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The design, construction and performance of a prototype baffled-shell, plastic tube, air-to-air heat exchanger for
ventilation heat recovery in livestock buildings is described. When operated in a large swine growing-finishing unit, the
effectiveness of heat recovery was about 30%, as designed. Shedding of ice from the heat exchanger was achieved by
an automatic defrost control system. Some restriction of the exhaust tube outlets delayed ice-shedding, indicating need
for a minor design change at the bottom. In spite of high levels of dust in the barn, condensate draining from the tubes
effectively removed dust fouling from the inside exhaust surfaces of the plastic tubes. Laboratory tests were conducted
on a smaller version of the heat exchanger to optimize shell-side flow rate and baffle configuration with respect to
supply air pressure losses. Modifications are proposed for a commercial version of the heat exchanger.

INTRODUCTION

In swine confinement buildings, winter
ventilation heat loss is large relative to
other thermal losses. A heat exchanger
can be utilized to significantly reduce
these losses by warming incoming venti-
lation air by means of heat recovered from
the exhaust air. In many cases, the sup-
plemental energy recovery required to
achieve a heat balance is a small part of
the total energy exchange, and a heat ex-
changer of low effectiveness is both prac-
tical and possible for such applications.

The desired attributes for this heat ex-
changer were modular design, low cost,
durability, and ease of cleaning. A mod-
ular design avoids the need to redesign for
different building sizes, and provides
greater flexibility to incorporate heat ex-
changers in ventilation systems of various
types. An important design objective is to
minimize the power consumption of the
fans relative to the heat transferred.

Problems found with livestock barn
heat exchangers (Larkin and Turnbull
1977) are freezing of condensate in the
exhaust stream during cold weather, and
fouling with dust. The icing and dust prob-
lems must be solved, preferably by an au-
tomatic system requiring minimum super-
vision.

The work described in this paper con-
cemns four phases of the project, namely
(1) the design and testing of a prototype
shell-and-tube heat exchanger in a com-
mercial swine building; (2) testing of a
smaller shell-and-tube heat exchanger in
a different swine building; (3) testing of
the smaller unit in a controlled test facility;
and (4) optimization for a final design rec-
ommendation based on results obtained

through use of a computer program. The
computer program which was used is de-
scribed by McGinnis (1981).

DESIGN CONSIDERATIONS

Performance Calculations

The coefficient of performance (B) of
the heat exchanger was defined in terms
of heat recovery relative to the pressure
energy losses associated with the pumping
of air across the heat exchanger surfaces.
Net fan power demand attributable to
other factors was considered to be justified
for the ventilation utility of the fans. The
coefficiént of performance (comparable
with the ASHRAE definition for heat
pumps (ASHRAE 1981)) was thus (sym-
bol definitions in nomenclature at end of
paper):

M (hy, — hy)
B="""— M
W, + W

By this definition, it is apparent that the
temperature difference between the ex-
changer inlets which produces a coeffi-
cient of performance of one fixes the out-
side temperature (for a particular design
inside temperature) above which the heat
exchanger is no longer practical for heat
recovery, irrespective of economic con-
siderations. However, this temperature
limit was found to be higher than the out-
side temperature at which heating of most
animal environments is required. The ef-
fectiveness of a heat exchanger has been
defined (Kreith 1973) as:

M, (hy, — hg)
€= 2)
M (hei — hy)
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While B varies with the inside-outside
temperature difference, the effectiveness
remains fairly constant over a range of
outside temperatures. By combining Egs.
1 and 2 the following formula was de-
rived:

eM i p(hei — hs)

B= 3)
M, P, + M. P,)

For simplification, the density of air at
the average temperature (T + T5)/2)
was assumed.

