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ter vapor from flow-
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comfort zone at bird level using convective heat transfer properties
of the modified air stream prevent economic application at this
time.

Recommendations were made to improve the system and reduce
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SYMBOLS

A

Afl

area

m2, ft2

area of water flow in chiller barrel

m2

m2

area for heat transfer

m2, ft2

Ax

cross sectional area

a, a, am

specific interfacial surface for heat or mass transfer
(aH-heat transfer; am-mass transfer) m2/m3, ft2/ft3

Cs

specific heat of air

Cf

packing constant

kJ/kgK, Btu/1b°F

specific heat at constant pressure of water kJ!kgK,

Btu/lb°F
m

U

tube diameter

DAB

coefficient of diffusivity

dG

gas density

SI

m2/S, ft2/hr

slug/ft3

moist air flowrate

kg/hrm2, lb/hrft2

blower fan design volume air flowrate
ft3/min

3Iifl,

mass flowrate of water vapor in air stream

1 b/hrft2
GM

molar air flowrate

lb-mole/hrft2

mass flowrate dry air

kg/hr.m2,

lbd8/hrft2
constant
H

gas enthalpy

kJ/kg, Btu/lb

gas enthalpy at interface

kJ/kg, Btu!lb

kJ/kg, Btu/lb

h

liquid or air enthalpy

hG

gas phase convective heat transfer coefficient W/m2K,

Btu/hrft2 °F

hg,t

enthalpy of saturated water vapor at water stream
temperature kJ/kg, Btu/lb

hj

enthalpy of inside air at outside humidity ratio

kJ/kg, BtU/lbda
hL

liquid phase convective heat transfer coefficient

W/m2K, Btu/hrft2°F
enthalpy of outside air
hR

enthalpy of R-12

kJ/kga, BtU/lbda

kJ/kg, Btu/lb
W/m2'K

hr

boiling heat transfer coefficient for R-12

hw

convective heat transfer coefficient for flow over a
cylinder W/m2K

I

chick age

J

constant

Ky

overall mass transfer coefficient kg!hrm2W,

days

lb/hr.ft2 .144

W!m2.Km

kflujd

thermal conductivity of water

kG

gas phase mass transfer coefficient

kt

thermal conductivity of tube W/m2Km
gas phase mass transfer coefficient

k

mole/ft2.hr.1P

kg/hrm2W,

lb/hr.ft21W
kg20/hr.m2, lbH2O/hr.ft2

L'

mass flowrate water

Ma

mass flowrate dry air

MB

molecular weight of air

Mda

molecular weight of dry air

MH2O

mass rate of water removal from air

kg/hr

lb/lb-mole
lb/lb-mole

kg/mm, lb/mm

drop

kg/hr, lb/hr

MR

mass flowrate of R-12

Mwa

animal water vapor production rate kg2!hr,
1 bH2O/hr

Mwe

kg20/hr,

surface water evaporation rate

1 bç/hr
Pr

Prandtl Number

atm

partial pressure of air
BM
da' PH2O

mean partial pressure of air

atm
atm

partial pressure (dry air, water vapor)
total pressure

atm

Q

volume flowrate of water through chiller barrel

Qc

compressor energy input

QH2O

ventilation rate for moisture control
m3/min, ft3/min

Qheat

ventilation rate for heat control

QL

latent heat production of broilers

QS

sensible heat production of broilers

Q0i

volume flowrate of water

q

heat transfer rate

kJ/hr

qb

building heat loss

kJ/hr, Btu/hr

qc

condenser heat flux

qe

kJ/hr, Btu/hr

m3/min, ft3/min

J/hrg

J/hrg

m3/hr, ft3/hr

kJ/hr, Btu/hr

evaporator heat flux

kJ/hr, Btu/hr

evaporator heat loss

kJ/hr, Btu/hr

energy gain of water through dehumidifier
kJ/hr, Btu/hr
qL

kJlhr, Btu/hr

latent heat production

mechanical heat production
q5

sup

sensible heat production
supplemental heat

kJ/hr, Btu/hr
kJ/hr, Btu/hr

kJ/hr, Btu/hr

qv

ventilation heat loss

R

thermal resistance

LIs

kJ/hr, Btu/hr

m2K/W, ft2hr°F/Btu

Rda, RH2O

Universal Gas Constant (dry air, water)

ReD

Reynolds Number

rfw

fouling factor m2K/W
temperature difference

°C, °F

log mean temperature difference
TR

temperature of R-12

Ix

physical properties temperature

T,

mean water temperature

tda, tH2O

temperature (dry air, water)

°C

°C
°C

°C
°F

°C, °F

gas temperature
t

temperature at air/water interface

tL

liquid temperature

tref

enthalpy reference temperature

U

overall heat transfer coefficient

°C, °F

°C, °F
°C, °F
W/m2.K,

Btu/hrft2 °F
V

specific volume of air m3kg. ft3/lbda

Vda, VH2O

volume (dry air, water)

ft3

vapor pressure of water

atm

H2O
V

average velocity

W

humidity ratio

WAVE

average humidity ratio

rn/s

kg2o/kga, lbH2O/lbd8
lbH2O/lbda

humidity ratio at interface kg2/kg,
lbH2O/lbda
Wia

humidity ratio of indoor air

kg20/kg8,

lbH2Q/lbda
Wo

humidity ratio outdoor air
1 b0/l bda

WT

chick body weight

g

kg2o/kgd8,

xt

tube thickness

2

thickness of interface (dZ) or packing height

m

thermal diffusivity
H2O

rn2/S

N/rn3, lb/ft3

specific weight of water

x

latent heat of vaporization

3.1

viscosity of air

lb/fthr

liquid viscosity

cP

kJ/kg, Btu/lb

kinematic viscosity

m2/S, ft2/hr

PG

gas specific weight

lb/ft3

PL

liquid specific weight

c?:

D

lb/ft3

"collision integral" for molecular diffusion

m, ft

An Air Modification System to Reduce Winter Ventilation Rates
in Broiler Houses

I NTRODUCT ION

Warm confinement livestock and poultry producers have experienced significantly increased energy costs over the past decade.
Poultry producers are among the most adversely affected by those
increases.

Brewer et al . (1978) reported the energy required to

brood broiler chickens as the largest single energy use in the
poultry industry.

Brewer and I3unn (1975) reported that 1.95 x

1013 kJ (1.85 x 1013 Btu) of energy are consumed in the United
States each year to brood poultry.

Liquified petroleum (LP) gas

supplied about 80 percent of that energy while other fossil fuels
and electricity supplyied the remaining 20 percent.

The rising cost

of fossil fuels and the associated decline in profits have made
alternative energy sources and energy conservation measures
attractive options to the poultry producer.

Many alternative energy sources have been studied.

Reece

(1981) found that solar energy could be used effectively to reduce
fossil fuel requirements in broiler houses by about 90 percent in
parts of the southeastern United States.

However, economical

performance of solar heating systems are dependent on favorable
weather conditions and are seldom cost effective in areas with low
insolation during the winter heating season.

Hughes (1981)

discussed several alternative energy sources including:
fuels, wind power, hydroelectric power, and heat pumps.

alternate
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Attempts to conserve energy in the broiler industry include:
upgrading insulation, improved structural design, preheating

incoming ventilation air with exhaust air using heat exchangers,
partial house brooding, and reduced temperature brooding.

Several

measures used to reduce energy consumption have been shown
technically and economically feasible.

Measures found most

noteworthy are upgrading insulation and partial house brooding.
Although heat exchangers have become increasingly popular,
significant design problems remain to be solved before large scale
acceptance.

Reduction of required ventilation rates during early brood
stages has been shown to reduce fuel consumption (Carr and Nicholson
1980).

Hellickson and Baker (1981) predicted that 50 to 68 percent

fuel savings could be realized in the first three weeks of brooding
by reducing ventilation to 50 percent of the recommended minimum
winter ventilation rate.

Conventionally controlled warm confinement

building ventilation schemes are energy intensive.

Much heat is

exhausted from the structure in the ventilation air while attempting
to control moisture or ammonia.
Koelliker et al .

(1980) developed a flow-through zeolite packed

bed air scrubber to remove ammonia from poultry house air.

One

important conclusion of that study was that a scrubber, combined
with a dehumidification unit, be used to reduce the ventilation rate
required to control moisture within a warm confinement structure.
reduced ventilation rate insures decreased heat exhausted from the
structure in the ventilation air and thereby provides for reduced

A
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energy inputs necessary to maintain desired brooding chamber
temperatures.

The implementation of the system suggested by

Koelliker et al. (1980) was expected to decrease energy consumption
without diminishing the environmental quality of the brooding
chamber.

The scope of this study was to develop an apparatus which
combines air flow through a zeolite packed ammonia scrubber with a
dehumidification unit and a heat pump.

The purpose of a heat pump

was to recover the latent heat of vaporization released by
condensing in-house water vapor in the dehumidifier and redistribute
that heat to the modified air stream before exiting the system.
specific objectives of this study

The

re:

Design and fabricate an in-house air modification system
to control moisture, heat, and ammonia within a warm
confinement structure at a ventilation rate as low as one
half that conventionally required to control moisture.
Test the system in a warm confinement poultry structure
during periods when supplemental heat would otherwise be
required.

Evaluate system performance and make recommendations
pertinent to its improvement.
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LITERATURE REVIEW

I.

Basic Ventilation Concepts

Ventilation of warm confinement livestock structures is

based

on balancing heat, moisture, and air contaminates to acceptable

levels within the structure. These balances take into account the
condition of the internal envirorrnent, outdoor climatic conditions,

and quantities of sensible heat, latent heat, and air contaminants
produced within the structure.

A ventilation rate is determined by

computing the volume flow rate of outdoor air necessary to meet
balance and choosing the highest value.

each

Often, the ventilation rate

is associated with the control of moisture or air contaminate levels
and heat energy must be added mechanically to the animal space to

satisify the heat balance. This mechanically added energy is
generally known as supplemental heat.
Heat Balance

A heat balance is an evaluation of the amount of sensible heat
that must be added or removed from the animal space to maintain a
predetermined inside temperature.

Balancing sensible heat losses

with sensible heat gains is accomplished by relating heat sources

and heat losses in a first order mathematical model (MWPS-1, 1980).
Sources of sensible heat include:
qs = sensible heat gained from the animals;
= mechanical heat gained from lights, motors, etc.;
sup = supplemental heat added from furnace, brooders, etc.
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Sensible heat losses include:

= heat lost through building (walls, roof, windows, etc.);

qv = heat lost in ventilation air exhausted from the
building;
qe = sensible heat lost in evaporation of water.

The model expressing the heat balance can be written:
heat sources = heat losses
q

+ qm + qsup = qb + qv + qe

(1)

The sensible heat additions of lights and motors within the
structure are often small compared to the other sources of heat.
Sensible heat production data of the animals normally considers that
some sensible heat is converted to latent heat through water
evaporation within the structure.

Consequently, the terms qm and

qe are normally neglected in Eq. 1 (MWPS-1, 1980).

A heat balance is generally used to calculate one of two
values.

The first, required supplemental heat, is calculated when

other balances require additional energy to meet the heat balance.
The second, quantity of heat necessary to be removed to maintain the
desired temperature, is calculated when heat control prevails.

Moisture Balance

Proper management of warm confinement livestock structures
during cold weather requires that inside relative humidity be maintained below 80 percent (MWPS-1, 1980).

Certain specific livestock

enterprises require levels below 60 percent.

Moisture accumulates

in the inside environment as a result of water vapor production
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by the animals themselves and evaporation from wetted surfaces
within the structure.

Poultry produce water vapor when breathing by
Water is also evaporated

evaporation from upper respiratory tracts.

from floors, manure pits, waterers and other wetted surfaces.
Desirable relative humidity levels are maintained within the
structure by removing moisture, via the exhaust air stream, at the
same rate as produced.
Moisture sources include:
= water vapor in incoming air (humidity ratio);

Mwe = water vapor evaporated from surfaces;
Mwa = water vapor produced by animals.
The water vapor produced by the animals is normally given as
the latent heat production, cii., of that animal

is readily converted to Mwa by dividing q

.

The quantity q

by the latent heat of

vaporization of water at the internal environmental temperature.
Latent heat production data normally include surface evaporation.

Consequently, the term Mwe is included in M. Moisture loss,
designated Wja (humidity ratio of inside or exhaust air), is
through the exhaust ventilation air.

A moisture balance is performed by equating moisture sources
and losses in a first order mathematical model

Ma Wja = Ma W0 + Mwa + Mwe
where:

Ma = mass flow rate of dry supply air.

A moisture balance is generally used in ventilation rate
calculations to determine the mass flow rate of dry supply air
necessary to maintain the desired internal conditions.

(2)
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Control of Air Contaminates

Ammonia, carbon dioxide, hydrogen sulfide, and dust are the
most common air contaminants associated with confined livestock
systems.

Control of these contaminates, except ammonia, is not

usually separately evaluated.

Heat or moisture balance dictated

ventilation rates usually more than adequately control them at
acceptable levels.

Deaton and Reece (1980) reported that normal

ventilation accounted for good carbon dioxide and oxygen control in
broiler houses.
problem.

Hydrogen sulfide was not noted as a ventilation

Dust is dependent on internal environmental conditions and

can be reduced greatly by proper moisture management.

Normal

ventilation system management may or may not adequately control
atmospheric ammonia concentration to acceptable levels (Deaton and
Reece, 1980).

The concentration of atmospheric ammonia is closely tied to
litter or manure pH, environmental temperature, and litter or manure
moisture content (Elliot and Collins, 1982).

The complex inter-

action of these factors with the air-borne concentrations of ammonia
make it impractical to base ventilation design on the results of
simulated ammonia volitalization models.

Hansen (1982) indicated

that many livestock producers practice a random atmospheric ammonia
control scheme based on personal observations.

Such schemes are

often inadequate and result in ammonia stress among the animals or
high energy costs due to over ventilation.
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Contaminate control often creates the need for supplemental
heating above that required for moisture control (Elliot and
Collins, 1982).

Ventilation Rates

Ventilation rates in warm confinement structures are normally
dictated by the heat or the moisture balance.

The ventilation rate

necessary to maintain the desired heat balance is determined from
Eq.

1 when qsup is set to zero.

The ventilation rate necessary to

maintain the desired moisture balance is determined by solving Eq. 2
for Ma.

These values are converted to actual volume ventilation

flowrates by standard psychrometric manipulation.
rate for heat a balance, Qheat

where:

h'

Qheat

is:

V

cv

Qheat -

The ventilation

-

h0

volume flowrate of air for heat balance;

V = specific volume of outside air (pressurized system)
= specific volume of inside air (exhaust system);
= enthalpy of air at inside temperature and outside
relative humidity;
h0

enthalpy of outside air;

qv = heat exhausted in ventilation air.

The ventilation rate for a moisture balance, QH2O, is:

QH2OMaV
where:

QH2O = volume flowrate of air for moisture balance;

Ma = mass flowrate of dry air for moisture balance;
V = specific volume of outside air (pressurized system)
specific volume of inside air (exhaust system).
The larger of these values
ventilation rate.

QH2O, Qheat) is the design

When QH2O is the ventilation rate,

supplemental heat is required to meet the heat balance.

When

Qheat is the ventilation rate the moisture levels will be lower
than assumed which is usually acceptable.

II.

Energy Conservation in Warm Confinement Buildings

Warm confinement livestock producers typically depend on fossil
fuels for heat energy.

The price of fossil fuels has been ever

increasing over the past decade.

The added expense of energy in

livestock production has prompted many researchers to investigate
ways to reduce energy consumption while maintaining productivity.
Two fundamental approaches to energy conservation in livestock
production have emerged.

The first approach deals with use of

alternative energy systems including solar and biomass energy, plus
heat recovery equipment.

The second approach is oriented toward

more energy efficient management concerns.

Reduced ventilation,

lower brooding temperatures, and higher density animal production
are options often attempted.

This section examines some energy saving options associated
with' poultry production.

Energy conservation in poultry production

is primarily directed at reducing the magnitude of the single
largest energy use:

brooding broiler chickens (Brewer et al.,
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1978).

Although some energy saving techniques have not been exten-

sively researched in relation to poultry production.

These

techniques will be included in this review due to their possible
application to poultry production.

A.

Alternative Energy Systems

Solar Energy

Thermal energy converted from solar radiation is a rapidly
expanding technology especially applicable to agriculture.

However,

adoption of solar aided heating and drying systems has been slow.

Brown (1980) attributed this apprehension to the high cost of solar
collectors, concern about cloudy days, and hope for an easier
solution.

The technical feasibility of solar energy collection varies
with season, location,

ather, angle of tilt, time of day, and

equipment efficiencies.

Economic feasibility is closely related to

the first cost of the collector and heat distribution system and
associated useful life.

Design data illustrated by Brown (1981)

showed that solar energy application stands a far better chance of
achieving both technical and economic feasibility in the southern
United States as compared to the northern states.

Ongoing research

is being conducted on reducing the fossil energy required to brood
broiler chickens with solar heating systems.
Reece (1981) developed a solar system employing a flat-plate
collector to heat ventilation air and a flat-plate, double-glazed
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collector to heat water for energy storage.

Collected energy was

transferred to the chicken brooding and growing areas via the
continuous ventilation air.

Energy stored in the water was

transferred to the ventilation air at night by a standard automotive
radiator.

This arrangement was adapted to effectively deal with the

cyclic energy use patterns often considered disadvantageous to the
application of solar heating systems in poultry houses.
Reece (1981) reported a 73 percent energy savings over a nonsolar assisted brood at the same time the previous year.

Ambient

temperature for the solar assisted brood were colder than for the
non-solar brood.
broods.

Inside temperatures remained the same for both

Reece (1981) also stated that approximtely one-half of the

energy used in the solar assisted brood was consumed by the brooder
stove pilot lights and would be required regardless of the amount of
solar heat assistance provided.

Brewer et al. (1981) investigated the mechanical and economic
feasibility of two brooding systems using solar energy as the main
Both

heat source and electrically heated water as the supplement.

systems, tested concurrently in separate rooms, shared a solar
system consisting of 36 double-glazed, flat-plate collectors.

Each

system used water as the heat transfer medium with complete interconnection of collection, storage and delivery systems.

One system

employed two finned tube convectors along one wall of each research
room.

The other system used rooms equipped with concrete slab floor

brooders where heated water flowed through corrugated PVC pipe
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imbedded in a serpentine pattern .050 m (2 in.) below the surface of
the slab.

Results of the brooding experiments have established the
mechanical feasibility of heating these facilities with solar
energy, but also have pointed out significant problems.

