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The article deals with the issue of determination of leaks from a recovery heat exchanger using secondary heat contained in ventila-
tion air and an analysis of impact of leak upon the nature of ventilation system, shared thermal flows, thermal and operational effi-
ciency of the exchanger. The verification of the hypothesis based on results of a theoretical analysis of the issue was accomplished
at an operational metering of a prototype of ventilation unit provided with a plate exchanger in calf breeding house after the instal-
lation of the unit and, furthermore, after 9 months of the operation of the unit. Results of the verification confirmed the conclusions
of the theoretical analysis of the issue. They demonstrated that the new unit added 21.1 to 30.8% of extracted air to the atmospheric
air supplied to the breeding house. Originally designed negative pressure system became almost a balance ventilation system due to
the leak. As a result of mixing the temperature of air supplied to stable increased for 2.7-5.3 K and the air moisture content increased
for 0.9-1.1 g.kg’l da. Heat output exchanged during process of fresh air contamination varied between 5.15 to 11.42 kW. Due to
admixture of extracted air, the thermal efficiency of the unit grew by 10.5-22.1%. After 9 months of operation in the breeding house,
the extracted air volume flow in the supplied air dropped after the leaking points were sealed to 2.1-2.2%. The temperature, spe-

cific humidity and efficiency differences caused by air mixing were almost negligible.

ventilation of stable; crossflow heat exchanger; air contamination; heat balance; mass balance

INTRODUCTION

Results of research and operating testing completed
both in the Czech Republic and abroad (Bastron etal.,
1999; Kennedy etal,1991; Lord etal, 1989; Ada-
movsky etal, 2002; Adamovsky, Adamov-
sky,2004) showed that energy systems utilizing second-
ary heat of ventilation air by means of recuperative
air-to-air heat exchangers significantly decrease heating
energy consumption of stable facilities, improve the stable
environment quality, and eliminate the risk of air humid-
ity condensation on interior walls of structures.

However, the ventilation units feature a specific prob-
lem resting in their untightness. That untightness causes
mixing of supplied air with exhausted air. The stable en-
vironment quality is most significantly affected by the
exhausted air mixed into the supplied fresh air. As a result
of this type of air flow mixing, concentration of harmful
substances or undesirable microorganisms in the supplied
may increase and its specific humidity may change as
well. It is most frequently increasing. Both of these phe-
nomena may negatively affect the stable environment
quality and they require more intense ventilation, which
results in heat losses caused by forced ventilation.

Manz etal. (2001) deal with the problems of leaking
ventilation units with their air-to-air recuperative heat ex-
changers. They analyze the impact of untightness and
mixed air flows on efficiency of utilization of heat ob-

tained from exhausted air and efficiency of local unit ven-
tilation. They divide the air flows into external and internal
ones. The external air flows apply to the whole unit and
the internal ones apply to the heat exchanger itself. They
monitored shared air flows from the exhausted into the
supplied air and vice versa. In three ventilation units the
air flow associated with untightness reached from 5 to
24% of the whole airflow volume. As a result of air mix-
ing, the efficiency of recuperation of heat obtained from
the exhausted air decreased by up to 24%. The minimum
efficiency decrease was 3%. Roulet et al. (2001) deal
with the problem of untightness of central ventilation units
in their publication. Visualization gas injected into the air
flow was used for untightness identification. That gas was
alternatively injected into the unit’s air inlets. Gas concen-
tration was measured at seven locations of the unit and
around the unit. This method was used for identification
of untightness of the central ventilation unit as a whole,
including the recuperative heat exchanger’s body itself.
Untightness of the heat exchanger reached 7%. The whole
unit featured untightness of 20%. As a result of mixing,
efficiency of utilization of heat recuperated from exhaust-
ed air decreased by up to 12-45% and 43% on average.
For example Adamovsky etal. (2007), solved with
the problem of untightness of stable recuperative heat ex-
changers in the Czech Republic. The article analyzes un-
tightness of a prototype heat exchanger comprising capil-
lary heat pipes, which was tested at a big breeding stable.