Tube Freezing

During severe cold, the performance of
the heat exchanger will be largely deter-
mined by the amount of time the supply
air stream is reduced or stopped for de-
frosting. Minimizing defrost time is given
added importance by the high heat ex-
changer coefficient of performance that is
theoretically possible under a cold weather
condition that promotes icing (Eq. 1). Dy-
namic factors related to the accumulation
of ice in the tubes suggest that the onset
of defrost should be controlled by a spec-
ified level of ice buildup in the tubes. The
factors, listed below, directly influence €
and B:

(1) The accumulation of water and ice
in the exhaust section is accompanied by
the release of latent heats of condensation
and fusion, adding to the total heat avail-
able for recovery.

(2) Condensation and freezing heat
transfers are more rapid than gas to surface
heat transfer.

(3) Accumulated ice on the lower part
of the tube walls will increase exhaust air
friction and reduce exhaust flowrate.
Therefore, the amount of heat available
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for recovery will be reduced but the ex-
haust fan power will be increased.

(4) Because gravity facilitates ice dis-
charge during defrost, the rate of ice dis-
charge is determined in part by the rate at
which the ice will melt at the ice-tube wall
interface. The ability to shed ice (rather
than taking time to melt ice and shed
water) can reduce the total time and the
total energy consumed to defrost the unit.

(5) The greatest accumulation of ice
will occur in the coldest region of the ex-
haust part (closest to the supply inlet), thus
most of each tube will be operational,
while the remaining portion may be par-
tially blocked with ice.

In view of these factors the preferred
defrost control was to stop the intake fan
at a preselected static pressure in the ex-
haust plenum above the tubes; this pres-
sure should correspond to the condition at
which the optimum allowable ice build-up
has occurred. Restarting the supply fan
occurs after the exhaust fan pressure has
fallen below a specified level and after an
extra delay period has passed to ensure
adequate time for deicing.

THE PROTOTYPE HEAT
EXCHANGER

Choice of Design

The shell-and-tube configuration was
chosen for ease of construction using in-
expensive, corrosion-resistant thinwall
polyethylene tubing. Tubes, 50-mm di-
ameter by 1.5-m long, were arranged ver-
tically. These dimensions were chosen for
relatively easy cleaning, if necessary, un-
der a normal ceiling height. Exhaust air
flowing vertically downwards promised to
help the slippery plastic tube surfaces shed
condensate, dirt and ice, due to the com-
bined effects of gravity and airflow. For
the shell-and-tube heat exchanger, calcu-
lations showed that the low thermal con-
ductivity of the plastic was less limiting
to heat transfer than the combined bound-
ary surface-to-air resistances separating
the two airflows.

With these tubes it was calculated that
14 rows of 14 tubes, or 196 tubes, would
provide the nominal winter ventilation
rate of 2350 L/sec recommended for a
1000-hog finishing barn (Turnbull and
Bird 1981), and could provide the re-
quired heat transfer at 30% effectiveness.
This required a square plywood shell
1.2m X 1.2 m. Cold supply airflow was
counterflow (upwards) and crossflow
(back and forth) with respect to the ex-
haust flow. This was done by inserting
four equally spaced staggered horizontal
baffles in the shell space (Fig. 1).
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Construction

Black polyethylene tubes with thin
walls (1.6 mm) were obtained from a local
manufacturer, precut to length. Holes for
tubes in the top plywood plate were drilled
about 1 mm smaller than the tube outside
diameter; in this way the tubes had to be
forced into place, which helped seal and
hold them. Holes in the staggered baffles
and the plywood bottom plate were drilled
to clear, for easy assembly. To prevent
crossover flow from exhaust to supply
streams an epoxy glue (Swifts’ 7863,
A&B) was applied to the top plate and
around the protruding top ends of the
tubes. Duct transition pieces were made
from galvanized sheet steel and plywood
(Fig. 1). A large door was hinged to the
top (exhaust) plenum, for inspection and
cleaning of the tubes.

Installation and Prototype Testing

The prototype heat exchanger was in-
stalled outside and connected to the ven-
tilation system of a large swine finishing
barn (Fig. 2). This was a well-insulated
barn with all-slotted concrete floors and
exhaust ventilation fans drawing from un-
der the slotted floors.