The results

reported by Brewer et al. (1981) showed that chickens brooded over
an entire year required up to 78 percent non-solar supplemental

energy in winter months because of long periods of cloudy, cold
weather.

The report also stated that more efficient brooding

methods and better solar system design coupled with energy saving
management techniques could considerably reduce supplemental energy
use.

Analysis of mean daily solar radiation maps of the United
States for winter months indicated that the Pacific Northwest
consistently receives less solar radiation than Mississippi and
Alabama, the sites of two previously discussed solar research
projects (Harrell, 1982).

The additional supplemental energy

required in the Pacific Northwest where winter periods are
typically cloudy, wet and cool casts serious doubt on the economic
feasibility of solar assisted brooding in those areas.

Use of Biomass

One conventional use of biomass in supplying energy to warm
confinement structures is through the direct combustion of wood,
coal, and crop residue such as corn stalks and straw.

Biomass

combustion to produce heated air or water is not new, nor have
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adequate systems been developed to meet the needs of today (Brown,
1981).

Hansen (1982) incorporated a commercially manufactured wood
pellet furnace into a specially designed furnace box with a selfcontained heat exchanger unit.

The unit was installed in a fire

resistant room adjacent to a 15.2 x 121.9 m (SO x 400 ft.) brooder
house.

Energy produced was used to supplement the heat supplied by

standard liquid propane gas (LPG) brooders.

A control house of

equal dimensions was monitored in addition to the test house to
allow comparison of energy use and bird performance.

Results from

one test brood suggested that the concept of wood or straw pellet
combusti-on for supplying supplemental heat to broiler houses worked

satisfactorily. However, the fossil fuel savings realized did not
justify the cost of the furnace.

Additional work in this area is

continuing, but to date an economical brooding system has not been
devel oped.

Another common use of biomass in energy production for
agriculture is bioconversion.

Rapid advances in alcohol production

from biomass are evident from the use of gasohol as an automotive
fuel.

Brown (1981) reported a proposed shift to 100 percent alcohol

burning engines within five years in Brazil

.

The report also

suggested two important drawbacks to alcohol fuel use.

One, alcohol

has a lower energy content than other fossil fuels, and, two, the
economic production of alcohol would require large scale production
and use of arable land, now in food production, to supply biornass.
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Hughes (1981) reported that advances are being made in the
direct gasification of biomass.

Significant tar and creosote

problems have not proved econanically feasible to eliminate.

Heat Exchangers

Maintaining an optimal growth environment in warm confinement
structures during cold weather requires that substantial quantities
of warm ventilation air be exhausted.

This way, moisture and

noxious gas can be controlled at levels condusive to maximum animal
performance.

Supplemental heat must be supplied to the structure

in most instances to maintain desired temperatures when the outside
temperature falls below a limiting level.

The relationship between

outside temperature and the need for supplemental heat is
illustrated in Figure 1.

Below the limiting temperature the

sensible heat produced by the animals is not sufficient to balance
building and ventilation air heat losses.

An obvious approach to

saving energy and reducing heating costs is to salvage some of the
heat in the exhaust air and use it to prewann the incoming air.
Recent increases in energy costs have stimulated research on various
types of heat exchanges for this purpose.

Although recent energy trends have focussed more attention on
the use of heat exchanges in ventilation, this application is not
new.

The use of heat exchanges to recover heat contained in exhaust

air and place it back into the animal space has been studied since
the late 1940's.

Geise and Ibrahim (1950), Geise and Downing
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Figure 1.

Ventilation Rates versus Outdoor Temperature for
Conventional Ventilation Scheme.

(1950), and Geise and Bond (1952) reported using heat exchanges in
animal buildings with sati sfactory resul ts.

Ventil ation application

involving heat exchanges have had many complications to overcome in
order to efficiently apply this technology.

Person et al

.

(1983)

stated that, historically, problems encountered in the application
of this technology included:
small temperature differences;
corrosion of heat exchanger materials;
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accumulation of moisture and dust resulting in the
restriction of air flow and the reduction of heat transfer;
increased management skills required to operate and
maintain the system.
Larkin et al

.

(1975) reported on the additional problem of the

freezing of condensed moisture on the exhaust side of the heat
exchanger resulting in reduced heat transfer.

Larkin and Turnbull

(1979) pointed out that the energy savings associated with the
application of heat exchanger systems did not always justify the
extra capital cost of the system.

Research efforts and commercial development of heat exchangers
in recent years has seen a partial solution to many of the
previously mentioned problems.

Design advances using plastic and

improved metal alloy components have reduced problems associated
with corrosion while actually improving heat transfer (Person et
al., 1983).

Some new designs are relatively self cleaning or

require very low maintenance.

Larkin and Turnbull (1977) tried

different types of pre-heat-exchanger-filters on dirty exhaust air
from a poultry house.

A conclusion stated the necessity to clean

the filters every two days with a vacuum cleaner and wash them with
water once a month to prevent accummulated dust and feathers from
intefering with the efficient operation of the heat exchanger.

Up

to thirty minutes was commonly required for the vacuum cleaning.
Moysey and Wilson (1980) experimented with a liquid-to-air heat
exchanger which employed a counterfiow of moist air and cold
Stoddard solvent in a packed tower arrangement.

No dust clogging
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was reported but ice build-up did result from the -5°C (23°F)
sol vent temperature.

Various types of heat exchangers have been designed and tested
for possible ventilation application.

Original research by Geise

and Downing (1950) employed a multitube forced air heat exchanger
where incoming air was warmed in tubes by the surrounding exhaust
air in the main duct.

The system was operated both in parallel and

counterflow arrangements.

Results showed that stables could be

ventilated at full ventilation rates, using heat exchangers, at
outside temperatures from 8.9 to 10.6°C (16 to 19°F) lower than when
ventilated by means which did not temper the incoming air.

Geise

and Bond (1952) later showed energy savings from experimentation
with a flat-plate heat exchanger using corrugated aluminum roofing
sheets.

Larkin et al. (1975) tested a thermosiphon heat exchanger
utilizing boiling Refrigerant 22 (R-22).

Cool incoming air was

blown past the upper half of an inclined pipe containing R-22.

As

the cool air condensed the R-22 vapor, the vapor pressure was
reduced and allowed the warm exhaust air being blown over the lower
half of the pipe to evaporate additional R-22 and create a heat
recovery cycle.

The result was a transfer of heat from the warm

exhaust air to the cold incoming air via the latent heat of
vaporization/condensation of R-22.

Typically, 39 percent of the

recoverable heat in the exhaust air was transferred to the incoming
air (39 percent effectiveness).
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Witz et al

.

(1976) reported a study that involved two rock heat

sinks, one located at the inlet and one at the outlet of the
ventilation system.

The arrangement permitted air to be heated in

the inlet duct and heat to be extracted from the air while passing
through the exhaust duct.

Reversing the direction of flow with

short cycles made possible the transfer of heat to the rock heat
sink from the exhaust air and later transfer this same heat to the
incoming air when the flow direction was reversed.

Desired indoor

temperatures could be maintained at lower outside temperatures
without supplemental heat with the system, but installation and
operating costs of the double heat sink system were about twice that
of a conventional ventilation system.

Stauffer and Vaugn (1980) designed a heat pipe heat exchanger
similar to the thermosiphon of Larkin et al .

(1975).

The difference

being the addition of a wick in the heat pipe to enhance heat
transfer and aid in the movement of the working fluid.

The design

showed good performance with a reported average effectiveness as
high as 55 percent for one set of trials.

The system was found to

supply up to 45 percent of the total winter heat requirement.
Economic analysis showed that the system could pay for itself in
less than five years.

Moysey and Wilson (1980) reported on extracting heat from
exhaust air by direct contact with a cold petroleum solvent in a
spray chamber.

Pilot tests with a counterfiow of cold solvent and

warm air through a pall ring packed bed produced effectiveness as
high as 70 percent but severe frost problems dictated a design
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A larger scale unit with parallel flow achieved an

change.

effectiveness of 65 percent.

These effectivenesses were based on

the exhaust air/solvent contact process and did not include the
transfer process back to the fresh incoming air.

The other half of

the heat exchanger involved transferring heat from the warmed
solvent to the cold incoming air through the use of extended surface
coils.

Atomization and evaporation losses of solvent in addition to

an objectionable odor made the solvent used in this study
unsatisfactory for livestock applications.
The economic justification for applying heat exchanger technology to ventilation remains variable.

Larkin and Turnbull (1979)

showed that some applications did provide energy savings sufficient
to balance the extra capital costs of the heat recovery system while
others have not.

Sokhansanj et al. (1980) developed a method for

sizing heat exchangers and economic criterion for theoretical

evaluation of different sizes of a counterfiow heat exchanger in a
turkey growing structure.

Analysis showed that flat-plate counter-

flow heat exchangers can be economical depending on the individual
circumstances.

More work was necessary to resolve the mechanical

problems such as frost and dust as the number of economical
applications warranted development of trouble free systems.

Dehumidi fication

Ventilation rates in warm confinement livestock structures are
often based on maintenance of a moisture balance during cold
weather.

Jones and Friday (1980) stressed the importance of
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moisture control in warm confinement structures for these reasons:
Relative humidities from 50 to 80 percent are detrimental
to air-borne bacteria commonly found in livestock
buildings;

Relative humidities above 80 percent provide a favorable
environment to bacteria and are conducive to spread of
disease;

Both very high and very low relative humidities can lead to
respiratory ailments and death among the confined
livestock;

High humidities contribute to premature deterioration of
the structures and equipment.

Milligan and Winn (1964) found that high relative humidities during
high temperature brood stages adversely affected broiler gain, feed
conversion, and feathering.

The major loss of energy during cold weather is heat contained
in the exhaust ventilation air used to remove latent heat generated
within the structuce by the animals (Brusewitz and Sharma, 1982).

Dehumidification of the inside enviroment holds the potential of
reducing the required ventilation rate needed to control moisture
levels and thereby save energy.

Sharma et al . (1981) indicated the

possibility of achieving this goal through the use of an in-house
dehumidification system.

Brusewitz and Sharma (1982) tested a

variable-depth, constant humidity desiccant bed to maintain air
within a relative humidity range of 50-80 percent.

Results showed

the silica gel sorption bed was able to produce the desired outlet
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relative humidity from a constant 95 percent relative humidity
source.

A regenerative cycle was included in the tests and

illustrated the possibility of utilizing excess daytime solar energy
to remove moisture adsorbed at night.

Brusewitz and Sharma (1982)

did not draw any direct conclusions concerning the reduction of a
warm confinement livestock structure's energy consumption with
dehumidication, but did indicate that dehumidification has valid
possibilities of providing moisture control without incorporating
large volumes of cold ventilation air.

The economic and energy use

questions concerning dehumidification for energy conservation remain
to be evaluated.

B.

Production Management Energy Conservation

Reduced Ventilation

Broiler producers in Oregon typically ventilate for moisture
control for the first three to four weeks of each brood during
colder parts of the year.

Supplemental heat addition insures

maintenance of desired temperature levels within the structure.
After the fourth week sensible heat production of the birds is
sufficient to maintain the heat balance at the moisture control
ventilation rate.

Ventilation for temperature control prevails

beyond this time.

Several researchers, including Petersen et al

(1980), have suggested that ventilation rates reduced below that
needed to control moisture during the periods when supplemental heat
is required could lead to energy savings.
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Researchers have documented fuel savings both theoretically
(Hellickson and Baker, 1981) and experimentally (Carr and Nicholson,
1980) in broiler production.

Carr and Nicholson (1980) reported

lower fuel consumption at a ventilation rate one-half of that
determined by a moisture balance as compared to the fuel consumption
of the moisture control determined rate.

However, the difference

was small and did not prove to be significantly different (P > .05).
Hellickson and Baker (1981) developed a computer model to predict
fuel savings associated with reducing the recommended minimum winter
ventilation rate in broiler houses by 50 percent.

Approximately 43

percent fuel savings could be realized by using the reduced rate.
Reduced ventilation rates during cold weather present a
potential for serious animal health and structural hazards from high
atmospheric ammonia concentrations and excessive moisture levels.
Carr and Nicholson (1980) found that atmospheric ammonia levels and
litter moisture contents reached undesirably high levels with
reduced ventilation.

Significantly (P < .05) lower body weights and

increased ocular problems were found in birds reared in a lower
ventilation rate treatment as compared with other treatments using
recommended and high ventilation rates.

Both problems were

attributed to undesirably high ammonia levels.

The energy saving

potential of reduced ventilation does appeal to producers and, in
spite of the hazards, many improperly practice this measure on a
routine basis during cold weather (Hellickson and Baker, 1981).
Hellickson and Baker (1981) reasoned that money saved from reduced
ventilation energy conservation could be spent on equipment to
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rectify the health and structural hazards while still costing less
than normal ventilation management schemes.

Low Temperature Brooding

Temperature management schemes for brooding broilers have
received increased attention in recent years as a potential energy
saving option. Researchers have recognized that lowering the
starting temperatures for brooding has an obvious potential to save
fuel.

However, concern remains as to whether broiler health and

performance are detrimentally affected.

The optimum environmental temperatures for a chick is estimated
by the range of thermal neutrality, which is defined (Sturkie, 1965)
as the environmental temperature that has little or no effect upon

heat production of the bird.

The thermoneutral range for a chicken

(Sturkie, 1965) starts at 35 + 1°C (95 + 2°F) during the first week
of age and decreases to 21 + 3°C (70

5°F) at maturity.

Barot and

Pringle (1944, 1950) measured the temperature required for maximum
growth of Rhode Island Red chickens from 1 to 32 days after hatch.
The optimum temperature on day 1 was 34.4°C (94°F) and decreased
about 0.5°C (1°F) per day to 18.9°C (66°F) by day 32.

Deaton et al.

(1978) showed normal body weights for broilers reared in a temperature range of 10-21.1°C (50-70°F) or a simulated summer cyclic
temperature regime (23.9 to 35 to 23.9°C (75 to 90 to 75°F), in a 24
hour cycle) during the 4 to 7 week grow-out period.

However, a

grow-out temperature of 21.1°C (70°F) was found superior due to

higher feed conversion values.
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Carr et al

.

(1976) conducted experiments to study the effects

that starting broods at lower temperatures of 29.44°C (85°F) to 25°C
(77°F) had on broiler performance.

Broiler weight gain and feed

conversion were not affected by starting at a brooding temperature
as low as 25°C (77°F).

Mortality, though not statistically

significant (P > .05), tended to increase as starting temperatures
were decreased.

Felton (1974) reported on the effects of 12

different temperatures schedules on broilers.

An analysis of

variance showed no significant difference in mortality or feed
conversion for low temperature brooding.

The study also indicated

that the lower starting temperatures appeared to give some
advantages concerning weight, mortality, feed conversion, and fuel
consumption.

Carr and Carter (1978) reported that weight gain and

feed conversion were not affected by starting at a brooding
temperature as low as 24.8°C (76.6°F).

A significantly higher

mortality rate reported for one treatment was attributed to the low
chamber temperature which caused the chicks to be reluctant to leave
the brooder area in search of food and water.

None of the

preceeding researchers showed any significant adverse affects on
broiler performance when broods were started at 29.44°C (85°F).

Partial House Brooding

Most broiler chicks are brooded and grown to market size in
the same overall confinement area (Harwood and Reece, 1975).

Conse-

quently, energy is used to heat spaces not occupied by birds for the
first few weeks.

Concentrating the chicks in a smaller area would
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conserve fuel because smaller volumes of air would be available to
diffuse heat away from the chicks.

Research in recent years has shown the potential for fuel
savings by brooding chicks at higher densities (Carr et al., 1974;
Flarwood and Reece, 1975; Carr, 1980).

Carr et al . (1974) reduced

the amount of fuel consumed by as much as 50 percent when brooding
the chicks in only the center half of a poultry house.

Harwood and

Reece (1975) reduced the amount of fuel used in brooding from 340.2

to 115.3 liters/1000 chicks (90 to 305 gallons!1000 chicks).
Chicks were restricted to 15 percent of total floor area at one end
of the building during the first two weeks and one-half of the house
for the next two weeks.
the full house.

The remainder of the growth cycle was in

A polyethylene plastic curtain suspended from the

ceiling separated the brooding area from the remainder of the house.
Noxious gases were not a problem at the ventilation rate provided.
Carr (1980) investigated fuel consumption and broiler performance as
affected by using one-third of the house area for brooding during
the first three weeks, one-half of the house area during the fourth
week, and the full house thereafter.

The study concluded that a

significant amount of fuel can be saved by using high density
brooding when compared to full area without sacrificing performance.
Many producers have adopted high density brooding to conserve
fuel.

Beneficial performance requires that proper ventilation and

production management are closely adhered to or factors such as high
ammonia concentrations can cause bird performance drops.
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krnnonia Control

Atmospheric ammonia levels within the animal space may reach
levels that control the ventilation rate rather than temperature and
moisture levels.
added.

These cases also require that supplemental heat be

Control of ammonia release from broiler litter could reduce

the frequency of ammonia dictated ventilation and thereby reduce or
Carr

eliminate the need for supplemental heat during those times.
and Nicholson (1980) reported the effectiveness of four litter
treatments on the suppression of ammonia release from broiler
litter.

The treatments included two chemical additives, tilled

litter, and no treatment.

Lower broiler litter moisture provided a

lower pH which in turn resulted in much less ammonia release from
the litter.

The tilled litter had a high moisture content.

One

chemical was found to suppress the release of ammonia consistently
throughout the study.

Other researchers have applied additives to

manure with some success at reducing the rate of ammonia release
(Koelliker et al., 1978; Miner and Stroh, 1976; Reece et al ., 1979;
Seltzer et al., 1969).
Koelliker et al . (1980) built and evaluated a small atmospheric

ammonia air scrubber packed with clinoptilolite.

The device removed

from 15 to 45 percent of the ammonia from the air that passed
through.

The possibility of combining the scrubber with a

dehumidification unit in an attempt to decrease the cold weather
ventilation requirement and fuel consumption associated with
supplemental heating was proposed.

Another air scrubber described
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by Licht and Miner (1979) showed atmospheric ammonia removal of 7.7
to 38 percent in a swine confinement structure.

The device employed

a packed bed wet scrubber designed to remove particulates.

Mimonia

removal resulted from removing particulates containing ammonia.

Ammonia release from broiler litter suppression and removal of
atmospheric ammonia have shown promise in providing a way to reduce
the occurrence of ventilation for atmospheric ammonia control.
Research in this area is not well developed and rio treatment scheme
stands out as better than others.

Additional research is needed to

further develop some of these ideas.

C.

Integrated Energy Conservation

Most of the previously described energy conservation options
have been individually tested and reported.

