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Abstract – The paper is focused on the research passive
chilled beam. As a model passive chilled beam was selected
four pipe passive chilled beam. On the basis of a
mathematical model of passive chilled beam simulation
program was created in Excel. In simulations of cooling
power depending on construction parameters (spacing ribs,
rib height and thickness, diameter and number of tubes) in
the temperature gradient was found as the various
construction parameters affecting the cooling power of
passive chilled beam.
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I. INTRODUCTION

The passive chilled beam is actually a ribs pipe heat
exchanger in which cooling water runs. The convector is
set under the roof but a minimum length must be half of
width of the convector. A warm air in the top part of the
convector is being cooled, it is being fell naturally.

Nowadays cooling convectors show a relatively small
cooling power due to their length, leading to the need to
increase their cooling power through adjustments to their
structure or by selecting the appropriate temperature
gradient or variations in the flow of coolant, thereby also
increasing the cooling power without modifying its
structure.

Fig.1. Boundary layer laminar and turbulent free
convection on vertical plate (rib).

Air movement is caused by the change of its density and
the resulting temperature changes in the flow. Natural
convection flow as all that may be laminar or turbulent as
shown in (Fig. 1), which is displayed laminar and
turbulent convection off boundary layer of vertical plate
[1]. Cooling performance is dependent on the temperature
gradient, temperature gradient between the mean
temperature of cooling water and ambient temperature,
and especially from its geometry, especially the spacing
ribs. Spacing ribs is dependent on the size of the boundary
layer of the natural flow of the convector rib, spacing ribs
should be such as to boundary layers should not be
influenced. Passive chilled beam achieved too low
performance due to their layout length, because
optimization is made using mathematical simulations.

Fig.2. Velocity and temperature profile in the boundary
layer of the vertical plate (rib).

II. INCREASING THE COOLING POWER OF
PASSIVE CHILLED BEAM BY ADJUSTING ITS

CONSTRUCTION

As a model passive chilled beam was selected four pipe
passive chilled beam. On the basis of a mathematical
model of passive chilled beam simulation program was
created in Excel. In the simulation calculations were
studied impacts, rib spacing, pipe diameter, height of the
ribs, the cooling power, under constant input conditions,
t11 = 16 °C, T = 7.5 K. All simulations were carried out by
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iteration to the required temperature gradient 16/19 °C.
Model of passive chilled beam:
a) Geometrics parameters: width, length, inner diameter

of the pipe, the outside diameter of the pipe, the height
of the ribs, the thickness of the ribs, spacing of the ribs,

b) Calculation of the required exchange surface heat
exchanger: surface ribs and pipes.

Surface ribs and pipes.
The inner surface of pipe of the relevant section:
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´
1  [m2] (1)

c) sr – spacing of the ribs [m],
d1 – inner diameter of the pipe [m],
d2 – outside diameter of the pipe [m].
The entire inner surface of pipe:
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For the section all free pipes:
  rrurrrrur nnsdS .... 2   [m2], (3)

where
σr – thickness of the ribs [m],
nrur – number of pipes [ks],
nr – number of ribs [ks].
The outer surface of all ribs:
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B – width of the rib [m]
The entire external surface:

rurr SSS 2 [m2] (5)
d) Selection of coolant: Interior temperature 26 °C,

cooling water 16 °C,
e) A finding the physical properties of liquids: ρ, c, ν, λ.
A finding physical properties of fluids, changing the
temperature, where appropriate, the function of the
temperature.
f) Choice of flow rate in the heat exchanger: vv.
The choice of the rate of flow of water to be set so as to
achieve the desired thermal gradient 16/19 °C.
Water velocity in the pipes:

.ρ3600.S
mv

p

v
v


 [m.s-1], (6)

where
vv – flow velocity in the pipe [m.s-1],
Sp – flow cross section [m2],
S2 – size of the heat transfer surfaces of the heat exchanger
[m2].
g) Determination of heat transfer coefficient: α.

To determine the heat transfer coefficient on the side of
the water is a factor dependent on the flow rate and
temperature of the water. Is it possible to set according to
the equation [2].

