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fluid by step variation. Surprisingly, there are very few results in the literature for
this last case. However, it seems to be of fundamental interest for some applications.
Two types of quantity, the temperatures of the fluids and the heat fluxes exchanged
in the HEX, are subject to transient conditions, with a range of time constants from
20 to 80 s. A comparison of experimental results with the main existing analytical
model proposed in the literature, essentially validated with liquid-liquid flows, is
performed. Deviations from analytical models are given as uncertainties of the time
constants. It is shown that one temperature time constant is not suitable for the gas-
gas flows. Extension of the results to the heat fluxes responses of the HEX is also
performed and confirms the observed results. A sensitivity analysis of the time
constants to the main system parameters is reported. It allows the identification of
the most important influences and the proposal of primary explanations for the
observed results. Local experiments on the same HEX configurations are under
development, as well as associated analytical and numerical models. However, the
aim is to preserve the simplicity and robustness of the models, to successfully apply
them to (real time) control and command of any type of HEX using the equivalent
bitubular model. This practical implication, together with the main conclusions of
the sensitivity analysis of time constants provides useful insights for modelling and
control applications.
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1. Introduction

Heat exchangers (HEX) are essential components of thermal systems and processes, as well as for transport
applications. Compactness is the dominant characteristic to minimize the weight of the HEX and to control and
command their transient behavior.

Transient conditions are natural in solar systems due to daily, seasonal, and meteorological variations [1,2].
The non-stationary regime is also fundamental to aerospace systems [3], such as launchers.

More frequently, physical discontinuities, such as the opening or closing of valve are common operations,
for example in refrigerating and air conditioning systems. These types of transient conditions have been examined
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and synthesized in a French research program [4]. The present bibliography could also include the transient
behavior of automotive systems [5], developed especially nowadays, and more specifically with natural
refrigerants such as CO, [6].

This first illustration of applications is closely related to research topics considered in our research group. But
the interest in transient operation in HEX remains an important task today. The short list of published papers [7,8]
confirms this fact and the need to consider the interaction of HEX with the system or process that includes it, such
as data center [9,10], geothermal borehole [11] frost formation [12], magnetic refrigeration [13], thermoacoustic
engine [14].

We will focus here on the HEX considered as the studied system, as illustrated by Ataer [15], who reports on
the transient behavior of a finned-tube-cross flow HEX, subjected to a step variation of the hot fluid temperature.
This liquid-gas HEX provides a corresponding temperature response for each fluid characterized analytically by
the following three parameters: a time constant, a time lag, and a gain factor. The results have been compared
favorably with both numerical calculations and experimental results. This paper illustrates that the most common
studies are related to HEX without phase change, and, more specifically, to liquid-liquid HEX.

We note that modeling gas-gas systems is fundamentally different from modeling liquid-liquid HEX or two-
phase flow HEX. We consider that dimensionless appraisal could intervene by summing up the modeling of these
three categories. However, for many practical applications, the gas-gas system is preferred due to its
characteristics, such as low thermal inertia, and compressibility effects.

Nevertheless, the great majority of papers consider specific cases, as follows:

- compact HEX [16]

- parallel- and counter-flow HEX [17]

- cross flow HEX with zero core capacitance [18]

- plate fin and tube HEX [19]

- airside heat transfer in cross flow HEX [20]

- cross flow HEX under variable temperature and flow rate conditions [21,22]

- plate HEX: influence of temperature disturbances and flow configurations [23].

We propose hereafter to classify the corresponding works into two categories, depending on:
A. Various kinds of imposed transient conditions in HEX

These conditions can be applied to counter-flow HEX configuration [24], which is the most favorable thermal
situation, or to parallel-flow configuration [25].

It is also known that, regardless of the HEX studied, an equivalent bitubular HEX could be considered having
the same characteristics [26]. This allows us to choose the bitubular HEX configuration as the reference for the
proposed experiments, due to the generality of the results.

Among the transient conditions that can be imposed we mention:

(i) Temperature step: it has been particularly studied by J. Padet and his collaborators, references [27,28]
reporting the experiments on bitubular HEX configuration for water-water flows, with inlet temperature step for
one of the fluids (temperatures lower than 80 °C). The same study has been extended to simultaneous inlet
temperatures disturbance [28,29].

For all these experiments, the exit temperature of the fluid 7} (internal or external) is modeled according to:

Tis(t) = Tiso lft S to

Tis(t) = Tys™ + (Tiso — Tis™)exp (_ M)

t
r) ift>t,

This model is a two-parameters one (first order response), namely:

t,, time lag,

T, time constant.