* This article was prepared thanks to the support of the research project No. VZ03 CEZ MSM 6840770003 Development and application of com-
puter simulation algorithms in engineering provided by the Ministry of Education Youth and Sports of the Czech Republic.
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Based on the heat exchanger’s weight and heat balances,
its untightness impacts on the change of the ratio of air
volume flows and efficiency of heat recuperation are de-
termined. Operating test results showed that 12.1-37.3%
of exhausted inside air is mixed into the supplied outside
air, efficiency of recuperation of heat from the exhausted
air decreased by 18.7-55.8%, and the temperature of the
supplied air increased due to mixing with the exhausted
air by 0.4-2.2 °C. The impact of untightness and con-
tamination of heat transfer surfaces on efficiency of the
heat exchanger comprising gravitational heat pipes was
monitored at a broiler chicken breeding stable (A da-
movsky etal, 1996). During the first six days of chick
breeding, the heat exchanger’s untightness and intense
contamination of its heat transfer surfaces caused a de-
crease of efficiency of utilization of the heat obtained from
exhausted air by 5.8% in 24 hours. The velocity of the air
flowing in the heat exchanger was 0.51 ms .

The objective of this paper is a theoretical analysis of
the issue of determination of leaks from the air/air recov-
ery exchanger and an analysis of the impacts of leaks upon
the nature of the ventilation system, shared thermal flows
and thermal and operational efficiency of the exchanger.
Moreover it is focused on operational verification of re-
sults of the theoretical solution and findings obtainment
concerning changes of the mixing intensity under opera-
tional conditions.

METHODS
Theoretical analysis

While dealing with the issue of supplied air contami-
nated by exhausted air, then, based on Fig. 1, the following
scenarios may occur:

Lox, =x,=X,=%,

Mixing of two types of air will not affect the supplied
air specific humidity. It will only change the air volume
flows ﬁmm and Z,e,ma.

200, > X, = Xy > X,

Mixing of two types of air will increase the supplied
air specific humidity and it will change the air volume
flows Z’i’ma and Z,e’ma. This scenario prevails at stable
structures.

3.2, <Xy =X, <X,

Mixing of two types of air will decrease the supplied
air specific humidity and it will change the air volume
flows 7, and 7,,.,.

During solving of the issue of leaking stable units the
X; > x,, case occurs. Following the scheme in Fig. 1, the
weight balance of air flows in the heat exchanger may be

expressed through the following equations:

My gy X ¥ A 4y Xy = Mecin X,y [kes '] (1)
Meeda =M, 4y + A, , 4, [kggs '] )
Where:
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m.,q, —outsideair mass flow before the exchanger, adjusted
’ to 1 kg of dry air [kgda.sfl];

Amm 4 — stable air mass flow mixed into the supplied outside

. air, adjusted to 1 kg of dry air [kgda.s’]];

Mreda  — outside air mass flow behind the exchanger, adjusted

to 1 kg of dry air [kgda.sfl].

In the specified equation and other equations the fol-
lowing applies:
Indexes: i — air exhausted from the stable,
e —outside air, supplied to the stable,
1 —values before the exchanger,
2 —values behind the exchanger,
da — dry air,
ma — moist air.
The values with the bar are values affected by mixing
of the supplied air with the exhausted air.
Dry air mass flows m, ,, are subject to the following
equation:

m‘r ma I/r ma'pma [k *1] (3)
m = - = - a,S
R (S B (S N
Where:
V. — air volume flow [m3.sfl]

PT,::a — air density [kg.mﬁE]

Upon integration of equations (3) and (2) into equation
(1), we may calculate the exhausted stable air volume flow
AV, .a» which is mixed into the supplied outside air by
means of the following equation:

_ (er - xe,) (1 + xl.]) Petma

phma (xil _)_Cez)' (1+xe] ) Pit,ma s
Equation (4) has no solution for x, =x, =X, .

