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A large cryogenic test rig was built to investigate dynamic operation of plate-fin heat exchangers, which is needed for flexi-

ble operation of air separation units. This paper presents results from distributed temperature and strain measurements

that were conducted during a dynamic test scenario. Results show that strong temperature gradients appear in all spatial

directions of the heat exchangers, resulting in locally varying strains. It is shown that spatially dissolved, dynamic strain

measurements are possible using optical fibers. Results from the test rig will help to properly instrument heat exchangers

in research and in the field and provide important information for design and operation of plate-fin heat exchangers in

dynamic processes.
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1 Introduction

FlexASU is a sub-project of the Kopernikus project
SynErgie, which aims to enable air separation units (ASUs)
for demand side management [1,2] in terms of energy sup-
ply. The ability to operate air separation and other energy-
intensive industrial processes more flexibly, and hence vary
the power demand is attracting growing interest because
the higher share of renewable energy sources is leading to
an increasingly volatile energy market [3]. For ASUs, the
resulting higher number of load changes, shutdowns and
restarts can lead to additional cyclic stresses on the equip-
ment, which reduces the expected lifetime [4]. The main
heat exchanger is part of an ASU’s core equipment and its
design is challenging even for conventional ASUs [5]. In an
FlexASU this equipment is particularly affected by transient
operation conditions due to the resulting temperature
changes. Thus, it is important to not only search for the
price and energy optimum of operation, but also to take
stress on equipment into account when it comes to a flexi-
bly operated ASU. Hence, a detailed examination of transi-
ent operation conditions using experimental and simulation
methods is required. A large test rig has been put into oper-
ation [6,7] for experimental investigation of aluminum
plate-fin heat exchangers (PFHEs), which are commonly
applied as main heat exchangers of ASUs [8]. In the test rig,
a highly repetitive, intentionally harmful test scenario is
conducted to provoke fatigue damage from the resultant
cyclic stresses on the PFHE. The fatigue life prediction for
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heat exchangers also played a role in [9] for steel PFHEs
and in [10] and [11] for fin structures under cryogenic con-
ditions. Nevertheless, the approach of conducting fatigue
tests using process streams at different temperatures to
induce cyclic stresses in the heat exchangers (as in [12])
accounts for additional influence factors compared to solely
applying mechanical force on test bodies, such as in, e.g,
[9,11]. The approach is chosen due to the complex and
multidimensional temperature gradients and resulting
forces that occur in the dynamic operation of heat exchang-
ers. During the cyclic operation of the test rig, the goal is to
gain extensive knowledge of the behavior of PFHEs under
dynamic operation. Hence, the repetitive transient cool-
downs and warmups are recorded explicitly in terms of
temperature and strain. The recorded data is essential for
improving and validating a three-dimensional thermo-fluid
simulation model [13] and computational lifetime estima-
tion tools [14]. This paper builds on foregoing work con-
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cerning the expected lifetime and fatigue in PFHEs at Linde
Engineering, including experiments using smaller PFHE
specimens [12] and simulation tools [14-16]. After the test
rig and applied measurement methods have been described
in [7], this paper provides results from temperature and
strain measurements of the highly dynamic test scenario.
Since several, partly redundant measurement methods are
deployed in the test rig, the various methods are compared,
and advantages and drawbacks discussed.

2 Materials and Methods

All measurements in this work have been conducted at the
cryogenic PFHE test rig, which was presented in [7]. The
test rig is operated at similar temperature level as ASUs in
the field and all cryogenic plant components are installed in
a perlite-filled coldbox. In the test rig, two aluminum PFHE
test specimens undergo a highly repetitive series of cool-
downs and warmups in a cryogenic temperature range,
which are induced by the alternate supply of cold and warm
gaseous nitrogen streams. Liquid nitrogen is used as a cool-
ant (see [7] for more details). The sequence of one cool-
down and one warmup of equal duration is defined as a
cycle, which lasts about 15 min. Up to now, more than 1000
test cycles have been conducted at each of the two PFHE
test specimens.

The two PFHE test specimens that are installed on the
test rig exhibit dimensions of approx. 1.5mx1.5mx0.5m
(length, stacking height and width) and weigh around 1.5t.
The PFHEs are manufactured and brazed analogously to
ASU heat exchangers and display the same design elements
(see [7]). The three spatial directions of the PFHE test speci-
mens are defined as the length, stacking height and width of
the heat exchanger (Fig. 1).

Length

Figure 1. Nomen-
clature spatial
directions PFHE test
specimen.

