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Liquid flow rate control in run-around heat recovery systems

PETER FILIPSSON1,2� , JAN-OLOF DALENBÄCK1 , ANDERS TRÜSCHEL1 , AND TORBJÖRN LINDHOLM1

1Division of Building Services Engineering, Department of Architecture and Civil Engineering, Chalmers University of Technology,
412 96 Gothenburg, Sweden
2CIT Renergy, Sven Hultins plats 1, 412 58 Gothenburg, Sweden

Run-around heat recovery has been available for over half a century as an option to recover heat in ventilation systems, especially
advantageous in buildings with significant space limitations or strict air cleanliness requirements. The core of the system is a liquid
transferring heat from the extract air to the supply air. Improper control of the liquid flow rate causes underperformance increasingly
as the systems are designed for higher heat transfer effectiveness and more often in combination with demand-controlled ventilation.
The work presented in this paper is a combination of experimental measurements and simulations. The results show how much the
heat transfer effectiveness can be improved (up to 6% under the studied conditions) by increasing the liquid heat capacity rate from
being equal to the heat capacity rate of the air flows, which is the prevalent strategy today. In addition, a novel control method is
demonstrated. It is based on measuring temperatures instead of volumetric flow rates, which is the prevalent method today. This
method has potential to make the system more robust and accurate, which is key to be able to optimize the liquid flow rate in
run-around heat recovery systems in practice.

1. Introduction

To ensure good indoor air quality, commercial buildings
generally require large ventilation air flows. To avoid exces-
sive energy use, a heat recovery system can recover heat
from the extract air and supply it to the incoming outdoor
air. In hot climates, the same system can be used to decrease
energy demand for cooling. Rotary heat exchangers and
plate heat exchangers are both associated with high thermal
performance but also with a risk of internal leakage and
require the supply and exhaust air ducts to be located at the
same place (Aridi et al. 2021). In contrast, a run-around heat
recovery system allows separately located air streams which
guarantees no internal leakage and often makes it the only
practical option when retrofitting an old ventilation system
or when no contamination between exhaust and supply air
can be accepted. These advantages are made possible by a
coupling liquid which transfers the heat from a fin-and-tube

heat exchanger (coil) in the exhaust air stream to another
fin-and-tube heat exchanger in the supply air stream. A prin-
cipal sketch of such a system is presented in Figure 1. Real
systems are often equipped with a three-way-valve for frost
protection and capacity control and sometimes also with the
possibility to heat or cool the liquid from an external source.
The coupling liquid is usually a mixture of water and an
antifreeze agent (glycol) and is circulated by a pump. The
liquid flow rate has always been an important parameter in
run-around heat recovery systems but even more so lately
due to designing for better thermal performance (higher heat
transfer effectiveness) and more often in combination with
demand controlled ventilation air flow rates.

Since the heat recovered by a run-around system must be
transferred twice, first in the exhaust air coil and then in the
supply air coil, the heat transfer effectiveness is generally
lower than in a rotary heat exchanger and in a plate heat
exchanger. Typical heat transfer effectiveness of a run-around
heat recovery system is 45–65% while corresponding value is
50–80% for plate heat exchangers and >80% for rotary heat
exchangers (Mardiana-Idayu and Riffat 2012). According to
the European Ecodesign requirements for ventilation units on
the EU market, the minimum allowed heat transfer effective-
ness of a new run-around heat recovery system is 68% while
corresponding value for all other heat recovery systems is 73%
(EU 2014). In addition to be inherently low in general, the heat
transfer effectiveness of actual run-around heat recovery sys-
tems in reality is often worse than designed for, especially in
demand-controlled ventilation systems (Mahmoud et al. 2022).
Some possible reasons for this are coil fouling (both air and
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liquid side), poor liquid quality, excessive antifreeze agent
concentration, malfunctioning valves, improper frost anti-
buildup control and unfavorable liquid flow rate. While these
are factors that can cause an existing system to underperform,
there are several guidelines on how to optimize a new system.
These include avoiding laminar flow (both air and liquid side),
optimizing the antifreeze agent concentration, designing for
low liquid flow rate, using large coil surface area and low pres-
sure drop, optimizing tube wall thickness, optimizing control
sequences and using variable speed pumping (Zeng, Besant,
and Rezkallah 1992; Bennett et al. 1994; Besant and Johnson
1995; Johnson, Besant, and Schoenau 1995; Nelson 2021).
More unconventional ways to improve heat transfer, at the
expense of higher pressure drop, are to use nanofluids (Choi
and Eastman 1995) and turbulators (Liu and Sakr 2013).

