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Abstract

Qualitative measurements of leaks in air �ows are frequently conducted in engineering. However, an environmentally
friendly leak rate measurement technique which yields quantitative results and is applicable to hot, large-scale circular
air �ows (≈10 kg/s; ≈700°C) with high leak rates has not been presented yet. This paper describes the development,
test and validation of a stationary and a dynamic, helium based tracer gas method on a lab-scale model of a solar
air receiver with partial air recirculation. Helium is chosen as tracer gas since it is environmentally friendly, stable
under high temperatures and is also cheap for large-scale air �ows. The tracer gas is injected either continuously or
intermittently into the model system, its concentration is measured using a mass spectrometer and the static or dynamic
concentration response of the system is used to determine the leak rate. The stationary method needs two measurement
points upstream and downstream the leak, the dynamic method only one measurement point if applied to a circular
air �ow system. Since the dynamic method is time dependent the transfer function of the measurement setup was
determined and the dynamic measurement error considered. An extensive uncertainty analysis is presented for both the
stationary and dynamic method. Exemplary measurements were conducted at the model system with very good results.
Both dynamic and static measurements yield the same result within their con�dence intervals. The leak rate of the
solar receiver model with a mass �ow rate of ṁin = (0.247 ± 0.008) kg/s was measured to be lstat = (36.1 ± 2.3)% and
ldyn = (34.5± 3.6)% with the static and dynamic method respectively.

Keywords: Air return ratio, Tracer gas, Circular tracer, Leak rate, Solar air receiver, Air receiver, Measurement
technique, Dynamic mass spectroscopy

1. Introduction

Concentrated solar energy provides an environmentally
friendly and virtually unlimited source of high-temperature
heat [12]. As in most renewable energy research, cost re-
duction is the main research goal. It is therefore essential
to quantify all factors that in�uence the e�ciency of energy
production. The examined open volumetric receiver con-
cept was build on a large scale as the Solar Tower Jülich
demonstration solar power plant [10]. Here the sunlight
is re�ected and concentrated by a �eld of heliostats onto
an open volumetric air receiver. This open volumetric
receiver consists of a porous ceramic structure which is
heated up by absorbing the sunlight creating surface tem-
peratures of up to 1000°C. Air is sucked through the ab-
sorber modules to transfer the thermal energy to the steam
boiler, where a conventional power block is used to pro-
duce electricity. Due to the low heat capacity of air, high
air mass �ows are needed. After the air passes the steam
boiler, it has a temperature of up to 200°C and is returned
to reuse the residual heat. It is blown out through the

∗Corresponding author
Email address: Arne.Tiddens@dlr.de (Arne Tiddens)

structure of the receiver and is partially sucked in again.
The fraction of the blown out air which is sucked in again,
is called air return ratio (ARR) (Eqn. 1). At this point
the examined leak of the system occurs.

To achieve a high receiver e�ciency it is important to
decrease this leak in the air circuit. It depends on many
variables such as wind, geometry of the receiver design and
operational mode and is so far unknown. Since this leak
can be reduced by a multitude of measures, it is of vital
importance to be able to measure it [16, 15].

The leak rate measurement can be approached either
by measuring the mass �ow �eld in front of the receiver, or
measuring the temperature or a chemical property of the
air before and after the leak which changes according to the
size of the leak. To measure the air �ow �eld in front of the
receiver the measurement technique need to be applicable
with very high precision. However, most �ow measurement
techniques are not employable on the large scale of solar
tower power plants or do not yield quantitative results. An
existing and possibly the most feasible �ow measurement
is the laser based Particle Image Velocimetry (PIV). It
would be possible on such a scale, however resulting in
large uncertainties.

Due to the di�erence in temperatures before and after
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the receiver, caused by the leak of the system, an energy
balance seems possible measuring only the air �ows and
their temperature. On the outside of the receiver this
measurement is not feasible, since for a measurement of
the air �ows and their temperature thousands of thermo-
couples and mass �ow measurements would be needed. A
measurement in the air�ow before and after the receiver as
conducted by Tellez et al. [14] does not lead to correct re-
sults, since the outlet temperature is not well de�ned. This
occurs because the outlet air is heated by the outsides of
the absorber cups while it is blown out [1].