(i1) Mass flow rate step: similar experiments have been done on bitubular HEX with mass flow rate step [30,31].
These studies have been completed by Abdelghani—Idrissi et al. [32,33] for a counter-flow bitubular HEX, where
the corresponding mass flow rate step is applied on the internal hot fluid flow. This approach considers the
longitudinal variation of the hot fluid time constant and gives the corresponding analytical formula. Note that these
time constants are expressed only with data corresponding to the initial and final stationary states. The influence
of the intensity of the increase (or decrease) of the mass flow rate on the temperatures is reported. The results are
relative to liquids subjected to small perturbations inside the adiabatic HEX. Also, the time lag does not appear in
this study.

https://doi.org/10.53941/tsa.2026.100008 102



Feidt and Costea Therm. Sci. Appl. 2026, 1(2), 101-121

(iii) Heat flux step: this type of step seems to be the most important for solar systems [34].

From a more fundamental point of view, ref. [35] presents a numerical analysis of the temperature profile in
a rectangular channel subjected to a time varying heat flux. The fluid flows through the channel under laminar or
turbulent conditions but is supposed iso-volume.

(iv) Other cases can be studied. To illustrate them, we briefly examine a paper [36] that proposes a theoretical
study of one-dimensional heat transfer through a plate subjected to step variations of heat transfer coefficients on
each side. The hot and cold fluids are supposed iso-volume and counter-flow configuration is used. This case study
could be interesting for developing knowledge about the effects of thermal conduction inside the HEX walls. This
will not be done here, and the corresponding results are currently considered as a guide for the proposed gas-gas
experiments.

Regarding the solicitations (imposed constraints by the system), they can be summarized as:

- transient changes in flow [37]
- step changes in flow rates [38,39]
- perturbations in temperature and flow [21,22,40,41].

To conclude, many other references are provided in [42], as well as for measurement technics.
B. Transient measurements in HEX

Transient measurements technics are used for many years to estimate heat transfer coefficients [43].

Impulse method: this method has been used to determine the heat transfer coefficient between a fluid and a
wall [44]. However, some precautions should be considered [45]. The reported case study is that of a uniformly
heated plate with air flowing in front of it. The experiment consists of generating a disturbance of a stable
convective regime by an energy pulse and observing the relaxation after the pulse. In reference [45], a comparison
is made between the estimation of the heat transfer coefficient supposed to be constant, with the estimation that
considers the variation of this coefficient over time, the second method being declared preferable.

The oscillatory method was developed in reference [43].

The single blow transient method uses only one fluid flow [46]. Due to that specificity, the heat transfer in
question is relative to the flowing fluid and the wall in contact with the fluid. The system equations are solved by
Laplace transform and numerical methods associated with inverse transform.

This method has been extensively used to determine heat transfer coefficients in compact HEX, where lateral
conduction in the fins and axial conduction in the separation wall are important, as well as thermal dispersion in fluid.

To conclude this section, transient temperature or flow rates perturbation methods are common, as observed
in the cited references (impulse, oscillatory change, step). Any change in inlet temperature has also been used [19]
to determine the global heat transfer coefficient of a bitubular HEX. The method adopted in the present study
complies with the proposal of J. Padet and his research group, mainly because it uses only step perturbations
(temperature or mass flow rates) corresponding to the most important application cases. This robust method only
requires knowledge of stationary states before (# = 0) and after (t — oo) the perturbation. It is known that in these
cases, accurate correlations between heat and mass transfer are available in the literature.

The chosen HEX is the bitubular one, as this configuration allows the use of the results obtained through the
equivalent HEX rule proposed in [26]. It also makes it possible to easily experience parallel-flow and counter-
flow, for the entrance temperature or flow rate steps.

In fact, any heat exchanger could be characterized by an equivalent gas-gas bitubular configuration, also
known as lumped system. The main assumptions of the system are related to entrance and exit distribution.
Variation of the specific heat at constant pressure and constant volume is generally neglected. The exit distribution
can be associated with fouling, which is assumed to be significant only in the long term.

The need for a first or second order model will be considered in the experiments, as well as the adaptation of
the model to analyze not only temperature response but also heat rate response [26]. It seems that the temperature-
heat rate duality response is not sufficiently considered in literature.

Last, but not least, it appears that very few results are relative to gas-gas flows in HEX. This configuration
was chosen for our experiments, as the corresponding results could be useful for recuperators and other devices.
It was tested for a temperature range from —80 °C to +250 °C, with a kinetics of 20 °C/s and for variable air
properties (pressure and temperature).

The model included a bi-exponential function for the exit temperature of the perturbed fluid, to account for
the low thermal inertia of the gas compared to that of the liquid.
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An important and new result provided by the experiments is that the time constants corresponding to a step
perturbation of temperature are different for the internal (perturbed) and external fluid (51.3 s # 70.9 s). Then,
another finding is related to the variation of the mass flow rates of the two fluids, which has a considerable
influence on the values of the time constants and heat rate constant, i.e., the increase in the mass flow rate of the
internal fluid m;,; causes the decrease of the two time constants 7;,; and Tp;p,;.

The results provided by the transient regime of heat rates (less studied than that of temperature) and sensitivity
analysis of the time constants to the main parameters of the system brought other information detailed in Section
3 and 4, useful for the control-oriented modeling of HEX.