1.1. Liquid flow rate

Most previous studies on the liquid flow rate in run-around
heat recovery systems conclude that the heat capacity rate of
the liquid should be equal to the heat capacity rate of the air
(Balen, Donjerkovi�c, and Galaso 2003; Emerson 1984;
Holmberg 1975; Kays and London 1984; London and Kays
1951), since that implies optimum temperature differences in
the coils. Wallin, Madani, and Claesson (2009) on the other
hand, discerned how the liquid flow rate influences the overall
heat transfer coefficient. A similar technology, which add-
itionally enables moisture recovery, is run-around membrane
energy exchanger. Rasouli et al. (2011) investigated optimiza-
tion of these systems and showed that the optimum liquid
flow rate depends on the outdoor air conditions. In heating
mode, the optimum heat capacity rate of the liquid was shown
to be slightly higher than that of the air, whereas in cooling
mode, it was shown to be significantly (around three times)
higher. Mahmoud et al. (2022) combined the knowledge of
optimum temperature difference with the fact that higher flow
rate implies higher convective heat transfer coefficient.
Consequently, it was concluded that the liquid flow rate
should be slightly higher than traditionally suggested, also for
pure sensible run-around heat recovery. Up to a certain liquid
flow rate, the profit of better heat transfer coefficients out-
weighs the loss of worsened temperature difference. At this
certain liquid flow rate, the heat transfer effectiveness is at its
maximum. The present paper adds to this research by

investigating how the results depends on the air flow rate,
which is especially important with demand-controlled ventila-
tion, and presents a novel method to control it.

1.2. Liquid flow rate control

Detailed knowledge about optimum liquid flow rate is of
limited value if there is no reliable method to control it.
Therefore, the present paper also presents an unconventional
and robust method to control the liquid flow rate in run-
around heat recovery systems.

Conventional methods to control the liquid flow rate in
run-around heat recovery systems involves measuring the
liquid flow rate (AL-KO 2024; Fl€aktGroup 2024; Trox 2024;
Robatherm 2024), in order to match it with the air flow rates.
These methods require knowledge about the mass flow rates
of the air flows (usually determined by measuring the volu-
metric flow rates), the specific heat capacities of the air, the
mass flow rate of the liquid (usually determined by measuring
the volumetric flow rate) and the specific heat capacity of the
liquid. All of these parameters are associated with varying
degrees of uncertainty. One common method to determine the
volumetric flow rate of the liquid is measuring the pressure
drop across one of the coils or across an orifice plate.
Unfortunately, the glycol concentration and temperature affect
the thermophysical properties of the liquid in a way that
makes the system very sensitive to uncertainties. Adding gly-
col (or decreasing the temperature) decreases the specific heat
capacity while increasing the viscosity, see Figure 2. As a
result, the required liquid flow rate is increased while (if not
taken into account by the flow rate measurement) the actual
liquid flow rate is decreased (since the pressure drop sensor
interpret the higher pressure drop as a higher flow rate). The
influence of viscosity on pressure drop is especially obvious
for laminar flow but also true for turbulent flow.

Relevant thermophysical properties of common used liquids
are presented in Figure 2. Please note that the y-axes’max–min
ratios of the specific heat, density and conductivity are equal,
to facilitate a comparison of how much they are influenced by
the glycol concentration. The dynamic viscosity however, is
influenced to an extent beyond that comparison. Even the least
influenced liquid, ethylene glycol at 20 �C, has a 35% increase
in dynamic viscosity when the concentration is increased from
30% to 40%. In cold climates, ethylene glycol is often preferred
due to its comparatively low dynamic viscosity at low tempera-
tures. In warm climates, propylene glycol is often preferred due
to its nontoxicity (Nelson 2021). The influence of temperature
on the thermophysical properties is relevant since the same
heat recovery system can supply a major part of the total cool-
ing demand during summer (Filipsson et al. 2020).

The freezing point as a function of glycol concentration
is presented in Figure 3. It shall be noted that some guide-
lines recommend using the lowest concentration of glycol
possible based on burst temperature instead (Nelson 2021)
(which is significantly lower than the freezing point), while
other state that the burst temperature is relevant only for sys-
tems that are dormant or inactive at temperatures below the

Fig. 1. Principal sketch of a run-around heat recovery system.
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freezing point (Janssen 2016), since slush creation during
operation is undesirable.

