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gs |  Abstract
Rr " The impact of unintentional air flows on the performance of ventilation units with heat recovery is discussed on the basis of single room
Fes . ventilation units. Assuming an external short circuit (outdoor) and internal (inside the ventilation unit) air leakages, which lead to internal
s “ short circuits, a model is developed and characteristic numbers for ventilation efficiency, efficiency of heating load reduction and
we | effectiveness of electrical energy use are derived. Differences between supply and extract air flow rates, resulting in increased air flows
24 |  through cracks in the building envelope, are taken into consideration too. The use of tracer gas techniques to measure air leakage rates from
ventilation units is described briefly. It is shown by numerical examples that unintentional air flows can considerably reduce the
JE ilati its is described briefly. It is sh b ical les th intentional air fl iderably red hi
nal j performance of venlilation units in terms of ventilation efficiency and, in combination with unintentional heat flows through the casing,
els | energy savings. Therefore, these flows should be avoided or at least reduced to an acceptable level by an appropriate construction,
3

manufacturing process and installation of the units. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

For various reasons, mechanical ventilation systems with
heat recovery are virtually mandatory for low-energy build-
ings in regions with cold winters and, as a result, are
attracting increasing interest. With these systems fresh air
is preheated in a heat exchanger by extract air. Unfortu-
nately, depending on the construction, manufacturing pro-
cess and installation of the units and ducts, air leakages can
occur which reduce ventilation system performance or even
render ventilation ineffective. These air leakages, for exam-
ple through cracks between metal sheets or seals between the
extract and supply air flow, are induced by local pressure
differences. The existence of air leakages and short circuits
is well known in centralized mechanical ventilation systems
[1-3] as well as in single room ventilation units [4-6].

The European standard [7] for heat exchanger testing
demands that internal and external air leakage rates are less
than 3% of nominal air flow rate. The test procedure can only
be performed if this condition is satisfied. The analysis of
measured data does not take air leakages into account. Most
single room ventilation units have difficulty fulfilling this
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criterion. Hence a method for determining characteristic
numbers for ventilation efficiency, efficiency of heating load
reduction and effectiveness of electrical energy use that
takes account of the impact of these unintentional air flows
is suggested. The method is discussed with reference to
single room ventilation units, but can be applied in principle
to other types of ventilation systems too.

2. Objects and methods

Single room units have certain specific properties com-
pared with centralized ventilation systems. These properties
and the performance criteria are discussed in [8,9]. Above
all, they are potentially highly suitable for building retrofits,
because they do not need any ducting within the dwelling.
The performance criteria for these units include acoustic
aspects such as sound transmission through the units from
the exterior to the interior and sound emission, thermal
comfort and ventilation efficiency in the room which is
supplied with fresh air, as well as aspects of heat recovery
and efficient use of electrical energy. Performance also has
to be guaranteed if thermal or wind-induced pressure differ-
ences occur between indoors and outdoors. These variable
pressure boundary conditions are discussed in [10].
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Fig. 1. Main and unintentional air flows in a system consisting of a
ventilation unit, room and outdoor space (internal air flow directions I and

HEXH 2 MouT)-

Two types of unintentional flow that reduce the perfor-
mance of a single room ventilation unit can occur: unin-
tentional heat flows and unintentional air flows. An
unintentional heat flow occurs because the mean tempera-
ture in the unit is lower than room temperature during a
heating period and, therefore, a flow from the room air
surrounding the unit into the unit itself is induced. This heat
flow reduces the heat recovery effect and should be kept
small by an appropriate unit construction and particularly by
appropriate unit insulation [8,9].

