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ABSTRACT 

""----
A 80lar air preheating system ~as designed, built and tested for drying 

forage in a hay storage barn and two main research aetivities vere defined. 

In the first Phase. controlled experiments were undertaken to try and asse.s 

the advantages of using solar heat combined vith forc:ed cG'nvection dryina· 
\ 

Three methods of foragè drylng vere compared: field curing;forced convection 

vith ambient air; and forced convection vith solar heated air. The 

advantages of using solar heated forced air vere better quality hay than 

field curing and less electrical energy used than forced convection with . 

a.bient air. 

The second, Phase vas the evaluation of a full acale prototype dryer 
...,. 

comprlsed of a bare plate roof collector and solar vall air prebeater 

, -'\ lntegrated into a conventlonal hay dryer. The average seasonal air 

1 
! temperature lncrease in the system was 2.4oC for airflow rates of 650 
, 

al/mine The average system solar efficiency vas evaluated at 25.9% for the 

aummer test periode 
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Un 'système solaire a 

ventilation des séchoirs 

REsuMÉ 

1 
1 

) 

été conçu et évalué pour préchauffer l'air 
o 

a foin. Deux principales phases ont été étudiées. 

de 

oAu cours de la première phase, des experiences, controllées ont perais 

d'évaluer les avantages d'utilisation de la chaleur provenant de l'énerlle 

lolaire avec un système de s~e a convection forcée. Trois types' de 

sécbage a fourrages ont été comparés: le séchage au champs; la ventilation 

sous l'air ambient et la ventilation avec de l'air préchauffé par l'énergie 

solaire. Les avantages de ce dernier était une meilleure qualité du foIn 

comparé au s~chage au champs et une diminution de la conlo--.tioa. 

d'éléctricité qu'avec la ventilation SOU8 l'air ambient. 

La deuxtè.e pbase du projet\était l'évaluation d'un prototype de araadeur 

réel comprenant un capteur plan m~nté sur un-tolt avec 
,.. 

un 1I\1r solaire 

pré chauffeur d'air integré 4 un séchoir a foin conventionnel. La lIO:Jenne 

.aisonnière de l'augmentation de la u'lIlperature dans le système était de 

2.4oc pour un débit d'air de 650 m3/min. L'éffic:acite .o,enDe du .,..t'" 
était de 25.9% ~nda~t la periode d'évaluation. 
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CHAnER. 1: INTIlODUCTION 

1.1 Background 

The Province of Quebec produced approxiaately 3.09 aillion tonne~ of ailk ln 

1982. Thb repre~en~p about 41% of C8nada'p entire dairy prod~e 

(S~atiRticR Canada, 1982). One of the main feed~ given to dairy COVA lR 

forage in the fora of Rilage or dried hay. The primary difference hetveen 

theRe tvo 'eed~ IR the .oi~ture content at which they are harvepted and 

later Rtored. Of the 4.7 million tonnep of forageR cultivated in Quebec in 

1982, an eRti .. ~ed 13% or 625,000 tonnep of forage wa~ artificially dried 

(K.A.P.A.Q" 1983). AR dairy cattle in Quebec are kept indoorp for more than 

Rix .anthR per year, tbe quality and quantity of the hay produced IR of 

'undamental impOrtance in the Province (Bouvry, 1983). 

ForegeR are the mo~t popular winter feed given to dairy cowp in Quebec AR 

they add bot~ fiber and protein to the dlet. LegumeR ~uch ap alfalfa are 

often preferred forage eropR aR they are hlgh in carotene and protein and 

capable of fixing nitrogen in the ~oil, which reduce~ the need for poil 

fertilizer application. Generally hay Ip eonpidered to be an economical 
. 

teed that can he eaRily Rtored over the winter monthR once it ba~ been 

properly drie~. 

.Up unt!1 the 1940'R, the majority of aIl forage cropp were field dried. The 

crop waR eut aud allowed ta dry in tbe ~un eitber ~tacked ln bundleR or lu 

windrow~. When tbe hay had reached a ~tabilized moipture content that would 

permit adequate Rafe ptorage, It wa~ brought Into the barn. For~geR that 

are Rtored too wet may get moldy or may ferment and tbe gaRep proauced --1 

Rpontaueouply combu~t whlcb conptitute~ a real tire bazard on the fara. 

1 
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There are several reasons why a fa~er would want to dry his bay usina 

forced ventilation. Field drying of hay usually involves much higher dry 

.~~er losses than artlficia1ly drled forage. 
~ 

Up to one quarter of the 

leaves can be lost when field cured ha~ 15 baled at 20% molsture content 

(dry basls) as the drled leaves shatter when mechanica11y handled. F~n 

drled hay can be collected at 40% molsture content (dry basls) and leaf 

losses are gerterally be10w 10% (Hall~ 1980). The leayes contain most of the 

protein of the plant and hence leaf cortent affects mllk yield. Farmers 

aust increase the supplement given to the cow's diet with costly 

concentrates when the feed con tains Insufflclent levels of proteln. In 

addition to this, field curing in direct sunlight reduces carotene (vitamln 

A) and xanthrophyll (an important pigment) content due to ultra violet 

radiation deterioration (Hansen and Grenard, 1981). 

The probability of rainfall during the haying season is quite high in 

Quebec. In Lennoxville for example, it has been statistically documented 

that 1 day out of every 2.3 days from mid-June to mid-July will be rainy 

(c.P.v.Q., 1980). As conventional haying can be spread over a three day 

period (cutting in the afternoon of day land baling at noon on day 3), this 

suggests that there Is a high risk that the hay will be rained upon. once it 

Is eut. Cut hay whlch has been rained on loses much of Its value. Anotber 

aspect which should be looked at is the optimum time at-which hay should be 

harvested. To obtain the highest dry matter digestibility and proteln 

content, the forage should be col1ected at the heading stage of the plant'. 

development. This occurs before the blooming of the first flowers (Hanson., 

1972). A forced ventilation system permits the farmer to harvest the hayat 

a hlgher molsture content~hence in much shorter time (eut and brought into 

the barn in 24 hours). The fa~er cao therefore select the optiaum harveat 

2 
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timing to maximize the quality of the forage. ln addition, the reduced 

har~esting time will permit the f~rmer to make better use of his own time or 

labour when suitable haying weather is forecasted. As a result of these 

many advantages related to better quallty forage and labour management, many 

farmers have adopted artificial hay drying. 

A preliminary study was undcrtaken in order to assess the importance of 

artificlal forage drying in the Province of Quebec. An enqulry was 

conducted and members of the Quebec Ministry of Agriculture, agrlcultural 

consul tants from Hy-'dro-Quebec, h~~:':drying equlpment manufacturers and local 

Agronomes were asked to estimate the number of dryers sold in Quebec during 

the past 25 years. The numbers quoted are estimates but they have 

correlated qulte closely from one source to another. Each source contacted 

had records pertaining to their particular field of action (i.e.subsidies 

given, consultations offered or fans sold). Although forced ventilation hay 

drying equipment has bee'n available in the province sinee the early 1960's, 

this technology has had relatively little popularity among farmers. 

In Quebec, one of the primary advocates of artificial bay drying was the 

electric utility (Hydro-Quebec), maintaining a consulting service for 

farmers who Installed these systems. A guide was publisbed in 1967, whlch 

summarized the basic design elements of in-barn hay drying. By that year 

there vere about 525 units installed in the province. In the six years that 

followed the number of installations increased significantly averaging 

approximately 600 units sold per year. This rate slowed down between 1974 
p 

and 1977, possibly due to the increase in the number of silage systems belng 

constructed, or the increased cost of electricity. ln 1978, the Provincial 

Government initiated a subsidy programme that contributed up to 75% of tbe 
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aater~al costs for farmers wantlng to buy in-barn hay drying equipment. 

During the tbree year programme an estimated-4025 hay drying systems were 

purchased. Tbe accelerated rate persisted. howcve~ when tbe goverruzrent 

stopped 
-J 

offering subsidies and finally slowed do~ in 1982 wben 450 unita 

were solde The estimated total number of artificial hay drying fans sold in 

the province to date 15 over 10,000 units. This Figure, however. does not 

reflect the number of farms using two 'fans (in large barn applications), the 

fans tbat have been replaced on certain farms, or the dryers that are no 

longer in use. There are five major hay dryer fan suppliers in Quebec, but 

one company bas sold more than 70 percent of aIl existing fans in the 

province. Tbe regions whicb have the hlghest concentration of hay drylng 

systems are those where Inclement weather has hampered conventional field, , 

curing. These regions Inçlude the Eastern To~ships, the Lower St.Lawrence. 

thè Gaspe and the region around Quebec City. 

These findings have establisbed that àrtificial hay drying in 'Qûebec has 

been increaslng steadily in the past two decades. Dried forage - generally, 

involves a lower capital investment for the farmer than establisbing a 

silage system. Recently high interest rates have caused a reductlon in the 
'II 

number of silos being bui1t each year. This has lead to a steady increase 

in the L'pumber of hay drying systems being Installed. Government subsidiea 

for hay dryers bave been re-instated until 1985 and this should continue to 

influence the implantation of this technology in the Province. 

A more recent improvement to thls method of drying was the introduction of 

supplementa1 heat generated from solar energy into the system. Additional 

heat reduces the drying time even further and can actually improve bay 

qualfty over tbat of forced ventilation drying uslng ~blent air. The adu 
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advantage to :~e farmer of using solar energy is a saving of the amount of 

conventional energy utilized to dry his bay. Savings of 30% of the c electrical energy used by the fans has been noted by several researchers 

(Morrison and Shove, 1980; Ferguson and Balley, 1981) worklng with solar air 

preheaters integrated to artificial hay drying systems. A simple solar 

collector which would involve sllght modlflcatioQs to an exlsting forced 

ventilation system could save the farmer substantial energy expenditures in 

the long terme Another advantage is that hay which ia dried more rapidly 

should contain more vitamins and nutrlents due to less degradation. 

Supplemental heating should therefore reduce drying times, lmprove hay 

quality and enable the farmer to make better uae of his time. If the 

capital coat of auch an alteration i9 overweighed by the saving. incurred 

when drying, the investment ia juatified. 

For these reasons, reaearch has been undertaken to design, build and test an 

inexpensive, simple solar collector that could be retro-fitted to existins 

forced ventilation hay drying systems found in the Province of Quebec. 

1.2 Objectives 

~e following objectives have been defined with regards to this 

investigation. 

1. To document existing research that has been undertaken related to barn 

solar hay drying systems. 

2. To conduct a comparative study of the three main methods of forage 

dehydration, namely: field curing; forced convection drying with ambient 

air; and forced convection with solar heated air. 

3. To design and build a prototype barn solar hay dryer on the Macdonald 

( College Fara in Ste. Anne de Bellevue, Quebec. 

5 
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4. To .ouitor the parforaaaee of thi. prototype oyer the cour.e of ODe 

..... r t. operatiou. 

5. To u..ine the potential ecoaoa1c Nuelit. of the propo.ed .y-c_. 

6. To propo •• r.ca..eudation. for the further 4evelo,..nt of thi •• yat .... 

relate4 to the experience. acquired 4uriaa chi. inve.tllaClon. 

1.3 Seop! 

The focu. of the r .... rch ha. pri.aarll,. been an evaluation of the .,.at .. 
- -- - .. 

fra. an .uer" perapact!ve. The barn .olar ha,. d~r ahould .enarate ~t 

vblch woul4 reduce the eur.,. requir ... nt. ln forcad convection dry1na. The 

.,.t_ .. y have benafite related to tbe queUt,. of the ,for .. e obtaiDe4 or to 

the -aubaequent !aproy ... nt on allk yie14., but th.l. aapecta hava GOt been 

100ke4 into in areat datail .. 

Baaical1y, the inve.tiaation ha. concentrated upou the perforaanee of tbe 

lolar collection .ystem-, Care abould he taken when tran.poaing relult. 

obtained in this atudy to potential performances in different situations due 

to the variety of paraseters involved. Some of these include the orienation 

and shape of the barn, the materials uaed, the climatological inputs and 
) 

heat transfer characteristics of a glven solar collector design. As thi. 

type of application ia new in this country, the experiaents are expected to 

cast 80me 1ight as to whether the system could he a !practica1 alternative 

to conventional forage drying methods in Quebec. 

6 ( --, 
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CBAPTEll 2: LITERATURE REVIEW 
! 

2.1. Drying Theory 

2.1.1 General Drylng Theory 
, l 

The thermal drying of ldny agricultural crop~ 1. geQeral~1 bel1eved to be an 

~dlabatic proce.s wbere the sensible beat of the dryins air aaed to yaporize 
/' 

the vatel' from the product ia entire1T returned to the air '.tre.. in tbe 

fora of lateut beat ln the vatel' vapour. Tbe value of the- total .at 

content of the, air 1. constant during this trausfer of' the~ eaera1 

(A.S.B.R.A.E.. 1912). The dryiug process can he 8ubdivided into different 

• staaea (or perlods) of the dehydrat1011 of a a1veu .. terial. ~ ·conataut 

rate· dry1ua period ls reterred to a. the .taae where the free water la 

evaporated froa the lurfaee of the product. Mole culaI' .ci.ture 8Ov ... nt 

lu.lde the mate rial tends to repleuish this deflcit rapldly euoogb to 

.aintain the temperature of the .aturated surface constant, louer tban the 

lurropnding air.' The equl1ibrium wbich exi~ts between the beat and .... 

transfer rates of the alr-liquld interface ls directly lnflueneed by the 

temperature of the air, the wet bulb depression. tbe heat and IUlSS tranafer 

coefficients. and tbe exposed surface area of the materia1. 

Henderson and Perry (1955) described th.e drying rate of th!. 

equUlbrium as: aM h AI1 T - .. ,.. f A 11 P •••••• (2.1) as À 

where aM drying rate (kg/ s) ae -
h ... beat transfer eoefficientt of air film (W/a2t:) 

A • vatel' surface area (m2) 

AT • temperature difference between air and vatel' at 
surface (OC) 

À - latent heat of vaporization (J!kg) 

f - mass transfer coefficient (kg/s.m2o Pa) 

7 
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- water vapour pressure difference between the surface 
temperature and the air'(kg/.2) 

The coas tant rate period pro~re8ses until the "critica~moiature content" is 

re.ched at vhich tille the flow of free water to othe aurfâce bec01lea juat 
f 

lefa than the rate of aurface .aiature re.oval by eVàpor.tion. The 

dehydration proceaa continues and dry patcheè afpear on the aurfaee 

re.ultin. ln a te.perature riae at the outer laJl!!r of the material. This 18 

the 0 be.inning of the, "falling rate" period characterized by (1) 

uu.atu~.ted a~rface drying and then (il) internal dehydratlon. The drying 
c 

front recede. into the product and the dried cella constitute a resiatance 

to .aiature .aveaent. The rate of drying slows down, influenced by 

diffu.ion of liqaid and vapour, 
, 

capillari,ty and vapour pre.sure gradiente 
<J 'l " 

due to .brinkage (A.S.S.R.A.!, 1978). 

o " ! 
Certain .. teri.~." .uch a. forage., are •• 1d to ,he hygroscopic. Thi. ".ns . l 

that at a 8i ven teapera~ure, the liquid contained on the 'inside of the' 

uterial exerts, a vapour pres.ure le8a than that of free vater. The 

internaI .oi.ture is -bound- due to phY8ical and chemical absorption on tbe 

" .oli"d aurfaces of ... 11 capillaries en: by solution in celi or fiber walls. 
" 

SYlr08copie .. terials will eventually attain a partieular moi.ture content 

koown as the equllibriua moisture content if they are maintained ln air ~t a 

fised teaperfture and humidity. The desirable management of drying' 

operations includes the allonng of the hygroscopic mate rial ta reach thie 

equilibrium huaidity without overdry1ng. Re-absorption may otherwise take , 
place, rendering the excess dehydration process useless. For 1IlOst 

hygroscopic materials, the "critical moisture content" level is greater than 

the moiature content at which it 18 initially drted, therefore the falling 

rate perlod 18 the only drylng stag~ which is considered. 

8 
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2.1.2 Layer Drying Theory Approach 
\. ' 

, , 
~_""""_"T~",",'""4~"'''''~}''''''''~ ~ .. ~",r',r··"~"'-1" • <Or ..... ',...A .wr-_ .. "! ..... ~~~~ .. 

The microscopic. factors affei:ting drying' can' be integrated ioto a 

macroscopic analysis in order to better understand the overall mechanism~ 
" 

Thin layer drying theory assumes that the dryin~ air is in direct contact 

vith the product over its entire surface. Grain drying can~be analysed ln, 

this fashion'as muc~ experl:ental research has been done on thin layers of 
, , :' 

grains subjec~ed.to warmed airflowa. Hall (1980) outlined the basis of the 

theory 'currently accepted'" to describe the dehydrationproces8 of 

" . 
agricultural materials~ The following approach is a summary of these 

fundamentals. " From basic heat' transfer relationships, current drying the ory 
'1 

can be ~laborated. 

'équ'8tion: 

The cooling phenomeoon i8 de8cribed by the Newtonien 

,whe"re 

1 

( T 

", 

•••••• (2.2) 

.r! •. cooling rate of a solid surroun~d by a medium aç a 
aa 

k -

fixed temperature ÇOC/h) , 

cooling'constant (h-t') 

tempe rature difference between the solid and the 
ambient medium (OC) 

By separating th~ tempe rature variables'and integrating, the fol1owing 

expon~ntial equation can be obtained: 

l ' 

where: 

,< T - Te ) 

(T - T ) o e 

• èxp (-ka) . 

T - brigin,l tempe rature of solid (OC) o 

T '- 'temperature ,at time e , (OC) 
" ' 

. T - ambient medium teDiperature (OC) 
e 

exp - natural (Naperian) base of logarithme 

9 
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A similar analogy can be made for che drying 

~ 

tempe rature vith moisture content, dry baais (d.b.) of a material in order 

to obtain the moisture ratio: 

o = exp (-!te) •••••• (2.4) 

where: M • moiature. content, dry base at Ume e (kg water/kg dry 
matter) 

Me • equllibrium moisture content (kg vater/kg dry matter) 

Ho - original moisture content (kg water/k,g dry IIlStter) 
. 

k - drying constant 

The va1~ of the exponent ln the equation rlll depend on the material and 

relative humidlty 01 the air. The moisture ratio is thus described as an 

exponentially dec::aying function which stabilizes as the product reaches 

equilibrium moisture content. 

The drying rate is a function of the vapour, pressure driving force and the 
'_, .f 

mass transfer resistance to drylng such that: 

aM - -ae 
Pa - Pa 

llfA ••••• ~. (2.52 

where: ii • mean moisture content (kg vater/kg dry material) 

f • maS8 transrer coefficient (kg waterls m2) 

A - effective (exposed) area (m2 ) 

(Pa - Pa> • difference between the' vapour pressure 'of the soUd 
and the !lir vapour pressure (Pa) e,' \ 

, 
The' remaining variables have been descr:1.bed earlier. 

\, 

Equations 2.4 and 2.5 constitute the basis of thin layer drying theory. 
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Deep layer drying theory arose froll pracUcal applications where the 

aateria1 being dried vas not spread out in a thin uniform layer but rather 

in a series of layers each ,of which vas subjected to air of different 

te.perature and relative hwrldity. beep layer theory assumes the steady 

moveaent of a drying front throughout the .. terial stack, the progression of 

which will be influenced by the physical characteristics of the air 

(veloci ty • tempera ture and humidi ty) • The drying rate' during the drying 

front migration is described as: 

where: A 

aM 
ae • GA '(Hs - Ht> 

'" 
-. cross sectional area of the dryer (112 ) 

G - IIl8SS rate of airf10w (kg of dry air/m2 . s) 

•••••• (2.6)"~ 

(Hs - H:l) • difference in the humidity of sat~rated drying air and 
that of the inco1ll1.ng drying air (kg vater/kg dry air) 

- weight of the uterial being dried (kg) 

The rema1.ning variables have been denoted previouely. 

~ 

Koisture content can be determined in teras of the ratio of the wight of 

tbe vater contained to the weight of the ptoduct. Hoieture content aeaeured 

on a wet baais (v.b.) is the weight of vater divided by the total wight of 

the product. The 1Iloisture content aeasured on a dry bas1s (d.b.) i8 the 
t, .. 

weight of vater 'divided 'by the weigbt of the dry matter of the proctuct. 

Hoisture content 1& usually expressed 10 percent. 

2.1.3 Forage Drying Theory 

Hopkins (1955) related the thin layer drying equation (2.5) 

to experimental test results and developed the following emp:lric::al 

relationship describing the drying rate of hay: 

,11 .9> 
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vhere: 

aM ae .- k' kg dry air Ih 
kg dry _tter (P - Pa) 

k' i_ a dry:1ng constant - 1.45 for alfalfa 

for variatioos of airflow fro. 3.09 to 7.36 kg/b 

te.peratures of 37.80 c to 48.90C and 

initial aoiat:ure contents of 29.7 to 48.1% (w.b.) 

Tbe reaa1.n1ng variables have been deooted previously. 

• 

•••••• (2.7) 

By coabinlng tbe deep layer t:beory to these relu1 t8. the equation heco_s: 
aM ae • -(a - bG2) M - l'le 

vb1cb eao he sub8t1tut:ed to: 

K-Me 
Mo - He 

- exp -(a - bG2) e 

•••••• (2.8) 

•••••• (2.9) 

vbere: - .... velocity of the air (q of dry air/b/q dry .. tter) 

a and b - cons t:ant. sucb that: k' • (a + bG2) 

aeaain1ns v.arlab1ea bave beeo denoted previously. The~a1ue~.cn--... and -b" 

3 2 
j/ 

vere eva1uated at 3.12 lE: 10- and 1.125 lE: 10- re_pe. ély. Xt: 8hould he 

ooted t:hat the value of the vapour prel.ure of the bay v1~1 cbange as t:be 

drying continues. 

Ot:her researchers bave developed eapirlcal relationahlps to deacrlbe the 

forage debydrat:1.on proc::e... O'CaUasban et: al. (1971) conducted ell:perl_ntl 

and ai1DUlated agricultural dryer perforunce8 usiq the foUoving drying 

rate equations: 

••••• (2.10) 
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and aH - -as ••••• (2.11) 

.. . ," 

such that: kl - 4.97 Je 10-5 exp (7.214 x 10-2 T~) 

" 

where: 

k2 - 9.26 x , 10-6 exp (7.675 x 10-2 Ta> 

111
1 - 120.579 ( Ha/Ta2 + 0.2364 ) 

1112 - 73.282 ( Ha/Ta2 + 0.1688 ) 

kl and k2 - drying rate constants (h-1 ) 

H - lIlo1sture content of hay, dry base (kg waterftkg matter) 

ml and 1Al2 - constants related to drylng air (kg water/k& dry 
matter) - ,. 

- Hc • critical moisture content of hay at which drying 
parameters are considered to change (kg water/kg matter) 

Ba • .ass of water associated with unit mass air, bèfore 
drying (kg) 

Ta • initial telllperature of drying air (OC) 

The simulation produced drying rate predictions which compared withln 10% of 

experilllentai results. The initial rate of drying c!osely matched the 

readings obtained from other researcbers (Clark and Lamond, 1968) • while 

intermediate and final drying rates agreed fairly vell with observations 

obtained experlmentally • 

• Ienzi'es and O'Ca1laghan (1971) observed three falling rate periods of drying 

for 10w temperature dehydration of grasL The approach was simUar to that 

of O'Callaghan et al. (1971) and the drylng equations were of the saille fom 

as equations 2.10 and 2.11jonly the constants were different. 

the drying constants -k" and -m" were determined as follows: 

13 
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k • ~b exp(1Ce Ta> ••••• 

• • ••••• 

vhere the conatanta for the tvo equatlons are l1sted below. 

Flrst falling rate period: Kb;c;d.e - 0.031, 0.024. 6763, 1.818 

Sec~nd falling rate period: Eb.c,d,e - 0.0078; 0.037, 7114; 0971 

Third falUns rate period: Xb,C5 d te- - 0.0027; 0.046; SS17. 0.597 

(2.12) 

(2. i3) 

Obm . et al. (1971) Inveat1gated a aimulation of the heat and.us traufer 

occurrin,gln a hay tower type forage drying aystem. The goveming paraaetera 

including molsture con~ent, air velocity, and bulk density, vary vith the 

physical' configuration of the staclt (such as belght, of the hay). A WlOde1 ·of 

the bulk denslty as a function of stack helght was proposed. An equation of 

tbe drying rate of the sta~k vas developed such that: 

where: • -
-s -

Pb -
AH -

r • 

e -
Vo • 

AC -

at _. -ae S Pb Il K (3r) - S V 0 Il C 
as 

..... (2.14) 

weight of water to be removed ln layer IIh (kg) 

area of a section (horizontal) of t~ àtad~ (~) cross 
, " 

dry bulk density of dry hay (kg/.3) 
_,-

difference between initial and equl1ibrium aoisture 
content (lcg/lég) 

radius of the hay tower <m> 
".1 

Ume (s) 

8uperficial velocity o~ air at r - ro (m/a) 

drying capacity of the air (kg/m3 ) 

, 14 
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lt was conc1yded that due to the non-unifora drylna 
. 

profile obtained usina a ~onventlonal cyllndri~al duct, • ~onical duct 

.hould be reca.encled for hay tover operations. 

lare et al. (1984) alao studied the heat and .... tran.fer charactert.tic. 

of luceme (alfalf.). The heat transfer ~oefft~ient was investisated frma 
, 

the eapirical relation to evaluate the Nuaselt nuaber for flo" at a Reynold. 

nuaber le •• than 200 lu~h that: 

Nu - 6.26 ][ 10-4 Re0.84 Pro. 333 ~ ••••• (2.1S) 

where: Nu • Rua.el t nuaber 

Ile • Ileynold. nùaber 

PI' • PrandtI nuaber t 
Davt. and Barlow (1947 a) usinS Hukill'. aethodoloSY (1947) senerated • 

series of curves that can be used to predict the volume of hay that 'can be 

dried vith gtven atrflow characteristics. The curves are based on the 

followtng equatlon: 
dm 
ae .. m llT cp eH 

-Il M L 
•• • •• (2.16) 

wbere: dm - mass of dry matter in a layer of bay of one "depth unit" (kg) 

• - m&S8 f10w rate of air (kg/min) 

AT - dit ference between the ~t and dry bulb temperatuTes of tbe 
air entering the bay (OC) 

cp - specifie heat of the air (kJ/kg.oc~ 

eH - proportion of time required by fu11y exposed hay to reach balf 
of lts equllibrium moisture content (X) 

AM - ditference between the initial and equl1ibrium moistu.re 
content (X) 

L - latent heat of evapora~lon (2442 kJ/kg) 
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The definition of a depth unit Is: ·containlng enough hay that, if aIl tbe 

theoretically available hea t could be used, it would dry to equilibrlum in 

the • Ume taken to dry full Y exposed hay halfway to equ1l1 brium. -

(&11.1980) • The Clt.rves generated by Davis et al. (1950) can be found ln -

the Appendix." 

\.. 

Rossi and Roa (1980) used this data to formulate an eapldeal equatloD UNd 

to se,nerate tbe equilibrium lIloisture content of aUalfa in relation to the 

physical propertles of the drying air sucb that: 

Me· (Pl H + P2 H2 + P3 H3) exp [ (qO 't ql H + Q2 H2 + 

Q3 H3 + Q4 H4) (T Q5)] 

vhere: Me - equilibrium moisture contentj wet basis (%) 

p and q D constants 

H - relative humidity of the drying air (X) 

T - temperature of the drying air (OC) 

Pl ~ P2 .P3 • 3.04690; -2.68992; -0.315416 

QO.Q1 lQ2 • -0.062072; 0.164'688; 0.164688 

••••• (2.11) 

Clark and Lamond (1?71) investigated the drying process of rye ,rass varytna 

the temperatures of the drying air and density of the stacked unbaled 

forage. From thia research a series of drying curves vere generated for the 

various treatments. Alt~9ugh the general shape of the curves vas similar,no 
J c, 

basic relationship conn~cting the various parameters was proposed. Studlea 

On the rate of dehydration of aifaifa subjected to eigh~ different drying 

pretreatments were undertaken by Pedersen and Buchele (1960). Mechanical 

pretreatments sucb as cdmping and crusbing of the crop ln the field have 

16 
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been proven to hasten water evaporation from the stem of the plant (BilanaKi 

and Haylk, 1966; Klinner, 1976). Stem and Windrow orientation allo 

influence the drying rate of field cured forages (Dug~l,' 1969; Lu, 1972). 

