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Abstract. The natural ventilation systems of multi-story residential buildings are designed to
meet the requirements for maximum air exchange. Their calculations under conditions
significantly different from the standard, usually do not carry out and therefore do not provide
measures to prevent their unstable operation. The article presents the results of the analysis of
the ventilation system of a two-room section of a ten-story residential building using a
mathematical model. To supply air to the apartment, ventilation valves are used. The air is
removed from the apartments through two ventilation ducts. All apartments, except the last
two floors, are connected to them via satellite channels. The system of equations of the model
is based on the graph of the hydraulic network. It includes equations of the balance of air flow
in the nodes of the graph and equations of pressure change in the links. In this case, the data
presented in the catalogs of equipment manufacturers was used. The calculation results for
conditions that differ from the design ones are presented, such as: significant differences in
the supply air flow in individual apartments, the use of exhaust fans in some apartments, low
outdoor temperature. The model under consideration allows us to explain the observed in
practice air penetration through ventilation ducts from one apartment to another. It is shown
that the main causes of this phenomenon are the low air transmission of modem window
structures and the high hydraulic resistance of the supply valves, the use of ventilation ducts
with various hydraulic resistances. The proposed approach allows already at the project stage
to quantify the operation of the ventilation system in conditions that differ from standard and
to optimize its design.
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MATEMATUYECKOE MOAE/IMPOBAHWE BEHTUNALMVNOHHON
CUCTEMBbI XXINJ10I'O AOMA B YCNOBUNAX, OT/IMUHbIX OT
CTAHOAPTHbBIX

AHHOTaumsA. CuctemMbl eCTeCTBEHHOW BEHTUMIALMM  MHOTO3TaXKHbLIX XXWbIX  [OMOB
NPOEKTUPYIOTCA C Y4eTOM TpebOBaHWA MakCUMa/lbHOro BO34yxoo6meHa. VX pacyeTbl B
YCNOBUAX, CYLLECTBEHHO OT/IMYAIOLLMXCA OT HOPMATMBHbIX, 0ObIYHO He NMPOBOAAT U MO3TOMY
He npefycMaTpyBalOT MePONPUATWIA MO MPeAoTBPaLLEHNIO UX HeyCTOMYMBOA paboTbl. B
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CTaTb€ NPEACTABIEHBbI PE3YJbTAThl AHAJIN3A CUCTEMbl BEHTWJIALMU JBYXKOMHATHON CEKLIUH
JECSATUITAXKHOIO >KWJIOTO AOMA C MCIOJb30BAHMEM MaTeMaTU4ecKoH moxenu. i nmopadm
BO3/lyXa B KBapTUPy WCHOJB3YIOTCA BEHTUJSILUOHHBIE KjanaHel. Bo3gyx w3 KkBapTup
yAanseTcs: depe3 [Ba BEHTUSILMOHHBIX KaHajla. Bce KBapTUpBIL, KPOME ABYX HOCIEIHHUX
STakel, MOAKIIOYEHbl K HUM Yepe3 CIyTHUKOBble KaHanbl. CucremMa ypaBHEHUN Mozenu
OCcHOBaHa Ha rpade runpasnudeckoil cetn. OH BKIIIOYAeT ypaBHEHUs OanaHca pacxona
BO3MyXa B y3max rpada W ypaBHEHHs HM3MEHEHHUs MaBJIEHUs B 3BEHbsX. llpu 3TOM
UCTIONb30BAINCh JTAaHHBIE, MPEICTABICHHbIE B KaTaJorax NpPOH3BOAUTENECH OOOPYIOBaHUS.
IIpuBeneHs! pe3yabTaThl PACYETOB I YCJIOBHM, OTJIMHYAIOIIUXCS OT MPOEKTHBIX, TAKUX KaK:
CYLIECTBEHHBIC PA3JIMYMsl pacCXOda MPUTOYHOIO BO3AyXa B OTHAEIBHBIX KBapTUPAX,
IIPUMEHEHNUE B HEKOTOPBIX KBAapTHUPaxX BBITSKHBIX BEHTUJISITOPOB, HU3Kas TeMIIepaTypa
HApY>KHOTO BO3ayxa. PaccmarpuBaemass MOneNnb MO3BOJAET OOBSICHUTH HaOIIOaeMoe Ha
MIPaKTUKE MPOHMKHOBEHUE BO3AyXa MO BEHTWIALMOHHBIM KaHAalaM W3 OJHON KBapTHUPHI B
apyryro. lloka3aHo, 4YTO OCHOBHBIMH MPUYMHAMH JTOTO SBJICHMS SIBIIAIOTCS HU3Kas
BO3IyXOIMPOHULAEMOCTb COBPEMEHHBIX OKOHHBIX KOHCTPYKLUI U BBICOKO€ TMAPABIMYECKOE
CONPOTUBJIEHWE MPUTOYHBIX KJIANAHOB, NPUMEHEHHE BEHTUJIALIMOHHBIX KAaHAJIOB C
Pa3INYHBIMHA THAPABIMYECKUMHU CONPOTUBIIEHUAMH. [IpeanaraeMelii MOAXOA MO3BOJISIET YXKe
HAa CTaJMU TPOEKTa KOJUYECTBEHHO OLEHUTh paboTy CHCTEMBbl BEHTWISILMU B YCJIOBHSIX,
OTJINYHBIX OT HOPMATUBHBIX, U ONTUMU3UPOBATH €€ KOHCTPYKLIHUIO.