Additionally, as already mentioned, air leakages and short
circuits can occur. In accordance with Heidt et al. [4-6] three
unintentional air flows are taken into consideration (Fig. 1).
First, an external flow #., from the exhaust air into the
outdoor air intake. This external air flow is dependent on the
construction and positions of the outlet and intake, but also
on the velocity and direction of the wind and the difference
in temperature between the outdoor air and the exhaust air.
Second, an internal air flow #i;,,; which mixes supply air into

the extract air, and third, an internal air flow #;,», which
mixes extract air into the supply air. Internal leakage paths
can occur in front of, inside or behind the heat exchanger.
The precise leakage distribution is usually unknown. Fig. 1
therefore shows a simplified situation. It is assumed that
there are no air flows through the casing. The direction and
magnitude of unintentional air flows inside the unit depend
on local pressure differences by the leaks and leak proper-
ties. Pressure differences inside the unit are mainly deter-
mined by the positions of fans. For example, Fig. 1 shows a
case where the supply air fan is positioned between nodes II
and IIT and the exhaust fan between nodes V and VI. If
supply and extract air flows are not equal, a differential air
flow my occurs through cracks in the building envelope. If
the building envelope were absolutely airtight, supply and
extract air flows would automatically become equal. How-
ever, real building envelopes do have cracks and, therefore,
this differential mass flow can occur. Flow resistance of the
building envelope — which in practice depends on the
building construction — is not taken into consideration here.
Further assumptions in the model described here are that
specific heat is not temperature dependent and that room air
is mixed completely.

In an experimental set-up (Figs. 2 and 3), tracer gas was
injected at a rate of C into the extract air, representing indoor
contamination. All tracer gas concentrations couT, Csup CEXT
Cxi, C2, Al flow rates i and mp, air temperatures Tour Tsup
TexT Texpandelectrical power Py were measured (Fig. 1) and
used as input data for analysis (Chapters. 3 and 4). In a real
building, #, and 1, cross the building envelope within two
ducts. These two air flows could easily be measured in the
experimental set-up and were taken as nominal rates. The
pressure difference between ‘indoor’ and ‘outdoor’ was kept
at zero. Air velocities in the ‘outdoor’ space of the experi-
mental set-up were low at the time that data for further
analysis were taken, corresponding to a no-wind situation.

Fig. 2. Experimental set-up with outdoor air intake and exhaust air outlet (round grill) and wooden box, which contains the room with the ventilation unit

(left). On the right tracer gas and data acquisition equipments are visible.
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Fig. 3. Single room ventilation unit inside the wooden box (Fig. 2).
Temperature sensors are visible in the extract air (at the top of the unit), in
the supply air (at the bottom of the unit) and on the surtace of the casing. In
the supply air, tracer gas concentration is measured too.

In principle, four different situations of internal air flow
(leakage) directions are possible, but only the two most
frequently encountered in single room ventilation units are
dealt with here. Two subcases are discussed for each of the
two cases, depending on the direction of the air flow through
the building envelope.

3. Modeling
3.1. Ventilation efficiency of the units

3.1.1. Internal air flow directions I and mgxu > mour

Eleven quantities were not measured in the experiment
(Fig. 1): air flow rates riour, msup, MEXT, MEXH, Md, W3, M4,
Flext, Mini1, Minz and injection rate C. Applying the mass
conservation law for air and tracer gas to nodes I to VII,
eleven equations are obtained:

HOUT + Mexq — iy =0 (1)
MouTCOUT T MextCEXH — Hiacy = 0 2)
ity + Ming — ity =0 (3)
1€y + MinaCExp — Macsup = 0 4)
g — Wiy — tsyp = 0 3)
msup — MexT + My =0 (6)
msupCsup — mExTCEXT + fiacour + € = 0 @)
mexT + Wiy — M3 =0 (®)
MEXTCEXT + Mintl Csup — M3CExH = 0 €)
fiy — Mg —my =0 (10)
1y — ey — Mgxy = 0 (11)

This system of eleven linear equations can easily be solved

using a computer program for symbolic computation [11],
for example. Egs. (12)-(17) show how the unknown air flow
rates can be calculated using known air flow rates #1y, ra,
and tracer gas concentrations cour, Csup, CEXT»> CExd and ¢;.
Only the quantities that will be used to calculate ventilation
efficiency are shown.