As pointed out in many previous studies, glycol is detrimen-
tal to the thermal performance of run-around heat recovery sys-
tems (Mahmoud et al. 2022; Nelson 2021). An old rule of
thumb is that the heat transfer effectiveness is decreased by 1%
by every 10% increase in glycol concentration (Holmberg and
Strindehag 1981). However, this rule of thumb presupposes

that the liquid flow rate is as desired also after the increased
glycol concentration, which requires the control system to be
aware of the increase. One potential method to ensure that
would be to monitor the thermophysical properties of the liquid
(or at least glycol concentration and temperature) in order for
the control system to take it into account. However, the flow
rate of the liquid is by no means relevant per se, what is impor-
tant is its temperature. Therefore, an unconventional control
method based on temperatures is proposed in this article. A
similar approach was presented by Emerson (1984), who stated
that the maximum rate of heat recovery was achieved when the
upper terminal temperature difference of the exhaust air coil
divided by the upper terminal temperature difference of the
supply air coil is equal to the lower terminal temperature differ-
ence of the exhaust air coil divided by the lower terminal tem-
perature difference of the supply air coil. Or in other words,
when Eq. (1) holds true.

tea − tl,w
tl,w − tsa

¼ teha − tl, c
tl, c − toa

(1)

tea; tsa; teha; toa; tl,w and tl, c are the temperatures of
extract air, supply air, exhaust air, outdoor air, warm liquid
and cool liquid respectively. The present paper adds to this
research partly by adjusting it with regards to the findings of
Mahmoud et al. (2022) and partly by validating the method
with actual data, both from simulations and measurements.

Fig. 2. Dynamic viscosity, specific heat, density and conductivity of ethylene glycol and propylene glycol at two different temperatures
as a function of glycol concentration (Jacobsen, Rasmussen and Andersen 1999).

Fig. 3. Freezing point of propylene glycol and ethylene glycol
as a function of glycol concentration (Jacobsen, Rasmussen and
Andersen 1999).
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2. Material and methods

This section is divided into three parts, a description of the
model used for simulations, a presentation of the experimen-
tal setup used for measurements and finally the theory
behind the proposed control method.

2.1. Model description

The model used for simulations in this paper is based on the
model presented by Mahmoud et al. (2022), which in turn is
based on the model presented by Holmberg (1975). The
model is represented by Eqs (2)–(15), and all calculations
were carried out in the numerical computing software
MATLAB R2022b (MathWorks 2022).

The overall heat transfer effectiveness of the run-around
heat recovery system is defined as the ratio between
the actual heat recovered and the theoretical maximum, see
Eq. (2).

eO ¼ q

qmax
(2)

The overall heat transfer effectiveness is determined by
Eq. (3), where ec and ew are the effectiveness of the supply
and exhaust air coils, respectively. Cl is the liquid heat cap-
acity rate, Cmin, o is the minimum heat capacity rate of the
two air flows while Cmin, c and Cmin,w are the minimum heat
capacity rates of the air and the liquid in the supply and
exhaust air coils, respectively.

eO ¼ 1
Cmin, o=Cmin,w

ew
þ Cmin, o=Cmin, c

ec
− Cmin, o

Cl

(3)

Heat capacity rates are calculated as the product of volu-
metric flow rate, density and specific heat capacity, accord-
ing to Eq. (4).

C ¼ _V ∙q ∙ cp (4)

The heat transfer effectiveness of each coil is determined
according to Eq. (5), where Cr is the ratio between the
smaller and larger heat capacity rate passing through the
coil.

e ¼ 1 − eNTU ∙ ðCr−1Þ

1 − Cr ∙ eNTU ∙ ðCr−1Þ (5)

The number of transfer units, NTU ; is determined by Eq.
(6), while the product of overall heat transfer coefficient and
area, UA; is calculated by Eq. (7).

NTU ¼ UA

Cmin
(6)

UA ¼ 1
1

hlAl
þ lnðdo=diÞ

2pktL
þ 1

ðhAÞa
(7)

The three terms in the right-hand side denominator of Eq.
(7) represent the heat transfer resistances of the liquid side,
the tubes and the air side, respectively. do and di are the out-
side and inside tube diameter, L is the total tube length and
kt is the thermal conductivity of the tube material. Al is the

liquid side heat transfer area while the convective heat trans-
fer coefficient, hl; is determined by Eq. (8).

hl ¼ Nu ∙ kl
di

(8)

kl is the thermal conductivity of the liquid and the
Nusselt number, Nu; is calculated according to Gnielinski0s
empirical correlation (Eq. (9)) when the Reynolds number is
above 2300.

