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Introduction
I started to work actively on this research topic in 2012. My first results were
presented in November, 2012 on the annual Scientific Students' Conference of
BUTE, through Skype, as meanwhile I was in Denmark (at the DTU) with
Erasmus scholarship for a semester.
There are many different types of ventilation systems, and some of them are
used for example to maintain a comfortable indoor environment by keeping the
internal temperature and the relative humidity between strict limits. There are
other, industrial systems, which are used to protect the health of the workers or
to provide suitable environment for the industrial process by keeping the
different parameters of the air at the desired values.
Although there are many different applications and types of systems, my thesis
is focused on the air supply duct systems, especially on the long diffusers or the
ducts which are directly connected to the diffusers at the “end” of such systems.

Goals and overview of the research
The main goal of the research was to develop a simple sizing method for long
air distributors, by which uniform outflow distribution can be achieved without
any balancing dampers or the need for balancing. The significance of the subject
is given by the fact, that in the practice of the heating, ventilation and air
conditioning (HVAC) engineers there are many applications in which long
supply ducts are used with identical diffusers for which this method can be
suitable.
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On the subject of fluid flow in fluid distributors alone I have collected and
carefully studied 50 sources but none of them was dealing with the problem in
a similar or as detailed way as my thesis.
The simplest models for describing any pipe flow are one-dimensional. For real,
multi-dimensional turbulent flow there is no exact mathematical solution, but
in one-dimensional models the different phenomena can be taken into account
with empirical factors. With the necessary factors and the governing equations
I developed a new equation. By solving this equation numerically, a duct
geometry providing constant static pressure can be determined, which
distributes the air uniformly in certain circumstances.
I designed and established a measuring stand. By the aid of this apparatus, I
measured the flow rate on the nozzles at different Reynolds-numbers. Based on
the measured flow rate distributions it can be concluded that the sizing method
results in uniform outflow distribution (within certain error limits).
The flow inside the duct was simulated with the program ANSYS Fluent 12.1.
In the simulations two different turbulence models were used to compare the
constant static pressure design (CSPD) to a constant cross section duct.
In addition I investigated the impact of three different inlet boundary conditions
on the fluid distribution performance of the CSPD with the realizable k-ε model.
According to the results it can be concluded, that although the inlet boundary
conditions have influence on the fluid distribution performance of the CSPD
duct at the given Reynolds-number, this influence is negligible in the
engineering practice.
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Moreover, I gave a method to optimize the positioning of long supply ducts,
which was demonstrated for an industrial application example.

Summary of the research and the theses
Thesis 1
I derived an equation, which can be used for supply ducts with any initial cross
section geometry for the determination of the geometry maintaining constant
static pressure:

dA( x) dx λ( x)
1

 2ψ( x) 
 Dh ( x)
Pw ( x)
8
(1  ξ)  4 L

(1.1)

where x is the axial coordinate, A(x) is the cross section, Pw(x) is the perimeter
of the duct, λ(x) is the Darcy friction factor, Ψ(x) is the pressure recovery factor,
L is the total length of the duct, ξ=x/L is the dimensionless axial coordinate and
Dh(x) is the hydraulic diameter.
In simple one-dimensional models, it is important to take into account how the
main flow and the outflow interact. The role of the pipe friction is also
important, but the fundamental problem is that the equation available in the
literature are only valid for fully developed pipe flow.
The above equation can be used, if the outflow from the duct is continuous,
which is true for example for a long slot. Although its validity for discretely
placed diffusers is not proven yet, its application for such cases –according to
the usual practice– should result in the same uniform outflow.
Related publications: [1]
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Thesis 2
Eq. (2.1) is applicable for rectangular ducts with variable width and constant
height, which can be used in practice. With the equation, the duct geometry
providing constant static pressure can be determined.
γ( x)  1  ω( x0 )  Dh ( x0 )
dc( x) 1  γ( x)  ω( x0 )