C2 — CouT

eyt = M1p (12)
CEXH — CouT
. - CEXH — Csup
M) = My e
CEXT — Csup
. csup — Ca Csyp — €2
+ mp < (13)
CEXH — Csup  CEXT — Csup
. . Csup — 2
Mgy = fig —————— (14)
CEXH — Csup
. . . Csup—
ms =my + my; —————— (15)
CEXH — Csup
. . CEXH —C2
My = Wy ———— (16)
CEXH — Csup
. . . C2—Cout
MEXH = M| — M) ————— 17

CEXH — COUT

External and internal leakage ratios are defined as follows:

L (18)
my
m.

finl = —t (19)
nms
m.

finz = —2 (20)
mq

Using Eqgs. (12)—(16) and Eqgs. (18)-(20), the following is
obtained:

C2 — CouT

Boxt = ——————— (21)
CEXH — COUT
CEXT — CEXH

Eint) = ——————— (22)
CEXT — €sup
Csup — C2

Gy = ——————— (23)
CEXH — 2

Leakage ratios can be calculated with Egs. (21)-(23) and
measured quantities.

In the following the ventilation efficiency of the unit, #c,
will be derived. This describes how effectively contaminants
are removed from a room and is characteristic of the unit and
not of the air flow pattern in the room. The case where

MEXH = MOUT (24)

is considered (Fig. 1).

Starting from a system that includes the room, unit and
external leakage flow, a fictitious air flow rate ric, which is
relevant to the removal of contaminants, is obtained:

tc(CExT — couT) = MEXHCEXH — MOUTCOUT

— (thexy — out)cour = C (25)

SIS TS
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and

. . CEXH — CouT
me = mgxy —————— (26)
CEXT — CoUT

The ventilation efficiency of the unit, 7, is defined as
th

_nc 27
Yc o 27)
In the case of rgxy > mourt, air flow rate m, is used as the
reference value because it is the higher of the two non-
leakage air flows through the building envelope. With
Egs. (17), (26) and (27), the following is obtained:

CEXH — CouT Hlp C3 — COUT
_ _ My € — cour (28)

CEXT — CouT M1 CEXT — COUT

In the special case of no leakages with cgxy = cgxt and
¢2 = cour, the ventilation efficiency becomes #c = 1. On
the other hand, if all the exhaust air is sucked into the intake
(¢2 = cgxu, Mp/my = 1) or outdoor air does not reach the
room (c; = cgxy = cour), ventilation efficiency is 1. = 0.

3.1.2. Internal air flow directions I and mgxy < mour
With the same internal air flow directions as in Fig. 1 but

mexy < MouT, (29)

gy changes now its direction and eleven mass conservation
equations can be formulated and solved again. As a result,
leakage ratios according to Egs. (21)-(23) are obtained.
Starting from a system including the room, unit and external
short circuit, the fictitious air flow rate mc, which is relevant
to the removal of contaminants, is obtained:

tc(CExT — CouT) = MEXHCEXH — HOUTCOUT

+ (out — mEexn)cext = C (30)
and
. . . CEXT — CEXH
mc = MoyT — MEXH ———————— (€2Y)
CEXT — COUT

The ventilation efficiency of the unit, 7, is defined:

ne =28 (32)

my

In the case of mgxy < mour, air flow rate m; is used as a
reference value, because itis the higher of the two non-leakage
air flows through the building envelope. It is obtained thus:

CEXT —C2 M| CEXT — CEXH
c= ) (33)

