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Abstract: The performance of three different confluent jets ventilation (CJV) supply devices was
evaluated in a classroom environment concerning thermal comfort, indoor air quality (IAQ) and
energy efficiency. The CJV supply devices have the acronyms: high-momentum confluent jets
(HMCJ), low-momentum confluent jets (LMCJ) and low-momentum confluent jets modified by
varying airflow direction (LMCJ-M). A mixing ventilation (MV) slot jet (SJ) supply device was
used as a benchmark. Comparisons were made with identical set-up conditions in five cases with
different supply temperatures (TS) (16–18 ◦C), airflow rates (2.2–6.3 ACH) and heat loads (17–47 W/m2).
Performances were evaluated based on DR (draft rating), PMV (predicted mean vote), ACE (air change
effectiveness) and heat removal effectiveness (HRE). The results show that CJV had higher HRE
and IAQ than MV and LMCJ/LMCJ-M had higher ACE than HMCJ. The main effects of lower Ts

were higher velocities, DR (HMCJ particularly) and HRE in the occupied zone as well as lower
temperatures and PMV-values. HMCJ and LMCJ produce MV conditions at lower airflow rates
(<4.2 ACH) and non-uniform conditions at higher airflow rates. LMCJ-M had 7% higher HRE than the
other CJV supply devices and produced non-uniform conditions at lower airflow rates (<3.3 ACH).
The non-uniform conditions resulted in LMCJ-M having the highest energy efficiency of all devices.

Keywords: experimental investigations; confluent jets ventilation; mixing ventilation; ventilation
efficiency; thermal comfort; heat removal effectiveness

1. Introduction

Heating, ventilation, and air conditioning (HVAC) systems account for about 50% of the total
building energy use and more than 10% of total national energy use [1]. This is because conventional
HVAC strategies require a high energy input to provide airflow rates and thermal conditions adequate
to maintain satisfactory and habitable indoor environments. Lowering airflow rates naturally implies
low energy use and is therefore less costly. However, low airflow rates per person (L/(s·p)) of supply
air in public buildings are connected to several issues regarding health [2–4], cognitive abilities [4–6],
academic performance [5,7–9], work and economic productivity [3,10,11]. Thus, it is important that
the airflow rates are adapted to the internal ventilation load to avoid these issues. The airflow rate can
be set at a constant level or at a variable level that adapts to the demand, e.g., constant air volume
(CAV) or variable air volume (VAV) [12], respectively. Recent studies on the implementation of VAV in
office buildings, shows that VAV has a great potential to improve the indoor air quality (IAQ) and
occupant health [13], and greatly reduce the HVAC energy use [13,14], consequently reducing building
operational costs [14–16].
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Wargocki and Wyon [17] showed that pupils’ performances on four out of eight given tasks
increased when the airflow rate increased from 5 to 10 L/(s·p). The study also reported an increase in
performance when the room temperature was lowered from 25 ◦C to 20 ◦C. Other studies have shown
that elevated room temperatures reduce pupils’ ability to perform typical school tasks [6–8,18–20].
A recent meta-analysis shows the same correlation for productivity and room temperature in office
environments that occurs in schools, but to a lesser degree [21]. A number of studies have been
performed on the application of optimizing the supply air temperature (TS) with regard to internal
heat load and outdoor temperature [21–23]. Studies show that about 29–36% [22,23] of annual energy
use could be saved by optimizing TS in relation to the heat loads in educational environments instead
of maintaining a constant supply temperature. Similarly, 30–39% of the energy use could be saved in
an office environment by having a varying supply temperature adapted to the internal heat load [24].

It is common practice in buildings to install a mixing ventilation (MV) system, which is designed
to dilute the polluted room air with conditioned supply air to lower the contaminant concentration
and regulate the room temperature [25]. The air is supplied with high momentum, mainly from the
ceiling, which results in homogeneous indoor environments with good thermal comfort. However,
MV systems have lower air change effectiveness (ACE) and lower heat removal effectiveness (HRE)
compared to stratified systems and therefore a lower energy efficiency [26,27].

Another common ventilation principle is displacement ventilation (DV), which is a stratified
system operated with low momentum air supplied below room air temperature at floor level, resulting
in vertical gradients of temperature and contaminant distribution in the room [27]. DV has a high heat
removal effectiveness and high air change effectiveness [26,27]. However, DV can only be effectively
used in cooling mode and have some issues with thermal comfort and draft complaints [26,28].

A new stratified hybrid ventilation system, with performance between displacement ventilation
and mixing ventilation, based on confluent jets (CJ) with medium momentum air supplied at floor
level, has been the subject of numerous recent studies [29–34]. CJ occur when jets issued from
different nozzles in the same plane and running in a parallel direction coalesce downstream and
move as a single jet [27]. Several studies of the dynamics of CJ show that spacing between the jets,
the nozzle diameter and the jet velocity have the highest influence on the characteristics of the CJ
flow behavior [35–38]. As a result, the downstream flow pattern is highly dependent upon the CJ
configuration and boundary conditions. Velocity decay of CJ are slower than a single jet at the same
amount of flow rate because of better conservation of the jets’ momentum [26,27,39]. Confluent jets
ventilation (CJV) has been experimentally and numerically studied in [29–34,40,41]. These studies
have been carried out in different environments such as classrooms [29,33,41], offices [30,34,40] and
assembly halls [32]. The studies show that CJV has higher penetration [29,32] and better thermal
comfort [32,34,41] compared to DV. The reason why CJV has higher penetration than DV and higher
energy efficiency than the MV is the high momentum of the supply air in the occupied zone [42].
The study presented in [43,44] that employed different integrations of CJ in ventilation systems has
reported benefits on perceived indoor climate.

This study is part of an ongoing research project [31,41,45] with the aim to investigate the optimal
design of an air supply device based on CJ for a classroom environment. To the authors’ knowledge,
the research carried out on CJV has focused on comparing different configurations of CJV to other air
distributions systems in different environments with varying boundary conditions. In order to optimize
CJV for different indoor environments and boundary conditions, more knowledge and understanding
are required regarding the effects of the CJ configuration and supply conditions. Therefore, four supply
devices with different configurations are compared in order to investigate the perceived indoor climate
when the airflow rate, supply air temperature and internal heat load are varied. The performance of
the supply devices is also investigated in terms of IAQ, thermal comfort and energy efficiency.