Due to the above mentioned di�culties, we decided to
use a tracer gas method, whereby a tracer gas is injected
and measured in the air �ow. This is the only possibility,
since all other measurable, intrinsic properties of the air
are correlated to the temperature.

Tracer gas measurements are widely used in medicine,
in ventilation experiments for buildings and air-conditioning
systems. Inert tracer gas washout tests are for example
used to perform extended lung function tests [11]. In con-
tamination experiments Tang et al. [13] use a tracer to
simulate the spreading of diseases in hospitals. Similarly
the spreading of hot or cold air is quanti�ed in buildings
[7]. For example Ghazi and Marshall [6] use a carbon diox-
ide tracer gas to determine and characterize leaks across
windows, Cui et al. [2] use a decay rate method to de-
termine the air change rate of buildings. These measure-
ments however are not transferable to the described mea-
surement environment, due to the harsh conditions at the
Solar Tower Jülich. The high circular air mass �ows with
large leak rates do not allow for any gases already present
in air or environmentally harmful gases. The occurring
surface temperatures further limit the possible tracer gas
candidates. The commonly used SF6 can for example only
be heated without decomposition up to 500 °C in the ab-
sence of catalytic metals and has furthermore the highest
global warming potential of all gases [9, 5].

For development and validation purposes, we constructed
a 1:2 scale model of a sub-receiver (56 absorber modules)
and the corresponding air circuit of the Solar Tower Jülich
(1080 absorber modules). The circular nature of the mea-
surement environment permits additionally to the static
measurement a dynamic measurement. The latter allows
a quantitative leak rate measurement with just one dy-
namic tracer gas concentration measurement. By compar-
ison of the static and dynamic methods, a validation of
the methods of measurement at a laboratory scale can be
achieved. This paper describes the development, applica-
tion and validation of the two tracer gas methods.

2. Experimental Set-up

A model of a part of the open volumetric receiver struc-
ture has been built to develop, test and validate the mea-
surement setup without solar irradiation. It is a model of
the open volumetric receiver containing 9x6 absorber cups
at a scale of 1:2. Its schematic is shown in Fig. 2, a photo
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Figure 1: Photo of the measurement setup.
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Figure 2: Schematic diagram of the model

in Fig. 1. The air is sucked through the receiver (6) by a
fan (10) and is then returned to the receiver front through
13 air return tubes (8). The model is designed regarding
the theory of similarity, to produce a �ow pattern in front
of the receiver similar to that of the Solar Tower Jülich.
Due to the smaller size, modi�cations to the air circuit
are simpler than at the full scale solar power plant. The
fan can be operated at di�erent frequencies to control the
air mass �ow. The air mass �ow is measured to allow the
measurement with di�erent air mass �ow rates by a ther-
mal �ow mass sensor (5). The receiver can be covered by
a removable lid (7), to test for unwanted leaks. By closing
the receiver and removing some of the 13 return air tubes,
di�erent scenarios with �xed, unknown leak rates can be
created for validation purposes (sec. 4.3).

To conduct a tracer gas measurement, helium (1) is
injected into the system at (4). The helium mass �ow is
controlled using a mass �ow controller (2). The result-
ing helium concentration is then measured by extracting
a sample at either point of measurement (9), (11). Due
to the choice of helium as tracer gas (see sec. 3.1) and the
low concentrations that need to be measured, a quadrupole
mass spectrometer (QMS 200, Pfei�er Vacuum) (3) is used
to determine the concentration.
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Ar CO2 He H∗ SF6 Ne
natural conc. - - - - + ++ ++ ++
pollution ++ o ++ + - - ++

therm. stability ++ ++ ++ - - - - ++
price + ++ - ++ - - -

Table 1: The table shows di�erent tracer gas candidates and their
suitability according to di�erent aspects. H∗ stands for forming gas,
which is a mixture of 95% nitrogen and 5% hydrogen.