A likely extension of

these efforts would be to test them in conjunction with one another.
Reece (1981) reported on solar energy use in poultry production;
these experiments also used partial house brooding.

That work helps

point to the fact that alternate energy systems blend especially
well with production management energy conservation options.
one option requires, or allows, one or more of the others.

Often
For

example, certain dehumidification systems require heat exchangers
and they allow reduced ventilation.

Proper management is still very

important when using these options individualily or in
combination.
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III.

Zeolites in Agriculture

As growing agricultural interests concentrate efforts to expand
crop and livestock production, many minerals are receiving increased
attention as soil ammendments, dietary supplements for livestock,
and additives to control odor and noxious gas release from manure.
The physical and chemical characteristics of the zeolite group of
minerals appear to hold promise for many agricultural applications
in the future.

Zeolites are crystalline, hydrated aluminosilicates and alkali
and alkaline earth cations, having infinite, three-dimensional
structures (Mumpton and Fishman, 1977).

Some zeolites are further

characterized by an ability to lose and gain water reversibly and to
exchange constituent cations without major changes in structure.
Natural zeolites were discovered in the late 1950's as major
constituents of numerous volcanic tuffs found in ancient saline lake
deposits in the western United States.

Since that time, zeolites

have been found to occur in many deposits of sedimentary rock in
more than 40 countries.

Most economically significant zeolite

deposits were formed from fine-grained volcanic ash being carried by

wind from an erupting volcano and deposited into shallow freshwater
and saline lakes or into the ocean near to the ash source.

Beds of

nearly pure ash were built up in this way, varying in thickness from
less than a centimeter to several hundred meters.

After deposition

the non-crystalline ash reacted with pervading saline and alkaline
pore waters, and with permeating groundwater, and transformed into
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crystals of zeolite (Mumpton and Fishinan, 1977).

Domestic zeolite

deposits are spread across the western states with some deposits in
Texas and Alabama.

low.

Mining operations are quite simple and costs are

Transporation and distribution amount to much of the actual

cost to the consumer.

Many of the applications of zeolite in agriculture have taken
place in Japan where fanuers have used zeolite to control moisture
contents and malodor of manure and to increase the pH of acidic

volcanic soils.

The growing awareness of the abundance and ease of

availability of inexpensive zeolites in the United States have
prompted serious agricultural experimentation with them (Mumpton and
Fishinan, 1977).

At Oregon State University, Miner and Stroh (1976)

evaluated several materials for perfonnance as surface applications

to cattle feedlots for odor control. Two particular zeolites,
clinoptilolite and erionite, were reported to consistently reduce
ammonia release as compared to untreated surfaces.

Clinoptilolite has been used for poultry environment appli-

cations (Nakaue et al., 1978; Koelliker et al., 1978) because of an
especially good selectivity for the amrnonium ion in an exchange
process for a host sodium ion.

Koelliker et al. (1978) evaluated

the effectiveness of clinoptilolite to improve poultry house
environments by four different techniques.

The first was an

experiment to determine if zeolite ration supplements had an effect
on ammonia desorption from manure.

The ammonia desorption rate was

not reduced, in fact, odor from manure containing clinoptilolite
were judged more offensive than from manure without.
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A second experiment involved surface application of clinoptilolite to manure accumulated under caged layers.

Application of fine,

granular clinoptilolite to the manure at rates of 5 and 10 kg/rn3

(1.02 and 2.05 lb/ft2) (1/6 and 1/3 by weight) reduced relative
ammonia desorption from manure by about one-half to two-thirds,
respectively.

Little odor was noted and clinoptilolite/manure

mixtures were drier and more granular in texture.

A third experiment examined the effects of direct application
of clinoptilolite on broiler litter under production conditions.
Clinoptilolite application decreased the atmospheric ammonia

concentration in the air within the chamber by as much as 35
percent.

Litter moisture was reduced and incidence of foot pad

burns on the broilers was markedly reduced.
Koelliker et al. (1980) reported in detail on the fourth
technique in the 1978 series of experiments.

Research was focussed

on the evaluation of a small air scrubbing device designed to remove
atmospheric ammonia from the air passing through by ion exchange
with layered beds of granular clinoptilolite.

The device, evaluated

for performance in a poultry laying house, removed 15 to 45 percent
of the atmospheric ammonia from air passing through at .015 to .040
m3/s (32 to 85 cfm).

A subjective reduction in odor intensity

appeared to be associated with system operation.
Further research at Oregon State University has investigated
the use of zeolite as a ration supplement.

Nakaue and Koelliker

(1982) found no significant performance differences between layers
fed 0, 2.5, 5, and 10 percent clinoptilolite in their rations.

More

31

study is needed to quantify the physical and chemical processes by
which zeolites selectivity exchange sodium for ammonium ions.

IV.

Broiler House Design Data Identification and Evaluation

Design of systems associated with warm confinement structure
ventilation requires that specific data be established.

Desired

inside environmental conditions appropriate to optimal growth of the
specified livestock must be determined and arranged for in a
management scheme.

Physical characteristics of the animals and

production management techniques must be considered.

The following

sections identify and briefly evaluate pertinent data necessary for
proper broiler house ventilation design.

In-House Environment

Reece (1982) listed the following recommended temperature
regime for brooding chickens:
first week

30-35°C (86-95°F)

second week

27-32°C (81-90°F)

third week

24-29°C (75-84°F)

fourth week

21-26°C (70-79°F)

Regime upper limits are based on the optimum growth temperatures
reported by Barot and Pringle (1950).

Reece (1982) argued that

because chicken size is an important parameter in heat transfer
between the animal and its environment and one might expect modern
broilers, genetically developed to have hybrid vigor, to achieve
maximum growth at temperatures lower then those suggested by Barot
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and Pringle (1950).

Reece (1982) indicated that brooding

temperatures can be reduced to the lower end of the recommended
Carr et al .

(1976) and Carr and Carter (1978) supported

Reece's indications.

Parker et al. (1978) recommended to Oregon

regime.

producers that brooding temperatures start between 32.2 and 35°C (90
Further recommen-

to 95°F) at chick level beneath the brooders.

dations suggested that the temperature be lowered about 2.8°C (5°F)
per week down to a minimum grow-out temperature of 21.1°C (70°F).
Reece (1982) supported the 21.1°C (70°F) grow-out temperature.
Ventilation rate calculations are based on the average room
temperature within each production chamber used to account for the
temperature gradient over the height of the chamber.

The preceeding

temperature regimes of Reece (1982) and Parker et al . (1978) were

based on temperatures beneath the brooders.

Elliot and Collins

(1982) gave a temperature schedule indicative of average room
temperatures when hover type brooders were used in a typical
brooding operation.

Those temperatures reflected a regime under

the brooder consistant with the ones previously discussed.

This

temperature schedule is appropriate for ventilation rate calculations and is listed in Table 1.

Humidity control is important in the regulation of dust,
ammonia, and overall bird performance.

Lampman et al. (1967)

reported that at relative humidities below 50 percent dust problems
increase.

The study further stated that higher humidities favor

better feathering, growth

and fuel conversion.

Reece (1982) stated

that relative humidity effects litter moisture content and should be
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Table

1.

Average Room Temperatures in Typical Broiler Houses Heated
(From Elliot and Collins, 1982).
by Hover Brooders.

Week

Average Temperature

1

27.8C (82F)

2

26.1C (79F)

3

24.4C (76F)

4

22.8C (73F)

5

21.1C (70F)

6

21.1C (70F)

7

21.1C (70F)

kept near 50 percent during the first three weeks to insure that
litter moisture content does not exceed 25 to 30 percent (wet
basis).

Reece further reported relative humidity in the 50-70

percent range was adequate for the grow-out period.

Harris et al.

(1980) indicated that relative humidity should not exceed 60 percent
during the initial high brooding temperature period.

Also indicated

was that energy could be conserved by allowing the relative humidity
to go as high as 70 percent during grow-out.
Exposure to atmospheric ammonia has not only been shown to
reduce growth rates (Reece et al., 1980; Kling and Quarles, 1974)

but also to increase disease related performance drops in broilers
(Kling and Quarles, 1974).

Researchers have identified 25 parts

per million by volume (ppm) to be the acceptable upper limit of
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atmospheric ammonia concentration (Lampman et al ., 1967; Reece et
al., 1981; Elliot and Collins, 1982).

Important to the economics of broiler production is the effort
to raise as many birds as possible without sacrificing performance
due to over-crowding.

Each broiler chick should have .070-.093 ffi2

(.75-100 ft2) of floor space (Lampman et al., 1967; Parker et al.,
1978).

Partial house brooding may be practiced for the first three

to four weeks of each brood but recommended densities should be
adhered to for grow-out.

Heat and Moisture Production

Heat and moisture balances are the governing mechanisms
controlling proper ventilation design.

A critical factor in

calculating these balances is the establishment of animal heat and
moisture production design values.

Longhouse et al. (1968)

presented equations for sensible, latent, and total heat production
of broilers.

The equations were given for three stages of growth to

account for constantly increasing broiler weight in an environment
of decreasing air temperatures.

Reece and Lott (1982) stated that

data from calorimetric studies, such as those presented by Longhouse
et al. (1968), were of little use in ventilation rate calculations
because the moisture component from the litter is not normally
included.

Efforts to correct the calorimetric data by estimating

the fecal moisture component generally produce unsatisfactory
results because of the difficulty in predicting manure drying
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characteristics.

The procedures also do not consider sensible heat

required to evaporate moisture from the litter.
Reece and Lott (1982) reported heat and moisture production
design data for broiler chickens grown on litter at stocking rates
typical of partial house brooding.

Contrary to the data presented

by Longhouse et al. (1968), Reece and Lott (1982) reported the
latent heat production component as significantly higher than the
sensible heat production component during early brood stages.

Near

the end of the brood stage (about 3 weeks of age) the latent and
sensible heat production curves approached the same value.

Figure 2

illustrates the curve configuration for the brood stage.
The relative configuration of these curves are supported by
actual ventilation practices in Oregon.

Typically during the first

three to four weeks of each cold weather brood, ventilation to
control moisture is necessary.

At about four weeks of age brooders

are turned off and ventilation rates are dictated by the heat
balance.

The data given by Reece and Lott (1982) report sensible

heat production to be much less than latent heat production during
the first three weeks.

Sensible heat produced by the birds to help

warm their environment was inconsequential during the first week of
the brood.

The above studies tend to support the procedure of

ventilation for moisture control early in the brood followed by
ventilation for heat later in the brood.

Deaton et al. (1969) supplied heat and moisture production data
for whole house broiler production during the grow-out period under
winter conditions.

Sensible heat production was reported higher
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than latent heat production for the entire period.

Reece and Lott

(1982) showed latent heat production higher than sensible heat
production for the same period at the same enviroruiental conditions.

The obvious discrepancy was ackowledged by Reece and Lott (1982) but
not commented on.

Such differences cast doubt on the accuracy of

presently available heat and moisture production data for the
grow-out period and indicate a need for further research.

Broiler Growth Rates

Heat and moisture production data and other physical

performance characteristics of broiler chickens are often reported
on a per unit mass of chicken basis.

Prediction of broiler body

weights as a function of age is necessary to use much of the
published data.

Carr and Carter (1978) reported normal growth rates

during experimentation with low temperature brooding.
al

.

Longhouse et

(1968) supplied a growth curve suitable for design purposes.

Scott et al. (1976) and the National Academy of Science (1977)
listed average growth curves for male and female broilers.

The

more recently supplied growth curves warrant close attention when
establishing a representative curve because genetic and other
advances have allowed today's broilers to reach larger size at an
earlier age.

38

METHODS

A broiler house ventilation model was developed for use on the
Oregon State University CDC Cyber 170, model 720, computer system.
The purpose of this model was to aid in the evaluation of design
parameters for an in-house air modification system.

The model was

written as a FORTRAN computer program named BROILER and is found in
Appendix 1.

The model simulated a ventilation scheme which reduced

calculated ventilation rates by 50 percent during brooding periods
when supplemental heat was normally required (i.e. when ventilation
is dictated by a moisture balance).

I.

Implementation of a Broiler House Ventilation Model

Ventilation Rates

The initial step in model formulation was to establish desired
inside environmental conditions and an appropriate environmental
management scheme.

A temperature profile over the chamber's

vertical dimension establishes a difference between the temperature
under the brooder at chick level and the average room temperature.
The greatest difference occurs during the first few weeks of the
brood.

An average inside chamber temperature was needed so BROILER

could perform ventilation rate calculations.

The average inside

temperature values, supplied by Elliot and Collins (1982) for
typical Delmarva broiler production practices, were used in the
model (Table 1).
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Reece (1982) indicated that relative humidity should be kept
near 50 percent for the first three weeks of each brood and in the
50 to 70 percent range during grow-out.

Harris et al .

(1980)

suggested relative humidity as high as 60 percent was satisfactory
for the brooding period.

The model was arranged to balance moisture

at 60 percent inside relative humidity for the first three weeks and
at 70 percent for the remaining grow-out period.

This scheme could

conserve energy by providing a lower required mass flowrate of dry
air necessary to meet the moisture balance thereby resulting in a
lower supplemental heat requirement.

Important parameters in balancing heat and moisture within a
structure are sensible and latent heat production.

Several

researchers have reported sensible and latent heat design data for
broiler houses (Longhouse et al., 1968; Deaton et al., 1969; Reece
and Lott, 1982). Deaton et al
grow-out period.

.

(1969) reported data only for the

The analysis presented in this research was

primarily concerned with the early brooding period because that is
typically the time when supplemental heat is required.

The curves

presented by Reece and Lott (1982) represent the most concise,
complete analysis on the subject to date because all components of
heat production, including sensible heat used to evaporate water,
were included.

The calculations made by BROILER used the heat and

moisture production data presented by Reece and Lott (1982).
Close examination of separate curves for the brooding period
and the grow-out period presented by Reece and Lott (1982) showed
that there was not a smooth transition from the brood curve to the
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grow-out curve.

This situation had to be rectified because actual

heat and moisture production of broiler chickens would be a smooth

curve over their lifespan. The original heat and moisture
production data used to create the reported curves was obtained from
Dr. Reece (Reece, 1982) and plotted versus bird age in days.

A

large dome in the early part of the latent heat production curve
suggested that some type of trigonometric curve-fit may adequately

represent the latent heat production curve for the entire brood.

A

Fourier series forced curve-fit was attempted using the Fourier
Series curve-fit routine of the Math Pak for a Hewlett Packard HP
41-CV hand-held calculator. The resulting equation fit the dome

section in the early part of the curve very well at several
frequencies, but in each case a wave pattern developed farther out
on the grow-out section.

This made a Fourier series curve-fit

unacceptable and the original equations presented by Reece and Lott
(1982) were used.

The original equations presented by Reece and Lott (1982) were

plotted with the original data.

Inspection of this plot showed that

a curve, fitted by sight, could be drawn to join the brooding and
grow-out period curves and produce a smooth transition beten them.

Data points were taken from the sight-fit curves and used as inputs
to a Statistical Interactive Programming System (SIPS) on the
computer.

SIPS was used to perfonii a stepwise regression operation

on the data and produced best-fit equations for each transition
curve.

The operator manipulated the independent variable (bird body

weight in grams) in the stepwise routine until equations with high
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correlation (R2

.9999) resulted.

The intersections of the

transition equations with the reported equations on either side were
found using the Root Finder routine of the HP 41-CV Math Pak.

The

intersection points were used to establish the values at which
BROILER transferred from one equation to the next.

The equations

used by BROILER to model sensible (QS) and latent (QL) heat
production in J/hr.g versus chick body weight (WI) in grams are:
latent heat production
0 < WT < 112

QL = 2.32 (3.3 x iü-5 WT3 - .0123 WT2 + 1.47 WT - 33.9)

(5)

112 < WT < 664

QL = 2.32 (-1.23 x i- WT3 + .0002 WT2 - .111 WT + 32.9)

(6)

664 < WT < 886
QL = 2.32 (-.004054 WT + 14.06189)

(7)

WT > 886

QL = 2.32 (3.69 x 10-12 WT4 - 1.9 x 10-8 WT3 + 3.752

x i- WT2 - .0382 WT + 25.8)

(8)

sensible heat production
0 < WT < 515

QS = 2.32 (57 Log WI + 3.75 x 10-10 WT4 - 7.76 x i0
WT3 + 6.37 x io- WT2 - .292 WT - 83.3)

(9)

515 < WT < 886
QS

2.32 (.7841 x 1010 WT4 - .2191 x 10-6 WT3 + .2174

x i- WT2 - .0974 WT + 27.1438)

(10)

QS = 2.32 (-6.47 x 10-12 WT4 + 1.02 x i- WT3 + 4.96
x 10-6 WI2 - .0143 WT + 15.9)

(11)

WT > 886
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Figure 3 illustrates the heat and moisture production curves for the
entire brood period.

The heat and moisture production equations required the use of
chick body weight as the independent variable.

Background data on

chick growth rates (Longhouse et al ., 1968; Carr and Carter, 1978;

Scott et al., 1976; National Academy of Science, 1977) were plotted
A curve was fit by sight through the early

on a single graph.

portion and adhered to the data reported by the National Academy of
Science (WAS) (1977) after the two week point.

The WAS data

reported the highest weights and would later provide conservative
values for ventilation design purposes.

Data points were selected

from this curve and used as inputs to the stepwise regression
function of SIPS.

Operator manipulation of the independent variable

(age in days) resulted in an equation with a perfect correlation
(R2 = 1.0000).

The following equation was used by BROILER to

model chick body weight (WI) in grams versus chick age in days (I):
+
.00OO73311I

WT = 39.8744 + 2.503131 + 1.0405712 - .O127234I

(12)

Sensible heat lost through the structure due to conduction
plays an important role in the heat balance.

Conductive heat losses

through structural components may be calculated using basic heat
transfer mechanisms.

Conduction heat transfer can be represented

by:

= UAAT

(13)
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where:

q

= structural heat loss;

U = conductive heat transfer coefficient;
A = area of heat flow;

T = magnitude of temperature gradient over heat
flow path.
The inverse of the conductive heat transfer coefficient, U, for
common building materials is generally reported as thermal
resistance, R.

Summation of heat flows through more than one area

having a constant temperature difference gives the expression used
by BROILER to compute structural heat loss due to conduction.

This

expression is given by:

Ai

(14)

i=1

where all variables are as above.

Radiation heat transfer involving the structure was disregarded as
conservative heat load values were expected.
Psychrometric properties of moist air were necessary for
ventilation calculations and all can be evaluated given any two
independent values.

A problem arises when the two given properties

are dry bulb temperature and relative humidity.

In that case,

complex algebraic relationships result for the determination of wet
bulb and dew point temperatures.