Nu ¼ ðf =8Þ ∙ ðRe − 1000Þ ∙Pr
1þ 12:7 ∙

ffiffiffiffiffiffiffiffi
f =8

p
∙ ðPr2=3 − 1Þ (9)

Pr is the Prandtl number, and f is the Fanning friction
factor determined by Eq. (10).

f ¼ ð0:79 ∙ ln Reð Þ − 1:64Þ−2 (10)

For Reynolds numbers below 2300, the Nusselt number
is determined according to Eqs. (11)–(14), where l is the
straight length of one tube (Ghiassiaan 2018).

Nu ¼ ðNu31 þ 0:63 þ ðNu2 − 0:6Þ3 þ Nu33Þ1=3 (11)

Nu1 ¼ 4:364 (12)

Nu2 ¼ 1:953 ∙
di
l

� �1=3

∙ ðRe∙PrÞ1=3 (13)

Nu3 ¼ 0:924 ∙Pr1=3 ∙

ffiffiffiffiffiffiffiffiffiffiffiffi
di ∙Re

l

r
(14)

In contrast to the model presented by Mahmoud et al.
(2022), the complex air side geometry is now lumped into
two characteristic parameters X and Y : This means that the
air side convective heat transfer is represented by a grey box
model, according to Eq. (15). This approach was originally
presented by Rabehl, Mitchell, and Beckman (1999) and pre-
viously adopted by Filipsson et al. (2017).

ðhAÞa ¼ X ∙ ka
_Va q a

la

 !Y

∙Pr0:36a ∙
Pra
Pras

� �0:25

(15)

X and Y are determined by minimizing the root mean
square error between simulated and measured overall heat
transfer effectiveness. ka is the thermal conductivity of the
air, la is the dynamic viscosity of the air and Pras is the
Prandtl number of the air evaluated at the tube surface tem-
perature. All fluid properties, except Pras; are evaluated at
the arithmetic mean value of the inlet and outlet temperature
of each fluid in each heat exchanger. The source of all fluid
properties is the simulation tool CoolPack (Jacobsen,
Rasmussen, and Andersen 1999).

As said, the overall heat transfer effectiveness is deter-
mined by Eqs. (3)–(15). With equal flow rates of supply and
exhaust air and no occurrence of condensation, the overall
heat transfer effectiveness (Eqs. (2) and (3)) is also equal to
Eq. (16). Eq. (16) represents how the overall heat transfer
effectiveness was determined by measurements.

eO ¼ tsa − toa
tea − toa

(16)
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Henceforth, the overall heat transfer effectiveness is
referred to simply as heat transfer effectiveness.

2.2. Experimental setup

The run-around heat recovery system used for experiments
in this study is schematically presented in Figure 4.
Resistance temperature detector (RTD) sensors are located in
the outdoor air, supply air, extract air, exhaust air, the cool
liquid side and up- and downstream of the pump on the
warm liquid side. The liquid flow rate was determined with
an IMI TA STAD-PN 25 balancing valve with an uncer-
tainty of 5% and an IMI TA-SCOPE pressure drop sensor
with an uncertainty of 1%. Air flow rates were measured
with fan integrated differential pressure sensors. Accordance
of the air flow sensors was ensured by short-circuiting the
supply and extract air while checking that the sensors meas-
ured equal air flow rates. All RTD sensors were calibrated
against a Dostmann P650 temperature sensor with an uncer-
tainty of ±0.02 �C. Temperature distributions across the
cross-section of the air flows were measured and taken into
account. This was measured by four temperature sensors,
each in the center of a quadrant of the cross-section.
Between the coils and the fans, the maximum difference
between these four sensors were 0.4 �C which led to the con-
clusion that four measurement points were sufficient.
Influence of fan heat dissipation were also measured and
taken into account. Hence, temperatures presented in this
study corresponds to the average temperature across the
cross-section and the exhaust and supply air temperatures
represents the temperature upstream the fans (in contrast to
the location of the sensors). The main reason to locate the
sensors downstream of the fans is to obtain conditions closer
to fully mixed. The rationale for having only one sensor on
the cool side of liquid circuit is that this pipe is short and
well insulated. Hence, it is assumed that the liquid outlet
temperature of the supply air coil equals the liquid inlet tem-
perature of the exhaust air coil.