The specific objectives of this study are to compare different configurations of CJV with each other
and investigate:

1. How does the airflow rate affect thermal comfort, IAQ and energy efficiency for different types of CJV?
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2. How does the supply temperature affect thermal comfort, IAQ and energy efficiency for different
types of CJV?

3. How can CJV be optimized with regard to energy efficiency in a classroom environment under
conditions of varying heat load, airflow rates and supply temperatures?

2. Materials and Methods

As mentioned previously, the configuration of the supply device, i.e., the nozzle spacing, nozzle
diameter and jet exit velocity and its direction, are vital factors for the airflow development and
distribution of the CJ in the occupied zone. It is therefore important to understand how these factors
interface with airflow rate, other airflows in the room (e.g., plumes) and supply temperature, as well as
how operational conditions of the supply devices influence performance.

2.1. The Studied Supply Devices

In the present study, two different types of CJ supply devices with different design and
characteristics are compared under the same operational conditions: internal heat load, supply
airflow rates and temperatures. One of the CJ supply devices has nozzles with 28 mm in diameter,
resulting in low jet exit velocity, herein referred to as low momentum confluent jets (LMCJ), and the
other supply device has nozzles with 5 mm in diameter and about six times higher jet exit velocity, called
high momentum confluent jets (HMCJ). A mixing slot jet (SJ) supply device is used as a benchmark
during comparisons of the CJ supply devices. After analyzing results, a third CJ supply device was
proposed by modifying the LMCJ with a special nozzle attachment. The modified LMCJ (LMCJ-M)
was designed to increase the jet velocity (two times higher than the LMCJ) and redirect the supply air
more efficiently into the occupied zone to increase the efficiency of the LMCJ based on observation
from the performance of the HMCJ and LMCJ supply devices. The four studied supply devices i.e.,
mixing with SJ supply devices, high momentum confluent jets (HMCJ), low momentum confluent jets
(LMCJ) and low momentum confluent jets modified by varying airflow direction (LMCJ-M) are shown
in Figure 1. The SJ, HMCJ and LMCJ are all commonly used supply devices, which are available on the
commercial market and have been obtained from commercial sources in Gävle, Sweden.
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Figure 1. Photos of supply devices and nozzles, SJ, HMCJ, LMCJ, and LMCJ-M.

2.2. Test Facilities

The study was performed in a climate chamber (7.2×8.4×2.7 m3) at the University of Gävle in Sweden,
representing a classroom environment. The climate chamber is versatile and has previously been used
to investigate different indoor environments, e.g., open-plan offices [30,46], classrooms [39,44,47] and
small offices [48,49].
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Four mixing SJ supply devices are installed in the room, see Figure 2, and each has a rectangular
outlet (0.6 × 0.6 m2) overlaid with plate to make an all-round slot of 0.02 m that issues a ceiling-attached
airflow jet. All CJ supply devices were circular channels (0.25 m diameter and 4 m long) mounted
0.05 m below the ceiling level and consisted of different nozzle configurations to distinguish their
classifications as HMCJ, LMCJ and LMCJ-M (refer to Figure 1), see Table 1 for specifications. The HMCJ
had 576 nozzles (d = 0.005 m) at each horizontal side of the channel with a horizontal spacing of 11 jet
diameters and a vertical spacing of 4 jet diameters. The LMCJ had 114 nozzles (d = 0.028 m) placed in
three lines with 38 nozzles each and the middle line was slightly offset on each side of the channel,
the horizontal spacing was 3 jet diameters and the vertical spacing was 1 jet diameter, see [31] for more
details. The HMCJ and LMCJ directed the airflow jets in the front and back directions of the room,
as shown in Figure 3 (left). The LMCJ-M is the same supply device as the LMCJ but was modified by
blocking half of the nozzles on one side and re-directing airflow from some nozzles away from the
outlet, as shown in Figure 3 (right). The placement of the inlets, outlet and mannequins is based on a
previous field-study at a local school were the LMCJ were evaluated with varying airflow rates in a
real classroom situation [41].
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Figure 2. Set-up of measurement points and mannequins. (Top) Measurement points and placements
of SJ and confluent jet devices, red mannequins were turned on for the 10 p (persons) cases, red
and blue were turned on for 19 p cases and red, blue and yellow were turned on for the 28 p cases.
(Bottom) Photo of set-up.
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Table 1. Technical specifications of the supply devices.

SJ HMCJ LMCJ LMCJ-M

Length of channel - 2 × 4 m 2 × 4 m 2 × 4 m
Diameter of channel [m] - 0.250 0.250 0.250

Number of Nozzles 4 (slots) 2 × 1152 2 × 228 399 *
Diameter of Nozzles [m] 4 × 0.6 × 0.02 0.005 0.028 0.028 **

Total Inlet Area [m2] 0.18 0.05 0.28 0.14
Inlet Velocities [m/s] ~0.6–1.6 ~2.2–6.3 ~0.4–1.0 ~0.7–2.0

* = The LMCJ had 465 nozzles in total, 57 of the nozzles were blocked and 228 were equipped with attachments to
redirect the airflow. ** = The attachment covers half the nozzle, see Figure 1.
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2.3. Equipment

Thermocouples and constant temperature anemometers (CTA) were used to measure temperatures.
In total, 38 thermocouples (type K with an accuracy of ±0.2 ◦C) were used: 6 thermocouples were
used to measure the walls, ceiling and floor temperature, 2 thermocouples measured the supply and
outlet temperature and 30 thermocouples measured the vertical temperature gradient at six different
locations in the occupied zone (A–F), see Figure 2. The thermocouples for the six vertical temperature
gradients (VTG) were placed at heights of 0.35, 0.85, 1.4, 2.0 and 2.6 m.

CTA probes were used to measure the air speed, root mean square (RMS) of the velocity and
temperature at 30 points. The probes were placed at five different heights (0.1, 0.6, 1.1, 1.7 and 2.3 m) at
locations A–F. The CTA probes were calibrated for the velocity range 0.05 and 1.00 m/s and had an air
speed accuracy of ±0.05 m/s and temperature sensor accuracy of ±0.2 ◦C. The sampling interval for all
measurements was set to 60 s, with the response time of 0.2 s to 90% of a step change. In combination
with the thermocouples, the temperature measurements from the CTA were used to analyze the room
air temperature distribution.