KaueBble cj10Ba: BEHTWIILMOHHAS CHCTEMA, a>POAMHAMHYECKHH pacuer; rpad cery;
MaTeMaTUYECKast MOJIENb.

1. Introduction sections of the wventilation system is
significantly lower than the project.

Their calculations under conditions
significantly different from the standard,
usually do not carry out and therefore do
not provide measures to prevent their
unstable operation. One of the most
noticeable = manifestations  of  such
instability is the overturning of ventilation,
when odors, dust and possibly viruses from
neighboring  rooms  penetrate  the
apartments [5]. Unfortunately, these
problems are usually detected after putting
the facilities into operation.

The development of a ventilation
system that could work stably with any
combination of the parameters of the
external and internal air is not an easy task,
which in our opinion can be solved only

Natural ventilation systems of multi-
storey residential buildings are the
cheapest, and therefore very often used in
practice. Their constructions based on the
requirement to ensure standardized air
exchange in individual apartments. In
accordance with the regulations, its value
must be at least 110 m3/h [1]. The
necessary air flow is provided through the
air vents, supply valves, etc. It is well
known that, due to the difference between
the actual parameters of the external and
internal air, the actual values of the air
flow in different parts of the ventilation
system can differ significantly from the
standard ones. One of the ways to verify
the correctness of the project is

mathematical modelling of the h thematical model
aerodynamics of the ventilation system [2- With a mathematical modet.
4] Models that take into account the

totality of factors affecting the operation of
a particular natural ventilation system can
be very complex [6-8], which practically
excludes their use in everyday design
work. At the same time, under certain
assumptions and limitations, the model can
be significantly simplified. Of course, such
a model is not accurate, but recognize with

Too low or high outdoor temperatures,
street noise and dust are some of the most
common reasons why residents are forced
to minimize the supply of fresh air to their
apartments. If we take into account the fact
that modern windows and doors have low
air transmission, the air flow in individual
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it the features of a particular ventilation
system and prevent the occurrence of a
number of problems is quite possible.

2. Materials and Methods

When designing various ventilation
systems (including natural), the air density
inside the system is considered constant.
Thus, when constructing its mathematical
model, thermal processes can be
eliminated by limiting ourselves only to
the aerodynamic part in the stationary
formulation of the problem. With this
assumption, it is advisable to consider the
building ventilation system as a hydraulic
network with lumped parameters and
present it in the form of a connected graph.