Long temporary ducting was connected
from two existing exhaust-fan foundation
ports to the exhaust fan of the heat ex-
changer, located at the east corner of the

barn. The ducting was spiral-wound steel,
wrapped with 140-mm glass fiber insula-
tion and weather-sealed with black poly-
ethylene film.

The fresh air supply to the room was
ducted from the shell-side inlet fan to the
recirculation side of two Fristamat
“‘DISC-O-VENT”’ powered air inlets lo-
cated above the feed alley. To minimize
heat loss, this duct system was suspended
under the ceiling. The main inlet duct,
consisting of 460-mm-diameter spiral steel
ducting, was joined to an insulated rectan-
gular duct which was fastened directly to
the outlet side of the DISC-O-VENT sup-
ply fan.

An insulated and heated instrument
shed containing defrost controls, electric
panel and test instruments was constructed
outside the building. Thermostatically
controlled electric resistance heaters (total
9.5 kW) were installed in the fresh-air
duct. These heaters were set to energize
when the building inside temperature
dropped below 16°C, to safeguard against
the possibility of chilling the pigs should
the barn population be low during a very
cold period.

Measurement Procedures
Temperature

Hourly measurements of dry bulb tem-
peratures in the inlet and outlet air streams
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Installation site of 196-tube prototype heat exchanger hog finisher barn at Avon Head

Farms Ltd., New Hamburg Ontario (one third of finisher wing shown).

of the prototype heat exchanger were
made with copper-constantan thermocou-
ples connected to a multi-channel voltage
recorder (Fluke, model 2240B Data Log-
ger). Fourteen thermocouples measured
temperatures at the cooled exhaust outlet
of the warm air stream, since a variation
from tube to tube was found. Two ther-
mocouples were located in each of the
warm and cold air entrances to the heat
exchanger, and in the supply air outlet lo-
cation. Temperature measurements were
made at 1-h intervals over a period of 10
days. Thermocouple calibration was
checked at 0°C using a distilled water ice
bath.

Barn humidity

Humidities were obtained from wet and
dry bulb temperatures, using three aspir-
ated psychrometers (Turnbull 1974).
These were suspended in one location at

three equally spaced distances from the
ceiling, in well-mixed air. Relative hu-
midities obtained from the psychrometers
and the connected data recorder were ver-
ified with a sling psychrometer.

Airflows

An alcohol inclined manometer and pi-
tot tube were employed for the measure-
ment of air velocities and pressures within
the exhaust and supply ducts of the heat
exchanger system. Total exhaust and sup-
ply flow rates were calculated from 36
velocity pressure readings taken along
three traverses of a plane cross-section of
each duct. Summation of the resultant ve-
locity-area products over the entire cross-
section resulted in the flows reported in
Table 1. These flows were verified by
measuring the static pressure difference
across the supply and exhaust centrifugal
fans and comparing these results with the
manufacturer’s performance curves.

Defrost off-time

Methods were devised for measuring
the necessary duration and frequency of
supply fan defrost shut-down. Defrost du-
ration was recorded as elapsed time on an
electric clock powered by the defrost con-
trol circuit. This accummulated time was
compared to total elapsed time to deter-
mine the percentage of time the heat ex-
changer had been in the defrost mode.