The experiments were carried out with water as the liquid
transferring heat from the extract to the supply air. In contrast
to many real applications, no glycol was used in the experi-
ments. The exhaust air flow was always equal to the supply

air flow. Four air flow rates were tested: 250 l/s, 500 l/s, 750 l/
s and 1000 l/s. Nonoccurrence of condensation was ensured
by almost pure sensible heat gain between supply and extract
air (a sensible heat ratio of around 97.5% in the worst case).
Outdoor air temperature was 2.1–5.4 �C, extract air tempera-
ture was 18.9–21.0 �C and liquid flow rate 0.03–0.53 l/s. A
total of 82 sets of stable steady-state conditions were tested.
These are all declared in the Appendix. A photograph of the
experimental setup is presented in Figure 5. The air streams
are arranged as in the schematic drawing, the pump is not
included in the photograph and the pipework was insulated
during the measurements.

2.3. Control method

As pointed out in section 1.2, the prevalent method of con-
trolling the liquid flow rate requires knowledge about the air
flow rates, the thermophysical properties of the fluids (air
and liquid) and the regime and a pressure drop of the liquid
flow. Thenceforth, the pump speed is controlled to satisfy
Eq. (17).

_V l ¼
_V a ∙ q a ∙ cp, a
q l ∙ cp, l

(17)

Fulfillment of Eq. (17) is called balanced heat capacity
rates and also a heat capacity ratio of one. The heat capacity
ratio is defined as Eq. (18).

Fig. 4. Schematic drawing of the experimental setup. Fig. 5. Photograph of the experimental setup.
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xV ¼
_V l ∙ q l ∙ cp, l
_V a ∙ q a ∙ cp, a

(18)

A heat balance over the supply air coil can be written as
Eq. (19).

_V a ∙ q a ∙ cp, a ∙ tsa − toað Þ ¼ _V l ∙ q l ∙ cp, l ∙ tl,w, 2 − tl, cð Þ (19)

By combining Eq. (18) and Eq. (19), the heat capacity
ratio may be expressed as Eq. (20),

xt, 1 ¼ tsa − toa
tl,w, 2 − tl, c

(20)

xV equals xt, 1 by definition, but the subscripts reveal the
method of how it is determined. Using Eq. (20) to determine
the ratio requires no information about either flows or ther-
mophysical properties, neither for air nor for liquid.

3. Results

This section is divided into model validation, simulations
and control method. Model validation is a comparison of
simulations with experiments, the simulation part implies
using the model to explore conditions that were not tested in
the experiments and the control method part quantifies the
disadvantage of the conventional control method and shows
the potential of the suggested control method.

3.1. Model validation

Figure 6 shows heat transfer effectiveness, measured and
simulated, as a function of liquid (water) flow rate at four
different air flow rates.

It can be noted that the peak heat transfer effectiveness is
rather unaffected by the air flow rate. On the one hand,
higher flow rates (of air and liquid) generates higher

convective heat transfer coefficients. On the other hand, the
higher volumetric flow rates means higher heat capacity
rates and thus relatively smaller heat exchangers (lower
NTU). The results indicate that the influence of these two
phenomena are of similar magnitude. It can also be noted
that the model underestimates the heat transfer effectiveness
at high liquid flow rates, especially at low air flow rates.
This indicates that the liquid flow rates’ influence on con-
vective heat transfer is somewhat higher than suggested by
the model.

3.2. Simulations

In practice, an antifreeze agent is usually added to the liquid
in order to avoid freezing during sub-zero conditions. Figure
7 shows the simulated heat transfer effectiveness as a func-
tion of liquid flow rate at four different air flow rates, both
with water and with 30% ethylene glycol.

From Figure 7, it can be noted that the ethylene glycol
reduces the peak heat transfer effectiveness (due to lower
thermal conductivity and higher viscosity), the peak is also
shifted toward higher volumetric liquid flow rates (due to
lower specific heat capacity) and the transition between lam-
inar and turbulent flow becomes more noticeable and occurs
at higher liquid flow rates (due to higher viscosity).

In Figure 8, the heat transfer effectiveness is plotted
against the liquid (30% ethylene glycol) flow rate at an air
flow rate of 750 l/s. The vertical lines represent liquid flow
rates corresponding to balanced heat capacity rates and max-
imum heat transfer effectiveness respectively. Balanced heat
capacity rates means that the average heat capacity rate of
the liquid is equal to the average heat capacity rates of the
air flows (a heat capacity ratio equal to one). The term aver-
age is meaningful since density and specific heat capacity
depends on temperature. Hence, equal volumetric flow rates

Fig. 6. Measured and simulated heat transfer effectiveness as a
function of liquid (water) flow rate at four different air flow
rates.

Fig. 7. Heat transfer effectiveness with pure water and with
30% ethylene glycol, as a function of liquid flow rate at four
different air flow rates.
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of supply and exhaust air implies unequal heat capacity
rates.

