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The cooling power of radiant panels can be effected by the arrangement of heat loads and by
the room air distribution system. This impact can be important because often the cooling output
is the critical factor for the design and usability of radiant panels. In this study, the impact of
heat load arrangement and air distribution generated in a room by linear slot diffuser, radial
multi-nozzle diffuser and radial swirl induction unit on the cooling power of radiant panels was
compared. The impact on the thermal environment was also studied. Measurements were carried

out without and with supply air in a test chamber equipped with two ceiling radiant panels and

" ACCEPTED MANUSCRIPT


mailto:panu.mustakallio@halton.com

ACCEPTED MANUSCRIPT

air distribution units flush with the radiant panels. Heat load was generated through the walls
and with heated cylinders. The cooling power of the radiant panels was increased with the
studied air distribution methods. The increase was from 5% to 17% depending on the air
distribution method and the heat load arrangement. The most significant effect of the heat load
arrangement occured when heat loads are located unevenly and their convection flow turns or

weakens the supply air jet flushing the radiant panels.
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Introduction

The objective of this study was to identify the impact of mixing air distribution generated in a
room by ceiling installed linear slot diffuser, radial multi-nozzle diffuser and radial swirl
induction unit on the cooling power of ceiling radiant panel (CRP). The importance of heat load
distribution in the room on the cooling power of CRPs was studied. The impact of the generated
air distribution and heat load arrangement on the thermal environment in the room was also

studied.

The average share of the existing building stock is as high as 40% of the overall energy usage
in the EU member countries (Kurnitski et al. 2013). To reduce the energy use of new buildings,
Energy Performance of Buildings Directive (EPBD) requires that all new buildings in the
European Union must be nearly zero energy buildings (nZEB) from 31st December, 2020 and
public owned buildings must be nearly zero energy building from 31st December, 2018
(European Commission EPBD recast 2010). According to the European Commission, improved
energy efficiency of buildings means maintaining good indoor air quality and thermal comfort
level with less energy use than before (European Commission: Energy Efficiency in the
European Union). CRP systems have been studied actively. The research data and design
guidelines of radiant systems (Babiak et al. 2007) and mixing ventilation (Muller et al. 2013)
have been summarized in the guidebooks by Federation of European Heating, Ventilation and
Air Conditioning Associations (REHVA). The research on radiant cooling and heating systems

during the last 50 years has been reviewed (Rhee et al. 2015). CRPs have been seen as one
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potential solution for future nZEB that simultaneously provides excellent indoor climate and

energy efficient opeation over traditional all-air systems in office buildings.

The research of cooling capacity of CRPs has been reported in numerous publications. The
main research question has been the radiant and convective heat transfer mechanism from cooled
CRP surface. Several full-scale tests of cooling performance of different CRPs with cooling
water circulation have been reported (Ardehali et al. 2003, Jeong et al. 2003, 2004 and 2006,
Novoselac et al. 2006, Causone et al. 2009, Diaz et al. 2009 and 2010, Fonseca et al. 2010 and
2011, Andrés-Chicote et al. 2012, Tian et al. 2012, Zhang et al. 2013, Niu et al. 2014, Yuan et al.
2015). Most studies have been done with solid or perforated CRP with acoustic mat, preventing
air flow through CRPs. The CRPs can be in flush installation within the false ceiling or in
exposed installation. Top insulation of CRP is used to prevent the excess cooling of the space
above the suspended ceiling (Jeong et al. 2004) whereas in exposed installation top surface
without insulation increases the cooling power of CRP (Jeong et al. 2006). The flush installation
was carried out also in some earlier research with CRPs constructed with capillary tube mats and
embedded into the plaster (Diaz et al. 2009 and 2010, Fonseca et al. 2010, Yuan et al. 2015).
CRPs with openings allowing the room air to flow through and to increase their convective
cooling power (can be considered as hybrid CRP — passive chilled beam solution) have been
studied as well (Tian et al. 2012, Zhang et al. 2013, Niu et al. 2014). The cooling power of CRP
can be affected by the room air distribution system. This impact can be an important because
often the cooling output is the critical factor for the design and usability of CRPs. The cooling

power of CRPs may also be effected by the arrangement of heat loads in the room because the
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operation of the panels is based on the combination of free convection and radiation heat
transfer. Without air distribution and with uniform heat load distribution an average portion of
radiation 56% and convection 44% is reported in earlier research (Causone et al. 2009, Andrés-

Chicote et al. 2012).

In most publications, total cooling capacity of CRPs was measured in full-scale test setup
from supply and return water temperatures and water mass flow rate. Then total (sum of radiant
and convective) heat transfer coefficient is calculated by dividing the cooling capacity with the
measured temperature difference of the CRP surface temperature and room (reference)
temperature. After that portion of radiant heat transfer has been calculated when knowing the
room dimensions, view factors (calculated), emissivity and temperatures (measured) of
surrounding surfaces as well as difference between CRP surface temperature and room air
temperature. The convective heat transfer coefficient is obtained by subtracting radiant heat
transfer coefficient from the total heat transfer coefficient. In the earlier research, it was stated
that radiant heat transfer coefficients from cooled CRP surface in measured test setups were
nearly constant at typical cooling water and room temperature (Causone et al. 2009, Andrés-
Chicote et al. 2012, Zhang et al. 2013). The influence of radiant proportion of heat source
(radiant proportion of radiant and convective heat transfer) on the cooling capacity of CRP
system was reported in the earlier research by using computational model and laboratory
measurements (Niu et al. 2014). It stated that the radiant heat transfer coefficient of CRP surface
can differ depending on the radiant proportion of the heat source. According to that, the cooling