The graph is a computational scheme
for the movement of air flows and is used
in the preparation of the system of
equations of the mathematical model. It is
a system of equations for the balance of
mass flow rates and mechanical energy of
air (Kirchhoff equations).

Next, for definiteness, we consider the
ventilation system of one-room apartments
of a ten-story residential building (Fig. 1).
For ventilation of apartments of 2-8 floors,
two vertical channels and satellite channels
are provided. Air removal from the
apartments of the two upper floors and the
premises of the 1st floor is carried out
through independent channels. The scheme
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of ventilation ducts with an indication of

the main dimensions is shown in Fig. 2.

All channels are combined in the volume

of the technical floor (warm attic), from

which air is removed through common
ventilation duct 2 m high with a cross

section of 1000x1000 mm.

The following assumptions are made:

- the air temperature in all rooms and
ventilation ducts is the same (accepted
+20°C);

- each apartment and attic are separate
volumes, inside which the speed of air
movement is negligible;

- minor resistance coefficients do not
depend on the direction of air
movement;

- air inflow into each apartment is carried
out due to infiltration through windows
with a given value of the air
transmission and  through  two
ventilation valves;

- wind pressure is not taken into account.

The graph of any hydraulic network is

a structure consisting of elements of two

types - nodes and links (branches). Each

node i is characterized by three parameters:
height 4 (m), pressure pi (Pa) and air

inflow into the system from outside g,

(kg/s). For hydraulic networks, two types

of nodes are considered: boundary and

internal.

Figure 1. Schematic plan of an ordinary section of a multi-storey residential building
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Figure 2. The circuit of the ventilation ducts

Boundary nodes are located in the
environment  (outside the building).
Through them, the air enters the system or
leaves it. In such nodes, z and p must be
specified, and q is a definable quantity.
The inflow is conditionally considered
positive if air is removed from the node,
and negative if it enters the node. In Fig. 3
presents a graph for a separate apartment.
In this case, the boundary nodes are 1 - 3.

In the internal nodes, the known values
are the inflows (in ventilation systems they
are usually zero) and heights, and the
determined pressure. The internal nodes
correspond to the individual premises of
the task (flat, attic, etc.), as well as to the
points of confluence or separation of flows
(tee, crosspiece).

For each node /, the condition of
expenditure balance is satisfied

71 7
A liw — A
WBN
where L - the air flow, W - the set of
nodes located downstream and adjacent to

node /; Yi - the set of nodes located
upstream and adjacent to node 1.

_luy —qi = 0, (1)
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In Fig. 3, the internal nodes are 4-6.
The node 4 corresponds to the volume of
the apartment, and in nodes 5 and 6 the
satellite channels are connected to the
vertical collecting channels.

Figure 3. A fragment of the graph for
apartments of 8 floors

Relations between a pair of nodes i and
J describe the nature of the change in air
pressure Apij as it moves with a constant
flow rate Lij in a given branch. In relation
to the considered example, they represent
all  kinds of hydraulic resistance:
ventilation ducts, supply valves, vents, etc.
For example, in Fig. 3, link 14
corresponds to windows, and links 2-4 and
3-4 to supply air valves.
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In such links the pressure change is class A (Russian classification) windows
described by the functions: was calculated by the formula:

APij = Fij(Lij) 1sign("Lif). @) L = sign(Ap) m1.504 «10_4(dp)° 78.  (4)

] Their air transmission at Ap = 100 Pa
As you can see, these expressions take is 3m3(h *m2).
into account the possibility of changing the
sign of Ap with a change in the direction of
flow, which can occur when the ventilation
is «turned over».