These algebraic relationships are

not readily solvable by normal algebraic manipulation.

A converging

iterative solution used by the Root Finder routine of the HP 41-CY
Math Pak was applied to solve the necessary expressions.

Equations
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presented by Brooker (1966) and the American Society of Agricultural
Engineers Yearbook (1981) were used to develop a FORTRAN program
called PSYCHRO to calculate psychrometric properties for use as a
subroutine in BROILER.

The Root Finder routine was translated from

Reverse Polish Notation (RPN) to FORTRAN and incorporated into
PSYCHRO as a subroutine called ITERATE.

Subroutine PSYCHRO,

including the subroutine ITERATE, are listed in Appendix 2.

The general configuration of the ventilation section of BROILER
followed a procedure based on calculation of daily average
ventilation rate calculations.

The model was arranged to iterate

through four, forty-nine day, broods planned for eventual
experimentation.

The first brood was planned for ammonia build up

in the litter and the remaining three for air modification system
experimentation.

Outdoor relative humidity and average outside dry

bulb temperature for each particular brood period were inputs.
Sixty percent outdoor. relative humidity was used for the first brood
(September is usually warm and dry in Oregon).

Ninety percent was

chosen for the last three broods because Oregon winters, which
typically begin in late October, are usually very damp.

An input

file, CLIMATE, was created to provide the outdoor design climatic
conditions to BROILER.

CLIMATE is described in Table 2.

Table 2

also identifies the four experimental brood dates.

Forty-nine day brooding lengths were selected as this coincides
with typical Oregon broiler production schedules.

Temperature and

humidity, based on the inside envirorriental management scheme

described earlier in this section, were chosen by BROILER for each

Table 2.

Input File CLIMATE with Associated Experimental Brood
Dates.

Relative Humidity (%)

Brood Dates

Temperature

9/7/82 - 10/25/82

17.2C (63F)

60

10/26/82 - 12/14/82

10.00 (50F)

90

1/11/83 - 3/1/82

4.4C (40F)

90

3/15/83 - 5/3/83

4.4C (40F)

90

day according to the age of the chicks.
were calculated.

Inside psychrometric data

The appropriate sensible and latent heat

production equations were selected and evaluated.

Ventilation rate

calculations were carried out for heat and moisture control.

An

input file named BUILD was used to supply areas, thermal resistances
and bird numbers necessary for ventilation calculations.
appears in tabular form in Table 3.

BUILD

Resulting heat and moisture

control ventilation rates were compared to establish the dictating
rate.

When ventilation for moisture dominated, the conventional rate
was reduced by 50 percent.

A quantity of excess

then left in the chamber air.

ter vapor was

The excess water vapor was the

quantity necessary to be removed to meet the moisture balance at the
reduced ventilation rate.

condensation of the excess

The latent heat available from the
ter vapor was compared to the

supplemental heat required at the reduced ventilation rate.

When

the latent heat was less than or equal to the required supplemental
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Table 3.

Structural Parameters of Input File BUIlD.
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m2'hrC ft2hrF\

Heat Transfer Resistance:

Btu

kJ

)

Wall

2.47

(14.0)

Roof

3.88

(22.0)

Foundation

1.50

(8.5)

39

(2.22)

Perimeter

Area:

(ft2)

Wall

264.1

(866.25)

Roof

170.3

(558.50)

Perimeter Length

30.2 m

(99.0 ft)

Number of Birds per Chamber

736

heat the 50 percent reduced ventilation rate was adopted for that
particular iteration.

In some instances the ventilation rate could

have been reduced beyond the 50 percent rate and rire excess
vapor would have been available to provide latent heat.

ter

A 50

percent reduction was selected as the maximum decrease in the
calculated ventilation rate to prevent problems such as high
atmospheric particulate levels. When the latent heat available from
the excess water vapor was

greater than the required supplemental

heat the ventilation rate was incrementally increased to values

higher than the 50 percent reduction.

The incremental increase was

continued until the latent heat available frcxn excess

ter vapor

condensation was equal to the supplemental heat required.

During

periods when ventilation for heat dominated, no supplemental heat
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was required and the full heat control ventilation rate was used.
The balancing methods discussed above were used to provide all

required supplemental heat by condensation of excess water vapor
except early in the brood when quantities of excess water vapor were
insufficient.

Ammonia Volatilization

A section of BROILER simulating ammonia release from broiler
litter was included.

The simulation was based on a model presented

by Elliot and Collins (1982).

Conservative ammonia control

ventilation rates and the quantity of excess atmospheric ammonianitrogen from a balance at the ventilation rate determined by
balancing methods described above were provided.
The conversion of the nitrogeneous components of poultry manure
into atmospheric ammonia can be subdivided into four steps:

1)

bacterial ammonification (uric acid -- NH4/NH3); 2) production
of gaseous ammonia within the litter; 3) mass transfer of litter
ammonia gas to the atmosphere; 4) establishment of ambient ammonia

levels through mixing and ventilation (Elliot andCollins, 1982).
The analysis used in this research focused on steps 1 and 2 as the
accuracy of step 3 was suspect and replaced by a 100 percent
volitalizatiori assumption and step 4 was replaced by the

atmospheric ammonia control ventilation calculations.
Twp factors in the bacterial ammonification step were
identified by Elliot and Collins (1982) as being the principle
parameters associated with the breakdown of uric acid (C5H403N4)
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to urea and ammonia.

These were pH and temperature.

The micro-

organisms which perform the breakdown of uric acid favor alkaline pH
conditions and are most active at a pH of 9.0.

Elliot and Collins

(1982) went on to present the following equation used to quantify
the pH dependence of the uric acid breakdown rate:
RATEPH = 1.34 (PH) - 7.2
where:

(15)

RATEPH = uric acid breakdown factor as affected by pH;
PH = litter pH.

This specific p1-i breakdown rate was then related to the maximum rate

at pH 9.0, resulting in an equation defining a pH breakdown factor:
FACTPH = RATEPI-I/RATE9

where:

(16)

RATE9 = Eq. 15 evaluated at pH 9.0;
FACTPH = pH breakdown factor.

A maximum microbial growth rate was approached at 35°C (95°F) and
was directly related to the maximum uric acid breakdown rate. The

following relationship beten temperature (TC) in °C and the uric
acid breakdown rate resulted:

RATET = exp(0.165 (IC-b) + 1.8)
where:

(17)

TC = litter temperature in °C;

RATET = uric acid breakdown factor as influenced
by temperature.

A temperature factor, similar to the pH factor, normalized to the
maximum rate at 35°C (95°F), was defined by Elliot and Collins
(1982):

FACTORT = RATET/RATE35

(18)
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where:

RATE35 = Eq. 17 evaluated at 35°C (95°F);
FACTORT = temperature breakdown factor.

A combined factor (FACTORC) for temperature and pH effect on
the uric acid breakdown rate was expressed as the product of the two
previous factors:

FACTORC = (FACTPH)(FACTORT)

(19)

The combined factor was related to the uric acid breakdown rate
by assuming that at optimal conditions (pH 9.0, 35°C (95°F)), 20
percent of the uric acid remaining in the litter will be converted
to ammonia nitrogen over each 24 hour period (Hoff et al., 1981).
The total mass of ammonia nitrogen (TAN) produced each day was:
TAN

where:

.20 (FACTORC)(URPOOL)(1/3)

(20)

URPOOL represents the mass of uric acid remaining in
the litter and 1/3 is used to convert mass of uric acid
converted to a proportional mass of ammonia nitrogen.

The second step in the conversion of nitrogenous components of
poultry manure to atmospheric ammonia is the production of gaseous
ammonia from the litter ammonia produced in the uric acid breakdown.
Ammonia resulting from the uric acid breakdown process includes
soluble ammonia, NH3(aq), and the ammoniuni ion, NH4+:

TAN = NH3 (aq) + NH4

(21)

The soluble ammonia in the litter will come to equilibrium with
gaseous ammonia in the intralitter spaces.

The equilibrium will be

directly related to the soluble ammonia concentration in the litter.
Quantification of the equilibrium process requires the calculation
of the soluble ammonia fraction of TAN (Elliot and Collins, 1982).
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This fraction was calculated by the following common acid/base
relationship:

KA

NH3 + H

NH

where:

KA = the acid dissociation constant defined as:

(NH3) (Hf)
KA

(NH)

where:

) synolizes the concentration of the enclosed

(

species in moles per litter.
Substitution of Eq. 23 into Eq. 21 and solving for (NH3) gives:

KA

NH3 =

TAN

(24)

(Hf)

KA

Elliot and Collins (1982) went on to describe a method by which
the partial pressure of gaseous ammonia can be calculated using
Henry's Law.

Mass transfer of gaseous ammonia to the broiler house

atmosphere was modelled using normal mass transfer mechanics.
Estimation of the Henry's Law constant and the mass transfer
coefficient could not be accurately achieved because of their
variable nature.

An assumption was made that 100 percent of the

soluble ammonia fraction of TAN volatilized to the atmosphere.
Liberal ammonia production values

re expected.

52

The procedures followed by the model to simulate ammonia
release from the litter used a cumulative accounting of the
nitrogenous inputs from the birds and associated conversion to
soluble ammonia.

The ammonia section of BROILER began with the

first day of each brood.

The uric acid inputs to the litter were

based on the mass of nitrogen produced per day per given mass of
broilers as reported in MWPS-18 (1979).

Nitrogen in fresh poultry

manure exists mainly in the uric acid form (Elliot and Collins,
1982).

The unit weight of uric acid is three times the unit weight

of nitrogen so uric acid production was determined by multiplying
the MWPS-18 (1979) nitrogen production value by three.

Uric acid

production was considered zero for days between broods which were
included in the model to keep a constant accounting of ammonia
releases.

Temperature for the days between broods was set at the

average outside temperature for the particular period because the
rooms are normally aired out during this time.
Initially, the litter was assumed clean and the uric acid pool
was empty.

The daily uric acid production was added to the uric

acid remaining in the litter after the previous day's breakdown.
The litter pH was modelled by a curve presented by Elliot and
Collins (1982) which assumed a day one litter pH of 5.8.

The curve

approached pH 8.5 at about 47 days into the first brood and remained
constant thereafter. Equations 15-18 for pH and temperature factors
were evaluated at the calculated pH and temperature dictated by the
temperature scheme used by BROILER.

The combined uric acid

breakdown factor (Eq. 19) was used in Eq. 20 to determine the daily
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additional TAN.

Three times this amount was subtracted from the

uric acid pool each day to represent a proportional amount of uric
acid breakdown.

The -log (KA), PKA, of soluble ammonia in the 0 to 40°C (0
to 104°F) range was given in tabular format for 5°C (9°F) increments
by the Chemical Rubber Company (CRC) Handbook of Chemistry and
Physics (1972).

These tabular data were input to SIPS and the

independent variable (ternperature,°C) was manipulated until the

stepwise regression routine produced a regression curve of perfect
fit (R2

1.0000).

The following equation was used by BROILER to

relate the pKa of soluble ammonia to temperature (TC) in °C:
PKA = 10.0819 - .031195 IC + .000105233 IC2

(25)

The antil og of PKA and pH were computed and combined with TAN

in Eq. 24 to estimate the total quantity of the soluble ammonia
species in the litter.

The entire amount was assumed to volatilize

and the TAN pool was reduced by this value each day.

The

ventilation rate necessary to control ammonia was calculated for all

days during each brood and assumed zero beten broods.

The

atmospheric ammonia concentration was balanced at 25 ppm.

The mass

of excess ammonia nitrogen remaining in the inside air at the
reduced ventilation rate was calculated to provide data on the mass
of ammonia nitrogen that must be removed to maintain 25 ppm
concentrations.

After completing the series of ammonia release

equations for each day, BROILER interated to the next day and
continued the process using the uric acid pool and TAN pool
established the previous day.
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II.

Interpretation of Broiler House Ventilation Model Results

BROILER was run for the four planned broods.

Results from the

first brood were not necessary for design purposes but served to
keep a continuous account of the ammonia balance from the initial
clean litter.

The remaining broods were planned for eventual

experimentation and the results

re used to establish design

conditions for the ventilation and air modification systems.
Conventional ventilation rates for moisture, heat and
atmospheric ammonia control, plus supplemental heat requirements
calculated by BROILER were evaluated for the four respective broods.
The calculated values represent average daily values.

These values

were required for use in design of the ventilation system for a
conventionally ventilated control chamber.

Each of these parameters

were plotted versus chick age in days in Figures 4-6 for each
respective brood and tabulated in Appendix 3.
Inspection showed that the first brood, which had the highest
outdoor temperature and lowest outdoor relative humidity, provided
ventilation dictated by moisture control through the first three
weeks and by temperature control thereafter.

The second brood,

which used a lower outdoor temperature and higher outdoor relative
humidity, showed ventilation was dictated by ammonia and moisture
control for

the entire brood.

same manner as the second brood.

Broods three and four behaved in the
The application of these results

to the design of an in-house air modification system was based only
on the first three to four weeks results because those values appear
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The grow-out values were judged as less depen-

to be reasonable.

dable because actual production schemes typically ventilate for heat
during this period.

No ventilation was required for atmospheric ammonia control
during brood one because the uric acid pool had not yet built up a
sufficient base.

The litter ammonia that did volatilize was easily

controlled by heat or moisture control ventilation.

The beginning

of the second brood showed a significant increase in atmospheric
ammonia control ventilation rates due to the previously built up
uric acid pool being subjected to the high temperatures associated
with the early brood period.
early in the brood.

This resulted in high volatilization

Ventilation rates for atmospheric ammonia

control increased over the first week of each brood and gradually
decreased thereafter until heat or moisture control were sufficient
to control ammonia.

The liberal nature of the ammonia

volatilization modelling procedure amplified the ammonia control
ventilation rates which made ammonia appear as the dictating factor
further into each brood.

Ammonia control ventilation rates were not

considered for further design due to the highly subjective nature of
ammonia volatilization estimates.

BROILER calculated the reduced ventilation rate that was
balanced to supply all , or nearly all , the supplemental heat

required by recovering and redistributing the latent heat of
vaporization from the excess water vapor.

Results of this balancing

procedure include the reduced ventilation rate, excess water vapor
that must be removed to meet the moisture balance at the reduced
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rate, supplemental heat required to meet the heat balance at the
reduced rate, and a liberal estimate of excess ammonia-nitrogen
which must be removed to keep a chamber air concentration of 25 ppm
at the reduced rate.

The values which resulted for these quantities

represent daily avarage values.

Each of these quantities was

plotted versus chick age in days in Figures 7-9 for each respective
brood and tabulated in Appendix 3.

Comparison of the heat available from the condensation of the
excess water vapor and the supplemental heat required to meet the
heat balance showed that in the later part of each brood excess heat
was available from the water vapor.

The heat available from the

excess water vapor at the 50 percent reduced rate was not sufficient
to supply the required supplemental heat only for the first 10 to 20
days of these broods and external heat addition was required.

The

balanced ventilation rate steadily increased after the 10 day period

because the heat recovered from condensation of the excess water
vapor was more than adequate to meet the heat balance.

Thus, the 50

percent reduced rate was increased until the heat available for
recovery and redistribution matched the heat required.

III.

Design Conditions

An in-house air modification system was planned to perform
three operations on flow-through chamber air.

The first operation

was to dehumidify the air at a rate sufficient to maintain the
desired relative humidity level within the structure, while the
ventilation fans were operating at the reduced rate.

Second, the
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system should scrub enough ammonia from the air to maintain an

atmospheric ammonia concentration of 25 ppm at the reduced
ventilation rate.

Thirdly, the latent heat of condensation released

by the excess water vapor during dehumidification should be
recovered and redistributed to the same air stream before leaving
the system.

Excess water vapor quantities provided by BROILER were compared
for different brood stages.

The maximum value during the first four

weeks occurred at the end of the third week for each brood.
Desirable relative humidity was relaxed from 60 to 70

percent after

the third week thereby causing a period of less excess water vapor
The quantity of excess water vapor on the

during the fourth week.

21st day of the third and fourth broods was .03 kg/mm

lb/mm).

(.066

This was chosen as the design value for the

dehumidification process for three reasons; a constant value was
desired, the dehumidification needs of the entire brooding period
would be met,

and air would be dried below 60 percent relative

humidity early in the brood which is a better environmental
condition for the chicks.

BROILER produced liberal values of excess ammonia which were
evaluated for design.

Maximum excess ammonia occurred during the

first week of each brood at a value of .00067 kg/mm

(.00147 lb/mm)

of ammonia nitrogen.
A ventilation system for two experimental broiler chambers was
planned for installation.

The control chamber required fans to meet

the actual ventilation rates dictated by heat and moisture control.
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The ventilation requirement for the control chamber ranged from zero
to about 27.4 m3/min (cmm) (966 ft3/min (cfm)).

The test

chamber required ventilation rates from zero to 20.7 cmm (731 cfm).
Brooders were required to supply over 3300 W (187.5 Btu/min) to
adequately meet supplemental heat requirements.
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APPARATUS

The in-house air modification system was fabricated to
combinate three major components into a tower arrangement.
system was designed to remove .03 kg/mm

The

(.066 lb/mm) of water

(.00147 lb/mm)

vapor by dehumidification plus scrub .00067 kg/mm

of ammonia-nitrogen from the air passed through the system.

The

latent heat of condensation liberated from the moist air, plus the
net compressor heat energy input, was replaced into the airstream by
the condenser coil of a heat pump.
accomplished by:

The design requirements were

1) a packed bed dehumidifier; 2) a heat pump

energy recovery and distribution system; and 3) an air scrubber for
ammonia removal

The components were housed in a sheet metal tower of .093 m2
(1.0 ft2) cross sectional area fabricated in the Agricultural
Engineering Research Shop.

The tower was arranged with a square

water reservoir as the base with an open space directly above for
air intake.

The dehumidifier was located above the air inlet with a

forked water distribution pipe located at the top of the packed bed
to spread out the cycling water.

Six clinoptilolite trays were

located in the tower above the dehumidification column with an
access door for inspection and replacement of used clinoptilolite.
An air cooled condenser was situated above the clinoptilolite trays.
A centrifugal blower fan, installed on the top of the tower, drew
air through the system.

The entire system was mounted on an angle

iron base to facilitate transport by fork lift.

The tower structure
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was mounted on one corner of the base while the heat pump and water
circulation components were arranged on the remaining area.
Figure 10 illustrates the tower section of the apparatus and
Figure 11 is a schematic representation of the entire system.

The

manufacturers specifications and component costs are listed in
Appendix 6.

1.