Tracer gas, sulfur hexafluoride (SF6), was used to measure the local mean age of air at the locations
A, B, C, D and F at a height of 1.1 m. The decay method was used to calculate the nominal time constant
(τn) and the local mean age of air (τp).

Twenty-eight mannequins with a sensible heat production of about 100 W each were used to
simulate the human heat load. The mannequins were designed with the same area as an average
human body and consisted of a galvanized steel tube of 0.32 m diameter covered with fabric, see [50].
Other internal heat loads included heat measurement equipment, which was 50 W; no lighting load
was used during the measurements. Figure 2 shows the positions of the mannequins for each heat load.
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2.4. Case Set-Up

Five experimental cases were investigated, see Table 2. The cases are named after supply
temperature, airflow rate per person and number of persons. Three cases had TS = 16 ◦C and an airflow
rate of 10 L/(s·p), while two cases had TS = 18 ◦C and 15 L/(s·p). The difference in airflow rate between
the two supply temperatures was chosen, also in relation to the heat load, to maintain the average
room temperature (nominal set point = 23 ◦C) for all cases. The nominal set temperature was chosen to
comply with a classroom with comfort category A for the winter season with corresponding clothing
and activity levels according to ISO-7730 [51]. Three different heat loads were tested, as shown in
Table 2: Two cases with TS = 18 ◦C and three cases with TS = 16 ◦C. The supply temperatures are set
for cooling because of the heat load generated by the middle to high occupancy density in case 2, 4
and 5. The airflow rate and the size and number of nozzles affect the jet inlet velocity (U0), see Table 3.

Table 2. Case set-up.

Cases Mannequins Airflow Rate (L/s) Heat Load (W/m2) ACH (-)

Case 1–18 ◦C-15 L/(s·p)-10 p 10 150 17 3.3
Case 2–18 ◦C-15 L/(s·p)-19 p 19 285 32 6.3
Case 3–16 ◦C-10 L/(s·p)-10 p 10 100 17 2.2
Case 4–16 ◦C-10 L/(s·p)-19 p 19 190 32 4.2
Case 5–16 ◦C-10 L/(s·p)-28 p 28 280 47 6.2

Table 3. Nominal inlet velocity for all supply devices [m/s].

Cases SJ HMCJ LMCJ LMCJ-M

Case 1–18 ◦C-15 L/(s·p)-10 p 0.83 3.32 0.54 1.07
Case 2–18 ◦C-15 L/(s·p)-19 p 1.58 6.30 1.02 2.03
Case 3–16 ◦C-10 L/(s·p)-10 p 0.55 2.22 0.36 0.72
Case 4–16 ◦C-10 L/(s·p)-19 p 1.06 4.20 0.68 1.43
Case 5–16 ◦C-10 L/(s·p)-28 p 1.55 6.20 1.00 1.99

2.5. Measurement Procedure and Analysis

Each supply device was installed and all cases measured before installing another type of supply
device in the study. The experimental case was set up with each respective heat load, airflow rate
and supply temperature, and the measurement equipment was left running for at least 16 h to ensure
quasi-steady state conditions. The data from thermocouples and CTA probes were collected and
analyzed to make sure that steady-state conditions had been reached. The last hour of the 16-h period
was then used as data for each case, which were averaged and used for performance analysis. During
each test, the airflow balance between the supply devices was controlled.

Trace gas measurements were done by distributing the gas throughout the room and mixing
room air with movable fans (for three min) to ensure homogeneous concentration of about 400 ppm
concentration. Tracer gas measurements were left running until the concentration levels had become
negligible. Previous laboratory studies using the same climate chamber and measurement procedure
estimate the tracer gas measurements to have an accuracy of ±7% [46,48,49].

The predicted mean vote (PMV) and percentage people dissatisfied (PPD) values were derived
from the temperature measurements (thermocouples and CTA) and the air speed measurements from
the CTA probes. The PMV and PPD values were calculated according to the ISO-7730 [51] and assume
relative humidity RH = 35%, CLO = 0.9, and MET = 1.1 for all cases. The CLO (clothing insulation)
factor and MET (metabolic equivalent of task) value correspond to winter clothing and a sedentary
person performing light work i.e., typing or writing [51]. The RH was measured once during the
experimental period since there is not much variation in the climate chamber. The PMV-PPD model
is often complemented by the draft rating to account for the people dissatisfied by the turbulence
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intensity. The draft rating equation was derived experimentally by Fanger and Christensen and the
model was developed with a data set where 20 < Ta < 26 ◦C, 0.05 < Ua < 0.5 m/s and 0 < TI < 70% [52].

The draft rating was calculated using the equation [51]:

DR = (34 − Ta) × (Ua − 0.05)0.62
× (0.37 Ua × TI + 3.14) (1)

where Ta is air temperature, Ua is the air speed and TI is turbulence intensity. The air diffusion
performance index (ADPI) was calculated using the equation [51]:

ADPI = Nθ/N (2)

where N = total number of points and Nθ = number of points with −1.5 < θ < 1 [◦K]; here, θ is defined as:

θ = (Tx − Tavg) − 7.73 × (vx − 0.15) (3)

where Tx and vx are the temperature and velocity in each point and Tavg is average temperature in the
occupied zone. The local air change effectiveness (ACEP) was calculated according to [52]:

ACEP = τn/τp (4)

where τn is the nominal time constant and τp is the local mean age of air. The local heat removal
effectiveness (LHRE) was calculated according to [26]:

LHRE = (TE − TS)/(TP − TS) (5)

where TE, TS and TP are the temperature for exhaust, supply and specific measure point, respectively.
All the equations used for the thermal comfort and IAQ well defined and are commonly used

within the field as measurement standards [26,27,51,52]. The absolute and RMS values of the air speed
and temperature measurements are within the defined range of the measurement standard according to
ISO-7750 [51] and ASHRAE [52]. The location and height of the measurement points are all according
to the same standards. The CTA probes’ calibration range (0.05–1.00 m/s), accuracy (±0.05 m/s, ±0.2 ◦C)
and response time (0.2 s to 90% step change) are sufficient to evaluate the PMV-PPD, ADPI and DR
values according to both the ISO-7750 and ASHRAE standards.