PROTOTYPE RESULTS

Heat Exchanger Effectiveness

Figure 3 shows the temperature of the
exhaust and supply air streams at the inlet
and outlet locations of the heat exchanger
at 1-h intervals over 5 days. These tem-
perature profiles show that the tempera-
ture drop of the exhaust air is not as great
as the temperature rise of the supply air,
as would be expected for equal flow rates.
Because condensation and icing occurred
in the tubes, the fraction of available heat
captured by the supply air stream in-
creased significantly. Figure 3 also shows
the time variation of effectiveness, €. The
effectiveness was calculated using Eq. 2,
which accounts for both sensible and la-
tent heat contributions. The average ef-

TABLE I. OPERATIONAL CHARACTERISTICS - 196-TUBE PROTOTYPE HEAT EXCHANGER

Exhaust air Supply air
Fan speed r/min + 2.0 860 1340
Fan power (kW) =+ 0.01 1.85 2.81
Piezometric pressure drops (Pa)

(a) across fan 106 700
(b) across heat exchanger 23 655
Average air velocity (m/sec): 5.1 15.4F

Total flow rate (L/sec)
(a) Measured 2030 2050
(b) From fan performance curves 2040 2100
Pressure drop energy loss (W) 50 1340

tAt minimum cross-section.
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Figure 3. Temperatures of supply and exhaust air streams at inlets and outlets of 196-tube heat
exchanger and time variation of effectiveness for a 5-day period.

fectiveness of the exchanger over the pe-
riod shown in Fig. 3 was 0.307 + 0.018.

Power Consumption

The total fan power required by the 196-
tube heat exchanger, due to pressure drop
in the exhaust and supply air streams, was
calculated on the basis of flow rates and
static pressure differences measured
across the unit. Table I summarizes the
results of the power consumption data col-
lected.

Coefficient of Performance

Using the average effectiveness and the
pressure losses of the unit as a basis for
calculation, the coefficient of perform-
ance of the heat exchanger was evaluated
for various outside temperatures (Fig. 4).
At common winter temperatures, say
— 15°C, the coefficient of performance of |
the heat exchanger was about 10 times '’
greater than the comparable coefficient of
performance of a conventional heat pump.
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Figure 4. Calculated coefficient of performance for the 196-tube heat exchanger as a function
of inside-to-outside temperature difference.
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Fouling

During most of the first 2.5 mo of op-
eration in 1980, condensation formed on
the tube walls beginning at about 7 mm
below the top of the tubes. This had a vis-
ible effect on the level of dust accumula-
tion on the tube walls, which were being
continually washed with condensate. The
resultant discharge from the exchanger
had the consistency of a watery paste.
During the more severe period of cold,
some condensate formed in the exhaust
plenum itself, causing a sludge to form
around the tube ends. This was easily
washed away by sloshing with water, al-
though the washing was unnecessary ex-
cept for improved sanitation. A reasona-
ble schedule for washing the inside of the
tubes is once during and once at the end
of the heating season.

When severe ice buildups were allowed
to occur, the depth of the ice column pro-
duced slightly exceeded the depth of the
bottom baffle section, at which time the
tubes became completely blocked. Also,
the ice in the tubes diminished with dis-
tance from the supply inlet side.

Automatic Defrost

The defrost control rapidly discharged
ice from the tubes. At about — 10°C out-
doors, the heat exchanger discharged ice
in approximately 20 min. Ice shedding
was impeded severely by constriction at
some of the tube outlets caused by swell-
ing of the plywood bottom plate.

Because temperatures during the test
period were milder than normal, insuffi-
cient data were collected to establish the
rate of ice buildup in the tubes in relation
to inlet and exhaust air conditions. For the
5-day test period analyzed here (Fig. 3)
defrosting was not required despite the
fact that ice accumulation did occur on at
least two occasions during periods of out-
door temperatures ranging from —5°C to
—12°C. The set-point pressure for defrost
initiation was 100 Pa, but the actual gauge
pressure inside the exhaust plenum never
exceeded 35 Pa, so that any defrosting
which did occur was due to periodic tube-
outlet temperature variations.

It should be noted that because of the
extraordinary amount of exhaust duct-
work external to the building, and despite
careful attention to insulating this duct,
the exhaust air entering the exchanger was
almost saturated and often 5°C below that
at the barn exhaust points.

