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Abstract

A differential calorimeter is build to explore plasma reactions. A master cell
contains a plasma that is fed a constant power of around 10 W. A slave
cell is heated by a heating resistor to maintain the same temperature as the
master cell. Comparing the power fed to both cells can provide information
about the energy of plasma reactions. The setup can be used to verify a
controversial outcome of an experiment conducted by R.L. Mills [2]. The
temperature distributions of both cells are analysed and the error resulting
from the different way of heating the cells is estimated to be less than 0.07 W.
A temperature control system for a surrounding climate chamber has been
designed using simulations with an accuracy in the order of millikelvins.
Some analysis on the used power supply shows that it may be a source of
uncertainties. Various measures have been taken to prevent these effects
in our setup, but since the same power supply is used for the experiments
of R.L. Mills [2], it might have contributed to the peculiar results of his
experiment.
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Chapter 1

Introduction

In a controversial theory [1] R.L. Mills attempts to explain various quan-
tum mechanical observations with classical physics. In this theory Mills
assumes that under certain conditions the electron bound to a hydrogen
atom is allowed to fall to energy states below the lowest energy state pre-
dicted by quantum physics. Mills terms these below-ground hydrogen atoms
hydrino’s. Mills believes hydrino’s can be formed in an Resonant Transfer
or RT-plasma, where catalysts such as Ar+ or Sr+ absorb energy from the
hydrogen atom by further ionisation.

In an article [2] Mills describes an experiment where he claims that a
calorimeter heated by an Ar/H2-plasma heats up more quickly than by a
heating resistor using the same amount of power input. He explains this
excess energy by the formation of hydrino’s.

The group of Elementary Processes in Gas Discharges has build a scan-
ning differential calorimeter which can be used to verify the claims of [2].
The device has two thick walled copper cells. Both cells are placed in a
climate chamber. One of these cells (the master cell) will contain a plasma
running at a constant power input of around 10 W. The temperature of this
cell is monitored. This temperature is enforced on the climate chamber by
running heated water through engraved channels in it’s walls to reduce heat
transfer from the cells to it’s surroundings. The other (slave) cell contains
a heating resistor which is powered to let the slave cell reach the same tem-
perature of the master cell as well. When the amount of energy put in the
slave cell significantly differs from the energy put in the master cell, some
chemical reaction must have been present.

The setup has been completed in 2008. In [6], B.A.H. de Maat elaborates
on the setup and the conducted experiments. This present report presents
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some of the preliminary work carried out in 2007 as an internship.
Chapter 2 gives a more detailed description of the calorimeter.
Chapter 3 studies the influence of the way the cells are heated on their

temperature distributions. First a simplified one-dimensional heat transfer
model is considered, which can be solved analytically. The results are com-
pared with numerically solved axi-symmetrical models and measurements
extracted from [6].

In chapter 4 we comment on the way the climate chamber is heated. A
thermal model of the chamber is made, where the chamber is divided into
several sections. The thermal responses of one thermal section of the cham-
ber (the front plate) are measured and analysed to determine the model’s
variables. Based on simulations of this model a choice of control system is
proposed.

The power supply that is used in both our setup as the setup of [2] is
discussed in chapter 5.
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Chapter 2

Experimental Setup

The heart of the setup are two identical copper cells shown in figure 2.1.
A concise list of the dimensions of these cells is found in table 2.1. Both
cells are designed to either contain a plasma or be heated by a heating
resistor. During a typical experiment only one cell will actually contain
a plasma. In this (master) cell the gas mixture of interest is constantly
flowing through the cell. This gas flow however is so low that it has no
significant contribution to the heat balance. A voltage is applied over this
gas to induce a DC glow discharge plasma. The plasma will typically run at
an imposed electrical input power around 10 W. All the heat produced by
the plasma is expected to be absorbed by the master cell. The temperature
of the surrounding master cell will therefore gradually increase. If excess
energy would be produced, the cell would heat up faster. To check wether
this is the case, the second (slave) cell is heated electrically to match the
temperature of the first cell. Because this cell is heated by a heating resistor,
it’s temperature can be accurately controlled without any problems such
as issues related to plasma stability. The supplied power to both cells is
monitored. A significant difference in supplied power would be an indication
for excess chemical energy.

Because both cells are heated simultaneously any external disturbance
will in general equally effect both cells. Because we are measuring the differ-
ence in power input, these effects will cancel out to a large extend. To further
minimize any influence from external disturbances the experimental setup
is contained within a large vacuum vessel. This will reduce convective and
conductive heat exchange. Because the cells can still exchange heat through
radiation, both cells are placed inside a copper climate chamber. This cli-
mate chamber surrounding the cells is placed inside the vacuum vessel. The
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(a) Photograph of one cell.

(b) A schematic impression of one cell.