2. Experimental Setup

2.1. Tested Coaxial HEX

Concentric HEX was chosen as the basic (reference) one. It allows parallel—and counter-flow study.
Similitude rule has been proposed for transient conditions, that enables the results extension to any HEX
configuration [26].

Heat Exchanger

Figure 1 illustrates a scheme of the tested coaxial HEX made of copper. Internal tube diameters are 20/22 mm
and external tube diameters are 40/42 mm. Thermal insulation is placed on the external part of the HEX leading
to negligible heat loss.

1205 mm

o
Y

1233 mm |~J

1382 mm

A
Y

A\

1446 mm

A
Y

Figure 1. Scheme of coaxial HEX.

The heat transfer areas are:

Internal area—internal tube: 0.07747 m?
External area—internal tube: 0.08522 m?
Internal area—external tube: 0.1549 m?
External area—external tube: 0.1627 m>.

2.2. Experimental Setup

Figure 2 presents a scheme of the experimental setup.

The fluids are compressed air delivered at a relative pressure of 8 bars. Part of this air is delivered in the
external part of the HEX. The other part passes through the DRAGON apparatus, from FROILABO [47]. This dry
air could be delivered at the entrance of the HEX with a temperature in the range [—80 °C ; +250 °C], the
volumetric rate range is [8 Nm3h™! ; 30 Nm®h~1]. DRAGON apparatus allows fast temperature change in the
range [0.03 °Cs™1 ; 20 °Cs™1]. For example, the increase of the internal tube inlet temperature from —55 °C to
+125 °C takes 7 s.

Air properties are available by means of the ELX (CNES software) except for conductivity and viscosity for
which the data from Air Liquide encyclopedia are preferred [48].
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Figure 2. Scheme of the experimental setup.

2.2.1. Measurements

The lumped experimental analysis needs only four temperature measurements for which thermocouples are
employed, with an accuracy of +0.5 °C in the range [—40 °C ; +125 °C], and relaxation time of 0.03 s in liquids [49].

The mass flow rates are measured by two flow meters. Thus, the internal fluid flow rate is measured by a
flow meter incorporated in the DRAGON, while the external fluid flow rate is measured by a mass flow meter
INSTRUTEC—BRONKHORST HI TEC [50]. The similarity between the two measurements allows obtaining
the characteristics of the second device: accuracy #0.5% of the data +£0.1% of full scale in the range
[2.5 Nm3h~1; 7.5 Nm3h~1]; the time constant of the device is in the range [1; 2].
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2.2.2. Data Acquisition and Treatment

Data acquisition is performed using a DT 9805 card from SAIS—DATATRANSLATION [51]. Data
processing is supervised by DT Measure Foundry program, also from DATATRANSLATION, using a PC.

The accuracy of g; results is obtained according to Moffat [52]. For example, for the heat flux P transferred
from fluid i, we use:

P; = m;C, (Tye — Tis) 2

We neglect the uncertainty corresponding to C,, issued from existing data for dry air, thus the relative
uncertainty of P; becomes:

dpP; <dmi>2 N (dTL-e + dTiS)z

3
P, m T, — T, 3

Uncertainties will be emphasized on figures in Section 3.

2.3. Reported Experiments

A complete calibration of the experimental bench has been performed [42], during which some limitations
of the planned experiences appeared: the present configuration of the setup does not allow step with negative
temperature variation due to moisture presence in internal fluid. Dragon regulation and control do not allow
imposing a step variation of the internal fluid mass flow rate, because the variation of mass flow rate and
temperature are correlated. (but the internal mass flux could be an experiment parameter).

To study the turbulent-turbulent flow configuration, the internal fluid must be the primary one coming from
DRAGON, and the external fluid, the secondary one (compressed air). The corresponding inlet temperature of the
external fluid remains the ambient temperature. The most important influence of temperature 7" and pressure Pr
conditions occurs on air density (Figure 3).

8

w

Density (ka/m?)
Py

P= 4,0 bar

w

P= 1.0 bar

200 250 300 350 400 450 500 550

Temperature (K)
Figure 3. Air density variation with temperature and pressure.

Therefore, experiments are performed with minimal pressure losses. (APr = 1.9 bar at maximum volumetric
external flow rate of 62 Nm*h™!). Anyway, the density p(Pr, T) is accurately calculated by means of the ELX software.
We will present hereafter the results that were obtained corresponding to the following experimental plan:
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®,
0.0

parallel- and counter-flow configuration of HEX

internal fluid volumetric flow rate, from 3 to 8 NLs™

internal fluid inlet temperature, from —50 °C to +140 °C

external fluid volumetric flow rate, from 29 to 62 Nm>h™!

external fluid inlet temperature, from 20-25 °C (ambiance fluctuation)

X3

*

X3

o

X3

o

X3

8

The transient conditions are of step kind:

R/
0.0

increasing or Decreasing internal fluid temperature
increasing or decreasing external fluid mass flow rate (through vane positioning).