capacity of CRP system should be defined with internal heat sources due to the larger convective
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proportion of heat sources and a slightly smaller total capacity of CRP system (about 12 %). The
ceiling coverage ratio of CRP (portion of the ceiling area covered by CRP) affects also the
cooling capacity of CRP system, higher cooling capacity was obtained at lower ceiling coverage
ratio of CRPs (Jeong et al. 2007). There was discussed that this capacity enhancement maybe
comes from increased free air movement around the CRPs and increased radiation heat flux per
unit CRP area with decreased ceiling coverage ratio. According to that, the ceiling coverage ratio
effects on the CRP heat transfer are not clearly known. For instance different room shapes (room
lenght/width aspect ratios 1:1, 2:1 or 3:2) didn’t hardly effect the radiant heat transfer coefficient
in the cases with uniform heat source distribution, except in the case with non-uniform heat
sources when the radiant heat transfer changes significantly (Niu et al. 2014). Typical effect of
ceiling coverage area for the cooling power of the flush installation of CRPs with or without
insulation on top is presented in EN-14240 (2004) standard. The biggest impact to the cooling
performance of CRPs was reached with supply air distribution over the panel surface due to the
change of the mode of convection from natural to forced convection, or mixed convection (Jeong

et al. 2003, Fonseca et al. 2010, Tian et al. 2012).

The effect of mixing air distribution on the cooling performance of CRPs was studied earlier
with top insulated metal CRPs in a test room with full radiant ceiling (Jeong et al. 2003, 2004).
Multi-nozzle supply air diffuser installed in the wall near the ceiling was used with supply air at
the same temperature as room temperature directed along whole ceiling surface with inlet
velocity of the diffuser 2, 4 and 6 m/s (6.56, 13.12 and 19.69 ft/s). It was concluded that the

cooling power of the CRP system can be increased by approximately 12, 23 and 35%. The use of
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only supply air at the same temperature as room temperature in that research does not represent
well the situation in typical modern office building with high temperature cooling system like
CRPs. In high temperature cooling systems, supply air is almost always cooled to approximately
12 - 14 °C (53.6 - 57.2 °F) in the central air handling unit and supplied into the room in 16 °C
(60.8 °F) in the middle European climate. This is required for maintaining room air dew point in
a low enough temperature and air humidity level as recommended in design criteria (Woollett et
al. 2015). Supply air temperature can be a bit higher with desiccant cooling system. When 16 °C
(60.8 °F) air is supplied over the CRP, convective heat transfer coefficient is enhanced due to the
forced or mixed convection, but the temperature of entrained supply air on the surface of the
CRP is lower reducing the convective heat transfer. The effect of mixing air distribution was also
studied in the same research setup with CRP in exposed installation (Jeong et al. 2007). Earlier
research of the effect of mixing ventilation on the cooling performance of CRPs has been
reported also in the test setup with a high aspiration supply air diffuser (consisting of row of
supply air nozzles) installed between two CRPs in flush installation within the false ceiling
(Novoselac et al. 2006). The supply air jets in that test setup were not flushing the surfaces of
CRPs, but supplied with very high velocity onto the ceiling surface between CRP and the
entrainment air increased the convection heat transfer from CRPs. The conculsion was that
convection heat transfer was increased by 4 — 17%. In the study, supply air at the same
temperature as room temperature was used based on the assumption that high entrainment of
room air changed the supply air jet temperature fast to nearly the same temperature as room
temperature. The initial velocity in the supply air nozzles was 15 m/s (49.21 ft/s), which was a

very high initial velocity requiring very high ductwork pressure and generating high sound level.
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In another research, a full-scale test setup representing two office rooms in a real office building
with top-insulated CRP system in flush installation and supply air distribution from small radial
diffusers (Diaz et al. 2010) was build. The effect of supply air distribution was measured in
typical operating conditions in cooling conditions with 16 °C (60.8 °F) supply temperature. The
effect to the cooling performance of CRPs was 6%. The compensating heat loads were generated
with heated window surface on one wall and with heat dummies distributed near the window
wall. The effect of mixing ventilation on the heating performance of CRPs was also measured in
that research. This was reported to be much larger, about 30%, which was logical, because in

heating conditions there is nearly no natural convection from CRPs.

The effect of heat load arrangement on the cooling performance of CRPs was studied earlier
with hybrid metal CRPs allowing the room air to flow through in an exposed installation. The
compensating heat load was conducted in three cases: in the first case through all four walls and
floor of the test room, in the second case only through one wall and in the third case generated
with four symmetrically located internal dummy heat loads (Niu et al. 2014). It was concluded
that the compensating heat load conducted through all walls and floor increased the cooling
capacity of hybrid CRPs by 13%, and only through one wall increased by 10% when comparing
with the case with internal dummy heat loads. Different proportion of the radiant heat transfer of
heat sources effected the proportion of radiant heat transfer of CRPs. According to that, with
internal heat sources (heated cylinders similar as those used in the present study) radiant
proportion was 0.615 and with external heat sources uniformly on all wall and floor surfaces

0.66 with a difference of 10 °C (18 °F) between room and mean water temperatures.
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In the present study, generic, solid ceiling integrated CRP system was studied. The effect of
air distribution was studied with typical supply air temperature and with operating data used in
modern office environment with a high temperature cooling system. The effect of air distribution
was studied with different supply air diffuser types based on the different jet types and also
characteristics of supply air jets were calculated. Also the effect on cooling performance of novel
swirl induction unit was studied. The simultaneous effect of both air distribution and heat load
arrangement has not been studied in any of the earlier reported researches, which justified the

present study.