Figure 2.1: Both a photograph and a sketch of one of the two identical plasma
cells. A cell can either contain a plasma or be heated by a heating
resistor.
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Table 2.1: Dimensions of the plasma cells and copper properties [3].

symbol meaning value

ro outer cell radius 4.75 cm
ri inner cell radius 2.75 cm
lo outer cell length 20.50 cm
li inner cell length 16.50 cm
dw cell wall thickness 2.00 cm
mc total cell weight 10.08 kg
λCu thermal conductivity of copper 0.400 W K−1

ρCu density of copper 8.96 g cm−3

cCu specific heat of copper 384.4 J kg−1 K−1

temperature of the climate chamber is controlled by pumping heated water
through a water channel system inside the walls of this chamber. A visual
impression of the climate chamber is found in figure 2.2.

All measurements and control are performed by a LabView program
mainly written by dr.ir. Sander Nijdam.
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(a) A sketch of the climate chamber. Only half of the back plate is
visualized to show the engraved water channels inside the walls. In
the actual setup an extra copper plate is soldered on top of it to close
the vessels. In this picture the upper right corner is left out as well
to show the copper plate separating both cells.

(b) This drawing shows how the cells enter the chamber when the
vacuum vessel flange is closed.

Figure 2.2: A schematic depiction of the climate chamber (a) and how the
cells and the chamber are positioned inside the vacuum vessel
(b).
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Chapter 3

Thermal Response of the
Cells

The temperature of the cells is measured by means of thermistors inside
the walls of each cell. Because the temperature of the cells is proportional
to the energy input, an accurate temperature measurement is essential. In
addition to the accuracy of the thermistors, temperature differences along
the setup (and especially within the cells) are sources for uncertainty in
the experiments. Because the cells are heated in different ways, we would
like to obtain some insight in the potential temperature differences that can
occur. This will help to determine uncertainties, but we could also correct
the temperature readings for non-uniform temperature distributions.

First we are considering an analytical solution of the temperature distri-
bution along a one dimensional rod. A constant heat flux is injected at one
end, while the sides and the other end of the rod is isolated. This problem
has an analytical result which is not found in literature so a derivation is
included. The result of this problem can be used to estimate temperature
differences along various directions of the copper vessels. This will give in-
sight in how to properly place the thermistors and how to interpret their
readings. In addition we consider a two dimensional axisymmetric model
of the vessel and solve the temperature distribution numerically by using a
Finite Element model of Comsol MultiPhysics [5].

3.1 Heat transfer in an isolated rod

In this section we consider the one dimensional temperature profile of a rod
of uniform cross section with length L depicted in the top of figure 3.1. At
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Figure 3.1: The upper figure depicts the one dimensional rod which is isolated
everywhere except at x = L where there is a heat flow of −q0,
which is equivalent to the lower figure which has the same amount
of heat injected at both sides.

x = L heat is injected (q = −q0). We assume no heat transfer out of the rod.
This problem is equivalent with that of a rod of length 2L having the same
heath injected at both sides. For mathematical simplicity, we will consider
the latter problem.

Since the heat conductivity (λ) of copper is almost constant within the
temperature range that is considered and no internal heat source (φ = 0) is
present the heat transport equation

ρc
∂T

∂t
= ∇ · (∇λT ) + φ (3.1)

with T the temperature, ρ the density and c the specific heat of copper
reduces to

ρc
∂T

∂t
= λ

∂2T

∂x2
(3.2)

for a one dimensional problem.
Multiplying (3.2) with −λ ∂

∂x we get

−λρc ∂
2T

∂x∂t
= −λ2∂

3T

∂x3
. (3.3)

Because ∂/∂x and ∂/∂t commute, the one dimensional Fourier’s law

q = −λ∂T
∂x

(3.4)

can be substituted into (3.3):

ρc
∂q

∂t
= λ

∂2q

∂x2
, (3.5)
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or

∂q

∂t
= a

∂2q

∂x2
(3.6)

with

a ≡ λ

ρc
. (3.7)

Equation (3.6) defines our problem after applying the right initial and
boundary conditions.

Before heat is imposed (t < 0) the temperature of the rod is uniform and
therefore there is also no heat conduction inside the rod:

T (x, t < 0) = T0 (3.8)

q(x, t < 0) = 0 (3.9)

At t > 0 a constant heat flow of −q0 is enforced at x = L. And because
the rod is isolated there cannot be any heat flow at x = 0.

q(±L, 0) = ∓q0 (3.10)

q(0, t) = 0 (3.11)

An extra implicit condition is needed for solving the rod. We can assume
that after some time the heat flow (and thereby the relative temperatures)
will become independent of time. If the relative temperature difference be-
tween two points on the rod would keep on rising, this very temperature
difference would result in a heat flow cancelling the relative temperature
difference. So

lim
t→∞

∂q

∂t
= 0 (3.12)

and thereby from (3.6)

lim
t→∞

a
∂2q

∂x2
= 0. (3.13)

With boundary conditions (3.10) and (3.11), this means that

q∞(x) = q(x, t→∞) = −q0
x

L
. (3.14)
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Applying Fourier’s law (3.4) the temperature profile at t→∞ is obtained:

lim
t→∞

T (x, t) =
q0

2λL
x2 + T (0, t) (3.15)

From this result we get the largest temperature difference along the rod:

∆T∞ = lim
t→∞

[T (L, t)− T (0, t)] =
q0L

2λ
(3.16)