Tbe hay atea la _de up of an l.pervioua outer cuttcle vhich retard. 

80ilture transfer. This layer can be cracked or crushed by mechanical .. ana 

or aven dissolved in hot water but this treatment has no practical value 

(Bagnall et al., 1970) • Specific research involvlng the study of the " 

a1f.lfa stem tenalle properties and leaf separation effects related to 

80isture content have lead to better understanding of the drylng mechani .. 

1n field cudng (Norris and Bilanaki, 1969; Raghavan and Bilanaki, 1974). 

Mechanical treatments on forages, however, generally cause field lesf 

10sses. The use of, a flail mover, rotary tiller or chopper resul ts in 

relatively high plant dismemberment. Roll type crushers on the other band 

increase the drying rate vith less harvest los ses (Barrington and Bruhn, 

1970). 

2.2 Applications of Forage Dehydration 
, 

2.2.1 Forced Ventilation Bay Drying 

The benefits of drying hay with forced ventilation as oppoaed to field 

curing have been recognized for at least fort y years. The development of 

'artiUcial drying systems stemmed from a real need to improve the quality 

and quantity of hay being harvested. Duffee (1942) established some of the 

f1rst quantitative moisture content measurements at which hay could be 

aafely stored wi thout undue spollage, dlscolouration or the risk of 

apontaneous combustion. The quaUty of alfalfa is affected by the ultra 

v10let portion of .olar radiation. The vi taain A content of hay can be 

17 
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·.aured by the DOunt of carotene in the forage. Kane et al. (1937) 

atudied how carotene diminished when exposed ta sunlight. The outside 

aablent tempe rature and sun exposure time result in overall lasses of 

vit __ in A of 6.5% per month durlng storage. These losses can he as hlgh a8 

/ " 21% per month with ambient temperatures of 200C. Most of the forage prote in 

and vitamins are contained in the leaves. The per unit dry matter content 

of fielf cured 'baled hay 18 1JIuch less than the dry matter content of the 
0 

living ,lant. This is due to the led losses incurred through tbe 

_chanica~ handling of the dry hay in the 'field (Cboinard, 1980) • Zinlt 

(1935 and 1936) analysed the eritièal moisture conterit at which alfalfa 

leaves shatter and observed that leaf field losses ranged from 10 to 65% for 

aoisture contents of 28 to 32% (vet basis). 

, 
Artificial drying of forage can reduce the field 1088es ,as the crop ean he 

baled at a h!gher moisture content. Some of the firat tests of forced 

ventilation drying were conducted by Miller and Shier (1943) at tbe 

University of Ohio, U.S.A. Tests were cafried out on four farms, and 

lIloisture contents were brought down from 30% to 11.5% vi tb the us~J of a 

lIlulti-vane forward-curved blover rated at 1133 ml/min at 2.54 cm of water of 

static pressure_ The tests vere particularly pertinent that year as an 

extremely wet summer hampered conventionai bay curing and harvestina 

throughout the State. 

Terry (1948) reported that the use of artificial hay curing not ooly 

decreased the drying Ume but also reduced the damage done to the forage by 

mold and bacter!al action. Respiration los ses were also decreased when fao 

drying was practieed. This microbiologieal process aecounts for a 10s8 of 

dry matter of the forage, production of heat in the stack and 108S of 

18 
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.oi.ture content in the hay. The respiration proce •• attains an equilibriua 

point when the hay is dried to 20% moisture content (dry basis). 
1 

Re.piration has been estimated to account for approximately 8% of the dry 

aetter losses in barn drying applications (Klinner and Shepperson, 1975). 

The heat generated by the respiration, combined vith the high relative 

huaidity present, encourage the "production of mold. This increases the 10 •• 

of carbon dioxide present in the stack, promoting enzymes in the hay to 

break down the forage starches and sugars. The feed value of the hay i. 

thus reduce'd. Rapid hay drying will not on1y pemit the extraction of 

/ aoisture for forage conservation, but it will reduce tbe bacterial 

populations,vhich can .everely deteriorate hay quality. (Dexter, Sheldoll 

and Buffaan, 1947). 

2.2.2 Airflov Besi.tance through Hay 

When -hay respiration is coabined vith a alni.ua air f10w to re.ave the 

moisture,' effective drying can be obtained. Airflow resistance within·the 

hay is another important factor that affects the effieiency of drying of 

baled hay. Research carried out ln the 1940' s es tabl1shed ai r flov 

resistance curves for different forages at various moisture contents. One 

relation that describes this air flow reslstance was deve10ped by Hendrix 

(1947 a) and later confirmed by Davis and Baker (1951). The equation for 

variation in air velocity through baled hay can be wrltten in the ~ follovini-_ / . 

fom: 

v - Un ••••• (2'.19) 

where: V - velocity of the air moving through the atack (m/.); 

p • .tatic pressure (cm/water) 

19 
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Je • constant represenUng the voluae of air bloWD throuah ha, in 
order to develop a static preslure of 2.5 CIl. ..ter gauge. 

n • the slope of the static preslure air flov cur;ve p10tted on 
logarithmic seale pape~. 

Davis and Baker (1951) also point out that so.e of the factor. aff.ctiua the 

air flov redstance whieh are: aoisture content. hay cQapoa1tion, depth of 

'.torage, _thod of handl1ng storage, and baie dendty. The length of cut of 

the hay did not appear to signifieantly affect the atatic pre •• ure. Thé 

value of .. ~.. ~n equation (2.19) deerea.e. to 'a erltieal alni.ua value 

durlng the drying proee •• , tben incre .... to a point 8liahtly le .. tun the 

value before the drying ..... tarted. The value of the coeffident 'n' 

does not appear to be affected by denlity, distribution or loading Mtbod. 
1 

Wort. undertaken by Van 'Ouyne and I.jelgaard (1964) .uwaariaed the re .. arch 

efforta ln thls area. 
\ 

The pre .. ut., drop CP) developed throqh the bey ,1. 

expre •• ed ln the equation: 

~ 

_bere: 1.- conetant dependAnt on 

... 
'f 

the .. tedal 

• •••• (2.20) 

and air physlcal ptoperti •• 

L • the length through wh1ch UT has to travel (a) 

'B - dry matter density 
3 - , 

(llg/m ) 

V· air velocity (mIs) 

n· veloclty exponent 

.'w density exponent 

The baIe density exponents obtained by different researchers vary from 1.40 

to 1.60 whi1e the velocity exponents range from 2.31 to 3.26 (Van Duyne and 

Kjelgaard, 1964). Tests were conducted on clover hay and alfaifa and 

different values of" K' , '.' , and t nt were obtained for each forage. 
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The authors conclude that baIe slice ori'entation and dry _ttu content vere 

inatr~ntal in air flov reaiatance. The .. ir nov resist .. nce vas reduc:ed 

neD t&~ baIe slice orientation vas set pa ra 11 el to the steta_ as Oppoled to 

perpeDdicular ta th_. ~e value of 'It' la ,decreased by a factor of 0.69 to 
, 

1.16 x 10-5 in the foraer case. !lob ture content did not .... to affect the 

al~alfa airflow resbtance betveen ,11 and 60 percent (wet bads) yet thh' 

vas a factor for increaaina atatic preaeure in clover l)al" above 45 perceDt 

..,iature content. 

2.2.3 Tbe Uee,of B .. t~d Air for Forase Dehydratlon 
, 

The qua,lity ,of the bal" la al~o a crlti~l factor vith r .. pect to the 

quantitl" of forase consU1led.' Field cured forase 18 c:haracteriaed by lov 

d~eatlbility aSloc:lated vith the hal"'s poor quallty and nutrlent losse., 
, 

and Nash,1960). lliah diaestlb1l1tl" of a- Ifeed has been related to 
r 

/ 

hf.aher intakt due to the ahorter residenee ti.e in the lut ol the anillal 

(Caapling.l,966). Test'a undertaken by Clancy et al (1976) coapared dilferent 

consetvation aethods vith respect to nitrogen balance, digestibil1ty and 

inulte of alfalfa. One treatlllent for the preservation of forage used heated 

air at 500C. Of the alx treatments tested this method yielded the hllhest 

v.tues for digestible crude proteln, dry matter and acld detergent proteine 

Thia aethod of conservation had low quantltles of lactic(--;cid neutral 

detergent fiber and .cid detergent flber. Average values of ash and 

apparent digestible energy vere also observed. As far as the intake val 

concemed, hay dried with heated air had high voluntary intake ratee and 

lleal sizes. The forage intake vas not apparently related to the IIOt.tut. 
({J 

content of the various conservation lIlethoda. 

( 
'1 
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,. 
I~ addition to th. i.proved qu.lity and digestibility of artificially dried 

forAle cited earlier, 
, '" 

heated air bas a naber of "advantages over the use of 
1 

unheated ai r. Ileduced drying ttlle using air te.peratures of 270 C to 37 0 C 

bas a Jl!&&tk.ed effect 'on probability of lIold formation 'on bay. At these 

t~eraturee the dry:1D8, Uae should be k.ept below 48 hours to avoid 
, - , 

foxwation of vl.ible aoids on the forage (Terry ,194 7),. "Supplellental heat 

"obtalned 
6 

by coal furnaces or propane burners bave been j,.nstalled in bay 

dryina 1 systels ln those .reas of the United States where .. bient air 18 
" 

generaUy too buald during the bay dry~ng season (Strait,1944; Bruhn,1947). 

o 

Another advantage of suppleaental heat systems is that of the continuous 

dryina of the bay at night. This reduces the total tiae r~quired to dry a 

batch of bay and consequently, forage deterloration • If the air heatina 
. 

equipaent is portable lt can be'used to dry other agrlcu~tural crops on the 

fara. The diaadvantages of luch a systn afe fire hazard, hl&b initial and 
o 

operatina costs snd increasad supervlsion require~ (Davis and Barlow, 1947 

b). 

~ \ 
As the air ia beated, its aoi,ture carrying capacity is increased. 

'~.aae Ume, hesting the bay- facilitates ao1sture aoyement through the 1eaves 

and 0 st.s and into the air ,stream. The air thus gathers humidity and the 

t\ 
vapour pressure at the surface of the stack is aug.ented. This results' in 

ineressed evaporation (Montford, 1947). The drying rate can be further 
"'-, 

affected by tbe aethod used for barvesting the forage. Chopped bay will 

have a hi,her rate of aoisture loss than coarser eut bay due to cutting of 

the et.. and leaves and illproved air flow through the material (Boyd, 

1959). 
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Heated c,air systems however have not been very popular due to the increased 
o 

"cost of' fuels being used. As hay has always been considered to be a 

relatlvely inexpensive feed. farmers are re1uctant to pay for 45 to 90 

litres of fuel (1750 to 3500 MJ) per tonne of hay dried (Manby and,.. 

Shepperson, 1975). 

lt should he noted though. that fuel Is not the only source of heat 1 for 

drying in forced ventilation systems. The hay whlch is brought into -the 

barnDundergoes'the metabolic process of respiration that liberates more than 

60 percent of the heat absorbed by water evaporation. This is true for air 

enterlng the hay at 75 percent or higher moisture content and in the 

presence of micro-organisms. ,The heat absorbed drops to 25 percent for low 

re'lative humidities and when micro-organism populations have not developed'. 

(Dawson and Musgrave.1946). The heat generated by respiration is due to 

enz~c actiop which steadily increases unti1 a critical, temperature is 
o 

reacbed in the hay. This temperature varies vith ~he m~isture content of 
". 

the baYe Once it ls reached, the respiratio~ heating subsides. 

The 
Il 

heat gene,rating process is a1so related to the moisture conterit in the 

,hay. the stage of drying and the time of day. At night~ Ume this "heat may 

accoune for as much as 91% of the molsture removed per unit tlme. The heilt 

may represent o~ly 40% of the water 10S8 during the day. 1 t bas been shawn 

that the heat of respiration and bacterial activity contribùtes to a major 
<f'; \~ 

'. portiQn of the total water removed (Hendrix, 1947 h). 

Wood and Parker (1911) reported that the respiration rate remaina ateady at 

surrounding temperatures of 250 C until any molding causes it to rapidly 

Increase and then" fall off.. Respiration rates are a function of the forage 
, .,~ 
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moisture content (~t basis). For hay at mois,ture eontent above 27% in air 
-

temperatures from -250c to 45ÔC, the respiration rates cou1d be estiœated by 

the equation: 

R 

where: 

- k (0.056 M - 1.53) 

R· rate of respiration (mg C02/g dry matter/hl 

k· constant (h-l ) 

M - molsture content, wet basis (X) 

, 

.p ••• (2.18) 

The constant 'k' is eva1uated at 1.0 for air temperatures ab ove 25 0 C. For 

air temperatures ranging between 50 to 25 0 C, 'k' is a function of the 

tempe rature (T) such that: 
' .. 

k - 0.177 exp(0.069 T) .." •. (2.19) 

Nelson (1966) conducted experiments to evaluate the effect of spontaneous 

heating on nutrient retention in baled alfalfa. The deterioration of the 

basIc nutrients of the forage begins a fev hours after baling. Tbe 

increased density Qf the baIe bas an adverse effect on the retention of 

carotene,. This 18 .~8~d to be due to the slower drying rates. Or8anic 
1 

matter, ct~e prot~in~ash, crude fiber, ether, nitrogen-free extracts, and 

1 l ' 
carbohydrates did 

, 
not appear to be affected by the density of the baIes. 

These'faêtors vere affected, however, by increased aoisture content at the 
, .. 

"Ume of baling •. 

<") 

The equiJibrium moisture content of alfalfa Is a function of the relative 

, h~idÜy of the surroundlng air. Hay wh~ch i8 barn drled to 15% .obture 

(éiry ~Si8) 'or less will reabsorb moiature from air that has a relative 

humidity of 80% or more • Hay of aoisture content 20% or leS8 will reabaorb 
.. 
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~isture if the relative humidity of the surroundlng air is 90 percent or 

more. (Dexter, Sheldon and' Wsaldron, 1947) • The accepted maximum 

equilibrium moisture content for good conservation and safe storage of 

forage i8 20%, dry basis (A.S.A.E •• 1964j Fortier 1976j C.P.V.Q.,1980). 

2.2.4 Some Applicat~ons of Solar Drying in Agriculture 

A large number of research projécts in the uses of solar energy in 

agriculture have been carried out in the past thirty years. Some of the 

processes involved have been: air and water heating for use in livestock 

buildings; solar assisted crop drying and to a auch lesser extent the use of 

photovoltaics for electrical energy. Solar drying by direct and indirect 

exposure has been the most popular, by far (Lawand, 1981). 
~ 

In the past ten years much emphasis bas been put on developing efficient 

inexpensive solar co11ectors for the use of dr~ng cereal grains and forage j . 
crops. (Chau a~d Baird, 1978; Shove, 1977; Johnson and Otten, 1980; Otten 

----- and Brown, 1982). Grain drying initially has had a higher priority due ta . 
~ 

1 
the large _ounts of fuel consu.ed each year in this proce •• and the 

1 

8uper~or value of this crop. Buelow (1958) WBS one of the tiret to work in 
oP 

this area. Several types of collectors vere investigated in the course of 1 
j 

the research including flat-plate glass covered collector. and opaque 
j 

f 
galvanzed air beaters. The basic collector efficiency theory va. devi.ed J 

(Buelow and Boyd, 1957). A siaple .athodology·for estimating daily solar 

radiation on Incliued surfaces vas al80 developed (Buelov,1962). Air 

teaperature8 of 490C vere obtained for drying grain in a siaple tray 

collector in the United lCingdOia (~ley and Will~_aon, 1965). Teste vere 
\ 

doue on a lov oost polyethel,ene covered inflatable collector. A pla. tic 

( absorber .ash incre.sad the col1ector efficiency by an average of 8%. 
1 

Thie 
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eonforms with the results obtained by Lawand et al. (1981), testing a 

similar absorbing screen on a solar wall air preheater. 
4' 

Probleas associated vith solar grain drying vere: the relatively slow drying 

rates; eost eompetitiveness vith respect to fossil fuel drying due to the 

liaited use of the equipaent; and the neeessity of a baek-up system in case 

of ineleaent veather (Foste~,1977; Kline, 1977; Feddes et al., 1980). 

2.2.5 Barn Solar Bay Drying 

The uae of solar energy for in-situ hay drying has had less publicity than 
r 

arain 'drying yet quite a nuaber of referenees have been found dealing vith 

this subjeet. Of the referenees eonsulted, the earli8st of these is the use 

Gf an opaque fiat plate colleetor systea incorporated in the galvànized 

ateel roofing of fara buildings (Sobel and Buelov, 1963). The colleetor 

eould raise the air re.perature as aueh as 140 c. Provisions vere.ade to 

duct the heated air to other buildings when the dr:yer vas not being uaed. 

Due to the high cost of eleetricity ln Europe, reaea~ehers in seve raI 

eountries bave developed solar assisted barn hay dryilll syatetaa. France 

seetas to be the country where .ost of the exper1_ntation has been 

undertaken. 

Several eoaprebensive atudies of different .olar barn bay dryers built in 

France have recently been publisbed (Savatier. 1982; Saleedo, 1982; 

A.S.D.E.R., 1983; Chazee and Madek, 1983 a and b). Tbere are four .-in 

eon~igurations to these &ysteas that bave been developed in France oaaely: 

(s) bar. plate colleetor aounted in the roof of the barn; (b) alued solar 
~ 

eolleetor aounted in the roof; (e) polyethyle... ".reenhouse" coll.etor 

26 

l' .' 



( 

leading up to tbe hay bata; and (d) black polyethylene inflated tube leading 

up to the barn. The majority of these installations are located in the 

Alpine region called Savoie vbere frequent incleaent weather and an extended 

vinter period make i~door hay drylng an appropriate technology. Regulations 

pertaining to the .. nufacture of the faaed Gruyere chéese in this reBion 

forbid the feedinl of silale to the cattle .. nd con8'equently hay Is the only 
, 

winter feed given to the animaIs (Chazee and Madek, 1983 b). Many faraera 

use fuel heaters to- generate low grade beat coabined to tbeir forced 

ventilation hay dryers_ Since 1976, an estiaated tventy solar-aaaisted, in-

situ forage drying systeas bave been constructed, so.e in collaboration vith 

agricultural research centres and others as self-b~lt prototypes erected by 

tbe farmera the.selves. Teaperature Incrementa in the dozen syste.s that 

have been investigated range from SoC to 1SoC for different designs. A 

coaparative evaluation of the four .. in confiBuratiops bas been adapted froa 

Cbazee and Madek, (1983 b) and is presented in Table 1. 

A fev co~nta can be _de vith regarda to e.ch confiluration'6, The bare 

plate collector type dryera are relatively ,ai.ple 1et solid in conatruction. 
\' 

The system is coapriaed of an air apace vb1ch la constructed betveett the 

roof cladding and an ittner insulation layer. Solar radiation beats the 

roofina mate rial (which ie noraally Balvan1zed _tal or fibro-Cellent panela) 

and this peraits the air apace to heat up subsequently. The air ia drawn 

through the collector and ia then blown through the bay. Thia type of , 

ayatea perforas weIl ln direct and diffuse aolar radiation and typical 

teaperature Increment. of 80C vere recorded Vith airflov r~tes of "50 .J/.tn 

(Leclerc, 1979). 

\ 
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1 ..::~ 'i , 
TABLE l COMPARATIVE ANALYSIS OF 4 TYPES OF BARN SOLAlt HAY DR.nNG SYSTEMS 

1 

C' Bla~k Greenhouse Roof Colle~tora 
Inflated 

Tube Bare Glazed 
Char.cteriati~ Plate 

- Tberaal performance 3 2.S 3 3.S ~ 
- Riak of ~onden8ation 1 2.S 4 2 '" j 

at top of bay atack 

(1 
due to elevated 
teaperatures 

- Performan~e in wind 1 3 2 4 
- Perfpman~e in rain 1 2 2 3· 
- Variability of 1 2.S 3.S 2 'J 

performan~e 
\;. 

- Performance in diffuse 4 1 ' 3 1 
solar radiation 

~ 

- Tiae requireaents 1 1 3 3 
- Preliainary ~onst~tiàn 4 3 1 1 

1 tlae 
- Annual installation tiae 1 2 4 4 
- Ease of installation 2 3 2 1· 
- Durability 1 2 4 4 

- Ha1ntenan~e 1 2 4 2 
- Flexibility of operation 1 3 4 4 
- Passability of autOlUtion 1 4 4 4 

1-

- Capital invest.ent 4 3 2 1 
- a.ortization 2 4 3 1 
- Ka1ntenan~e ~ost8 1 2 4 3 

- Special proble.s snake. .now bail 
- Pbaaibillty of adding 1 4 2 2 

a heater 
- Adaptability to aite 1 2 4 3 

1 2 4 4 
- Multiple uaage 1 4 2 2 

TOTALS 34 54.4 ' 64.S S4.S 

BOTE: The hlgber the nuaber, the .. better t;,he rating (1 to 4). 

SOURCE: Chazee and Madek, (1983 b) Rechauffage solaire et ventilation (en 
IraDle du ~ !!! ~ dans l'Avant Pays Savoyard-.- --

, \ 
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Glazed fIat plate roof solar collectors operate at higher ventilation rates 

however air teaperature increases will be comparable to the bare plate 

deslgn due to the tncreased performance of the solar collector. The capital 

inv •• taent of the glazing (usually clear corrugated fibreglass-reinforced 

plastic sheets) is quite high. The basic difference between thia type. and 

th. bare plate collector type is that the glazed surface ia conatructed 

above the roof cladding in prder to provide the air space. The incomiog air 

is beated directIy du~ to the greenhouse effect of reflected long wave 

radiation inside the collecto~. This syste. will perfora the bast of the 

four types of co1lectora with tamperatures rangiog fro. 120 to lSoC usiOl a 

20.8 kW fan to drav the air (A.S.D.E.R., 1983). 

Greenhouse type solar collectora are relatively inexpenaive and bave the 

advantase of baing 8UIti-purpose, capable of being used at different periods 

of tbe year a8 a greenbouse and/or bot air generator for hay drying. This 

reduces the amortization time, thus enbancing tbe investment. Air 

teaperatures encountered range from )OC and 4.50 C for airfloV8 of 830 ~/ain 

(Savatier, 1982; Chazee and Madek t 1983). ~ 

Feuilloley (1979, 1980, and 1981) designed a syat .. tbat utilizea a black 

polyetbelyene tube collector. The tube is 340 .atres long and 1.9 aetrea in 

dieaeter and la placed in a 3000 square meter field adjacent to the hay 

barn. The average air temperature increase is 8oC.(witb peak values of 

250 C.) at an average airflov rate of 630 .J/min. 

The advantages of. tbis system are Hs rel,atively high capital cost recovery 

of o~e year (possibly due to Francets expenslve fossii fuel costs) and tbe 

portability and easy storage of the tube once deflated. 
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The di~advantageA however are the bul~ineRA of the unit durlng operat~on. 

high annual labour requirementA for inRtaIIation, and the neceAAity of 

having a large open area adjacent to the barn. 

The black polyethylene Inflated tube deAign appearA to be the leaAt 

. 
practical Aolution of the four type~ cited. In addition to the problemA 

,mentionned by Feuilloley (1980), other di~advantageR include: frequent 

punctureR made in the pla~tic by brancheR and root~; attraction of pnake~ 

underneath the hot and humid polyethylene; punctureR in the plaRtic by 

maleR, mice and other rodentRj general unRightlineRR of the ~y~temi poor 

performance and mate rial AtreRR in moderate windA or Inclement weather 

(Chazee and Madek, 1983 bj Petitjean, 1980). 

In Italy, Facchini et al., (1979) uRed roll-bond aluminum Aolar collectorp 

to heat ventilation air by paRRing heated water through finned heat 

exchangerR in the roof plenum. Another deRign u~ea Rimple prefabricated 

tranRparent fIat plate air heaterR capable of increaRing the temperature of 

the air by IOoC to I5 0 C. The collector efficiency i~ claimed to be 60 to 

70% and air flow velocitieR are in the order of 5 metreR per pecond. The 

di~advantage of ~uch inRt~llation~ iR the h!gh capital COAt and the fact 

that the~e collectorR are not uRer-built. 

Due to the high incidence of Inclement weather during the Aummer monthA ln 

Scotland, reRearcherR have alRo developed an Indoor polar hay dryer. 

(FerguRon and Bailey 1981). ThiR "polar barn- baR a bare plate roof 

collector combined with a polyvinyl fluoride glazed wall collector •. 

SimultaneouR teRting of forced ventilation with Aolar beated air and ambient 

air waA carried out aR the barn waR divided into two parallel drying 
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.ystems. The tests proved that a 30 percent energy saving could be expected 

from the use of solar energy due to the reduced drying time. 

A Swiss design (Nydeggar~1981) uses a 190 square metre roof collector. 

Etemit R. plate, a commercially available corrugated Asbestos cement sheet, 

is used as the absorber plate. This material has been extensively tested in 

Europe and several in-barn hay drying systems are equipped with these plates 

ln covered or bare plate collectors (VegliB,1982). eorrugated glass fiber-

reinforced polyester was used as the glazlng in the Swiss experiments. 

Thil collector normaIIy operated with air flow velocities of S mis and air 

tempe rature increases were low (averaging about stagnation 

temperatures however" reached 700 e, but this did not deteriorate the_ glazing 

surface. The average saturation deficit of the system was 58 percent. 

Different glazing materials were tested independently and the glazing that 

vas chosen, (fibergtass relnforced plastic), performed the best in terms of 

transparency and resistance. During one sesson's tests the total absorbed 

energy of the system came to 24,000 kWh whlch ls equivalent to 3,000 litres 
, 

of fuel burnt in a conventional air heater. The one possible disadvantage 

of luch a system is that it representa a relatively expensive, complex and 
! 

somewhat~ tœpractical construction to be retrofitted on existing older 

buildings. 

Another type of design in Switzerland (Hermier, 1978) uses 26 m2 of roof-

ted liquid filled collectors that heat the incoming barn air through a 

he t exchanger. Air temperature increases are from soe to 100e for alrflow 

~ 'tes of 400 ~/min. Although the cost of this installation Is quite high, 
\-

the farmer also uses the solar coilectors to store hot water for aIl his 

domestlc uses and to serve as heat storage for the dryer in times of low 
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aolar radiation levels. 

A aolar-assisted green forage drying plant vas developed in West Germany 

uaing 1500 square metres of glass collectora (Grammer and Barthel, 1979). 

The aystem is made of seven module-type collectors capable of heating the 

incoming air to 700 c and rated at a maximum efficiency of 70 percent. 

Although the system is not adapted for barn applications per se, the uae of 

auch modular air heaters could be envisaged for this purpose. The unit ia 

aaid to be capable of processing 13 tonnes of wet fodder per hour. - Such 

aystems will have to be modified and tested on a smaller scale on exiating 

barns before they can be proven effective for on-site barn hay drying • 

A roof top solar collector was developed in Czechoalovakia (Sladky, 1980) 

which can be used to dry gràin and chopped hay in the barn. The collector 

efficiency is rated at 50 percent and the air temperature increment ia SoC 

to 80 c. Maximum temperatures of 450 C have been recorded during teating. 