X3

*

3. Lumped System Analysis: Basic Results for HEX

This section considers successively a positive (respectively negative) temperature variation for the internal
fluid, and a positive (respectively negative) mass flow rate variation for the external fluid.
3.1. Increasing Temperature Step for the Internal Fluid

The imposed temperature transient condition is a step increase of the internal fluid inlet temperature Ty,
from 60 °C to 120 °C, all other parameters being kept constant, as follows:

Vi = 18 Nm3h'!; V., = 35 Nm®h'!; Pry, = 3 bar; Pre = 1.46 bar; T.,, = 26.3 °C.

The ambient temperature is 23.5 °C, so the quasi-adiabatic condition is fulfilled. Figures 4 and 5 illustrate
the evolution in time of the exit temperatures of the internal and external fluid.

—— Internal fluid exit temperature

85 — Interpolation curve
1 A
80
75 4
] Data: AQ20505f_TSint
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& 70 H Weighting:
=1 | T Instrumentd
5
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5 4
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] T 612 :0046
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45 4
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Time (s)

Figure 4. Internal fluid exit temperature variation in time.

——— External fluid exit temperature
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Figure 5. External fluid exit temperature variation in time.
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For the internal fluid, a specific moment occurs that corresponds to a discontinuity in the slope of the Tins curve.
Figure 6 shows a magnified view of this discontinuity due to imperfect temperature step. This can be
explained by the presence of an overlap and the finite temperature increase (25 °Cs™!) (Figure 7).

68 -
64 <
=
) 1
<
g 60
=]
5
g A External fluid outlet temperature
E 56 Interpolation curve
=g
52 4
48 4

—_— ——— T —————]
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
Time (s)

Figure 6. External fluid temperature at the outlet in the first seconds.
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100 4
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Figure 7. Internal fluid inlet temperature as a function of time.

3.1.1. Perturbed Temperature Response at Fluid Exit

In conclusion, with these observations, it appears that the temperature responses of the system are
representative of the HEX, but also for the perturbed fluid. Thus, a time constant at short time is related to imperfect
perturbation, while a time constant at long time characterizes the thermal response of the studied system.
Consequently, the model must include for the exit temperature of the perturbed fluid a bi-exponential function due
to the low thermal inertia of the gas, compared to the liquid commonly studied so far:

Tints(t) = Tig[y lft S to

[ee] (o] t
Tinis (8) = Tis + (Ty — TiisJexp (_

t
),ift>to )

Tintc

), e

intL

The curve fitting was obtained with ORIGIN program. According to Equation (4), the best solution associated
with Figure 4 corresponds to:

To, =46.9°C; T, =81.8°C; T, = 81.8°C
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T, = 51.3 1+ 0.1s; 7c = 1.98 £ 0.03s

where T represents a transition temperature.
This transition temperature seems more appropriate here than a time lag. We note that T,
parameters, as in the case of liquid-liquid HEX.

[ee]

and Ty, are

3.1.2. Non-Perturbed Fluid Exit Temperature Response

For the non-perturbed external fluid, an exponential curve fitting is sufficient and representative for the
experiments, as the imperfect perturbation is smoothed by the HEX system (material inertia). According to
Equation (1), we obtain:

006 =32.6°C; T =44.8°C; To =709+ 0.2’

The important and corresponding new result is that the time constants are different for the internal (perturbed)
and external fluid (51.3 s # 70.9 s). This clearly shows that gas-gas HEX behavior differs from that of liquid-
liquid HEX that requires a single time constant for the two fluids, as mentioned in the literature.

This can be explained by the low inertia of the gaseous fluids compared to the inertia of the tube material.
For liquid-liquid HEX, the inertia of the fluids is the same order of magnitude as that of the tubes. The standard
model (relative to liquids) gives a time constant 7 = 30.2 s, smaller than the observed values. Consequently, it
seems that the models proposed for liquid-liquid HEX are inadequate for gas-gas HEX.

3.1.3. Transient Heat Fluxes Transmitted (Extensive Quantities)

These heat transfer rates or fluxes P are calculated according to Equation (2). Figure 8 shows that the HEX
thermal response corresponds to long time constants.

380 —
360 -
340
320
300
280

receveid heat flux by exterior fluid
transmitted heat flux by interior fluid

260 < trensmitted hat thax and interpoletion curve
ol N !