Our next goal is to estimate after how much time the asymptotic behavior
of the temperature profile in (3.15) is established. Because q∞(x) is not a
function of t and becomes 0 when it is differentiated twice with respect to
x, (3.6) can be rewritten to

∂(q − q∞)

∂t
= a

∂2(q − q∞)

∂x2
(3.17)

This equation can be solved with a fourier series where all the cosine factors
are zero, because q(0, t) = 0 (3.11):

q − q∞ =

∞∑
n=1

bn sin(knx)e−βnt, (3.18)

with

βn = ak2n (3.19)

and

kn =
nπ

L
. (3.20)

Because (3.9) at t = 0

q(0, x)− q∞(x) =

∞∑
n=1

bn sin(knx) = q0
x

L
. (3.21)

The factors bn are determined via the Fourier integral:

bn =
1

L

∫ L

−L
q0
x

L
sin
(nπ
L
x
)
dx (3.22)

=
2q0
nπ

(−1)(1+n). (3.23)

14



With an expression for q, T can be obtained using the one dimensional
Fourier’s law (3.4):

T = T ′(t) + q0
x2

2λL
− 1

λ

∞∑
n=1

bn
kn

cos(knx)e−βnt, (3.24)

where T ′(t) is a temperature to ensure that there is conservation of energy∫ L

0
T (t, x)dx =

q0t

ρc
. (3.25)

Rewriting equation (3.24) yields the final solution for the temperature
distribution:

T̃ (t, x) ≡ T (t, x)− T ′(t) =
q0
λ

[
x2

2L
+ 2L

∞∑
n=1

(−1)n cos
(nπ
L
x
)
e−

t
τn

]
(3.26)

with

τn =
ρcL2

λπ2n2
. (3.27)

The time-dependance of T̃ disappears when the summation in equation
(3.26) becomes much smaller than 1/4. Since τn decreases squared inversely
proportional to n, for determining the time after which the T̃ reaches it’s
asymptotic behaviour we only need to consider the n = 1 term:

t� τ ≡ ρcL2 ln 4

λπ2
(3.28)

3.2 One dimensional model of the cell

The model of the one dimensional rod can be used to give a worst case
scenario of the temperature difference (3.16). We represent the cell by a
plate of height 12 cm, width 24 cm and a thickness of 2 cm. This roughly
corresponds to a flattened cell opened along a line parallel to it’s axis. If we
would inject heat on the long edge (representing one side of the cell), from
(3.16)

∆T∞ =
q0L

2λ
=

(
5W

0.02m×0.24m

)
× 0.12 m

2× 401 WK−1 m−1
= 0.16 K, (3.29)
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Figure 3.2: The temperature distribution after one hour along a one dimen-
sional model of a cell where 10 W of heat is uniformly injected
on one side.

and from (3.28)

τ =
ρcL2 ln 4

λπ2
=

8910 kg m−3 · 384.4 J kg−1 K−1 · (0.12 m)2 · ln 4

π2400 W m−1 K−1
= 17 s

(3.30)

The same one dimensional problem was programmed in COMSOL Mul-
tiphysics which uses a Finite Element Method. For each simulation we use
a fine mesh. Variation of the mesh did not have a significant effect on the
results. The simulations provide more detailed information, such as a graph-
ical representation of the temperature distribution shown in figure 3.2. In
addition, the maximum temperature difference over the plate is extracted
from the data and shown as a function of time in figure 3.3.

These plots show a ∆T∞ and τ that correspond well with the analytically
calculated values.

3.3 Axisymmetric model of the cell

In the previous section we considered the temperature distribution due to a
constant heat flux imposed at one end of a further thermally isolated plate.
In this sections we look at a more accurate (but still simplified) model of
a cell. In the master cell heat is injected by means of a plasma discharge
inside the cell, while the other cell is heated by a resistor. Both heating
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Figure 3.3: The maximum temperature difference over the one dimensional
model of a cell where the heat is uniformly injected on one side
as a function of time.

methods are expected to give slightly different temperature distributions.
The resistor can be attached against the wall of the cell, or put in the center
of the cell. With several simulations we aim to estimate the impact of these
different configurations on the measured temperature profile.

For this model we ignore the presence of the gas supply tube, thermistors
and rods used to attach the cell to the climate chamber. The presence of a
“stagnant”argon gas at 2.5 mPa is considered, but convectional and radiation
transport are ignored.

We consider three different models of the heat source:

I In the first model a power of 10 W is dissipated uniformly over the argon
gas.

II In the second model a power of 10 W is dissipated in the median plane
of the cell, within the argon gass.

III In the third model a power of 10 W is dissipated in a tungsten wire of
1 mm diameter stretched coaxially between the top and bottom of the
cell. The argon pressure is reduced to nearly vacuum. So basically this
model injects a power of 5 W in a small point in the top of the cell and
the bottom each. The temperature difference found in this model is
considered to be worst case.

Based on symmetry all simulations can be done for half a cylinder. Figure
3.4 shows the 2D axisymmetrical model that is revolved around the axis
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to make up the 3D model. The red lines show the lines along which the
temperature profiles will be plotted. For each model one line along the
radius and one line along the length of the cell is plotted, both at 5 mm
depth, where the thermistors are placed in the cells.