For windows of the air transmission
class B, the calculation was carried out
according to the formula:

To close the system, it is necessary to L = sign(Ap) m1.504 «10 4(dp)0758. (5)
establish the ratio between the pressures at
the boundary nodes: Their air transmission at Ap = 100 Pa
o _ is 9 m3(h em2).
Pi = Pj + Poutd(Z] - zt), ©) For definiteness, KIV valves are

adopted as supply valves (Fig. 4). Using

Wwhere pat - the air density in the the manufacturer's data (Flaktwoods,
environment; g - grawtatlonal_acceleratlon Finland) with the valve regulator fully
constant. Hereinafter, the heights of the open, function (2) can be represented as:
nodes are counted down from the general
horizontal plane, which coincides with the L = sign(Ap) m2.08 +10 3(dp)°'6. (6)
output sections of the prefabricated
ventilation ducts. The calculation of the pressure change

When modeling infdtration through in the ventilation channels and satellite
windows in this work, their area was taken channels was carried out according to the
equal to 6 m2 and for the air transmission formula:

. . . . . . .. Hi . 41
(ATPRINt9zi)~ (P} T Pint9 z) —Pint (’\ljaﬁ f & )}CZ's’l9n(7‘|JX )

where | -the lengthof thechannel; d - its diameter; Cy - the total coefficient of theminor
resistances; X - thefriction factor; S - thesectional area  of the channel.

factors to account for the surface material
[9, 10]. In this work, the formula was used
to calculate the friction factor [11, 12]:

1.325
A=
)

Figure 4. Supply valve KIV _
where A — equivalent sand roughness; Re

- Into satellite channels take into account - Reynolds number.
minor resistances caused by the Formula (8) is an approximation of the
ventilation grille (G = 2); rotation with a widely used in the international practice of
change in cross section (£ = 1.03); and hydraulic calculations of the implicit
the entrance to the collecting channel Colebrook-White equation in the range of
with aturn (E= 1.2). Reynolds numbers from 4 103to 108 The
The traditional method of calculating possibility of its use in the case under

friction losses into ducts is based on the consideration may raise doubts, especially

use of special nomograms and correction for small Re. However, it must be taken
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into account that the contribution of the
linear resistances inside the ventilation
ducts to the total pressure loss in the
system is negligible compared to the losses
in the minor resistances.

Preliminary calculations showed that
in the wventilation system  under
consideration, the change in the total air
flow rate with a roughness of the walls of
the satellite channels and prefabricated
channels A =2 + 1 mm is less than 2 %.
When building the model, A = 2 mm was
taken.

Another variety of links of the graph
are fans. In such branches, air pressure
increases.). The dependence of the pressure
change on the flow rate in the working area
of the characteristics of many centrifugal
blowers can be described by a function of
the form [13]:

Ap =a—bLS, 9)
where a, b and ¢ are some coefficients. For
example, for a fan like Vents 100 MS
turbo: a=36,5; b=3590; c=1,4.

The total number of equations of the
system describing the operation of the
network is equal to the sum of the number
of nodes and branches of its graph

(excluding expressions (3)). Even in the
case of relatively simple ventilation
networks, the total number of equations
can reach many tens, which leads to a
number of problems when solving it. This
is due in particular to the fact that in the
general case it is impossible to predict the
direction of gas motion in some branches
of the graph in advance.

The methods for solving the
considered system of Kirchhoff equations
with a constant fluid density p:» can be
different. As applied to water supply
networks, they are considered in many
scientific papers [14 —20]. We used the
gradient solution method (Global Gradient
Algorithm) [21]. It is used in particular in
the freeware Epanet application [22].
Although it is intended for calculating
water supply networks, it can also be used
for calculating the flow of gases [23].

3. Results and Discussion

Table 1 shows the results of
calculations of air exchange in individual
apartments at an outside temperature of
+5°C with fully open and closed supply
valves and class A windows.

Table 1.