The cbst of the 800 square metre collector ia quoted as being from 16 to 25 

U.S. dollars per square metre for a pay back period varying betveen one and 

five years (depending on the amount of time the system is used per year). 

Research of in-situ solar assisted hay drying systems in the United States 

bas focused on the drying of large round hay baIes (1.8 metres in diameter 

by 1.5 metres in length). Baker and Shove (1978) and later Horrison and 

Shove (1980) eatablished that 20 percent of the electrical energy could be 

saved vith the use of a solar energy for heating the drying 'air. An 

additional 29 percent energy saving was obtained when the fans vere 

operated intermittently instead of continuously during night-time operation. 

An 880 square metre roof top collector of corrugated fiberglasa vas combined 
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vith a transparent wall collector. This design is not adapted to a retro-

fit situation on existing barns. The in8t~llation uses oine, centrifugaI 

ü fans which contributes to the high capital cost of this system •. 

Bledsoe and Henry (1980) tested bare plate roof collectors and free-standing 

plastic film collectors for in-barn hay drying. The free .standing 

col~ectors were capable of increasing the air tempe rature by 80 C. (tvice as 

much as the bare plate colle~tor whose efficiency was rated at 42 percent). 

The roof collector however was 2.6 times less expensive ($16.2 U.S. per 

square metre of collector). It was found that if the large round baIes vere 

pierced through the core and a cap was placed covering tbe opening, the 

airflo~ distribution in the baIes would be more uniform and the drylng rates 
~ --

would be higher. The mul~iple use of the system vas promoted when the 
1 

heated air was also used to dry grain (Bledsoe et al.~ 1981). 

From the number of barn solar hay drying systems already installed. It is 

obvious that this technology has been weIl researched and Is being 

established in Europe. The lower costs of electrical and fossil energy in 

North America have perbapsdeterred the research emphasis in this area. 

Although solar heating of livestock buildings and solar grain drylng are 

beginning to be used here, more research in in-barn solar forage drying is 

needed in order to develop efficient and approprlate systems which farmers 

can apply to existing or new hay barns. The current research will attempt 

to develop and evaluate a solar-assisted in-situ hay dryer suited~o the 

Canadian contexte 
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CHAPTER 3: MATERlÀi..S AND METRODS 

3.1 pre&llble 

~.1.1 Introduction'to Activitiea Undertaken 

• . " 

Fro. the literature reviev, it ia obvioue tbat the uee of .olar ener,y for 
'il. 

dryiua for.,e inaide'a barn appeara to be a .u~table alternative. A lot of 
, . 

research has been undertaken concernln, .-bient air forced ventilat~~ hay 

drying. Low teaperature forced convection hay drying ha. nqt been 

ext~n8ively inveeti,ated in Canada. In order to underetand ~re about tbe 

hay dryina pareaetera related to air teaperaturee ranalna between 3 and IOoe 

above ambient, it vaa neceaaary to con~uct aoae .pecific expariaenta on tbi.' 

aubject. 

8 .. 11 acale experi .. ntation at tbe Brace ".earch In.titute Field Station 

co.pare~ conventional for.,. dryina technique. vith tbat of U8ina .olar 

heated air t~, dry the bay in.ide tbe barn." The.. exper1aanta vere 5 

controll.d .• 0 tbat the varioua par .. eter. could be ,.tudied in the proc •••• 

Thi. portion of the· r .... rcb ha. been denoted as Pha.e 1 for id.ntificatioa 

purpose •• "', 

Concurrent inv.at1aationa invoi... tbe te.tina and evaluation o~ a f.ull 

, .cale prototype Barn Solar Bay Dryer at tb. Macdonald Colle,e ~pert.enta1 

f.~ • It 

• bould be noted tbat botb tb. Phase l and Pha.. Il experi .. nts are' t clo .. ly. 

iut.rr.lated and vere "s1aued to coapl ... nt tbe Slobal uoderataodina of 
, 0 

artificial for ... dryina t.chnolo.y. The d •• cription of tbese tvo r ••• rell 

aeti.ltie. viII be dealt vith aeparately ao aa to avoid confusion. 

1 
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3.1.2 Rationale of the Research Undertaken 

Prelbainary " --investigations involved a co~paratlve Itudy of three dlfferent 

for.,e drying techniques. This study will henceforth he 'referred to as 

Phale l'of the reaearch. 

The .. in objectives of the experta.ntal vork of Pbase l va. to evaluste the 

use of forced .olar heated air as opposed to forced .. bient atr or direct 
, 

field euring for the drying of baled hay. 

Tests vere destgned to co.pare these three aethods of drying forage. Tbe 
a 

hay Vas dried in bina (or criba) that stau1ated balea of ta.y dried at the 

centre of a larger Itack. Solar generated beat va. provlded to dry one of 

the tvo lots'. Unheated .. bient air va. used for the .. coud bin and a control 

1 W~tch va. field cured. The telts vere dea1,ned to try to e.tabUsh the 

d~ation of drying required for eacb of the tvo bina of for .... 

,At the end of the dehydraUon te.t.. • .. pl •• vere taun frOli eaeb batch of 
. 

hay.in order to eval.uate the qual1ty of the for.... !faisture and dry _tter 

content .. re .... ur.d. The aIIOWU of esseaUal for.,e con.eLeuenu •• 

• 1.0 analysed to deteraine ie. overall quality and .a108. 

.u t~ quaaUt.t1v~ q .. l1~U ... ad ... tq ..... re t •• te4 for the _11 bey 

_pl.. in Pbas~ .... 1. the euauina objective •• to- incorporace a aolar­

asaiatecl dry1l11 sylt_ into an operatilll hay barn. Tbe destan included 80IM 

basic criteria to ~i .. its acceptaoc. aGd utllit1. The.e criteria are 
1 

Î\ 
li.tld .... 1_: 
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(A) 

(B) 

The. design of a solar assisted hay drying system should have the 

potttntiai of being retro-fitted onto existing hay barns equipped vith 

or without forced ventilation'drying syst~ms. 

The overall design should be simple enoogh to be user built (dudng tlle , 

rinter IIOnths perbipiwhen the hay stack 1tself can be used to r!ach'~ 

the underaide of the roof). The ,tGols of construction of the solar 

.y.te. should be compatible vith those found on the t~pical Canadian 

fara. " 

(C) The systea should be inexpensive ,et durable enoogb to he used for 5 to 

10, years. 

(D) The asterials will he aubjected to extreae temperaturea encounterad 

durina perioda of staanation or aevere rinter col~ will )lave to he 

able to vitbatand theae extreae teaperature fluctuationa. 

ri 

, (l') The II'1ltea 1IU8t be relatively protected frOll tbe habituaI or ciècaaional 

accidenta ou-,the!ara. A collector sbould be protected for exaaple, 

fr.. the event ~f a bay baIe fallins onto it" or aoae otber knock, 

.bould it be lIOunted ,dn an exterior wall., 

v 

(r) The aolar collector ahould re.iat deterioration due ta ultra-vlolet , 

radiatlOD, precipitation, or rot. 
u 
,<J • 

(C) t'be deatau abould perait .... ,. npair or replacaent of ita varioua 

eo.ponent. in the e.ent of an accident or breakdovn. 
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The testing of a full scale barn solar hay dryer proto~ype ~ill be r.ferred 

to as Phase II of the research. 

The Phase II design encompassed aIl these considerations and offered a 

amount of flexibili~y of operation. This is in view of the fact 
~ 

that many hay barns are not built to standard specifications, and 

standardization with respect to one design would be of limited use. 

3.2 Materials and-Methods of Phase 1 
"-

3.2.1 Materials and Instrumentation Select\on 

The comparative drying tests (Phase 1) were carried out at the BraceN 

Research Institute Experimental Field Station in Ste. Anne de Bellevue, 

Quebec, Canada, during-the summer months of 1983~ Two identical drying bins 
o 

(or cribs) were constructed, in order to accommoda te six baIes of hay each, 

stackéd 'three baIes deep. This height of hay is similar to the quantity 

recommended by Bouse (1982), stating that no more than 1.2 metrès of hay 

shou~d be aaaea to a hay dryer at one time. Orie of the cribs was fed vith 

ambient air in order to simulate standara forced convection hay drying. The 

other crib WBS connected to a solar collector so that the heated air would 

aimulate barn solar hay dryer conditions. The layout of Phase 1 is found in 

Figure 1. The bins were connected to separate fo~ce~ ventilation systems. 

yi The two fans for the ambient air crib were located in twO existiÙg 

ventilation plenums (open to outside air) in the western-most building of 

the Field Station complexe The solar-heated crib drew its air from the 

Solar Wall Collector, "by means of a variable speed fkn located in the main 
-if 

building at the Brace Field Station. The air WBS ducted into the drying 
<) 

cribs through a 10 cm (4") non-perforated plastic- corrugated drainage tube. 
o 

The aforementioned air moving systems"required only minimal modifications to 

-' ! 
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the existing ventilation equipaent and provided adequate airflov rates for 

the expert.enu. 

The dryias c:rib. vere construeted of 15 _ (3/S-) plywood and braced on the 

Inl1d, vith leDgths of 38 ,_ x 3S _ (2- X 2-) .eIlbers. Lenght:s of 25 _ x 

25 _1-3 _ (1- x 1- x 1/S-) angle Iron vas uaed for outer reinforc:e.ent. 

The __ bers vere held in place vi th screvs, and c:aullting vas used to .eal 

aU joints. Both drying edbs included aecess doors on one side, to 

facilitate baIe handIing. Tbe ddes of tbe bina vere equlpped vi th au 

adjuataent .. chanis. to effect retightening of the bin contenea if 

considerable baIe ahrinUse vere to talte allace. The Inside of tbe bin vas 

lined vith po1yethylene plastic aheeting to aini.1ze air leakase eould be 

ain1aized. An air plenua of rough.ly 0.3 a3 vas incorporated belov the level 

of the bay. in order to obtain equai a1.r pressure distribution underoeath 

the baIes (Fiaure 2). 'lbe floor arU of che bina .1 eleatanecl in luch a vay 

as to exactly fit the baIe .lze used at the Mac:cloaalcl Coll .. e Fara. 

In the Phase 1 exper1.aents, the ex1.sting blover-type fana at the lrace Fielel 

Station vere uaed for the air nov syst_ and vere connected to the dryina 

bina using non-perforated plastic: drainaae tubes. Tbe fana uaed for the 

sabi'ent air c:rib vere tvo Delhi ~centrifuga1 blovers rated at about 952 

a3/h (560 cba) at 0.3 CIl (l/S-) Itatie pressure. The air vas duçted ehrough 

a length of 30 CIl (12-) galvaahed IIteel c:lrcular duct, at Vbich point 'the 

airflov vas .... urecl. then into the plascic drainase tubes eonnected to tbe 

dryina bina. Tbe air flov into the .. bient air bin vas .. lntained at a 

fixed rate, as tbe fana ran at a contant apeed. "The solar beatecl air dryi1ll 

cdb, vas provided vi th air dr.va by a variable spaed blover. r.ted at a 

au:1aua capac:ity of 6800 .;J /h (4000 cfa) and a aaxilila pte •• ure drop of 

39 



\ 

level of hay 
... '" . 

... t , . 
,," , 

,," r 
,,,~/ : 

..... ___________ -1 ______ _ 

welght 

t .,,------7 .,; , " , ", ,,; 
tII!!-- ----,.&----,,'" .,; 

-", /' 
" '" ., ..... -----,4-----r-

~/" ,/" ~/ 
.... _-----""-----_ .... _---

air aixlng 
zone 

\ 

100 ... 

----..... -----
~" ,,'" "'- , -r----"":)' 

", / 
",.. ---:--..1. --..,. .... 

"".' 

T 
1 
l 

1 

1 

8' 
.. 1 

corrugated plastic duct 

Figure 2: SchelUtic of Drying Crib fqr Ca..,.rative DryiJ18 Tests (Phase I) 
Bot:h "Solar" and "Aabient" Cribs vere Constructed Identically. 
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19 .. (3/4") W.G. The airflov rate iota the .. bieot air dryiaa crib .. a 

aeasured usiog a hot vire aneaoaeter. This flov rate vas Mtched ta that of 

the heated air bio by the uae of the variable speed fao. 

Four iDelepeodeut testa _re c:arried out • Tbe Urat teat ~xt.nded froa 28 

.lui)' tO 2 Auau.t 1983 t and va. priaarily uaed ta calibra te the equlpeent. 
'1 

The aeeond teat dates vere froa 5 ta 12 Ausuat 1983.' The focus theo .. _ on 

the teaperatures vithin the balea of bay and the pro8ressloo of the d~na 

zone ln eacb dryina crib. Tbe tbird test ... eonducted froa 15 Auauat ta 1 

Sept_ber 1983. and concentratecl on drylos rate.. as vell aa t_perature 

levela in tbe test crlba. nte final aet of cuperiaenta vaa rua frOli 6 to 15 

Sept_ber 1983. The.e testa vere aiaed at verlfyina dryiaa rate. a. related 

to the entry and exit air of the respective dryins erlba. 

,rJ 

3.2.2 lnatru.entadoo 

Anacond.a-ConU.~l1tal T-type thet'llOeoupl.a (16 ..... e) _re ",ed 1:0 _uitor 

the teaperature. of the bio eotry and exit air, .. vell.. at different 

poiota throuabout tbe ha,. .taclt. Te.t. l, 2 and 3 .onitored of t_peratur •• 

in the hay, 80 aa to note the proaresa1oD of ~e dryina zone. te.t 4 
---------- -- \ 

on the relativ •• ~r before and alter it pasaect 

the for~--------n;- 10cati01l of the theraocouples in bath type. of --------

focuaed 

throuah 

test. 18 illuatrated in Fi,ures 3 and 4. Wet bulb t_peratures of tbe air 

vere W! •• ured. usina thioner (24 ,a ... e) tberaocouple vire eontinuoualy 

vet~ed by .eaoa of cotton vicka placed 10 vater fliled contaioers. A Taza. 

Instr1aents 24 channel chart recorder va. uaed ta re,ister the t_peratur •• 

on ,a continuou8 baai. throuahout the experiaeDt. 
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Lesend: 
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'06 

10 Il JI! 

2? r:!J 
l!1J 

Thermocouples 
'01 Exit air (d. b.) 
02 Entry air (w.b.) 
03 Entry air (w:b.) 
04 Hay Temperature Centre of Upper BaIes 
05 Hay Temperature Centre of Upper BaIes 
06 Hay Temperature Centre of Middle BaIes 
07 Hay Temperature Centre of Middle BaIes 
08 Hay Temperature Centre of Lower Bales 
10 Entry air (d.h.) 
11 Entry air (\J.b.) 
12 Ambient Air Temperature (d.b.) 

l ~ 
19 

d r!J 

Ther1llocouples 
13 Exit air (d.b.) 
14 Exit air (w. b.) 
15 Hay Temperature Centre of Upper Bales 
16 Hay Temperature Centre of Upper BaIes 
17 Hay Temperature Centre of Middle Bales~ 
18 Kay Temper~ture Centre of ~iddle Bales 
19 Hay Temperature Centre of Lower BaIes 
20 0 Hay 'Temperature Centre of Lower Sales 
22 Entry air (d.b.) 
23 Entry air (w.b.) 
24 Exit air (w.b.) ~ 

} 

Figure 3~ 5chematic Illustrat1ns Locai1on of Thermocouples 1n C01llparative Dryins Test 1 
and 2 (2 to 8 AUlult and \8 to 31 AUlult 1983) 
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.r3 V 
Thermocou~le8 
01 Exit air (d.b.) 
02 Entry air (w.b.) 
03 Entry air (d.b.) 
04 Hay Temperature Middle of Hay Bales 
05 Exit air (w.b.) 
06 Exit air (d. b. ) 
07 Exit air (d. b.) 
08 Exit air (w.b.) 
09 Exit air (d. b.) P 
10 Entry air (d.b.) 
11 Entry air (w.b.) 
12 Exit air (w. b.) 
13 Exit air (d.b.) 

JI 

• 01 0 

1 2Ilr:=J dl v 21 

14 Exit air (w.b.) 
15 Exit air (w.b.) 
16 Exit air (d.b.) 
17 Exit air (d.b.) 
18 Exit air (w.b~) 
19 Exit air (w. b. ) 
20 Exit air (w.b.) 
21 Hay Temperature Middle of Hay Bales 
22 Entry air (d.b.) 
23 Entry air (d.b.) 
24 Exit air (w. b.) 

Figure 4; Schematic Illustrating Location of Thermocouples in Comparative Drying Test 3 
(05 to 15 September 1983) 
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The weight loss of the hay baIes in each bin WBS œea8ured by aeans of 

aechanical scales. The resolution df these vas verified, using a 200 

.. ss in conjunction vith a digital Toledo balance and vas established to be 

between 0.25 and 0.5 kg. The rate of water loss frOII each bin vas obtalned 

by noting the weight difference vith respect to tiae e,lapsed. 

A T81 .adel 1000 hot vi re aneaOlleter vas used to deteraine the air .. speed and 
11 

consequently the air flov generated ~y each fan. 

" ~ 

3.2.3 Construction Details and Test Procedure' (,0, 

The expert_ntal procedure involved hourly, daUy and periodical 

aeasur_enta. Bourly readings of the follow1118 it_s vere taun: 

- teaperatures throughout the syatea 

A" '. 

relative hwaldity and the dilference in toperature' of 

the 4ir entering the sabient and solar heated drying cr~~s 

o 
• - aoisture loss from the hay crib 

- aeteorological conditions • 

, 0 
Verification and adjuatment of the air flov into both dryina bina ... 

o 
eonducted daily. Periodical testing included: 

\ 

- airflov speed distribution through the top of the dryina 

eribe 

- initial and final aoisture contents of the hay 

- quallty analyses of the forage once the test vas eoapleted 
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The te.perature of the incoaing solar heated air vas regulated on an hourI y 

hasis through the use of fresh air dampers in th; Solar Wall Collector. 1 

This vas adjusted ta parallel the temperatures measured in the Phase II 

experi.ents st the Macdonald College farm. Reguler monitoring' of the heated 

air teaperaturês at the full scale prototype resulted in good correlation 

vith the temperatures obtained for the solar heated air used in 'the Phase 1 

testa. 

The airflow rate in ta the drying bins vas aeasured by talcina • traver.e 

reading. throuah the circular galvanized ducts located at a distance 

, equivalent to 12 duct diaaeters from the faDs. The air .peus vere takeu st 

Il locations through the 30 cm diameter duct and averased, in order to 

obtain a mean value used for calculating the airflow rate. As thete vere no 

leska in the ducts leading to the drylng crlbs, this air flov correspooded 

to t'pe air being blown through the baled hay. 

The initial and final moisture contents of the hay in each bin vere obtaiued 

from core samples totaling about 800 g, /f taken from among tbe six baIes of 

each crib. These samples vere veighed, dried in lots of 200 grams in a 

conventions! drying test (24 hours at 70 OC) and re-weighed, in order to 

~ ob tain the dry basis moisture content. Thia aessurement i8 represented by 

tbe following equation: 

wbere: 

MCdb - W - D X 100 
D 

K~b - dry base .oisture content (X) 

W - weight of .. terial befote drylna <ka) . 
D - welght,of .. terial after being tboroughly 4rie4 <ka> 

45 
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Periodlcal alrflov teaea vere conducted at tbe top of tbe bln ao as to 
~. 

verify tbat the air vaa escaping evenly froID the cr.tbs. badinss vere taun . ~ 

ln • grld pattern at spacings of 20 CID with the hot wire aneaometer placed 

just above the level of the baYe 

.. 
3.2."4 Quality Analysis 

lach of tbe tbree aethods of forase banestillS vas alUlly.ed vitb reapece to 

dry matter, crude protèln and acid deteraent fibre content. ln edditiou, 

,~rganoleptlc exaaination.a (vi'sual, 81Ie11 and touch) vere atao uaed to 

evaluate the quality of the ,forage. Coapar18ons vere ude on the for .. _ 

once Lt had been dried. The methodoloay for the chemlcal analyals .. a 

undertaken according to the standard procedure established by the 

Âssociation of Official Analytieal Chemists (1980). These procedures have 

beeu included in tbe Appendix for reference purposes. Three replieates vere 

colleeted for the determination of tbe crude protelu and aeid deteraent 

fibre. 

( .. cl 

J 
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3.3 Materials and Methode of Phase II 

3.3.1 De.ign Criteria of the Barn Solar Hay Dryer 

Wben utilizing solar radiation ta preheat the dryiog air, one alternative ia 

/ 

ta utilize the envelope of the barn as a siaple collector for this eaeray , 
source. The logieal areas,to ex .. ine are the roof surfaces, the south, .ast 

and west facing walls. Tbe rationale has alway. been that faraers vould uae 

tho~e surfaces receiving optiaua radiation levels, provided ai.ple, ro~t. 

easf~y cODstructed aolar collection systeal coold be iuatalled. 

Tbe criteria aentioned earlier vere the pri .. ry eon.ideration. for tha 

de.ign of the Phase II aysteD. The debydration proces. eavis .. ed is 10v 

te.perature drylàg. The a.ount of teaperature iacrea.e of tbe beated air 

sbou!d be ia the raoae of lOC to 60C., as tbe airflov rate. are very biab. 

ln order to prediet vhich aurface of tbe hay barn vould obtata the .,at 
1 

iacident °aolar radiation, a coaputer progr ... ~ va. devi.ed to anal ys. Vbat 

averase daily iacident radiation vould fall Ga the roof and .. 11. of tbis 

particular buUdina. The aethad for predictina the aver .. e hourly radiation 

inddent oa non-horizontal aurface. va. developed by Hay (1971). The 

outline of the theory behind the aodel has been iacluded 10 tbe Appeadix for 

refereace. The location of the proto typé aoler a.alated hay dry1ns barn ta 

tbe Macdonald CoUeae fara in Ste.Anne-de·lellevue, Quebec. (Latitude 45.5 

deareea M). The d1aensions of the ._brel-roofed bulldi1l8 Ar. 11.0. X 27.4a 

X 10.7. bi.h. The barn ba_ a wooden lnner .upport atructure and la covered 

vith veathered .alvanl&8d .. tal aheeta. 'late A illustrat.s tbe .eaeral 

.p,.ar~nc:e of the south vall of the bulldiDl-,=-- Tbe barn va. built prior to 

-1940 and DO arcbltectural plaa. are available. Tbe iultlal vorlt to be do_ 
/' 

... to .... ur. the barn dt.8nalo.. ln ord.r to .. te auitable plan. to .. 

47 



( 

uaed for furtber c:alC!ula~ion •• A cro.s .ection of -tbe baro appear. _ ln 

Fiaure 5. Plate a Uluatr.t.. tbe coaplex l~tera&1 wood fr ... vork of the 

baro. Once tb. basic di_o.ion. vere obtained, the calc:ulation. of the 

••• r... hourI, .olar radiation incident on .ach surface could be predicted. 

Co.puter 8Odelling ... uadertaken ln order to e.ti .. te the incident bour~y 

solar radia-Cloa avaUable for diffet.aDt barn .urface. during the ,forale 

dryina .... 00. A .'~g,-,»of llaXt1itia po.si~le enerlY collected froa .. ch 

l' 
surface for the 4 IIOntb. ln question ia lncluded in Tàble II. 

The .y.ta .... de.l,ned to enc01lp.s. two .olar c~llector.; a preheatiag 

plenua in the roof and a .olar wall air prebeeter. Tbe varioua coaponentl of 
, 

.tbe .yst .. are Ulu.tr~ted in Fi,ure 6. 
" 

/ 

-, 
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Plate A. South Wall of Macdonald ~ollege Hay Barn 
. prior to construction.~· 1 

Plate B. Vie~ of inner wooden fra~ework of Hay Barn 
prior to construction. 
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TABLE II ESTIMATED AVERAGE VALUES OF MAXIKOM POSSIBLE SOLAll RADIATION 
COLLECTED ON VARIOUS SURFACES OF THE MACDONALD COLLEGE, HAY BAIlN 
FOR DIFFERENT KOlfTHS OF THE SUMKEB.. 

Maxiœuœ Possible Collection of So~ar RadiatioD (Beat equivalent kWb/48Y) 

Slope (frOll 
horizontal) 
and 
orientation 
of Surface 

330 East 

330 West 

540 East 

540 West 

900 East 

900 West 

900 South 

Area 
of 
Surface 
(,.2) 

104.5 

104.5 

115 

115 

150.5 

150.5 

100 

, , 
,.June July August 

398 420 431 

392 407 414 

377 402 426 

343 387 378 

337 378 406 

331 349 388 

181 197 254 

3.3.2 Prineiplea of OperaUon of the Bara Solar Hay Dryer 

Sept_ber 

460 

445 

496 

472 

285 

~70 

247 

Before describins the construction detaila and exper1aental procedure ua~ 

in asse •• ias the barn solar bay dryer prototype, a brief outUne of the .ocIe 

of operation of t~\ syatea la warranted. 

The barn .olar bay dryiag syata 1s ca.prieed of sIx _jor coaponeat •• 

;.c:._ 
. These are: roof pleoua air prebeater, 80lar vall air preheater, 100er bypaa. 

wall, t;an suction a1xlng plenua, two 3.73 kW axial fana, and floor air 

distrlbntion ducts. 
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Aabient air enters the ayatea through opeoings eut into the apex of the 

north vall of the "barn. The air then passes through the roof plenua air 

( 
A j)Cl_rttQ!1 __ of the solar radiation is absorbed on the galvanized 

o roof of the barn, heating the aetal surface which in turn beats the Incc:.ing 

air. Once the air has travelled the full lengtb of the roof plenua, It is 

subdivided into tvo air atreaas: one vbich flova through the solar -.11 

collector and the other wh1ch flovs throu&h the inner bypass wall. Solar 

radiation incident on the south facing vertical collect~r further heata the 

drying air. The tvo air stresas in tbe vertical aection are coabined ln tbe 

fan suction aixing chaaber whicb acta to stabilize the teaperature and 

daapen the tan noise. Up to this point, the system i8 operated under 

negative pre.sure. TVo 3.73 kW axial fans Buck air througb the roof plenu. 

prebeater. dOVD the solar vall air preheater and into the fan suction aixing 

plenua. The fans then blov the beated air through the tllO floor ducta 

arouod vhieh 1s piled the hay. The buaid barn air ls evacuated tbrough t1R) 

large triangular openings eut into the soutb barn vall (Plate K). 

3.3.3 Material Selection Criteria and CoDatruction Detail. 

The construction, experi.ae11tation &Gd ~aluation of a full scale in-situ 

80lar hay drying barn (Phaae' II) vas uodertaken at tbe Maed~d Colleae 

rara. rolloving a two .onth design phase, the coustructton of the barn 

80lar hay dryer va. carried out frae 25 April to 25 June 1983. Expert .... ts 

on forage and arain dryina vere undertaken fra. July tbrouah to II1ov_ber 

1983. There vere two aen working full tiae (40 hours per veek) duriaa tlaat 

period and up to 6 people working on the aite for the last four veeka of' 

cona t rue t ion. The a.seIlbly t1ae vas extended as "st' of tbe workers bacl a 

aini.ua .-ount of ~rienee in thi. field. 1 t sbould also be noted tbat 

( the barn at the Macdouald College fara ls a relatiyely old buIldi~ {cirea 
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1940) vith a coaplex Interlor fr .. lng, Including 8 .. tre aetal floor to 

ceillng braces, that restricted the work space. For ~his reason, a nuaber 

of alnor 8Odlflcations vere .. de ta this structure and the sealing of the 

building took .ore tiae. In addition, there vas no exist1ng bay drying 

syste. in the barn, pr10r to the ex~ri.ents. The estiaated labour 

requireaents for the entiré prototype constructIon appear ln Table 111. 

Construction details of the different coaponents of the baY drying s,at .. 
, 

viII be described separately. 