To give a better understanding of the three different configurations the
visualisation of the temperature distributions of the three different models
is shown in figure 3.5. Because the temperature of the copper is much
lower and homogeneous than the temperature of the argon gas this figure
doesn’t unveil any temperature distribution inside the copper itself. The
temperature distributions within the walls for model I, II and II are shown
in figures 3.6, 3.7 and 3.8 respectively. In each of these figures, subfigure (a)
shows the temperature along the red line of 3.4(a) and (b) along the red line
of 3.4(b).

For all three configurations the maximum temperature difference can be
read from from the graphs:

∆Tmax,I = 0.03 K

∆Tmax,II = 0.11 K

∆Tmax,III = 0.21 K

The two temperature differences found for the nonhomogeneous dissipa-
tions (model II and III), which are representative for electrical heating by a
resistor, are of the same order as the temperatures found for one dimensional
model (0.16 K). The temperature difference found for the homogeneous dis-
sipation (model I), which is representative for a plasma heated cell is signif-
icantly smaller. This temperature difference is considered to be the smallest
temperature gradient conceivable. In the actual setup the difference is ex-
pected to be larger, because the plasma typically will not fill the complete
cell and have a homogeneous heat dissipation. A temperature difference of
about 0.2 K appears to be the maximum temperature difference for any kind
of setup.

3.4 Measured temperature differences

In Figure 4.3b of [6] measurements on the actual temperature differences
along the cells are found for a typical experiment. A copy of this graph
is found in figure 3.9(a). First we try to confirm the equilibration time
which seems to be much larger than the calculated 17 s from equation (3.30).
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(a) (b)

Figure 3.4: Two times the axisymmetrical model used for simulations on the
cell. The figure is revolved around the central axis to form half a
cell. The red lines depict the parallel (a) and radial (b) positions
of the temperature distributions that are plotted.
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(a) (b)

(c)

Figure 3.5: Visualisation of the temperature distribution of the three models
I, II and III are shown in subfigures (a), (b) and (c) respectively.
Because the argon (and tungsten wire) are much warmer than
the cell, the distribution of interest is not visual. However, these
figures do give insight in the models themselves.
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(a) Temperature along the wall.

(b) Temperature along the radius.

Figure 3.6: The temperature distribution 5mm inside the copper for model I.
Coordinate (0,0) corresponds with the center of the cell.
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(a) Temperature along the wall.

(b) Temperature along the radius.

Figure 3.7: The temperature distribution 5mm inside the copper for model II.
Coordinate (0,0) corresponds with the center of the cell.
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(a) Temperature along the wall.

(b) Temperature along the radius.

Figure 3.8: The temperature distribution 5mm inside the copper for
model III. Coordinate (0,0) corresponds with the center of the
cell.
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Figure 3.9: A capture of the graph in figure 4.3b of [6], showing the deviation
of the measured temperatures compared to the average tempera-
ture for both cells during an experiment. In figure (a) the original
graph is showed. In figure (b) we zoom in on the origin of the
graph of the plasma heated cell in figure (a).

Looking at the temperature differences in the cell heated by the resistor this
time appears to be several minutes. This is probably a result from the fact
that the cell isn’t powered at a constant rate but it’s power is controlled by a
slow loop. Taking a closer look (figure 3.9(b)) at the equilibration of the cell
heated by the plasma we see an exponential equilibration time of less than
a minute. The increase of the measured temperature difference afterwards
most likely has an other cause than the time the actual temperature gradient
needs to reach it’s asymptotic behaviour.

The temperature differences appear to be around 0.3 K for the resistor
heated cell and 0.2 K for the plasma heated cell. These differences are (a
little bit) larger than expected. One possible explanation is that there is
to much thermal contact with surrounding instrumentation affecting the
temperature gradient of the cells. An alternative explanation is the accuracy
of the measurements themselves.

Looking at the temperatures of the thermistors of in the plasma heated
cell (figure 3.9(a), lower graph) we see a gradual drift in temperature differ-
ences, while the system is expected to equilibrate within a matter of minutes
(3.30). The form of the graph suggests that a part of the measured temper-
ature differences increases linearly in time. Since the temperature increases
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linearly in time as well, a part the measurement error might be linearly
proportional with the temperature. This might be an indication of poor
thermal contact between the thermistor and the cell. The used thermistors
[7] vary in size and are attached to the cells with thermal paste. Compared
to thermistors with a thread mount, this gives more variation in thermal
contact. When the thermistor’s (copper) wires aren’t sufficiently thermally
anchored, a measurement error occurs proportional to the thermal contact
and the temperature.

Another possible source of errors is the measurement system used to
read the thermistors. The Experiment Automation Group at the Eindhoven
University of Technology has designed a device that measures the resistance
of the thermistors. There have been various problems with the voltage
regulators, the throughput of the build-in multiplexer and grounding. The
fact that all thermistors have there own voltage regulator makes these errors
hard to eliminate by calibration. If the thermistors would share one voltage
supply any voltage drift would effect all thermistors equally. The reliability,
credibility and precision of the setup could be improved by using off the
shelve thermistor set-ups.