Estimated air consumption removed from apartments (m? / h) through ventilation
ducts VN-1 and VN-2

Floor KIV valves are open KIV valves are closed
VN-1 VN-2 VN-1 VN-2
2 49.5 28.9 34 1.8
3 46.7 254 33 1.5
4 45.8 213 3.1 1.2
5 41.5 21.1 2.7 1.2
6 335 25.7 2.0 1.5
7 315 213 1.9 1.2
8 31.6 14.9 1.7 0.9
9 22.1 22.1 1.0 1.0
10 16.4 164 0.8 0.8

Due to the fact that the ventilation
ducts for apartments from the 2nd to the
8th floor have different geometry, they also
have different hydraulic resistance. In our
case, at the corresponding floors, the
pressure at the point of attachment of the
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satellite channels to the VN-1 channel is
less than at the point of attachment to the
VN-2 channel (in Fig. 3 ps < ps). This
explains the differences in the flow rate of
air removed from a separate apartment
through these channels.
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Suppose that in all apartments except
one, the supply valves are open. In this
case, as calculation shows, the ventilation
will "turn over" in it. In particular, when
closing the supply valves on the 8th floor,
the air flow into the apartment through the
VN-2 channel will be about 14 m*/h. When
closing the valves in the apartment on the
2nd floor, the supply air flow will be 17
m3/h.

In the case of using windows with
higher breathability (class B), the supply
air costs in apartments of different floors
will decrease by 30—-40%.

Apartments on the 9th and 10th floors
have individual ventilation ducts of the
same geometry. Therefore, the air flow in
them is the same, and ventilation does not
roll over.

Of course, it is difficult to imagine a
situation where in all apartments during the

transitional or cold periods of the year the
supply valves will be fully open. It is much
more likely that the wvalves in the
apartments will be closed, but in any of
them there will be a need for ventilation. In
this case, the picture of the current will
change: air will flow into the apartments of
the nearest floors, mainly through the VN-
2 channel. Table 2 shows the air flows
coming in or out of the apartments, with
the supply air valves fully open on some
floors (outdoor temperature + 5°C).

As you can see, the influx of air
(negative flow) into the apartment can
occur on all floors.

With a decrease in the temperature of
the outdoor air due to an increase in
gravitational pressure, air consumption
increases (Table 3). The nature of the
distribution of flows does not change.

Table 2.

Estimated air flow (m® / h) with fully open supply valves in one apartment
(outdoor temperature +5°C)

Valves are open on the Valves are open on the Valves are open on the
Floor 2nd floor 5th floor 8th floor

VN-1 VN-2 VN-1 VN-2 VN-1 VN-2
2 45.0 43.0 6.2 -1.1 3.7 14
3 11.9 -7.3 6.3 -1.7 3.6 1.1
4 8.0 -3.7 7.1 -2.8 3.7 0.6
5 4.6 -0.7 36.6 354 3.6 0.4
6 -0.8 43 0.9 2.6 3.6 -0.1
7 1.0 2.0 1.9 12 3.7 -0.7
8 3.7 -1.2 3.7 -1.1 26.1 25.6
9 1.0 1.0 1.0 1.0 1.0 1.0
10 0.8 0.8 0.8 0.8 0.8 0.8

Table 3.

Estimated air flow (m® / h) with fully open supply valves in one apartment
(outdoor temperature —15°C)

Valves are open on the Valves are open on the Valves are open on the
Floor 2nd floor 5th floor 8th floor

VN-1 VN-2 VN-1 VN-2 VN-1 VN-2
2 78.6 75.0 12.0 -1.7 73 3.0
3 21.0 -11.7 11.9 -2.5 7.0 2.5
4 15.0 -6.4 13.1 -4.5 7.1 1.6
5 9.0 -1.2 63.7 61.7 6.8 1.1
6 -1.0 8.0 2.5 4.5 7.8 -0.3
7 2.0 4.1 38 2.3 7.8 -1.3
8 73 2.1 7.2 -2.0 46.1 45.0
9 2.1 2.1 2.1 2.1 2.1 2.1
10 1.6 1.6 1.6 1.6 1.6 1.6

38




Russian Journal of Construction
Science and Technology

Nekrasov A. V.

