shock tube are then
easily generated by detonation product gases at high
temperatures and pressures, after simultaneously igniting
the reactive mixtures. Other details of the shock tunnel
are available in the literatures [32-34]. Freestream pa-
rameters are listed in Table 3, with the total enthalpy of
15.2 MJ/kg and the freestream velocity of 4908 m/s.

10.4 m

11.6 m

~1.7m 2,5m_ ’

Initiation Initiation

'_“-’-'-!-‘q'—E-—u-" '-'_ul.ll'uu- -

Main
diaphragm

Driver
section

\ Support \secnon\ Throat \Nozzle\section

Test \Vacuum

Fig. 10  Sketch of JF10 high enthalpy shock tunnel
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Table 3 Test conditions in JF10

Parameters Value
Py /MPa 14.5
Reservoir
H, /MJ kg 152
T./K 400
Tv, IK 3182
P lkg-m? 6.8X10*
Freestream
Uy /m-s™ 4908
P /Pa 86
Re/L /m’! 1.5X10°

A relatively simple configuration was selected in this
study to minimize any uncertainties originating from
geometric complexity. The model, a two-dimensional 7°

half-angle blunt wedge, is shown in Figure 11. Two rows,

with each row comprising four thermal sensors, were
installed in the rear flat plane, but not the blunt part,
where the sensors can be installed with a relatively
smooth transition with the test model. This design en-
sures that the accuracy of the heat transfer measurements
affected by sensor installation can be optimized as much
as possible. In the model, one row consisted of the cop-
per calorimeters with Case 1 parameters and the other
was 1.4 mm diameter E-type (chromel-constantan) coax-
ial thermocouples. A temperature trace of the thermo-
couple is shown in Figure 12. From the measured surface
temperature curve, the heat flux ¢ is calculated according
to Schults and Jones [14] as follows:

{Pck T(t)-T(t 1)
\/t —t; —AJt, - ©)

where p, ¢ and k are the density, spe01ﬁc heat and
thermal conductivity of the sensor material; 7 and ¢ are
the temperature and time respectively.

400
Coaxial thermocouple
'_ ..... _X - ——
0. _0 0 Ol
-————G—— ]

Copper calorimeter

783, 80 40, 80

Fig. 11  Sketch of test model used for validation (not to scale)

It needs to be emphasized that both types of the sen-
sors could survive after the experiments, though some
thermocouples need to be re-abraded between shots.
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Typical temperature traces of the copper calorimeter and
thermocouple are shown in Figure 12. The calculated
temperature curve at the junction of the copper calorime-
ter is also displayed, with ¢,, obtained by the temperature
trace of the thermocouple, that is, 0.232 MW/m?. Good
agreement was obtained between the calculated and the
experimental results for the copper calorimeter, and veri-
fication of the above simulation method is also illustrated.
The effective test time of the JF10 shock tunnel under
this condition is ~2 ms after a nozzle starting time of
~1.3 ms [35], i.e., the test period between 1.5 ms and
3.5ms in Figure 7 and Figure 12 is seen as the effective
test time, where the average value of g/g,, is 0.91. A cor-
rection factor of 1.1 is then used to correct the heat flux
obtained by Equation (1). Results of heat flux for the four
groups of copper calorimeters, with and without correc-
tions, are shown in Figure 13, and are compared with the
results from the thermocouples. It was found that the
uncorrected values are lower, consistent with previous
conclusions. However, the average deviation is 8% for
the corrected results, which is within the 10% uncertainty
of heat transfer measurements for the thermocouples.
Therefore, reasonable agreement is obtained for the cor-
rected results.
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Fig. 12 Temperature traces of copper calorimeter and ther-
mocouple
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Fig. 13 Heat transfer data comparison between thermocouples
and copper calorimeters
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5. Conclusions

In this study, we examined the measurement perfor-
mance of a copper calorimeter by first solving the two-
dimensional heat conduction equation, and then con-
ducting verification tests in the JF10 high enthalpy shock
tunnel against the data obtained using coaxial thermo-
couples. From the obtained experimental and numerical
results, the following conclusions were drawn. First, the
non-ideal thermal environment of a copper calorimeter
(heat exchange with its surroundings) results in a smaller
measurement heat flux compared to the actual loaded
heat flux. Secondly, the greater the thickness of the cop-
per element, the smaller the deviation in heat flux and the
longer the response time. Since the deviation is ~10% for
the sensor with a 0.15 mm-thick copper element and 5%
when a thickness of 0.5 mm, a correction is suggested
whenever a high-accuracy heat transfer measurement is
desired. An optimization between the thickness of copper
element and response time is necessary, considering the
effective test time where the sensors are used. Further-
more, impacts of the sensor diameter and copper/
constantan wire diameter are found to be small, 2% at
most, such that thinner wires are suggested. Finally, the
experimental results of copper calorimeters in the JF10
high enthalpy shock tunnel showed reasonable agreement
with the heat flux of more established E-type thermocou-
ples, with an average deviation of 8%.

Currently, work in this area is still in progress, and
additional experimental studies using different sensor
diameters and different thicknesses of the copper element
are necessary for demonstrating and improving the con-
struction technique. However, the preliminary results are
encouraging, and the copper calorimeter gauges extend
and supplement the high enthalpy shock tunnel heat
transfer measurements made by other techniques.
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