Dehumidifier

Design of a dehumidifier for this application presented a

choice between two types of heat exchanger systems; a system where
moist air was blown across a finned coil bank, and a direct contact
counterflow of chilled water and moist air system.

Atmospheric

ammonia and dust common in broiler structures, often cause serious
corrosion and clogging problems with a typcial aluminum finned coil.

This problem has been historically noted throughout the development
of heat exchanges used to preheat incoming ventilation air by
extracting heat from fouled warm exhaust air.

Moysey and Wilson

(1980) indicated no dust clogging problems associated with a
counterflow packed bed arrangement.

As inert ceramic Raschig rings

are commonly used in packed bed heat exchangers, corrosion was not
expected to be a problem.

The water bath of the packed bed was also

envisioned as an effective wet-scrubber for dust removal.

The

advantages of a counterfiow packed bed system over a finned coil
system resulted in the decision to adopt the design of a counter-

flow, direct contact, packed bed dehumidifier for this study.
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Treybal (1980) presented the theoretical development of a
direct contact dehumidifier.

A dehumidifier design inlet air

condition of 24.4°C (76°F) and 60 percent relative humidity was
selected in order to remain consistent with the inside conditions
used by BROILER during the period ventilation rates were dictated by
the moisture balance.

A chilled water temperature range of 3.3°C

(38°F), at the top of the packed bed, to 7.2°C (45°F), at the
bottom, was chosen to prevent icing problems while still

providing

water sufficiently cold to cool the air below its dewpoint.

Theo-

retical development and design procedures for the dehumidification
unit are presented in Appendix 4.

The dehumidification process was designed to function according
to an operating line between the inlet and outlet conditions with a
slope two-thirds of the maximum theoretically possible.

Two-thirds

is commonly used in mass transfer operations to give an operating
line for an actual process expected to be achieved without overly
large equipment.

The operating line slope, numerically equal to the

ratio of the liquid to gas mass flowrate, was calculated to be
1.571.

A condition line on the psychrometric chart representing the
air's path of state through the dehumidification process lead to the
design outlet air condition.

Threlkeld (1970) presented the

theoretical development of the condition line based on mass and
energy balance equations.

The procedures presented by Threlkeld

(1970) were adapted to the equations developed by Treybal
are presented in Appendix 4.

(1980) and

The plotted condition line (see
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Appendix 4) indicated expected actual (design) outlet air conditions
of 10.3°C (50.5°F) dry-bulb temperature and 90 percent relative
humidity.

The resulting air and water mass flowrates required by the
dehumidification process were calculated using inlet air conditions,

required moisture removal, and the ratio of water to air flow given
The dehumidifier cross-sectional

by the operating line slope.

configuration selected was .305 m x .305 m (1.0 ft x 1.0 ft).

Mass

flowrates per unit area were:

(air)

G

= 4401.2 kg/hr m2 (900.0 lbda/hr ft2)

(water) L = 6924.5 kg20/hr m2 (1416.0 lbH2O/hr ft2)

A total dehumidifier height of 0.175 m (6.9 in) was calculated
using a mass transfer coefficient presented by Norman (1961) and
the preceeding mass flowrates.

Treybal (1980) presented a graph to

determine gas pressure drop through the packed bed and check the
possibility of flooding. Flooding is the entrainment of liquid in
the gas stream as it leaves the top of the packed bed.

Gas pressure

drop and flooding calculations were made in Appendix 4 and checked
against the graph presented by Treybal (1980).

All calculations

were made assuming a packing material of 2.54 cm (1.0 in) nominal
diameter ceramic Raschig rings.
0.9 kPa/m (1.10 in H20/ft).
case.

The resulting gas pressure drop was

Flooding was not a problem in this
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A packing height of .305 m (1.0 ft) was selected for fabrication of the dehumidification tower.

The additional height beyond

that dictated by design calculations was included to compensate for
possible performance reduction associated with dust build-up and
growth of biological slime.

A steel grating below the packing

material was used for support.

The area below the grating and above

the air inlet was fitted with angled sheet metal to force incoming

air to the center of the tower while holes were provided to allow
water to flow along the tower perimeter to the collection
reservoir.

II.

Heat Pump

A heat recovery and distribution network was needed to remove
heat from the dehumidification water and insure a constant source at
3.3°C (38°F).

Redistribution of the heat extracted from the water

into the dehumidified airstream before exiting the system was
desired.

A heat pump was chosen to perform these duties.

A heat pump is a mechanical refrigeration system which collects
heat from a low temperature source and supplies that heat to a sink
at a higher temperature.

The working fluid, in this case a

refrigerant, moves in a cycle through four major components arranged
as in Figure 12:

1) an evaporator; 2) a compressor; 3) a condenser;

and 4) an expansion device.

Refrigerant enters the evaporator in a

low temperature, low pressure, low quality (partially gas, partially
vapor) state of saturation.

The refrigerant is fully vaporized in

the evaporator by absorbing heat.

Work of compression is added to
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the refrigerant vapor by a compressor.

The result is a high

pressure, high temperature, superheated vapor.

This vapor is

desuperheated and condensed by giving up heat to a lower temperature
heat sink.

The heat given up in the condenser is equivalent to the

heat collected in the evaporator plus the work of compression.

The

condensate then goes through an adiabatic expansion process reducing
the temperature and pressure back to the original quality mixture.
The mixture reenters the evaporator and the cycle repeats.
Use of a conventional pressure-enthalpy (Mollier) diagram aids
in illustrating the heat pump phase change cycle and facilitates
design.

Basic thermodynamic processes involved in a refrigeration

cycle are illustrated on the pressure-erithalpy diagram of Figure 13.

The primary advantage of a heat pump is the rejection of more
useable thermal energy to the heat sink than was added by external
sources (compressor).

Heat Pump Coefficient of Performance (COPH)

is an index used to quantify the performance of a heat pump. The

COP, as defined by Eq. 26 and Figure 13, is the ratio of energy
output to work input.

COPH

desuperheating + condensation + subcooling
(26)

work of compression

Heat pump system design is greatly influenced by the refrigerant employed.

Refrigerant suitability is dictated by physical and

chemical characteristics as well as practical aspects.

The

refrigerant selected for this research was based on the following
criteria:
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positive evaporator pressure to prevent possible leakage
of air into the system;

moderately low condensing pressure so normal piping and
equipment can be used on the high pressure side;
availability and expense;

compatibility with commercially available equipment.

Halocarbon compounds dichiorodiflouromethane (Refrigerant 12) and
monochlorodiflouromethane (Refrigerant 22) were possible working
fluid choices as both gave positive evaporator pressures, were
readily available, and had a wide range of commercially available
system components.

An evaporating temperature at or above 0°C

(32°F) was necessary to prevent ice build-up in the chilled water.
Refrigerant 22 (R-22) gave a relatively high evaporator pressure,
496.5 kPa (72 psia) at 0°C (32°F), and a high condenser pressure,
1793 pKa (262 psia) at the planned condensing temperature of 46.1°C
(115°F).

Refrigerant 12 (R-12) provided an evaporator pressure of

310.3 kPa (45 psia) and a condensing pressure of 1103.6 kPa (160
psia).

Refrigerant 12 was selected as the working fluid as it

provided a lower condensing pressure than R-22 and allowed the
system to be fabricate

-om standard materials.

Design calculations for the heat pump system appear in Appendix
5.

These calculations established the thermal capacity requirements

of the evaporator and condenser units as well as compressor size.
An evaporator refrigeration effect of 10561 kJ/hr (10010 Btu/hr) was

required to chill the cycld dehumidification water from 7.2°C
(45°F) to 3.3°C (38°F).

Based on an assumed evaporator superheat of
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5.5°C (10°F), a R-12 mass flowrate of of 96.5 kg/hr (212.3 lb/hr)
was determined by steady state energy balancing across the
evaporator.

The calculated refrigerant mass flowrate at a design

condensing temperature of 46.1°C (115°F) provided for 13232 kJ/hr
(12542 Btu/hr) of heat rejection in the condenser when isentropic
compression and no subcooling in the condenser

re assumed.

The

necessary energy input to the compressor to meet the calculated
requirements of the proposed system was 1.0 kW (1.33 hp).
A tube-in-tube water cooled condenser was selected for application as the evaporator for this system.

Personal coninunication

with the manufacturer indicated that the water cooled condenser
capacity rating should be twice the design evaporator cooling load
for successful evaporator application (Halstead and Mitchell, 1982).
Twice the design thermal capacity requirement of the evaporator was
21122 kJ/hr (20021/Btu/hr).

Two models, with listed capacity

ratings of 18990 kJ/hr (18000 Btu/hr) and 25320 kJ/hr (24000
Btu/hr), were considered.

The closeness of the capacity ratings and

the subjective nature of the manufacturer's recommendation lead to
the selection of the smaller unit.

Fabrication of the condenser unit was based on the surface area
necessary to meet the design rate of heat rejection plus physical
dimensions matching the vertical tower arrangement of the rest of
the system.

Psychrometric conditions of the air flowing through the

condenser indicated a design moist air flowrate of 6.18 cmm (218
cfm) and an exiting air temperature of 41.9°C (107.5°F).

An air

cooled condenser was commercially designed and manufactured.

The
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unit was a finned tube flow through heat exchanger, eight rows of
coils high and eight deep with 10 fins per inch.

The design heat

transfer capacity was 15825 kJ/hr (15000 Btu/hr) at 6.66 cmm (235
cfm).

Design air temperature variation across the coils was from

10°C (50°F) at the entrance to 40.6°C (105°F) at the outlet.

The

design conditions of the commercially produced condenser were not
precisley consistent with those previously calculated because a
slight calculation error, found after the unit had been delivered,
was discovered.

The error resulted in a slightly oversized

condenser.

The compressor selected was a 1.1 kW (1.5 hp) hermeticallysealed unit designed for high temperature refrigeration application.
The unit employed R-12 over an evaporating temperature range of
-6.7°C (20°F) to 12.8°C (55°F).

Expansion value selection criteria was based on the system
characteristics already presented and a pressure drop across the
valve of 793 kPa (115 psi).

An externally equalized thermostatic

expansion valve with a nominal capacity rating of 12660 kJ/hr (12000
Btu/hr) was selected (Sporlan Valve Company, Bulletin 10-10, 1980).
In addition to the four primary system components, auxiliary
components were necessary to insure proper heat pump function.

An

accumulator was installed between the evaporator and the compressor
to trap any liquid refrigerant that may have passed through the
evaporator.

The accumulator is necessary to insure that

refrigerant cannot enter the compressor.

liquid

A suction line filter-

drier was installed between the accumulator and the compressor to
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collect moisture and foreign material that may be present in the
refrigerant lines.

A receiver was located in-line immediately after

the condenser to insure an entirely liquid refrigerant entered the
expansion valve.

The receiver also served as a port for charging

the system with refrigerant and a reservoir into which the

refrigerant in the system could be pumped during system
maintainence.

Immediately following the receiver, a liquid line

filter-drier was installed to collect moisture and foreign matter
from the refrigerant.

A combination site glass/moisture indicator,

installed between the liquid line filter-drier and the expansion
valve, allowed visual inspection of the refrigerant before entrance
to the expansion valve.

The heat pump components were connected by

type "L" copper tubing.

All joints were silver soldered.

The

external equalizing tube of the expansion valve was tapped into the
refrigerant line just after the evaporator.

The expansion valve

superheat bulb was clamped to the refrigerant line at the same
location.

An automatic high/low pressure cut-out was installed to shut
off the compressor with the occurrence of either excessively high or
low pressures.

This control insured that the compressor would not

continue to run when the system lost refrigerant charge or an
internal blockage occurred.

All heat pump components with

manufacturers specifications are listed in Appendix 6.

78

Pinmonia Scrubber

Results reported by Koelliker et al. (1980) indicated an
average ammonia-nitrogen removal of 1.25 mg t4H3-t4/m3 (7.8 x

10-8 lb/mm) using clinoptilolite over an 18 day test. This rate
is equivalent to providing 6.96 x 10-6 kg NH3-N/min (3.16 x

10-6 lb/mm) removal at 5.57 m3/min (196 cfrn) (air flowrate
based on scrubbing section psychrometric conditions).

A design

removal rate of .00067 kg NH3-N/min (.00147 lb/mm) was required
to balance atmospheric ammonia at an in-house level of 25 ppm.

The

design removal rate is about one hundred times the rate Koelliker et
al

.

(1980) reported for a much lower air flowrate (2.05 cmm (72

cfm)).

The uncertainty associated with the excess ammonia values

given by BROILER and the additional complexity involved with solving
the ammonia removal problem lead to the decision to simply adapt the

system used by Koelliker et al . (1980) to the proposed system.
The ammonia scrubbing section consisted of six .093 m2 (1.0

ft2) trays, 5.1 cm (2.1 in) high, each packed with 7117.5 g/m2

(1.46 lb/ft2) of 2.36 to 4.70 mm (.093 to .185 in) diameter

clinoptilolite. The trays were arranged in series in the tower
section causing all air moving through the system to pass through
the beds.
Fan Selection

A fan capable of drawing air through the air modification
column at a design rate of 6.18 cmiii (218 cfm) was required.

The
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static pressure drop through the packed bed dehumidifier was calcu-

lated to be 2.8 cm H20 (1.1 in H20) in Appendix 4.
et al .

Koelliker

(1980) presented an equation to calculate the static pressure

drop for initial unfouled air flow through a simple one tray ammonia
scrubber packed with clinoptilolite.

The fan used in tests on a

multilayered and a single layered scrubber provided essentially the
same flowrate and therefore indicated essentially the same static
pressure drop through both scrubber configurations.

The single

layered pressure drop equation was used for a multilayered scrubber.

The dehumidification column was expected to filter most of the dust
from the air stream so significant clogging of the clinoptilolite
A

bed (causing increased static pressure drop) was not expected.
static pressure drop of 6.]. cm H20 (2.4 in H20) was calculated

for 5.57 cmm (196 cfm) of air flowing through the scrubbing section.
Personal communication

with the manufacturer of the air cooled

condenser (McCormack Engineering Co., Inc., 1982) and a representative of a centrifugal fan distributor (Benz Air Engineering, 1982)
led to an estimated static pressure drop through the condenser of
2.5 cm H20 (1.0 in H20).

The total design static pressure head

was the sum of the individual pressure drops and equal to 11.4 cm
H20 (4.5 in 1-120).

The fan selected for this application was a backward curve
centrifugal blower fan with a .746 kw (1 hp) electric motor.
14 is the performance curve for this fan.

Figure

Examination of Figure 14

showed, at 11.4 cm H20 (4.5 in H20), the actual airflow rate was
too high.

This particular fan assembly was only available with a
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Figure 14.

Centrifugal Blower Fan Performance Curve.
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.746 kW (1 hp) or a .249 kW (1/3 hp) electric motor.

The smaller

motor did not provide adequate air flow at 11.4 cm H20 (4.5 in
H20).

The larger fan assembly was significantly less expensive

than other fan options and external damping of the flow could be
used to provide additional static pressure head to achieve the
desired flow.

Thus, the larger fan motor was selected and an air

flow restriction was installed.

V.

Water Circulation

A small water circulating pump was used to transport water
from the reservoir through a plastic conduit to the water
distribution fork above the Raschig rings.

The evaporator was

fitted with a special adaptor plate used to spread water flow into
two paths through the unit.

This modification allowed for a lower

head loss for water flow through the evaporator while not reducing
the refrigeration effect provided by the unit.

A valve and a

flowmeter were placed in the water line to insure proper flowrates.
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PROCEDURE

I.

Facilities Description

The system was tested in an experimental warm confinement
broiler brooding chamber in House 0, of the Oregon State University
(OSU), Poultry Research Center.
the room layout in House 0.

Figure 15 is a schematic diagram of

Chamber wall heights were 3.05 m (10.0

ft) on the east side and 2.29 in (7.5 ft) on the west with a flat
sloping roof between them.

Four 10.2 x 226.1 cm (4.0 x 89.0 in)

adjustable inlets were located along the west wall of each chamber.
The inlet configuration forced air to enter along the ceiling.
Chamber 1 (Figure 15), the test chamber, was used to rear
broiler chickens with the aid of the air modification system.
Chamber 2, the control chamber, was used to rear broiler chickens
conventional ly.

The two chambers were upgraded by the installation of foil
backed fiberglass batt insulation on the walls and ceiling.

Wall

insulation had an R-11 heat transfer resistance and was hung on all
walls except one shared by both chambers.

The shared wall was not

insulated as both chambers were to be maintained at the same
temperature.

The ceiling was fit with insulation having R-19 heat

transfer resistance.

A 6 mu

polyethylene vapor barrier was

installed on the inside of the insulation and 45.7 cm (18 in)
plywood sheets were placed along the wall at ground level to protect
the insulation and vapor barrier from the birds.

Experimental Chambers

Feed Room

Hallway
T

Air Mod. Sys.,7

-f

Chamber

Chamber 2

U

db

(test)

1

Experimental ChamberE

.
-

db

9.9m

Figure 16.

db

,T
w1

(control)

9.9m

Oregon State University Poultry Research Center, House G, Layout.
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Two 30.5 cm (12.0 in) diameter variable speed exhaust fans were
installed in each chamber.

Each fan was rated to deliver 25.5 cmm

(900 cfm) at 1.27 cm of H20 (.5 in of 1-120) static pressure head.

The variable speed control was dial operated to vary flowrates from
zero to the rated flowrate.
with a manual on/off switch.

One fan in each chamber was equipped

The fans were mounted 1.52 m (5.0 ft)

above the chamber floor and equally spaced in the center of each
half of the chamber.

A thermostatic temperature control

operating

on a 2.2°C (4°F) differential was used to regulate fan operation.
A 1.36 kW (4642 Btu/hr) electrical resistance brooder was
provided for each half of each chamber.

Brooders were suspended

from the ceiling to a level of 45.7 cm (18 in) above the litter.
Chicks were confined to the immediate area under the brooder for the
first week by a perforated cardboard barrier.

Lighting in each

chamber was supplied by two standard 25 W light bulbs.

Each chamber

was stocked with approximately 750 birds per brood to provide a
stocking density of .068 m2/bird (.74 ft2/brood).

The birds

were fed a broiler starter ration for the first three weeks and a
finishing ration for the remainder of the brood.

Both rations were

primarily corn and soybean meal with nutritive and medicinal
supplements.

II.

Data Collection and Instrumentation

Data were taken for system performance evaluation and monitoring of chamber environmental conditions during the second through
fourth broods.

Wet and dry bulb temperatures, refrigeration cycle
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pressures and temperatures, atmospheric ammonia concentration
levels, electrical energy use, and broiler performance data were
recorded.

Temperatures were sensed by .39 mm (.015 in) diameter (24
gauge) copper-constantan thermocouples.