I.oof Plenua Air Preheater: 

Tbe roof plenua air preheater 1. a bare plate (no alaz1ng) collector vblch 

transfera radIent energy absorbed by the galyanized roof aheeting to the air 

atreaa vblch 1& used to dry the hay. The .. in feature of the preheater la 

that it aekes full uae of the roof a8 a a!aple 801ar air heater. Tbe roof 

aurface oeed not nece.sarily be painted proyiding lt la vell veathered and 

does not r~flect too auch of the incident 801ar radiation. If it la painted 

flat black or vith aoae dark _tt fini8h. 1t viII abaorb .ore 80lar ener., . 

than vithout thia coating. Tbe roof of the Macdonald Coll .. e Fara 18 eade 

of galyanlzed .. tal 8beeta vhlch vere d .... d auffleiently ... tberad oot ta 

require paint1na. Boles ln the roof vere P,t'tcbed vi th plaatlc c ___ t to 

prevent raln .. ter and/or cool air fra. euterina the prebeater. 

o 

A .. tbod had to be devis..s for lsolaUng the dry' air located UDderneath the 
." 

8alvanl~d roof fra. the buaid barn air • The floor of the pleu. had ta be 

.. a, ta lnatall. relatiyel, lûexpenaive and vell sealad ta preveut bua1d air 

fra. abort-clrcultiot into the .drY1na air at~. 

( 
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Designers of solar barn hay drying systems in France bave gone to great-

efforts and expense to insulate the air stream baiog heated by a roof eolar 

collector (Savatier, 1982). In the current deeign, it was decided that 

ineulation could be oaitted as the teaperature differential between the 

tesperature leavins the hay stack and tbe air in the preheater would be 

quite low. Black polyethylene plastic .heetins (0.15 .. ) vas atretched 

across the width of the roof span to crea te a channel for the air to flov 

through the prebeater and to act as a barrier, a180 to prevent aixing 

between the dry and buai4 air .. ssea in tbe barn. Polyetbylene aheetina ls 

readily available in various lensths and in widtha up to 10 .etres. This 

.. te ri al i. relatively inexpenaive .nd 8&8y to bandle. The greenhouae 

induatry ha. developed inst8l1ation techniques whlch offer good atructural 

resistance to variou8 types of loading (wind. etc). 

One of the tecbniques adapted to tbis project vas tbe U8e of ..,oden uiliaa , 

atrip. and. folding technique to aecure tbe polyethylene aheet leaatbviae 

ln the barn. 
4' 

As the design of tbe roof plenua air prebeater ..... retrofit 

to ao extstina barn, the iotedor fr_ina _bera, whieh includad _oy 

raftera and furrina .tripa (Plate B), aade the aeaHoa of the roof plen_ 

difficult. The plaatic abeet had to he cu~ and f1tted to contour exl.tina 

ob.tructions in order to preveot vara huaid barn air fra. InfUtr.t1na into 
, 

tbe drying .ir .tr.... The lov co.t of the polyetbylene .beetina .llova lt 

\ 
to he replaced after ~pp'ro~tely 2 to 3 .... 008 and atl1l be an ecoooaicai 

10veatJlent. ,. 

Tbe .. in portioo of the work. dooe on the roof plenua air prebeater via. tha 

in.tallatioo of the 300 .z polyethylene .beet. ÂJJ the barn ... practieally 
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TABLE III: ESTIMAtED TIME REQUlREHENTS FOR SOLAR. HAY DIlYING BARN CONSTRUCTION 

JOB DESCRIPTION 

Levelling of ground 1nside barn 

Re1IIOval of metal braces in barn 

Removal of excess hay tram vork area 

Construction of floor plenum 

Sealins of roof of barn 

Installation of fans (including pousing) 

Preparation of south vall (acid & paint) "' .... , 

Man Day5 
Ilequired 

5 

2 

5 

20 

3 

S 

3 

Construction of Solar Wall Air Preheater (SWAP) frame 15 

Installation of lletal and suzing in SWAP 15 

Sealing and paintins 1ft ~~ 5 

MaUna accus boles 1ft barn valls 1 

rnstalling screen and frames on these ports 3 

Installlo& the plastic sheetins in roof pleoum 1S 

eonstruct.1nS inuer bypa.s vall and jun~ 15 

Constructing .adul&r floor ducts 20 

Hiscellaeoua •• aling ln system 6 

Mbc:eUaneoua AC ti 'Vi ty (a caf folding, purchas.a, trmaporation) 10 

lnatallinl instrumentation 10 

Total 158 

1 
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uaed to reach th. apex of the , .. brei roof. The uae of thia equip .. nt 

proved very .atiafactory a. the tvo acaffoldins platfor.. could be .aved 

.iaultaaeoualy ~. the plaatic va. unrolled and fixed i~.place. The plaatic 

va. fa.tened by foldlna tbe .ide. and overlayins a wooden na111na atrip oyer 

of th!. fold. LeD8t~ of polypropylene rope etretched acro,e the roof apan, 

aboye and>- below the p1a.tic .beet. Tbe.e _re uaed to .upport the wel&ht of 

the polyethylene in the -off- .ade aad retain the .beet vhlcb tended ta bov 

upYard ia the operatloual 804e. The polyeth~leae eonatructloo detal1. are 

found ia Filure 7. 1t .hould be noted that if a far.ar vere ta iD.taU che 

plaatie ebeet. he ahould achedule tbe vorlt to be doae whaa the hay la pUed 

h.1ab ia tbe barn. Thia vould ,restly reduce tbe hadrd of vorlti .. at a 

, claoaerou. befabt and .1ItpJ.1fyina the innaUatioo. 

Tbe Solar Wall Air Prebeater: 

Tbe .. terial. ueed 10 prevloua experl8eGt. with .olar .. Il atr prebeat.r. 

(or SWAP) have beea .. leeted for tbetr relative lov coat, atructural 

.trenath and effectlveaa ••• Tbeae .. ter1al.' .. et the da.fao erlterla 

de.erlbed ia an .. rIler .ectioo. Tbe SWAP incorpora te. the baeic e1.-.ot. 

of any aolar coUeetor .ucb as: trana~reot .la&101; 'abaorlMtr ,late; 

... lant. aad fr .... L 

The ,la&iOl choeen ... corrucated tranaluceot fiber.la.. relnforced pla.tic 

1.526 q/al (~Ga. paf) Tbe.e are a"ail,ble in 86 ca x 244 

ca paael. and offer batb atructural .trenath and de.lIn flexibl1ity. Tbe 

panel. are treated vitb a proteetive eoatina co ... rcially referred ta .. 

bcelite R. vhich preveata ultra-violet deterior.tioa. • Corrusated 

Uber,la.a ta a aturdy .. Urial wb1ch c:an vith.tand the oc:c:aeiolL8;l' 'iapac:t 

tbat .. y occur in fa~ applicat10na. It. 1natallatioo i. .i.ple aÔd the 
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.yeleta used for aupport ropea 

... in 

bea., 

polyethylene 

vertical raftera 

Det.il !! Pollethylene 'oldiDi t~cha1gu. 

.. in 
horizontal 
be .. 

Pigure 7: 

1-
"-lath 

~ po~Y.thYlene 

bet.il of Roof Plenum 'Air Preheater Construction 
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.,.nels can be .. sUy eut to Ut any alze of collector. _ Leqtbs of 19 _ Jt 

into the .ertical vooden ... ber. and th. ,la.lna pan.1. ver. f.steoed to 

tb ••• udq ""'0 ... 1 scr ... vith neopre .... sbers. 

The abeorber plat. of the SWAP la the utemal ,_lv.nt_cI .. ul _11 of the 

barn vbich le painted vith _ dark _tt fiolah for opt1&al perf~na&IlCe. The 

AIl &cid etch ls 

n~d. uaioa IlUri.tic acid. to enabl. the palot to Adhere to the .. ul 

audac.. Black palnt .e cbo .. n ln thia appl1catlon (Plates C. D aud 1). 

AD additioaal abeorber surbce •• ioc1uded in the fora of a black 

fiberalass .. sb. This _tarlal 1. e0..01l1, uecl às screeniGl for vlndow 

-04 offer. locr .. aecl •• rf.ce ar.a for enera, coll.ctlon and addltiooal ba4t 
" - ,1 

1\ ' 
traoefer .urf.ce for the ,.e.lna eir .tr.... Th ... sh actuaUy osclUat •• , 

allabtl, vbicb ~DCr .... s the but tranaf,r fra. tbe b .. ted fiber.las. to tb. 

air. Thia .. sh va. installed paraHel to th. vall. aid-vay betveen th. 

slaalna and the ab.orber 'plate. 'Tbe .. sh allowe approxtaetely 55% 
r 

tran .. isslvlty of incident .oler radiation onto tbe absorber plate, (Brace 

..... rch Institute. 1981). 

o 

Silicone cau1kina vas used as a aealant between the 8lazing panel. and 
. 

around the fralle. " lt la very elasUc, will not crack vith Uae and Adheres 

weIl to 80st construction materials. 

The frame of the SWAP waa made of construction grade lumber. Spruee was 

used for the frame which W8S nailed directly onto the barn wall. The wooden 

" members were toe-nailed into the barn's inner furring stripa using 89 mm (3-
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~l.te c. Installation of scaffolding for tbe 
construction of tbe Solar Wall Air Preheatér 
(south wall). 

Plate D. Painting of the exterior south wall to be used 
as the absorber plate of the Solar Wall Collector. 
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Plate E. South wall of Hay Barn pa1nted flat black. 

Plate F. Installation of wooden members in the • construction of the twelve air channels. 
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The in~erlor and exterlor aurfac.a of tha fr_ _ra 

'<t< 

palnted fiat black for ... ~ radiation abaorption. Ba.ed on an airflow 

ape4td of 1... than 5 al. in the aolar wall. a &pace of 178 _ 

eoutructed betveen the abaorber plate and the .la.lna. Tbia .pac. _. 
proYlded by tvo ,pl.c .. of 38 _ lit 89 _ (2" x 4") .prue. DA\Ued on end. 

Ir ... provided tvelye vertical channel. tbroQlh vhich tbe\air .ould pa •• 

(Plate F). Openina. were cut in the aahani •• d aidiaa at tbe top and botto. 

of the vertical channel. to perait the air fr.. tha roof p1en.. air 

prebeat,r to enter into and exit fr .. the SWAP collector (Plate B). A door 

... con.tructed Aboye the SWAP to provide acce.. to tbe roof planua for air 

.... ur ... nt and repalr purpo •••• Thtt junct10n betlMen tb. roof plea.. air 

pr.heater and the v.rtical .ection waa .loped to reduc. tb. abrupt 

directional chanae of the air peth and 1.aaen airflov r •• latance (Fiaure 8). 

Pieces of galvanlzed flashina vere nal1.d at a ate.p anale at tbe top of the 

SWAP to prevent pigeons and otber birda froa perch1na on the collector. A 

detalled drawing of the aolar vall air prebeater (SWAP) construction la 

found in Filures 9 and 10. 
1 

o • 

p 
The Solar Wall ~r Preheate~ (SWAP) wa. eonatruct.d folloviua tbe dealan 

established et Braee Research Institute. Scaffoldina va8 u,ed to reaeh tbe 

different levels in the construct~on of tbe SWAP. 

Tbe Inner Bypass Wall: 

An- inner bypass wall was built in order to accommoda te the considerable 

a1rflows needed to dry hay inside a barn. The airflow resistance on the 

suction side of the fan had to be kept ta a minimum for adequate fan 1 
discbarge. Tbe total airflow througb tbe bay drying system was rated 

\ 

thé two manufacturer's fans ta be above 1370 ml/minute (48400 cfm) at , . -. 
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Floor Ml' DbtdbutiOft 
Duct tIIHIul •• 

-1"" 

/ Sloped Juac~1ou bcCWtcn 
t:oof &ad vall coUectou 

o 

Calv-uzed M.r:&.1 
51diDc of lun 

ümar 111Ia .. W&.11 

W004 ColUltruct1on 
InDu Wall 

3.73 kW fan 

\ 

Suction Plenua 

Solar Vall 

8: Section View through S~uth Wall of the Barn. show1ng Solar 
Wall and Other System Components (not to scala). 
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Plate G. Installation of the fiberglass absorber mesh 

in the solar wall. 
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Plate l. Installatiorl of t~e~angle iron lengths which, 
support the glazing. • 

Plate J. Completio~ of the vertical channels. 

65 
... . . 

1 , -1 



'. , 

( 

. 1 

angle ir 

screw joi 
angle iron 
wood member 

corrugated 

/ 

vert1c al wooden 
membe~s 

F1berglass 
Ilbsorber lIesh 

screw with 
washer jo1ning 
glazing ta angle 
iron 

outer transparent fiberglass'glazing 

Figure 9: Detail 'of Solar Wall Air Preheater Construction 
(not to scale) 
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Figure 

hUDber ____ 

(38mm x 89111n) 

ri 

, transparent 
fiberglass glazing 

angle irou 

hexagonal screw 
vi th neoprene vasher 

10 Section view through Solar Wall Air Preheater. 
(not to scale). " 

/ 67 ., 

) 
1 

~/ J ~ 



, 

Plate K. Detail of the solar wall in constr-l,lction. 

Plate L. S6lar wall with one haH of gla;z:ing installed. 
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statie pressure. The eount of air passing through the SWAP had to he 

reduced by shunting a portion of the air through an inner bypass wall. The 

crit1cal air speed in the solar wall 16 5 ./ s. Higher velocltles put undue 

stress on the fiberglass glazing and signiflcantly 'decrease the. beat 

transfer eharacterlstics in the collector. Approxlmately one third of the 

total alrUow of the hay drying system passes through the SWAP. The 

remaining tvo thirds of the flov 15 passed through an air space 30 cm deep 

on the inside of the galvanlzed barn wall (inner bypass). This air passage 

vas built overtop of the existlng inner wooden framlng of the barn (see 

Figure 1l)~ Lengths of ,38 mm x 38 mm (2" x 2") spruce were used to enIarge 

tbe passage and support the 6.4 mm (1/4") aspenite sheets which provided the 

inner covering ôf the wall. 
~ 

A seriês of holes (25 mm in diameter) vere 

drilled in the horizontal beams which otherwise blocked· the airflow in the'" 

bypass passage. 
A'" 

Caulking was applied along aIl' joints to prevent air -~ , 

leakage. The i.nner bypass wall area is 58 m2 • 

Fan Suc t ion Mixi.ng Plenum: 
. '" 

The air from the SWAP and inner bypass wall empties into a mixing suetlon 

plenum, which allows the Incoming air temperatures to stabilize. This 

plenum has a 1.2 m2 cross sectional area and is 7.2 m long for a total 

vol~me of 8.6 m3 • This plenum extends the entire width of the barn and 18 
" 

made of 38 mm x 89 mm (2" x 4") framing members coyered 'with 16' mm (5/S") 

plywood. AlI joints are sealed vith eaulking. The solar wall and the luner 

bypass wall open i~o t~e f100r plenum so as to keep the pressure drop to a' 

minimum. Two 1.2 m x 1.2 m opènings were installed to connect both fans. 

These two openings were covered with à 12 gauge 'steel mesh to prevent leaves 
\ 

and other debris from entering ~b~ fans as weIl as for safety. Two small 

2.25 m3 compartments were built at the east and west extremities of the 
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6" x 

1·' x 6 ft 

" 

mm) 

(140 mm x 
235 mm) 

(19 mm x 140 mm) 
2 U X 8" 

(38 mm x 184 mm) 
2" ~ a" 

(38 mm x 184 mm) 

F~8ut'e Il: Sketch of Lumber Framework on Ins1de of Barn 'South Wall. 
Units for lumber are S'pecified in British nominal uii~ps.,. 
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plenum in order to store equipment, house the instrumentation (digital 

recorder, etc.) and serve as aCC8SS ports (Figure 3.12). Acce,ss to the 

mixing chamber through the east and west doors was also provided for 

observations, manual instrumentation, monitoring, maintenance and repairs~ 

The fan suction mixing plenum also reduce$ the internaI air pressure 

resistance on the suction side of the system and dampens the fan noise. 

Fans and Floor Ducts: 

Two 
\ 

fans were required to supply the required airflow for the barn. The 

selection was based on the maximum airflQw delivered at the minimal cost. 

It was believed more appropriate to choose the type of fans that were 

available to the farmer and those'most lik~ly to he found in existing hay 

drying systems. A Hst of Quebec and Eastern Ontario suppliers is included 

ln the Appendix. 

1 

The fans selected were two LajQie 3.73 kW hay'dryer axial type fans equipp~d 
1 

w~th elgot blades with a diamelter ot' 0.92 metres ,(36"). Each fan was rated 

at 460 m3/min at 2.5 cm statlc pressure. The manufacturer's specifications 

appear in the Appendix • 

. The two floor duct tunnels were made as modular wooden frames 0 placed end, " to 

end, these côuld be, stored vertically when the barn was empty of haY. 

Sixteen modular floor duct units were built for the two airflow'distribution 

tunnels. Each unit measured 305 cm 'in length and had a cross sectional 

area of 1.2 m2. 
l, 

These frames were 

l, 
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4 ") ~th 19 mm x 38 mm (1" x 2") strips nailed on the top and sides ta·, 

prevent hay baIes from falling into the duct. Gusset plates and braces 

support the corners. A sheet of polyethylene (0.15 ma) was set on top of 

each duct to direct the air to the back of the barn furthest away from the 

fan where tpe hay was being dried. As a section of hay was dried this 

plastic s~eath was retracted and a board installed in the duct ta black the , 

air from short circuiting through the already dried bay section. This 

rudimentary damper control syatem permitted the drying in different areas of 

thé barn providing that the bay vas always loaded fro. the ~ar end (i.e. 
~ 

away from the fans~. 

3.3.4 Dryer Operation 

The operation of a Barn Solar Hai Dryer system ia aieilar ta that of a 

conventional forced convection bay dryer. As the aolar collection eyat .. 
" 4· .\,~ 

, . 
requires 'ua special controIs, the only basic d1ffere~ce i's on the diacharge 

side of the fan where care must be taken to direct the heated air to the 
'.J 

area where the moiet hay ia placed. Once the hay is properly loaded intp 

..' the barn, , the fans can be awitched on and should remain in operation until 

the uppermost lot of hay (the furthest away from the fans) 18 e~fficiently 

dry. 

Pre-Loading Procedure: \ 

Hay which has wilted several hours in the field can be baled and 10adeJ into 
u 

tqe barn at a moisture content as high as 45%, , dry base. The hay dryer 
, ... 

should be made ready before the hay enters the barn. These preparations 

include verification of the following points: 

the fans are'secure and operational; 

there are no major a1r leaks in the. system on the suction side of the 
fanj 
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the airflow distribution system on the discharge side of the fan h\a been 
<Jo 

carefully deaigned and inatalled; 

a aiaple static presaure aeaauring device has been InstaUed in 
'. 

the 

airflow distribution tunnels'in order to detect air leakage through the 

hay stack and deteraine the end of the drying cycle. A siapl\ .. ter, 

filled U-tube is co .. only used for this purpose. 

Loading Procedure: 

The hay may then he loaded on top of the airflow distribution ductl. The 

air should on~y be allowed to penetrate the zone vhic!h is go'ing to he dried • 
. 

The di~tribution duct may contain da.pe~s or control doors to direct the air 

in a given section of the barn. 

,Due to construction delays, the Phase II experiaenta vere started after à 

nuabèr of baIes had already bèen ~ield dried and vere stored in the north 

section of the barn.~ Details of the dates, coapo~lt~on. nuaber of baIes and 

initial moisture contents of the different lots of hay can be found in Table 

IV. The loading schedule of the Macdonald College hay barn for the 198~ 

season la Ulustrated-' in Figures 13 and 14. Theae achematics indicate the 

exact location withln the barn for each load of ,hay to be dried. 

-

The bales were' brought into the barn using a bal\ elevator. Iwo galvanized 

metal ,roofing panels located below the roof plenum plastic sheet vere 

removed and the baIes were emptled into the barn through this opening. The 

baIes were placed by hand throughout the drying operation. The first lots 

of baIes were set around the floor ducts and subsequent loads were placed in 
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TABLE IV LOADING SCHEDULE FOR BARN SOUR HAY DRYER 1i1983 SEASON 

DATE 

16 June 

20 -June 

24 June 

29 June 

NUMBER OF SALES 
LOADED IN BARN 

SOO 

1165 

700 

...I!.1 
Subtotal: 3440 

HAY TYrE 

alfalfa 

SO% al"faIfa 

80% allaIta 

80% alfaIta 

INI·TIAL KO"ISTURE 
CONTENT (% v.b.) 

AlI bales loaded to this point vere field cured and Btored in barn 

jo'.June - 1 July 325 IIlixed Timothy grass 25.9 

6 July 325 IIlixed Timothy grass 29.5 

7 July 820 IIlixed Timothy grass 31.2 

19 - 20 July 760 50% alfaIta 29.5 

22 - 25 July 680 allalfa 32.0 

27 JuIy - 16 Aug.· 1500 allalta JO.1 

Subtotal: 4410 MEAN = 29.5 

Total number of !hales loaded in barn = 7850 balel '... . 

J 

N.B. Each baIe measuréd 18" x 18" x 40" (0.46 m x 0.46 m x 0.91 al = 0.212 m3 
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3340 BaIes 

10'aded 16 June 

ta .30 June HÜ~3 

325 BaIes 

loaded 30 June 

to l July 1983 

325 BaIes 

laaded 6 Ju1y 

1983 

820 BaIes 

laaded 7 July 

1983 

Figure 13 Schemat~c of hay barn 10ading during 1983 season. 

30 June to 7 Ju1y 1983. 
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Figure 14 

760 BaIes 

10aded 19 ,t'a 

20 July 1983 ' 

680 Bales 

loaded, 22 ta 

25 July 1983 

" 

-1500 B aleli 

loaded 27" July 

.' 

ta 16 August 1983 

(, 

Schem~tic of hay barn loading du!ing 1983 season 

19 July to 16 August 1983 
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lalers over the floar a~ea of the ba~. 

The baIes wére Çight~y packed and. interlocked in al~ernatingi perpendicular 

rovs (Ugure 15)i .The ba~è.s vere 8et so that' the airflow from the ducts 

• 
vo~d· blov paralIe! to- the eut '8 tallts of the forage. This is the 

. reco_ended loading procedure and allo"8 for good airflov distribution 
~) 

thrC?~t:a the staclt. As the back. portion of the barn va8 loaded vith dry hay, 
'. , 

~ 

~n airf~ov barri~ ~as·erect,d to separa te the dry hay fro~ the fres~, .aist 
\ • ,hay. A polyethylene sheet ~s draped the entire width'of the barn, which 

'prevented the air from the fan discharge to escape through the dry hay, 

~ich is ~he path of least reeistance. 
,a 

Drying Procedure: 

Once approximately 1.2 _tres of moist hay WBS piled on top of the ducts, 
q 

the fans vere started. The starting awitch WBS located far enough away from 

the dry hay area to av.oid any Ure hez.ard originating fro. a Itray 

electrical spark. A static presaure on the,fan discharge of about 1.2 ~ of 

water vas measured in aU-tube .anometers. If the static fressure is ,," Iluch 

lesa' than this, then there are probably some air leao through' the hay staer--

vhich should be blocked'with 100se hay before more hay is added. The fans 

should be operated throughout the drying periode In ~he experiments carried 

out in Phase, II J ,the fans remained in operation during the eatire aummer in 

arder ta obtain the IIlOst amount of 

co Il ec tion ays tem .. 

'. 

• J, 

-
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As the loacliaa of ha,. in a t,.pical case vould occur oq.. a sOIIe1rbat continuous 

baais for the three or fo"r cuts of ~y, the fans 1I8y he operatina non-stop 

throuahout the s ... r .ootlls. The faos .. y be atoppedl betveen cuts if the 

~.t baIe. loaded into tbe barn bave sufff.cientl,. dried. Spot checks of the , 

bay Iioilb,lre content would have f.ndicated if f.t b safe to stop the fan •• 

One ea.y verificatf.on can be done by atopping tbe fans overnight and 

startina th .. .,dn the folloving IIOrning. If the tirat air exiting the 

.tack in the aorni.ng 'il vara, reapiratf.on has probabl,. DOt .tabllized and 
1 

the hay should be drf.ed further. 

Forage Koiature Content Measur ... nt: 

The baIes dried in the tSacdouald CoU .. e haJ barn vere brouaht into the 

buildf.na at lIOilture content levels vary1J18 bet_en 25% .ad 42% dry basis. 

More than four thouaand baIes vere clded vith the) barn aolar ha,. dryar. 'l'be 

incoaf.na ha,. froa df.fferent loadf.aas .. a ...-pl"/' and the initial .,iature 

content for every load vas deterlliaed. ODe te.t ... ple ... ucle up fr.- ha, 

taun fra. the core of bet_en 1S aD4 20 .. 1.s ln order to ob tain a 

repreaentattve ... ple. The ... ple. "re oyen-driecl folloviaa the .t.aadard 

forase IIObture __ .ur .. nt procedurl (24 bour. at 700c). A prOlres.he 

dryina test in the Pha.e II esperblenta _. earr1ed out for the last load of 

hay frOli thé first cut (frOli 7 to 14 J'ut,. 1983). 'f'bi.a te.t ,i.... an 

indication of aoae of the possible clry1ac rat •• of ha,. i. the full ac:ale 

appl1cation. 

,. ' 

'i 4i 



.. 
Al though ,. DO in-depth qual1c.y evaluation WBS carrf.ed out for the Phase II 

tests, it should be noted chat there has been a aarked iaproveaent of the 

hay quality on the fara 8ince the installation of an BrUfi,cial dryer.. The 

barn dried ~y il greener, le8s brittle, has a aweeter' saell to it and 

conta11l8 mre leavls tban the hay vhich va. dried in the field. The only 

vay to evaluate the df.fference hetween .. bient and solar heated fan dryf.ng 

on a full Icale operatf.on vould he to conduct side-by-aide sUlultaneoua full 

acale drying triall. 

Propoaed SYltea HainteDance: 

The "intenance' of the aylt. abould 'include th, folloviq it .. : 

aD.llual. verification that the fana ~re. ln aood 1IOrldna order; 

.erlficaUoD chat DO lub have de.elopecf in tha aolar eoUeetorl on the 

suction Bide of the fau; 
. 

• erification of the alad... a1Id abaorber aurfac.. for daterlorati01l fr_ 

solar radiatioa. or otber abruloDa; 

occasional cleaG1aa of the a1a&1 .. and/or abaorber eurface. frae ctpat aad 

veriff.catioa that the roof pleaua dr 'r ..... t.r platie bas DOt 

deterioratH or dppeel alo ... itl ..... ; 

repaintiq of tbe .b~rher aurfac.. ( .... r ... r po8.ibl.) 1.1 theae surfaces 

. 
The overaU .,al:_ III1.lltenanee aboulcl he carrf.ed out ln the .pri... prlor to 

the load1~ of the barn. Alteraatiye1y. repair, iD th, plaa,tic of ~be roott 

pl..... pre.ter ,hou1d he carried out in the aut_ whi1. tb. hay atac:1t 

. ~ " 

eoulcl .. ~ a _a acaffo14taa to reaeh' the apex of the hera. , . 
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Iner" SaviOl HechaniRIafI: 
.. 

The energy COf'tR of operating a barn .. olar hay dryer can be reduced by 800d' 

dryer aanagement. Thi.. entail .. IItopping the fanA if the lateRt load of bay 

bein, dried haR reached the equll1brlum Ilobture content. Avold overloading 

the dt'yer a~ .. poil age of the hay lIély occur due to influfficient and uneven 

dryin8· lt ha.. been noted that fleveral energy Ilaving devie.eR have been '. 
incorporated ln forced convection hay drying Ilyfltem... One of tbefle involvef' 

the interaittent operation of tbe fall8 during the nocturnal period. An 

( ~ut01l8t1C Umer can be ulled to operate the fanll for IS nnuteA every bour 

~tveen 20: 00 hourI' and 06 : 00 hourll. Thif' allo"" the reaoval of the 

re .. piration beat from the bay .. tack thUA eU.inating the ri.dt of .. pontaneoUl' 

cOIlbuflUon and fire. Thb IDechanifla a1l&0 le .. flenll the .. ount of IUvbture 

content reabflorption duriag the nigbt-tille hourfl. The tiller .. ,. aho .. 