3. Results and Discussion

3.1. Comparison of the SJ, HMCJ and LMCJ Supply Devices

This section presents general finding on thermal comfort, IAQ, uniformity of air distribution and
energy efficiency for each supply device when the supply temperature and airflow rate is changed.
The focus is on the trends for each supply device and seeing how sensitive they are to variations of
supply temperature and airflow rate, but not on making a direct case by case comparison between
the supply devices. Because of the differences between the different supply devices (such as ducts’
pressure drop and positions), there is some variation in the boundary conditions for each measured
case compared to the nominal case setup. The differences are in airflow, supply temperature and jet
inlet velocity (U0), see Appendix A Table A1. These differences in the airflow and supply temperature
are rather low and should not interfere any analysis of the general trends for each individual supply
device regarding the IAQ, thermal comfort and energy efficiency under variation of velocity and
supply temperature. However, in Case 4 the SJ differs from the nominal case in the opposite direction
from the two CJ supply devices, both for the supply temperature and the airflow. Hence, in Case 4,
the SJ has −0.2 ◦C and +4% (0.4 L/(s·p), the HMCJ has +0.2 ◦C and −2% (0.2 L/(s·p)), and the LMCJ
has +0.1 ◦C and −6% (−0.4 L/(s·p)). This makes it difficult to compare SJ supply device with the two
CJ supply devices for this case in terms of temperature, PMV and ADPI. The CJ supply devices for
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example have higher Tavg and higher PMV then SJ in this case, even though they consistently have a
much higher LHRE than SJ for all cases. The results regarding temperature, PMV and ADPI for this
case are discussed in the next section.

3.1.1. Air Flow Distribution and Its Effects on Temperature and Energy Efficiency

Figure 4 shows that the SJ supply device has the lowest velocities and HMCJ have the highest
velocities. In the low airflow rate Cases 1 and 3, all three supply devices have more or less the same
velocity profiles with very homogeneous conditions. This indicates that the two CJ supply devices
as well as the SJ supply device act as MV in Case 1 and 3. In Case 4 where the airflow rate is raised,
the HMCJ and LMCJ starts to behave more as a CJV system with less homogeneous conditions. In the
high airflow Cases 2 and 5, both HMCJ and LMCJ have become fully CJV systems with unique velocity
profiles, whilst SJ still acts like a MV system with homogenous conditions and only slightly higher
velocities close to the floor in point F. The difference in nozzle configuration between HMCJ and LMCJ
results in different velocity conditions in the room in the high airflow case. This is due to the CJ effects
where the air follows the ceiling and walls and enter the occupied zone via the floor. HMCJ has high
velocities at all heights in point D; this is most likely because this is where the CJs from both supply
devices meet and are forced down into the occupied zone. LMCJ has lower velocities than HMCJ
because of lower the jet inlet velocities, but it still maintains higher momentum than SJ at floor level in
the high airflow rate cases, mainly in the points close to the front of the classroom (points D–F) where
the occupancy density is lower. Case 2 and 5 has comparable airflow rates and Tavg for the CJ supply
devices but differs in supply temperature and occupancy density. For the CJ supply devices, the lower
supply temperature in Case 5 compared to Case 2 seems to be the cause of higher velocities close to the
floor in some of the points close to walls (A, D and F). The effects of lower supply temperature on floor
level velocities is much stronger for HMCJ than LMCJ (compare Case 2 and 5).
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The velocity profiles for each supply device determine the local heat removal effectiveness (LHRE).
The LHRE profiles in Figure 5 are very similar to the velocity profiles in Figure 4, only less pronounced.
This is supported by the fact that LHRE is related to the power three of the velocity in the occupied
zone [44]. Since the SJ has the lowest velocities, it also has the lowest LHRE, which decreases as
the occupancy density increases. This is because the velocities increase very little, but the heat load
increases linearly with the occupancy density. The SJs LHRE profiles still have a correlation to its
velocity profiles although it is very weak. Both CJ supply devices have very homogenous LHRE
profiles like SJ in the cases with lower and middle airflow rates, i.e., Case 1, 3 and 4. However, in the
two cases with the high airflow rates, i.e., Case 2 and 5, the LHRE becomes more diversified and adopts
the behavior of the velocity profiles, which again indicate more stratified conditions than a MV system.
The difference in the supply temperature and occupancy density between Case 2 and 5 does not affect
the rate of LHRE for the two CJ supply devices and instead LHRE profiles follow the velocity profiles.
However, the average LHRE drops 5% for the HMCJ from 101% in Case 1, 3 and 4 to 95–96% in Case
5 and 2 when the airflow rate is increased, see Table 4. Whilst the average LHRE remains stable at
99–100% for all five cases for the LMCJ. This could be due to the LMCJ’s more even velocity profiles.
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As one can expect, the temperature profiles in Figure 6 are the inverse of the LHRE. All supply
devices have small vertical temperature gradients (VTG) <0.8 ◦C. Which are quite small in terms of
thermal comfort, although LMCJ have slightly higher VTG than HMCJ and SJ in the high airflow
Cases 2 and 5, which indicates slightly more stratified conditions and more of a hybrid system than
a MV system. The SJ has very homogenous temperature conditions for all five cases and the Tavg is
highly dependent upon the occupancy density. For all three supply devices, the Tavg increases by
0.4 ◦C for TS = 16 ◦C cases when the occupancy density is raised from 10 p to 19 p. For Case 5, which
has highest occupancy density, the Tavg increases for the SJ (+0.7 ◦C) because of lower LHRE, but the
Tavg drops by 0.3–0.4 ◦C for HMCJ and LMCJ because of the higher velocities in the occupied zone,
mostly in points close to the front of the room (D–F).
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Table 4. Average HRE, ACE and ADPI for SJ, HMCJ and LMCJ supply devices.

Case 1 Case 2 Case 3 Case 4 Case 5 Avg.