Figure 8 reveals that the flow rate generating the max-
imum heat transfer effectiveness is 21% higher than the
liquid flow rate corresponding to balanced heat capacity
rates. This ratio is henceforth referred to as heat capacity
ratio for maximum heat transfer effectiveness. In Figure 9,
the heat capacity ratio for maximum heat transfer effective-
ness is plotted as a function of air flow rate. In addition, the
heat transfer effectiveness of the two liquid flow rates are
also presented.

The behavior of the effectiveness in the figure can be
explained by dividing the air flow rate interval into three
modes. At below 250 l/s, the liquid flow is laminar both at
balanced capacity rate and at maximum effectiveness. At
250–310 l/s, it is laminar at balanced capacity rate and turbu-
lent at maximum heat transfer effectiveness and at above

310 l/s it is turbulent at both. While Figure 9 refers to pure
water as the heat transferring liquid, Figure 10 shows the
results corresponding to 30% ethylene glycol.

As seen in Figure 10, the difference between balanced
heat capacity rates and maximum heat transfer effectiveness
flow is larger, both regarding heat capacity rates and the
benefit from a higher heat transfer effectiveness. The differ-
ence is further increased with a higher ethylene glycol con-
centration, see Figure 11, which corresponds to 50%
ethylene glycol.

3.3. Control method

With the model at hands, it is possible to quantify the conse-
quence of erroneously assumed glycol concentration
(described in Section 1.2). Assume the ethylene glycol con-
centration in a run-around heat recovery system is increased

Fig. 8. Heat transfer effectiveness as a function of liquid flow
rate at air flow rate of 750 l/s and 30% ethylene glycol.

Fig. 9. Heat transfer effectiveness and heat capacity ratio for
maximum heat transfer effectiveness as a function of air flow
rate (0% ethylene glycol).

Fig. 10. Heat transfer effectiveness and heat capacity ratio for
maximum heat transfer effectiveness as a function of air flow
rate (30% ethylene glycol).

Fig. 11. Heat transfer effectiveness and heat capacity ratio for
maximum heat transfer effectiveness as a function of air flow
rate (50% ethylene glycol).
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from 30% to 50%, without taken into account by the control
system. The negative consequence is tripartite:

� Reduced heat transfer coefficient due to lower conduct-
ivity and higher viscosity.

� Higher required liquid flow rate due to reduced specific
heat capacity.

� Lower actual liquid flow rate due to reduced pump
speed due to higher pressure drop due to increased
viscosity.

While the first one is an inevitable drawback of increased
glycol concentration, the two other may be compensated for
or avoided by a proper control system. The second one is to
some extent mitigated by the fact that the density is
increased when the glycol concentration is increased, pro-
vided that the control system measures volumetric flow rate
(not mass flow rate). The magnitude of the third one also
depends on how the liquid flow rate is determined. In this
example, the liquid flow rate is determined by measuring a
pressure drop which is assumed to be proportional to the
dynamic viscosity of the liquid. The continuous lines in
Figure 12 shows the heat transfer effectiveness as a function
of the liquid flow rate at two different air flow rates. The
yellow and green markers represent the flows of balanced
heat capacity rates and the maximum heat transfer effective-
ness, which were the focus of the previous section of this
paper. The dotted lines represent a scenario where the ethyl-
ene glycol concentration is increased to 50%.

As seen in Figure 12, the liquid flow rate needs to be
increased, when increasing the glycol concentration, in order
to balance the heat capacity rates. If not, a slightly lower
heat transfer effectiveness is obtained (grey markers).
However, the major spoilage of the heat transfer effective-
ness appears if the control system do not take into account
the higher viscosity of the liquid and reduces the pump
speed accordingly, see the red markers. Yellow and green
markers correspond to the heat transfer effectiveness and
capacity ratios in Figures 10 and 11.

While the purpose of Figure 12 is to quantify a drawback
of conventional control systems, the purpose of Figure 13 is
to demonstrate the possibility to control the systems with
respect to temperatures. Figure 13 shows simulated data

with 30% ethylene glycol and at an air flow rate of 750 l/s.
The vertical lines in Figure 13(a) represents the flow rates in
Figure 13(b–d).

Figure 14 compares the heat transfer effectiveness as a
function of the heat capacity ratio determined by flow rate
measurements (Eq. (18)) and by temperature measurements
(Eq. (20)).