Thermocouples were attached

to water and refrigerant lines by electrical tape and wrapped in
strips of R-11 batt insulation to minimize the effect of the ambient
air temperature on them.

Bare thermocouples placed in shaded areas

to prevent radiant effects were used to sense all climatic dry-bulb
temperatures.

Wet bulb temperatures of chamber ambient air and

inlet air were obtained by aspirated thermocouples (a thermocouple
wrapped in a wick moistened by a water reservoir and aspirated by a
steady stream of air).

Each aspirated thermocouple was assembled in

a 13.97 cm (5.5 in) diameter conduit fitted with a 12.70 cm (5.0 in)
diameter direct drive electric fan.

Tests of the aspirated

thermocouple units indicated close agreement to a sling-psychrometer
provided water was available in the reservoir and the wicks were
relatively clean.

Temperatures sensed by all thermocouples were

recorded hourly by an Esterline-Angus multipoint potentiometer
equipped with a digital printout and a paper tape perforation unit.

The paper tape was used to input data into the university cxputer
system for reduction.

Thermocouple locations are listed in Table 4.

Selected wet and dry bulb temperture measurements were taken
manually twice a day using a sling-psychrometer.

Manual measure-

ments were of system inlet, outlet, and ambient temperatures for

Table 4.

Location of Temperature Sensors on Mr Modification
System and Brooding Chambers.

Sensor Numbera

86

Location

2

Outdoor aspirated unit (wet bulb)

3

Chamber Number 1, center of chamber, 1.5 m high

4

Chamber Number 1, center of chamber, 0.6 m high

5

Chamber Number 2, center of chamber, 1.5 m high

6

Chamber Number 2, center of chamber, 0.6 m high

7

Chamber Number 1, aspirated unit (wet bulb)

8

Chamber Number 2, aspirated unit (wet bulb)

9

Water line entering dehumidification tower

10

Water reservoir at dehumidification tower exit

11

Air stream at system outlet

12

Air stream after dehumidification

13

Heat Pump - after expansion valve (R-12 temperature)

14

Heat Pump - before expansion valve (R-12 temperature)

15

Heat Pump - after compressor (R-12 temperature)

16

Heat Pump - before compressor (R-12 temperature)

17-21

Not used

22

House G hallway

23

Outdoor (shaded from radiation effects)

aSensor number corresponds to recorder channel number.
was a reference channel.

each chamber.

Channel 1

Additional heat pump refrigerant temperatures were

taken during this tir.ie using the recording potentiometer.

Pressure sensors were located in the refrigerant lines of the
heat pump before and after the expansion valve, and before and after
the compressor.

Pressure measurements were manually recorded twice

a day from bourdon tube pressure gauges having a range of 0 to 1724
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kPa (0 to 250 psi) gauge pressure.

Pressure measurements were used

in conjunction with simultaneous refrigerant temperature measurements to evaluate heat pump performance.
Atmospheric ammonia levels

re measured at the inlet to the

system, after dehumidification, and near the system outlet by
drawing a known quantity of air through 25 ml of a boric acid
absorption fluid.

The ammonia-nitrogen concentration in the boric

acid was determined by Nesslerization and spectrophotometric
evaluation as described by Standard Methods for the Examination of
Water and Wastewater (1975).

Atmospheric ammonia concentrations

were determined by relating the ammonia collected
volume of air drawn through it.

in the acid to the

A volume of about 5.8 liters of air

was drawn through the acid at the post-dehumidification port, about
4.9 liters was pumped from the port near the outlet, and 6.1 liters
from the inlet location.

Static pressure differences at the

sampling ports accounted for the varied volumes.
Electrical energy consumption was monitored by seven kilowatthour meters. An individual meter was used to provide data before and
after each brood for each of the following uses:

1) electric

brooders in each chamber; 2) ventilation fans of each chamber; 3)
water circulation pumps; 4) blower fan; and 5) heat pump compressor.
Other electrical energy inputs were equal for both chambers.

All

temperature, pressure, atmospheric ammonia, and energy consumption
data measuring locations are shown on Figure 11. and/or 15.

Broiler performance data were collected by Poultry Research
Center personnel.

Birds were counted upon initial entry to each
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chamber and upon removal for sale.

Broiler body weights were

measured at three and seven weeks.

Bird mortality and feed weight

were continuously recorded.

III.

Bird Rearing Management During Experimentation

Three broods were planned for evaluation of the air modifiEnergy

cation system's performance in an actual brooding situation.

consumption was monitored for the two chambers to deteniiine savings
The

realized by implementation of the air modification system.
system was operated until brooders were no longer needed and
ventilation was used for temperature control.

Environmental conditions and bird management practices were
maintained similarly in both the control and test chambers throughout the broods.

Chamber temperature was maintained at 35°C (95°F)

at bird level for the first week and reduced 2.8°C (5°F) per week
until a grow-out temperature of 21.1°C (70°F) was reached.
Atmospheric ammonia was arbitrarily controlled by ventilation when
high ammonia levels were noticed by the researcher.
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RESULTS AND DISCUSSION

Operating characteristics of the air modification system were
monitored in an actual poultry production situation for the period
from March 14 to April 14, 1983.

This period corresponded with the

time supplemental heat was required by the broilers.

Three brooding

cycles were completed in the test facility prior to data collection.
The system was initially put into operation on November 4, 1983, but
system maintenance and malfunction problems prevented meaningful
performance evaluation until the fourth brood period.

I.

Initial Modification

Functional problems associated with proper operation of the
heat pump became evident shortly after initial start-up.
began to appear on the tube-in-tube evaporator.

Frost

This condition was

attributed to an excessive pressure drop across the evaporator,
ranging from 103 to 209 kPa (15 to 30 psi), causing the refrigerant
temperatures to drop below 0°C (32°F).

The pressure drop appeared

to be caused by the liquid portion of the liquid/gas mixture of
refrigerant entering evaporator tubes designed for gas flow.

Frost

did not extend over the entire evaporator as the refrigerant eventually absorbed a sufficient quantity of heat from the counterflow
water to cause formation of a superheated gas of temperature greater
than 0°C (32°F).

The refrigerant temperatures below 0°C (32°F) caused concern
over the possibility of the water freezing inside the evaporator.
thermostatic temperature control, operating on a 2.2°C (4°F)

A
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differential , was installed to shut off the heat pump compressor

when the temperature at the surface of the evaporator tubes fell
below about -3.3°C (26°F).

The critical temperature of -3.3°C

(26°F) was chosen because field trials indicated the compressor
would cycle on and off too often at higher settings.

The

temperature sensing bulb for the thermostatic control was located at
the coldest spot on the evaporator.

The temperature control

provided an evaporator defrost cycle and made extended operation of
the system possible.

The first overnight run of the system resulted in bursting of
the evaporator due to frozen water.

The temperature control

provided the defrost cycle but the refrigerant returned to a higher
temperature and reactivated the compressor before significant
defrosting effects could be achieved on the inner water tube.

The

breakdown lead to the decision to change to a water chiller barrel
evaporator so refrigerant pressure drop would not be a problem.
The chiller barrel consisted of two concentric copper coils
installed in a .46 x .61 x .61 m (1.5 x 2.0 x 2.0 ft) sheet metal
tank.

The coils were made from 45.7 m (150 ft) of soft copper

tubing interconnected into two vertical coils of .46 and .36 m (18
and 14 in) diameters.

Fittings were provided to allow the chiller

barrel to attach to the system in the same location as the tube-intube evaporator.
in Appendix 7.

A detailed design of the chiller barrel is found
An additional water circulation pump was required to

provide extra turbulence in the tank, thereby increasing heat
transfer.
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The chiller barrel was installed and the system was put into
operation.

A two day monitoring of the apparatus showed that the

chiller barrel was functioning properly and the system could be run
for extended time periods without malfunction.

II.

System Performance

Heat Pump

Refrigerant pressure and temperature data were evaluated for
the complete heat pump cycle.

Data were recorded twice each day

over the entire operational period of the system.

Average values of

the pressure and temperature data for the heat pump cycle were
plotted on a Mollier diagram for comparison between the design and
actual cycles.

The average actual evaporating temperature and

pressure were 2.8°C (37°F) and 324 kPa (47 psia), respectively.

The

average actual condensing temperature and pressure were 50°C (122°F)
and 1200 kPa (174 psia), respectively.

The refrigerant was super-

heated 7.2°C (13°F) in the evaporator and subcooled 1.67°C (3°F) in
the condenser.

The compressor did not operate isentropically, but

had an entropy gain of .027 kJ/kgK (.021 Btu/lb°R).

The

average actual heat pump COP was 3.15 and corresponded to a design
heat pump COP of 5.67.

The large entropy gain through the

compressor accounted for this wide difference.

Figure 16 is a plot

of the design and actual heat pump cycles on a Mollier diagram.
The average heat fluxes into the evaporator and out of the
condenser as well as the energy provided by the compressor were

ENTHAIPY (Blu/Ib)

ENTHAIPY tkJ/kg)

Figure 16.

Pressure-Enthalpy Diaqram Showing Design and Actual Heat Pump Cycle.
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evaluated using the Mollier plot and the mass flowrate of R-12.
mass flowrate of R-12 was estimated by two methods.

The

Each method

shows agreement with some data and discrepancy with others.
Illustration of both R-12 flowrate estimating methods and associated
heat flux analyses were necessary to provide complete coverage of
all possible interpretations of the available data.
Tecumseh Products Corporated Data Sheet No. AH 212-1 (1966)
provided the mass flowrate of R-12 as a function of evaporating and
condensing temperatures.

The data sheet was prepared assuming the

use of the Tecurnseh Model AH 4518A hemetically sealed compressor and

a specially manufactured air cooled condenser combined as a unit.

A

mass flowrate of R-12 of 127.3 kg/hr (280 lb/hr) was found using the
Tecumseh data sheet.

Threlkeld (1970) presented a method to calcualte the mass
flowrate of refrigerant based on the Mollier diagram and compressor
energy input (note:
Engineering Units.

Threlkeld's method was presented using English
These units will be used here for consistency).

The refrigeration COP (COPR) (heat collected in evaporator/work of
compression) was calculated by the following relationship of
refrigerant enthalpies and found equal to:

hR3 - hR_2
COPR

- 2.15

hR_4 - hR_3

The specific energy input to the system was found by:

HP/ton

4.72
COP g

- 2.19 hp/ton
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Average electrical energy input of 1.83 kW (2.45 hp) was measured
using a kilowatt-hour meter in line with the compressor power
supply.

The total quantity 0f refrigeration effect produced by the

system was found by the following expression and was equal to:
energy input (hp)

Tons

- .84 tons

2.19 hr/ton

HP/ton

where:

2.45 hp

compressor efficiency of 75 percent was assumed.

The mass flowrate of R-12 was calculated using the following
expression and found equal to:

MR

Tons (200) (60)

- 203.6 lb/hr (92.6 kg/hr)

hR_3 - hR_2

The average actual heat fluxes and work of compression were
found using the following steady state energy equations (SI units):

qE

MR (hR_2 - hR_i) (heat collected in evaporator)

qc = MR (hR_3 - hR...4) (heat rejected in condenser)
qw

MR (hR3 - hR2)/3600 kJ/kW

.

(27)
(28)

hr

(work of compression)

(29)

Refrigerant enthalpies were taken from the average Mollier plot.
The results of Eqs. 27-29 using both estimates of refrigerant flow
are presented in Table 5.
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Table 5.

Heat Pump Component Heat Fluxes Determined from Two

R-12 Mass Flowrate Estimating Methods.
METHOD

Heat

Threlkeld (1970)

Flux

Tecumseh Data Sheet (1966)

qE

10633 kJ/hr (10078 Btu/hr)

14622 kJ/hr (13860 Btu/hr)

q

15573 kJ/hr (14761 Btu/hr)

21417 kJ/hr (20300 Btu/hr)

qw

1.37 kW (1.84 hp)

1.89 kW (2.53 hp)

The work of compression found using the Tecumseh R-12 flow estimate

yielded a value higher than the actual energy supplied to the
compressor as measured by the kilowatt-hour meter.

This indicates

the Tecumseh method gave a high estimate of the mass flowrate of
R-12.

Psychrornetric Air Modification

Physical properties of the air drawn through the apparatus were

monitored to evaluate the air modification capabilities of the
system.

Actual heat and moisture content changes in the air stream

were compared to design changes to indicate system performance.

A measure of mass flowrate of dry air through the apparatus was

required for evaluation of psychrometric data taken at various
points in the system.

Manometer readings indicated a static

pressure drop through the apparatus of 10.2 cm of H20 (4.0 in of
H20).

A volume flowrate of 17.3 cm (610 cfm) was determined at

this static pressure head from the fan performance curve.

A large
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discrepancy resulted in net heat gain in the air stream through the
system when calculated using these airflow values as compared to the
net heat gain calculated using heat pump data.

Observations made

after the experimental period showed that as air was exhausted from
the fan assembly along the outside wall of the outlet, some air
entered the fan assembly along the inside wall.

This complication

prohibited direct determination of the quantity of air that actually
flowed through the apparatus.

A flow measuring device, such as air

orifice meter, could not be used because the net flow from the fan
outlet would be altered by preventing any air from entering the fan
assembly.

The most dependable air mass flowrate value was determined by a
series of calculations using air stream

and heat pump data.

The

average psychrometic conditions of the air at the inlet to the
apparatus were 25.1°C (77.2°F) dry bulb temperature and 17.7°C
(63.8°F) wet bulb temperature.

The average dry bulb temperature of

the air stream immediately following flow through the packed bed
dehumidifier was 8.6°C (47.4°F).

A relative humidity of 90 percent

was assumed for the air stream immediately after dehumidification
based on the design outlet condition determined from the
psychrometric condition line.

Wet bulb temperature readings were

not available inside the apparatus.

The water flowrate through the

dehumidifier was kept constant at 0.20 1/s (3.2 gal/mm).

The water

flowrate was slighly higher than, design indicated because the system

operator was trying to compensate for the apparent high air flowrate.

The average temperature of the water in the chiller barrel
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was 4.1°C (39.4°F), and the average water temperature after passing
through the dehumidifier was 8.3°C (46.9°F).

The average energy

gain of the water stream, qH2O, was calculated by the following

thermodynamic expression and found equal to:

Qvoi 1H20
where:

tT = 12755 kJ/hr (12090 Btu/hr)

Qvol = volume flowrate of water through the

dehumidifier.

The quantity of heat,

lies numerically at

the average of the heat collected in the evaporator as computed
using the Threlkeld and Tecumseh methods.

Heat absorbed from the

surroundings by the chiller barrel support an evaporator heat

flux

somewhat higher than indicated by the heat required to cool the
water stream.

This indicates a low refrigerant flow was estimated

by the Threlkeld method. The following estimate
flowrate

of

of

the actual mass

dry air was made by dividing the energy gain of the

water stream, q2j, by the difference between the air enthalpies
at the apparatus air inlet and immediately after dehumidification:

499.6 kg/hr (1099.1 lb/hr)
in -

where:

post
dehum

all heat energy gain in the water stream was assumed to
be provided by the air stream;
= enthalpy of chamber air at entrance to
apparatus;

hp0st = air enthalpy after passing through
dehum
dehumidi fier.
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The average mass flowrate of dry air was used to compute the
rate of water removal from the air stream.

The following

psychrometric expression was used to calculate the water removal
rate and found equal to:

MH2O

- Wpost)/60 = .028 kg/mm
dehum

Ma (W

drop

(.062 lb/mm)

The heat added to the airstream by the condenser was calculated
The final

using the Thelkeld and Tecumseh refrigerant flow values.

air state, after passing through the condenser but before entering
the fan, was computed for both methods.

The enthalpy of the air

stream after passing through the condenser, hout, was calculated
by the following psychrometric enthalpy balance and found equal to:

= 73.6 kJ/kg (31.7 Btu/lb) (Threlkeld)
M

h0t -

h.

a

in

Ma

= 85.4 kJ/kg (36.8 Btu/lb) (Tecumseh)

The calculated enthalpy values represent the final modified air
state and correspond to dry bulb temperatures of 39.2°C (102.5°F)
and 51.1°C (124°F), respectively.

Average fan outlet conditions were measured to be 53.9°C
(129°F) dry bulb temperature, (24.4°C (76°F)) wet bulb temperature
and correspond to an enthalpy of 91.7 kJ/kg (39.5 BtuIlb).
Significant quantities of chamber air were known to have been
entrained in the outlet air at the location measurements were taken.
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No amount of mixing of either condition estimate of the modified air
with any quantity of entrained chamber air could provide the
measured outlet conditions.

High velocity turbulent airflow at the

outlet temperature sensing location caused difficulty in accuately
measuring the wet bulb temperature of the outlet air and cast doubt
on the reliability of those data.

The air modification characteristics presented above show
actual system performance closely approached design performance.
The actual water removal from the air of .028 kg/mm

(.062 lb/mm)

was within 7 percent of the design removal of .03 kg/nun (.066

lb/mm).

The final air state determined by the Threlkeld and

Tecumseh methods show one low and one high estimate as compared to
design.

The additional heat input caused by nonisentropic

compression supports the higher estimate.

The two estimates of the

actual psychrometric process and the design process lines are shown
in Figure 17.

Ammonia Scrubber

Ammonia removal characteristics of the six trays of
clinoptilolite were monitored for the period the air modification
system was operating.

Air samples were collected at the inlet to

the apparatus, after dehumidification, and between the air cooled
condenser and the inlet to the blower fan.

The sampling ports were

selected to monitor ammonia removal by the water stream in the
dehumidifier and by the clinoptilolite beds.

Atmospheric ammonia

samples of the ambient chamber air were not taken because
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ventilation practices had a greater effect on ambient ammonia levels
than the air modificatin system.

Air samples were taken twice a day during the operating period.
Samples were collected with a small laboratory vacuum pump.
Manometer readings at each sampling port provided values of static
head the vacuum pump operated against.

These static heads were

later duplicated on a wet test meter to accurately measure the
volume flowrate of air through the vacuum pump.

Air flowrates were

necessary to compute atmospheric ammonia concentrations.

Calibration of the vacuum pump on the wet test meter indicated that
it delivered random volumes of air for the first 15-25 minutes after
each cold start.

Steady flowrates were reached, but only after

longer operating periods than were ever allowed while actual
sampling took place.

Consequently, atmospheric ammonia data show a

random pattern of ammonia removal and addition through the system.
Ammonia removal through the dehumidifier was shown for 53 percent of
the samples while 47 percent showed ammonia gains.

The same result

was evident in the clinoptilolite beds where 61 percent of the
samples showed removal and 39 percent showed gains.