3. Theory

3.1. Tracer Gas Method

The high temperatures, high air mass �ow, openness
and presence of concentrated solar radiation of the fu-
ture measurement environment pose requirements on the
choice of tracer gas. The tracer gas must hence be envi-
ronmentally friendly, stable under high temperatures and
may only occur in air in low concentrations (see Table 1).
This reduces the choice of tracer gases down to the noble
gases. Due to economic reasons we chose helium.

The relative leak rate of the system per circulation is
de�ned as

l = 1− ṁreturn

ṁout
= 1−ARR (1)

whereby ṁout is the air mass �ow leaving before the leak,
and ṁreturn is the part of this air which is returned to the
air circuit. ARR is the previously mentioned air return
ratio, which is de�ned by Ahlbrink et al. [1] as ARR =
ṁreturn/ṁout.

Under the assumption that the amount of injected he-
lium is small compared to the air�ow, it can be assumed
that the molar mass of the examined air �ows are equal.
Furthermore, it can be approximated that ṁout = ṁin. A
mass balance as indicated in Fig. 2 results in

ṁreturn + ṁamb = ṁin = ṁout . (2)

The helium mass balance at the indicated point is

ṁreturn ·χHe,return+ ṁamb ·χHe,amb = ṁin ·χHe,in , (3)

whereby χHe is the helium concentration at di�erent loca-
tions in the air circuit as shown in Fig. 2.

To be able to determine the leak rate l from helium
concentrations, the helium concentration of the return air
which is blown out χHe,out, must be the same as the he-
lium concentration of the return air being sucked in again
χHe,return. In front of the receiver the blown out air is
mixed by dispersion as well as di�usion. Since the mixing
is turbulent that occurs, the dispersion is much faster than
the di�usion. This arises from the di�erent origin of dis-
persion and di�usion in turbulent �ow. Whereas di�usion
is caused by the small-scale Brownian motion, the turbu-
lent dispersion is caused by gusts and eddies [3]. Since
dispersion is therefore the dominant cause of mixing, and

ṁin [kg/s] Leak rate [%]

1 10 50 100
0.1 0.0001 0.0011 0.0054 0.0109
1 0.001 0.011 0.054 0.109
10 0.01 0.11 0.54 1.09
100 0.1 1.1 5.4 10.9

Table 2: The table shows the number bottles (50l, 300bar) needed
to achieve a helium concentration of 100 · χHe,amb for one hour for
di�erent air mass �ows (ṁin ) and leak rates.

furthermore has no e�ect on χHe,return, the e�ect of di�u-
sion can be neglected, causing χHe,return = χHe,out.

With Eqs. 2,3 this leads to

ṁreturn

ṁout
·χHe,out+(1− ṁreturn

ṁout
) ·χHe,amb = χHe,in . (4)

Combining this with Eqn. 1, the leak rate can be expressed
as

l = 1− χHe,in − χHe,amb

χHe,out − χHe,amb
. (5)

This shows, that the leak rate can be determined measur-
ing only χHe,in, χHe,out and χHe,amb, as long as χHe,out 6=
χHe,amb. To achieve this, helium must be injected into the
system.

The locations of the added helium and the concentra-
tion measurement are chosen to be applicable at the Solar
Tower Jülich and allows the static (sec. 3.2) as well as
dynamic (sec. 3.3) measurement techniques to be applied.
The location of the point of injection is furthermore cho-
sen, so that the injected helium is mixed by the fan before
the next measurement location (see Fig. 2). The helium
injection time was minimized to reduce consumption, re-
duce measurement time and increase temporal resolution
without lowering measurement result quality. The amount
of helium which is added is small resulting in a low he-

lium concentration of around (1�
∧≈ 200 ·χHe,amb) in the

system, which is a concentration that can be realistically
achieved at the Solar Tower Jülich. Table 2 shows the
amount of helium needed for di�erent scenarios to achieve
a helium concentration of 100·χHe,amb for one hour, which
is a realistic time frame for several experiments during a
day.