HRE
SJ 89% 83% 100% 87% 87% 89%

HMCJ 101% 96% 101% 101% 95% 99%
LMCJ 99% 99% 100% 100% 99% 99%

ACE
SJ 95% 94% 98% 90% 93% 94%

HMCJ 102% 98% 106% 107% 106% 104%
LMCJ 109% 107% 110% 109% 108% 109%

ADPI
SJ 96% 100% 88% 100% 96% 96%

HMCJ 92% 96% 88% 92% 92% 90%
LMCJ 92% 96% 88% 88% 96% 91%
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There are some similarities between LHRE and ACEP, compare Figures 5 and 7. SJ both have
the lowest LHRE and lowest ACEP although there is more variation between points (A–D and F) for
ACEP than for the LHRE. HMCJ and LMCJ have comparable ACEP for the three cases with 16 ◦C
supply temperature, with a slightly higher ACEP for the LMCJ. HMCJ performs worse when the
supply temperature is raised to 18 ◦C compared to LMCJ but still has a higher average ACEP than SJ.
LMCJ is somewhere between a DV system and a MV system, hence LMCJ acts like a hybrid system in
terms of ACEP, whereas the HMJC is closer to a MV system, possibly due to higher mixing occurring
because of higher nozzle-distance-to-diameter-ratio.
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Figure 7. Air change effectiveness at Points A–D, F for all cases and supply devices @ height 1.1 m,
# = LMCJ, ♦ = HMCJ, ∆ = SJ. Note: the lines does not represent a gradient, it is only a comparison
between points.

3.1.2. Airflow Distribution and Its Effects on Thermal Comfort

Table 4 indicates that all three supply devices have high ADPI (88–100%); this is because they all
have fairly small VTG and relatively low velocities. They all perform slightly better with higher supply
temperature (TS = 18 ◦C). They all have slightly higher ADPI when the heat load and the airflow rate is
increased (compare Cases 3, 4 and 5). There is not much difference between the three supply devices,
but the SJ have slightly higher ADPI than the two CJV supply devices, especially in Case 4. This is
because of its more homogenous MV conditions.

The draft rate in Figure 8 shows that the SJ has the lowest and most consistent DR of the three
supply devices. There is a slight increase in DR when the airflow is increased because of slightly higher
velocities. However, the increase in DR is diminished because of the room temperature increase due to
higher heat loads and lower LHRE. HMCJ has the highest DR and is above the recommended level in
the two cases with high airflow rates (Cases 2 and 5). The supply temperature also seems to have a high
influence on the DR for the HMCJ when one compares the two high airflow cases (2 and 5). Compared
to the other two supply devices, the HMCJ is the only one that has points in the middle heights of the
occupied zone (0.6 and 1.1 m) with DR above 20%. This is because of the higher velocities in these
points resulting from higher jet velocities and the fact that the jets from the two supply devices meet in
the middle of the room and push air into the occupied zone from above. The LMCJ has very similar
average DR to the SJ except at point F where the DR increases more than the other points when the
airflow is increased to 280–285 L/s. The DR at 0.1 m at points D–E is also slightly higher than the SJ in
the high airflow cases. It has only one point above 20% and that is 0.1 m at point F. The DR for LMCJ is
increased by the lower supply temperature but not as much as HMCJ for the two high airflow cases.
The TI for all supply devices are very similar with min/max of 20/80% and all cases have average TI of
35–41%. The max points of TI do not correspond to the max points of DR in any of the cases. One can
observe variation of temperature but the variation of velocities are higher, see for example point D for
HMCJ in Figures 4 and 6. The variation of DR therefore is mainly due to the variation of velocity and
not because of variation of temperature and TI.

Figure 9 shows the thermal comfort for a standing and seated person in all three supply devices.
All three supply devices can be classified as Class B (ISO-7730), i.e., −0.5 < PMV < 0.5. The SJ supply
device has the smallest variation of PMV in each case; however, it has the highest increase in PMV
when the heat load is increased because of higher temperature and low velocities. The HMCJ has the
highest variation of PMV mainly because of the high velocities and low temperatures at points D and
F. The LMCJ has slightly higher variation of PMV than the SJ but lower than the HMCJ. The LMCJ
is the only one that qualifies as Class A in the high heat load case (28 p). Both CJ supply devices
have slightly higher PMV values than the SJ in the Case 4. This could be because of the variation in
boundary conditions (see Appendix A Table A1) rather than low LHRE and low velocities (since the SJ
is lower in both than the CJV supply devices).
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Figure 9. Thermal comfort at points A–F for all cases and supply devices @ � = 0.1 m, # = 0.6 m,
♦ = 1.1 m, ∆ = 1.7 m, —— = Thermal comfort for standing person, —— = Thermal comfort for seated
person, - - - - = Limits for class B ISO–773, - - - - = Limits for class A ISO-7730, RH = 35%, CLO = 0.9,
and MET = 1.1.
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The results show that if different CJ supply devices are mounted in the same position and use
the same airflow and supply temperature, the configuration of the nozzles will have a great impact
on the velocities in the occupied zone, which results in differing energy efficiency, air quality and
thermal comfort. All three supply devices performed well in terms of ADPI, PMV and VTG. However,
they all had some points with velocities and DR above recommended values. The LMCJ and HMCJ
were comparable in terms of VTG, LHRE and ADPI, although the LHRE decreased by 5% for the
high airflow cases for the HMCJ but not for the LMCJ. The LMCJ had better values than the HMCJ
in terms of PMV and ACE (5% higher ACE on average). The results also indicate that the airflow
rate determines whether the CJ supply devices produce CJV with stratified conditions or MV with
homogenous conditions. Both the LMCJ and HMCJ produce homogenous conditions at an airflow
rate of 2.2 to 3.3 ACH. They begin to produce more stratified conditions at an airflow rate of 4.2 ACH,
and both produce full CJV at an airflow rate of 6.2 to 6.3 ACH.

3.2. The Modified Low Momentum Confluent Jets

During the comparison between the SJ, HMCJ and LMCJ, it was noticed that the velocities had a
high influence on the LHRE, and HMCJ and LMCJ had high velocities in front of the room where the
occupancy density is low and lower velocities in areas with higher occupancy density. This resulted
in uneven LHRE and therefore variations in temperature and thermal comfort, especially for HMCJ.
The LMCJ has the option to be fitted an attachment (Figure 3 bottom left) that redirects the air from the
supply device. The LMCJ was modified with the attachments to redirect the air into the left side of the
room in order to utilize the left wall as well as the front and back wall to direct the air into the occupied
zone. Half of the nozzles facing the front side of the room were blocked. The blocking of the nozzles
and the added attachments doubled the jet velocities because of the reduction in the number of nozzles
and jet sizes. These changes were made in order to increase the air movement in the high occupancy
area, in order to increase and balance the LHRE. The outlet was moved from the front right corner
of the room to the right center side in order extract air from an area with higher occupancy density
and to avoid short-circuiting. The same five cases were tested again with the LMCJ-M. The boundary
conditions are presented in Appendix A Table A2. The differences between the cases are rather low
and should not interfere with any analysis of the general trends, although, in Case 4, the two supply
devices differ from the nominal case in opposite directions for both supply temperature and airflow.
This might increase the PMV and temperature values for LMCJ slightly compared to LMCJ-M in
this case.