 λ( x)  ψ( x) 

dx
4
(1  ξ)
L

(2.1)

where c(x) is the variable and γ(x)=c(x)/c(x0) is the relative width, ω(x0)=c(x0)/b
is the ratio of the width and the height (b) at the inlet.
For variable circular cross-section the following equation can be derived:
dD( x) 1
δ( x) D( x0 )
  λ( x)  ψ( x) 

dx
4
(1  ξ)
L

(2.2)

where δ(x) is the non-dimensional diameter and D(x) is the diameter.
Eqs. (2.1) and (2.2) can be derived from Eq. (1.1). It was proven by measurements
and simulations that the duct designed with the equations supplies the air
uniformly.
I have designed and deployed a measuring stand in the Ventilation Laboratory
of the department (Fig. 1). The constant static pressure design (CSPD) geometry
was determined for L/Dh(x0)=10, k/Dh(x0)=9E-05 and ω(x0)=1. The duct is made
of Plexiglas and it consists of the following parts:
 thin plates in order to achieve the desired curved geometry,
 thicker plates for robustness,
 119 nozzles on the front plate, each with a cross section of 20x30 mm2.
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Fig. 1. The unique measuring stand in the ventilation laboratory.

Between Re(x0)=40000 and Re(x0)=160000 (Re(x0) is the inlet Reynolds-number)
the geometries obtained with Eq. (2.1) differ only slightly from each other.
Therefore I used the arithmetic mean of the two Re numbers to obtain the
geometry of the duct, which can be considered as a “mean” geometry.
I determined the flow rate distribution on the nozzles with a simplified method,
at different Re values. The main problem in measuring the flow rate arises due
to the small size of the nozzles. The effective outflow area resulting from the
contraction cannot be accurately measured, so the flow rate can be determined
only by measuring the velocity profile at the outlets with a significant error [2],
[3]. The size of the vena contracta can also be different for different nozzles.
Therefore I measured the mean outflow velocity with a vane anemometer,
which -as a result of its higher area- is less sensitive than for example a hot wire.
For each nozzle the time averaged mean velocity was measured in three points.
The mean outflow velocity was calculated from these three values. The flow rate
at each nozzles was determined by measuring the inlet flow rate into the duct
with a Venturi-tube and dividing this flow rate proportionally to the mean
outflow velocities.
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The measured outflow distributions can be seen in Fig. 2 (i is the serial number
of the nozzle and qoi/[q(x0)/119] is the outflow through the given nozzle nondimensionalised with the ideal flow rate). The ±10% difference –permitted in
the practice- is also shown (continuous thick lines, with black). The
measurement uncertainty is also shown with thin dotted lines.

Fig. 2. The flow rate on the nozzles non-dimensionalised with the ideal flow rate.

Fig. 3 shows the outflow distributions obtained by computational fluid
dynamics (CFD) with different turbulence models (standard k-ε és SST k-ω).
The results for a duct with constant cross section are also shown.

Fig. 3. The flow rate distributions on the nozzles obtained with CFD simulation.
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It can be seen, that the outflow distribution is much more uniform for the CSPD
geometry, although the first and the last few nozzles perform significantly
worse than the others. However, this can be taken into account in the design of
these ducts.
Related publications: [1], [4]–[6]

Thesis 3
Eq. (2.1) can only be solved numerically. The solution depends on the L/Dh(x0),
ω(x0)=c(x0)/b, Re(x0) (inlet Reynolds-number) and k/Dh(x0) (relative roughness)
dimensionless numbers. By analysing solutions of the equation, it can be
concluded:
 In short ducts (if the value of L/Dh(x0) is low, for e.g. 10) the influence of
Re(x0) can be neglected, as it is not dependent on ω(x0).
 On the increase of k/Dh(x0) the impact of Re(x0) on the geometry becomes
insignificant, even for higher L/Dh(x0) values.
 The influence of the higher side ratio values (ω(x0)>2) can be neglected for
hydraulically smooth ducts. It has to be taken into account only for rough
ducts, at higher L/Dh(x0) values.
 The difference between the results obtained for Ψ(x)=0.6 and Ψ(x)=0.5 is
minimal, if the duct is hydraulically smooth.
It has to be highlighted, that the influence of Re(x0) is negligible in some cases.
This is very important, as these ducts should be able to distribute the air
uniformly even in ventilation systems with variable flow rates (known as
variable air volume –VAV- systems).
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The equation was solved numerically by the fourth order Runge-Kutta method
with a program developed in Matlab. The step size was controlled adaptively
according to a method described in [7]. The aim was to keep the relative error
under 0.01%.
The results were presented in 2 and 3 dimensional graphs. The influence of the
Reynolds-number can be seen in Figs. 4a-b.