UIIèd during the dayttae to flhut dovn the fan .. if the relative buaidity b 

exce~fllvely high. 

ADother auto_tic "YRtem UAeI' theraocouple.. to detect wbether there 1.. a 

difference in relative hwaldity between the enteriag air' and the air exit! .. 

the top of the Rtack. 
1 

If no gradient exilltfl, then the lallll are turned off 

. 
autoaat1cally. Thill avo id A the problelll of overdrylng the forase. tbWl 

'-

deteriorating itR qua~ity and waRting electrical energy. 

3.3.5 

Kuch 01 the inRtrUJl~ntatlon wbich val' WIed in the coaparative dryi.., teat .. 

(ptuu-e 1) va .. re-u"ed at the "ite 01 the full .. cale bay cJrylng barn. 1'tIe 
, , 

fol.lowing equipaent vaR ""ed to IIOnitor the esperaent .. ln l'ba ... II: 
'., 

q- , 
- Anaconda Contl~ntal T-type theraocouple vire (16 _d 24 ...... ) 

- Diabtrlp III .octel Dlt.3-lA clata loger 
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Baennl .adel Solar-118 lnlolo.eter 
/ 

Bollis Geosystea. Corp., Model MaS solariaeters (constant • 13.95 

v/.J./aV) 
,Ir 

Kipp and Zonen CM2 solariaete~ (Constant • 94.22 V/~ / aV) 

T.S.I. Ine. Model 150-2 hot vire anemoaeter 

Lambrecht eup-eounter anemo.eter 

Dwyer inelined water guage 

Baeharach model 12-7013 sling psyehroaeter 

• Fiaher Seientifie Model 15000B theraoaeter 

The theraoeouplea. solariaetera and eup .neaaaeter vere eonneeted to the 

datalogger loeated in the inltruaent c01lp.trtaent of the floor plenua. tbe.~ 

in.t.llatlons .re llluatrated in Figure. 16 to 19. 

f· 

The Diglstrip recorded the ailUvolt '!anaI8, tr.nal.t.d th.. lnto 

e.lneer1. unite (I.e. vatta, oC, etc) .nd .ver.,ed th_ .. ery, 10 .seo". 

pr1ntilll a eoabin.d average v.lue ev.ry 30 alnute. in a tabul.r fora. The 

ft' Roill. Geosy.t ••• 5 .olart.8ter •• re lIOunted qn .the ust and .st .10,.. 
at the apex of the barn roof. }'he Upp and Zonen .olai:laeter _. -.ounted on 

the .outh f.eina wall. Tbe bot vire en_oaeter va. ua.d to .... ur. tbs air 

veloelty ln the floor duct and vertical va11 collector •• The ... ured 

.irflov rate va. then eoapared to the char.et.ri.tie fan eurve .upplied by 

th. fan _nuf.etur.r. Tb. .catie pr ••• ure ln the floor duct va. record" 

_ua11y U8ina th. Dwyer inclined _ter suale. Tbe rel.Uve hualdity 

.... ur_nt. of the .. blent air and th. huaid barn air .r ..... ur.d usl ... 

the .U .. p.yehrOlleter thermocouple. (24 '.USe) vith cloth vieu and _t.r 

containers vere ua.d to record r.l.tive buaidlty in diff.rent points in the 

.olar collector •• 
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Piplr. 16: Location of Wind and Solar _Inatru.entation used in Phase Il Experimenta. 
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Thermocouple 

101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
III 
112 
113 
114' 
115 
116 
405 
406 
408 
409 
410 
413 
414 
415 
416 

Ambient air 
Roof Preheater (1/3 length of barn) 
Roof Preheater (2/3 length of barn) 
East Bypass Wall (1/3 distance from top) 
Middle Bypass Wall (1/3 distance from top) 
West Bypass Wall (1/3 distance froll top) 
East Solar Wall (1/3 distance from top) 
West Solar Wall (1/3 distance from top) 
Bottom of Solar Wall (East) 
Bo'ttom of Solar Wall (West) 
Mixing Duct (East) 
'Mixing Duct (West) 
After the East Fan 
After the West Fan 
Temperature inside the Hay Stack 
Temperature inaide the Hay Stack 
Roof Plenum/Solar Wall Junction (East) 
Roof Plenum/SalaI' Wall Junction (West) 
Ambient air (wet bulb) 
Temperature Inside the Hay Stack 
Temperature inside the Hay ~tack 
Mix.1 llg Duct (wet bulb) 
Mlxing Duct (wet bulb) 
Botto. of Bypass Wall 
Bottom of Bypass Wall 

• 

-'. 

.' A11 thermocouples aeesure dry bulb teaperaturee (OC) unIe •• Indicated 
othervise. 

Figure 17: LocaUon of Theraocouplea used in Phaa. Il Experiaenta 
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104, lOS & 106 ----- • -- 107 & 108 

415 & 416 

113 & 114 • ~ • • 

• ~ ________________ w-__ r-------~ 109 & 110 

~" 
111 , 112 413 & 414' 

( 
P1&Ure 18 Section Viev of Solar Wall, By-pa .. Wall and SuctlOD. 

Plenua .bovins Tberaocouple Location. 

__ bers indic.te the theraocouple channela 
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Piaure 19 Plan Vlew of Solar Wall, By-Pass Wall and Suctiori Plenum showing Thermo~ouple Locations 

The numbers indicate the thermocoupl~ channe1s. 
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The aoiature ,. content of the forage waa aeasured vith aeveral 
t 

cOlllllerciaUy 

-.available lIloisture testera nameIy: 

- Delahorst Model F-4 bay moiature detector 

- Dickey-John Model FMT crop lIoiature teater 

-, .Koster Model C crop lIoiature tester 

These instrumenta vere tested and co.pared to' the conventional (24 hour at . . 
700 C)' forase .oiature content analy~i. ln- a .ta_dard laboratory oven located 

in the Departaent of Asricul tura! Eqin.erina a~ Macdonald Colle ••• 

3.3.6 Te.t procedur •• 

-"'- Tbe ,uperiaent. co~uct.d in Pbaa. Il (full acale prototype e.aluatioa> wra 
1 

und~rtaJten . bet ... n 30 J~ and 25 Auau.t 1983 at the Mac40nald Coll ..... Ma. 
, " , 

. Data coll.ctecl _nually duri ... tb. ~.et period ill~lud.: 

- autie pre.eur. ill the 'floor t;I..cce aftar tb. fau (ca .. ter) 

, ,1 

airflcnr neiataDca in the ',at __ fore the tau (ca _tar) 

air Ya1oc:itf in the! SV~ aad bypA8. _11 bef~re the f_ (a/a) 

- hflact:ivity't.ata on tha roof of tIM _rn (1) 
" 

- iait1.al 8Oiatur. conte.t of bay _pl .. (% d .... ) --- prosr .. 81v. -.obtur. coateata of differ_t ha, .-pl.. (1 •••• ) 

- r.latl ... ~dlty of out.td. air aad bara air (S) 
, 

.- ... tber obaervatiou and wt .. clireetiOll 

ADtoIIatlc nacli.... _l'. ncorcled .... '1'1 30 lI1awc.. "iIIa a Iql8U"1p 

Utal .... r. !'heee incl_ad:' 

... al .. of a1.r uaperablrall t~ tbe ~ __ for tIIe .i .... u­
iatanal (OC) 
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incident flolar radiation intenflitieR on the ~wo fÙopefl (eaflt a'àd wef&t) .of ~ 

_ #';1> the barn roof apex and on the flouth facing vertical wall (W/m2 ) (2) 

1 
accumulated daiIy Rolar radiation vaIueA on thefle flamè flurfacef& (Wh/m2) 

valuefl of vlnd veloctty on the apex of the roof (kph) 

te.peraturefl in bay fltack te verify if the bay balefl vere beatins up (OC) t 

AlI valuefl vere averaged over a tiae interval which in aoflt caflefl vafl -balf 

an hour. The refleetivity teflt~, air velocity and airflov'refliAtance teAtA 

vere conducted on dillerant occaflioUfl during the Au.aer. Tbe «tiAcurse 

Atatie preflAure, .. ather data and relative huaiditiefl vere taken Aeveral 

tiaefl daily. Tbe t_perature. radiatioD and nnd veloci ty recoreli ... " wra 

taun on a continuou baAIA. 

~;~1ICiPal expert_ntal objective _A -to teAt the perloraance 01 tbe nol 

~ ,len_ ,air preb_ter aad that of the vert~cal AOIaT va1l collector. ThiII 

evaluation vaA carded out over the eIItire tellt period. Other C ... t", -..da 

&Il the air velocityl and rool reflect.1Yity teJlt" ... re taba periodically ... 

viII be eon .. iderecl ioclivid ... 11,.. 

!'he collection 01 ftl .... 01 _lar r_tatHa, air aeperature. aJrflow ... 
• iI 

relativ. ...tdiC,. _ble _ avalaation 01 the .... t ... .." tt_fer 

dlaraeteri .. tlcA 01 the AY"tea. la rubber boAe _A i ..... rt_ ill the fioor .lact 

blaftel &ad Chen coatleeted to the Dllyer, inclilled _ter luaae. The readtaa of 

the .. tatic pre"Aure vaA then converted into airflov ~lna the .. nulacturer'" 
1 

-
Apaellieatio.... • TheAe valUfUl vare verlfied by _kt. tr.verfleA acroA" tlle 

taaael «IactA ul •• bot vire ....... ter. The .. t 1Nlb theraoc:oupleA .. ra 

. , . . 
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vetted vith' cotton wicks placed in water-filled containers and'located in 

the main air stream. .. 

The air ve10dty vas taun ln the SWAP by uking traverses thro~h the vall 
1 

'", at five locations, namely: 

next to the ga1vanized absorber plate 

.idvay between th~ absorber plate and the aesh 

st the fiberg1ass aesh 
, 

.idvay between the .. sh and the IIszI,na 

nezt to the .1azina 

a 

These 

channel 

resdlUSI vere taken, iD st .... t tvo- locations in .. ery 

and at tvo different heights in the _11 (l.5 _tre •• ad 

-~, 

vertical 

above the aroUlUil). The _.uraenta vere taken ueina the bot vire 

an .. oaeter. Profilee of the airflow vere dr.va end the airflov det.~. 

The air v.10clty in the bypa.. va1l va. ....ur.d in a daller Muner. 

A .erie. of lIOi.ture te.ta .. re conduetacl in order to obtsin" a aenera1 
,'1 

picture of the dryina of th. hay bal •• in the barn. As ha,. bal •• are 1100-

~e1l8oua aIld th.ir, auaber Và. conaid.rable (totall1ng 4410 froa tbe 

beaiDDilII of tt. expert.eut), the .obture content ",pUna vas used on1y .. 

an .. tiaation of th. vateT content Cr io a --particular lot of hay. Pour 

different 8Oi.tur~ t •• ter. vere uaed. The exper1. .. nu al.o senéd to 
t 

ft'aluate tiares of the eOMereially .. aU."le for .. e .ol.ture te.ters a. 

co.pa'e4 1:0 the aCadard 200 • ...,1. oYen clry1na t .. t of 24 bour. at 700 

" 
'1 

c 
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The Delmhorst testet'is equipped with a 2S cm pr~be which ls l~Berted in the 
, ~ 1\ ft' 

b41es.. the èlectrical ,resistance ls ~eglstered on ~ meter and scalèd to 

read directly in moisture content; The Dlckey-John moisture meter ls a 

plastld cylinder into which a chopped forage ~aaple is placéd. A piunger is 
, 

then depressed a~d a~n the ele~~rical reslstance is dlsplayed in the fora 

of a digital read-out which can be converted directIy into molsture content. 

In the case of the above two instruments, the procedureptakes less than ~e 

minutes per semple. The Koster equipment la a convective heating unit which 

dries tbe sample,in about 20 minutes • . 
prior to drying and tben set onto an etectrlc fan heater~ 

l " 
bay is rèweiabed.and a sc~le_on tbe balanGe indi~ates tbe initial 

Once dried, 

aoisture 
~ 

content of the sample. Several comparative tes~s vere undertaken over the 

suaaer tes~ perlod bet~en tbeàe dlfferent aeters.' 

. , 
l , . 

Airfl()w: 

The alrflo. rate in the Bolar air beating systèm WBS .eas~r~~by askiog a 
'il . , ' 

.eries of t~averse. tbroUgh the SWAP, btpass wall and floor distribution 

ducts. The air velocity was recorded uslng a hot vire anemometer •. Tvo 

traverses in tbe SWAP were taun 
" . in each of the twelve airflow cbannels at 

the following different depths: 

at 3 cas from tbe glazing (l/~ deptb) 

5.9~s 
' , 

at 'from tbe glazing (1/3 deptb.) 
... 

- at 8.9 cas from the glazing (Illiddle of channel) . ' 

5.9 c:a8 ,from tbe absorber plate (2/3 depth) 
. ' ," at 

~, 
at 3 CIUI fro •. the' absorber plate (5 If!, de'ptb) . 
• , 

" 

, " 

~ 

,< 

._, 

, ' 92 .. .. 
~----"-..:-~ 

,0 
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The traverses vere taken at.0.75 metTes and at 2.25 aetres from the bottoa 

of the eolleetor. Traverses of the §WAP vere talten twice on 5 Augus~ and / 
(1 

again on 9 and 10 August 1983. 
! 

The air v.loc1ty vas reeorded at 5 locations in the bypass vall at a height 

of 2 aetres above the bottom of the passage: 

2 cas from the 1nside wall 

-----7.5 CRS from the inside wall (1/4 depth) 

aidway into the air passage 

22.5 cms from the inside wall (3/4 depth) 

2 cas from the galvanized~wall 

These traverses vere taken ~and 16 August 1983. 

The air veloctty in eaeh floor duct on the discharge side of each fan ... s 
.fII/ 

also aeasured. A aheet of plastic vas fastened on the inside of the flov 

duet tunnel to channel the air to the aeasureaent loeation, 10 .. trea froa 

the fan. The tests vere undertaken on the 10 and 16 Auaust 1983. The 

cross-sectional area of the floor duet was subdivided into a ,rid &Pd 

" measureents taken at 15 CIl spacings udng the hot vire aDeaoeeter. The 

a.tatic presaure of aIl teat days varied only sliahtlf (1.32 ClIS + 0.076 
Il 

cas). The airflow rate in the barn system vas evaluated by aultiplying the 
,,-, 

air veloeity and cross-aectional area of the ~ifferent air pas...... A 
, > 

relation between thè .tatic pressure aeasureaents and the airflow va. thua 

obtained. 
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Mass Flov Rate: 

The .. ss flov rate (q of air per Ilinute) vaa c:alculated by aultiplyina the 

airflov rate (cu. a. per atnute) by the air denaity (ka per cu. ~.) usina 

the air teaperature aeasured after the fan dischar,e. The air denaity 

values at a ,iven teaperature vary slightly over the range of relative 
Il 

huaidities aeasured during the experiaent. Therefore ~n the evaluation.of 

tbe uaeful beat output fra. the syste., the air density values vere adjusted 

for diffetent teaperatures at a non-varying rela·th'e hwaidity. 

Specifie Beat: 

In order to evaluate the usefui heat output of the systea, the isobaric 

specifie heat of the air auat be eval~ted ualng the equation: 

cp - 0.2399 + 0.4409 r + 4 cp 

" where: cp - specifie beat (calI, OC) 

....... (3.2) 

r - wixina ratio in ka of _ter per ka of dry air (froa 

psychroaetric tables) 

Aep - iaobarie specific heat residual of .cist air (cal oe/, dry air) 
Ill> 

, 
Tbis equation deriv .. froa the Goff-Grateh foraulation (Liat, 1958). In 

tbis case, it vas noted that the fluetuatina t_~rature difference of the 

air cauaes the specifie heat to vary oo1y alightly (0.1% differenee) in the 

ranse of relative huaiditiea encountered. For this re.aon J the apec if ie 

heat values are adjuated to the teaperature fluetuatiou only. Tbeae valuea 

are uaed in the uaeful beat output calculatlon. 
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Temperature: 

The teaperatures ln tbe solar barn bay dryer vere measured using T-type 

thermocouples. These were calibr3ted prior to installation using an Ice 

water OoC reference point. Over the course of the experiments a total of 2S 

the~ocouples were installed at different locations in the system (Figur~ 

17). During the course of tbe tests. the thermocouples wbich verè 

accessible (eight in aIl) vere verified against a Fisher-Sclentific 

thermometer having a resolution of + O.loC. Tests conducted on 12 and lS 

July 1983 noted ~n average percentage difference 0.7% between the accessible 
• ' ' 0 

thermocouples and the thermometer readings. 

Reflectivity Tests: 

The reflectivityof the'surface of the roof plenum air preheater (i.e. the-

roof of the barn) vas verified on 4 and Il July 1983 and ~ain on 16 

February 1984. A Haenni insolometer vas used for this .easureaeot. The 
\ 

senaor of the instrument was placed parallel to the upper slope of thè barn 

roof and the reading of the 80lar radiation intensity (W/.2) W8S recorded 

witb tbe sensor facing the galvanized .etal and then again pivoted 180 

~egrees, facing tbe skye Thls measurement was repeated for differe~t tiaes 

of the day. The average leflectivity value obtaiued for the galvanized roof 

, was 2~% of the total, radiation inci~ent on the roof aurf.ce •. The data fr_ 

these tests can be found in Table IX. The reflèctivity teats vere alao done 

on a fIat black tarred surface of a'ne.rby roof to aerve a •• po •• ible 

comparison. lt ia evident tbat the alb~do fro. a fIat. black roof la low 
Î 

coapared to tbe weathered galvanized aurface. 
r 
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Hoisture Contents: 

The .oi.ture content of tbe hay va8 recorded in botb the full .cale 

prototype and the co.perative dryins teata. In tbe latter thi. .. •• ur.-.nt 

va8 done .t the beginnilll and at the end of the uper1aent. only.· 80.. not 
.. ~ 

to di8turb the drying ... ples • 

./' 

t:he loading of tbe full aeale, barn solar hay dryer 18 a dyua1.c prqe •• a. 

where hay va8 added over tb6 course of the .~r. Moi.ture content •• 

__ pied frOia different Iota of hay that vere load.d into the barn. Thi •• a 

done .. inly to verify that tbe initial .oi.ture contenta were Dot too hiah. 

Hoi.ture content .oni toring of hay inaide the barn •• uud.rtakan froa 8 to 

14 July 1983 ~ the .nd of the aeèond eut of hay. Duri.., chia t .. t, 

-
different .aiature teater. vere coapared. Subaequent t .. t. fra. 2 tG a 

Auguat 1983 coapared tbe .aiature t.atera to tbe atandard for... dryiaa t.at 

of a 200 8. forage salllp~e dried for 24 boura at 700<:. The analysi. of t_ 

.oistur. eontent~ ... sur ... nt. are fouad in T.ble ~I~I • 

• 
3.3.7 Crain Dryioa Izper1aeni. uaina the larn Solar Bay ~r 

AD aclditional Ht of ~rf.aent •• a undertabn in .October 1983 ID order tG 

• ...... if the barn solar hay clryer could be uaed duri.., an ataaded period 

f 
' \ 

o tbe yur. 'l'he 8Upplellen~ary ua. of the systeta could a .. ure .' qulckar 

return on inv_blent and could beuefit tb. f.ner la .. r10U8 lov Ir'" ·~t 

applicatiou. 

A .teel aUo 17 .. tre. soutb of the llaccloaalcl Coll ... hay _m 1. uaed to 

atore .rain corn (Plate Il). In previoua 18ars. tbis corn •• driecl w1 tb a 

reated pro,.. bumer on an a.pult pad nearby and tben stored in thia allo. 

The purpo.e of the aper1aeat •• to aee vbat air teaperature. could be 
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attalaed .,,' the barn aolar clry.r to .,. usecl to dry the corn ia the .t .. l 

.110. 

• 

The .,.t __ • to be ..... iD tu coa .... tloaa1 operati ...... (roof pl __ 

air preheater aM aolar .. 11) escapt that the tvo 3.73 kWh fau .. re b10ebd 

off. A,' _Uer (2.24 kW, 45 CIl dl ... ter) axial nov fan va. fised to the 

.110 vall. Thi. faa va. uaed to drav the air frOII the collector to the .110 

and va. rated at 7600 -'/h (4000 cfa) a 2.54 CIl atatlc pre •• ure. Tvo 60 CIl 

diaaeter corrU8ated pla.tlc drataaae t~bee .. re uaed to ebaDaal the _r.ed 

air froa the eollector. to the faa (Pliure 20 aad Pl.te 0). A trlaaaular 

.• teel duct equlpped vith .t .... r.d 5 li: 300 _ .lot. va. 10atalled 'la tlle .. 
.110 oa '0' top of vb1ch va. piled 110 to.... of ,raiD cora. 

carrled out durl... tohe la.t .. elt of October. which 1. the eoa.eatioaal Ir.ta 

hatv •• u... perlod ln cpebec. 
\ 
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Figure 20: Schematic of Barn Solar Hay Dryer used to dry corn in a neighbourina .110. 1 
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Plate N. Ensemble of buildings surroundlng Solar Barn Hay 
~ . Dryer at Macdonald College Farm " " 

Plate o. View of Solar Wall connected to a neighbguring 
silo. 
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CllAPTBI 4. llESULtS AND DISCUssloN ' 
1 

4.1 Co!parative Drying Tests - Pha •• 1 

4.1.1 Reduction in Drylng Tlae 

It .hould firat be mentloned that a ba.e line had to be .atabl1abed to be 

coaaidered as the equllibrium aoisture content of baYe Thia vaa aet at 20% 

.alature content, dry basis. Due to the uncontrolled nature of field 

eurlQ8, DO drying rates vere established for these samples. Research ln the 

palt, bovever, has revealed that forced convection drying eyat... pe~t 
. 

eubatantial reduction in the required drying time (i.e. up to. 48%) when 
..J' .. 

eoap~red to J field curing (Hodgson et al., 1946). In aIl three tests 

eonducted, the ~olar-assisted drying cribs dried more rapidly than the 

· .. bient air crib. Figures 21, 22 and 23 illustrete the drying rates for the 

tbree experiments. During the experilllent, -the telllperatures of the incoaing 

• 
air in the "solar crib- were matched ~th the Phase II te~perture rise. 

As aoisture 10ss in the cribs was not recorded during the nocturnal hours, 

tbere sre apparent gaps in the data eollected. Rehydration of the hay wa. 

observed to some extent in aIl three tests. This phenomenon usually occured 

during the nig~t or when ambient air relative humidities vere greater than 

80%. This corrobora tes research conducted on hygroscopic materials 

conduc.ted by Dexter et al. (1947). 

Based on the initial and final moisture content of the forage and the , , 

corresponding weight of the hay in the cribs, values of aoisture content 

could be assigned to the respective crib weights during th~ drylng trials. 

By applying the exponential least square fit to the data, the overall 

-tbeoreticsl- drying curvee could be approx1aated for each trial. The 
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..... UOIl U8H la "'-aect Ota the thln layer drylq ... 1 (Equatlon 2.4) and le 

of the f01:'ll: 

H - a exp (-b8) •••••• (4.1) 

"r. al1 "ariab1.. bav. been definecl pr.rioua1y • 

• 

T'be .• pollent. for .. ch of tbe three drylna triala ba". he... outIl.... 1Ir 

Table V." It .hould he noted that the exponenta in T •• t 1 and 3 reautta ar. 

quit. .ia1.1ar. This _y be due to the fact that both th •• e aaapl.. _ra 

coapri.ecl of aixed grass whereas the forage dried ln Te.t 2 ... alfalfa. 

TABLE V. COEFFICIENTS DETERHINED FROM LEAST SQUARE UGRESSIOH OF DanllG 
RATE DATA 

TEST FORAGE CRIB INTERCEPT COEFFICIENT b COlllELATIOH 
TYPE COEFFICIENT 

1 Hixed gra~~ ambient 27.749 .00245 .9519 
Bolar 26.749 .00440 .9483 

'-, 

2 Alf.lf. .. bi.nt 52.178 .01800 .9801 
.olar 42.706 .01745 .9831 

, , 

3 Hixecl grass ambient 31.000 .00264 .9793 
solar 31.144 .00471 .9945 

The reduction in the drying time of the solar heated cribs ln Tests l, 2 and 

3 have been summarized in Table VI. There appears to be a distinct 

difference between the grasses and legumes as to drying time. Persoo and 

Sorenson ~(196g)' suggest that thls 18 due to the'greater quantity of leav.s 

in alfalfa compared to timothy. lt i8 dlfficult however to afflrm exactly 

what reductions in the drying time can be expected when solar pv~heated aIr 

is used. Further research 18 needed in order to draw any quantifiable 

relationship on this subject. 
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'!'ABU VI. SUllHAaY or DRfillG TDŒ REDUCTION USIlIG SOLAlt BEATE» AIR IN 
PlIAS! 1 1XPER.IMEtn'S 

Te.t Date. Bay ----!nitial *Tiae to Relative Tiae 
tYrPe Hoi.ture re.eh S.viq 

(1 d.b.) Equi1 ibriua 
Hoi.ture 

(br.) Solar v. 
AIIbient Solar' .bient 

1 .... to AlfaUa 28.4 13:J 65 51.1 % 
8 Aua. 1983 

18 Alla- Mixed 40.7 54' 44 18.5 % 
to 31 AllI. Gra •• 
1983 

2 Sept. to Alfalfa 34.3 « 165 95 42.4 ~ 
t:" 

Av.r-ae of 3 trial. 
u 

37.3 %. 

, , 

• ... ecl Oà dryitta eu" .. foand in J'laure. 21 to 23.0 

1. 

4.1.2 Qu.a11tr Coapari.ou ' 

Qualit)' "~1_. f~r ft- for_ ·....,.r.~1oa· .. t~~.... COY...,tad 

for °te.t 1 ~ Oraauo1ept:!c anal,.t. r.v,.l~d tut the beat.'d air ar~ifieially 
dried °for~e ".Othe .r~ene.t of the 3 treac.ent. folloved by ttie .. bient 

, 
air .rtifiei.lly dried-hayaad final11 the field eured ... ple. Tbe tvo 

foreed convection dried tr.at8eDt. produèed hay vith a BOod aroaa vberea. 

,the fielel curael _pIe bad IlUch 1 ••• odo~r. Tbt. latter; " .. thod al.o yiele1ëd ' 

hay whieh appeared le •• leafy 00 the whole. Table VII ..... rlze. the 

quallt, aaalyel. for the thr.e exper~ot._ 
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lt .,should be noted that the dry matter i~ the field cu~ed lot in Test 1 was 
ft 

signiftcantly less than the forced convection samples. Crude protein and 
, 

acid det~rgent fiber (ADF) levels ~re ~eét for t'he forced solar heated air 

çrib but these' values vere not proven significant at the 5% level using 

Duncan' s new mu! tiple range test. Bere, bet ter quall ty refers to IIIOre dry -
, 

matter vith less acid" fi.ber (ADF) and more crude proteine It can be! noted 

that there appears to be a similarity in Test 1 and Test 3 with respect to 

tbe 'hay qual1ty. 

o Due to tbe l1mited testing, however~ '1 no quantitativ~ conclusions can be 

draWu, cOQcerning any advantages that the use of heated air for forage drying 
• 

may have., previous research appears to indicate that heated air may improvè " 

hay qua~ity (Clancy et al., 1976; Strait', 1947; Davis et al., 1947) although 

these experiments hAve not sub~tanciated this. -
TABLE VII. RESULTS OF THE ,QUALltY.ANALYS1S FOR TUREE DEHYDRATION METHODS 

FOR FORAGES 

Initial aoisture 
(X, d.b;) 

Final 1l0lsture 
(;, d.b.) 