Wi'm A%ocking height

In the description of the results, the position at the PFHE
is specified using normalized parameters, which are
obtained by dividing the spatial position by the total PFHE
length, stacking height or width, respectively. Also, the rela-
tive cycle time is used, which is the elapsed time since the
start of the cycle divided by duration of one complete cycle.
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Besides conventional measurement equipment used for
process control, the PFHEs are equipped with scientific
temperature and strain instrumentation using advanced
measurement methods (cf. [7]). For example, distributed
measurements using Rayleigh scattering and fiber Bragg
gratings (FBG) in optical fibers are applied. These methods
have been known for decades now [17, 18] and offer differ-
ent advantages. FBG fibers constitute a very reliable, mature
technology, and are straightforward in terms of application
and data processing. However, this measurement method is
not really distributed since measurements are only possible
at foreseen sensor positions that are limited by the number
of gratings in the fibers. Due to the grating process, FBG
fibers are also more expensive. Conversely, measurements
using Rayleigh backscattering can be taken with low-cost
standard single-mode optical fibers [19], but data process-
ing is more elaborate for this method. At the test rig 14 Ray-
leigh fibers with a length up to 20 m are applied, allowing
temperature measurements between —196 °C and 50 °C with
an accuracy of 3 °C at intervals of a few mm along the fibers
[7]. Distributed temperature measurements using optical
fibers have been successfully applied in numerous different
fields such as long-distance environmental monitoring [20]
and nuclear power plants [21]. Also, fiber optical sensors
have been used under cryogenic conditions [19], especially
in the area of superconducting technology (e.g., [22]).
Reviews of distributed temperature-sensing technology and
applications can be found in [20,23,24]. At Linde, fiber-
based temperature measurements have already been applied
coil-wound heat exchangers [25].

Methods using optical fibers are compared to well-estab-
lished measurement methods like Pt100 temperature sen-
sors and position sensors. The advantages and drawbacks of
the different measurement methods will be addressed in the
results section. A more detailed description of the test rig,
test scenario, PFHE test specimens and measurement meth-
ods can be found in [6] and [7].

3 Results and Discussion

While in total, over 1000 cycles per PFHE were completed
on the test rig, the results in the following are presented just
for one or a small number of these cycles. The cycles them-
selves are highly repetitive, hence measurements from dif-
ferent cycles can be used together for evaluation without
loss of information.

3.1 Comparison of Different Temperature
Measurement Methods

At the surface of the PFHE test specimen, the location of
two Pt100 temperature sensors coincides with the route of
two Rayleigh optical fibers in two points at a relative stack-
ing height of 0.5 at two different relative lengths. Hence, the
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results of these two measurement methods can i
be compared for one exemplary cycle (see 01 i S v)
Fig.2). The two measurement points have a dis- z y 5
tance of 15 cm. °ch 1 & :
The overall temperature range is slightly above [f ,
and below room temperature, since measure- Z 30 | B 4
ments at a relative length of the PFHE of 0.27 | 3 b
and 0.37 are shown here. At the cold end of the “é-’- 20l 1 [ Relative length 0.37
PFHE, lower temperatures prevail. The tempera- 2 ----P1100
tures of the two different measurement systems 10 — Rayleigh fiber
. Relative length 0.27
at the surface show good agreement, especially | | g PHOO
concerning the dynamic of the test scenario. ) ---- Rayleigh fiber
There is no sign of delay in the comparison of oL, w . . w
both methods. This is a pleasant verification for 0 0.2 0.4 0.6 08 10
the advanced optical fiber measurement system Relative cycle fime —>

since Pt100s are a very reliable and well-estab-
lished temperature measurement device. Never-
theless, there are some deviations especially in
the higher temperature range (T > 40°C). The
main reason for this is the difficulty in installing
the sensors on the surface of the PFHEs such that
thermal contact is ensured. The fibers run
through thin metal capillaries, which were glued
to the surface using aluminum tape. The Pt100s
were glued onto the surface using a special adhe-
sive. The thermal contact can be affected by the
clearance between PFHE and the sensors and the
thickness of the adhesive.