Assuming that the measured linear increase in temperature differences
is in fact due to a drifting measurement error, we can attempt to eliminate
these possible errors and still estimate the actual maximum temperature
difference inside the copper of the master cell with the data from figure 3.9.
We first subtract the initial offset of all the thermistors (i.e. the temperature
at t = 0) for each thermistor. This is based on the assumption that before
the experiment starts the cell has a perfectly uniform temperature. The
drifts in temperature that we observe are in the order of 0.1 Kh−1. This
means that after 100 s the drift in the measured temperature is negligible,
though the temperature gradient will have reached its asymptotical limit.
This is based on the observation that there is no exponential (or nonlinear)
temperature increase visible after t = 100 s, but also because 100 s is large
compared to the thermal time constant (17 s) we have determined (3.30).
Using this approach we find a maximum temperature difference of 0.04 K
between the front and the center of the cell. This corresponds very well
with the simulation of the homogeneous dissipation (model I). In the data
for the resistor heated cell we observe much longer time constant before
reaching asymptotical behaviour (around 300 s). This has probably to do
with the PID controller that controls the power fed to the resistor, that will
not impose a steady amount of power into the slave cell from the beginning.
The overshoot observed in the temperature differences of the slave cell are
typically an artefact of a PID controller that doesn’t use an initial offset,
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resulting in an initially non constant power supply. If we would still like
to investigate the actual temperature differences after equilibration under
the same assumption that the drift in measured temperature is a result of
measurement errors, we would need the actual data to make a fit of the
linear measured temperature difference increase.

However, wether the temperature difference is an actual physical phe-
nomenon or a measurement error, without correction we have an uncertainty
of the absorbed heat that corresponds with a temperature difference of 0.4 K
(including any accuracy errors of the thermistors themselves). If we neglect
the heat losses that result from this, the uncertainty of the amount of energy
which is absorbed by the cell is in the order of

∆E = cCumc∆T = 384.4 J kg−1 K−1 × 10.08 kg× 0.4 K = 1.5 kJ (3.31)

Since a typical experiment lasts for about 6 hours, the uncertainty of the
power resulting from the uncertainty of the temperature of the cell is less
than:

∆P =
∆E

t
=

1.5 kJ

6× 3600 s
= 0.07 W (3.32)

This value does not take into account that temperature differences with
the climate chamber may result in to heat losses, or any non-temperature
related errors such as power measurement.
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Chapter 4

Climate Chamber

The temperature of the climate chamber is controlled by pumping heated
water through a channel system inside the walls. The chamber is divided
in three thermal sections. The front plate and the master and slave side
excluding the front of the chamber. The global setup for the heating of one
of these sections is shown in figure 4.1.

In this chapter the temperature control of the front plate is explained.
The temperature control of the other thermal sections is similar. The water
bath is heated by a heating element. This element is PWM switched. PWM
stands for Pulse Width Modulation. A periodically repeated pulse of vari-
able width (PWM value or PWM) turns the heating on and off. The PWM
value controls the heat added to the water.

The most common temperature control would involve a PID (proportional-
integral-derivative) controller. A PID controller compares a measured (tem-
perature) value with a reference value. The difference is integrated and
differentiated. The proportional, integrated and differentiated values are
multiplied by the P, I and D setting respectively. The sum of these three
signals drives the setup (in our case the heating element). A PID controller
is a proven, easy to implement control system commonly used for (temper-
ature) regulation. However this setup has some complications compared to
standard temperature problems. The most significant one is the fact that
the water needs quite some time to run through the hoses and reach the
plate. This makes straight forward PID controlling less suitable for this
setup.

A work-around to properly control the temperature would be to measure
the water temperature inside the container, at the entrance of the thermal
section and at the section itself. The chamber temperature would be con-
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Figure 4.1: The setup of a temperature controlled plate. The water in a
small stirred container is heated by an PWM controlled element.
This water is pumped through one of the thermal sections. The
temperature of such a section is measured by thermistors.

trolled by a PID controller setting the desired water temperature. The water
temperature itself would be controlled by a separate PID which sets the el-
ement’s PWM. Some extra programming could take account of the delay of
the water.

In practise such a control setup doesn’t appear to be necessary. The
profile that is enforced on a thermal section is a constant gradual increase of
temperature. Because the requested change in temperature is relatively slow
and the rate of change almost constant, the changes in the PWM value may
be very slow to. Furthermore, if the chamber temperature is not perfectly
equal to the temperature of the cells, the resulting heat leak to or from the
cells is still very small.

For determination of the best PID actions several approaches are pos-
sible. For simple cases the most desirable one is to model the setup and
calculate the optimal actions that fit to the most desirable solution. Unfor-
tunately the thermal properties of the climate chamber setup are quite com-
plex involving running water, different heat capacities with different thermal
resistances to each other and several leaks depending on history and ambient
temperatures of the other parts of the setup. This is why a rough model is
used which is optimized by means of simulations. This model is a simplified
representation of the actual setup. The models variables are determined by
measurements on the actual setup. The optimal PID values for this model
will be used as initial values of the actual setup that can be fine-tuned after-
wards. Using this approach is much less time consuming than determining
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the optimal PID actions by trial and error. A real life experiment takes up
to an hour, while a simulation is a matter of seconds. The software that is
used for the simulations is the Simulink package of Matlab [4].