No pattern was

apparent among the samples showing losses or gains.

Because of the

variation in the volumetric flowrate of the vacuum pump, reliability
of the present data is suspect and indicate inconclusive monitoring
of ammonia removal characteristics. More accurate and dependable

sampling techniques are needed to insurereliable data.
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Electrical Energy Consumption

Electrical energy consumption data relative to operation of all
equipment, except lights, was evaluated for the test and control
chambers.

Table 6 lists individual energy consumption data for each

component of the chambers.

Overall electrical energy consumption was 66 percent higher in
the test chamber than in the control chamber.

Several factors were

identified as significant to the higher energy consumption.
factors have been assigned to three categories:

These

1) system related

energy demand; 2) convective versus radiant heat effects; and 3)
infiltration and building heat losses.

The air modification system (as a separate unit) demonstrated a
high electrical demand as compared to other chamber components.

The

system accounted for approximately 74 percent of the energy consumed

in the test chamber and used 293.6 kWhr more electricity than was
required by all components of the control chamber over the entire
brood.

The heat pump compressor accounted for 69 percent of overall

system energy consumption (51 percent of total test chamber
consumption).

A portion of the total energy consumed in the test

chamber was used by the air modification system to supply excess
supplemental heat during late brooding stages (weeks three and four)
as indicated by the energy consumption of the ventilation fans.
Ventilation fans in the test chamber used 37 percent more
energy than fans in the control chamber.

This difference was

attributed to the necessity of heat control ventilation in the test

Table 6. Energy Consumption During Fourth Brood (kW.hrs).
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3/14 - 4/13

4/13 - 5/3

Total

Chamber #l(test)
brooders

505.8

ventilation fans

23.5

0

53.7

505.8
77.2

Chamber #2 (control)
brooders

1252.8

ventilation fans

17.1

0

67.4

1252.8
84.5

Air Modification System
compressor

1120.0

0

1120.0

blower fan

401.2

0

401.2

circulation pumps

109.7

0

109.7

chamber during the third and fourth weeks of the brood.

The air

modification system provided heat in excess of that required to
maintain the heat balance during that time.
ventilation was not required in the control

Temperature control

chamber as reduced

brooder settings allowed progressive reduction of supplemental heat
additions to match reduction in supplemental heat requirements.

Brooders were required during the first two weeks of the brood
to supplement heat supplied by the system and provide desired
temperature at chick level

.

An inability to achieve the desired

thermal comfort zone for the chicks without the aid of radiant
heaters was a major contributor to the overall energy consumption in
the test chamber.

Radiant heating effects provided by the brooders

were critical to efficient focussing of heat on the chick area.

The

convective heating effects of the warm forced air stream tended to
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heat the entire space rather than just the chick area.

The actual

heat pump COP and compressor energy consumption indicate a greater
heat energy addition to the test chamber by the apparatus than was
However, radiant

added to the control chamber by the brooders.

heating proved to be the most viable means of establishing the
desired local thermal comfort zone within the test chamber.
Infiltration of outdoor air and building heat loss also
contributed to the higher energy demand of the test chamber.
Ventilation requirements early in the brood were sufficiently small
to warrant closing all primary outdoor air inlets and operating
Infiltration of

exhaust fans only as needed to control ammonia.

outdoor air through cracks surrounding the inlets and the associated
loss of chamber air through unlouvered fan ports was sufficient to
control moisture.

Air leaving the air modification system was

distributed near the ceiling of the test chamber.

This arrangement

increased exfiltration losses through the fan ports and reduced the
beneficial effects of a significant quantity of the supplemental
heat generated by the air modification system.

In addition, the

thermal bouyancy of the warm air leaving the apparatus produced a
warmer, more uniform temperature in the entire test chamber than was
produced by the radiant heat of the brooders in the control chamber.
The greater temperature gradient produced higher building heat
losses from the test chamber than from the control chamber.
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III.

System Effects

Envi ronment

Environmental conditions important to normal broiler production
were evaluated for the test and control chambers during the fourth
brood.

The monitored parameters include temperature, relative

humidity, atmospheric dust, litter moisture content and subjective
observations on atmospheric ammonia.

Attempts were made to maintain

equal temperatures in both chambers.

Average daytime (8 am - 8 pm) and nightime (8 pm - 8 am)
temperatures were plotted in Figure 18 to illustrate the average
chamber and outdoor temperatures recorded during the fourth brood.
Average temperatures in the test chamber were consistently higher
than in the control chamber during the period of air modification
system operation.

The system delivered heated air to the upper half

of the test chamber and brooders supplied heat at chick level
resulting in a fairly uniform vertical temperature profile.

Only

brooders were used to maintain desired temperatures at chick level

in the control chamber and a lower average temperature and steeper
temperature gradient over the chamber's vertical dimension were
noted as compared to the test chamber.

Temperatures within both

chambers generally stayed equal after the system was shut down.
Average daytime and nightime relative humidities were plotted
in Figure 19 to illustrate the average chamber and outdoor relative
humidities recorded during the fourth brood.

Average relative

humidities were generally lower in the test chamber than in the

Control Chamber Temperature

Test Chamber Temperature
B.

Test Chamber

Outdoor Temperature

A.

-Control Chamber

Figure 18.

Average Chamber and Outdoor Temperatures for Brood 1/4 Over the Period of
March 11 - May 2, 1983.

B.

Test Chber

Control Chamber Relative Humidity

Relative Humidity
Outdoor Relative Humidity
Test Chamber
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A.

C

Control Chamber

I

//
C.

Outdoor

eriod of System Operation

B.

L Test Chamber
0

May 2

March 11
Date

Figure 19

Average Chamber and Outdoor
hay 2, 1983
March 11

Relative Humidities for Brood #4 Over the Period of
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control chamber during the period of system operation.

Immediately

after system shut down average relative humidity in the test chamber
became consistently higher than in the control chamber.
influenced this change.

Two factors

First, the air modification system had been

shut down and no longer aided moisture control in the test chamber.
Secondly, energy consumption data show higher ventilation fan
activity in the control chamber after system shut down than was
shown for the test chamber.

Higher ventilation fan activity

indicates more air changes and a higher level of moisture removal

Early in the brood, ventilation was used equally in both chambers to
control high atmospheric ammonia levels.

During this time the

average relative humidity in the test chamber was lowest.

Bird

numbers and ambient chamber conditions were similar so that heat and
The

moisture production within each chamber could be assumed equal.

additional moisture control provided by the air modification system
accounted for lower average relative humidities in the test chamber
at that time.

Litter moisture was measured periodically during system
operation and found to average 32.0 percent by weight in the test
chamber and 30.7 percent in the control chamber.

Water leakage

through the roofs of both chambers cast doubt on the significance of
these measurements.

However, the reported moisture contents are low

in spite of the leaks and served to reduce ammonia volitalization
throughout the, brood.

Observations made during brood three, when

roof leakage was highest and the litter was visibly moist, indicated
a higher atmospheric ammonia concentration in both chambers.
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Atmospheric dust measurements during system operation showed 28
percent less particulates smaller than 10 microns in the test
chamber than in the control chamber.

Higher ventilation rates in

the test chamber during system operation account for some of this
difference.

Another major influence on dust levels was provided by

the packed bed dehumidifier.

A thick layer of sediments were found

on the bottom of the chiller barrel when the system was inspected.
The sediment was caused by dust washed from the air by the
circulating water and later deposited on the bottom of the chiller
barrel tank.

Bird Performance

Three parameters were monitored throughout the fourth brood to
evaluate the effect of the air modification system on bird performance.

Mean chick body weights, feed conversion ratios, and bird

mortality data were collected.

Table 7 shows the seven week summary

of bird performance for both the test and control chambers.
Mortality was lowest in the test chamber but both chambers were
found to have had excellent bird survival.

Low feed conversion

ratios (kg feed/kg gain) were evident in both chambers.
body weights surpassed the values simulated in design.

All bird

Observations

made throughout the experimental period showed little concern for
the operating air modification system on the part of the birds.

The

sound produced by the blower fan frightened the birds immediately
upon activation but the effect was short and no negative results
were noted.

Table 7.

Seven Week Bird Performance Summary.
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Mean Body Weights
(g)

Males

Females

M & F

Feed
Cony.

Mortality
(%)

Chamber Number 1

2086

1712

1899

2.06

1.85

Chamber Number 2

2107

1758

1915

2.00

2.45
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CONCLUSIONS AND RECOMMENDATIONS

An in-house air modification system capable of allowing reduced
recommended winter ventilation rates in warm confinement broiler
houses was designed, fabricated, and tested.

System design was

based on control of moisture, heat, and ammonia to levels that
promote maximum broiler performance.

Design conditions necessary to

size the major components of the air modification system were
determined using the results of a broiler house ventilation model
The model was used to establish the necessary heat, moisture, and
ammonia balances within a structure at ventilation rates reduced to
as much as 50 percent of those normally required to meet the
moisture balance.

Design parameters produced by the model for the

reduced ventilation situation included:

water vapor mass removal

rates to maintain in-house relative humidity at 60 percent during
the first two weeks of brooding and at 70 percent for the remainder
of the brood, atmospheric ammonia removal rate to control in-house
concentration at or below 25 ppm, and supplemental heat addition to
satisfy a heat balance.

Energy savings associated with reduced heat

loss in exhaust ventilation air and heat recovered during
dehumidification of in-house air were expected.
The air modification system was fabricated to combine three
major components into a tower arrangement.

These were:

1) an air!

water constant contact packed bed dehumidifier; 2) clinoptilolite
ammonia scrubbing beds; and 3) a heat pump energy recovery and
redistribution system.

Dehumidification was accomplished using a
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chilled water stream to condense water vapor from a countercurrent
stream of in-house air.

Six clinoptilolite trays placed above the

dehumidifier were used to scrub ammonia from the air stream by
selective ion exchange.

Heat absorbed by the cycling dehumidifi-

cation water was recovered by the heat pump evaporator and
redistributed to the air stream using an air cooled condenser
installed above the clinoptilolite beds.

Air was drawn through the

system by a top mounted centrifugal blower fan.

Tests on system performance and associated influence on normal
broiler production were made under actual broiler rearing conditions.

Several conclusions have been formulated based on test

results and experience gained from system operation.
Actual supplemental heat supplied by the system
(numerically equal to the sum of the recovered latent heat
of condensation and work of compression) was between 2.51
and 3.03 kW (8567 and 10341 Btu/hr) depending upon
refrigerant mass flowrate.
The system condensed an average of .028 kg/mm

(.062 lb/

mm) of excess water vapor during dehumidification and
redistributed that latent heat energy inside the rearing
chamber with the air modification system.

Actual heat supplied by the system totalled more than was
predicted necessary by the broiler house ventilation
model, BROILER.

BROILER predicted a maximum supplemental

heat requirement of 2.14 W (7308 Btulhr).
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Sixty-six percent more energy was consumed in the chamber
assisted by the air modification system than in the
control chamber that used conventional brooding
techniques.

Heat output of the system should have been more than

sufficient to maintain a temperature balance during the
test brood.

Additional energy consumption in the test chamber was the
result of high system related energy demand, an inability
to establish a thermal comfort zone at bird level using
convective heating properties of the modified air stream,
plus infiltration and building heat losses.
Energy inputs to the air modification system alone were
greater than all energy consumed in the control chamber.
Ammonia control characteristics of the air modification
system were inconclusive.

Positive dust control was provided by the packed bed
dehumidifier.

Bird performance did not suffer as a result of in-house
system operation.

The feed conversion ratio for the test

chamber (2.06 kg feed/kg live wt.) was slightly higher
than that of the control chamber (2.00 kg feed/kg live
wt.), while bird mortality in the test chamber (1.85
percent) was less than in the control chamber (2.45
percent).
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System evaluation from tests in actual broiler production
showed the ability to remove moisture and supply significant
quantities of heat to the chamber.

However, high energy consumption

rates prevent economic application at this time.

Future research

efforts are needed to trim the system's energy demand and further
adapt this energy conservation technique to warm confinement
livestock production.

Specific recommendations for future research

with the system include:

Heat supplied by the system must be used to establish a
thermal comfort zone for the chicks to prevent unnecessary
heating of the entire chamber and thereby reduce or
eliminate the need for brooders.
Increased overall structural energy efficiency should be
attempted through utilization of the packed bed
dehumidifier to extract heat from exhaust ventilation air
as well as recirculated air.

Optimally size all system components to meet the specific
requirements of a particular structure.

Replace the water

reservoir beneath the tower with the water chiller
barrel.

Improve measurement of psychrometric data inside the tower
and at the system outlet.

Develop a reliable method to determine atmospheric ammonia
concentration.
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Further investigate the use of clinoptilolite as an
ammonia removal medium and the effects of air speed and
humidity ratio on reioval characteristics.

Reduce infiltration of outdoor air and heat losses through
non-operating fan openings.
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APPENDIX 1

Broiler House Ventilation Model
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APPENDIX 2

Psychrometrjc Evaluation Program
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APPENDIX 3

Broiler House Ventilation Model Results
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APPENDIX 4
Dehumidifier Design Calculationsa

Theory

Theoretical development of constant contact dehumidification
relations was adapted from Treybal (1980).

Dehumidification of

moist air by direct contact with a countercurrent flow of chilled
water is governed by heat and mass transfer balances along the
interface between the liquid and the gas.

Figure 4A is a

differential section, with thickness dZ, of this interface.

L

'''r

,

t

,

h

- - heat tx.

H
mass tx.

L
L +dL
tL+d tL

h+dh

interface
W+ dW

H+dH
Figure 4A.

Differential Section of Air/Water Interface.

aAll dehumidification design calculations in Appendix 4 were
All
reported using the British Engineering system of units.
results further reported in the main text were converted to SI
units.

139

Three important assumptions were used in the theoretical
development:

the liquid flowrate is constant;
the process is adiabatic;

the specific area of mass transfer is equal to that of heat
transfer (am = aH).

The mass of water transferred from the gas stream to the liquid
stream is equal to the additional liquid flow over the differential
section and can be represented by:
dL'

= G

(4-1)

dW

An enthalpy balance on control volume II (CV II) of Figure 4A has
the following components:
enthalpy in:

1)

entering liquid stream,
L'Cp

(tL-tref);

added condensed water,
G

dWCpw (titref)

heat transfer from gas stream to liquid
stream,

hLaH (ti-tL) dZ;
enthalpy out:

1)

exiting liquid stream,
(L' + dL') Cp

balance:

(tL+dtLtref)

enthalpy out = enthalpy in;

(L'+dL') Cpw (tL+dtLtref)

L'Cpw (tL-tref)

+ GdW Cw (tjtref)
+ hLaH (t-tij dZ

(4-2)
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Substituting Eq. 4-1 into Eq. 4-2 and assuming the second-order
differential term, dW dtL, approaches zero gives:
L'CPW dtL =

dW

(4-3)

(tj_tL) + hLaH (tj_tL)dZ

Applying assumption number 1 from above and Eq. 4-1 (where:

dL

0

GcIW) to Eq. 4-3 gives:

dtL = hLaH (tj-tL) dZ

L'Cp

(4-4)

The left side of Eq. 4-4 represents the enthalpy gain of the liquid
stream.

The enthalpy loss of the gas stream must balance the

enthalpy gain of the liquid stream to fulfill the adiabatic process
assumption.

This can be expressed as:

(45)

L'CpwdtL = G5 dH

The enthalpy added to the liquid stream by heat transfer from the
gas stream consists of convective heat transfer due to a temperature
gradient between the gas and liquid streams, and absorbtion by the
liquid stream of the latent heat of vaporization liberated by the
condensing water vapor.

A heat balance across the interface gives:

hLaH (tj_tL) dZ = hGaH (tG-tj) dZ + kyam (W-w1)

dZ

(4-6)

Substituting Eqs. 4-5 and 4-6 into 4-4 gives:
G

(47)

dU = hGaH (tG-ti) dZ + kyam (W-Wi)AdZ

Treybal (1980) indicated for air-water processes where a

= am

= a, then:

hG = Csk

(4-8)

Substitution of Eq. 4-8 into Eq. 4-7 and algebraic manipulation
gives:
G

dH

kya [(CstG - Cstref +

W)

- (CstjCstref +AWi)] dZ

(4-9)
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For the special air-water case where a-j = am = a, the terms in
parenthesis,
G

), are gas enthalpies and Eq. 4-9 becomes:

(

dH = ka (H-Hi) dZ

(4-10)

or

G
dZ

rdh

kiy-iI

-

(4-11)

H-H.
1

The air-water case has resistance to mass transfer of water only in
the gas phase.

Thus, the overall mass transfer coefficient is equal

to the gas phase coefficient:

Kya = ka

(4-12)

dZSKyaJ1dH
H_Hi

(4-13)

and

Integral calculus gives:

G

fH2

KaJ

(4-14)
H1

Equation 4-14 is the governing design equation for a direct contact
counterflow dehumidifier.

Operating Line

Mass transfer operations normally follow an operating line
representing the condition of the gas and liquid phases progressing
through the process.

Figure 4B is a schematic diagram of a direct

contact counterflow dehumidifier.

An enthalpy balance around this

process, as described by Eq. 4-15, can be rearranged to give the
operating line equation, Eq. 4-16:
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Fiaure 4B.

Schematic Diagram of Constant Contact Dehumidification
Process.

L' Cp

tL2 + G

Hi = L' Cpw tLi + G

H2

(4-15)

Rearranging Eq. 4-15 gives:

L

C

H

- H1

(4-16)

tL2 - tLl

Figure 4C is an equilibrium curve of water temperature versus
saturated air enthalpy at each corresponding water temperature.

The

condition of the inlet air and the outlet water are known (air:
24.4°C (76°F), 60 percent relative humidity; water: 7.2°C (45°F)).
The outlet water temperature and the enthalpy of the inlet air were
plotted as an ordered pair on Figure 4C.

The position of the

ordered pair represents the lower end (state 1, Figure 4B) of the
process on the operating line.

A line connecting this point and the

equilibrium curve at the inlet water temperature, 3.3°C (38°F), was
drawn to give the maximum operating line that an ideal
conceivably achieve.

process could

The exiting gas enthalpy was taken from Figure

4C and entered with previously set values into the right side of Eq.
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Figure 4C.

Equilibriuni Saturation Curve and Operating Lines for
Constant Contact Dehumidification Process.
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4-16 to give the maximum operating line slope of 2.357 (assuming
is equal to one).

The slope is numerically equal to the ratio

of liquid to gas mass flowrate (Eq. 4-16).

Two-thirds of the

maximum operating line slope is normally chosen for the actual
process operating line slope and was used for design purposes
(Treybal, 1980).