240 ] : ”

220 5 receveid haat flux and Innrpnlaﬂm: eurve W
200 ]
180
160 ]
140
120
100

80 -]

Heat Flux (W)

1 Y I i I 2 T L I L
0 100 200 300 400 500 600
Time (s)

Figure 8. Transient heat fluxes P as a function of time.
Logically, the heat flux P transmitted by the internal (perturbed) fluid is fitted by two exponential forms,
while the external fluid received heat flux is represented by an exponential formula. We use:

P2, =90.7W; P2 =246 W ; P, =346+ 1W
P8, =90.7W; P2 =246W; P, =346+ 1W

PO, =81.7W; P2, =236 W ; Tpo = 69.8+ 0.4 s

It is observed that the thermal insulation corresponds to a heat loss of 4% in the final state, and 11% in the
initial state. Then, t;,, differs from Tp;,; by about 10%, while 7 is very close to Tpey, as expected.

The transient power differential, DP, is representative of the tubes inertia. Figure 9 confirms the need of a
two exponentials fit. In this case, we have:
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DP°=90W ; DP* =99W; DP, =262+2W

Tpp, = 602 i 05 S, Tppc = 602 i 005 S

We note that tpp; is in between the different time constants relative to the internal and external fluids.

300 + Power differential exchanged between two fluids
Interpolation curve

250
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< 2004
%
=2
—
£ 150
o
=
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+ 100
Y
b
s
o 50

04
-50 T T T T T T T T T T T T T
0 100 200 300 400 500 600
Times (s)

Figure 9. Transient differential heat flux DP versus as a function of time.

3.2. Decrease in Internal Fluid Temperature by Step-Type Variation

During the decreasing temperature perturbation of 7, the internal fluid inlet temperature starts from 140 °C
to go down to 80 °C. All other parameters remain constant at the same values indicated in Section 3.1, except for
Texte =26.6 °C. Thus, the absolute value of the step AT is preserved.

The same method as previously (Section 3.1) is applied [42], and the following results are obtained for the
exit temperatures:

7

< Internal perturbed fluid
Tos =93.4°C; Tys =58.7°C; T, = (79.1£0.1) °C
Tin, =51.4+£02s; 75 =4.52+0.05s
«  External fluid
TSis =49.0°C; Tois =38.9°C; 14 =70.8+0.25s

We observe from these results that, for a given absolute value of AT, the sign of the variation has no
significant influence on the time constant at long time.

Then, the method is applied to the corresponding transient heat fluxes P and we obtain under the same
conditions for temperatures:

P2, =297TW; PR =141W; P, =26.3+08W
Tpin, = 45.3 £ 0.4 s ; Tpipee = 2.651+0.03 s
P =284 W ; PR=131W; Tpy =72.11+04s
DP° =13.3W; DP*” =10.3W; DP, = —2494+24 W

Tppr = 60.1£0.5 s ; Tppe = 2.65 + 0.08 s

Thus, the conclusions are identical in terms of heat fluxes and temperatures, only 71, P; and 7. are different.
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3.3. Positive Variation of the External Fluid Mass Flux

This variation, that is mechanically rapid compared to the thermal response, simultaneously influences the
variation (step) of the mass flow rate, as well as the changes of the inlet and exit pressure of external flow. The
conditions of the experiment described in this section are as follows:

Tinte = 120 °C 5 Togre = 25 °C; Ty = 22.3 °C
Ve = 18 Nm3h™' ; V9, =29.9 Nm3h~!; V5 = 58.8 Nm3h~!
With the step-type mass flow rate variation, the external fluid inlet pressure (respectively exit pressure) varies from

Prd.,. = 2.65 bar to Pryy,, = 4.8 bar, respectively from

Pro.,s = 1.35 bar to Prey,s = 2 bar.

The treatment of the experimental data shows this time that a single exponential fit is sufficient for the internal
(non-perturbed) fluid but, at the same time a two exponential fitting is necessary for the perturbed external fluid.
This seems to be primarily related to the perturbed fluid itself, but also to the important variation of the perturbed
fluid inlet temperature, with a short response time (coupled heat and mass transfer phenomena for the counter-flow
configuration). During the experiment, we noticed a glide of the external fluid inlet temperature of almost 1 °C.

3.3.1. Temperature Response
The results obtained are as follows:

TO =45.5°C; TSy =37.7°C; T, =43.5+0.1s
Tow, =35.3+055; Toe =2.11+023s

TOs =83.2°C; TS, =75.4°C; Ty =33.1+025s

We observe that the difference between the two time constants of the fluids is less important in this case (7%
in Section 3.3) than for temperature perturbation. The time constant given by the standard model (z =31.24 s) is
also relatively close to the two experimental ones, especially for the non-perturbed fluid.

3.3.2. Heat Flux Response
The transient response for heat fluxes is fitted for the same conditions as in Section 3.3.1. The results obtained are:

P2 =23TW; Pt =285W; Tpjpy =31.21+ 0.6
P =266W; Py =45TW; P, =39%+2W
Tpexiz, = 45.8 115 Tpeye = 1451+ 024 s
DP° = —220W; DP” =133 W ; DP; = —159+3W

Tppr, = 41.4's; Tppe = 1.524+0.36s

We notice here a 25% difference between the temperature time constant and power time constant of the
external (perturbed) fluid: Tpeyer > ToxtL-

3.4. Negative Variation of External Mass Flow Rate

The decrease in mass flow rate remains associated with the variation of the inlet and exit pressures of the
external fluid. The experimental conditions are as follows:

Tie = 120 °C ; Toye = 25.1°C; Ty, = 22.5°C
Vie = 18 Nm*h™%; V9, = 58.7 Nm*h~%; V.3 =29.3 Nm®h!