(a)

(b)
Fig. 4. The impact of Re(x0) and ξ on γ(ξ) (k/Dh(x0)=9E-05, ω(x0)=1, Ψ(x)=0.5).
L/Dh(x0)= a.: 10, b.: 105.

Figs. 5a-b show the influence of L/Dh(x0) and Re(x0) on each other for higher
k/Dh(x0) values.

(a)

(b)
Fig. 5. The impact of Re(x0) and ξ on γ(ξ) (k/Dh(x0)=7.55E-03, ω(x0)=1, Ψ(x)=0.5).
L/Dh(x0)= a.: 10, b.: 105.

Rectangular ducts are usually used if there are space constraints for ducting. In
such cases high side-ratios can occur. In my model the solution depends on the
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side-ratio only through the friction factor, which is calculated with the hydraulic
diameter and a side-ratio dependent correction factor proposed by Jones [8].
The ducts made from the in-practice used materials can be considered as
hydraulically smooth. Therefore, the influence of the side-ratio can be neglected
(Figs. 6a-b).

(a)

(b)
Fig. 6. The impact of ω(x0) and ξ on γ(ξ) (Re(x0)=160000, k/Dh(x0)=9E-05, Ψ(x)=0.5).
L/Dh(x0)= a.: 10, b.: 105.

Figs. 7a-b show the impact of L/Dh(x0) for hydraulically rough ducts.

(a)

(b)
Fig. 7. The impact of ω(x0) and ξ on γ(ξ) (Re(x0)=160000, k/Dh(x0)=1.5E-02, Ψ(x)=0.5).
L/Dh(x0)= a.: 10, b.: 105.

Figs. 8a-b and 9a-b show the results for different Ψ(x) values (0.6 and 0.5).
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(a)
(b)
Fig. 8. The impact of Re(x0) and ξ on γ(ξ) (k/Dh(x0)= 9E-05, ω(x0)=1). L/Dh(x0)= a.: 105, b.: 105.

(a)
(b)
Fig. 9. The impact of ω(x0) and ξ on γ(ξ) (Re(x0)=160000, k/Dh(x0)=9E-05). L/Dh(x0)= a.: 105, b.: 105.

Related publications: [1]

Thesis 4
The discharge coefficient can be calculated for sharp edged, circular outlet
openings (made in the wall of a hydraulically smooth pipe) with the following
equation:
2





C2  C1    pd1   C1   pd1   C2
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Cd  Cd 0 
 pd 1 


 p   C2
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C3

(4.1)

where Cd is the discharge coefficient, Cd0 is the discharge coefficient, if the ratio
of the dynamic and total pressures is almost 0, C1, C2 and C3 are factors
depending on the geometrical parameters, pd1 and pt1 are the upstream dynamic
and total pressures, respectively. Cd0 can be calculated by:
2
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The constants of these equation are presented in the next table:
Table 1. Coefficients for Eq. (4.2).

Cd0

c1

c2

c3

c4

c5

c6

6.345E-01

-3.062E+00

-3.467E+00

1.159E+00

1.833E+00

-9.478E-02

The C1 and C2 factors can be calculated by:
3

3



A
  c 2  out  c 3   c 4
Ain


The necessary coefficients are given in the following table:


s
C1 , C 2   log10    c1 
d



(4.3)

Table 2. Coefficients for Eq. (4.3).

c1

c2

c3

c4

C1

-1.580E+00

8.454E-01

-6.393E-02

-8.094E-01

C2

-1.845E+00

-8.953E-01

-9.334E-02

1.058E-01

C3 can be calculated by:
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s
C 3  sin   log10    c1  c 2    c 3  out  c 4   c 5
Ain
d

 
 

The constants are shown in the next table:

(4.4)

Table 3. Coefficients for Eq. (4.4).