Based on these observations, it is un-
likely that restrictive tube-side freezing
will occur if the exhaust inlet temperature
is maintained above 15°C.
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THE 36-TUBE HEAT EXCHANGER

Preliminary Field Test

A smaller, 36-tube heat exchanger of
similar design to the prototype was in-
stalled at the University of Guelph re-
search swine facility at Arkell, Ontario in
September 1979, where it remained in full
operation until January 1980. This unit
was equipped with standard mercury-in-
glass thermometers to obtain spot readings
from which to determine its performance.
Static (gauge) air pressure measurements
of the exhaust and supply air streams were
taken across the fans using a U-tube ma-
nometer. The effectiveness of this unit
over the test period averaged 32%.

Although the airborne dust level in the
Arkell swine building was high, as is typ-
ical of swine buildings using dry feed, this
did not give rise to a serious problem.
Over 4 mo of operation, the tubes’ inside
surfaces accumulated less than 0.5 mm
thickness of loose dust. Humidity in the
swine building over the fall period was not
high due to the addition of supplemental
heat by steam radiators. For this reason,
and due to the unseasonably mild condi-
tions of this test period, an insignificant
amount of moisture condensed in the
tubes. When this did occur, the conden-
sate rinsed out any tube-dust on its way
down.

Performance Testing and Optimization

A test facility was set up in the Frista-
mat assembly plant to determine the heat
exchanger performance over a range of
supply-side flow rates, and to reassess the
benefits and fan-power costs of the baf-
fles. The supply flow rate was varied dis-
cretely between 300 and 800 L/sec, with
and without baffles in the shell space.
Flow rate was varied by altering the fan
speed. The exhaust air was supplied at a
constant rate throughout the experiment,
and warmed using electric resistance heat-
ers totalling 6.5 kW. For each trial, inlet
and outlet temperatures were recorded in
the supply and exhaust air streams of the
heat exchanger (four temperature sets).
The electrical power consumptions and
speeds of the two fans, the flow rates
through the two fans, and the static pres-
sure drops across the heat exchanger were
recorded.

The exhaust air stream flow rate was
calculated from 24 velocity pressure
measurements taken with an inclined ma-
nometer and pitot tube along two perpen-
dicular traverses at a mid-length cross-
section of the circular duct connected to
the exhaust fan intake. In a similar fash-
ion, each supply air stream flow rate was

calculated from 72 velocity pressure
measurements taken along six traverses
(three horizontal, three vertical) at a mid-
length cross-section of the rectangular
duct connected to the supply fan outlet.

As expected, baffles in the heat ex-
changer increase the resistance to airflow
(and the fan power consumption) but also
increase the effectiveness of the heat ex-
changer. The relationships between static
pressure drop, effectiveness and shell-side
flow rate are plotted in Fig. 5. From these
findings, the supply airflow rate which
maximizes the net energy recovery of the
baffled heat exchanger (sensible heat re-
covery minus pressure losses due to flow)
was calculated as a function of the tem-
perature difference between the two inlets
of the heat exchanger. These optimum
flow rates are plotted in Fig. 6 with the
calculated B values which would be at-
tained at the given flow rates and temper-
ature differences. For winter conditions
which justify ventilation heat recovery,
the optimum supply airflow rate is in ex-
cess of the maximum flow rate attained
(600 L/sec) in the test facility. The opti-
mum flow rates shown in Fig. 6 for tem-
perature differences above 17°C were ob-
tained by extrapolation.

SUMMARY AND
RECOMMENDATIONS
The prototype shell-and-tube heat ex-
changer was installed and tested in a com-

mercial swine building. It recovered a
sizeable portion of the available thermal
energy in the exhaust air-stream on a sus-
tained basis despite severe conditions of
dust and moisture in the exhaust air. The
vertical tube design promoted self-clean-
ing, flexible installation, rapid defrost,
and minimal maintenance.