3.2.1. The Modified Low Momentum Confluent Jets

The velocity profiles in Figure 10 are very similar for both supply devices in the low airflow
Cases 1, 3 and 4. This is because they both produce relatively homogenous conditions, although,
in Case 4, both of them start to produce slightly higher velocities at floor level in point F. The two
high airflow Cases 2 and 5 produce stratified CJV conditions with higher airflows at floor level and
lower velocities higher up. LMCJ have more stratified conditions in the front of the room, whereas
because of the new configurations of the nozzles, the LMCJ-M produces more stratified conditions
on the left side and in the middle of the room where the occupancy density is higher (Points: A, C
and D). The lower supply temperature in Case 5 compared to Case 2 seems to increase the difference in
velocities between the ankle and neck level in the room (0.1 m and 1.7 m) for LMCJ-M.

The modification of the LMCJ increases the HRE by about 3–10% depending on the airflow, see
Table 5. LMCJ has a constant HRE with regard to the airflow, whereas LMCJ-M increases in LHRE as
the airflow is increased. The LHRE is connected to the local velocities. LMCJ-M has higher LHRE
on the left side (almost 120% for point A and C for the Case 5, see Figure 10) than on the right side
(100% for B and D for the Case 5, see Figure 10), and the difference increases as the airflow is increased.
In Case 3 (2.2 ACH), LMCJ-M still produces homogenous MV conditions, but, in Case 1, (3.3 ACH)
starts to produce slightly more stratified conditions with higher LHRE than LMCJ and HMCJ. This is
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probably due to higher velocity at the floor level in the back and at the left side (points: A, B and C)
for LMCJ-M. LMCJ and HMCJ starts to produce more of CJV in Case 4 (4.2 ACH), for LMCJ-M CJV
is already fully developed with higher LHRE and lower temperatures in points A, C and F. When
Cases 2 and 5 are compared, the lower supply temperatures and higher heat load seem to increase the
velocities but not the LHRE for both LMCJ and LMCJ-M.
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Table 5. Average HRE, ACE and ADPI for LMCJ and LMCJ-M supply devices.

Case 1 Case 2 Case 3 Case 4 Case 5 Avg.

HRE
LMCJ 99% 99% 100% 100% 99% 99%

LMCJ-M 104% 109% 103% 105% 108% 106%

ACE
LMCJ 109% 107% 110% 109% 108% 109%

LMCJ-M 108% 109% 105% 112% 110% 109%

ADPI
LMCJ 92% 96% 88% 88% 96% 91%

LMCJ-M 88% 96% 88% 92% 92% 91%

Figure 10 shows that the Case 3 has homogenous thermal conditions for both supply devices.
However, when the airflow rate is increased slightly from 100 L/s to 150 L/s (2.2 to 3.3 ACH) with
the same heat load, the LMCJ-M starts to produce more of a distinct temperature profile with lower
temperatures on the left side where the LHRE and velocities are higher. This effect increases as the
airflow rate is increased in Cases 2, 4 and 5. The VTG is lower for LMCJ-M than for LMCJ, especially in
the front of the room (points D, E and F) where the difference in velocities between the floor and neck
level is smaller for LMCJ-M than for LMCJ. The HRE is on average 7% higher for LMCJ-M than for
LMCJ and is 10% higher in the high airflow Cases (2 and 5), see Table 5. The difference in Tavg between
LMCJ-M and LMCJ for the TS = 18 ◦C Cases 1 and 2 is 0 and 0.3 ◦C, respectively, and the difference in
Tavg for the TS = 16 ◦C Cases 3, 4 and 5 is 0.3, 1.0 and 0.5 ◦C, respectively. This indicates that the supply
temperature has an effect on how much the difference in HRE affects the resulting room temperature,
because of the higher velocities.

The new configuration does not change the ACE significantly. The average ACE is the same for
both variants of the LMCJ, see Table 5. For the cases 1, 3 and 4 with lower airflow rates, the ACEP

profiles are similar for both supply devices. In the two high airflow rate cases, the profile differs a bit
for the two supply devices; the LMCJ-M has higher ACEP in the back of the room and lower in the
front of the room, while the LMCJ has the opposite, see Figure 11. This pattern is somewhat reflective
of the velocity pattern for the two supply devices in the high airflow rate cases.Energies 2020, 13, x FOR PEER REVIEW 16 of 24 
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3.2.2. Modified Airflow Distribution and Thermal Comfort

The modification of the LMCJ does not seem to change the thermal comfort significantly. The ADPI
for LMCJ-M is very similar to LMCJ with only slight variation between the five cases, see Table 4.
In terms of PMV, the LMCJ-M and LMCJ’s overall performance is about the same. The PMV values for
LMCJ-M are quite similar to LMCJ for the two low air flow rate Cases 1 and 3; when the occupancy
density and the airflow rate is increased, the PMV values for LMCJ-M drop compared to LMCJ, see
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Figure 12. This is because of the lower temperature as the LHRE is increased. The LMCJ and LMCJ-M
have slightly different profiles in the two high airflow Cases 2 and 5. In Case 5, LMCJ-M point A is
slightly too low to qualify as class A. In Case 4, the LMCJ is slightly too high to qualify as class A
in points B and C; this could be due to the variations of boundary conditions. Both supply devices
perform over all very well in PMV and ADPI. When the two high airflow cases are compared, it seems
that the lower supply temperature in Case 5 compared to Case 2 is increasing the velocities and the DR
for both supply devices. LMCJ-M has four points above the recommended value of 20% DR (Case 5)
compared to one for LMCJ. The reason is not because of higher TI; it has TI values similar to the
other supply devices. It has more to do with the higher velocities in the left side of the classroom, see
Figure 12. The velocities as well as DR could be lowered and PMV values could be increased if the
airflow rate was slightly reduced in the high airflow cases for LMCJ-M.
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Figure 12. Thermal comfort (PMV and DR) at points A–F for LMCJ and LMCJ-M @ � = 0.1 m, # = 0.6 m,
♦ = 1.1 m, ∆ = 1.7 m, ——– = thermal Comfort for standing person, ——– = thermal comfort for
seated person. - - - - = limits for class B ISO–773, - - - - = limits for class A ISO-7730, RH = 35%,
CLO = 0.9, and MET = 1.1. Note: the lines/mean does not represent a gradient, it is only a comparison
between points.
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3.3. The Effects of Changing Airflow Distribution