(Proye = 4.8bar; Prog, =2.6bar; Prd, = 2bar; Proys = 1.35 bar)
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3.4.1. Temperature Response
The temperature data fitting gives:
ois =37°C; Toge =46.2°C; T; =39.94+0.1°C

Toxiy = 601.9£0.75; Toye =443 +04 s

T2 =75.5°C; TS, =83.6°C; Ty =44.9+ 025

Here we notice a very large difference between the two temperature time constants (essential difference from
the results of Section 3.3.1). These two time constants are also higher. The time constant provided by the standard
model (48.3 s) is slightly bigger than the time constant obtained experimentally for the non-perturbed fluid.

3.4.2. Heat Flux Response
Under the same conditions as those indicated in Section 3.4.1, the fitting gives the following results:

PVO

nt

=285W; Py =233 W; 7p =43.5+0.6s
P =134W; P =230W; P, =148+1W
Tpext, = 75.9 £ 1.4s; Tpeyc = 4181+ 0.58 s

DP° =152W ; DP® = =386 W ; DP; =121 +3W

TppL = 636 i 1.6s 5 TDPC = 596 i 118 S

We again observe a significant difference between the two heat power time constants, with the heat flux time
constant conserving 25% more than the temperature time constant for the perturbed fluid. The differential heat
flux time constant has an intermediate value between Tpey;, and Tp;y.

4. Sensivity Analysis of the HEX Time Constants with Respect to Internal Temperature Perturbation

This section presents to the results of an experimental study on the influence of main experimental parameters
on the time constants, for transient A7; and HEX parameters (parallel-and counter-flow configurations;
Vint Vexts Tine)» With the exception of the HEX geometry. Only the long time constant is considered for the
perturbed fluid.

4.1. Sensitivity of Time Constants to AT;

The step-type temperature variation is applied to the internal fluid according to the procedure described in
Section 2. The tested AT variation is positive or negative and is relative to the two HEX configurations.

The experimental results show no significant difference in 7 for |A7] >10 °C. The same conclusion applies
to 7p, but with slightly more dispersed results due to the propagation of uncertainties. It is observed that 7p.,; for
the decrease in temperature is greater than Tpe, for the increase in temperature. Time constant for the perturbed
fluid is lower (30%) than that for the non-perturbed fluid, while Tpp exhibits intermediate values. The time
constant calculated by the proposed method for liquids gives an estimation significantly lower than the observed
values (but also independent of AT).

4.2. Sensitivity of Time Constants to V,,,

Figure 10 confirms the strong influence of Vi, the internal fluid flow rate, which diminishes every time
constant. It appears that experiments with decreasing temperature step exhibit a slightly faster decrease of the
temperature time constant than at temperature step increase, with a crossing point of the two curves. The heat flux
time constant is higher temperature step decrease than during the temperature step increase [42]. No significant
difference is noted relative to Tpp, the differential heat flux constant.

Finally, we observe that the time constants for parallel-flow are greater than those for counter-flow HEX.
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Figure 10. Time constants variation with internal flow rate, for parallel-flow (left) and counter-flow (right) HEX
(temperature perturbation).

4.3. Sensitivity of Time Constants to V,,,

The external fluid flow rate also exerts a strong influence on each time constant, but particularly on the time
constants of the external (perturbed) fluid, see Figure 11. The influence of fluid flow rates on the convective heat
transfer coefficients can explain the two strong influences on the time constants observed in Sections 4.2 and 4.3.

The weak influence of the sign of the temperature disturbance is confirmed, as is that of the HEX configuration,
with the exception of the time constant of the internal fluid heat flux (Tpcounter-flow < Tpparalicl-flow)-
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Figure 11. Time constants as a function of external fluid flow rate, for parallel-flow (left) and counter-flow (right)
HEX relative to temperature perturbation.

To conclude the sensitivity analysis of the temperature perturbation, the main observations are the strong
influence of the mass flow rates of the internal and external fluids, compared to the weak influence of the sign of
the temperature perturbation, as well as the HEX configuration.

5. Sensivity Analysis of the HEX Time Constants with Respect to External Fluid Flow Rate Perturbation
This study is similar to previous one, but replaces AT}, the internal fluid temperature perturbation, with
AV, the external fluid flow rate perturbation. Only the long time constant is considered for the perturbed fluid.