3.2. Static Circular Concentration Measurements

The simplest way to determine the leak rate via a tracer
rate measurement is to inject the tracer gas before the
leak and measure the initial concentration at measuring
point 1 (χHe,out) and the �nal concentration at measuring
point 2 (χHe,in) as shown in Fig. 2. After the concentration
reaches equilibrium, the point of measurement is switched
every two minutes. In Fig. 3 the raw data of an exem-
plary measurement is shown. The leak rate can then be
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Figure 3: Exemplary helium concentration measurements, switching
between the two points of measurement every 120 seconds. Helium
is injected continuously during the experiment.

determined directly by using Eqn. 5. However, two fur-
ther prerequisites have to be examined: The distribution
of helium at the measurement points cross sections as well
as peripheral leaks outside of the receiver.

3.2.1. Mixing

The helium concentration was measured across the cross
section of the piping at both points of measurement. At
these points the helium concentration is homogeneously
distributed and hence single point sampling is possible.
The result of an exemplary measurement at measurement
point 2 is shown in Fig. 4.
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Figure 4: The helium concentration across the piping of the receiver
model at measurement point 2 (see Fig. 2) is homogeneously dis-
tributed.

3.2.2. Peripheral Leakage Measurement

To measure the leak rate of the receiver only, it must
be assured that the rest of the air circuit is leak tight.
To achieve this, the front of the receiver was sealed (see
Fig. 5) and the circuit �lled with helium. A qualitative
helium leak and sni�ng inspection from the outside of the
system and counter-measures were conducted to reduce
the leakage of the system to a minimum. A leak between
the two measurement points could not be observed after
optimization of the sealing.

Figure 5: Photo of the receiver model with a closed front with all 13
return tubes attached.

3.3. Dynamic Circular Concentration Measurements

The advantage of the dynamic circular concentration
measurement is that only one point of measurement is
needed. The measurement is conducted by injecting he-
lium with a �xed �ow rate and duration into the system
and measuring the resulting concentration response over
time (see Fig. 6). In contrast to the static measurement,
the transient concentration curves are relevant and the
complete concentration curve is �tted instead of measuring
at equilibrium.

The point of measurement is chosen to be directly be-
hind the blower, since the concentration of helium across
the cross section of the piping is homogeneous there. The
disadvantage of the dynamic measuring method is that its
measurement procedure and the evaluation of the data is
more complex than of the static measurement.

In Fig. 7 the theoretical concentration response is shown
if dispersion of helium is ignored. The leading edge shows
an increase of concentration until the concentration reaches
its maximum at equilibrium. As soon as the helium injec-
tion is stopped, the helium concentration decreases every
cycle with a period length of T , by the factor (1 − l).
The results of a realistic measurement in Fig. 6 show, that
the distinguished concentration steps in Fig. 7 disappear
and the concentration response of the leading and trail-
ing edge can be described by the exponential growth and
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Figure 6: The time of helium injection as well as the helium concen-
tration response due to this injection are shown.
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Figure 7: The theoretical helium concentration response of a circular
air circuit with a leak rate l = 0.4, ignoring the dispersion of helium
in the system.

decay functions shown in Eqs. 6 and 7 respectively

χHe,leading(t) = A(1− (1− lmeas)
t/T ) (6)

χHe,trailing(t) = A(1− lmeas)
t/T . (7)

3.3.1. Measuring the Circulation Period

The circulation period of the air system T is required
to determine lmeas from Eqs. 6 and 7, since it is the only
other unknown variable.

The period T can be measured by injecting a concen-
tration peak with the shortest experimental period possi-
ble into the system. By measuring the time it takes be-
tween two measurements of this concentration peak at the
same measurement point, the circulation period is mea-
sured. A measurement of the circulation period is shown
in Fig. 8.
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Figure 8: The helium concentration response due to the injection
of two short helium peaks are shown. Each peak visibly passes the
point of measurement four times, before the peaks become indistin-
guishable. The time between between two peaks is the circulation
period.