 11vi 0,014.t1.0,99.2900.mα  [W.m -2.K-1] (7)
To determine the heat transfer coefficient for passive

chilled beam in the natural flow decides the size Prandtl
and Grashof criteria, which is the result of Elenbaas semi-
empirical correlation Nusselt numbers for isothermal

parallel plates spaced sr [1] and is the size of the Rayleigh
criteria-number:
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Substituting we get the size of heat transfer coefficient

on the rib:
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where
hr – height ribs [m].

The heat transfer coefficient on the outside of the pipe,
the following equation:
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Efficiency rib η:
Since the temperature of the surface of a finned pipe is

not the same, an adjustment factor ψ and this has value for
square ribs ψ = 0.85. Efficiency rib η [1].
h) Determined at middle logarithmic temperature

difference:
Determined at middle logarithmic temperature

difference based on the knowledge of the input and output
temperatures of both substances.
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t11 – inlet water temperature [°C],
t12 – outlet water temperature [°C],
t21 – temperature of the cooling air [°C],
t22 – air temperature cooled [°C],
Δtstr – the middle logarithmic temperature difference [°C].
Correction factor
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i) Calculation heat transfer coefficient: k.
Calculation of heat transfer coefficient based on the

partial heat transfer coefficients.
Heat transfer coefficient:
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where
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S1 – inner surface of pipe [m2],
αi – thermal conductivity inside the [W.m-2.K-1],
αe – thermal conductivity to the outside of the [W.m-2.K-1],
k – the heat transfer coefficient [W.m-2.K-1].
j) Determination of heat flux: Q.

str2 Δt.Sk.Q  [W] (15)
The aim of simulations calculation was to analyze the

impact of structural parameters on cooling power passive
chilled beam.
Passive cooling coil has the following design parameters:
d1 – the outer pipe diameter 0.015 m,
sr – 0.005 m spacing ribs,
hr – rib height 0.06 m,
σr – rib thickness 0.00025 m,
Lk – passive ceiling heater length 1.8 m,
B – passive ceiling heater width 0.6 m,
nrur – number of tubes 4.
The results of simulations to change the spacing ribs
sr

The simulations in changing the spacing of the ribs were
constant all the design parameters (length, width, pipe
diameter, rib height, rib thickness and number of tubes),
only the spacing between the ribs was varied from 1 mm
to 10 mm (Fig. 3).

Fig.3. The results of simulations to change the spacing ribs
sr.

Change the space ribs from the original 5 mm to 8 mm
will increase the power of 107 W, which is the maximum
possible cooling power with the change of rib spacing.
Simulation results in changing the height of ribs hr

In these simulations are constant parameters (length,
width, pipe diameter, spacing of ribs, rib thickness and
number of tubes), changed only the height of ribs from
10 mm to 100 mm (Fig. 4).

Fig.4. Simulation results in changing the height of ribs hr.

Change the height ribs from 50 mm to 100 mm is
achieved cooling power 269.89 W, which is the maximum
possible cooling power to alter the height of rib. We also
see that increasing the cooling power is the rib height
60 mm negligibly small. It shows us the optimum rib
height for the cooling coil.
Results of the simulation by changing the spacing of
the ribs at the height of the ribs with a given
thickness of the rib

The simulation results (Fig. 5) are cooling power
depending on passive chilled beam from rib space for
different height of the ribs. Of dependence that the
maximum cooling power depends on the rib space, but
also the height of the rib. Depending on the height of the
rib to move the maximum cooling power for example the
rib height 50 mm have the maximum cooling capacity
320 W at 7 mm rib space, and the rib height 100 mm, the
maximum cooling capacity 475 W at 8 mm rib space. This
has to be respected in the construction of passive chilled
beam.

Fig.5. The resulting graph simulation power chilled beam
PDK-F-600-Z-2000/160 depending on the thickness,

spacing and height ribs.

Simulation results of changing the number of tubes
Based on the resulting parameters was performed further

optimization, which investigated the influence number of
tubes on the cooling power and the final weight convector.

Fig.6. Power of chilled beam PDK-F depending on the
number of tubes, the height of rib and its weight.
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With this change, to achieve maximum cooling power
532.58 W, with equipment weighing 26.08 kilograms
already taking into account the previous optimization (Fig.
6).