5.1. Sensitivity of Time Constants to AV,,,

The mass flow rate step is carried out on the external fluid in accordance with the procedure in Section 2.
The tested variations AV, are positive ones (VO = 29.4 Nm’h™'; V.5 = 41.6 to 57.5 Nm*h™') or negative
(V=579 Nm*h'; VS5=49.4 t0 29.7 Nm’h ™).
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Experimental results indicate that the sign of the perturbation strongly influence the system response. Thus,
an increase in AV,,, decreases every time constant, while a decrease in AV,,, increases them.

The intersection points of the corresponding curves are located at 16 Nm3h™' for the heat power time constants
and around 12.5 Nm3h™! for the temperature time constants.

The time constants of the external fluid are higher than those of the internal fluid in terms of transmitted heat

rate (tpp is intermediate). The time constants of the reference model remain the lowest, but the general trend
is maintained.

Comparison of Parallel- and Counter-Flow Configurations
Figure 12 corresponds to the following experimental conditions and to the increase in AV,
Tinte = 120°C; Ty = 22.4 —23.3°C

P {24. 5—25.5°C for counter-flow
exte 7 123 —24.6°C  for parallel-flow

Vi =21.6 Nm® -h™; V% =29.4Nm®-h™!; V3 =41.4to 58.4Nm? - h~!

Proge = 26 to 4.8 bar ; Pr.s = 1.35 to 2 bar

This figure shows a significant decrease of every time constant with AV,,,. Furthermore, the time constants
in parallel-flow are greater than those in counter-flow. The influence is more pronounced on the heat transfer time
constants than on the temperature time constants.
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Figure 12. Time constants as a function of external fluid flow rate perturbation (increasing), for parallel-flow (left)
and counter-flow (right) HEX.

For the experimental conditions mentioned above, Figure 13 illustrates the uncertainties associated with each
time constant, as described in Section 2.2. The four graphs that comprise clearly show the decrease in all time
constants as the perturbation of the external fluid flow increases. Furthermore, the uncertainty of the heat flux time
constants, Tpint and Tpexs, 1S significantly greater than that of the temperature constants, Tine and Tex:.

Figure 14 corresponds to the following similar experimental conditions and a decrease in V,y:

Tinte = 120°C; T = 22.9 —23.4°C

Vi = 21.6 Nm*h™' ; V9, = 57.4Nm*h™' ; V.5 =49.6 to 29.7 Nm>h~?!

ext

Preyie = 2.6 to 4.8 bar ; Prgs = 1.35 to 2 bar

This time, we observe a significant increase in each time constant, and a small influence of HEX
configuration (parallel- or counter-flow), except on the time constant of the internal fluid. We note that

Tint couter-flow -~ Tint parallel-flow*
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5.2. Influence

of Internal Fluid Flow Rate V,,

The reported experiments are performed by varying V,, at the maximum absolute volume for AV,,,. This
results in a clear difference between increasing and decreasing perturbations of the external flow rate, regardless
of the time constant considered. Furthermore, each time constant is a decreasing function of V.

Comparison of Parallel- and Counter-Flow Configurations

Figures 15 and 16 present a comparison of the two HEX configurations for increasing (respectively

decreasing) value of AV,,,, and the following experimental conditions:

Tinte = 120 °C ; Ty, = 22.9 — 23.4°C

T = {24.5 —26.9 °C for counter-flow
exte ™ 122.7 — 26.4 °C for parallel-flow

Vi = 10.8 —28.8 Nm*h™" ; Vg, =

29.8 —30.3 Nm3h~?
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/% = 58.4 to 58.7 Nm*h™!

Pr,.. = 2.6 to 4.8 bar; Pr,,, = 1.35 to 2 bar
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Figure 15. Time constants as a function of internal fluid flow rate, for a positive external fluid flow rate step, for
parallel-flow (left) and counter-flow (right) HEX.
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Figure 16. Time constants as a function of internal fluid flow rate, for a negative external fluid flow rate step, for
parallel-flow (left) and counter-flow (right) HEX.

For each case, we observe decreasing values of the time constants 7, with  Tparitel-flow > Teouter-flow-

5.3. Influence of the Internal Fluid Inlet Temperature Tine

This influence is illustrated in Figure 17 for the counter-flow HEX configuration, with a maximum positive
or negative variation in the external fluid flow rate. The experimental conditions are as follows:

Tinte = 60 to 140 °C; T,y =22.9—23.1°C

24.6 —26.3°C for decreasing step

Texte = {23,8 —26.1°C for increasing step

Vi = 21.6Nm?3 - h=1
0 {29.3 — 30.1Nm3h™! increasing step

Vo =
7 (57.9 — 59.2Nm®h™! decreasing step

ext —

o {57.9 — 59.1Nm3h~! increasing step
29.3 — 30.1 Nm3h~! decreasing step
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Figure 17. Time constant as a function of the inlet temperature of the internal fluid, for a positive (left) and negative
(right) step variation of the external flow rate, for counter-flow HEX.