1 Dry matter (%) 

Crude Prote1n 
(1 DM) 

Acid Detergent 
Fiber (X DM) 

Legend:, F -
A -
S • 

TEST 1 
F 'A S 

28.8 28.8 28.8 40.7 40.7 

14.1 18.6 13.6 11.9 11.4 

87'.7* 90.1 90.0 89.4* 91.1 

16.5 17 .3 19.2 15.5 14.3* 

45.0 ~ 39.3 39.9* 43.9 
,. 

Field cured • 

~orced convection with amblent air 
Forced convection vith solar hested air 

TEST 3 
A S 

34.3 34.3 

17.3 Il.S 

91.4* 93.0 

19.1 20.8 

33.1 28.3* 

* These values are slgnificantly lover at the 5% level based on Duncan's 
~ new FUltiple-range test. 
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4.2 Mea~urement of Phy~ieal Parameter~ in Pha~e II 

4.2. 1 Solar Energy 

Meteorologieal data vere collected over "he COUrRe of the Rummer tellt 

periode Table VIn f;ummarize~ thb information for the fifteen te~t da~ 

that were analYAed From 09 July to 23 ~gUAt 1983. The ~olar radiation 

" 
level~ were recorded for the three collector ~urface~. namely. the vertical 

Rputh facing barn wall and the eaRt and weRt facing ~lopeR of the apex of 

the barn. In order to verify if the ~olar radiation intenRitie~ meaRured 

are reaRonable, a compariRon vith data collected at the Environment Canada 

Meteorological Station at Jean-de-Brebeuf College iu Houtreal val' 

undertaken. The Environment Canada val ueR vere 12.3% lover than thoRe 

meaRured from the average of the roof mounted barn Rolarimeterfl (Figure 24). 

ThiA difference many 'be attributed to attenuatiOQR of the Rolar radiation 

aRflociated vith urban factorR (i.e. pollution) which are normally bêtween 9 

and 12%, (Hay. 1977). AlRO. the radiometet'R uRed in the experiment are leRs 

accurate than thoRe uRed at the Government obRervation ~tation. One factor 

counter-balancing theRe differenceR iR the fact that the barn RolarimeterR 

are mounted on an inclination of 33 0 from the horizontal. Average 

differenceR between radiation levelR meaRured on a 300 Rlope and the 

horizontal for July ~d AUguRt in Montreal are between 3.9 and 4.7% (Have~ 

et al.. 'l~81). lleflectivity from the galvanized roof eladding may alflo,have 

an effect in increaRing 'the val ueR of the Rolar radiation intenRltieR 
\ 

recorded during the experiment. 

The refleetivlty te~tR èonducted during July 1983 on the barn roof indicate 

that the average reflected Rolar radiation iR 23% of the total incident 

radiation aR compared ~o 10% for an aRpbalted surface (Table IX). 

-
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TABLE VIII SUMMARY OF CLlMATALOGICAL DATA COLLECTED FOR HAY DRYING TESTS .'PHASE II 

DATE P!RIOD OF AVERAC! DAILY SOLAI RADIATION "'INn VIND WEATKER HEASURElŒNT AMBlENT ON GIVEN BARN SURFACE SPE~ DIRECTION OBSERVATIONS 
TEMP. eaat Vacing Weat Facing Vertical 

Horn1n~ 
Hornin ____ 

Roof Roof South 'acini 
Wall ---Afternoon ---Afternoon 

1983 (hourI!) (·C) (Whr/.2 ) (Whr/.2) (Whr/.2 ) (Ita/hr) 
T

AMB .IE Iv IV WD 

09 July 05:42 to 20:15 1-8.3 87S2 8388 4776 25.2 w~ ~ 10 July 05: 30 to 20:19 18.6 8861 7827 2387 18.9 ~ ~b 
12 July 06:30 to 16:S9 2S.7 6574 
13 July 08:55 to 16:30 24.9 5674 
15 July 08:35 to 16:43 26.7 5538 
19 Ju1y 06:S7 to 19:15 27.1 5952 
22 July 06:00 to 20:30 22.9 8124 
26 July 06:00 to 20:26 24.1 7070. 
02 Aug. 06:00 to 20:35 23.0 5072 

03 Aug. 06:00 to 20:07 26.0 7262 
04 Aug. 06:00 to 20:32 25.9 4326 
05 Aug. 06:00 to 20:18 28.2 6225 
18 Aug. 06:30 to 20:35 24.3 3714 
22 Aug. 06:30 to 19:54 16.7 1790 
23 Aog. 06:54 to 20:21 20.8 6965 

Mean 06:32 to 19:29 23.6 6129 
13:01 hour. 

LEGEND: a "" cla.r - clouena •• 
--- b· clear vith cloud. (op ta 30%) 

c • 30 to 50% cloudy 
d • 50 to 75% c:loudy 

5S55 2219 6.6 
5044 2558 22.6 
5430 2720 16.9 . 
5601 2954 20.7 

7017 3349 18.1 
7038 3282 9.3 
6808 2696 17.8 
6159 3345 18.0 
4574 2229 6.6 

5607 3288 6.0 

3835 1928 6.7 
2081 <777 8.9 
6911 4381 20.3 

5858 2859 14.8 

a - 75% cloudy to tota11y overc •• t 
f. huy 
1 • ra1n 
b • rain durai pravioUII dallt 

~~ ~: 
W _____ w 

c -----b 
W~ 

H=:=""-.-
~fb_"-t;fh 

W~ ~b 
E -'';- -------
:...---- HW ~~ 
.~ ~ 
W~· _ W e _.--; --W~ ~---cf 
:----8 e __ e 

E..~ ~-
~ 

f---JL _--------r 
1':.-----8 ~- ---;-
11---===== W ~---a 

. 
w - w..t 
SS! • SoutH-South lait 
1 • !ait 
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Correlation between the Keasurements ta1ten. in the Phase II 
Experiment and tbose recorded by Environment Canada 

/ 

Source: !i)nthly Radiation S1!!JII&E'I. Enviromaent Canada, 1983. 
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(-- TABLE IX : RESULTS OF SOLAR REFLECTIVITY TESTS ON BARN ROOF. 

j 

i Date T1ae Location Solar Radiation Intenaity lteflectivity , 
1983 (hours) C'W/.2) (%) 

Faeing roof 'aeing sky 

slope.33 0 

04 July 10:30 east roof 183 805 22.7 

" 11:30 east roof 192 816 23.5 

" 12:30 east roof 176 847 20.8 

" 15:30 east roof 238 855 27.8 

13 July 10:15 west roof 181 854 21.2 

" 11:15 west roof 183 856 21.4 

" 15:15 west roof 230 986 23.3 

MEAN • 23% 

tbt Black , 
Surface 

slope,. 10 a 

V~" 04 July 11:35 west faeing 29 816 3.5 

" 12:35 west faeing 34 84S 4.0 • 
" 15:35 west faeing 28 821 3.4 r 

1 

1 13 July 11:30 west facing 21 862 2.4 1 , 
1 " 14:00 west faeing 29 858 3.4 ' 

MEAN - 3.3% 

'C 
\ 
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Additloaal teata coodueted iu 'eb~ry ~84 on .... ple piece of ve.thered 
1 

,alv.ulaed abeetlaa ahow that reflectivity .. y be •• hi,h •• 30% for the 

.... le of the barn roof apex (T.ble X). Tbe.e reaul ta would ae_ to indic. te 

that there· vould be au advautase ta palntius the .pel[ .ectiou of the roof. 

vitb fl.t bl.ck palnt. Thl. iuvestaent voulcl be _r,iual, yet tbe lucr ... ecI 

.ol.r radlation collectecl shoulcl iaprove the perfora&uce of tbe collector 

ai,nlfic.ntly. The r.cllation 1evela received durins the two aonth period 

are withlu the averase v.1ue8 encoUDtered for tbe re,ion (Bnvlroa.8nt 

Caaada, 19.83). D.Uy aaxiaua .nd ainla_ iDclclent sol.r radl.UoD 1e".I. 

vere 8462 Wh/él (09 July) aucl 1471 Vh/él (22 Ansuat) reapectlvely vith &Il 

.verase v.lue of 533~ Wh/âJ. f~ the test period. 

The vind la 'also. type of aolar euray phenOlleuon _a.ured clurl... the 

experlaent. The aite of the barn is au open .rea vbich is awept frequently 

by prevaUlns vind8 co.IUS from the vest. The claU y avera,e vind speed for 

the perlod of exaaination W88 14.8 kph vith a daUy maxi.ua and nnl.ua of 

25.2 kph (09 July) and 6.0 kph (05 Augu8t) respectively. Wlnd obviou81y has 

a coolins effect on the roof plenua alr preheater vblch is a bare pl.te 

solar collector. 

4.2.2 Airflow rate 

The airflow rate in the .y8tn vas aea8ured for tbe r.use of operatiq 

di.charge static pressures (bet~en 1.0 aud 1.4 cm of water). Atrflow rate. 

vere calculated from the air velocity and cross s~ctional area through the 

channels being measured. The flow rates obtained in the solar wall air 

preheater (SWAP) ranged from 201 to 210 ml/min vith an average value of 207 
~ 

.3/a iu at a discharge static pressure of 1.3 cm of water. This value 18 the 

.ua of the airflows in the twelve vertical channels which vere aeasured ln 
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TABLE X . ADDITIO~AL REFLECTIVITY TESTS O~ ROO FI NG SMŒ'LE . 
f 

() Date - 16 February i984 
1 Time' - 09:30 to 10:00 hours t 
t Material - Galvanized Iron Corrugated Rooting 
~ Câlour - Natura,l Weathered • orig1.nally si.lver' r Size -·75cm X 85cm, corrugations 1.5 cm 
~ 

Instruments - Radiometer Hollis Geo Syste.ms MR-S 164lR 
j - Micro Vo1timeter, Keith1y 177 D~t 

f 
f ANGLE OF TEST 1 TEST 2 

INCIDENCE 
.~ 

t D- J Z L 
Sensor Sensor 

~ ~ 
~ 

26.1% 27.2% 
0° 27.0% 27.0% 

26.5% M-26.S% 26.8% M.27.0% 

27.3% 24.9% 
20° 29.6% 26.1% 

28.5; &:28.5% 27.7% M=26.2% 

28.3% 24.2% 
30° 31.9% 26.9% .. 29.3% M:29.8% 29.4% M-26.8% 

, 1 , 
1 

-'1 
29.1% 26.2% ... ! 

40° 35.1% 28.9% 
30.4% M:31.5% 32.3% H:29.1% 

30.71- 27.5% 
50

0 37.2i. 31.2% 
31.9% H=33.3i. 37.0i. M.31.9% 

31.6% 27.2% 
60° 42.1% 33.0% 

32.6i. !obJ5.4% 41.0% }f:33.7% 

c __ , # 
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TABLE n : AIR FLOW MEASURE}Œ~TS T.-\KEN. IN BARX EXPERlME:-lTS 

Cl DATE TnŒ ./ 

STATle PRESSt."RE AIR FLOY RATE 
1983 (hours) (cm of (inches (m3/min) 

- H20) of H20) 
-= . 

1') . 09 July 09:15 1.27 0.50 651. 3 
16:00 1.47 0.58 636.3 

io July 08:30 1.~2 0.48 658.8 
" 10:00 1.22 0.48 658.8 " . 

17:00 1.28 0.51 650.0 
12 JUty' Il:40 1.31 0.52 648.8 

13:15 1.27 0.50 651.3 
15:00 1.27 0.50 

1 

651.3 
13 .luIy., 10:30 1.33 0.53 646.3 

12:00 1.31 0.52 64&.8 
~ 14:05 1.31 0.52 646\.8 

16:30 1.27\ 0.50 651.3 
15 July 08:30 1.31 0.52 648.8 

11:00 1.28 0.51 650.0 
13:30 1.27 0.50 651.3 

19 .luly 09:30 1.55- 0.61 631.3 
22 July 12:00 1.13 0.45 660.0 

17:00 1.07 0.42 665.0 
,} 

26 July, 10;00 1.35 0.53 645.0 1 , 
\ 

15:15 1.08 0.43 662.5 ~ 

02 August 09:30 1.37 0.54 643.8 
11:30 1.37 0.54 643.8 
13:30 0 1.41 0.56 641.3 
16:30 1.35 0.53 645.0 

03 August 10:10 1.35 0.53 645.0 
12 :1.0 L1.35 0.53 645.0 
14:10 1.28 0.51 650.0 
16:'10 1.31 0.52 648.8 

04 August 10:30 1.35 0.53 645.0 
12:30 1.31 0.52 648.8 
14:30 1.31 0.52 648.8 
16:30 1.31, 0.52 648.8, 

05 August 10:00 1.40 0.55 642.0 
12:00 1.35 0.53 645.0 
14:00 1.31 0.52 ,,-...--~48. 8 
16:00 1.28 ~ 0.51 6;0.0 

13 August 09: 30 1.31 0.52 648.8 
Il:00 1.31 0.52 648.8 
13:00 1.28 0.51 650.0 
14: 30 1.28 0.51 650.0 
17:15 1('.28 0.51 ,650.0 

22 August 09 :30 1'~37 0.54 643.8 
Il:30 1.40 0.55 642.0 
13:30 1.37 0.54 643.8 
17:00 1.35 0.53 645.0 

(" 2l August 09: 30 1.35 0.53 645.0 
1 Il: 30 1.35 0.53 645.0 

13: 30 1.37 ,0..34 643.8 
15: 30 1.31 0.52 648.8 
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che sVAP at 1.75 and 3 metres from the ground leve!. The flow through the 

1 

:lnner bypass wall ranged from 435 to 454 aa3/min vith an average 1 value of 443 

.3 hain at a discharge stat:lc pressure of 1.30 cm of water. The total 

a:lrflow through the system was therefore .650 aa3/min st 1.30 cm of vater. 

Tbe 8uction pressure in the system ranged from 1.14 to 1.52 cm of vater. 

A:lrflow measured in the floor duct ranged from 518 to 587 m3/min vith an 

average value of 560 m3/min at 1.35 cm of water. Although this J value is 

lover than the suctlon end tests, the eonditlons, of measurement were more 

1 

c01Ipl1cated on the discharge side of the fans. Addep to this fact vas the 

ever-present air leaks that lower the d1schar~e ~f'low readlng. The total 

d:lscharge of the fans compares well w1 th the manufacturer' s specifléation8 at 

the given total airflow resistance levels. Table XI 8U11111arizes the alrflo" 

d:l.charge recorded for the fifteen test da ys • 

4.3 Evaluation of the Barn Solar Hay Dryer 

4.3.1 Roof Plenum Air Preheater 

The evaluation of the roof plenum aIr preheater bas been undertaken in teraB 

of 801ar efficlency. The air temperature increa8e through the collector can 

he used to calcu1ate the usefui heat output (Qin) from th1.s section. The 

inc:i~nt radiation on the roof Is used to evaluate the heat input to this 

system. The ratio of use fuI heat outputs over useful heat inputs 1& 

referred to as the solar efflc1.ency. This is r~presented by the equatlon: 

whe~e: '1 -. 
m -

cp -
T· 1 -

.. 
801ar 

1Îl cp ( ToT 1. ) 

IE~+lwAw e 
efficlency of the 

mass flov rate of 81.r ln 

specifie heat of the air 

systell (X) 

collector (ka/h) 
( 

at tempe rature T 

tempe rature of air entering the collector 

114 
, 
l' 

•••••• (4.2) 

(J/qOC) 

(OC) 



( 

To - tempe~ature of alr exitlng the collector (OC) 

IBt lw - average solar radiation intensity on the east and veet 

dopes of the barn apex ln a ghen tilDe iutervsl (W/Ya2 ) 

AB, Av - area of the east and west section of the barn apex (al) 
" 

e \- time interval between readings (h) 

T.ble XII '.u~rizes the dally performance of the roof plenua air preheater 
\ 
\ 

for tbe flfteen \ test days analysed. The outlet teaperature vas .éa8ured at 

the junction between the roof plenum air preheater and the vertical va11 , 

collector. The inlet tempe rature is the amblent tempeFature. The averas. 

daily temperature increase ranged from O.40C (22 August) to 3.00 C (12 July) 

with a meau increase of 1.50 C for the test period. lt can he no'ted that tbe 

dally solar efflclency of the co11ector varled from 6.2% (22 July) ta 31.4% 

(12 July) with an average value of 18.2%. This efficlency 18 not uncommon 

of bare plate collee tors and cau be considered adequate as the design of the 

collector has yet to he optimized. Based on the simplicity and low cost of 

the roof plenum air preheater, the performance ls satlsfactory, as margInal 

improvements could further boost the heat output for the system. 

In order to comprehend how the radient solar heat 18 transferred to the air 

8tream ln the collector, 8 progressive evaluatlon has been andertaken for 

two test days, namely 15 July and 23 August 1983. Tables XIII and XIV 

8U1D11Ulrize the performance of the collector for theee two test- dates. The 

maximum tempe rature rise ln the system generally occurs between 11: 30 and 

13:00 yet thls does not always correspond to the maxim~ solar effic1eucy 

\Which may 

tempe rature 

he hlgh ln the early morning or late afternoon due to sharp 
~ 

increases on thermal storage respectlvely. Although the trend 
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TABL~ nI : DAILV EVALUATION 01~ ROOF PREIIEATÉR 

DATE 

09 July 

10 July 

12 July 

13 July 

15 July 

09 July to 23 August 1983 

PERlon OF 
HEASUREHENT 

(hrs) 

05:42 to 20:15 

05:30 ta 20:19 

06:30 to 16:59 

08:55 to 16:30 

08:35 to 16:43 

AMBlENT OUTLET 
TEMP. TEMP. 

(oC) (oC) 

18.3 19.1 

18.6 20.9 

25.7 28.7 

24.9 26.5 

26.6 29.1 

;:: 19 July 06:57 to 19:15 27.1 28.8 
0\ 

22 July 06:00 to 20:30 22.9 23.4 

26 Ju1y 06:00 to 19:56 24.3 25.2 

02 Aug. 06:00 to 20:35 23.0 24.5 

03 Aug. 06:00 to 20:07 26.0 27.4 

04 Aug. 06:00 ta 20:32 25.9 27.1 

OS Aug. 06:00 to 20:18 27.6 ,- 28.5 

18 Aug. 06:30 to 20:35 24.3 25.1 

22 Atll~. 06: JO to 19: 51, 16.7 17.1 

23 Aug. 06:54 to 20:21 20.8 22.3 

HEAN 09 Jul y ta 23 August 1983 

06:32 to 19:34 23.5 25.0 

(13.03 hours) 

,~ 
~ 

-J} 

6T STATIe MASS FLOW - HEA.T IN REAT OUT 1 WIND ElPICIINCY 
PRESSURE 

(OC) (cm H20) (kg/min) (kWl.r) (kWhr) (km/hr) (%) 

1.4 1.4 763.7 1794.3 260.9 25.2 0 14.5 

2.3 1.2 778.2 1742.9 444.7 18.9, 25.5, 

3.0 1.3 754.9 1267.5 398.0 6.6 J1.4 

1.6 1.3 753.4 1120.0 153.2 1 22.6 13.7 

2.5 1.3 ' 744.-..6 1140.0 252.3 16.6 22.1 

1.7 1.6 729.0 1207.3 255.5 20.7 21.2 

0.5 1.1 776.1 , 1521.6 9'4.3 0 18.1 6.2 

0.9 1.3 761.5 1412 .1 160.1 9.3 11.3 

1.5 1.4 752.8 1241.5 276.0 17.8 0 22.2 
" 

1.4 1.4 749.7 1412.Q 248.1 18.0 11.6 

1.2 1.3 750.8 929.4 219.3 6.6 23.6 

0.9 1.3 745.0 1235.9 160.6 6.0 13.0 

0.8 1.3 756.8 788.9 142.6 6.7 18.1 

0.1. 1.4 770.9 404.5 69.3 8.9 17. t 

1.5 1.4 764.0 145.0.0 258.5 20.3 17.8 

1.5 1.3 757.2 1244.6 226.2 14.8 18.2 

t ' 
l 
1 

, 
1 
1 
1 
1 

.. 1 
J 

f 

i 
i 
t 

l 
1 
t 

7J J 7 1111 [Inn EIII 'il m ]1'I11111R'" , mtr srt:!: "m7n'ei'Itûttr-.Lk~o' -«w. t! 17 'ft 
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of the solar effleiency is generally patterned to the tempe rature rise in 
. 

the system. other factors such as incident radiation and wind velocity also 

influence the collector perfor.ance. The air temperature in the system may 

remain constant over a given ~ime interval due to thermal storage or dead 

. air spaces,. If during this tise the solar radiation decreases. the effect 

,.---: 
in ~, solar efficiency may be a marked increase. If the solar radiation" 

increases as weIl as the wind velocity, the efficiency may drop. Such vas 

the case between 15:00 and 16:00 9n 15 July (Table XIII). The w1nd 

influence on the air teaperature rise is subject to a ti.e lag factor. In 

Pigure 25, the temperature Increment and wind veloeity are plotted againat 

tiae for the data collected on 03 August. lt can be Doted that the _barp 

decrease in the outlet air temperature recorded at 10:30 probably 

correspond. to a ,Feouotered an bour urller., !Ile U_ 1q 

.ppears to ~i.lni8h towards the afternQon. 

During the course of the experimental test period, lt' vas observed that 

there vas an air temperature drop along the passage ln the ,roof plenum 

.' preheater. This decrease in ~emperature took place in the last two thlrds 

of the collector and amounted to between 0.6 and l.30 C. Rarher than gain 

heat in this sect~on, heat was being lost. lt was belleved that the roof 

vents whlch had not been sealed off vere contributing to this loss. Once 

these vents wereosealed, the section ln question accounted for a temperature 

lncrease of between 0.4 and 1.30 C. lt la feit that additional aiaple 

improvements to the roof plenum preheater could further increase the 

eollector's performance. 

ll7 
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TABLE XI1~ ~JI()QUSSIVE EVALUATION OP 100P PREHEATEI 

TIME 

(hu)' 

08:35 

09:00 

09:30 

09:50 

10:20 

,10: 50 

11:20 

11:30 

Ambient 
Temp. 
(OC) 

22.0 

'22.6-

24.0 

24.2 
24.1 

Outlet 
Temp. 
(OC) 

23.4 

24.5 

26.2 

26.4 
26.7 

bT Static Pres. Maas Flow Beat in- Heat out 
(OC) (cui of H

2
0) (k.g/min) (kWJtr) • (k.Wbr) 

1.4 

1.9 

2.2 

2.2.- _ 

,2.6 

2.8 

'3.2 

1.3 

1..3 
-
1.3 

1.3 
1.3" 

758.0 

753.6 

749.4 

751.9 
749.4 

23.9 

42.7 

42.S 

52.3 

66.1 

76.1 

7.2 

12.2 

9.4 

14.0 

16.3 

17.6 

6.8 

14.4 
~ 12:00 

24.5 

25.2 

25.8 

26".3 

27.1 

27.7 

27.3 

28.0 

28.1 

28.9 

30.3 

30.7 

2.3 

2.6 

3.2 

3.0 

1.3 

1.3 

1.3 

1.3 
1.3 

1.3 
1.-3 

" 747.0 

745.7 e 

747.0 

744.7 
741.1 

741.-1 

.26.3 

8LO 

84.1 
84:6 

0-

1-6.2 

19.9 
12:30 

13:00 

13 :,30 

14:00 

14:30 

15
0
:00 

15:30 

16:00 

16:30 

16:43 

MEAN 

28.0 

28.3 

31.1 

30.6 

28.9 31.6 

29.7 32.' 

lO.2 0 32.9 
~-', 

_ ~ - 30.2 " '2.1 

30.2 31.8 

26.6 29.1 

-3.1- 0 

2.3 
-2.7-

2.7 

2.7 

1.9 

1.6 

2.5 

1.3 
1.3 

1.3 

1.3 

1."~ 
1.~ 

1.3 

739.9 

141.1 
738.6 

738.6 

737.4 

.738.6 

739.9 

744.6 

85.3 
84.7 

83.0 
SO.9 

56.1 

73.4 

67.3 

27.2 

1140 .. 0 

18.6 
19.2 

14.3 
16.7 

16 • .7 

16.7 

11.8 

4.3 

252.3 

.J:,! ,..,'1 .... ~"" ·,.')1Itr't,~~~'!"'~If1.~~l"_~"""'~",,,, .. ~ ... _ ...... ___ ...... ....,..." 

Date: 15 July 1983 

Wind_ 

(km/hr) 

7.1 

It.7 
12.1 

11.4 

15.3 

15.9 

14.6 

16.3 

U.3 

12.9 

n.6 
19.7 

21.2 
19.1 

17 .8 

20.6 

25.5 

25.9 

l6.6 

" . 

EFF. 
(%t 

30.1 

28:6~ 

22.1 

25.3 

24.1 

23.1 

25.9 

11.8 

, 19.3 

23.5 

21.8 
22.7 

17.2 
20.6 _ 

29.80 

22.8 

17.5 

15.8 

22.1 

r, 
""-

Angle of rncidence 
(degreea) 

east west 

74.9 .. 

74.9 

69.0 

63.1 

59.1 

55.1 

49.1 

~3.1 

37.2 

31.5 

, 

15.3 

15.3 

16.2 

19.4 

22.3 

25.7 

31.1 

36.8 

42.7 . ' 
48.7 
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TABLE XIV PROGRESSIVE 'EVALUATION OP ROOF PRËHEATER .Date: 23 August 1~83 

... .... 
\0 

TI"! 
, (hu) 

05:54 

06:54 

07:54 

08:47 

09:31 

10:01 

10:31 

11:01 

11: 31 
12:01 

l2:3l 

13 :01 

13:31 

14:01 
14:31 

15:01 

15:31 

16:01 

16:21 

16:51 

17:21 

18:21 
MEAN 

Ambient < Outlet 
Tnp. Te'1IIp., AT' Static Pres. Maas Flow Reat in Heat out Wind 
(OC) (OC) (OC) .(C. 01' H

2
0) (kl/.in) (kWlir) (kWh~), (ka/hr) 

15.0 
16.0 

17.7 

17.6 

18.5 

19.4 

19.9 

20.5 . 
20.6 

20.9 

21.3 
,21.6 

22.0 

22.3 

22.6 

23.1 
23.2 

23.8 

23.3 

23.1 

23.1 

20.7 ' 

15.2 
16.9 

18.7 
18.8 

20.3 

0.2 
0.9 

1.0 
1.2 

1.8 

21.4 2.0 

22.1 2.2 

22.7 2.2 

22.7 t.l 

23.2 '" 2.3 

23.2 
23.1 

23.4 

23.6 

23.8 

024.4 

24.5 

24.7 

24.6-, 

24.8 

24.l 

22.2 

1.9 
1.5 

1.4 
1.3' 

1.2 

1.3 

1.3 

0.9 

1:3 

1.5 

1..2 

1.5 

& 

1.4 
1.4 

1.4/ 
1.4 

1.4 

1.4 \ 
1.4 1 

1.4 

1.4 

1.4 

1.4 
1.4 

1.4 

\ '1.4 

'1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1.3 

1,.4 ' 

775.8 
771.8 

165.2 
763.9 

760.0 

'756.2 

753.7 

752.4 

753.7 

751.1 

15.3 
56.8 

71.5 

71.2" 

59.2 

66.3 

71.7 

76.3 

79.6 

82:0 

749.7 82.0 
749.7 < 82.6 

749".7 a 81.4 

749.7 80.6 

755.5 75.8 

754.2 70.9 
1 

754.2 65.5 

745.2 38.1 

755.5 '52.6 
o 

755.5 44.6 

756.8 73.3 

756.6 1402.0 

2.6 
11.6 

11.1 

11.3 

1f..5 

12.7 

13.9 

13.9 

12.0 

14 .5 

11.9 

.5 4 

8.8 

8.2 

7.6 

8.2 

8.2 

3.8 

8.2 

9.5 

15.2 

214.1 

11.7 
12 .5 

14.2 

17.0 

16.6 

15.Z, 

17.3 

019.3 

21.9 

23.3 

23'.5 

26.2 , 

26.0 

21.9 

26.9 

25.8 

25.4 

20.9 

24.4 

24.6 

19.8 

Zl.O 

BlF. 
(~) 
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Dryer and Wind Veloc1ty with Respect to Time >for 03 August.' 
1983 
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4.3.2 Evaluation of the Vertical Wall Col1ector 

this evaluation focuses on the Solar Wall Air Preheater (SWAP) as the inner 

bypass wall is essentially a deviation duct used to reduce the airflow in 
.0 

the SWAP. The performance of the Brace Research Institute design of a solar 

wall air preheater has been extensively analysed (Andreadakis, 1981; Lawand 

et aL, 1981; Brace Research Institute, 1981; Lamarche', 1981). The average 

solar eff!ciency recorded was about 45% for spring testing of the SWAP in 

these previous investigations. Table XV summarizes the results obtained 

during the tests conducted on the barn solar hay dryer. 