_ Actual operating volume flows in the heat exchanger

m's'] ()

Viima and V_ are then calculated via the following
equations:

V‘(,i,ma = V‘l:,i,ma _AVt,i,ma [m3-sil] (5)
V'c,e,ma = VT,e,ma +AVr,i,ma [m3’sil] (6)

The heat output O, , shared between the exhausted
and the supplied air flows through heat passing through
the heat exchanger walls and not through mixing of air
flows may be expressed through the heat output balance
equation. The left side of this equation is formed by the
actual heat output O, ., brought through the outside air
flow, the heat output AQ, ; provided to the supplied out-
side air during mixing with the exhausted stable air, and
the heat output O, .. The right side of the equation fea-
tures the actual heat output Q_,, delivered to the stable.
The following applies:

T,e2

Qr,el + AQ‘E,i + Q’[,R = Q-c,ez [W] (7)

In equation (7) is:

V‘[ ema'pel ma
0, = ~remPam 1) ®)
< (1 + xgl) :
A _ AV’C,i,ma'pil,ma ]’l
Q‘r,i - i [W] (9)

(l+xi1)
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- V'c,e,ma p

0. = 21 fex [W]

Where: 4 — air enthalpy [J .kgda’l]

(10)

We express the heat exchanger untightness value
through an equation introduced by Marquardt
(1983):

E =22"Y ] (11)
Xip — Xer

We calculated temperature #,, achieved only through

heating of air through shared heat output O, ; by means

of the following equation (Marquardt, 1983):

;‘32 — Em 'ti 1

teZ =
1-E,
Efficiency of utilization of heat contained in the ex-
hausted stable air was calculated through the following

equations:

[°C] (12)

- é‘r 2 Qr el
==t - 13
" Q‘r,il _Qr,el [ ] ( )
QT 2 Qr el Qr R
== <l = : — 14

nR Q‘C,il - Q‘r,el Q‘r,il - Q‘c,el [ ] ( )
Where:

Q‘r,il = m‘[,[,da'hil (W] (15)

We calculated the heat exchanger thermal efficiency
eliminating the volume flow impacts by means of the fol-
lowing equations:

— igz—t
o= <[] (16)

tll_tel
=2l (17)

Rt to—t

We determined the values of the moist air state and
other thermodynamic values used in calculations by means
of the Vitasek (2006) publication.

Measuring methodology

Ventilation units ZV 3-22 with their plate recuperative
heat exchangers were tested at the calf breeding stable of
the co-operative farm in Kosofin. The exchanger basic
dimensions:

— Length 0.98 m, width 0.57 m, and height 0.63 m;

— Number of air ducts — 16 for exhausted air, and 16 for
supplied air;

— Air duct width 15 mm;

— Heat transfer surfaces of air ducts — flat plates of gal-

vanized sheet, thickness 0.55 mm;

—  Exhausted air inlet cross-section — 0.62 m’;
— Supplied air inlet cross-section — 0.34 m’.

LAN W 450.4 fans with the ALR 3/21 electronic speed
regulation were used for air supply and exhaust.

The stable with a light steel structure, aluminum coat-
ing, and thermal insulation contained 640-700 calves
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Fig. 1. Scheme of measuring of plate recuperative heat exchanger
ZV 3-022

Explanation of the values depicted in Fig. 1:

ty — Stable air temperature before the exchanger [°C];

@,  — Stable air relative humidity before the exchanger [—];

x;,;  — Stable air specific humidity before the exchanger [kg.kgd;l];
tH — Stable air temperature behind the exchanger [°C];

@,  — Stable air relative humidity behind the exchanger [-];
X,  — Stable air specific humidity behind the exchanger [kg‘kgd;l];
— Outside air temperature before the exchanger [°C];

¢,,  — Outside air relative humidity before the exchanger [-];
x,;  — Outside air specific humidity before the exchanger [kg.kgdafl];
tex - Outside air temperature behind the exchanger [°CJ;

P, —Outside air relative humidity behind the exchanger [—];

Xe2  — Outside air specific humidity behind the exchanger [kg.kgd;]];
v, — Stable air volume flow before the exchanger [m3.s’1];

T,i,ma
V. — Outside air volume flow before the exchanger [m3.s’]].

T.ema

weighing 80-90 kg on steel rids with no bedding and el-
evated stalls.

Parameters of stable exhausted air i and supplied out-
side air e were measured in accordance with the scheme
in Fig. 1 immediately after installation of the heat ex-
changer and also after 9 months of its operation.