The resulting design slope was L'/G' = 1.571.

Using design values, manipulation of Eq. 4-16 gave a design exiting
gas enthalpy of 19.85 Btu/lb da.

Psychrometric Condition Line

A condition line representing the dehumidification process on a
psychrometric chart was developed to evaluate the outlet conditions
expected for the exiting air.
A mass balance over Control Volume I, CV 1, of Figure 4A gives:

kyam (WW) dZ

GdW

(4-17)

Substitution of Eq. 4-6 into Eq. 4-4 gives:
L'CPW dtL

hGaH (tG-tj) dZ + kyam (W_W) XdZ

(4-18)

An enthalpy balance on CV III of Figure 4A gives:

G5 dH = Ldh +

h dW

(4-19)

The Lewis Number (Le) for air-water systems can be approximated as
unity and given by:
hG

Le

(4-20)

= kC

Using Eqs. 4-17, 4-18, 4-20 and the definition of the latent heat of
vaporization, Eq. 4-19 becomes:
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tGti

dH
= L

(4-21)

+

s w - w

tL

Treybal (1980) provided an equation for moist air enthalpy:

(4-22)

H = Cs (tG-32) + 1075.8 W
Using Eq. 4-22 and assuming C

1.0, Eq. 4-21 becomes:

the process and Le
dH
dW

stays relatively constant through

H-H.

-- 1A7
a
JI.1..)

1

W - W

t
I

'

(4-23)

L

Eq. 4-23 represents the condition line on the psychrometric chart
for the air as it moves through the dehumidifier.

This equation was

used on an incremental plotting basis where the original conditions
(Hi, Wi) were known.

The gas enthalpy at the interface, Hj,

and liquid temperature, tL, were taken from the equilibrium curve
of Figure 4G.

These values were found by drawing a line from the
The

known air state of the operating line to the equilibrium curve.
line has a slope equal to -hLa/kya which is very large for the
air-water case, thus connecting lines were drawn vertical.

The gas

humidity ratio at the interface, Wj, was found on the psychro-

metric chart at H

and saturation.

Equation 4-23 was evaluated

and a line was drawn, using the psychrometric chart protractor,
through the initial state.

The next state was arbitrarily chosen

one unit length along this line and the preceeding process was
repeated using new values of H and W until the condition line
reached the final enthalpy given by the operating line.

The

psychrometric condition line for the dehumidification process was
plotted in Figure 4D and calculation steps are shown in Table 4A.
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Table 4A.

Position

T/r.h.
(F)/(%)
H

(Btu/lb)
w

(ib/ib)
H

(Btu/lb)
Wi

(ib/ib)
tL
(F)

ht
g,
(Btu/lb)
dH/dW

Values Used to Estimate Psychrometric Condition Line for Dehumidification Process (Eq. 4-23).
1

2

3

4

5

76/60

73.5/64

71/66

68.3/69

66/72

6

7

8

9

63.4/75 60.9/78 58.2/81 55.7/84

10

11

53.1/87

50.5/90

30.9

29.9

28.7

27.6

26.5

25.4

24.3

23.2

22.1

21.0

19.85

.0114

.0112

.0107

.0102

.0098

.0094

.0089

.0084

.0080

.0076

.0070

17.7

17.4

17.0

16.6

16.3

16.0

15.7

15.3

15.0

14.7

NA

.0064

.0062

.0060

.0059

.0057

.0055

.0054

.0052

.0051

.0050

NA

45.0

44.4

43.6

42.9

42.2

41.6

40.8

40.1

39.4

38.7

NA

1172.3

1172.0

1171.7

1171.3

1171.1

1170.7

1170.4

1170.1

1169.7

1169.3

NA

2737

2600

2583

2613

2578

2536

2566

2550

2535

2528

NA

-4
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Full process analysis gave an exiting air condition of 50.5°F and 90
percent relative humidity.

Fl owrates

The cross-sectional configuration of the dehumidifier was
The mass flowrate of dry air

chosen to be 1.0 x 1.0 ft (1.0 ft2).

entering the dehumidifier at 76°F and 60 percent relative humidity
required to absorb .066 lb/mm

of water and exit at 50.5°F and 90

percent relative humidity is given by:

6'

s -

.066 (60) .066 (60)
- W2
.0114 - .007

900.0

lb da

hrft2

Using the design ratio of liquid to gas mass flowrate arrived at
earlier, a liquid flowrate was determined to be:
lb H20

L' = 1.571 (900.0) = 1416

hr

ft2

Dehumidification Column Sizing

Equation 4-14 was used to give the height of packing necessary
to achieve the desired dehumidification in a 1.0 x 1.0 ft
cross-section tower.

Establishment of an overall mass transfer

coefficient, Kya, was necessary to determine packing height.
Treybal (1980) gave the following relationship between mass transfer
coefficients in an air-water system:

(4-24)
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Equation 4-24 can be rearranged and rewritten:
Kya = kGa

BM

Mda

Norman (1961) reported the following expression for kGa for airwater systems:

kGa = 4.2 (GM/PBM)(G'/p)°3 (L')025 Sc-°77

Components of Eq. 4-26 were evaluated according to the following
procedures:

Schmidt Number (Sc) (Welty et al., 1976):
76 + 50.5

average air temperature =

- 63.25°F (290.5 K)

2

290.5
0AB290.5 = 0AB298( 298

\1.5

)

ID298
D290.5)

0AB298 = .260 cm2/S
D290.5 = .9494
.9429

D298

DAB29OS = .249 cm2IS (.964 ft2/hr)
v = .5782 ft2/hr
.5782

= .5998

964

Log Mean Pressure Difference of H20 Partial Pressure in Air (PBM)
(Weity et al

.,

1976):

_B1B2
BM - in

B1B2

(4-27)
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B1 = PT - VP1.{20

B2 =

T -

H2

in air

H20 (at 41.5°F) = .00878 atm --- (Vennard and Street, 1975)
By Ideal Gas Law:

H20

VHO

RH 0 tH 0
2

2

(4-28)
da Vda
tda

Rd

tH2O (for moist air)

tda

Vda = VH2O (all gases in a mixture have equal volumes)
=

da

da +

H2O

1 atm

1 -H2O

Rda/RH2O

.622

Equation 4-28 can be rewritten:

H2O

W= .622

=

0114
lbd

20 = .01800 atm

B1 = 1- .00878 = .99122 atm
B2 = 1- .01800 = .97312 atm

Using Eq. 4-27:
BM

.98214 atm

Mass Flowrates (0', 01H20, GM

ibRo
WAVE = .0092
Ibda

L'):

= G

(1 + WAVE) = 908.28

lb moist air
ft2

hr

lbHO
H20

= 908.28 - 900.0 = 8.28
hr
G'

GM -

ft2

lb1 moist air

H20

- 3.15

+ MNO

hr

.

ft2

lbH 0
L'

2

= 1416.0
hr

.

ft2

(Welty et al., 1976) ii = .0437 lb/fthr

Viscosity:

Substituting the pertinent values into Eq. 4-26 gives:
kGa = 69.145 lbnio1/hrft2atm
Using Eq. 4-25:

1969.4 lb/hrft2

Kya

The integral from Eq. 4-14:
2

J

dH
H-Hi

H1

was evaluated by tabulating H and 1/(H-H) found using the
psychrometric condition line and the air/water equilibrium curve
from state 1 to state 2 and entering these pairs of values to the
numerical integration routine of the HP 41-CY Math Pak to evaluate
the integral:

1H2
dH
- 1.253
H-Hi

i

H1
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The packing height was calculated using Eq. 4-14:

G'

Ka

dH
H-Hi

1

- .573 ft

H
1

Z = 6.9 inches (17.5 cm)

Flooding/Gas Pressure Drop

Treybal (1980) presented a graph to check for flooding and to
determine the gas pressure drop in random packed towers.

Flooding

is the entrainment of liquid in the gas stream as it exits the tower
and is normally associated with excessive gas pressure drops.

The

abscissa of the graph is given by:

I

L'
x =

0.5

G

(4-29)

PLPG)

The ordinate is given by:

(G)2

0.1

C

(4-30)
-

G

(

L

-

G'

c

where the following values apply:
Cf = 155 (1.0 inch Ceramic Raschig Rings)
J = 1.502
= 4.18 x 108

The Ideal Gas Law was used to compute the specific weight of air:
dG MB

- 0.742 lb/ft3
RB TB
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Other quantities were assigned as follows:
= 62.43 lb/ft3

= 1.5457

= 908.28

cP

lb moist air
hr

L' = 1416.0

ft2

lb H20
hr

ft

Substitution of these values into Eqs. 4-29 and 4-30 resulted in:
X = .0537

Y = 1.038

Entering the graph at (X, Y) and observing the position of the
resulting point in relation to a series of constant pressure drop
curves gave a gas pressure drop value of 0.90 kPa (1.10 in
H20/ft).

Flooding was not a problem in this case.
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APPENDIX 5
Heat Pump Design

Design calculations for the heat pump involved evaluation of
heating and cooling load values for the condenser and evaporator.
Compressor energy input and condenser and fan air flowrates were
also determined.

Evaporator cooling load was the refrigeration effect necessary
to cool 643.6 kg/hr (1416.0 lb/hr) of water from 7.2 to 3.3°C (45 to
38°F).

The cooling load was calculated by a standard thermodynamic

relationship:
q

= L Ax

iT = 10561 kJ/hr (10010 Btu/hr)

The evaporating temperature was chosen to be 0°C (32°F) to
prevent ice build-up and still provide adequate cooling.

A

condensing temperature of 46.1°C (115°F) was chosen for reheating
the airstream.

The design refrigeration cycle for the heat pump was

drawn on a pressure-enthalpy diagram in Figure 5A.
superheat was assumed to be 5.5°C (10°F).
followed a line of constant entropy.

Evaporator

Work of compression

No subcooling of the condensed

refrigerant was assumed.

The mass flowrate of R-12 necessary to provide the required
cooling load was calculated by the following steady state energy
relation and found equal to:

MR = q/(h_2 - hR_I) = 96.51 kg/hr (212.3 lb!hr)
where:

1 and 2 represent evaporator inlet and outlet,

respectively (Figure 5A).

Condenser heat rejection at a condensing

ENTHA(PY (fllu/!b)

350

400

450

500

550

600

ENTHAIPY (kJIk>
Figure 5A.

Pressure-Enthalpy Diagram Showing Design Heat Pumo Cycle.
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temperature of 46.1°C (115°F), isentropic compression assumed, was
calculated by the following steady state energy relation and found
equal to:

qc = MR (hR3 - hR4) = 13232 kJ/hr (12542 Btu/hr)
where:

3 and 4 represent condenser inlet and outlet

respectively.

The energy input for a compressor sized to meet the design
conditions was calculated using the following steady state energy
relation and found equal to:

Qc = MR (hR3 - hR2) = 2670 kJ/hr (2531 Btu/hr)
Assuming a 75 percent compressor efficiency results in an actual
energy input of:

2670 kJ/hr
C

= .99 kW (1.33 hp)

3600 kJ/hr/kW (.75)

Air flowrate values were a necessary design condition for the
air-cooled condenser.

Air entering the condenser at 10.3°C (50.5°F)

and 90 percent relative humidity absorbs 13232 kJ/hr of heat (12542
Btu/hr) rejected from the refrigerant inside the condenser.

The

total moist air mass flowrate entering the condenser was computed
from the following psychrometric relationship and found equal to:
= G5 (1 + W) = 4432.0 Kg moist air/hr
(906.3 lb/hr
where:

ft2)

W = the humidity ratio of air leaving the dehumidifier.

The enthalpy gain of the air through the condenser was calculated
assuming steady state heat transfer and a cross-sectional area of
.093 m2 (1.0 ft2):

157

A

= 32.1 kJ/kg (13.8 Btu/lb)

The air state after enthalpy addition from the condenser (final air
state) was found by following a constant humidity ratio line on the
psychrometric chart from the post dehumidification state to the
final air state located at an enthalpy of:

hfinal = hfter +

h = 78.15 kJ/kg (33.7 BtuIlb)

cie h urn.

The final air temperature was 41.9°C (107.5°F) with a specific
volume of 0.9 m3/kg (14.45 ft3/lb).

The mass flowrate of moist

air and the specific volume of the final air state define the volume
flowrate of moist air:
GF = V

Ax = 6.18 m3/min (218 ft3/min).
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APPENDIX 6
Parts and Labor Specifications

Heat Pump

Evaporator

Manufacturer -- Haistead and Mitchell
Model No. -- EL 150
Nominal Rating -- 5.3 KW (18000 Btu/hr)
Configuration -- Coaxial tube-in-tube counterfiow water cooled
condenser
Cost -- $155.00
Condenser

Manufacturer -- McCornack Engineering Co., Inc.
Model -- Custom design
Nominal Rating -- 4.4 KW (15000 Btu/hr)
Cost -- $375.00
Compressor

Manufacturer -- Tecumseh
Model No. -- Al-I 4518A

Nominal Rating -- 1.1 KW (1.5 hp)

Single phase, 208/230 volts, 60 cycle
Cost -- $277.00
Expansion Valve

Manufacturer - Sporlan Valve Company
Model No. -- SFE-1-FC
Nominal Rating -- 3.5 KW (12000 Btu/hr)
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Externally equal ized

Cost -- $41.00
Accumulator

Manufacturer -- Refrigeration Research
Model No. -- 3738
Cost -- $30.00
Receiver

Manufacturer -- Standard Refrigeration Company
Model No. -- L618
Cost -- $75.00
Site Glass

Manufacturer -- Sporlan Valve Company
Model No. -- SA13-FM
Cost -- $8.50
Filter-Driers

Manufacturer -- Sporlan Valve Company
Model Nos. -- C167-ST-HH (suction line); C163 (liquid line)
Cost -- $21.00 (suction line); $15.00 (liquid line)
High/Low Pressure Cutout

Manufacturer -- Johnson Control (Penn)
Model No. -- P7ONA-1
Cost $51.43

Differential Thermostatic Temperature Control

Manufacturer -- Johnson Control (Penn)
Model No. -- H19CABC-24
Cost -- $28.73
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Refrigerant

Manufacturer -- Allied Chemical
Type

Genetron 12

Cost $32.00/13.6 kg (30 ib) flask
Dehumidifier
Packing Material

Manufacturer -- Maurice A. Knight
Type - 2.54 cm (1.0 in) nominal diameter ceramic Raschig Rings
Cost - $30.00/.028 m3 (1.0 ft2)
Air/Water Flow
Blower Fan

Manufacturer -- Dayton
Model No. -- 4C108
Description -- centrifugal blower fan with .746 KW (1 hp)
electric motor
Single phase, 208/230 volts, 60 cycles
Cost -- $195.00

Circulation Pump
Manufacturer -- Grundfos
Model No. -- UP--26-64SF
Single phase, 115 volts, .062 KW (1/12 hp)

Single stage direct drive centrifugal pump
Cost -- $67.00
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Labor

Fabrication
Agricultural Engineering Research Shop
All labor and miscellaneous materials
Cost -- $900.00
Installation

Peterson Refrigeration

Labor and start-up assistance
Cost -- $110.00
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APPENDIX 7

Chiller Barrel Design

Design of a chiller barrel to cool water used in the
dehumidification process involved the adequate sizing of a heat
exchanger to remove the amount of heat gained by the water stream
while passing through the dehumidifier.

The rate of heat transfer to the refrigerant inside the cooling
coil tubes of a heat exchanger can be given by:
q = UA

T1m

(7-1)

The overall heat transfer coefficient for refrigerant inside tubes
as presented by ASHRAE (1980):

1

(7-2)

(hrR) SR +

+

rfW

where xt/kt and rfw are normally neglected (ASHRAE, 1980)
and:

= 1 (no fins);

= ratio of outside to inside tube diameter.
Soft copper tubing of 2.22 cm (.875 in) outer diameter and wall

thickness of .114 cm (.045 in) was assumed for design calculations.
Karlekar and Desmond (1977) presented two equations for the
Nusselt Number (NUD) of flow over a cylinder.
h

The first:

D

(7-3)

NU0
F.fluld

is a theoretical relationship, while the second:
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NU0 = .683 Re466 Pr1!3

is emperical.

(40 < Re0 < 4000)

(7-4)

Setting the right sides of Eqs. 7-3 and 7-4 equal to

one another and rearranging gives:
kflujd
=

(.683) Re0466 Pr1!3

(7-5)

0

where:

D = .022 m

= V D/v

ReD
Pr

(7-6)

= v/

(7-7)

Properties were evaluated at (Karlekar and Desmond, 1977):
= (TR + T0)/2
where:

7.22 + 3.33

Tco =

5.28°C

2

TR = 0°C
arid:

= 2.64°C

yielding (Karlekar and Desmond, 1977):

1.685 x 10-6 m2/S
= 1.324 x iükflujd

m2/S

.558 W/mK

The following assumptions were made:

coils to be placed in reservoir with flow cross section of
.46 x .56 m (18 x 22 in);
coils occupy 75 percent Qf flow area;

a circulation pump can be added to provide turbulence and a

total flow of .941 1/s (15 gal/mm).

164

The average velocity was:
= .0146 rn/s

=

Substituting the proper terms into Eqs. 7-6 and 7-7 gives:
ReD = 192.5
and

12.73

Pr

Substituting proper terms in Eq. 7-5 gives:

= 465.1 W/m2K

ASHRAE (1980) presented a graph of mean heat load on tubes
containing boiling R-12 versus the boiling heat transfer
coefficient, hR.

The total heat load for the entire coil (qE)

was 10561 kJ/hr.

Assuming a tube length of 38.1 m (125 ft) gives a

mean heat load of:

= 4434 kJ/hrm2
A mean heat load of 4434 kJ/hrm2 corresponds to a boiling heat
transfer coefficient, hR, of 260 W/m2.K.

Substitution of the proper terms into Eq. 7-2 gives an overall

heat transfer coefficient, U, of 155.3 W/m2K.
The log-mean temperature difference was:
OUT

IN

T1m =

5.03°C

IN

in

where:

T

OUT

LTIN = 7.22 - 0 = 7.22°C
TolJT = 3.33 - 0 = 3.33°C

Equation 7-lcan be rearranged to give the required heat
transfer area:
=

q
U LTlm

- 3.76 m2 (40.4 ft2)
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The area of heat transfer corresponds to 57.8 m (176.4 ft) of 2.22
cm (.875 in) outer diameter copper tubing.

The high degree of

uncertainty involved with the estimation of the heat transfer
coefficients prompted the selection of the mean tube length between
the assumed and calculated length.

Further iteration of assumed

lengths did not provide convergence.

Design coil length was 45.7 m (150 ft).