As mentioned earlier, the air flowing through the solar wall represents 

about one third of the total airflow (206 m3 /min). The critical air 

velocfty in~his collector (5 mIs) was never reached and velocltles ranged 

from 2.8 to 3.2 mIs. It is believed that the air flowing through the SWAP' 

could have been increased to 500 m3/min without undue streas to the 

collector. This would have improved the overall heat pick-up through the 

vertical section of the system due to the SWAP'. superior .olar efficiency 

when eompared to the inner ~ypass wall. 

4.3.3 System Performance of the Barn Solar Hay Dryer 
, 

The evaluation of the barn solar bay dryer aa a syste- bas been au.aarlaed 

in / 
Table XVI. Average daily air teDlperature inereases range fra. 1.3 to 

3.90 C vith a~ average value of 2.4oC at an airflow rate of 6~ .3/ain. It 
o 

èhould be noted that an additional 0.6oC is contributed to the air atresa 24 
, 

hours per day from heat given off by the two 3.73 kW electrtea! fans._ 

FiguYe 26 depicts the contributions to the ai~ teaperature Iner~nt fra. 

the various components in tbe syst .. for 02 August 1983. This test date .. s 

chosen because the .ean teaperature inerease in the roof preheater va. 
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TABLE XV DAILY EVALUATION OP SOLAR WALL AIR P.REHEATER 

• -bT Air flow Mass flow Reat in Reat out Efficiency 
Dau Per10d of 

(oC) ( m3/min) M ••• ure •• nt (hra) ( kg/min) (kWhr) (kWhr) (%) 

.. 09 Juty 06: 12 to 19:45 2.5 205.7 245.7 234.5 '139.1 59.3 

10 July 08:56 to Ut 19 2.0 209.6 246.6 117.2 84.7 

~ go 
12 July 08:30 to 16130 2.8 205.0 233.3 108.9 87.7 0.5 

, 13 Ju!y 08.55 to 18: 15 2.3 207.3 238.2 125.6 84.9 67.6 

15 July 08:35 to 16:43 2.9 207.9 240.9 133.6 86.7 71.7 

19 Ju!y 08:24 to 18:49 2'.4 1 201.9 231.3 145.0 91.4 65.7 

... 2:2 July 06100 to 20:30 2.) 211. 5 247.1 8. 164.4\ 126.1 76.7 
N , 
N 26 July 08:15 to 19:56 2.7 208.7 241.8 161.1 1 128.5 79.8 

02 AUlult 08:00 to 20:05 1.9 205.9 239.0 132.4 86.6 69.0 

03 AUIU8t , 06100 to 19:37 2.4 206.6 2h6.6 164.2 128.4 78.2 

04 AUluat 08:30 to 19130 1.9 207.1 239.9 109.4 84.0 76.8 

05 AUlult 07:30 to 18:30 3.0 206.6 234.7 161.4 129.7 80.4 

18 AUluat 07148 to 18:35 1.5 207.7 240.7 94.7 65.0 68.7 

22 AUluit 08:39 to 17:54 0.5 205.8 247.5 38.1 19.7 51.7 

23 AUluat 08154 to .1.9:21 2.2 207.5 240.5 2~5.0 153.1 71.2 
l' 

09 July to 23 AuSU.t 
HW 07154 to 18112 2.2 207.0 240.3 140.4 99.7 71.3 

.1 
(10.3 houra) 



~-'~ .. 

1""""\ l""', ~ 

TABLI XVI DAILY EVALUATION OP ROOF PlEHEATEl AND SOLAI WALL 

Date period of Heasurement Ambient Outlet A'l' Mass Flow Heat in Heat out Effic1ency 

1983 (hu) Temp. Temp. 
(oC) (oC) (oC) ( kg/min) (kWhr) (.kWhr) (1) 

09- July 06: 12 ta 19r45 18.5 20.4 1.9 763.7 1885.9 343.5 18.2 

10 July 06:00 ta 20:19 19 .0 21.7 2.7 718.2 1852.2 498.0 26.9 

'~;_. 12 July 06:30 ta 1615' 26.J 29.2 2.9 75J.3 1075.2 411. 5 38.3 

13 July 08155 ta 20:19 25.2 28.1 2.9 753.4 1262.4 275.3 21.8 

15 July 08:35 ta 16:43 1 26.6 39. 5 3.9 750.7 1280.8 398.7 31;1 

19 July 08124 to 17100 27.2 0' 30.0 2.8 729.0 1316.2 304.6 23.1 ... 
,'- 22 July 06:00 ta 20130 22.9 24.6 1.7 776.1 1727.4 253.2 14.7 

... 26 Ju!y 
li 06100 ta 19r'6 24.3 26.8 2.5 761.5 1624.0 421.9 26.0 

N 
02 AUlust w 08:00 to 20105 .. 23.5 26.0 2.5 752.8 1383.6 382.8 27.7 

03 AUluat 06100 to 19137 26.0 28.3 2.3 749.7 1563.5 394.5 25.2 

04 AUlun 07: 30 to 19137 26.4 28.3 1.9 750.8 1031.4 294.3 28.5 

05 bluet 06:30 to 19:48 27.5 30.2 2.7 745.4 1406.3 437.2 43.4 

18 ~Ulust 07:48 ta 18135 24.8 26.9 2.1 756.8 889.8 286.0 32.1 

22 Au,ust 08:39 ta 17:54 17.0 18.3 1.3 770.9 433.4 177 .3 40.9 

KlAN 09 July to 22 AUlust 

07:33 to 19:04 24.0 26.4 2.4 756.6 1338.0 346.3 25.9 
(11 :05 hu) 

-\ 
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(1.40 C) and that of the solar wall (O.90 C) are the closest to the overall 

average temperature incresses over the entire test perlod. The fan heat 
.\ 1 

produced ls fairly constant throughout the day (O.60 C). lt should be noted 

-
that the roof plenua air preheater contributes to roughly one half of the 

total air temperature Increment during the 4aylight hoprs. The overall 

eolar efficiency of the barn solar hay dryer (excluding the effect of the 

fans) WBS evaluated at 25.9% for the suaaer test period. 

heat output from tlie system vas evaluated at 346 kWh. 

The averase daily 

A co.puter simulation vas undertaken to predlct the influence of po.itioning 

the barn solar hay dryiQS .ystea in a different 9rientation or ,of varyiQ8 

the eolleetor configuration all together. Two configurationa vere .tudled 

(Pigure 27): Type 1 is the present case vith an apex enclos~pl.tiwa 

prebeater leading ~o a SWAP located on an end vall; Type II USé."~\ apex-

roof plenua preheater vith a SWAP located on a side vall and collector 

located between the two. on the lover slope of the gambrei roof (referred to 
• 
, , 

as Junction collector). Estimates of daily solar radiation for V!~,tâa 

orientations and different months vere calculated according to the .. thod 

established by Hay (1977). The collector areas used vere-set according to 

the barn dimensions of the tested prototype. The predicted efficiencies are 

also average8 of values observed during the 8ummer operation of the syste.. 

Table XVII outline' eo-e of the dtfferent configuration. that vere 

evaluted. 

It .bould he noted that tbe difference in Type 1 and II espected heat output 

ie largely due tO the difference in the 8ize of the respective collector. 

for each configuration. The adaptation of the barn solar hay dryer concept. 

to structures of ditferent 
1 

orientations would warrant an individual 
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Type 1 Solar Wall Air Preheater Hounted on End Wall 

ropf plenum air preheater 

Solar wall air-preheater 

Type II - Solar Wall Air Preheater Hounted on Side Wall 

roof plenum air preheater 

lunction 
collector 

,t's+° •• o 

r'-· 

Soler wall air - : ,_t '-1 

Figure 27 

1 
1 
1 

Scheaatic of Solar Bern Configurations Used in SiaulatioD 
Est1aates 
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TABLE XVII ESTlHATED PERPORMANCE OP BARN SOL AR HAY DRYER SYSTEM WITR VARIOUS ORIENTATIONS AND CONFIGURATIONS 

Solar Radiation Estimates for Different Months (Whr/m2 /day) Mean'Tota1 
Use fuI Reat 
Output (kWh/day) 

Orientation Collector June Ju1y August September Mean Type 1 Type II 

Type 1 Type II Type 1 Type II Type 1 Type II Type 1 Type II Type 1 Type II 

Due South Roof 5299 5206 5428 5325 4464 4332 3451 3321 4683 4570 178 171 
Junction 4679 4939 4540 4325 4597 96 

SWAP 3222 3222 3464 '464 3580 3580 3931 3931 3498 3498 101 309 

Due East! Roof 5206 5299 5325 5428 4332 4464 3321 3451 4570 4683 174 178 
West Junçtion 4484 4612 3863 3038 4018 84 

SWAP 3701 3701 3835 3835 3331 3331 2688 2688 3405 3405 98 300 

Southeastl Roof 5245 5245 5368 5368 4390 4390 3392 3392 4622 4622 176 176 
Southweat Junct10n 4734 4956 4422 3691 4475 94 

SWAP 3669 3669 3895 3895 3730 3730 3610 3610 3706 3706 141 327 

Efficiency (%) 2 Area (m ) 

Type 1 Type Il 

Roof 18.2 209 209 
Junct10n 18.2* 115 

SWAP 71.3 - 49 150 

* Thl •• ffiei.ney 1a an ••• u .. d value. Actuel efficiency of th1s collector would probably be hisher. 
1 
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evaluation to select the .ost advantageous configuration. 

The a.ount of incident solar radiation on the roof preheatera ia relatively 

independent of the orientation of the barn. This does not nece8sarily mean, 

however, that the amount of useful heat that can be extracted from a roof 

air prehea~er will be identical in each case. The principal rea80n for thia 

is that the angles of incidence on each surface will differ depending on the 

orientation. This is true as the reflectivity of the surface i8 a function 

of the angle of incidence but not necesaarily a stralght line function. 

Although an evaluation of the drying efficiency of the 8ystem va's npt 

atte.pted, drying trials were recorded in order to verify that the forage 

vas dehydrating at a 8atisfactory rate. Table XVIII 8ummarizes the moisture 

content measuremeut of one lot of hay that vas dried from 7 July to 14 July 

1983. It can be noted that a progressive moisture los8 was recorded ln the 

forage. ,A different drying rate WBS observed for the baIes that vere 

positioned furthest avay trom tbe fans' and distribution ducts. 

\ 

( .-
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TABLE )(VIII : ANALYSIS OF UOISTURE TESTS CONDUCTED I~ BA..tt.~ HAY DRYER 

Date 

7 Ju1y 

8 Ju1y 

10 Ju1y 

Il Ju1y 

12 Ju1y 

13 Ju1y 

14 Ju1y 

From 7 to 14 Ju1y 1983 _____________ _ 

Method of Number of 
Testing '* Samp1es 

·STD 4 

K 2 
DJ 5 
D 3 

K 2 
DJ 3 

K 4 
DJ 

K 2 
DJ 8 
K** 1 
DJ** 6 

K 5 
DJ 8 

K** 5 
DJ** 8 

Hoisture 
Content % W.b 

33.2) 

25.6 J 25.5 
24.3 

21.0 ] 
16.4 

16.7] 
16.7 

17.3 ) 
14.3 
24.0 J 
25.5 

11.7J 
10.5 

20.4) 
19.9 

He~ t10isture 
Content"%-W.b. 

33.2 

25.2 

18.3 

16.7 

15.1 

25.2 

10.9 

19.4 

* Legend for Test Identification 

STD - Standard Oven Test (24 hours @ 70o
e) 

K Kaster ~loisture Tester 

DJ Dickey John Moisture Tester 

D - De1mhorst Moisture Tester 

** These samples were taken next to the barn wall at a point 

furthest away from the fans. 
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.4.3.4 Aaae ... ent of the Materials uaed in the Solar Barn Ray Dryer 

At the tiae of the preparation of this report, the followina oblervatioGa 

bad been .. de concerning the materials that vere installed in the solar ba~ 

hay elryer. lt should be noted that these details vere observed nine .ontha 

after the construction of the facility. 

The ·polyethylene sheeting had developed ripi at aeveral location. aloQ8 

the length of the roof air preheater. "ind enterins the barn on th • 

north end produced a vave action along the polyethylene aheet vh~ch '" 

bave contributed to this damage. One possible reaedy for thia situation 

.ould he the addition of ventilation chutes to the inlet portl .. de in 
ï 
1 

the north wall so that there would be no possibility of the north vinci 

directly accessing the upper plenum,chamber. These chutes Ihould face 

down and should be covered with wire mesh to prevent entry of birels anel 

insects, etc. 

Birds entering the barn thro~h the open side doors were notieed to have 

flown into the upper plenum through the rips in the polyethylene. This 

was especially evident during the cooler weather. These birds tend tO", 

nest in the apex of the barn and mey cause seriou8 operational probleaa 

if not eradieated. 

The fiberglass of the solar wall has held up weIl after one season of 

use. Spiderwebs and dust, however, have been noted in the vertical 

ehannels of the SWAP. These were expected due to the vast populations of 

spiders and the prevailing dust levels in any barn (and this barn WB' by 
\ 

no means an exception). 
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- Tbè floo~ duet .adule. uaed (or the air ~di~trlbutiOD'UDder the hay atacte 

bad to be reinforced, in the cour •• of th. 1983 .... er operation •• 

deaian of theae duet .adule. dld not allov .uéh control of the 
, 

cbanaelllq of the vaJ:1led air. The •• ,unite _re fairl, _tt_red alter 

-------(~ 

Olle .... on and .. , have to he reeonc.el ved. 

- '.l'Iu! wood.n abeeta coyeri. the inner bypa •• wall held up vell .. Ainat the 

hay tut va. plled ... in.t thell. n.e .... ean be .. id of the auctiOD 

plaaua &Dd In.tru.entatioa/.tora .. chaaber •• 
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4.3.5 Grain Dryiaa EXperi .. n~. 

Due to an exceptiooally'dry autuan, tbe corn ~rop required little or nef 

'Iuppl_entary drying • Nonetbelel., the testl vere run to see vbat 

teaperatures could he reacbed in tbe sylte •• The grapb in Filure 28 

illustratei °tbe average hourly outlet air teaperatures froa tbe .olar 

colleetors for different test dates. Tbe average dayti.. sy.t.. effieieney 

vaa evaluated,at 35%. The daytiae teaperature inerease in tbe sy.t .. ranged 

betveen 40 e and lOoe vitb an average value of 5.3oe at an airflovrate of 115 

Thes. teaperaturea are higber tban those eneountered in tbe bay 

drying experiaenu. This la prohably due to tbe lover aolar al tltude angle 
, ' 

eneountered in ~tober vbieh laprovea tbe perforaanee of the vertical .olar 

eolleetor. It .bould also he noted that tbe les 1er airflov rate viII 

eontribute to. "blgher he~t plekup ln tbe .yeta. It ean he notieed that 

there are .1an~fieant olelliationa ln the hourly outlet air teaperature, 

, r.COrd.d~ for any ,lven day. Tbeae varlations .. y he due to a Il1IIlber 'of 

faetors. The solar radiatlon received during the test period variecl 10 .. 
intenlity .u:h aore 10 than in the ...-er IIOnths. AI the _bient 

t t_peraturel _re lover. the vlad bad a direct effect on cooling the air 

outlat teaperature •• " The',corruaated pla. tic ducts _re DOt ineollted and 

suba.quently auch of the heat of the _raed rtr .a lOlt to th. aurroUD4~ 

enviro...-nt. 1:a a peraaneat inaUllatlon, thea. ducta vould be,t he 

lnautatecl and burled 10 that they would DOt eonatitnt. an ob't~ 
, ~ 

traffle lad the .. rth _, alao aerve to contribute to the duet iliiüIâtioa. 

AlthOQlb .~t rudt.entary, th.se exper~ntl .... to iaclicate thae for a 

relati •• l, ~1lOr lnveataent, tbe solar vall air preheater aectlon of tha 

solar hay barn could alao he used in grain drying appUeations. If the barn 

vaa located cloae to heaud buildinga on the fara, the SWAP could allo he 
1 
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used for providing low grade heat during the period Novem)er to April. 

4.7 Cost Analysis of the Solar Hay Dryer System .. " ,,", 

This section deals with an estimate of the cost of the materials-of the barn 

solar hay dryer built at the Macdonald College farm., Table XIX outlines a~ 

bill of materlals of the dlfferent components of the ,system. These 

estimates were established from the actual supplies used to build the 

protbtype. The labour requlrements for the construction of each system 

component have been included in the section on construction details. 

The entire question of labour costs bas been included ~o illustrate these 

requirements. It should, however, be stressed that many farmers d~ their own 
'1~ 

construction work. The design of this solar hay drying system Is aimed at 

the resourcefulnesa of the Canadian farmer. Construction ia simple. Only 

standàrd building mate rials were used. These mate rials are easily 

accessible to the farmer. In fact, the priees quoted are retail priees. 

Farmers often have access to mate~ials, on a wholesale basis, so tha,ç some 

cost savings can be effected. 

The opportunity coats to farmera are a matter'of individual consideration. 

Generally thë solar air heating systems could be installed during the winter 
'1 

months, \ when many farmers have extra ti~e. As the construction procedures 
o 

are relatively simple, farmera can allocate their Ume _ccorditlg to their _ - J -, 
availability. It is essential to note that the roof air preheaters (which _ 

will work reasonably well ~uring the baying season regardless of 

ori~ntatiod) would. preferably be built by the farmer at the end of the 

haying season, ihen the level of hay is still relat~vely high, 

the need for renting scaffolding. 
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The different co.ponenta of the'aystem have been coated individually. Fra. 

these calculations 1t cfln be noted that the roof plenum air preheater 18 a 

very inexpenaive collector ($~.07 per square metre). 
, ~ l 

the teaperature increaent for the 8iven IUSS 

For the cost, howev~rt 

flow rates ia quite 

- appreciable. This output would probably be increased if the roof vere 

painted flat black. It is' queationable as to whether the installation of 

inaulation on the base of the roof plenum would be coat effective, as the 

dlfference in teaperature between the air in plenua and the air leavfng .the 

top of the hay ls only a fev de8rees Celsius. 

The .. teriala cost of the solar wall air preheater (SWAP) ia relatively high 

($30.48 per square aetre) co.pared to the other system coaponent8. Th:1a is 

due to the priee of fibregla8. reinforced plastic eorrugated 81aziog panels 

vhich 'bas increased by .ore than 35% in the pa8t two yeara. Other le8s 

ex~nsive aiogle or double glazed .. terials, 8uch as Hylar, Tedlar or Qualex 

etc. sbould a!so be inve8tigated. In addit~th of the hay dryer 

SWAP vas larger than those uaed to preheat ventilation air ,and thi. results 

in the U8e of ao~erial8 per .quare lletre. It .hould \)e noted, hovev~r. 

that thia cOlleftor il a chief eoaponent contributing to the inerea.e in the 

, air tnperature8 in the .ystea. 

The .aterials cost of the inner bypa.8 .. 11 has beeu kept relatively la. 

($5.47 per square aetre). This expenae ahould DOt he adcled to the SWAP cost 

as a duct is needed in any case '~o channel Othe air froa the roof plenua air 

preheater to the fana. ahould a forced ventlla~.1o.D .yat ... lrud, 'exist ln, 

the barn. 

~' .:. . 
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Fr01l the Tables in th1.s sect1on. a cost can be estabHshed for tbe tvo basl~ 

types of installations related to barn solar hay drying. rirstly, the cost 

of the system to "solarize- an existing conventional forced convection hay 

drying barn. ln the cise of a building identical to che Macdonald College 

farm hay barn chis would amount to Itoughly '-mSO.OO of llaterials. Tbt! 

labour would be left up to the farmer because the design 18 s1.ple enough 

to be built qu1te easily. 

The second case would be to build the entire systell into a barn. ln the 

present case this would cost roughly $5200.00 fO~ the aaterials. including 

the acquisition of the fans. If electric1ty 19 not ava:Llable 1.n the barn, 
l 

an additional $500 to $1000 might bave to be allocated for the installation 

of electrical wiring, switches, fuse boxes, etc. The actual installat;lon 

costs at the MacdQnald College barn were $1150. 

Table 4.16 summarlzes aIl materials and labour costs for the Solar Hay 

Drying System, . if one were to take a barn and 80larlze it completely, ueiog 

outside labour. Depending on individual requirelllents, needs and capac1ties, 

the actual direct costs to 'the famer would be a portion of this total costa 

The economlc evaluat10n of the system is one wbich involves severa! 

parallleters. One of the aavings tbat can be .easured is the reduction ln 
6-

drying time when air 18 solar preheated as opposed to using _bient air 

foréed convection. Based on the resul ts obtained in Phase 1 expert.ents. 
1 

these tlae '1Jav1ngs "1 be quant~fied. 

.. 
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I.f theae savinas are averaled for all tbree te8ts tbe resut ting tiae savins8 

is 37.3%. This corrobor.t~fl vith the resu1ts obtained by Ferlu80n and 

Ba11ey (1981) and Mordson and Shove (1980). The s .... ry of tbese 

calculation8 is found in Table VI.. Froa theae re.ut t8 J'an ec:onoaic 

evaluation based on eneray expended cao. be undertaun. To do this J certain 

assuaptions .ust be _de: 

a8SUIIle that tbe fans in a standard conventional bay dryins operation are 

run for rougbly 60 days during tbe average season; 

assuae that tbese fans are operated on a 24 hours basis; 

assUJlle a system vith two 3.73 kW fans such as the Macdonald Collele 

application; 

assUJlle an energy cost of 3.5 cents per kilowatt bour. 

Based on these assUDlptions» the cost of drying hay vith an _bient air 

forced convection system would he: 

EnerlY expanded for conventional forced convection bay dryer: 

60 days x 24 hoursl day x 3.73 kWl fan x 2 fans - 10742 Jdlbra 

10742 kWhrs x $0.03'5/kWbr - $376.00 drying cost per seaaon 

AssUllill8 that the average enerlY savinss of the .y.tp are 30%. the 

capital recuperation for hay dryiDII, would be $125:32 per .. ason. Thi. 

evaluation however ie based on the reaulta obtained froa only tbree 

co.parative drying tests. Tbe value ahould he uaed ln c.oaparlaon w1t~ 

other systea evaluations. I.t ia evident tbat further teatiq will he . 
neceslary before an accurate eatiaate of the t1ae aDd eoerSY' .. vi.... of 

the ban{ .olar bay dryer cao. be c.alculated. 
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ADotber approacb 1. to _ .... a .alue to'he heat bel. proclaced in ' the 

Barn Solaljl BaX Dr,.r. Table XVI au.aarlze. the ovarall perforunce 

charaeteri.Ue. of the Iylt_ avar the 2 .,nth te.tina perlod. If the 

av. rase .aluea of .... f10. ratel and teaperature increaentl are uaed, a 

&lobal 1 average da11y '-at output froa the .,..te. can be ealculated. , 
Froa the ba.ie heat t"Dafer relation, thie calculatlon yield.: 

. QOUT • Îl 
cp 

QoUT - 156.6 ka/1ÛD li: ain/60 • li: 1.0051 k.J/qoC li: (2 .. 4OC) 

• 30.4 kII/boar 

•••••• (4.3) -

TaUq an a~e' day leaatb of 11.5 bour., thia npreaentl lUl .... r ... 

dai1y beat output of 350.0 kIlbr.. Thi. npresant •• dally produc:tioa of 
, 0 

beat vblcb ean be e.t1 .. c:ed atr. 350.0 kIlbre li: $0.035lld1b (for tîIe QuI_c 

re.10D, ODe of the lo •• t electrleal rat •• ln ~da) - $12.25 pel' dey­

If the aolar hay dmua .,..tea i. operatad appron.atel,. 40 claye .of the 

year, tben thi. repreaentl a production of beat Yalaed at $490.00 pel' 

.... on. Thi. c:ould be COIIpared to pro...... or .lectrlc:al beatl... UDitl 
, ~ 

vb:1ch are the otber type. of "'ti. ..c:baa1.~ to prOliGee 

lnacaDtaDeoUi beat GD tbe fara. ' ___________ ~ 

-------------------~------------
In thi. c:aae t It 1. obrioue that the ... of thi ..... t Will....... upoII 

, ' 

, the .ffid.ac,. of the dr,.~. Iadutrial dryiJla plaIlC:. .... -.lti-.taptl 

ej.eted to the aalO.pbere. l'be Soler Ian Ba,. nr,.r 1& a .1qla ..... 

cJr)ller ... coa.aequelltly lt 11 quelUoaable .... t ... r al1 the .... t fna tIae 

.olar coll.ec:tora Ù lncleed beiac ueecI afflelaotly. 'l'be -redac:ed air , 

taaperat1U:a. ~ hiah Eelatl.. buaiclitl •• .ut1 ... fre. the hay .tKIt 

VOIIl.d 1Dd1cate dlat .. c: of ta.. Mat co-t... ChIC: of tlle top of the bey 
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·uclt bu ""0. uaed. laoweYer t~1.a doea not acCOUDt for ... , ur l .. u, •• 

out the aide. of the .taelt. 

Tbe eeonoaie analyai. Table XXI atteapta to quantify the coat of 

aolaridas an exiati. hay dryi. a,st... There la a .. rlted dilff.r~De. 
,l;Zf 

in coet-effec:t1vea.ee. wben the labour coaponent of the coat la. taun 

into conaideration. The ecoaoa1e beaefit, of the .y.t.. bave beea. 

eati .. ted"'-'t'Ii' relation to tbe inatallation at Macdonald Colle,e. l'be 

value of e1eetrical ener,y .. veel 18 an aver.,e of the two poteatial 

.avinas di.cuaaed earli.r. 50 attapt has been .. de to evalute the 

poaeible .aviasa incurred wben usina tbe war.ed air to dry arain: ,et 

thia application appear. to bave ,ood eCoaoaic potential. It la 

difficult bovever vith a prototype of thia' kiad to .. ka an, pr.dictioa.a 

of pay-baelt period.. ae the ay.t_ ha. yet to J be opt1aized. Porther 

're ... rch is r.quir.d to explore the true ecoa.oaic beuefit. of thi • 

• pplic:.ation. Tha syst .. _y aIrud, bold reat potential in proviDCe. 

Whera the eleetrieal rate. are eonaiderably hi,her than thoa. of Quebee. 

Tbe aetul auer,y ..... i •• that could he obtained froa the Sour Barn Bay . 
Dryer probebly 11a .. ~re betlM.n the $125.00 and $490.00 fiaur ... 