3.3.2. Measurement of the Transfer Function of the Set-up

The mass spectrometer measurement of the dynamic
concentration in sec. 3.3 have to be corrected for its re-
sponse characteristics. Therefore, the transfer function of
the measurement set up must be known to be able to cor-
rect the resulting dynamic error. Since dealing with a
complicated measurement system, the transfer function is
determined by conducting a black box system analysis. By
introducing a step function into the system, the transfer
function G(s) can be measured since L(χstep(t)) = G(s)·s.
Hereby L(χstep(t)) is the Laplace transformed of the step
response χstep(t) and the parameter s is the complex num-
ber frequency. The step function is realized experimen-
tally by �lling a �ask with di�erent helium-air mixtures
and covering the �ask with a rubber seal. By attaching
a plug and needle to the end of the measuring probe, the
rubber seal is pierced, the probe enters the �ask which is
immediately sealed again by the plug (see Fig. 9). The
measured step response is shown in Fig. 10.

As shown in Fig. 10, the transmission element PT2

response is a very good �t for the concentration step re-
sponse, since the normalized root-mean-square deviation is
very close to zero. The transmission element PT3 doesn't
yield more accuracy but introduces an unnecessary vari-
able. Therefore the PT2 model is chosen, resulting in a
step response in the time domain of

χHe,step,norm(t) = 1− T1e
− t

T1

T1 − T2
+
T2e
− t

T2

T1 − T2
, (8)

with T1, T2 as �tting parameters. Since we are treating
the measurement setup as a black box, the transfer func-
tion must be determined at di�erent concentration levels
of helium χHe,const in the �ask (see Fig. 9). The time de-
lay of the measurement setup was ignored, since it is of no
relevance for the measurement. The transfer function in
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Figure 9: The �gure shows the schematic of the creation of a helium
concentration step function at the end of the measuring probe. The
indicated time corresponds to the time in Fig. 10.

frequency domain, corresponding to the PT2 transmission
element is found to be

G(s) =
1

(s · T1 + 1)(s · T2 + 1)
. (9)

3.3.3. Compensation of Dynamic Measurement Error

Since the uncorrected concentration data can be accu-
rately be described by the theoretically expected Eqs. 6
and 7 and the corrected data should also be describable
by these equations, the corrected leading edge χcor should
be expressible as

χcor(t) = A(1− (1− lcor)t/T )
= A(1− (1− lmeas)

t/T · cordyn) , (10)

with the corrected leak rate lcor. Since the maximum he-
lium concentration has no e�ect on the relative leak rate.
Since this must furthermore be true for all tεR ≥ 0, it
follows that

(1− lcor) = (1− lmeas) · cordyn , (11)

whereby cordyn is the dynamic correction function. That
this is the case is exemplary shown with the leading edge.
Figure 11 shows the general outline of the derivation. The
Laplace transformed of Eqn. 6

χHe,leading(s) =
Ameas · ln(1− lmeas)

s(ln(1− lmeas)− sT )
(12)
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Figure 10: The �gure shows an exemplary step response of the mea-
surement setup compared to model responses of a PT1, PT2 and PT3
transmission element response. The normalized root-mean-square
deviation (NRMSD) of the models are given.
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∗ =

Figure 11: The �gure shows the schematic of the determination of
cordyn. Whereby L is the Laplace transformation.

can be divided by Eqn. 9 to yield

χcor(s) =
Ameas · ln(1− lmeas)

s(ln(1− lmeas)− sT )
·(s · T1 + 1)(s · T2 + 1) . (13)

Transferred back to the time domain using the inverse
Laplace transformation L−1(χcor(s)) = χcor(t) yields

χcor(t) = Ameas(1− (1− lmeas)
t/T

·(T1 · ln(1− lmeas)

T
+ 1)

·(T2 · ln(1− lmeas)

T
+ 1)) . (14)