Both LMCJ and HMCJ had higher velocities in the front of the classroom, resulting in lower
temperatures. LMCJ-M has shifted the velocities from the front to the left side of the room. Figure 13
compares the change in velocity conditions and the resulting temperature distribution between LMCJ
and LMCJ-M. The velocities in Figure 13 (right) show that the LMCJ has higher velocities in point F
with low occupancy density and lower velocities in the rest of the room with high occupancy density.
LMCJ-M, on the other hand, has higher velocities on the left side (points C and A), medium velocities
in the middle of the room (points D and F) and the lowest velocities on the right side (points B and F)
close to the outlet. This results in two different horizontal temperature distributions (HTD). LMCJ
has low temperatures in point F and higher temperatures in the back, far away from the outlet, see
Figure 13 (left). LMCJ-M has roughly 1 ◦C lower temperatures on the left side (points C and A) than
LMCJ, about 0.5 ◦C lower temperatures in the middle (points B and D) and the same temperature at
point E on the right side close to the outlet.
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Figure 13. Temperature (◦C) (left) and velocity (m/s) (right) Case 5 at 1.1 m above the floor for LMCJ
(light) �A,�B,�C,�E,�D and �F and the LMCJ-M (dark) �A, �B,�C, �E, �D and �F.

The effect of shifting the velocities has a quite a high impact on the temperature profile for the
room when LMCJ-M is compared to SJ and HMCJ. Figure 14 shows the normalized VTG for all six
points (A–F). They are normalized according to:

Tnorm =
TP − TS

TE − TS
(6)

As the figure shows, there is little difference in the occupied zone between the systems in the case
with lowest airflow rate (Case 3). However, as the heat load and the airflow rate increase, the differences
become more dissimilar; as the heat load increases, the horizontal temperature distribution (HTD)
becomes more uneven for all systems but the VTG remains small. The SJ, LMCJ and HMCJ have HTD
from front (cold) to back (warm), as illustrated in Figure 14 with filled lines (back) and an increasing
number of spaced/dashed lines (front), whereas the LMCJ-M has HTD from left (cold) to right (warm)
(blue to red in Figure 14). Since the exhaust is located to the right close to point E (see Figure 3) for
LMCJ-M, the TE is close to the highest temperature in the room. This is the reason why all the Tnorm

is below 1.0 in the occupied zone for all five cases with LMCJ-M. SJ, on the other hand, has higher
Tnorm than 1.05 for all cases except the low airflow case (i.e., Case 1), which is probably due to a
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short-circuiting of the airflow when some of the air from the supply device follows the ceiling directly
into the exhaust due to the Coanda effect at higher airflow rates.
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If one compares Case 2 and Case 4, which have the same heat load but different supply
temperatures and airflow rates, all supply devices have a more stratified HTD in Case 2 with higher
supply temperature and higher airflow rate than in Case 4. This means by that the airflow rate is more
determining of the stratification than the supply temperature. If one compares the two high airflow
Cases 2 and 5, it is clear that the HTD is more stratified for HMCJ in Case 5 than Case 2. The same
cannot be said for the two LMCJ supply devices, which means that they are less affected by lower
supply temperatures or higher heat loads than HMCJ. The HTD for LMCJ-M becomes stratified to a
larger degree at lower airflow rates than the two other CJ supply devices, which could be the reason
for the higher LHRE.
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4. Conclusions

The key observations from the results are:

• LMCJ and HMCJ produces conditions similar to MV when the airflow rates are lower than
4.2 ACH and CJV conditions above 4.2 ACH. LMCJ-M start to produce CJV conditions at the
lower airflow rates (3.3 ACH) than LMCJ and HMCJ.

• The ACE values for the three CJ supply devices are independent of the airflow rates, the supply
temperature and the occupancy density and the two LMCJs supply devices have on average 5%
higher ACE than HMCJ.

• Because of 7% higher LHRE, LMCJ-M had slightly lower temperatures and PMV-values than
LMCJ, which indicates that LMCJ-M could provide similar conditions as LMCJ if the airflow rate
was slightly lowered.

• Lower supply temperatures are connected to higher velocities, lower PMV and higher DR in the
occupied zone for the CJ supply devices. HMCJ was most affected by this, LMCJ-M less so and
LMCJ least of all. The CJ supply devices are more sensitive to low supply temperatures in terms
of thermal comfort if they have high jet inlet velocities.

• LHRE can be increased with CJV if the air can be directed to areas with high occupancy density.
• LMCJ and LMCJ-M become more energy efficient with a lower supply temperature because of the

lower airflow rates while still being able to provide adequate thermal comfort.
• LMCJ and LMCJ-M in combination with a lower supply temperature could be advantageous in

terms of energy efficiency in countries with a cold climate where free cooling is available.

The main conclusions concerning the specific objectives can be summarized as:

1. The main effect from the airflow rate is that CJV starts to produce more stratified conditions at
higher airflow rates (3.3–4 ACH) and thus become more efficient to heat removal.

2. The main effects of lower supply temperatures are higher velocities, DR and heat removal in the
occupied zone as well as lower temperatures and PMV-values.

3. The LMCJ had higher ACE and better thermal comfort than the HMCJ, especially in the cases
with higher heat loads and low supply temperatures. When the LMCJ was optimized for the local
conditions, the results were more stratified conditions, which increased heat removal efficiency
and lowered the room temperatures. This means that LMCJ-M can provide a better indoor climate
with lower airflow rates and lower supply temperatures, which is more energy efficient.