CEXT — COUT  M12 CEXT — COUT

In the special case of no leakages with cgxy = cgxp and
¢ = cour, ventilation efficiency becomes #- = 1. On the
other hand, if 71, /m; = 1 and all the exhaust air is sucked
into the intake (¢, = cgxy) or outdoor air does not reach the
the room (c; = cgxy = cour), ventilation efficiency is
e = 0. In the case of mgxy = moyr, the mass flow ratio
is #i1p/m; = 1 and the ventilation efficiencies according to
Egs. (28) and (33) become identical.
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Fig. 4. Main and unintentional air flows in a system consisting of ventilation
unit, room and outdoor space (internal air flow directions Il and itgxu > royr)-

3.1.3. Internal air flow directions Il and air flow rates
MEXH 2 MOUT

Fig. 4 shows a second typical fan position and internal air
flow direction scenario which is found in single room
ventilation units. Here again, eleven mass conservation
equations can be formulated and solved. External and
internal leakage ratios can be defined and calculated:

Eext = (34)
mp
Migel
Bint] = = (35
msup
VhintZ
g2 = — (36)
mi
C2 — CouT
Boxt = ———————— (37
CEXH — CouT
Csup — C2
Eintl = ————— (38)
CEXT — C2
CEXT — CEXH
Bing = ——————— (39)
CEXT — C2

The ventilation efficiency of the unit, #¢, which is defined
according to Eq. (27), can also be calculated with Eq. (28).

3.1.4. Internal air flow directions II and air flow rates
mexy < MoyT

With the same air flow directions as in Fig. 4, but with
mexn < Moyr, again, eleven mass conservation equations
can be formulated and solved. As aresult, leakage ratios éext,
&int1 and gy according to Egs. (37)—(39) are obtained. Using
definition 32, the ventilation efficiency of the unit can be
calculated according to Eq. (33).

3.2. Efficiency of heating load reduction
3.2.1. Air flow rates mgxy > Mout

To quantify the effect of the heat recovery in a ventilation
unit on the heating load during wintertime and, as a con-
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Fig. 5. Energy and mass flows into and out of a system including room,
unit and external short-circuit (sitgxy > Mmoyr).

sequence, on energy savings, a system is considered (Fig. 5),
which includes a room, unit and external short circuit. The
heat flow from the room air through the casing into the unit,
as described in chap. 2, takes place within the boundaries of
this system and is therefore not taken into consideration
here. It was assumed that the electrical energy used to power
the fans is converted completely into heat within the system
boundaries.

Neglecting heat storage effects in the building, conserva-
tion of energy demands:

On+ Qin — Qout + Qu + Py =0 (40)

Transmission and infiltration heat losses, solar gains and
internal gains from people and appliances are not taken into
consideration here because they are not relevant to the heat
recovery effect. Using Eq. (40), heating load in the case of
mechanical ventilation with heat recovery is:

O = texucy(Texu — TpUT) — Py (41)

Heating load in the case of ventilation with a fictitious air
flow rate ric and without heat recovery is taken as a
reference case:

Oho = tccy(Texr — Tour) (42)

The ratio between the reduction in heating load due to heat
recovery and the heating load in the reference case is defined
as the efficiency of heating load reduction:

_ Zho— O 43)
Chp

Using Egs. (17), (21) and (27) and Egs. (41)-(43), and the

definition of temperature efficiency in relation to the exhaust

air

n

Text — Texu
S (44)
e Text — Tour

which also includes temperature differences from the waste
heat of the fans, the following is obtained:

P
- = } (45)
mycp(Texr — Tour)

When the characteristic numbers écxt, 7c, #iT gxu and air flow
rates rir) and i, as well as electrical power consumption Py,
are known, Eq. (45) can be used to calculate the efficiency of
heating load reduction at given temperature boundary con-
ditions. Eq. (45) is valid for both internal air flow directions.
In the special case of Py = 0 and ideal ventilation properties
gext = 0 and ¢ = 1, the well-known temperature efficiency
is obtained from Eq. (45):

N = N1ExH (46)

The efficiency of heating load reduction according to
Eq. (45) but without electrical power, is defined as

Hp,=0 = N(Pa = 0) 47)