Introducing a function f(T1, T2, lmeas, T ) de�ned as

f = (
T1 · ln(1− lmeas)

T
+1)·(T2 · ln(1− lmeas)

T
+1) , (15)

Eqn. 14 can be expressed as

χcor(t) = Ameas(1− (1− lmeas)
t/T · f) . (16)

By equating the coe�cients of Eqs. 10 and 16, it follows
that
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Figure 12: The �gure shows the correction function cordyn for di�er-
ent circulation period T and leak rate lmeas for a �xed T1 = 0.12s,
T2 = 0.39s.

cordyn = f (17)

= (
T1 · ln(1− lmeas)

T
+ 1) (18)

·(T2 · ln(1− lmeas)

T
+ 1) . (19)

Having analytically found cordyn, it can be seen that cordyn
is measurable, since T1, T2 can be determined by �tting the
step response shown in Fig. 10. The measurement of the
circulation period T is shown in sec. 3.3.1, the uncorrected
leak rate lmeas is determined from Eqs. 6,7. It must how-
ever be noted, that T1, T2 are determined empirically and
must be determined for di�erent maximum helium con-
centrations, so that the correction can be applied to all
measurement scenarios. Fig. 12 shows the dependence of
the correction function on the circulation period T and
leak rate lmeas for a �xed T1, T2. It can be seen that
the correction is most important for large leaks and short
circulation times.

3.3.4. Peripheral Leakage Measurement

A further measurement that must be conducted, is the
determination of the peripheral leak in the air system of
a full circulation. By closing the receiver with a lid, this
peripheral leak rate can be measured with the dynamic
method. For the determination of this leakage, the trailing
side of the concentration curve (Eqn. 7) is used. Therefore
we can inject a small amount of helium and the formula
shows, that the concentration should stay the same if l = 0
because

liml→0(A · eln(1−l)·
t
T ) = A · eln(1)· tT = A. (20)

For a complete circulation the peripheral leak rate has
been determined to be corperi = (2.4 ± 0.3)% per circu-
lation. It is mainly caused by the blower. This leak rate

correction value is used for the dynamic measurement. In
contrast, the static measurement needs no leak correction,
because there is no leak between receiver inlet and outlet.

3.4. Signal Processing

The mass spectrometer concentration data contains �uc-
tuations, due to small concentration �uctuations in the
test chamber and detector noise. Filtering of the data is
not conducted, in order to preserve the uncertainty infor-
mation of the data.

The background concentration of helium in the ambi-
ent air is subtracted from the data (Eqn. 5). This con-
centration can be higher in the laboratory than in the
ambient air (≈ 5.2 ppm), since helium is blown out into
the lab. Without reducing this background, after 30 min-
utes of measurement the background helium concentra-
tion increased to 0.02%. This corresponds to about 30%
of the smallest measurement helium concentration. This
background changes over time, making the data evaluation
more complex. Therefore the helium background concen-
tration was kept at a minimum of < 20 ppm by opening
large doors and a skylight in the laboratory.

4. Uncertainty Analysis

Uncertainty analysis is very important to assess the
signi�cance of the results. Therefore a sensitivity analysis
to screen for relevant variables is conducted and the un-
certainties are estimated according to the �Guide to the
Expression of Uncertainty in Measurement� [4] using [8].
Finally the static and dynamic methods are validated with
one another. All presented uncertainties are displayed
with a 95% coverage factor.

4.1. Sensitivity Analysis

A sensitivity analysis has been conducted to get a bet-
ter understanding of the most in�uential factors on the
leak rate and on its type A measurement error. In order
to examine the in�uence of a maximum of variables with a
reasonable e�ort, an experiment using a D-optimized ex-
periment plan has been conducted [17]. The amount of in-
jected helium was hereby examined with more detail, since
a great discrepancy between concentration values could
have been an indication for a di�usion related uncertainty.
Figure 14 shows both methods of measurement for two
di�erent helium concentrations. Since the results however
lie well within the uncertainty of the measurement, the
helium concentration is not a signi�cant factor. A depen-
dency of the uncertainty on the injected helium amount
for the static method can be seen. This is expected, since
an increase in helium concentration increases the signal
to noise ratio of the measured signal. For an increase
from 25 std l/min to 50 std l/min helium injection, the mea-
surement uncertainty is reduced from 4.1% to 3.1% for
the static method for the case of 8 of 13 attached air re-
turn tube (sec. 4.3). A di�erence in uncertainty due to the
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Method Uncertainty
Static Dynamic type