The air temperatures were measured by means of the
AMR THERM 3400 central measuring station and the
AMR THERM 2246 relative humidity digital psychro-
meter. Air flow velocity was measured by the THIES
CLIMA propeller anemometer.

The placement of breeding house air extraction duct
and supply of atmospheric air eliminated mixing of both
types of air before the exchanger.

What was verified simultaneously with the measuring of
leaks was the impact of the clogging of the heat exchanger
surfaces upon changes of volume flows of air and the effi-
ciency of the exchanger (Kara, Adamovsky,2001).

RESULTS AND DISCUSSION

Selected results of the operational measuring are sum-
marised in the table 1. Other six operational measuring
cycles showed values with similar trends, respectively al-
most identical values. The values marked 4 were meas-
ured immediately after installation of the heat exchanger
in the stable. The values marked B were measured after
9 months of the heat exchanger’s operation. The value
markings and indexes follow the scheme in Fig. 1 and the
value specification available in the Methodologies chapter
(Table 1).
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Table 1. Results of measuring of plate heat exchanger ZV 3-022

Table 2. Calculated values

Table 2 shows a calculations summary of equations (1)

through (17) as shown in the chapter 1.

Values affected by extracted and supplied air mixing
are identified by a strip in both tables.

Our process measurements and calculations showed as
follows:

1. Inall the process measurements X, > x,,. It means that
the exhausted stable air mixes with the supplied out-
side air inside of the ventilation unit. Increased spe-
cific humidity X,, must be followed by higher inten-
sity of stable ventilation, which will result in increased
heat output consumption (i.e. heat losses due to forced
ventilation).

2. The longer a heat exchanger is operated, the lower the
intensity of air mixing inside the unit due to its con-
tamination (clogging). The B measurements showed
thex,, > x,, difference, which is significantly smaller
than in case of the A4 measurements, even if the

V.. V! ratio is bigger. This trend confirms even
the significant decrease of the E,, relative untightness
value.

3. Itapplies to all the measurements that x,, = x;,. There-
fore, during cooling of the exhausted stable air there
was no partial condensation of water vapor from the
air. .

4. The share of AV, . in V.. reaches, in case of the
installed heat exchanger (4 measurements) 21.1—
30.8%, and 2.1-2.2% after 9 months of the heat ex-
changer’s operation (B measurements). The intensity
of air mixing decreases due to untightness affected by
clogging again.

5. The originally designed negative pressure ventilation

V. ima V[e]m >1 became an almost balanced ventilation
system V, .V, . =1 due to leaks.

6. Temperature of the air supplied to the stable increased
during the 4 measurements due to its mixing with the
exhausted stable air by 2.7-5.3 K (7, — ,,). A quite
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Measurements Measurements

A B 4 B
1, [°C] 6.0 | =50 | =52 | 17 | -13 E, [-] 0.204 | 0.196 | 0.289 | 0.0208 | 0.0196
@, [-] 070 | 0.64 | 065 | 078 | 0.75 AV [m57] 0.119 | 0.160 | 0.302 | 0.0055 | 0.0062
x, [gkeg, '] 1.6 1.6 1.6 2.6 2.6 Veima [M571] 0.461 | 0.640 | 0.599 | 0.405 | 0.484
1, [°C] 9.2 6.5 5.7 9.9 | 100 Vo [M0.57'] 0.539 | 0.760 | 0.982 | 0.246 | 0.296
0 [-] 037 | 041 | 046 | 035 | 035 O,.» [kW] 10.54 1194 [14.93 | 494 | 6.03
X, [eke, '] 2.7 2.5 2.7 2.7 2.7 O, [kW] -1.07 |-0.76 |-1.03 148 | 1.88
Veema s ] 042 | 060 | 068 | 024 | 029 AQ,, kW] 515 | 642 |11.40 | 022 | 026
1, [°C] 19.6 18.9 18.7 15.7 15.7 O, x [kW] 6.46 | 628 | 456 | 324 | 3.89
0, [ 048 | 044 | 039 | 065 | 067 1,[°C] 6.5 35 0.4 9.8 9.9
X, [ekgg, '] 7.0 6.2 5.4 74 7.7 Mp, [-] 0.594 | 0.481 | 0.456 | 0.667 | 0.665
1, [°C] 12.8 12.2 11.2 10.5 10.8 Mg, [-] 0.489 | 0.355 | 0.235 | 0.660 | 0.658
¢, [-] 0.74 0.68 0.63 0.91 0.93 e -] 0.443 | 0.388 | 0.455 | 0.228 | 0.226
X [gkgy, 1 7.0 6.2 5.4 7.4 7.7 e -] 0.248 | 0.192 | 0.136 | 0.213 | 0.210
Veima M1 058 | 080 | 090 | 041 | 049 V,imaVoema [-] | 1076 | 1.053 | 0916 | 1.667 | 1.655
VeimaViowa [1 | 1.38 1.33 1.32 1.71 1.69