c1
C3

1.191E-01

c2
-8.290E-01

c3
-3.655E-01
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c4
-1.921E-01

c5
7.672E-01

The applicability limit of Eq. (4.1) is defined by:
 Aout

 Ain




s

 0.02  log10    6.6
d




 max

2

(4.5)

where Aout is the cross sectional area of the outlet, Ain is the cross sectional area
and s is the wall thickness of the main pipe and d is the diameter of the outlet.
The flow rate of the fluid leaving the main pipe through side wall outlets can be
calculated with the discharge coefficient by:

q3  Aout  Cd 

p1  pd1  p3
ρ2

(4.6)

where q3 is the flow rate of the outflowing fluid, p1 is the upstream static
pressure in the main pipe, pd1 is the upstream dynamic pressure, p3 is the
ambient static pressure or the static pressure in the side branch upstream of the
opening and ρ is the density of the fluid.
By using experimental data from the literature I derived a new equation, which
can be used to determine the discharge coefficient from the most important
dimensionless parameters (s/d, pd1/pt1, Aout/Ain). Eq. (4.1) was determined by the
algorithm developed. The curve fitting was performed with the program
Matlab. In Eq. (4.1) the factors (Cd0, C1, C2 and C3) were determined with nonlinear least squares. The method is based on minimizing the remaining error
iteratively and it can find local minima instead of the global one. Therefore I
combined it with genetic algorithm. The algorithm selected from the given high
number of starting points the best, from which starting the non-linear least
squares the lowest root mean square error (rmse) can be achieved. I used a
similar method for determining the surfaces describing the Cd0, C1, C2 and C3
factors vs s/d and Aout/Ain.
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Many sources dealt with the determination of the discharge coefficient, but the
equations published are only valid for a narrow range or specific cases.
However, the new equation suggested is valid in a much wider range.
Related publications: [9], [10], [11]

Thesis 5
By investigating the impact of the inlet boundary conditions (at Re(x0)=54000)
– using three different cases– it can be concluded, that the inlet velocity profile
has influence on the outflow distribution of the duct geometry (determined for
L/Dh(x0)=10, k/Dh(x0)=9E-05 and ω(x0)=1) providing constant static pressure
between Re(x0)=40000 and Re(x0)=160000. However, this influence can be
neglected in practice.
The studied profiles can be seen in Fig. 10.

(a)

(b)

(c)

Fig. 10. The axial velocity profiles used in the simulations.

Fig. 10a shows a constant axial velocity profile, Fig. 10b shows one
asymmetrical developing downstream a Venturi-tube due to separation in the
diffuser, and Fig. 10c shows one developing downstream a diffuser providing
circular-rectangular transition after a long circular section.
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I concluded, that the impact of the inlet profile on the outflow distribution of
CSDP duct can be neglected in practice. Figs. 11a-b show the outflow
distributions for two cases with the ±10% error limits (usually permitted in
engineering practice).
The boundary condition for Fig. 11a was the profile shown in Fig. 10a. The
turbulence intensity was also constant from which the inlet turbulence kinetic
energy and dissipation rate profiles were calculated with the hydraulic
diameter.

(a)
(b)
Fig. 11. The velocity profiles obtained by CFD for the constant profile and for the profile
downstream the Venturi-tube.

Fig. 11b shows the results obtained with the velocity profile shown in Fig. 10b.
The velocity, turbulence kinetic energy and dissipation rate profiles were
calculated by simulation for which the program Fluent 12.1 was used.
Related publications: [12]

Thesis 6
In the Hungarian HVAC engineering practice the design of enclosed spaces
is based on the Archimedes number calculated for the room (ArR). This
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method helps in selecting the most suitable ventilation principle, but usually
it is possible to choose from multiple types. However, the energy
consumption cannot be minimised according to this design principle for
which the method suggested can be used. Furthermore, even for the same
ventilation principle the position of the diffusers has effect on the developing
room air flow and thus on the heat transfer coefficients of the walls. In the
industrial problem studied, the diffusers were located in three different
positions inside the building geometry:
I: Duct under the conveyor, air blown in through openings on the
sidewalls of the duct.
II: Duct under the conveyor, air blown in through openings on the top of
the duct.
III: Duct next to the conveyor, air blown in the direction of the conveyor
through openings on the sidewall of the duct.
By the method applied in a given case the energy usage can be minimised, so
better result can be achieved than by the common design method. The
prerequisite of the method is to provide uniform outflow distribution, for
example by sizing the ducts for constant static pressure.
I studied one specific case (fertilizer transporting conveyor, the flow rate is the
same on all the diffusers, the ventilation principle is jet) and from three –in
principle similar– ventilation systems I have selected the most advantageous
from the point of view of energy consumption. The conveyors used for the
transportation of the fertilizer are located in conveyor bridges, which are heated
with the hot air supplied by the ventilation system. The aim is to provide such
- 15 -

air temperature and relative humidity values which prevent the hygrosopic
material to absorb the humidity from the air and the deterioration of the quality
of it. I investigated three different geometrical arrangements (Fig. 12, the black
arrows show the direction of the air flow) by computational fluid dynamics with
the program Fluent 12.1. The room and the duct system was separated in the
investigation, which means that the fluid flow was not simulated in the ducts,
but boundary conditions were given at the locations of the diffusers and
uniform outflow distribution was provided.