3.2.2. Air flow rates mgxy < HouT
If mexy < mour, it is obtained in analogy to Eq. (40):

Oh+ Oin — Qou — Qa + Pa =0 48)

In the case of mechanical ventilation with heat recovery,
heating load is:

On = riexucy(Texu — Text)
+ rourep{Text — Tout) — Pa (49)

Using Eqgs. (21), (32), (42), (43), (44), (49) and the air flow
rates rgxy and rgut, which were found as solutions to the
eleven mass conservation equations, the efficiency of heat-
ing load reduction becomes:

1 m|
n=1—-— 1-eext+}1T’EXH eeXL—ﬁTz

Pel
== 50
tigcp(Texr — TOUT)] 50)

Where &y, N, #y, Wy, HTEXH and P, are known, the
efficiency of heating load reduction can be calculated with
Eq. (50) at given temperature boundary conditions. Eq. (50)
is valid for both intemal air flow directions. The efficiency
of heating load reduction without electrical power can again
be defined according to Eq. (47). In the case of a ventilation
unit with Py = 0 and ideal ventilation properties e.xx = 0,
my /iy, =1 and nc =1 the well-known temperature effi-
ciency is obtained from Eq. (50):

N = NTEXH (51

In the case of mgxy = mour, the mass flow ratio is
my/my =1 and the efficiencies of heating load reduction
according to Egs. (45) and (50) become identical.

3.3. Electrical power

3.3.1. Air flow rates mgxu > Mout

The ratio between the heating load reduction due to
mechanical ventilation with heat recovery and the electrical
power consumed by the fans is sometimes named electro-
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Table 1
Examples of measured data

Parameter Ventilation unit

A B C
Tracer gas concentration in outdoor air couT 54 x107* 72 x 107 6.5x107*
Tracer gas concentration in supply air csup 100 x 107* 7.7 x 107* 10.5x107*
Tracer gas concentration in extract air ¢gxr 18.8 x 107* 158 x 107 17.4x10™*
Tracer gas concentration in exhaust air cgxy 167 x 1074 144 x 107 16.5x10™*
Tracer gas concentration in intake air ¢, 6.6 x 10°* 73 x 107* 7.5%x107*
Qutdoor air temperture Toyr (°C) -2.2 4.0 9.2
Supply air temperature Tsyp (°C) 12.7 16.1 17.0
Extract air temperature Tgxt (°C) 20.8 21.0 21.0
Exhaust air temperature Tgxy (°C) 12.6 10.7 174
Air flow rate in outlet 1, (kg/h) 35.4 35.5 32.6
Air flow rate in intake 1, (kg/h) 34.0 36.2 28.7
Electrical power P, (W) 18.6 8.4 6.8

thermal amplification ETA. Taking account of air leakages
and external short circuits, it is defined as:

ETA = Ono— On (52)

B el

Eq. (52) is defined so that the fans’ waste heat contributes
to the heating load reduction. With Egs. (27), (42), (43)
and (52), an electro-thermal amplification ETA that
also includes the ventilation efficiency of the unit is
obtained:

nmcmicp(Text — Tour)

ETA =
P el

(33)

In the case of 7 =#nrgyy and nc =1, the following is
obtained from Eq. (53):

_ tir cp(Text — Texu)
Pel

ETA

(54

3.3.2. Air flow rates mgxy < Hmout
In the case of rgxy < mour and using Egs. (32), (42),
(43) and (52), the following is obtained:

_ nctinacp(Text — Tour)
Pe]

ETA (55)

Table 2
Characteristic numbers calculated with data taken from Table 1

In the case of mgxy < moyr, it follows that n; = my and
electro-thermal amplification according to Egs. (53) and
(55) become identical. Inthe case of § = 71 gxyy and ¢ = 1,
the following is obtained from Eq. (55):

tpcp(Text — Texu)

ETA =
Pel

(56)