Methods

A full-scale test room 4.7 m (15.42 ft) (L), 3.0 m (9.84 ft) (W) and 2.5 m/ 2.8 m (8.20 ft/ 9.19
ft) (false ceiling H/ H) was equipped with two top insulated CRPs with dimensions 3 m (9.84 ft)
x 0.6 m (1.97 ft). The panels were installed near to the long walls of the room. The air
distribution units, linear slot diffuser, radial multi-nozzle diffuser and radial swirl induction unit,
where installed in the middle of the false ceiling so that the supply air jet was flushing the CRPs.
The test room was constructed according EN-15116/EN-14518 (2008) standard to allow for
accurate measurement of the cooling power of the chilled beams and also following guidelines
detailed in the chilled ceiling testing standard EN-14240 (2004). The construction of the full-
scale test room is presented in Fig. 1. All surfaces of the test room were built with 8 mm (0.315
in) thick plywood on timber battens. The external room where the test room was built was well

insulated from the ambient environment. Air circulation fans were used for maintaining constant
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air temperature in the external room surrounding the test room. External room air was also in
contact with the test room floor construction along five 75 mm (2.95 in) high and 550 mm (21.65
in) wide lengthwise air passages. There was 25mm (0.984 in) thick particle board on top of the
air passages and at the timber battens, and as the test room floor covering, 8mm (0.315 in) thick
plywood. The surfaces of the test room were sealed for minimizing the infiltration of air between

the test room and the external room.

Tests were performed without supply air and with the three air distribution methods (linear
slot diffuser, radial multi-nozzle diffuser and radial swirl induction unit). All cases with air
distribution were done with 25 I/s (1.8 I/s/im%00r) (52.97 cfm [0.3543 cfm/ft?neor]) and 16 °C
(60.8 °F) supply air. For reaching 26 °C (78.8 °F) test room air temperature at 1.3 m (4.27 ft)
height from the floor, a compensating heat load was conducted either through test room walls
and floor by adjusting the external room temperature warmer than the test room temperature or
by eight heated dummies with adjustable electrical power supply. The supply air flow rate and
room temperature represented typical indoor climate design criteria for two person office room
with low polluting building emissions according EN 15251 (2007) standard. The heat load

division differed from the real office room cases, but provided guidelines for real applications.

Inlet water temperature for the radiant panels was 15 °C (59.0 °F) and water flow rate was
adjusted to 0.043 kg/s (0.0948 Ib/s), which led to an outlet water temperature 17 °C (62.6 °F) in
the case without supply air. These were typical operating parameters in real office buildings.

With the cases where air distribution was introduced, outlet water temperature varied. Relative
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humidity in the test room varied between 10% - 30% during measurements with maximum 7 °C
(44.6 °F) dew point temperature, which prevented the risk of condensation. Cooling power of
ventilation air supplied at 16 °C (60.8 °F) was approx. 22 W/m?qeer (6.97 Btu/h/ftseer) and of the
CRPs 28 W/m?i00r (8.88 Btu/h/ft’100r). Cooling power of the CRPs was calculated from the water
temperature difference and mass flow rate. Conductance of CRPs were calculated by dividing the
cooling power with the temperature difference of the mean water temperature and average room
air temperature at 1.3 m (4.27 ft) height (from four locations measured). Exponent n = 1.083 for
the temperature difference was based on CRP’s manufacturer data. Equation (1) for conductance

is shown below (Zehnder Carboline 2010).

Qmwater ° Cpwater (Twater out — Twater in)
n

Conductance =

(T _ Twater out + Twater in)
room 2 (1)

Conductance = Conductance of CRPs, W/K (Btu/h/°F)
Qmwater = Water mass flow rate, kg/s (Ib/h)
Cowater = Water heat capacity, kJ/kg/K (Btu/lb/°F)

T = Temperature of water in to radiant panel, water out or room air, K (°F)

The water flow rate was measured with electromagnetic flowmeter and air flow rate with
orifice plate flowmeter. Temperatures were measured with PT-100 temperature sensors. The
measurement systems are designed for maintaining very stable conditions and are calibrated
regularly for maintaining tolerances required by the EN standard. The accuracy requirement for

water flow rate is +/- 0.5 % and for air flow rate is +/- 3 %. Accuracy requirement for water
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temperature +/- 0.7 % (+/- 0.1 °C [0.18 °F]) and for water temperature difference is +/- 0.9 %
(+/- 0.2 °C [0.36 °F]). Accuracy requirement for air temperature is +/- 0.8 % (+/- 0.2 °C [0.36
°F]), and for temperature difference between reference room temperature and mean water
temperature +/- 1.2 % (+/- 0.1 °C [0.18 °F]). Accuracy of the test setting with heat loads
according to the standard is estimated to +/- 3 %. The total accuracy of the cooling power
measurement of the radiant panels is +/- 2.7 %. This is calculated from the accuracy of the
parameters in the equation (1), from the accuracy of the test setting and from the accuracy of the
air flow measurement by using the cumulative error law. The accuracy of the air flow

measurement is estimated to +/- 1.5 % due to its indirect effect to the cooling power.

Room air temperature (T) was measured at four locations and vertical temperature difference
at one location. Air temperature sensors were shielded from radiation. Black ball temperature
(Thb) was measured at two locations. Supply air flow pattern was visualized with smoke. The
top view of the full-scale test room and the temperature measurement locations and heights are

shown in Fig. 2.