Fig. 12. Geometries investigetd: (I) duct under the conveyor belt, air blown in through openings on
the sidewalls of the duct; (II) duct under the conveyor belt; air blown in through openings on the
top of the duct; (III) duct next to the conveyor, air blown in the direction of the conveyor through
openings on the sidewall of the duct

Fig. 13 shows the maximum relative humidity in a control volume surrounding
the conveyor belt versus the flow rate for the whole system.

Fig. 13. The maximum of the relative humidity in the control volume
obtained by CFD simulation for different flow rates.
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From the three different designs the best was chosen (II), by which the lowest
amount of air flow rate was enough to accomplish the aim of the system. By the
method presented it is possible to minimise the air flow rate needed in other
cases and applications as well.
Related publications: [13]

References
Own publications
[1]
[4]

[5]
[6]
[9]
[10]
[11]
[12]
[13]

L. Czetany, Z. Szantho, and P. Lang, “Rectangular supply ducts with varying cross section
providing uniform air distribution,” Appl. Therm. Eng., vol. 115, pp. 141–151, Mar. 2017.
L. Czétány and Z. Szánthó, “Analysis of Pressure Changes in Air Ducts,” in Proceedings of
CLIMA 2013 - The 11th REHVA World Congress and the 8th International Conference on Indoor
Air Quality, Ventilation and Energy Conservation in Buildings, 2013.
L.
Czetany,
“Nagyszámú
befúvóelemmel
ellátott
légcsatorna
optimális
keresztmetszetének számítása,” Magy. Épületgépészet, vol. 64, no. 4, 2013.
L. Czétány and Z. Szánthó, “CFD Simulation of Flow in Optimised Ducts with Two RANSbased Turbulence Models,” in Indoor Climate of Buildings, 2013, pp. 231–237.
L. Czétány, Z. Szánthó, and P. Láng, “Légtechnikai befúvószerkezetek átfolyási számának
meghatározása,” Magy. Épületgépészet, vol. 64, no. 1–2, pp. 28–32, 2015.
L. Czétány, “Levegőelosztás optimalizált légcsatornákkal,” Víz, Gáz, Fűtéstechnika, vol. 15,
no. 9, pp. 64–66, 2014.
L. Czetany and P. Lang, “Discharge Coefficients for Circular Side Outlets,” J. Fluids Eng.,
2017. (Accepted on 6th December, 2017).
L. Czetany and P. Lang, “Impact of Inlet Boundary Conditions on the Fluid Distribution of
Supply Duct,” Appl. Mech. Mater., vol. 861, pp. 384–391, 2017.
L. Czétány and P. Láng, “CFD Simulation of Three Different Geometrical Designs of a
Conveyor Tempering Ventilation System,” Energy Procedia, vol. 78, pp. 2694–2699, Nov.
2015.

Cited publications
[2]
[3]
[7]
[8]

K. El Moueddeb, S. Barrington, and N. Barthakur, “Perforated Ventilation Ducts: Part 1, A
Model for Air Flow Distribution,” J. Agric. Eng. Res., vol. 68, pp. 21–27, 1997.
K. El Moueddeb, S. Barrington, and N. Barthakur, “Perforated Ventilation Ducts: Part 2,
Validation of an Air Distribution Model,” J. Agric. Eng. Res., vol. 68, pp. 29–37, 1997.
W. H. Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flannery, Numerical Recipes in C,
The Art of Scientific Computing, 2nd ed. Cambridge University Press, 1992.
O. C. Jones, “An Improvement in the Calculation of Turbulent Friction in Rectangular
Ducts,” ASME J. Fluids Eng. Trans. ASME, vol. 98, no. 2, pp. 173–181, 1976.

- 17 -