We observe that the influence of T, is indeed moderate. The difference between the decrease and increase
in mass flow rate AV,,, is more pronounced: Tdecreasing > T increasing. Furthermore, the difference between the time
constants of the temperature and heat flux of the external fluid is significant, this difference being related to the
thermal inertia of the external wall.

6. Conclusions

6.1. This article presents a comprehensive experimental study of a bitubular HEX considered as a lumped system
with gas-gas flows, and subjected to various common transient conditions:

- quasi-stepped positive or negative variations in the temperature of the internal hot fluid,
- stepped positive or negative variations in the mass flow rate of the external cold fluid.

6.2. For both cases, the influence of the perturbation amplitude on various time constants was analyzed, as well
as the influence of the mass flow rates of the two fluids, the inlet temperature of the hot fluid, and the HEX
configuration (parallel-flow or counter-flow).

6.3. Experiments were conducted with gas-gas flows, compared to the main existing analytical model proposed
in the literature and validated to date primarily with liquid-liquid flows.

6.4. The time lag (relaxation time) is negligible in the great majority of experiments. Generally, the non-ideality
of the variation is accounted for by a short time constant 7. (neglected here). Only the long-time constant
T, is representative of the HEX thermal response. The intermediate parameters (T}, P;, DP; not shown here)
of the two exponential fittings are necessary to adjust the experimental responses (second order) of the
perturbed fluid.

6.5. The existence of different time constants for the exit temperature responses of the gas-gas HEX configuration
is reported, in comparison with the single time constant associated with a liquid-liquid HEX configuration.

6.6. The same conclusion was reached for the heat flux responses (extensive responses) of the two gaseous fluids
and compared to the differential thermal power, representative of the heat capacity of the HEX. The
corresponding time constant is always intermediate between those of the two fluids.

6.7. The single time constant of the reference model is currently much lower than the experimental results
obtained for the temperature response. The time constant of the non-perturbed fluid temperature is the closest
to the previous theoretical value, particularly when the external flow rate is perturbed.

6.8. The time constants of the perturbed fluid are lower than those of the non-perturbed fluid.

A sensitivity analysis of the time constants to the main system parameters was performed. The main
conclusions of this analysis are as follows:

6.9. Parallel- and counter-flow configurations implies only slight differences in the 7 ’s values, with
Tparallel-ﬂow > Tcounter-flow+

6.10. The amplitude AT; does not significantly influence the time constants t;.

6.11.However, AV, the variation in the flow rate of the external cold fluid, has a strong and differentiated
influence on time constants. A significant dissymmetry is observed between the cases where AV, increases
and decreases. This asymmetry could be primarily due to the thermal inertia of the external wall.

https://doi.org/10.53941/tsa.2026.100008 117



Feidt and Costea Therm. Sci. Appl. 2026, 1(2), 101-121

6.12.The mass flow rates of the two fluids have a considerable influence on the values of t. It has been shown
that as the mass flow rate of the internal fluid ;,; increases, each T;,; decreases. The time constant T;,;
associated with the fluid, that corresponds to the varying parameter, is the most affected.

6.13. Several new perspectives emerge from this work, as follows:

¢ A local experimental study within the HEX has been partially completed (results will be published soon).
¢+ Extension to other fluid flow configurations (liquid-gas, gas-liquid, two phase flows) appears promising.
+¢ The development of more complete and adapted models has been initiated, including:

- an analytical diabatic model [53],
- two phases flow model,
- numerical models.

However, we wish to preserve simplicity and robustness of the models in order to successfully apply them to
control and command of HEX (real time applications).

The experimental results and their detailed discussion allow, through the equivalence to bitubular
configuration, to consider them in the control-oriented modeling of complex HEX network. In addition, the
complexity of the presentation was intended to permit the use of the acquired knowledge regarding the influence
of existing parameters in current and future experiments in HEX with phase change (liquid-liquid to vapor-vapor
or vice-versa) or in transient systems, such as engines, cooler and heat pumps.
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Nomenclature

C, Specific heat at constant pressure (J kg 'K™)
DpP Differential heat flux (W)

DP, Transition differential heat flux (W)

m Mass flow rate (kg s')

p Heat transfer rate or flux (W)

P Transition heat flux (W)

Pr Pressure (bar)

T Temperature (°C)

T Transition temperature (perturbed fluid) (°C)
t Time (s)

t, Time lag (s)
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1% Volume flow rate at normal state condition (Nm3h™)

T Temperature time constant (s)

Tp Heat flux time constant (s)

Tpp Differential heat flux time constant (s)

AT Temperature perturbation (°C)

AV Volume flow rate perturbation at normal state condition (Nm*h™")

Subscript:

amb Ambiance

C Short time (fluid perturbed)

e Inlet

ext External fluid

int Internal fluid

L Long time (fluid perturbed)

ref Standard model (reference)

S Outlet

Superscript:

0 Initial state

0 Final state

Abbreviation:

CNES National Center for Space Studies

ELX CNES software

F.S. full scale

HEX Heat exchanger
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