5. Future Work

As this work shows, the configuration of CJV has a significant impact on the conditions in the
occupied zone and an optimization of the configuration can be achieved. However, this study is limited
to the specific conditions of the studied five test cases i.e., room set-up, heat loads, temperatures,
airflow rates and the locations of supply devices. Therefore, further research is needed, preferably
parametrical studies with a higher number of design variables (i.e., different types of rooms, different
layouts, differences in nozzle configurations etc.) such as numerical studies on room level to investigate
a more general approach for optimization schemes of CJV.
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Nomenclature

d Inside diameter of nozzle (mm)
p Person (-)
Q Total airflow (L/s)
Qp Airflow per person (L/(s·p))
TE Exhaust temperature (◦C)
TP Point temperature (◦C)
TS Supply temperature (◦C)
U0 Jet inlet velocity (m/s)

Abbreviations

ACE Air Change Effectiveness
ACEP Local Air Change Effectiveness
ADPI Air Diffusion Performance Index
CAV Constant Air Volume
CJ Confluent Jets
CJV Confluent Jets Ventilation
DR Draft Rating
DV Displacement Ventilation
HMCJ High Momentum Confluent Jets
HRE Heat Removal Effectiveness
HTD Horizontal Temperature Distribution
IAQ Indoor Air Quality
LHRE Local Heat Removal Effectiveness
LMCJ Low Momentum Confluent Jets
LMCJ-M Low Momentum Confluent Jets—Modified
MV Mixing Ventilation
PMV Predicted Mean Vote
PPD Percentage People Dissatisfied
RH Relative Humidity
RMS Root Mean Square
SJ Slot Jet
TD Temperature Distribution
VAV Variable Air Volume
VTG Vertical Temperature Gradient
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Appendix A. Tables of Boundary Conditions

Table A1. Variations in boundary conditions (BC) between nominal value and measured value, Qp, TS and U0.

Case 1
18 ◦C-15 L/(s·p)-10 p

Case 2
18 ◦C-15 L/(s·p)-19 p

Case 3
16 ◦C-10 L/(s·p)-10 p

Case 4
16 ◦C-10 L/(s·p)-19 p

Case 5
16 ◦C-10 L/(s·p)-28 p

Supply Device BC Measured Diff. Diff. % Measured Diff. Diff. % Measured Diff. Diff. % Measured Diff. Diff. % Measured Diff. Diff. %

SJ
QP (L/(s·p)) 15.5 0.5 3% 15.7 0.7 5% 10.5 0.5 5% 10.4 0.4 4% 10.5 0.5 5%

TS (◦C) 17.9 −0.1 −0.6% 17.7 −0.3 −1.7% 16.3 0.3 1.9% 15.8 −0.2 −1.3% 16 0 0.0%
U0 (m/s) 0.86 0.03 3% 1.65 0.07 5% 0.58 0.03 5% 1.10 0.04 4% 1.63 0.08 5%

HMCJ
QP (L/(s·p)) 15.4 0.4 3% 15.3 0.3 2% 10.2 0.2 2% 9.8 −0.2 −2% 10.2 0.2 2%

TS (◦C) 18 0 0.0% 18 0 0.0% 16 0 0.0% 16.2 0.2 1.3% 16 0 0.0%
U0 (m/s) 3.41 0.09 3% 6.41 0.11 2% 2.26 0.04 2% 4.11 −0.09 −2% 6.33 0.13 2%

LMCJ
QP (L/(s·p)) 14.5 −0.5 −3% 14.7 −0.3 −2% 9.8 −0.2 −2% 9.6 −0.4 −4% 9.9 −0.1 −1%

TS (◦C) 17.9 −0.1 −0.6% 17.8 −0.2 −1.1% 16.1 0.1 0.6% 16.1 0.1 0.6% 16 0 0.0%
U0 (m/s) 0.52 −0.02 −3% 1.00 −0.02 −2% 0.35 −0.01 −2% 0.65 −0.03 −4% 0.99 −0.01 −1%

Max–Min
QP (L/(s·p)) 15.5–14.5 1 7% 15.7–14.7 0.9 6% 10.5–9.8 0.7 7% 10.4–9.6 0.8 8% 10.5–9.9 0.6 6%

TS (◦C) 18.0–17.9 0.1 1% 18.0–17.7 0.3 2% 16.3–16.0 0.3 2% 16.2–15.8 0.4 3% 16.0–16.0 0 0%

Max U0 (m/s) 3.41 0.09 3% 6.41 0.11 2% 2.26 −0.04 −2% 4.11 −0.09 −2% 6.3 −0.13 −2%

Table A2. Variations in boundary conditions (BC) between nominal value and measured value, Qp, TS and U0.

Case 1
18 ◦C-15 L/(s·p)-10 p

Case 2
18 ◦C-15 L/(s·p)-19 p

Case 3
16 ◦C-10 L/(s·p)-10 p

Case 4
16 ◦C-10 L/(s·p)-19 p

Case 5
16 ◦C-10 L/(s·p)-28 p

Supply Device BC Measured Diff. Diff. % Measured Diff. Diff. % Measured Diff. Diff. % Measured Diff. Diff. % Measured Diff. Diff. %

LMCJ
QP (L/(s·p)) 14.5 −0.5 −3% 14.7 −0.3 −2% 9.8 −0.2 −2% 9.6 −0.4 −4% 9.9 −0.1 −1%

TS (◦C) 17.9 −0.1 −0.6% 17.8 −0.2 −1.1% 16.1 0.1 0.6% 16.1 0.1 0.6% 16 0 0.0%
U0 (m/s) 0.52 −0.02 −3% 1.00 −0.02 −2% 0.35 −0.01 −2% 0.65 −0.03 −4% 0.99 −0.01 −1%

LMCJ-M
QP (L/(s·p)) 14.7 −0.3 −2% 14.6 −0.4 −4% 9.9 −0.1 −1% 10.3 0.3 3% 9.6 −0.4 −7%

TS (◦C) 17.9 −0.1 −0.6% 18 0 0.0% 16.1 0.1 0.6% 15.8 −0.2 −1.3% 15.7 −0.3 −1.9%
U0 (m/s) 1.05 −0.02 −2% 1.98 −0.05 −4% 0.71 −0.01 −1% 1.39 0.04 3% 1.92 −0.07 −7%

Max–Min
QP (L/(s·p)) 14.7–14.5 0.2 1% 14.7–14.6 0.1 1% 9.2–9.2 0.1 1% 10.5–9.4 0.7 7% 9.9–9.6 0.3 3%

TS (◦C) 17.9–17.9 0 0% 18–17.8 0.2 1% 16.1–16.1 0 0% 16.1–15.8 0.3 2% 16.0–15.7 0.3 2%

Max U0 (m/s) 0.97 −0.02 −2% 2.02 −0.05 −2% 0.66 −0.01 −1% 1.43 0.04 2% 2.10 0.07 3%
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