lmeas (37.8± 3.1)% (38.3± 2.1)% A/B
corperi - (2.4± 0.3)% A
T - (3.8± 0.1)s A

cordyn - (0.953± 0.004) A
lcor - (38.8± 2.4)% A/B

Table 3: The table shows exemplary results of the variables necessary
to determine the leak rate estimation for a helium injection of 50 std
l/min for the dynamic method with a 95% coverage factor and 8 of
13 attached air return tubes (see sec. 4.3).

injected helium amounts of 25 std l/min to 50 std l/min could
not be identi�ed for the dynamic method. This can be
explained by the fact, that the dynamic method is more
robust against �uctuations in concentration levels, due to
the �tting of the signal over time.

The ambient temperature, ambient air pressure and
small variations in the air mass �ow had no signi�cant
in�uence on the results and were not further examined.

4.2. Uncertainty Estimation

We will start with an uncertainty analysis of the static
method, followed by the dynamic method, covering the
necessary variables in the order as they are used.

Due to the measurement with the mass spectrometer
a type B measurement uncertainty in helium concentra-
tion and time has to be considered. It is reduced by cal-
ibrating the mass spectrometer before each measurement
campaign.

To calculate the type A measurement uncertainty of
the static tracer gas method of lmeas, the standard devia-
tion of the concentration measurements at both points of
measurement are calculated and the uncertainty is propa-
gated using Gaussian error propagation. Since the static
measurement is independent in time, only the type B mea-
surement error in helium concentration must be consid-
ered.

The variables necessary to determine the leak rate l
are shown in Table 3 with their measurement uncertain-
ties for one speci�c measurement. To calculate the type
A measurement uncertainty of lmeas of the dynamic mea-
surement, �rst the type A uncertainty is determined from
the goodness of �t of both the leading as well as the trail-
ing edge. Since this leak rate determination is indepen-
dent of the maximum helium concentration but dependent
on time, the only type B measurement uncertainty which
has to be considered is the timing uncertainty. Since the
time in Eqs. 6,7 is divided by the circulation period a lin-
ear clock drift would be canceled out. Since the �tting
is robust against small �uctuations in time, the type B
measurement uncertainty of the mass spectrometer is not
introduced.

The uncertainty in the circulation period T has only a
very small type A measurement error, due to large statis-

tics made possible by the automated measurement setup
and �tting as well as the short circulation period.

A further uncertainty occurs due the determination of
the transfer function cordyn. It arises due to the di�cult
nature of the experiment. By not introducing a perfect
step function into the system when determining the trans-
fer function, the transfer function will most likely be over-
estimated. The type A uncertainty is determined using the
standard deviation of the ten smallest correction values.

The uncertainty of lcor is calculated by error propaga-
tion.

4.3. Validation of Measurement Methods

In order to validate the static and dynamic measure-
ment method, the leak rate for four di�erent measure-
ments scenarios was measured using the dynamic and the
static measurement method. The scenarios with a �xed
unknown leak rate were created by closing the receiver
with a lid and removing a certain amount of the 13 return
tubes. Each static measurement which is shown consists of
8 minutes of helium injection, after two minutes the mea-
surement starts. Every 60 seconds the measurement point
is switched, in total 5 minutes of the measurement data
is used as indicated in Fig. 13. For each dynamic mea-
surement point �ve peaks of 60 seconds each is followed
by a pause, resulting in 5 minutes of active measurement,
making it comparable to the static measurement. Figure 6
shows three of such 60 second peaks.