While in Fig. 2 only one location of the respec-
tive fiber is depicted, Rayleigh-based fiber tem-
perature sensing is capable of measuring tem-
peratures along the complete fiber at intervals of
just a few mm. Another temperature-sensing
method using optical fibers that is applied on
the test rig are FBGs [7]. This method uses spe-
cially prepared fibers and offers measurements
at several discrete points along a fiber. In the
case of the test rig, each fiber includes 13 sensors

Figure 2. Comparison of Pt100 and fiber-optical surface temperature measure-

ments.
T
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Figure 3. Comparison of FBG and Rayleigh fiber-optical temperature measure-

ment.

a few cm apart. In Fig. 3, the results of three FBG fibers in-
side the PFHE are compared to the three parallel Rayleigh
fibers at the end of the cooldown phase (relative cycle time:
0.5). The fibers are distributed over the width of the PFHE
(relative width: 0.17, 0.5 and 0.83) at a relative stacking

height of 0.5.

The two measurement methods display good agreement,
especially in the cold section of the heat exchanger. Since
FBG fibers offer some benefits in data recording and pro-
cessing, especially compared to Rayleigh-based fibers, it is a
promising tool for application in equipment in the field.
However, FBG measurements are not truly distributed and
discrete sensor points must be chosen in advance leading to
a loss of information compared to the Rayleigh optical
fibers. Therefore, the measurement based on Rayleigh fibers
is more suitable for application in research, where effort

and handling are less important.
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In Fig.2 and 3, temperature measurements at the surface
and inside the PFHE are presented, respectively. Tempera-
ture sensors at the surface are easier to install and can be
retrofitted to existing equipment. Therefore, it would be
advantageous if these sensors were sufficient to observe all
occurring effects. Fig.4 shows the temperatures of one test
cycle measured at two points within two Rayleigh optical
fibers within (relative width: 0.17) and on the surface (rela-
tive width: 0) of the PFHE and one conventional Pt100 at
the surface, all at the same relative stacking height (0.5) and
length (0.37) of the heat exchanger.

While the two measurement methods on the surface
show the known behavior and close agreement with each
other, the inside fiber differs in its results. It shows a higher
amplitude of temperature and different dynamic behavior.
As seen in Fig.4 surface measurements are subject to a
delay, and temperature changes within the heat exchanger
are noted at the surface shortly after. Contrarily, a change in

www.cit-journal.com
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The cold end of the PFHE is cooled from
y around 0°C at the beginning of the cycle
28 to around -125°C at the end of the cool-
down (relative cycle time: 0.5). The local
minimum in the temperature profiles
can be attributed to the different heat
H transfer inlets along the pathway of the
) process stream (cf. [7]) Beside the dis-
tinct temperature gradient along the
main flow direction, a comparably small

----Surface P1100
Surface Rayleigh fiber
—— Inside Rayleigh fiber

difference of approx. 30 °C builds up be-
tween the three fibers along the stacking
height of the PFHE. The fiber closest to

Il 1 Il L L
0 0.2 0.4 0.6 0.8 1.0
Relative cycle time —>

the cold gas inlet shows the lowest tem-
peratures, while the ones further from
the inlet display higher temperatures.

Figure 4. Comparison of dynamic temperature measurements on the surface and with-

in the PFHE.

temperature in the gas flow is directly discernible using the
inside fiber. This can be explained with the inside measure-
ments being in closer contact with the gas flow and less
influenced by thermal mass effects. Differently, surface mea-
surements are separated from the gas flow by solid metal
mainly by sidebars. This metal supports thermal inertia and
slows down the discernible temperature change. Hence, the
measured amplitude is also smaller at the surface. Conse-
quently, surface measurements are less suitable if the tem-
peratures inside the PFHE are required, especially in the
present, highly dynamic scenario. Therefore, only tempera-
ture measurements from inside the PFHE are presented in
the following.

3.2 Temperature Distribution within the PFHE

Within a heat exchanger, a temperature gradient from the
inlet to the outlet of the process streams is implied by the
working principle of this equipment. Usually, this gradient
is much higher than the gradients in the other two spatial
directions. Hence, depicting and modeling a heat exchanger
is often simplified in a one-dimensional thermal manner.
While this approximation is usually justified for operation
of the heat exchanger at design operating point, this may
not be the case for atypical operation modes occurring dur-
ing load changes, shutdowns or restarts of the plant. The
test scenario is especially atypical, since the fast temperature
changes are induced by the alternating supply of warm and
cold gas streams, in contrast to countercurrent flow in
PFHEs in the field.