Effect of air distribution

The effect of air distribution was tested in the four different mixing ventilation arrangements:
two lengths of linear slot diffuser, radial multi-nozzle diffuser (with 4 x 4 adjustable nozzles) and
radial swirl induction unit with/ without additional cooling of induction air in the coil of the
induction unit. Linear slot diffusers were 3 m (9.84 ft) long with 2 mm (0.0787 in) slot height in

the case 2 and 0.9 m (2.95 ft) long with about 10 mm (0.394 in) slot height in the case 2B. The
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induction ratio (volume flow of air jet leaving the unit / supply air flow from nozzles) of swirl
induction unit was 2.8 at studied operating point according to the manufacturer’s product data.
The centerline velocity, volume flow rate and average temperature of the supply air jet from
studied diffuser types at the location just before the CRP surface was evaluated with
manufacturer calculation tool (Halton HIT Design 20015). It was based on semi-empirical
turbulent air jet equations (Hagstrom et al. 1999) of Grimitlyn (2) and (3) for linear jet and (4)
and (5) for radial jet. Throw length coefficients K; for attached linear and radial jets and supply
air jet initial opening height / area for equations were based on manufacturer’s product data. The

average temperature of the supply air jet was calculated with equation (6).

Hy
vy =vo Kiv =7 2
V2 X
Qx =Qo - |+
K Hy (3)
A
UX:U()'Kl'Q
4)
V2 oX
Qx = Qo A \/7—0 5
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_tp Qo + troom * (Qx — Qo)
= Qx

(6)

vx = Centerline velocity of supply air jet at distance X, m/s (ft/s)
Vo = Supply air jet initial opening velocity, m/s (ft/s)

K1 = Supply air jet throw length coefficient, -

Ho = Height of linear jet, m (ft)

X = Distance of supply air jet from opening, m (ft)

Qx = Volume flow rate of supply air jet at distance X, I/s (cfm)
Qo = Initial volume flow rate of supply air jet, I/s (cfm)

Ao = Radial jet initial opening area, m? (ft?)

to = Supply air jet initial temperature, °C (°F)

tx = Supply air jet average temperature at distance X, °C (°F)

The test cases are shown in Fig. 3 and photos of the test setup with smoke visualizations of
the supply air jet in Fig. 4. Smoke visualizations were used to ensure that supply air jets were
fully flushing the CRPs. The shortest distance between CRPs and supply air diffuser was 0.85 m
(2.79 ft) with the linear diffuser, 0.77 m (2.53 ft) with the multi-nozzle diffuser and 0.63 m (2.07

ft) with the swirl induction unit.
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Measured case parameters and cooling powers are shown in Table 1. The compensating heat
load was conducted through the test room walls and floor in all cases. The additional cooling

power of induction unit’s coil in the last case (5) was 17 W/mZ%ioor (5.39 BtU/h/ftzﬂoor).

Effect of heat load arrangement

The effect of heat load arrangement was studied with and without air distribution. The radial
multi-nozzle diffuser in the test cases was used with air distribution. The test cases are shown in
Fig. 5 and listed in Table 2 with measured case parameters and cooling powers. Photos of smoke
visualizations of test set-ups are shown in Fig. 6. Smoke was used for visualizing the supply air
jet flushing the CRPs with different heat load arrangements. In case 1, compensating heat loads
were conducted through the walls of test room. In case 1B, the compensated heat loads were
located symmetrically inside the test room. Ambient temperature at the same temperature as
room temperature was used by adjusting the external temperature to the same as the average
room temperature at 1.3 m (4.27 ft) height. Supply water temperature and mass flow rate were
kept same as in the case 1. Cases 3, 3B and 3C were done similar way as cases 1 and 1B, but
with supply air. In the last case, the effect of uneven heat load arrangement was measured (Fig.

5, Case 3C).

The case 1B was done mostly according to the chilled ceiling testing standard EN-14240
(2004). The test room fulfilled the accuracy criteria and heated dummies according to the chilled
ceiling testing standard were used. The structure of the heated dummy was consisted of 1.0 m

(3.28 ft) long cylinder of painted sheet metal with diameter of 0.3 m (0.984 ft). Distance to the
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bottom cover plate from floor was 0.05 m (0.164 ft) and to the cylinder 0.1 m (0.328 ft) from
floor. Top of the cylinder was closed with cover plate. Room air was circulated freely from 0.05
m (0.164 ft) opening between the bottom cover plate and bottom of the cylinder, and through
four holes of diameter 0.1 m (0.328 ft) in the upper side of the cylinder. Heating element in the
cylinder was consisted of three adjustable 60 W (205 Btu/h) lamps in the middle with 0.2 m
(0.656 ft), 0.4 m (1.31 ft) and 0.6 m (1.97 ft) heights from floor. There were some differences to
the chilled ceiling testing standard: the heated dummies were located correctly, but there were 8
dummies instead of 10 dummies, and 26% of the ceiling was covered with CRPs, but not at least
70% as suggested in the standard. The electric power of 376 W (1283 Btu/h) of the heated
dummies in the case 1B was defined according to the product data of CRPs in the targeted
operating conditions. In the case 3B and 3C, the electric power was increased with 296 W (1010

Btu/h) according to the cooling power of the supply air flow.

Surface temperatures and electric power of heated dummies in different cases are listed in
Table 3. Wall temperatures were measured with PT-100 temperature sensors (accuracy +/- 0.2
°C [0.36 °F]) from one location in the middle of wall surface and floor surface temperature from
one location near the 4.7 m (15.42 ft) long wall. Surface temperatures were within range of
typical surface temperatures during cooling design conditions with solar load on window
surfaces and direct solar radiation on room surfaces. The electric powers per one heated dummy
were 47 W (160 Btu/h) and 84 W (287 Btu/h), which were quite near sensible heat load of a real
occupant. The heat load division uniformly on all room surfaces and on numerous heated

dummies differed the test setups from the real office room cases.
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Results

Effect of air distribution

The cooling power of the CRPs increased with the studied air distribution methods. The
increase was from 8.6% to 17.1% depending on the air distribution method. Fig. 7 shows the
conductance of the radiant panels for the studied cases. The biggest increase to the CRP capacity
of about 15.1% was achieved in the radial swirl induction unit case without additional cooling of
supply air and 17.1% when additional cooling from the coil of induction unit was used. The

increase was approximately 10% in linear and multi-nozzle ceiling diffuser cases.