A smaller heat exchanger was also
tested on a confinement swine building.
This heat exchanger was found to operate
at approximately the same effectiveness
but at a lower coefficient of performance
as compared to the values found for the
larger unit. Further testing of the smaller
heat exchanger in a controlled environ-
ment was undertaken to reveal the impor-
tance of baffles in a heat exchanger of low
design effectiveness. It was found that the
use of baffles improves the net energy re-
covery despite an increase in pressure en-
ergy losses. The optimum flow rate for the
heat exchanger was found to depend upon
the temperature difference between the
supply air and exhaust air sources.

Following the work reported here, ex-
tensive calculations, using a computer
program, were undertaken to design an
improved heat exchanger for commercial
production. The specifications and dimen-
sions for this proposed unit are listed in
Table II. The salient features of this design
are as follows:

1. Segmental design of tube bundle
components to enable the construction of
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Figure 5. Performance of 36-tube heat exchanger as a function of shell-side air flow rate with
baffles (+), and without baffles ( X).
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eration of shell-side pressure losses and inside-to-outside temperature difference.
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difference. Tube-side air flow rate =

baffles.

three different heat exchanger sizes for
flow rates of 2350, 1175, and 590 L/sec;
any one of three sizes can be manufactured
from multiples of one, two or four tube
bundle segments containing 64 tubes.

2. Reduced number of cross-flow ef-
fects to a value of 4. In the 256-tube ar-
rangement, the top and bottom baffles
comprise pairs of baffles adjacent to op-
posite shell walls to form an opening at

327 Lisec; 36-tube heat exchanger with

the center of the shell. Double openings
for each of the inlet and exit supply air
ports will be necessary for the 256-tube
heat exchanger.

3. Increased total tube surface area
through an increase in the number of
tubes.

4. Design effectiveness of approxi-
mately 30% (sensible heat recovery). The
cross-flow velocity (measured at the min-

TABLE II. DESIGN SPECIFICATIONS FOR PROPOSED TUBE BUNDLE SEGMENT OF 64-,
128- AND 256-TUBE HEAT EXCHANGERS

Shell transverse width
Shell longitudinal width
Tube shell height
Tube outer diameter
Transverse pitch
Longitudinal pitch
Clearance between tubes
Tube wall thickness
In-line tube arrangement
No. of longitudinal rows
No. of transverse rows
No. of crossflow effects
No. of baffles
Total outer area of tubes
Total inner area of tubes
Baffle window opening
Percent baffle cut
Minimum area perpendicular to
horizontal shell-side flow
Total entrance area of tubes
Shell end plate total area
Shell equivalent diameter
Tube wall conductivity
Tube relative roughnesss

672 mm
672 mm
1524 mm
47 mm
84 mm
84 mm
36 mm
1.5 mm

LI 1 | 1 | R 1 R T R

W H 00

14.55 m?
13.64 m?
0.22 m?
33%

0.11 m?

0.10 m?

0.45 m?

0.14m

= 0.00019 kW/(m.°C)
= 0.02
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imum cross-section of flow) for each seg-
mental design at this effectiveness is 9.6
m/sec.

5. Redesign of the tube outlets to im-
prove ice discharge during automatic de-
frost. The following methods were pro-
posed: (a) the use of flared tube outlets;
(b) the use of soft gaskets between the tube
walls and shell bottom plate.

6. Recirculation of the supply air during
defrost to enhance defrosting and increase
total heat recovery.
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NOMENCLATURE
C, = specific heat of air (kJ/(kg'K))
h = specific enthalpy of air (kJ/kg) (dry-air
basis)
M = mass flux of dry air (kg/sec)
M, = minimum of supply air and exhaust air
mass fluxes (kg/sec)
P = air static pressure change between heat
exchanger inlet and outlet (kPa)
T = average air temperature (K)
V = volume flux of air (m?¥sec)
W = rate of pressure energy loss in air stream
traversing heat exchanger (kW)
B = coefficient of performance
€ = effectiveness ratio
p = density of air (kg/m?)

Subscripts

e = exhaust air side
i = inlet end

o = outlet end

s = supply air side
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