Fig.5 shows the temperatures measured by three optical
fiber segments distributed over the stacking height all at a
relative PFHE width of 0.17 of the PFHE at different times
of the cycle. The temperature at the warm end of the heat
exchanger is intentionally unaffected throughout the cycle.

www.cit-journal.com
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Hence, the temperature is not equally
distributed over the stacking height of
the PFHE but shows an additional gra-
dient due to the interaction inertia of
thermal mass and distribution of the cold gas over the pas-
sages. This effect is even more pronounced looking at the
third spatial direction, the passage width of the heat
exchanger.

In Fig. 6 the temperatures of three optical fibers distribut-
ed over the width of the PFHE all at a relative stacking
height of 0.25 are shown. In this direction the temperature
difference between fibers at a relative PFHE width of 0.17
and 0.83 sums up to approx. 110°C, which is in the same
order of magnitude as the temperature gradient in the main
flow direction of the heat exchanger. While the fiber closest
to the gas inlet exhibits rapid cooling, the fiber furthest
from the inlet in a widthwise direction is just beginning to
react at the end of the cooldown.

As a result of the measurements, simplifying assumptions
leading to a common wall 1D thermal simulation approach
are not permissible, at least for the test scenario [2]. Strong
3D effects may also occur in PFHEs in the field, especially
in atypical operation modes. It is important to include these
effects by a 3D finite-element analysis when it comes to life-
time estimation tools. The lifetime strongly depends on the
occurring temperature gradients and thermal stress. Hence,
detailed observation of the heat exchangers in operation
using distributed temperature sensing inside the PFHE is
appropriate. Additionally, proper design and lifetime esti-
mation using 3D modeling tools is required. The considera-
tions based on the results of the test rig in combination with
simulation results have led to the development of a 3D
computational fluid dynamics model [13], which can be
used for that purpose.

3.3 Strain Measurements

As a result of the 3D temperature distribution within the
heat exchangers, different areas of the heat exchanger show

Chem. Ing. Tech. 2022, 94, No. 4, 555-562
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Figure 5. Temperature distribution over PFHE stacking height.

different thermal expansion and shrinking. In Fig.7 the
expansion in different spatial directions compared to the
beginning of the cycle is shown using four position sensors
at different edges of the PFHE. The sensors record the posi-
tion change of one end of a pole, while the other end is fixed
at the PFHE and therefore the integral expansion or shrink-
ing along this pole.

As expected, the position sensors at both front ends of
the heat exchanger display close agreement over time. This
is due to the symmetrical behavior of the PFHE along the
gas inlets. In the first half of the cycle, cold gas enters the
PFHE and cools it down starting from the gas inlet. Hence,
the sensors show shrinking. In the second half, the PFHE is
heated up again and expands to the initial level. While the
sensors in the front and back run in a direction whereby the
warm end is not experiencing cooling, the sensor over the
stacking height records cooling over the whole length. For
this reason, the recorded shrinking is around six times larg-
er compared to the position sensors running over the front
length. The shrinking measured over the length in the rear
part of the PFHE is significantly smaller compared to the
position sensors in the front, even though they are installed
in the same spatial direction. The shrinking can be directly
linked to the temperature difference over the cycle and thus

Chem. Ing. Tech. 2022, 94, No. 4, 555-562
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is also smaller in the rear part of the PFHE (for temperature
see Fig. 6). The signal even appears to show a small expan-
sion in the rear part of the PFHE, but this can be attributed
to a delay in temperature progression in the rear part of the
PFHE due to thermal inertia of the metal. Hence, the rear
part of the PFHE does not show the highest expansion in
the beginning of the cycle (relative cycle time: 0). The
expansion along the PFHE width was also measured but
does not provide new insights and is therefore not shown
here.

Another method to conduct strain measurement at the
test rig are Rayleigh optical fibers. Using this method, the
distributed strain, which is the local strain along the fiber, is
accessible. The required setup to measure distributed strains
using Rayleigh fibers is described in [7]. In Fig. 8 the nor-
malized local strain over one cycle, measured by a fiber seg-
ment at the surface along the PFHE length, is depicted. The
fiber does not cover the whole length of the PFHE since its
installation path is interfered by the suspension of the
PFHE within the test rig. The normalized strain was
obtained by dividing the measured strain values by a refer-
ence strain.

The fiber segment runs along the main flow direction of
the heat exchanger from the cold end to a relative PFHE

www.cit-journal.com
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Figure 6. Temperature distribution over PFHE width.
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Figure 7. Thermal shrinking and expansion of the PFHE measured by position
Sensors.