negligible difference was identified during the B meas-

urements.

7. During the 4 measurements, the temperature efficien-
cy difference 7, - n,, was 10.5-22.1%. It was quite
negligible during the B measurements.

8. During the 4 measurements the heat exchanger effi-
ciency difference M, — 1, was 19.5-31.9%. The bigger
efficiency difference, compared to the temperature ef-
ficiency, derives from the increased air enthalpy 7,,
due to the shared humidity Ax =Xx,, —x,,. The B meas-
urements showed a quite _qelgligible difference.

9. Decrease of ratio Vi ima.V1.ema respond to increase of
heat output AQ_ ; exchanged to supply fresh air during
mixing.

10. Increase of heat output AQ. ; causes drop of heat output
AQ, p transferred through heat exchanging surface.
Measured and calculated values of air flows transferred

through leakages as well as decreased thermal efficiencies

of air handling unit confirms values published by Man z

etal. (2001) and Roulet etal. (2001).

Air handling unit tested within very severe and dusty
operational conditions introduced new findings. During
nine operational months when fouling of heat exchanging
surfaces proceeded caused almost full blockage of leak-
ages. Foulness of heat exchanging surfaces however
causes decrease of air flows. The operational testing re-
sults(Kara, Adamovsky,2000) showed that if the
same fan motor regulation voltage was used, after 9 months
of the heat exchanger operation in the calf breeding stable,
heat transfer surface contamination decreased the exhaus-
ted stable air volume to 75% of its original value and to
59.7% in case of the supplied outside air. Likewise the
specification of unit leakages and theirs influence to ven-
tilation character and heat balance of heat exchanger
brings new and practically utilizable findings.

Following work will be verification of obtained facts for
other types of recuperative heat exchangers e.g. heat pipes.
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The aims presented in the article introduction are in
accordance with our opinion accomplished.

CONCLUSION

Objectives presented in the introduction of the paper
were met. The results of the operational verification con-
firmed the conclusions of the theoretical analysis of the
problem. The heat exchanger’s untightness increased spe-
cific humidity, temperature, and their associated values of
air heat flow supplied to the stable. These facts had a sig-
nificant impact on the balance of mass and heat flows and
the heat exchanger’s operating efficiency. We also identi-
fied a significant change of the ratio between the volume
flows of the exhausted air and the supplied air. It com-
pletely changed the character of the originally designed
ventilation system. We verified that contamination of heat
transfer surfaces and the associated clogging of untight
areas lead to a decrease and later on to a complete elimina-
tion of mixing. However, it strongly limits air volume
flows.

The requirements of the tightness of heat exchanger
surfaces and their protection against pollution for practical
applications of energy saving ventilation air secondary
heat recovery systems installed in cattle breeding houses
and other operational premises imply from solution of the
problem.
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Analyza vlivu netésnosti deskového rekupera¢niho vyméniku vzduch-vzduch na jeho tepelnou a hmotnostni
bilanci.

Scientia Agric. Bohem., 39, 2008: 289-294.