The simulations showed that the cooling power to
change the number of tubes increases, but the number of
tubes 14 to 20, the effect of increasing the cooling power
is negligible. This increase has an impact on weight, and
hence the cost of production. Based on these simulations,
it is recommended to implement passive chilled beam in
the following design patterns:
– Optimal performance: 517.79 W,
– Number of tubes: 14 pcs,
– Rib height: 0.1 m,
– Rib length: 0.6 m,
– Pitch: 8 mm,
– Rib thickness: 0.3 mm,
– Weight: 21.41 kg.

III. INCREASING THE COOLING POWER OF
PASSIVE CHILLED BEAM WITH CHANGE

TEMPERATURE GRADIENT AND THE CHANGE IN
COOLANT FLOW

The following cooling power depending on the flow of
coolant can be seen as the device operates at a flow rate
change (Fig. 7).

Fig.7. Dependence of changes flow on the cooling power
(t11 = 16 °C, Ti = 25 °C).

Result of simulations, which compared the percentage
change in cooling power with variations in the flow of
temperature gradient and flow rate at which the
investigated cooling power convector and the percentage
change in cooling capacity based on maximum power at a
flow rate 0.06 kg/s.
I. Percentage changes in the cooling power of variations in

the flow rate based on 100 % power for ΔT = 7.5 K.
mv [kg/s] B-600-Lk-1800-4
0.015 -24.73 -34.86
0.02 -13.80 -23.05
0.025 -7.32 -16.04
0.03 -3.04 -11.41
0.035 0.00 -8.13
0.04 2.27 -5.68
0.045 4.02 -3.78
0.05 5.42 -2.26
0.055 6.57 -1.03
0.06 7.52 0.00

IV. MODEL OF THE BOUNDARY LAYER FOR RIB
ESTABLISHED THROUGH DIFFERENTIAL

EQUATIONS DESCRIBING NATURAL
CONVECTION

Due to the optimization of spacing ribs passive chilled
beam ceiling in relation to the boundary layer is necessary
to establish the mathematical model. In developing the
model is based on 2D flow, as shown in Fig. 2. It is based
on the momentum equation (16), which is the same as for
2D between the layers and the volume expansion factors β.
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If does not exist fluid movement in the direction y is the
pressure gradient /p y  = 0. Therefore, the gradient

/p x  must be the same in the boundary layer marginal
layer on the outside. Assuming that the density varies
linearly only with temperature and independent on
pressure (this simplification, the literature says the
Boussinesq approximation), momentum equation (16) then
the resulting shape after treatment:
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Introducing criterion similarities in equation (17) and
the treatment we get the following criterion of similarity,
called Grashof (18), which is a typical criterion for natural
convection.
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The characteristic dimension L is taken the amount of
rib, where there is air movement. Equation for determining
heat transfer coefficient is Nusselt criterion has the form

)..(NUL rrL PGf (19)
GrL.Pr is known as Rayleigh criterion. In natural

convection are encountered with laminar or turbulent
regimes. The criterion for determining the type of flow is
the critical value of local Rayleigh criteria:
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For vertical surfaces is that if Rax > 109, the turbulent
regime, where Rax < 109, the laminar regime. For a
vertical wall, which in this case the vertical ribs passive
chilled beam, using the equation for local heat transfer
coefficient on the along plate:
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and equation (22) to the boundary layer thickness:
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where Grx is local Grashof number, which is taken as the
characteristic dimension of the x-axis position on the
board. The relation (21), it is clear that the heat transfer



Copyright © 2014 IJEIR, All right reserved
628

International Journal of Engineering Innovation & Research
Volume 3, Issue 5, ISSN: 2277 – 5668

coefficient with increasing amounts of x decreases with
x1/4, while the boundary layer thickness increases with x1/4.
By integrating equation (21) of the walls dividing the
amount of L obtained for the mean correlation coefficient
of heat transfer, respectively. Nusselt numbers for laminar
regime

 1/4

1/4
L1/2

L
Pr0.952

Gr
0.678Pr

λ
LαNu


 (23)

V. RESULTS SIMULATIONS

The cooling power of passive chilled beam has also
considerable influence to spacing ribs. In relation to the
boundary layer is necessary to choose a spacing of ribs, to
avoid connection of the two layers in the limit space ribs.
In the Fig. 8 is shown the dependence of boundary layer
thickness and average factors heat transfer on the rib with
wall temperature tw = 16 °C at an ambient temperature
t = 25 °C, which is in most cases the required
temperature of chilled environment for measuring passive
chilled beam. The results of simulations are indicated in
Fig. 8, where it displays the behavior of velocity and
temperature profiles of the boundary layers depending on
the rib height. From these results, it is possible to
determine the most appropriate structure to obtain optimal
rib flow in the area of passive ribbed cooling convectors,
and thus achieve maximum cooling performance passive
chilled beam.