In order to reduce the likelihood of
overturning ventilation, it is necessary to
ensure the equal hydraulic resistance of all
ventilation ducts and satellite channels. In
this case, the supply air flow in each
apartment is divided evenly between both
ventilation channels without overturning
the ventilation, which is confirmed by
calculations. The calculations were carried
out for air ducts with constant sections of
380x140 mm and 270x140 mm. In the first
case, a significant change in air flow
compared to the original project (see Table
1) does not occur. In the second case, the
reduction in air flow does not exceed 10 %.

In practice, it is practically impossible
to ensure the equal hydraulic resistance of
the channels, even if this is taken into
account in the design process. Already
during the operation of the system,

residents themselves can upset the balance
of the system if they restrict air access to
the channel. To do this, they just need to
tightly close the door to the room from
which the air 1is vented (kitchen,
bathroom). Balancing may also be
disturbed due to clogging of the ventilation
grilles in any apartments, especially those
equipped with mosquito nets.

The most powerful influence on the
operation of the ventilation system is
exerted by exhaust fans installed by
residents themselves. This paper describes
the operation of Vents 100 MS turbo fans
connected to satellite channels of the VN -
1 duct. It was assumed that only one fan
was running and all the supply valves were
closed. The network corresponded to
Fig. 2. The calculation results at an outdoor
temperature of + 5°C are shown in Table 4.

Table 4.

Estimated air flow when exhaust fans are turned on in one apartment
(outdoor temperature + 5°C)

Floor The fan on the 2nd floor The fan on the Sth floor The fan on the 8th floor
VN-1 VN-2 VN-1 VN-2 VN-1 VN-2
2 111.0 -104.0 -11.0 16.2 02 54
3 -28.6 334 -11.9 16.6 -1.1 58
4 -19.8 242 -16.0 204 2.5 6.9
5 -12.0 16.6 114.2 -108.7 -4.8 8.7
6 53 8.8 -10.9 14.4 -10.5 14.0
7 -39 7.0 -8.0 11.1 -12.1 152
8 2.5 5.0 =55 8.1 114.8 -110.5
9 1.0 1.0 1.0 1.0 1.0 1.0
10 0.8 0.8 0.8 0.8 0.8 0.8

First, we note that the inclusion of fans
in any apartment to one degree or another
has an effect on the operation of ventilation
in all others. An exception, as before, are
apartments on the 9th and 10th floor,
connected to separate channels.

Secondly, turning on the fan allows
you to remove the required amount of air
from the apartment. However, due to the
relatively high hydraulic resistance of the
supply valves, the proportion of fresh air
entering the apartment is relatively small.
Most of it comes through the VN-2
channel from other apartments and from
the technical floor (warm attic). Prevent
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the flow of air into the apartment allows
the installation of check valves.

4. Conclusion

One of the reasons for overturning
natural  ventilation in  multi-story
residential buildings is the difference in the
hydraulic resistance of the ventilation ducts
serving the same type of apartment. In this
regard, it is advisable to use channels
having the same configuration and size.

It is advisable to use prefabricated
ventilation ducts with a constant cross-
section of constant height, the value of
which should be determined by the
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calculation, and not by the recommended
normative documents, of the air speeds.

In order to equalize hydraulic
resistance during the movement of air
flows inside the apartments, it is necessary
to provide ventilation openings between all
rooms.

Every modern apartment building
ventilation system is a collective use
system. At the same time, the regulation of
air exchange in an apartment (airing the
room, the inclusion of individual exhaust
fans, etc.) affects the air exchange in other
apartments. Thus, it is advisable to
minimize the number of apartments served
by one channel.

The use of low breathability windows
increases the likelihood of the ventilation
tipping over.

Using the proposed modeling
technique allows even at the project stage
to quantify the operation of the ventilation
system in conditions that differ from
standard and thereby optimize the design
of the system.
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