Cilem tohoto ¢lanku je teoreticky rozbor problematiky stanoveni netésnosti rekupera¢niho vyméniku typu vzduch—
vzduch a analyza vlivu netésnosti na charakter systému vétrani, sdilené tepelné toky, teplotni a provozni u€innost
vyméniku. Dale pak provozni ovéteni vysledki teoretického feseni a ziskani poznatkti o zménach intenzity smésovani
v provoznich podminkéach. Méfeni se uskutecnilo ve stéji pro chov telat ihned po instalaci jednotky a dale pak po devi-
ti mésicich provozu jednotky. Ve stdji z lehké ocelové konstrukce s hlinikovym plastém a tepelnou izolaci bylo ustéje-
no 640 az 700 telat v bezstelivové technologii na ocelovych rostech s vyvySenym stanim. Méfeni parametrti odvadeé-
ného stajového (index i) a ptivadéného venkovniho (index e) vzduchu se uskutecnilo podle schématu na obr. 1.

Teoreticky rozbor problému kontaminace ptivadéného vzduchu vzduchem odvadénym vychéazi z hmotnostni a tepel-
né bilance vymeéniku. Pro vyjadieni hodnoty pomérné netésnosti vymeéniku jsme pouzili vztah (11). Objemovy tok
odvadéného stdjového vzduchu AV, ., ktery je pfimichavan do pfivddéného venkovniho vzduchu, lze vypocitat ze
vztahu (4). Tepelny vykon AQ, ,, sd€leny mezi odvadénym a piivadénym tokem vzduchu prostupem tepla st€nou
vymeéniku, nikoliv smiSenim tokt vzduchu mizeme vyjadtit z rovnice (7). Levou stranu rovnice tvofi skutecny tepelny
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vykon Q. piivedeny tokem venkovniho vzduchu, tepelny vykon AQ, ; sd€leny piivadénému venkovnimu vzduchu
smichénim s odvadénym stdjovym vzduchem a tepelny vykon Q. . Pravé strana rovnice je dana skute¢nym tepelnym
vykonem @‘[,62 privadénym do staje. Uginnosti vyuZiti tepla obsazeného v odvadéném stajovém vzduchu jsme vypocet-
li z rovnic (13) az (17).

Vysledky provozniho ovéfovani potvrdily zavéry teoretického rozboru problému. Ukazaly, Ze v nové jednotce se
do privadéného venkovniho vzduchu ptimichavalo 21,1-30,8 % vzduchu odvadéného ze staje. Z ptuvodné projektova-
ného podtlakového systému vétrani se vlivem netésnosti stal témét systém rovnotlaky. V disledku sméSovani se zvy-
Sila teplota vzduchu pfivadéného do staje 7,, 0 2,7-5,3 K a mérna vlhkost vzduchu x,, 0 0,9-1,1 [g.kgda’l]. Tepelny
vykon sdéleny pii kontaminaci piivadéného vzduchu vzduchem odvadénym AQ.; se pohl?loval v rozmezi 5,15—
11,42 kW. Pti nizkém poméru objemovych toki odvadéného a privadéného vzduchu VeV zema byl tepelny vykon
AQ.; vy8si nez tepelny vykon Q, , sd€leny prostupem tepla sténou vyméniku. Teplotni Gi¢innost jednotky T, se zvySi-
la 0 10,5-22,1 % a provozni tc¢innost M, 0 19,5-31,9 %. Vysledky teoretického rozboru i méfeni vétraci jednotky
s deskovym vyménikem se shoduji s vysledky méfeni netésnosti vétraci jednotky uvadénymi v publikaci autordt Manz
et al. (2001) i s vysledky méfeni centralni vétraci jednotky (Roulet etal., 2001)

Vzduch odvadény ze staje obsahuje velké mnozstvi drobnych pevnych ¢asti prachu, kiize zvirat, krmiva atd. Vlivem
téchto ¢asti a mozné parcialni kondenzace vody obsazené ve vzduchu se po deviti mésicich provozu ve staji objemovy
tok odvadéného vzduchu ve vzduchu ptivadéném snizil vlivem ucpani netésnosti na 2,1-2,2 %. Rozdily teplot, mérnych
vlhkosti i u¢innosti byly pak téméf zanedbatelné. Je otazkou, zda lze snizeni netésnosti a souvisejicich eliminaci nega-
tivnich jevi, zejména zvySovani koncentrace Skodlivin, resp. nevhodnych mikroorganismt o¢ekavat v méné prasnych
provozech.

vétrani staji; deskovy vymeénik; teplotni G¢innost; kontaminace vzduchu; tepelna bilance; hmotnostni bilance
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