Fig.8. Dependence of boundary layer thickness and the
average of heat transfer coefficient on the rib height.

Fig.9. Dependence of rib height to velocity and
temperature profile of the boundary layer.

When changing the input conditions, the behavior of
velocity and temperature profiles change depending on the
rib height. Fig. 10 and Fig. 11 present the predicted results
of temperature and velocity profile of boundary layer for
changing temperatures on the rib wall tw = 18 °C. The
above presented dependence shows that the temperature
increase of the rib wall is resulting to reduced flow rates.
For example, the rib of height 0.1 m increases the
boundary layer thickness δx from 3.72 mm to 3.97 mm
and thus may reduce the flow velocity 0.001 m.s-1,
resulting in a reduction of cooling performance.

Fig.10. Dependence rib height to velocity and temperature
profile of the boundary layer.

Fig.11. Dependence of boundary layer thickness and the
average of heat transfer coefficient on the rib height.

For example, commonly used construction of passive
convectors with the height rib of 0.06 m a rib spaced
between the ribs 5 mm at the rib wall temperature
tw = 16 °C, the Fig. 8 shows that the boundary layer
thickness is 3.27 mm. Similarly, it is also in the case of the
rib wall temperature tw at 18 °C, Fig. 11, which describes
that the boundary layer thickness is 3.5 mm in both cases
the conflict boundary layers. For the passive chilled beam
appears in relation to the thickness of the boundary layer,
as appropriate spacing ribs 6 to 7 mm. Without another
consider influence on the effects cooling power convector
of course.

VI. CONCLUSION

The results of mathematical simulations boundary layer
in the intercostals space passive chilled beam that change
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spacing and rib height limit is affected by the layer, which
affects the transport of heat from the cooling water to the
environment, and thus the overall cooling power of
passive chilled beam. The results of simulations can
determine the optimal size and spacing of ribs up to
maximize cooling performance through a passive chilled
beam.

In simulations of cooling power depending on
construction parameters (spacing ribs, rib height and
thickness, diameter and number of tubes) in the
temperature gradient 16/19 °C was found as the various
construction parameters affecting the cooling power of
passive chilled beam. The simulation results clearly show
that by changing the spacing of the ribs to reach the
biggest change of cooling power.

In the simulations, which compared the percentage
change in the cooling power, depending on variations in
the flow rates for a given temperature gradient was found
in which the flow can be achieved by increasing the
cooling power of the cooling convector. Similar
dependence has been calculated and provided a constant
flow of coolant when changing temperature gradient.

ACKNOWLEDGMENT

This work was part of the project:
“Rozvoj spolupráce medzi VEC a KET so zameraním na
odborný rast doktorandov a výskumných pracovníkov”

ITMS 22410320040

REFERENCES

[1] P. H. Oosthuizen, and D. Taylor, An Introduction to Convective
Heat Transfer Analysis. International Editions, 1999.

[2] M. Jícha, Přenos tepla a látky. Brno, 1. vyd., 1982.
[3] V. Tesař, Mezní vrstvy a turbulence. Praha: ČVUT, 1996.
[4] K. Ražnievič, Termodynamické tabulky. Bratislava: VTAEL,

1980.
[5] D. L. Loviítg, and S. Katzoff, The Fluorescent-oil Film Method

and Other Teehniques for Boundary-Layer Flow Visualization.
NASA Memo, 3-17-59 L, 1959.

[6] V. Maija, D. Butler, J. Gräslund, J. Hogeling, E. L. Kristiansen,
E. Reinikainen, and S. Svennson, Chilled beam application
guidebook. Rehva, 2005.

[7] M. J. Moran, H. N. Shapiro, B. R. Munson, and D. P. DeWitt,
Introduction of Thermal Systems Engineering: Thermodinamics.
Fluid Mechanics and Heat Transfer: John Wiley&Sons, Inc,
USA, 2003.