4.1 Simplifications

One homogeneous heat capacity

The first simplification is that a complete thermal section heating setup is
considered to be one homogeneous heat capacity. This is justified by the fact
that the chamber will be warmed up slowly relative to its thermal diffusion
time constant. The same goes for the element. The water is a different issue.
It makes sense that the conduction from the element to the water and from
the water to the chamber occurs approximately instantaneously. The water
inside the heater is stirred to improve heat exchange between the water and
the electrical heat element. The water inside plate is running through narrow
flat channels and is therefore making a good thermal contact as well. On
the other hand the water will need some time to reach the climate chamber.
That is why modeling of the chamber heating is done in two steps. In the
first step the heating system will be considered as one homogeneous heat
capacity. In the second step this model will be refined by an estimation of
the delay. This first assumption is reasonable if the heating is turned on for
a relatively long time giving the system time to roughly homogenize before
any constants are determined.

One heat leak

A second simplification concerns the leak of heat. As the system is consid-
ered to be one homogeneous heat capacity, it makes sense to define just a
single leak. This leak will be proportional to the temperature difference of
the system T and a temperature T∞. This T∞ can be considered as some
ambient temperature but doesn’t necessarily (and will not) correspond the
lab temperature. This is because heat won’t only leak to the ambient air,
it might also “leak” to the other parts of the set up, and any other part it
makes thermal contact with. This actually means that T∞ strictly is not
constant. Neither will the thermal resistance R be constant. However the
second simplification claims that the changes of T∞ and R are not relevant
for consideration and the PID controller will automatically compensate these
slow changes in time.
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4.2 Thermal equation

The heating system with heat capacity C, temperature T , heating power Q
and T∞ as specified above will obey the following differential equation:

C
dT

dt
= Q− 1

R
(T − T∞) (4.1)

The solution of this equation for T is

T = RQ+ T∞ − (RQ+ T∞ − T0) exp

(
− t

RC

)
, (4.2)

where T0 = T (t = 0).
Both (4.2), though (4.1) more directly show that for a given Q (corre-

sponding to some PWM setting) the temperature will settle to

Tsettle = RQ+ T∞, (4.3)

or when the amount of heating power is assumed to be proportional to the
fraction of time the heating element is switched on:

Tsettle = APWM + T∞, (4.4)

with A ≡ RQ/PWM.
The characteristic time of the system is defined as τ ≡ RC. This shortens

(4.2) to

T = Tsettle + (T0 − Tsettle) exp(−t/τ) (4.5)

4.3 Determining Thermal Properties

From any temperature measurement that starts of with Tsettle 6= T∞, τ can
be determined with a fit of (4.5). With several measurements using different
PWM values for the heating and therefore of Q the relation between PWM

and Tsettle can be found.
In a first attempt to determine τ (4.5) and A (4.4) the setup is pro-

grammed to turn on the heating of the front plate to it’s maximum power
(PWM = 1) for about half an hour and switch it off completely afterwards.
The temperature of this section is measured for two hours to include the
complete warming up and a large part of the cooling down and shown in
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Figure 4.2: The temperature of the front plate of the chamber with full heat-
ing (PWM = 1) on the increasing part and no heating (PWM = 0)
on the decreasing part. The sudden drops in the data are due to
a malfunction in the thermistor measurement system, they are
ignored in fits and other data manipulations.

figure 4.2. A fit on both the rising and falling part of the temperature give
a value of τ . Both measurements together give an indication of T∞ and A
by plotting Tsettle as a function of PWM (4.4).

To get a more accurate estimation of τ , T∞ and A a second experiment
is conducted with more different PWM values. In figure 4.3 the upper graph
shows the 4 PWM values that sequentially preprogrammed. The lower graph
shows the resulting temperature of the front plate. At each different PWM
setting another fit with equation (4.5) is done. Like the fits of the data in
figure 4.2 the domain of each fit starts a few minutes after the corresponding
PWM value is set to give the system time to homogenize. The values of τ
found by these fits, together with the τ ’s found from figure 4.2 give an
average of τ = (1500± 300) s.

The values of Tsettle determined by all fits are shown in figure 4.4 as a
function of its corresponding PWM value. A fit with (4.4) shows:

T∞ = (30± 1) ◦C (4.6)

A = (69± 1) ◦C (4.7)
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Figure 4.3: In the upper graph the PWM values are shown that are pre-
programmed. The reaction of the front plate of the chamber in
temperature is shown in the lower graph.

Figure 4.4: Tsettle of the front plate of the chamber for different PWM values
determined from fits of measurements of figures 4.2 and 4.3.
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4.3.1 Determining delay

To determine the thermal delay discussed in subsection 4.1 a block signal
is set on the PWM at 40 ◦C. The resulting increase of temperature (dT/dt)
is correlated to the PWM block signal. The PWM signal, the temperature
increase and the original temperature signal from which the derivative is
calculated are shown together in figure 4.5. The first two are correlated in
figure 4.6 to estimate the thermal delay between the element and the front
chamber plate. The correlation peaks at 51 seconds indicating the best value
for the time delay in the model.