Since this measurement method is relatively
new and advanced, it is necessary to check the
results using a simpler measurement method.
This can be done by calculating the integral

length of approx. 0.6. At the upper part of the of the heat strain, which is obtained by integrating the measured local
exchanger (relative fiber length > 0.6), a temperature of strains along the fiber and comparing this overall expansion
approx. 45 °C prevails throughout the cycle. Since the tem- with the results of a position sensors. The position sensors
perature is above room temperature, the metal is expanded have a measuring range of 0 to 10 mm with an accuracy of
compared to that state, and positive strains are measured. 0.1%. In Fig.9 the same fiber segment as in Fig. 8 is
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Several different temperature and
strain  measurement methods
were applied to examine a highly
dynamic test scenario on a cryo-
genic PFHE test rig.
Rayleigh-based fiber tempera-
ture measurements were qualified
using Pt100 sensors at the same
locations. Optical fiber tempera-
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Figure 8. Distributed strain measurement using optical fiber.

compared to the signal of a position sensor, which runs par-
allel to that fiber.

The position sensor shows a repetitive signal since several
cycles are shown here. Starting from a relative cycle time of
around 2.4, the parallel running fiber was also measured.
The fiber does not cover the whole length of the PFHE, but
since the warm end of the heat exchanger preserves the
same temperature throughout the cycle, it can be neglected
in terms of the overall expansion. The calculated integral
strain of the fiber shows good agreement with the position
sensor. In particular, the dynamic captured is similar in
both methods. The overall amplitude is slightly higher for
the fiber method. However, with regard to the uncertain
measurement accuracy of the fiber strain measurement, the
two methods show sufficient agreement.

As a third method to conduct strain measurement at the
test rig, strain gauges are installed at important areas of the
PFHE. Results of this method are not presented in this

ture measurements using FBGs
were also applied on the test rig
and exhibited close agreement
with the Rayleigh based measure-
ments. FBG-based measurements entail some simplifica-
tions in application and are a promising method to be
installed on equipment in the field. However, compared to
Rayleigh optical fiber measurements, the number of sensors
is limited, and measurement is hence not really distributed.
Rayleigh optical fibers were used to collect distributed, dy-
namic temperature data. Concerning the location of the fibers,
measurements inside the PFHE were more suitable to capture
dynamic temperature effects in the test scenario. Surface mea-
surements showed a delay compared to measurements inside
the PFHE. Using distributed temperature measurement meth-
ods, a strong 3D temperature distribution was recorded for
the test scenario. This shows that a common wall 1D thermal-
simulation approach, where only the temperature gradient in
the main flow direction is considered, is not sufficient, espe-
cially for PFHEs in atypical operation modes. Lifetime estima-
tion tools need information about the 3D temperature distri-
bution since temperature gradients are a main reason for
thermal stress. Position sensor measure-
ments have shown that the PFHE is sub-
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ject to a different overall expansion de-
pending on the location. Areas close to the
cold gas inlet are cooled to lower tempera-
tures and therefore display higher thermal
shrinking. Hence, PFHEs under dynamic
operation need to be designed properly us-
ing 3D transient thermal simulation tools
(e.g., [13]), which capture local thermal
mass effects and directional heat conduc-

tion to predict realistic fatigue behavior.

----Rayleigh fiber
While position sensors only record the

—— Position sensor

overall strain, Rayleigh optical fiber mea-
surements are a suitable measurement
method to obtain distributed strain as
well as the integral strain along the fiber.

By combining signals from several fibers,

Figure 9. Integral strain of fiber compared to expansion recorded by position sensor.
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dynamic 3D distributed strain measurements are possible
for the use case of a cryogenic PFHE. However, this method
is associated with considerable effort in installation and
analysis, since additional fibers have to be installed in the
same position, which solely measure the temperature-in-
duced frequency shift in the fiber, and their signal must be
subtracted in order to isolate the distributed strain of the
underlying metal [7].

This paper presents various methods that can be applied
in research to monitor dynamic 3D experiments not only in
PFHEs, but also in other applications where transient tem-
peratures and strains are of interest. However, some of the
methods may be too elaborate for monitoring the everyday
operation of equipment in the field.

The results of the test rig are used to validate 3D dynamic
PFHE simulation and computational lifetime estimation tools.
This will help to properly design PFHE for their application in
flexibly operated air separation units and other processes.
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I Symbols used

Al [mm]
T [°C]

Expansion
Temperature

I Greek letters

Normalized strain

£ (-]

I Abbreviations

ASU  Air separation unit
FBG  Fiber Bragg grating
PFHE Plate-fin heat exchanger
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