The calculated centerline velocity, volume flow rate and average temperature of the supply
air jet based on manufacturer’s data and turbulent air jet theory equations are presented in Table
4. The total pressure levels of the supply air diffusers are also listed for describing the operating
conditions of the diffusers. The radial swirl induction unit required the highest total pressure
level. All total pressures were within range of typical operating conditions. The supply air jet
flow rate just before CRP surface was clearly the biggest in the case of swirl induction unit
(approximately 11 times bigger than with 0.9 m (2.95 ft) long linear diffuser and about 4-5 times
bigger than with other diffusers). Also the average temperature of supply air jet with radial swirl
induction unit at the same location was closest to the room temperature, still differences in the
temperatures were not big. The velocity levels varied between 0.29 — 0.95 m/s (0.95 — 3.12 ft/s)
levels when the supply air jet reached the CRP surface. The highest increase in cooling power of
the CRPs was achieved with radial swirl induction unit, the main reason for this was the high air

flow rate of supply air jet just before CRP surface.
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The measured horizontal temperature distribution and vertical temperature distribution in
studied cases are shown in Fig. 8 and Fig. 9 respectively. The black ball temperatures were 0.1 -
0.8 °C (0.18 - 1.44 °F) higher than air temperature at the two measurement locations because of
warm surfaces. The operative temperature calculated from the black ball temperature following
the recommendations in standard ISO 7726 (1998) was nearly the same as the black ball
temperature at the measured small temperature difference between the air and black ball and
assumed velocity less than 0.2 m/s (0.66 ft/s). In all cases with ventilation flow the difference
between the black ball temperature and the room air temperature is larger than in the case
without ventilation. This is due to the convection power of the supply air jet that has impact
mainly on the air temperature. The vertical temperature difference is less than 0.5 °C (0.9 °F) in

all cases (Fig. 9).

Effect of heat load arrangement

The effect of heat load arrangement on to the performance of CRPs is presented in Fig. 10.
The cooling power of the CRPs was decreased by 7% when the heat load was simulated by
heated dummies (case 1B) compared to the case when the heat load was conducted through the
walls (case 1). In the case 2 with supply air, the cooling power was increased by 10% when
comparing it to case 1 without supply air, but this disappeared when comparing case 2B, with
dummy heat loads and supply air, to the case 1. Still when comparing case 2B with case 1B (in
both cases dummies were used as heat source) there is a 5% increase because of the supply air

flushing the CRPs. In the case 2C with uneven heat load distribution (dummies located on one
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side of the room) the increase in the cooling power of the CRPs disappears. This is caused by the
colliding local convection flow from dummies with the ventilation flow that can be seen in the

smoke visualization shown in Fig. 6D.

The measured horizontal and vertical temperature distribution in the studied cases are shown
in Fig. 11 and Fig. 12 respectively. The room air temperature raised over 26 °C (78.8 °F) in case
1B because of a bit overestimated electric power of the heated dummies defined from the
product data of CRPs and lower cooling power of CRPs with heated dummies. The results in Fig.
11 show that the difference between black ball temperature and air temperature was less than 0.5
°C (0.9 °F). The largest difference of air temperature in horizontal and vertical direction was
measured in the case 2C where the convection flow of the heated dummies positioned to one side
of the test room caused higher temperature readings locally (Fig. 12). Otherwise the vertical and

horizontal temperature difference is less than 0.5 °C (0.9 °F) in all cases.

Discussion

CRPs were located near the long side wall in order to increase the distance to the supply air
diffuser. In this way the cool supply air has time to induce the warm room air and to increase its
volume flow rate flushing the CRPs and temperature above the surface temperature of the CRPs.
This would enhance the heat exchange between the panels and the flushing air. Another aspect to
be considered is that the locations of CRPs near the wall, slightly decreased the velocity of the
supply air jet flushing the panel surfaces when it is turning the corner. The set-up used in the

present study may be considered to describe the “average” situation in practice.
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The comparison of the cooling power of CRPs was based on the comparion of conductances
in the measured cases. This was important because the measured test conditions varied a little
due to too high dummy heat load comparing to the actual cooling capacity of the CRPs. The
cooling capacity used to define the dummy heat load was based on the manufacturer’s product
data that was not detailed enough for this type of installation at the time when the measurements
were performed. For example the room temperature in the case without supply air and with
dummy heat loads (case 1B) was higher than in the other cases (e.g. in case 1B it was 27.8 °C
[82.0 °F] and in case 1, without supply air and with heat loads conducted through walls, it was
26.0 °C [78.8 °F]). That effected most the case without the cooling power of the supply air. In the
cases with dummy heat loads and supply air, the dummy heat load was increased with the
average cooling capacity of supply air. The room temperature was closer to 26 °C (78.8 °F) in
the case with symmetrical dummy heat loads (26.4 °C [79.5 °F] in case 3B) and with uneven
dummy heat loads (26.6 °C [79.9 °F] in case 3C). Still when the conductances were calculated,
the cooling performance of the CRP could be compared in different cases. At that time when the
comparison was done, the exponent based on product measurements for calculation of the
conductance in the suspended ceiling installation was available in the manufacturer’s product
data (Zehnder Carboline. 2010), which increased the confidence of the comparison. This was
assumed to be constant in different cases. In more detailed measurements of each measured case,
it could vary a bit. Still the measured conditions were so close to each other, that this was