4.3.2 Simulink simulation

The heating of the front plate is simulated with the determined values above
in Matlab’s simulink. The final model is found in appendix A. The Ramp
block produces the expected temperature that will be measured from the
master cell. This signal is compared with the measured temperature and
fed to the PID controllor. A clamp block makes sure that the fractions from
the PID controller can only represent actual PWM fractions (0 ≤ PWM ≤ 1).
The PWM value is translated to it’s corresponding temperature (4.4) and
delayed. This temperature is integrated with the τ from (4.5) that is found
from the average fits of figures 4.2 and 4.3.

With this simulation the PID can be easily tuned to find stable values
that work for the simplified model. A setting has been found that after a
maximum overshoot of 150 mK keeps the temperature within 5 mK of it’s
set point. These values can be used as an initial setting to tune the actual
setup.
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Figure 4.5: The upper graph shows the PWM block signal that was sup-
plied to the heating system of the front chamber plate. In the
lower graph the temperature is shown. The drops (due to a mal-
function in the thermistor measurement system) are manually
replaced by an interpolation (red line) of the raw data (black
line). The middle graph shows the derivative of the latter tem-
perature. The correlation between the temperature derivative
and the block signal is shown in figure 4.6.
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Figure 4.6: The normalized correlation between the PWM block signal and
the derivative of the temperature from the experiment shown in
figure 4.5.
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Figure 4.7: A virtual scope graph from the Simulink simulation showing the
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value), temperature error (in ◦C) and the temperature set point
(in ◦C) of a thermal section against time (in seconds).
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Chapter 5

Power Supply

In the original experiment Mills [2] uses a Xantrex XDC 10-600 power supply.
The same power supply is used in our setup twice. One to power the plasma
and one to power the thermistor heated cell. Mills does not use a differential
calorimeter, but uses a single cell in which he carries out the plasma heated
run and the thermistor heated run sequentially. The Xantrex was originally
chosen by Mills [2] because it features a power set point in addition to a
current and voltage set point. This reduces the amount of additional logic
needed to run an experiment at a constant power.

In an attempt to calibrate these power supplies, we noted that the reg-
ulation was relatively unstable in the voltage and current range the power
supplies are used (around 100 V and 0.1 A). In addition, the error in the
amount of power that was supplied to a test load were in the order of 3% to
15%. Both the poor stability as accuracy has probably todo with the fact
that this type of power supply was designed for 6 kW (10 A@600 V), while
we only use 10 W. The documented accuracy [8] of the power is 0.05% of
the rated output power, which is 3 W. So the accuracy of the power supply
following the specifications is 30% for our power setting.

This means that this particular power supply is not suitable for our ex-
periment. This problem is overcome by using calibrated bench multi-meters
to read back the actual power that is supplied to the system. Power regula-
tion is integrated into the software by a PID controller. The voltage and the
current are logged and assuming that these are relatively stable and both
loads have little reactance, this should give a more accurate power reading.
It would however be recommended to either check these assumptions or use
a multi-meter that can actually measure electrical power.

One argument that the power supply would not have an effect on the
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accuracy of the experiments conducted by Mills [2] is that he uses the same
power supply for the reference experiment as for the experiment with the
RT-plasma. But it is possible that the power supply reacts differently on
different loads. For one reason because even if the input power is identical
for both runs, the voltage and current doesn’t has to be, resulting in different
errors. As documented [8] the Xantrex calculates it’s output power simply
by multiplying voltage and current readings. Another source of errors might
be an instability of the load. There is little documented about the power
regulation logic in the power supply. Because the setting is presented as a
maximum power setting, which applies when both the voltage and current
are below their maximum settings, the Xantrex presumably does not control
an average power. It merely tries to control the power to it’s set point at
any time.

We will try to make a model of the output of this power supply and see
how it reacts on unstable loads. Like any power supply, the output voltage
will need time to reach a certain voltage output. This has to do with vari-
ous latencies, but mainly because of the power supply’s output impedance.
There is no documentation on the action control loop nor impedance. We
will assume a first order response model:

dU

dt
= a [Uaim − U ] , (5.1)

with general solution

U(t) = Uaim + e−at [U0 − Uaim] , (5.2)

where a is the realization constant, Uaim is the enforced voltage and U0

the voltage at t = 0. An estimate of the value of a is extracted from the
documented fall time for a programmed step in output voltage from 95%
to 5% of it’s rated output voltage (Vmax = 600 V) with a full load (60 Ω).
The operating manual states that this will take maximum amount of time
of 50 ms. If no load is connected this will take up to 3 s. The resistance of
our plasma is in the order of 1 kΩ. So a fall time of 50 ms is a lower estimate
of the fall time for our experiment. If we assume that the power supply tries
to lower it voltage to 5% by aiming for 0 V we can estimate a from (5.2):

a =
ln U(t)−Uaim

U0−Uaim
−t

=
ln 0.05Vmax−0

0.95Vmax−0
−50 ms

= 59 s−1 (5.3)
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We will assume that the power supply instantaneously will try to enforce
it’s new voltage by setting