4. Numerical examples

The model presented here was used to analyse data
derived from measurements on three single room ventilation
units. Two of them are commercially available and the third
is a prototype unit. Units A and C have a very similar
construction. The measured data include tracer gas concen-
trations cout; Csup CEXT> CExH and ¢y, air temperatures Touyr,
Tsup Text and Tgxy, air flow rates rir; and iy, and electrical
power Pg; (Table 1). In units A and C air flow directions I and
mexu > mout and in unit B air flow directions II and
mexy < moyt were found. Table 2 shows data which were
calculated using the model presented here. Temperature
efficiency in relation to the supply air was also calculated:

Tsup — Tour

N sup = Taxt —Tour (57

Characterstic number

Ventilation unit

A B C
External leakage ratio €ex, 0.10 0.02 0.10
Internal leakage ratio 1 €, 0.24 0.05 0.14
Internal leakage ratio 2 €2 0.34 0.17 0.34
Ventilation efficiency of the unit 7¢ 0.76 0.83 0.83
Temperature efficiency in relation to the supply air #ysup 0.65 0.71 0.66
Temperature efficiency in relation to the exhaust air yr,exn 0.36 0.61 0.31
Efficiency of heating load reduction including electricity n 0.35 0.58 0.31
Efficiency of heating load reduction excluding electricity np, ¢ 0.24 0.52 0.24
Electro-thermal amplificasion ETA 3.21 9.72 4.10

TR e e
e
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It can be seen in Table 2 that considerable external short
circuits and internal air leakages occurred in these single
room ventilation units. As a result, the ventilation efficien-
cies of the units, #¢, are reduced. The significant differences
between the temperature efficiencies in relation to the
supply air #tsup and the temperature efficiencies in relation
to the exhaust air #rgxy are due to the heat flow from the
room into the unit and air leakages. Taking ventilation unit A
as an example, it can be seen that using temperature effi-
ciency nrexu instead of efficiencies n or 5p, g, the heat
recovery effect will be overestimated by 3 or 33%. Taking
frsup instead of 7 or 77, _o, the heat recovery effect will be
overestimated by as much as 46 or 63%. Using nominal air
flow rates, contaminant removal will be overestimated by
24% for the same unit.

S. Conclusions

It was shown by means of measured data, a model and
numerical examples, that external short circuits, internal air
leakages and heat flows through the casing can reduce the
performance of single room ventilation units considerably.
A ventilation efficiency of the unit, 7, was derived in order
to quantify the effectiveness of contaminant removal from a
room. The found efficiency of heating load reduction #
depends on temperature efficiency #rgxu, but also on the
ventilation efficiency of the unit, #c, and additional para-
meters. An electro-thermal amplification, ETA, that also
depends on the ventilation efficiency of the unit, #c, and the
efficiency of heating load reduction, #, was derived. Tem-
perature efficiency in relation to the supply air #sup,
temperature efficiency in relation to the exhaust air #1gxp,
efficiency of heating load reduction including electricity #
and efficiency of heating load reduction excluding electri-
city np,_o can differ substantially. Hence, if significant
unintentional air flows occur in a ventilation unit, the use
of nominal air flow rates to estimate real contaminant
removal from a room has to be regarded as a rough estimate
only. In the case of significant heat flows from the room into
the unit and unintentional air flows, temperature efficiency
in relation to the supply air #tsyp is much higher than the
efficiency of heating load reduction and should not be used
to calculate energy savings.

External short circuits and air leakages should be taken
into consideration, particularly if they exceed a certain
degree, when characterizing ventilation units and quantify-
ing their ventilation efficiency or the benefits of heat recov-
ery in terms of heating load reductions and, therefore, energy

savings. In addition to ensuing that systems are properly
installed, manufacturers of ventilation units should try to
avoid leaks and external short circuits or at least reduce them
to an acceptable level by an appropriate construction and
manufacturing process. This will increase the user benefits
derived from ventilation units because contaminants are
removed more effectively from the room and more energy
will be saved by heat recovery.
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