6,000 6,100 6,200 6,300 6,400 6,500 6,600
0

0.2

0.4

0.6

0.8

1

Time [s]

N
or
m
al
iz
ed

H
e
co
n
c.
χ
H
e
[%

]

Measurement

Figure 13: The �gure shows the normalized raw data for a helium
injection of 50 std l/min for the static method with a 95% coverage
factor and 8 of 13 attached air return tubes.

The results are shown in Fig. 14. Since both measure-
ments of the leak rate are taken under the same experi-
mental conditions, they should yield the same result. This
is in close agreement with the measurements, since they lie
well within the uncertainty bounds. Because the two mea-
surement methods have roughly the same measurement
error, a correction function was not introduced and the
measurement methods can be considered validated.
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Figure 14: The leak rate per circulation was measured using the
static as well as the dynamic tracer gas measurement with a closed
receiver con�guration (see Fig. 5) for four di�erent scenarios with
a certain number of return tubes attached. The measurement was
conducted for two di�erent helium injection quantities (25/50 std
l/min) and are presented with a 95% coverage factor.

5. Exemplary Results of the Model

An exemplary measurement result at the model was
conducted at ṁin = (0.247 ± 0.008) kg/s. The mass �ow
measurement was conducted without helium present, since
helium interferes with the mass �ow measurement. The
same measurement conditions as in sec. 4.3 were applied.
The dynamic �t result, using Eqs. 6 and 7, is shown for
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Figure 15: The leak rate per circulation was measured using the dy-
namic tracer gas measurement. The concentration signal was �tted
with Eqs. 6 and 7.

three measurements in Fig. 15.
The leak rate was determined to be lstat = (36.1±2.3)%

and ldyn = (34.5 ± 3.6)%. This corresponds to an air
return ration of ARRstat = (63.9± 2.3)% and ARRdyn =
(65.5 ± 3.6)%. The uncertainties are given with a 95%
coverage factor. Both methods deliver values which lie
well within their uncertainty bounds.

6. Conclusion

An environmentally friendly, quantitative leak rate mea-
surement technique suitable for large scale and hot air
�ows was developed. A tracer gas method using helium
was chosen. The circular nature of the measurement envi-
ronment allowed us the development of a dynamic tracer
gas measurement technique. This additionally technique
allows us the validation of the leak measurement and has
the further bene�t of needing only one measuring point.

The two methods were successfully validated for four
�xed leak rates. The measurement results of the two mea-
suring methods lie within the error of measurement. The
absolute uncertainty is smaller for small leak rates (lstat =
(21.8± 2.0)%, ldyn = (24.5± 1.0)%) than for larger ones
(lstat = (62.4 ± 4.6)%, ldyn = (60.0 ± 4.3)%). This is to
be expected, due to a better signal to noise relationship at
lower leak rates and the fact that the uncertainties of the
corrections are relative to the leak rate.

One exemplary measurement has been presented, with
a mass rate of ṁ = (0.247± 0.008) kg/s resulting in a leak
rate of lstat = (36.1± 2.3)% and ldyn = (34.5± 3.6)%.

Due to the successful measurement at laboratory scale
it can be expected, that the leak rate measurements or al-
ternatively the air return ratio measurements at the Solar
Tower Jülich will yield reliable results.
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Glossary

Ar Argon

ARR Air return ratio

ARRdyn Air return ratio measurement with dynamic method

ARRstat Air return ratio measurement with static method

CO2 Carbon dioxide

corperi Peripheral leak correction

cordyn Dynamic error correction

G Transfer function

H∗ Forming gas

He Helium

l Leak rate

ldyn Leak rate measured with the dynamic method

lstat Leak rate measured with the static method

L Laplace transform

ṁ air mass �ow

Ne Neon

NRMSD Normalized root-mean-square deviation

PIV Particle image velocimetry

PTn nth-order lag element

s Complex number frequency

SF6 Sulfur hexa�uoride

T Circulation period

T1,2 Time constants of the PT2 element

χHe Helium concentration

χstep Concentration step response
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