considered to be valid assumption.
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The use of the CRPs with swirl induction unit was quite optimal because the supply air jet
from the induction unit was mixture of supply air and induced room air and thus is warmer. Also
the volume flow rate of the supply air jet was significantly higher than with other supply air
diffusers. In this arrangement the CRPs could also be located nearer the supply air unit and this
could increase the cooling perfromance of CRP even more. When cooling from the coil of the
induction unit was introduced (case 5), the effect of the suppy air distiribution on the cooling
power of CRPs was larger (17.1 %) than without the cooling of the coil (case 4, 15.1 %). That
was unexpected, because the heat transfer should be worse when the supply air jet was cooler.
The reason for this could be the measurement uncertainty and very small temperature difference
of supply air jets in both cases. The effect of the mixing air distribution on the cooling
performance of CRP was not very significant with other supply diffuser types. The effect with
the multi-nozzle diffuser was almost 10 % with wall heat loads (cases 1 and 3), but it was
reduced to about 5 % in the cases with dummy heat loads (cases 1B and 3B). In the real
buildings, heat loads are typically a mixture of these types, wall heat loads from wall and
window surfaces of the facade, and dummy heat loads from occupants and equipment. This
means that the effect of supply air distribution on to cooling performance is somewhere within
this range. Based on this research when designing the CRP system, the cooling power of CRPs
could be increased safely by 5% in the areas where mixing ventilation supply air jets are flushing
the CRP surfaces. This recommendation is based on the cooling powers of CRPs used in the
design based on standardized cooling power measurement according EN-14240 (2004) where
uniform dummy heat loads are used. This confirms the increase of 6% in the case with radial air

distribution and uneven wall and dummy heat loads reported in previous research (Diaz et al.
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2010). The short linear supply air diffuser increased the cooling capacity of CRP by 12% (case
2B), a bit more than the increase by the multi-nozzle diffuser with wall heat loads (case 3). This
was most probably caused by the efficient circulation of the room air flushing the radiant panel
somehow better than the long linear diffuser, which increased the cooling capacity of about 9%
(case 2). That was more substantial than the induction of the room air into the supply air jet,
which was the smallest in the case with the short linear diffuser based on the calculation with

turbulent jet theory (Table 2). This could be further analysed with CFD simulation.

The case with dummies used as heat load (case 1B) gave a slightly smaller cooling power
(7%) than the case with heat load conducted through walls (case 1). Similar setting was studied
also earlier with hybrid CRP system and without supply air (Niu et al. 2014) and a bit higher
(13%) cooling power with wall heat loads was reported. This same effect can be seen more
clearly in the cases with supply air from multi-nozzle diffuser and with wall heat loads (case 3)
or with dummy heat loads (case 3B) (11% higher cooling power with wall heat loads). This
confirms similar findings reported by Niu et al. (2014) also in the presence of air distribution
flushing the surface of CRPs. Niu et al. (2014) reported that the proportion of radiant heat
transfer from the heat sources is smaller in the cases with dummy heat loads and affects onto the

cooling capacity of CRP system.
In the case with supply air and with uneven dummy heat loads (case 3C) where heated

dummies were located only on one side of the room, the generated thermal plumes interact with

the ventilation flow resulting in its discharge towards opposite end of the room. For that reason
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the supplied ventilation air does not flush the CRP as efficiently as in the case with symmetrical
heat loads. The effect of the heat load arrangement on the cooling power of the CRPs is biggest
when the thermal plumes generated by the heat sources (uneven dummy heat loads in the case
3C) affect significantly the distribution of the supply air jet used to enhance the cooling output of
the CRP. This can be seen when comparing the cooling power of the case 3 with symmetric wall
heat loads to the case 3C with uneven dummy heat loads, both with supply air distribution, where

the cooling power was reduced by 16%.

The difference between the air temperature and the operative temperature in the test room
was very small in all cases and operative temperature was even bigger than air temperature. As
already discussed this was result of the covective cooling of supply air impacting mainly on the
air temperature. This was similar as the findings reported in the earlier research (Mustakallio et.
al 2016). In the cases without supply distribution, the black ball temperature was a bit higher
than in the cases without air distribution especially in the cases with wall heat loads. When

dummy heat loads were used this was not so clear.

Conclusions

e The mixing air distribution generated by linear slot diffuser, radial multi-nozzle
diffuser and radial swirl induction unit was increasing the cooling power of CRP

system from 5% to 17%.
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The biggest increase in the cooling power was achieved with the high volume supply
air jet with temperature near the room air temperature, which was supplied by the
swirl induction unit.

The heat load arrangement in room effected the performance of CRPs both with and
without air distribution. The most optimal arrangement for the cooling performance
of CRP was uniform wall heat load condition, dummy heat loads load decreased the
cooling performance from 7 to 11%. The most significant effect of the heat load
arrangement occurs when heat loads are located unevenly and their convection flow
turns or weakens the supply air jet flushing the radiant panels.

In the design of CRP system, the cooling power of CRPs could be increased by 5% in
the areas where mixing ventilation supply air jets are flushing the CRP surfaces.