Since pure water was used in the measurements, Figure
14 should correspond to the simulations in Figure 9. A
higher glycol concentration would result in a more clear
shift of the peaks toward higher heat capacity ratio.
Although the proposed control method has not been tested
dynamically in this work, Figure 14(b) can be seen as an
encouraging proof of concept.

3.4. Uncertainty analysis

Determination of the heat transfer effectiveness involves
measuring the temperatures of the outdoor air, the extract air
and the supply air. As previously stated, the sensors were
calibrated against a high precision thermometer (Dostmann
P650) with a declared uncertainty of ±0.02 �C. Therefore,
the total measurement uncertainty is instead dominated by
the heterogeneous temperature profile across the cross-
section of the supply airflow. As previously mentioned, the
supply air temperature was measured at four positions in
the center of each quadrant across the cross-section and the
maximum difference between the highest and lowest was
0.4 �C. Disregarding the fact that this sample is not random,
a statistical analysis can be applied where four samples are
extracted from a population of which the mean value is of
interest. The mean value and the standard deviation of the
sample yielded that the population mean is within ±0.33 �C
of the sample mean (at a 95% confidence level). For the
resulting heat transfer effectiveness, this represents ±2 per-
centage points. However, this is a worst-case analysis, since
0.4 �C was the maximum range, and also because the sensors
were positioned in a way that would make the sample mean
as close as possible to the population mean, in contrast to a
random sample.

Assuming adiabatic conditions, the heat transferred to the
supply air equals the heat transferred from the exhaust air
plus the heat dissipated from the pump to the liquid. The
deviation from this heat balance is presented (as heat imbal-
ance) in the appendix. The average heat imbalance of all 82
sets of experiments is 1.2%. The average absolute heat
imbalance is 4.0%. The maximum heat imbalance (23.7%)
appeared at the combination of maximum air flow and min-
imum liquid flow. At those conditions, the liquid undergoes
a rapid change of temperature when entering the coil. This
indicates that accurate measurements at these rare conditions
require more temperature sensors across the cross-section of
the air flow.

4. Discussion

It was shown (in Figure 11) that the heat transfer effective-
ness at 1000 l/s could be increased from 58% to 64% by

Fig. 12. Heat transfer effectiveness for 1000 and 500 l/s and at
30 and 50% ethylene glycol (EG) concentration.
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optimizing the liquid flow. For an air handling unit in a cli-
mate representing Stockholm in Sweden, with supply and
exhaust air temperatures of 20 and 22 �C respectively, this
corresponds to an energy saving of 4.3MWh per year. It
was also shown (in Figure 12) that the proposed control
method at 1000 l/s could increase the heat transfer effective-
ness from 46% to 64%. Using the same conditions as above,
this corresponds to an energy saving of 13.0MWh per year.

It was shown that it is enough to involve the temperatures
of one of the coils in the novel control method (Eq. (20)).
This is true only if the two air flow rates are equal, other-
wise the air inlet and outlet temperatures of both coils need
to be measured. In that case, Eq. (20) may be replaced by
Eq. (20), where xt, 2 represents the average ratio of the two
coils. While Eq. (20) is a fair compromise, further research
is required to conclude whether it is optimal.

Fig. 13. Temperatures as a function of liquid flow rate (a) and temperatures and heat recovered at too low flow rate (b) at flow rate
corresponding to maximum heat transfer effectiveness (c) and at too high flow rate (d).

Fig. 14. Heat transfer effectiveness as a function of heat capacity flow ratio based on measurements of the flow rates (a) and based on
temperatures (b).
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xt, 2 ¼ tea − teha þ tsa − toa
tl,w, 1 þ tl,w, 2 − 2 ∙ tl, c

(21)

Another advantage of measuring the temperatures of both
coils is that it is possible to detect performance deterioration
since, e.g. fouling of one of the coils will cause the average
liquid temperature to be closer to the air temperature of the
cleaner coil. A third advantage of measuring inlet and outlet
temperatures of both coils is that is reveals any undesired air
flow imbalances. This third advantage is not restricted to
run-around heat recovery systems, but is valid in any heat
recovery system given that no air leakage or condensation
occur.

Another advantage of the proposed control method is that
it also can handle latent heat transfer. When latent heat is
transferred, e.g. by condensation on the exhaust air coil,
optimum liquid flow rate is higher than if only sensible heat
is transferred. This is taken into account by the proposed
control method but not by the conventional one.

In this study, propagation of measurement uncertainties
of the suggested control method was not analyzed. It shall
be noted that the error caused by uncertainties is smaller
when there is a larger difference between exhaust and out-
door temperatures. I.e. the proposed method works as best
when it is most needed (when it is cold outside).