[8] R. Lenhard, K. Kaduchová, and J. Jandačka, Numerical
simulation of indirectly heated hot water heater. Advanced
Materials Research, Vol. 857-877, 2014, pp. 1693-1697.

[9] N. P. Chopey, and T. G. Hicks, Handbook of chemical
engineering calculations. McGRAW-Hill Book Company: New
York, 1984.

[10] F. P. Incropera, D. P. Dewitt, T. L. Bergman, and A. Lavine,
Fundamentals of Heat and Mass Transfer. John Wiley: New
York, 2007.

[11] P. H. Oosthuizen, and D. Taylor, An Introduction to Convective
Heat Transfer Analysis. International Editions, 1999.

[12] S. S. Kutateladze, V. M. Borišanskij, Příručka sdíleni tepla.
Praha: STNL, 1962.

[13] Y. Simos, E. Evyatar, and J. L. Molina, Roof cooling technique a
design hand book. EARTHSCAN: UK and USA, 2006.

[14] K. Kaduchová, R. Lenhard, and J. Jandačka, Optimization of
heat exchanger for indirectly heated water heater. EPJ Web of
Conferences 25, 01036 (2012) http://dx.doi.org/10.1051/ep
jconf/20122501036

[15] R. Lenhard, K. Kaduchová, G. Gavlas, and J. Jandačka,
Numerical simulation of indirectly heated hot water heater.
Transport phenomena: the sixth international conference: Ryn,
Poland, June 2011, pp.445-448.

[16] VDI, Heat atlas. 2nd ed., 2010.

AUTHOR’S PROFILE

Katarína KADUCHOVÁ
Ing., PhD.
Date of birth: 1985
Education: Education: I achieved Ing. in 2010 at
University of Zilina, Slovakia. In 2013 i finish my
PhD. From 2013 I am at University of Zilina as a
researcher.

Research interests: energy machinery and equipment, heat pipes,
renewable energy.
Publications: author and co-author of more than 20 scientific articles.
Email: katarina.kaduchova@fstroj.uniza.sk

Richard LENHARD
Ing., PhD.
Date of birth: 1980
Education: I achieved Ing. (internation equivalent
Magister Scientiæ) in 2006 at University of Zilina,
Slovakia. In 2009 i finish my PhD. From 2009 I am
at University of Zilina as a researcher and teacher.

Affiliations and functions: I am at University of Zilina as a researcher
and teacher.
Research interests: I am interesting research natural convection, forced
convection, burning and combustion, phase change (heat-pipes) and the
development their numerical models for simulation in the program Ansys
fluent.
Publications: author and co-author of more than 70 scientific articles.
Email: richard.lenhard@fstroj.uniza.sk

Milan MALCHO
Prof., Assoc. Prof., PhD, Eng.
Date of birth: 1950
Education: 1969-1974 – Comenius University in
Bratislava, Faculty of Natural Sciences; PhD in
1983 from University of Transport.
Affiliations and functions: Professor at the
Department of Power Engineering at University of

Communications in Žilina, title of Assoc. Prof. in 1993, title of Professor
in 2009 from the University of Žilina. Vice-rector for Development.
Research interests: thermodynamics, experimental methods, applied
physics, low-temperature plasma, corona discharge in flowing air, energy
machinery and equipment, physics, heat pipes, renewable energy, heat
recovery from technological processes, heat transfer, gas flow
visualization, numerical methods for solving gas flow.
Publications: author and co-author of more than 300 scientific articles.
Email: milan.malcho@fstroj.uniza.sk

Jan KOLONIČNÝ
Ing., Ph.D.,
Date of birth: 1973
Education: Education: I achieved Ing. in 1998 and
PhD. in 2005 – all at VSB – Technical University
of Ostrava, CzechRepublic. I work as a researcher
and project manager at VSB – Technical University

of Ostrava from 1999.
Research interests: testing of small-sized boilers, rational utilisations of
energy resources, biochar production, heat pipes, renewable energy.
Publications: author and co-author of more than 45 scientific articles.
Email: jan.kolonicny@vsb.cz

http://dx.doi.org/10.1051/
mailto:kaduchova@fstroj.uniza.sk
mailto:lenhard@fstroj.uniza.sk
mailto:malcho@fstroj.uniza.sk
mailto:kolonicny@vsb.cz