The difference between the air temperature and the operative temperature in the test

room was small.
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Table 1. Measured case parameters and cooling powers in the air distribution study

Room Supply air Water in panels Total cooling
Case (°C) [(I1s) (°C) (W)  (W/mpoor) |(kg/s) in(°C)out(°C) (W)  (Winfoo) | (W) (W/Mpoer)
1 No supply air 26.0 | 0.0 0 0.0 0.043 150 17.0 -353 -25.0 -353 -25.0
2 3mLinear air supply | 26.1|25.8 15.9 -306 -21.7 0.043 150 17.2 -389 -27.6 -695 -49.3
2B 0.9m Linear air supply | 25.9 | 25.0 15.6 -307 -21.8 0.043 150 17.2 -386 -27.4 -693 -49.1
3 Radial multi-nozzle 26.1|25.0 15.9 -306 -21.7 0.043 150 17.2 -385 -27.3 -691 -49.0

4 Swirl without cooling | 25.9 |25.0 159 -300  -21.3 [0.042 15.0 17.3 -401 -28.4 | -701 -49.7
5 Swirl withcooling | 25.9|25.0 162 -292  -20.7 |0.045 15.0 17.2 -406 -28.8 -941  -66.81
Case (°F) |(cfm) (°F) (Btwh) (Btu/h/fty,)| (Ib/s) in(°F) out(°F) (Btu/h) (Btwh/fte,)| (Btwh) (Btu/h/fti,,)
1 No supply air 78.7] 0.0 0 0.00 [0.094 59.1 626 -1203 -7.93 |-1203 -7.9
2 3mLinear air supply |79.0|54.6 60.7 -1043  -6.87 |0.094 59.1 63.0 -1327  -8.74 |-2370  -156
2B 0.9m Linear air supply | 78.5 |53.1 60.1 -1047  -6.90 |0.094 59.0 629 -1318 -868 |[-2365  -156
3 Radial multi-nozzle | 79.0 [53.0 60.7 -1043  -6.87 [0.094 59.1 629 -1315  -8.67 |-2359  -15.5
4 Swirl without cooling | 78.7 [53.0 60.7 -1023  -6.74 |0.093 59.0 63.1 -1368  -9.01 [-2390  -15.7
5 Swirl withcooling | 78.6|53.0 61.1 -996  -6.56 |0.099 59.0 629 -1387  -9.14 |-3211  -21.21
* Additional -243 W (-17.2 W/m%00,) (-829 Btuw/h [-5.45 Btu/h/ft,,,]) cooling from swirl beam unit cooling coil

with 0.049 kg/s (0.108 Ib/s) water at 15/16.2 °C (59/61.2 °F)
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Table 2. Measured case parameters and cooling powers in the heat load arrangement study

Room| Supply air Water in panels Total cooling
Case (°C) [(I/s) (°C) (W)  (WimPaee) |(kg/s) inCC)out("C) (W)  (Winoor) | (W) (W/NPpor)
1 m;‘:}‘;‘;m;s 26.0 | 0.0 0 00 |0.043 150 170 -353  -250 |-353  -25.0
1 Nosupplyair, 27800 0 00 |0043 150 172 -388  -275 |-38  -275

symm. dummy heat
Multi-nozzle air supply,
wall heat loads
Multi-nozzle air supply,
symm. dummy loads
Multi-nozzle air supply,

3 26.1124.9 159 -305 -216 [0.043 150 172 -385 -27.3 -690 -48.9

3B 26.4125.0 15.7 -320 -22.7 |0.043 150 17.0 -360 -25.6 -681 -48.3

3C 26.6 [25.0 15.7 -327 -23.2 0.043 150 17.0 -356 -25.2 -683 -48.4
uneven dummy loads

Case (°F) |(cfm) (°F) (Btu/h) (Btu/h/ft,,,)| (Ib/s) in(°F) out(°F) (Btu/h) (Btu/h/ft2e.)| (Btwh) (Btuw/h/ )

1 No supply air, 78.7| 0.0 0 0.00 0.094 59.1 62.6 -1203 -7.93 -1203 -7.9

1B No supply air, 82.0 0.0 0 0.00 0.094 59.0 63.0 -1325 -8.73 -1325 -8.7

3 Multi-nozzle air supply, | 79.0 |52.8 60.7 -1039 -6.85 [0.094 59.1 629 -1315 -8.67 -2354 -15.5
3B Multi-nozzle air supply, | 79.5 |52.9 60.3 -1093 -7.20  [0.095 59.1 62.7 -1229 -8.10 -2322 -15.3
3C Multi-nozzle air supply, | 79.9 |52.9 60.3 -1116 -7.36 |0.095 59.1 62.6 -1214 -8.00 -2330 -154
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Table 3. Measured surface temperatures and electric powers of heated dummies as compensating

heat loads
Room| Surf.average |Wall 1|Wall 2|Wall 3|Wall 4|Floor|Dummies

Case (69) (9] CO 1O 1O |CO[CO] W)

1 Nosupply air 26.0 26.9 268 | 27.1 | 26.8 | 27.1 | 26.8 0

1B No supply air, symmetric dummy heat loads | 27.8 27.2 270 | 273 | 273 | 273 | 27.3| 376

2 3m Linear air supply 26.1 28.6 28.3 | 28.7 | 285 | 29.1 | 284 0

2B 0.9m Linear air supply 25.9 27.9 274 | 279 | 279 | 285 | 27.7 0

3 Radial multi-nozzle 26.1 28.3 279 | 284 | 283 | 289 | 281 0

3B Multi-nozzle air supply, symm. dummy loads | 26.4 26.4 262 | 26.3 | 26.4 | 266 | 26.5| 672
3C Multi-nozzle air supply, uneven dummy loads | 26.6 26.5 263 | 26.4 | 26.2 | 27.0 | 26.4| 672

4 Swirl without cooling 25.9 28.5 28.1 | 289 | 28.1 | 289 | 284 0

5  Swirl with cooling 25.9 29.1 28.7 | 29.7 | 28.9 | 29.5 [ 29.0 0
Case (4l9) (R CRH L CRA A CRI|CHI (B
1 No supply air 78.7 80.4 80.3 | 80.7 | 80.2 | 80.9 |80.2 0
1B No supply air, symmetric dummy heat loads | 82.0 81.0 80.7 | 81.1 | 81.1 | 81.2 | 812 1283
2 3mLinear air supply 79.0 83.4 829 | 836 | 83.3 | 84.3 |83.1 0
2B 0.9m Linear air supply 78.5 82.2 813 | 82.2 | 82.3 | 83.3 | 81.9 0