In this study, electricity required to run the circulation
pump was not taken into account. With this taken into
account, the optimum liquid flow rate is lower than that cor-
responding to maximum heat transfer effectiveness. The size
of the deviation depends on the pump efficiency, the pipe
pressure drop and the prices of electricity and heat.

When the drawback of the conventional control method
was quantified, the ethylene glycol concentration was
increased from 30% to 50%. Even though inadequate glycol
concentration may occur in systems with unclear liquid qual-
ity guidelines, this scenario may seem far stretched. On the
other hand, in reality there are many other factors causing a
mismatch between actual and anticipated thermophysical
properties. Some examples are aging, degradation, oxidation,
contamination, temperature and refilling of wrong type of
glycol. All of which discourages the conventional control
method but do not affect the proposed one.

In this study, the conventional control method was repre-
sented by determining the liquid flow rate by measuring a
pressure drop. Many other liquid flow meter methods exist,
such as electromagnetic, ultrasonic, thermal, rotameter etc.
with varying uncertainties and requirements of knowing the
liquid properties.

It shall be noted that the model in this study assumed full
transition from laminar to turbulent flow at a Reynolds num-
ber of 2300. Since the reality is not that distinct, lines repre-
senting capacity ratios and heat transfer effectiveness in
Figures 9–11 would be smoother if based on measurements.

The results presented in this article can be implemented
both in new and existing systems. It thereby facilitates and
improves the use of flexible heat recovery with no internal
leakage, which are inherent and increasingly valuable fea-
tures of run-around heat recovery.

In practice, the proposed control method involves adjust-
ing the pump speed to achieve the desired heat capacity ratio
(Eq. (20)). Future research is to implement and test the pro-
posed control method in a real run-around heat recovery sys-
tem. Such test can help finding suitable control parameters.
Since the proposed control method is a feedback-control,
finding control parameters is a tradeoff between speed and
stability. Achieving satisfactory control may require control
parameters changing with respect to the air flow rate.
Another suggestion for future research is to control the
liquid flow rate based on measured heat transfer effective-
ness, which would have both advantages and disadvantages
compared to the method proposed in the present paper.
Future research may also investigate how the temperature
influence the heat capacity ratio for maximum heat transfer
effectiveness.

4.1. Conclusions

By simulations supported by measurements, this paper
shows how much the heat transfer effectiveness of a run-
around heat recovery system can be improved by operating
at a liquid flow rate different from balanced heat capacity
rates (up to 3% with 30% ethylene glycol and up to 6%
with 50% ethylene glycol, under the investigated conditions).
It is also shown how much higher this liquid flow rate is
compared to balanced heat capacity rates. This novel infor-
mation has a sole academic value if there are no practical
and accurate method to control the liquid flow rate. Hence, a
novel control method is proposed and explained. The main
benefits of the proposed control method is that it requires no
information about the thermophysical properties of the liquid
and is thereby more robust and more likely to avoid faulty
operation. It was shown that the heat transfer effectiveness
decreases from around 68% to around 46% if a conventional
control system is set to 30% ethylene glycol concentration
while it is actually 50%.

Nomenclature

A ¼ Area [m2]
C ¼ Heat capacity rate [W/K]
cp ¼ Specific heat capacity [J/kgK]
d ¼ Diameter [m]
e ¼ Heat transfer effectiveness [-]
f ¼ Fanning friction factor [-]
h ¼ Convective heat transfer coefficient [W/m2K]
k ¼ Thermal conductivity [W/mK]
L ¼ Length [m]
l ¼ Dynamic viscosity [Pas]

NTU ¼ Number of transfer units [-]
Nu ¼ Nusselt number [-]
Pr ¼ Prandtl number [-]
q ¼ Heatflow [W]
q ¼ Density [kg/m3]
Re ¼ Reynolds number [-]
t ¼ Temperature [�C]

U ¼ Overall heat transfer coefficient [W/m2K]
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_V ¼ Volumetric flow rate [m3/s]
x ¼ Heat capacity ratio [-]

X ,Y ¼ Characteristic parameters [-]

Subscripts

a ¼ air
as ¼ air at surface
c ¼ cool
ea ¼ extract air
eha ¼ exhaust air

i ¼ inside
l ¼ liquid, length

max ¼ maximum
min ¼ minimum

o ¼ overall, outside
oa ¼ outdoor air
r ¼ ratio
sa ¼ supply air
t ¼ tube, thermal
V ¼ volumetric
w ¼ warm
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