Uaim =
Pset
I

=
PsetR

U
, (5.4)

using Ohm’s law to determine the current. Plugging this in to (5.1) gives

dU

dt
= a

[
PsetR

U
− U

]
(5.5)

d

dt
U2 = 2a

[
PsetR− U2

]
(5.6)

We model an instable resistance by letting it fluctuate harmonically:

R = R0 (1 + r cos(2πft)) , (5.7)

where f is the frequency at which it fluctuates and r is the fraction of the
oscillation compared to the average resistance R0. The differential equation
(5.6) can be solved analytically [9], which yields:

U2 = C1e
−2at +

PsetR0

(
a2 + f2 + π2 + a2r cos(2πft) + afπr sin(2πft)

)
a2 + f2π2

.

(5.8)

We can remove the homogeneous solution corresponding to the transient of
the system by setting C1 = 0, because we are only interested in the long
term average power, which is calculated by dividing U2 by R and average
this by a full period:

〈P 〉 = f

∫ 1
f

0
Pset

(
a2 + f2 + π2 + a2r cos(2πft) + afπr sin(2πft)

)
(a2 + f2π2) (1 + r cos(2πft))

dt (5.9)

Evaluating this function for 0 ≤ r ≤ 0.8 and 0 Hz ≤ f ≤ 100 Hz results
in the plot of figure 5.1. A power setting of P = 10 W with a load of an
average resistance R = 1 kW is used. The graph shows that the power supply
does tent to put in more power for unstable loads, although this effect only
becomes significant at relatively high amplitudes (r > 0.1). No quantitative
conclusions can be drawn from this model because the assumptions are not
tested. The model does however point out why the use of the control system
of the Xantrex might give inaccurate results and should be avoided for this
experiment.

39



Figure 5.1: The modelled average power output from the Xantrex for a load
of which the resistance oscillates with frequency f and an ampli-
tude of r times the average resistance.

Another concern that is not included in this model and could very well
give more extreme power differences for various loads is the fact that the
output voltage is able to rise much faster than it can fall. The rise time with
no load (and 1 kΩ is a relatively small load) is 100 ms while the fall time
is 3 s. Anytime the resistance is a bit lower than normal the power supply
will not be able to quickly drop it’s voltage to maintain a steady power.
But whenever the resistance is a little bit higher, the power supply is able
to rise the voltage more easily. So a momentarily higher resistance won’t
compensate for a momentarily lower resistance, resulting in a higher power
output than indicated in figure 5.1.
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Chapter 6

Conclusions

In this report we’ve described studies for the design of a scanning differential
calorimeter. In chapter 2 the setup is explained: A master cell is heated
by a plasma with a constant power supply at 10 W. A slave cell is heated
simultaneously by a heating resistor to match the temperature of the master
cell. Both cells are isolated from the environment by a climate chamber
which is kept at the same temperature as the cells.

In chapter 3 we’ve estimated the accuracy of the temperature measure-
ments of the cells due to non-uniformity. The maximum temperature dif-
ference found in the plasma heated cell is in the order of 0.04 K. The max-
imum temperature difference in the resistor heated cell is in the order of
0.2 K. In addition to temperature gradients inside the copper of the cells,
the thermistor readings give an extra error in the order of 0.1 K to 0.2 K.
When heat losses from these temperature differences are neglected this gives
an uncertainty in the power of 0.07 W. It is noted that there is room for
improvement of the thermistor and the thermistor measurement system in
terms of reliability, credibility and precision.

Chapter 4 models the thermal response of the climate chamber. Mea-
surements on the actual response of one of the sections of this chamber (the
front plate) have been used to determine the variables of this model. A
simulation of the simplified model is used to investigate possible heating
control systems. One of the difficulties in designing a good control loop
for the system is the time delay due to the fact that the water heated in
a boiler needs time to reach the channels of the climate chamber. Because
the temperature increase of the system is relatively slow and steady it was
still possible to use a PID controller. Settings for this controller have been
found that keep the average temperature difference of the climate chamber
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with it’s set point within 150 mK for the first 1000 seconds, and theoretically
within 5 mK afterwards. Temperature gradients within the climate chamber
and temperature differences of the actual setup have not been analysed in
the scope of this report.

In chapter 5 we’ve analysed the Xantrex power supply used in both our
setup and the setup of Mills [2]. This power supply has a rated output of
6 kW. Using it in the 10 W range induces systematic errors in the order of
30%. The main problem is that the power control loop can react differently
to a plasma load and an electrical resistor load. In our setup precautions
have been taken to compensate for this possible behaviour. In the setup of
Mills it is possible that the use of this power supply invalidated results.
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Appendix A

Simulink Model of Climate
Chamber

In figure A.1 the simulation circuit that is used for simulating the front cell
of the climate chamber is shown.
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Figure A.1: The Matlab Simulink model used for simulations of the heating
of thermal sections.
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