3 Radial multi-nozzle 79.0 82.9 82.3 | 83.0 | 829 | 84.0 | 825 0

3B Multi-nozzle air supply, symm. dummy loads | 79.5 79.5 79.2 | 794 | 79.4 | 79.8 | 79.7 | 2293
3C Multi-nozzle air supply, uneven dummy loads | 79.9 79.7 79.4 | 79.6 | 79.2 | 80.6 | 79.5| 2293
4 Swirl without cooling 78.7 83.3 82.6 | 84.0 | 82.7 | 83.9 |83.2 0
5  Swirl with cooling 78.6 84.5 83.7 | 854 | 83.9 | 85.0 | 84.2 0
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Table 4. The calculated supply air jet parameters from different supply air diffusers

Supply air jets leaving the unit

Jet characteristic data

Supply air jet just before CRP

Case dp (Pa) ' Qo (I/5) 2 Vo (MVs) o (°C) [ Ho (M) Ao (M2) K, (-) 3| Qx (I/s) vx (m/s) tx (°C)
2 3mLinear air supply 5 25 21 16 | 0.002 - 2.8 130 0.29 25.0
2B 0.9m Linear air supply 2 25 14 16 0.01 - 2.8 58 0.43 23.8
3 Radial multi-nozzle 12 25 3.2 16 - 0.0079 17 180 0.63 25.3
4 Swirl without cooling 76 70 6.4 23.3 - 0.0108 0.9 667 0.95 259
5  Swirl with cooling 76 70 6.4 21.1 - 0.0108 0.9 667 0.95 25.7
Case dp, (in W.C.) * Qo, (cfm) 2 vo (ft/s) t (°F) | Ho () Ao (ff) Ky (-)*|Qx (ft/s) vx (M/s) 1t (°C)
2 3mLinear air supply 0.02 53.0 6.9 61 |0.0066 - 2.8 276 0.94 77.1
2B 0.9m Linear air supply 0.01 53.0 4.6 60 [0.0328 - 2.8 123 1.39 74.8
3 Radial multi-nozzle 0.05 53.0 10.5 61 - 0.0850 1.7 382 2.06 775
4 Swirl without cooling 0.31 148.3 21.0 739 - 0.1163 0.9 1413 3.12 78.5
5  Swirl with cooling 0.31 148.3 21.0 70.0 - 0.1163 0.9 1413 3.12 78.3

1 Total pressure drop of supply air in the diffuser at studied operating point

2 Total supply air jet flow rate: for linear jet 12.5 I/s/jet (26.5 cfm/jet) and for swirl induction unit including also induction flow rate
3 Throw length coefficient includes effect of ceiling attachment, confinement of test room and swirl pattern
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Fig. 1. Construction of the full-scale test room: A) Geometry of the full-scale test room with
suspended ceiling shown in case 2, B) top view of the test room and external room with constant

temperature, C) side view (widthwise) and D) side view (lengthwise)
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Temperature measurements
T = air temperature
4. Tbb = black ball temperature

Location 1. T1 at 1.3 m (4.27 ft) height
Tbb1 at 1.1 m (3.61 ft) height
2. 1. T5 at 0.1 m (0.328 ft) height
16 at 1.8 m (5.91 ft) height
T7 at 2.3 m (7.55 ft) height
Location 2. T2 at 1.3 m (4.27 ft) height
3. Tbb2 at 1.1 m (3.61 ft) height

Location 3. T3 at 1.3 m (4.27 ft) height
Location 4. T4 at 1.3 m (4.27 ft) height

Fig. 2. Top view of the full-scale test room on the left side and locations of the temperature

measurement sensors in the test room on the right side
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Fig. 3. Top view of the full-scale test room presenting test cases for analysis of the effect of air

distribution on the cooling power of CRPs

" ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

Fig. 4. Smoke visualizations of air supplied from A) the 3 m (case 2) and B) the 0.9 m long

linear slot diffuser (case 2B), C) the radial multi-nozzle diffuser (case 3) and D) the radial swirl

induction unit (case 4)

" ACCEPTED MANUSCRIPT



ACCEPTED MANUSCRIPT

—8 © O O
2l |3 @ 9,0
SBsE |38 N /) N/ i)
wl (=2 =) | T |
7 185 E O L = OS¢
o [ 8o /N /X /N
= S
a 3.0m (9.84 ft) i \Heated dummy (cylinder)
Case 1 Case 1B Case 3 Case 3B Case 3C

Fig. 5. Top view of the full-scale test room presenting test cases for analysis of the effect of heat

load arrangement on the cooling power of CRPs
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Fig. 6. A) Overall view of the setup with heated dummies positioned symmetrically; B) heated

dummies positioned unevenly, i.e. only in one side of the test room, C) supply air jet smoke

visualizations in case 1 and D) in case 2C.
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Radiant panel cooling conductances
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Fig. 7. CRP conductances in cooling mode in studied cases and increment of cooling capacity of

panel compared with the case 1 without supply air
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Fig. 8. Room temperatures and black ball temperatures in the occupied zone (locations are

specified in Fig. 2)
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Fig. 9. Vertical temperature distribution measured in the studied cases
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Fig. 10. CRP conductances in cooling mode in studied cases and comparison to the case 1 and

1B without supply air
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Fig. 11. Room temperatures and black ball temperatures in the occupied zone (locations are

specified in Fig. 2)
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Fig. 12. Vertical temperature distribution measured in the studied cases
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