Further t •• tiDJ viiI bave to he undertaken in order to narrov d01lll thi. 

rADIe. Incr ... ias euer,y co.t. and the ~ti-purpoae nature of the lov 

arade heat produeiq .yat .. vill iIlprove the retura. on inv .. t:lMD.t for 

.ucb a .,at_. The co.t .ff.ctiv...... la lar,ely a queation of uaaae 

./ 

~ 
( 
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TABLE nx SUMKAllY OF HATEllIALS AND LABOUR EXPENSES INèuJuum FOR. 
VARIOUS COMPONEHTS OF THE BARN SOLAll HAY DR.YElt. 

Svstem Component. 

A) Roof Plenum Air Preheater 
Labour 
Materials 

Sub Total 

B) Inner Bypass Wall 
Labour 
~later!als 

Sub Total 

C) Solar Wall Air Preheater 
Labour 
Mater!a1. 

Sub Total 

D) F100r Duc ts 
Labour 
Mater!als 

Sub Total 

E) Barn preparation, Fan Suction Plenum, 
Installation of Fans 

o F). 

Labour 
Mater!a1s 

Sub Total 

Fans, Electrical Wir!ng 
Labour 
Materials 

Sub Total 

Total Labour 

Total Mater!al 

TOTAL 

f2!S.. 

1,050.00 
222.60 

1,272.60 

950.00 
268.70 

1,218.70 

2,300.00 
1,496.45 
3,796.45 

1,100.00 
730.40 

1,830.40 

1,400.00 
289.80 

1,689.80 

600.00 
2,200.00 
2,800.00 

$7,400.00 

5,207.95 

$12,607.95 

Note: The cost of one man daY' vas est!mated at $50.00 
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Co.'t per Hl 

5.02 ., 
1.07 
6.09 

19.35 
5.47 

24.82 

46.84 
30.48 
11.32 
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TABLE XX BllEAK-DOWli OF COST OF MATElUALS USED TO BUILD 

THE B4BN SOLAR HAY DRYER. 

"c~1a1a o.aeription 

Iolar Wall Air 'reheater 

COrruaate4 l1ber,la •• SheeclR1 
Tran.lucent (Excellte) 
11_ X 2.44. (32" X a') 

liber,l... Ke.h (Black) 

Chieken Nire 

Murbtlc Ad4 

Ilack raint ( .. tt) 

'\ ÀDlle Iron 
1~ 1 l~ 1 6.10. <lof X i" X 20') 

Tranlparent S1licone Cau1k1na 

Caulkin, (Black) 

L<Dber (Spruee) 
(38- X 88_ X 3.2811 (2" X 4" X la') 

Lu"er Plankins 
19aa X 184_ X 2.44. (1" X 8" X 8') 

Ca1vanized Ketal Flaahine 

Styrofo_ Board 
38- X .91. X 2.44. (2" X 3" X 8') 

, .. cener. (nail.,.crev.,ete.) 

ta 

4 litre. 

20 Uer •• 

12 plac .. 

6 tube. 

10 tube. 

65 plece. 

12 plec .. 

5 eheet. 

1 .hed 

Unit COn 
hic. 

28.00 • '72.00 
() 

1.15 US.OO 

lU.OO 

1.50 t 1].50 

1.50 
'vü 6.09 

5.22 104.40 

10.50 126.00 

6.79 40.75 

3.69 36.90 

0.85/. 111.90 

2.20/. 64.40 

11.00 55.00 

10.60 10.60 

30.00 

$1.496.45 

Uaceriala o.eer1ptlon 

Coet pel' .2 of Collector 

Quaatity 
lequired 

Unit 
~ 

$30.48/.2 

Coat 

ran Suction Plenua 

Lu ..... (spruee) JO piecu 0.85/. t 62.25 
~ X 8 .. X 2.44 .. (2" X 4" X 10') 

Plywood 12 piece. 16.00 192.00 
16_ X 1.22_ X 2.44 .. (5/8" X 4' X 8') 

Lu ..... (spruee) 12 piece. 0.36/. 10.55 
38_ X 38_ X 2.44 .. (2" X 2" X 8') 

Hinae., Loclta, HandIes, etc. 15.00 

raatenar. (Nail., Screv. eCc.) 10.00 

• 289. aD 

l!!!!. (J.5kw) ~jole Lcie 2 778.00 $1.556.00 
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l 'UIL! xx (colltinued): BJlEAl-OOWN OF COST OP HATEllIALS USD TO 
BUILD THE BARN' SOLAll BAY DRYER. 

Hat.rlal. o.aer1ptloa 

Ioo( P1anu. Air Prebe.tar 

Poly.thy1.na .beet1n, (6 ail) 
Polypropyl.n. tvtn. 
WOod.a furrin, strlps 
1'- X 38.. X 3.66a (1" li: 2" li: 12') 

fletal .y!!l.u 
r .. t.ner. (nal1 ••• t.p1 •••• te.) 

) Quantity 
!!qulred 

55 a 
120 

CotIt ..... 2 of Coll.ecto .. 

'-1' IIp''' Wall 

t\apenit.: 
.... 1.2Z. • 2.44 (1" li: 4' li: a') 

I.u...1' 10 ptee •• 
, la.. li: sa.. X 3.66. (2" li: 4" X 12') 

t.u.bel' 22 pl.c •• 
la- X 38.. X 3.66a (2" X 2" X 12') 

8tyro(0.. Bo.rd 2 .beet. 
,~X .9ho X 2.44. (2" X 3' X a') 

Caull<lnl 

r •• tener. (nail •• tc.) 

Kat8rla1. n.eerlption Quantity 
leouired 

Luaber (.pruce) 32 
38aa l 3a.. X 3.28. (2" li: 2" X 10') r 

Luaber (.pruee) 112 
la.. 1 as- x 3.28. (2" X S" X 10') 

WOod rurrin, Strip. 96 
1'- X 38_ li: J.28a (1" X 2" li: 10') 

Polyethylene Sheetins (6 ail) 
9.7SaX lO.35a 

r •• tener. (N.il., Screw. etc.) 

TOTAL COST or HATEKIALS 

1 1011 

$4,564.00 plue tax X $1.09 

142 

0.66/. 
0.22 ~, 

5.50 

0.79/. 

0.59/. 

10.60 

3.69 

Coat 

36.20 
26.40 
10.00 

• 222.60 
$1.01/.2 

• 104.50 

21.10 

47.55 

21.20 

51.65 

15.00 

• 268.70 

.,.47/.2 

Unit Coot 
.fric_. 

0.43/. $' ".n 

o.n/. l12.35 

0.66/. 207.90 

115.00 115.00 

50.00 

$ 730'.40 

$4,975.00 
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TABLE XXI : ECONOMIC ANALYSIS OF THE SOLAR WALL AND ROOF AIR PREHEATER 
FOR HAY DRYING. 
Note: AlI numbers are Canadian dollars unless otherwise indicated. 

ANNUAL COST INCURRED IF MATERIALS AND LABOUR ARE CONSIDERED 

Roof Air Inner Solar 

Jt Preheater Bypass Wall 

Initial Cost 1272.6 1218.7 3796.5 
* Annua1 Interest (@ 13%) , 165.4 158.4 493.6 

Expected Life (years)* 2.S r------- 12 12 

Depreciation (Ini~ial 
Cost/ Expected Life)' 590.4 101.6 316.4 

Annua1 Maintenance (I) * 10 5 5 

Annual Maintenance 127.3 60.9 189.8 

Labour for Operation (assume i hour/day @ $5/day for 40 days) 

E1ectricity (3.73 kW/fan)C 2 fans xlI h/day><.40 days X$.035{kWh 

Total Costs per Year (Interest + Deprec. + Malnt.+ Labour + Elect.) 

ANNUAL COST INCURRED IF MATE!tIALS AP.E CONSIDERED ALONE 

Initial Cast 

* Annua1 Interest (@ 13%) 

* Depréciation 

* Annual Maintenance 

* Labour and Electrieity 

Total Costs per Year 

ESTlMATED ANNUAL SAVINGS 

222.6 

28.9 

89.0 

22.3 

268.7 

34.9 

22.4 

13.5 

Eatimated Annual Savings in Electrieal Costs 

Estimated Annual S4vings due ta Fewer Losses 

1496.5 

194.5 

124.7 

75.0 

( assume 3:;: fe'wer losses than for ambient air forced convection) 

Total Estimated Savings per Year 

* estimated or assumed 

143, 
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Totals 

6287.8 

817.4 

1008.4 
r 

378.0 

100.0 

114.9 

2418.7 

1987.8 

258.4 

236.1 

110.8 

214.9 

820.2 

300.0 

800.0 

1100.0 
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CKAPTER 5 - CONCLUSIONS AND RECOMMENDATIONS 

* The principal actlvitles and findings are listed belov: 

1) Control tests vere undertaken to compare the solar forced convectioD 

drying of hay with forced convection hay drying. The tJ.ae .. vi .... "" ..... 

using solar energy for low grade,heat, range fra. 18.5% to 51.5% wben 

compared to ambient air drying, the average savins beins 37.3X. 

2) 'Uoder controlled tests there do Dot appear to he any 
1 

ai.nlf1cant 

differences in tbe quality of forage when drled vith lov ,rade beat .. 
1 

1 

eoapared vith ambient forced air. It aust be r .... bered. hovever. that 

the increases iD teaperature vere only of the order of 30 C to 60 C above 

.. bient air te.peratures. Undoubtedly'. further testioa vith .ore 

replicates are necessary, probably using larger aaaples. Theae detailed 

quality tests vere undertaken in conjunction vith the drying triala. 

--3) The barn at the Macdonald College Farm has been solarlzed vith a 

non-glazed air preheater ln the roof, as weIl as a aingle slazad 

solar wall air prehester on the south facing wall surfàce. A de_1gn 

bas been developed to permit a simple retrofitted solarization which 

could be undertaken by the farmer without the need for external 

c.ntracting services. The barn was operated for the entire ha,. 
.. 

drying season, durlng the sumœer of 1983. 

., 
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&1rflo. rat. ua.d ln theae operation, correaponda to 

curr.nt forced convection dryiua practice and in thia caae .. ounta 

to approxillately 650 a3 per IliDUte. Durina the courae of the baying. 

.... on, the avera,e daily Increaae in teaperature over .. bient 

conditiona o 
.a 2.4 C vith alllO.t'equal increaaee in teaperature in the 

roof prebeater and the .olar wall air preheater. The aaxiaua 
-'l!it. " 

te.perature increaeea varied fra. 4 to 60C at these flow ratea. 

5) Tbe averase_solar efficienciea for the total .yat .. durina the te.t 

period va. evaluated at 25.9%. The roof plenUII air prehuter ao" 

the aolar vall air preheater operated vith effieleneie. of ta.2% and 

71.3% respectively. 

,6) While the .,.at.. operated succesafully, it would a~.. that- the 

-4 •• ian of the .olar collectora uaed .houftt be optiaized. The roof 

plenua air preheater providea low ,rade heat at a very coapetitive 
• _ c 

coat. Siaple iaprov_nta and .,d1ficat1on. to the exiatina de.tan 

eould iocrease the heat output vithout affectina the overall co.t. 

The .olar wall on the other band appears to be ao expenai ve el .. nt 

in the .y.t_; Tltia la prillarily due to the coat of the fiberala •• 

• la.i.na _terial. The uae of a cheaper tranaparent coveri... ..y he 

'warranted even ,if thia .. ana ita replac ... nt at ahorter intervals. 

7) Î'be Barn Solar Bay Dryer concept iùt.,rate. ai.pUclty and ... e of 

operation. The.e tvo iaauea bave had aignificant appeel and r.ac;tloo 

fr.. c the faraill. co...mity thus far ha. been favourable. In order to 

effaet the capital coat of the aolarization of a barn .u1tiple==uaqe baa 

been eaphasized. Low grade heat production could havé appllcatlo1l8 for 
'" 

,rain dryina in the aut~ or .pace beatina in the vinter ~ .priDe. 

) 
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Operation durina the~e ~"_OUR j~tifieR the ~e of a vertical ~lar 

collector vbich perfoca~ better when the ~olar altitude anale 1~ 

recluced. 

Reco.aendationR for future inveRtig_tioUR: 

"inor ~tructural recoœmendationR: 

1) The outer roof c1acldina above the roof air preheater ~hou1d be , 

) painted a dark colour to increaRe flolar radiation, abflorbtivity 

hence increaRing the air temperature. 

2) The openingR in the roof, including the ro~f vent~. 

~ecurely flealed to improve the roof preheater' effieiency. 

~hou1d be 

3) A Reparate electric line mURt be inRtalled for the datalogser and 

other infltrumentation to enAure that there are-no power failurefl or 

power ~hutofffl due to auxl1l1ary fara machinery during te~t1na 

periodR. 

4)' Tbe tDAtallation of galvanized flheet metal vind deflectorfl OD north 

wall ...tnlet would avoid direct ingreflfl of north vind into roof 

vJp'rehea ter. 

') The ductwork on the 'diflcharge of the ventilation fanR flhould he 

~trengthened • The 
~ 

ductwork flhould be lined vith an imperviouR 
\ , 

.. terial whicb can he opened and clofled alona the bafle RO ail to 

control the flow of air. , 
6) The pla"tic ba~e ~beet of the roof plenua air prebeater ~ould be 

replaced vith a "troUler relnforced plaAtic ... brane vbich vill have 

a 1008er 11fe • 

. ". " . 
" 
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lnstru.entatlon and aonitorlng recommendations: 

1) The elec:tric conaWllptlon of the. ventl1atlng fans sbould be 

(j 
aonitored. 

2) Wet bulb thermocouple sensors should he installed above the hay 

staetc. at 3 different locations so as to .onltor continuously the -. 

exit air relative humidlty. Additional wet bul.b sensora ahould he 

'installed after the fans as weli as ln the ambient air inlet. 

3) There abould he auch IDOre complete IDOnltodng of hay moisture 
\ 

content during the drylng of particular cuts of' hay. 

4) Tbere abould be better monitoring of airflow in the f100r ducts on 

the fan discbarge. 

S) Some resolution of the question of bay quality .onltoring ahould he 

undertaken ao 8S to quantify whether solar dried produce has 
, 

G ~ , 

. increased nutr1~Ional value, a. bas been found by a01lle other 
, r 

researcbers. 

Recommendat10ns' for operating procedure a : 

1) lmproved sampling procedures for the hay drying in the barn trials 
r' 

ahould be developed. 

, 2) ln arder to aake the bay drying analysls WlOre precise. it vould be 

nece88ary to take hour by hour read1ngs of: 

a) the 1B0bture content of the hay uaing the indirect testing method 

whlch bas previoualy been cal1brated asalnst standard d~ylna 10 

an oven. 
\ 

b) tbe relative buaidity of outside air. after the fan dl.c:.barg~ and 

ab9ve the bay aUck. 

c' 
e) c:.ontrol teaperature Masurewaents vitbin the ha~ 8tac:.k.. 
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3) A complete investigation shou1d be undertaken to determine the 

contribution made by the operation of the fans during night-time 

periods ;ln a solar drying operation. It is recognized that some 

wetting will occur, however, during periods of high ambient air 

relative humiditYe lt has actually been shawn in the Phase l 

experiment, that the hygroscopic hay stacks reabsorbed moisture quite 

readlly. Therefore ft is essential that the optimum periode of 
" 

sperati.on at nigh~-tlme be determined. l t may also he necessary to 
-- ; 

haIt the fan.-~ring high daytime relative humidities. This should 

be studied in greater detail. 

" 4) Study the optimization of the airflow rate in the Barn Solar Hay 
Dryer to/determine the Ideal flow rate for solar energy collection 

# 

as weIl as for drying • For examp1e, if there" are low airf10w rates 

. then there 111 be higher inlet air temperatures to the hay 8tacks. 

There will a1so be lower e1ectrical operating costs. lt is also 

possible that the lower relative humidities of the inlet air stream 

might enhanee drying rates. 

5) lt would be int«;restlng to do an economie ana1ys1s comparing: 

a) field cur'ing (only storage inside the barn' 

b) foreed convection drying using ambient air Î 

'1 
c) foreed convection us1ng solarized systems as described in this 

report. 

The following factors should be considered: 

the eost of the systems including fans, ducts, solar components, 

etc. 

~ 
the cost of labour 

the quality of the drled material. lt is necessary to quantify 
"" -, , 

the best quality of mate rial that can he obtained for the quickest 
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dry1na U.e. Therefore 1t will he Qeeessary to Masure tbe lut 

( content. protein, vitaa.in content and detera1ne the econOlÛc 

benefit of any Il1proveaent in qual1ty vith re.peet to feed intake, 

digeS-t:lblli ty and ailk y1.elda. ete. 
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APPENDIX A 

\ A.O.A.C. HETIIODS FOR DETERMIlfING FORAGE Ntn'lUEMTS 
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..... No. .. eiewe .. caM fil C. ..... Dhm.D~ Oft Ory • cm 
.... WIdIout ..................... H,O • ....-- ..... CaH" 
... cn.UJ .............................. ataGmL 
c:-. dl. 10 100 mL ..... miL 

z..osl A.,. .... o.' .. " .• ....,. ......... ,.,. 
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2.Mi1 iii m rpt rIT ........... :Il .. ,t ,ta •• 

"""'11~ IiINIIACIIIfwt 
CNoI "'Ss rll'I ta .....w. yWdinf CIIIbed lOIna _ ...... ..... __ .... _ ~ WIIidI fonn ___ 
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• ..rr. dIL to 10 ml. IWirt •• nd c:oof tG room tempo. Add 1 mL atd 
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2.1125(." 
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~ ea 50 mL. .dd 10 ml HNO, 11+11 •• nd bod genlly 10 mlft. 

Iii' Cool. dU. to 150 mL. and proc .. d U ln 2.0211.1 or Ibl. 
Ibl Solna contatntng orgaml: pholP/lONI.--I,C4utJon: S •• 

51.011. 51.02e. and 51.021.1 S.lect a/lQuot al ln (.1. Add 10 mL 
20% N.CIO, and 10 ml HNO.·HCIO. murL. 2.o.t91.1. BOil v.gor· 
ou.ly uar" oreenllh.y.llow eolor d.uppurs (uluaUy Cil 30 m.nl. 
eool. and add 2 mL HCI. Alter v.gorous r .. a'on subl.des. evap. 
to whlle fumes. and eontanu. htlllng 5 ml!" Cool. ,nd proceed 
a •• n 2.0281.1 or lb •. 

M'I1IOCIa 

ZJIM ~I"'" fil..... 0I8daI ..... ~ 
.. , ............. ZSml.botK,O. .... -. T., • .,,, 

....... 2 WOIII H.SO. ",.. fIom'HNOt ........ ., ........ 
__ AfIfI ........ ~,,,S() ........... __ .... ........... ., .............................. ........ 
.... __ ....... or il GnIY ..- _ .. ..-. ...... 
.... T .............. ., ........ t ..... ISMI/IIJO., .... ... 
.......... 10 CIIf.........,......,. HoSQ._ ..... 111 .. .... 

T.." ...... 
............. _ ."'.""IRift' Il •• .. ......... 'R F ' ••• ,"'.--. HiJ 

&lM ."1_ .s,,... ..... 
Cal ~add."""'" H,SO.. ....... 
.. ~ ... ., ...... ~-«tO- .......... .... ,..... 
lei", ............ ,.,. ............... , .. ... ................ .. ~.--A ........... ....... 
III $u/tIde.,.......,. ..... ~ •• -. «,11111 

L H,O.ISofn 01410, N", 01' 10, N •• 5AJIf.Q ln 1 L .. Ile' 
und.l 

lf) Sodium ~&-PefJ ... or 101ft. 1 ? .... for ..... 
diaaIv. ca 450 0 lOIid N.CH ln HA c:cooI. IM! .. ID 1 L litt .. 
of soin Ihauld be "1.38J 

(81 ZInc ,,7WJ7u1a.~e .. ent grade. 
(hl Zint: oi�a--lmpaJpabJe powd .... 
m M«hyI"'" Mldicaew.-o1uo1Ye 1 ........ In _ mL 

akohol. 
(J) Hyd. odIIom: Ql'auItudt: add ml mIIL-aIN. fil' G. W ..... 

ann of N la amaI. Prep. .. in 10.011 or .... 
CId SodIum bydroJude ml aoIn.-Q.W tor __ ..... 

concnl. Prep. .. In so.G:IZ-M.Caf.. 

Srdu eldi am lOIn with ptlmary IUt. Chap. .. and cbac*_ 
again. t!\. omer. T .. , relQ.ma baf_ u. boy bIInk d ... wiIb 
Z " IIIOlr. lIIffüc:h ensuret panIaI reduaian of lftY ...... 
prnant. . 
~UfJOIf: Use hshJy opaned H.sO. or -'d dry 'A ID ..... 

hydrol.,... 01 nltriJa ."11 çy.n.11IL RaClo oIM1cto acld CwcwoIJ 
.hould ba ca 1: 1 Il end of dlV.auon for pvper camp. conaoL 
DiQ .. lion mav b. incompleta Il lower nIDO: N may be _ ., 
' .. gh ... ratio. Each V f.t conlum" 10 ml H.sO .. and udI 0 
carOo~ '" ml HrSO. dunn; diV __ 

2.056 ApPII,.tw-Olffci.J Fi"., Ad_ 

(.1 Fo, dlgestion.-IJ.e Ki •• d.III ftub al liard. modenll'Iy 
t!\1C:!t. well·ann •• led Vi ... Wlch tOla' Qpacicy ea !500-8D0 mL 
Conduct divesùon over heaun; devlce adjllSt.d la bnng 250 ml 
H.O .1 25' 10 roUln; bo.' in ~ 5 min or odlar tlma a. IpeClfled 
ln memod. To tast h .. llr •• prehell 10 /11Ift If gas or 30 min If -
elee:.. Add 3-4 bollin; chips 10 pravent supemeattnv. 

Ibl For dlstl/llltlOn -Usa 500-800 ml lQeldahl or olh.r IU.I. 

able tlasE. lined w'lh rubber Itopper Ih", wh,,::" puse. lower 
end of effiCIent scrubb.r bulb or trap co p...,...n! mach. clu'ryover 
of NaOH dunng d.sln. Conn.ct upper end of bulb tube 10 
condensar tub. by rubber lub.ng. Tr,p aüd.t of c:ondenser .n 
lucl1 wav .. 10 ensur. complele ,bsorpDon of NH, dlsld ov~r 
into aCld ln rece.ver. 

~Source: Associ~tion of Official Analytical Chemists. Official Methods of 
Analysis. William Uowitz, editor. 13th Edition. Washington D.C.,1980 
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( 
&.IS7 a ••••• /tlfIII8M,.,.. hw ..... Ji .. ...... ~,..., ..... 

tcM.taofr: .se. 1 .... Md 11.-.J 

,... .............. «L7-U oJ in d ...... lIaù.. Add 0.7 
• HeC ..... , mec.IIic Hg.. 15. powa K.sa.., ~ N..so. 
... 25 mL HtIO.. ...... >u IJ" UUId. ___ HtSO. by 10 
........... , .......... ft ... in lftCiined posIIion and .... 
....., ........ _ (If --v. **' __ .... al 
,.... • ....-- ........ ,: bail larisIdy und .... d-. ..... 

..... - ..... C2 tir lot ...... concv CIf9. ~L 
Coat **' ca zoo mf- HoC. cool <25". add 25 ml. of UIe M'" 

et r' " .. 101ft. .... max co PCM Hv, Add t.w Zn .-... tG 
...... .......... .. ft-*. ltId lIdd Iayw of Pc.ott WICftOUI 
....... CFot .... 10 mt. H,SO. uSIId.. or les..".,. in diIIf H.so.. 
..., 11 ..... H.aH ., et1OUII"!IOIn tG !NU cor--. 8U'an9IY 1It., l11t'a.uHate or IUIftde lOiI'I may Ile ..... WIIh UIe N..oH 
.......... eddn ID fI..aJ ~ -..cr ftaU to .... 
-.. ... cunll ..... and. w!dIlIP of COI ..... imIrr....a ln ... 
Idd .... 1-7 dtOCIS illdicaror in _. ,--. ftaU to ... 
...... a.ratr. u.. hui umiiI .. NH, .... diIId '.'110 mi. 
•••• 1 II--.~ .......... of CIDI ........... . 

..... lIda:ldincllldllMewidllld N.oH .... Conwafor .... 

" ... rlll'" 
.. N - , ..... _ edd :Il -.IIy eddJ - Cml. ... N.atf 

x nanNIIy NeOHI x1A1l11/I ....... 

&ail .... ••• ItfeItIaMMMIiIfIIII,., .. - C. ::. 
r ;'. aM ·"FIIMIA-.. 
'NOl 800Iicabie ID liqI or ta "..,.. wtdI "'vII 
Q:NO, .... ~anion: s • • UII end '1.1111" 

.... -'8hId -pie lo.700U aJ ln ~ a.L AdàI • 
ml H,sa. CDnIV 2 CI Aiieyflc Kid. Shab undI u-aIy ""-' __ 
... ...." widl.-man.t wJdn9,.30 min; U-..., CI'., 
Na.S.o...sw.o or en 2 g Zn dust C .. ~ po;;Mr. nàI 
........... Zn or ftlinpJ. SMIre end .. 1IIMd 1 .... : ... .... 
over Iow a- und fradûng ~ Tum off ......... G.7 • 
HgO Cor o.a ClIMCaIlic Hgland 15 IJ pawd ac.so. (or anhyë. 
Na.SOJ. and bail briakIy undIlofn d ......... 30 min lol.­e iii for __ COIIqJ org. materWL 

" 
a 1M ......... ~ID ......... __ .... Add7_ 
HCJ .................. tO ..... 

~ .. Oft ...... II ........ _"4--_.7.0-7..s 
_ ........ ~~ ...... :u ...-....... 
"""'ma&. ' 

Add 22 CI K.SO.. 1..0. HgQ. ....... = .... -. A-.. 
_mi.dII.~ ... IIf .. 1 .... : •• Il bPl,a_ 
H"SO. "'" ... ~ ...... "'dl. H.,sa.. .... - ...... __ ...... aM el .... ___ ut ......... 1.0 .. 
H"SO. far .... 0.1 .... _1ft _ el 1.0'" 

......... _~ ... I_ ... fI!'& ... t t 
_.._ ..... ....,.., ................. 1 ............. inour 
.......... ~eI .... "' .... u. ............... ... ............ ...., ............ -.......... ..... 
...... elHaSQ.dIar .... ., .... ac. d ,.._ '1 ... ... ............... : : .......... _ .. ,.. ... ................................... ', .......... 

JIrociIIId .... a.. .......... 1
9 

, '.z.-.-
a [ '1 .. 

v ••• .,=, , ....... _ ... .......,., ...,,.., ...... 
~.,gn 'II' ........... "'11'.11 

&.Mt •• " • 

... &...a. là. .. IlL IlL CId. 2.-.L IlL "'In ... 
~ .... _.n.,. •• _ w ....... ..""., ....... ~-................... 

/J. .5 ••• 

te .. ,: ... _1.Itt ... -1.011.1 

~ _in z.-. ..... , ..... 2...in. 0.2-1", --. For 
................. CIdW UIIIn ..,.. .,.".. kit ..... __ .o.sl ....... ' 

......... in HCOnd par. ol~. 

Ad&Il'l KtSQ. or 12 g anhyd. NawSO. o.., g anhyd. CuSO. or 
U • CuIQ...IHA and ca U IJ AIundum gqnuje&. Add J7 mL 
H.8Q. "+0. CIf ."14_ ~ la ..,..11'" 20 mL H.sa. 
1IIIIl' ............... tif H.SO. 11+1). "arv- maar odNItdIM 
___ 1.0 .. 8dd.ddnf 1.0 ml H,sO. for uda 0.1 ,''' qr 

----u-e .,., ~ - in __ of 1.0 g,J -~ 

c-,.. ...... ,.,.... ..... CU. 
tJIIIeMI RtW AcdM 

IAppilcabl. tG .11 fenlllDr_~ 
c.UtJOn: s. n030 and 11JI7IJ 

,el ChnImium m-.L-l00 man. Iow N (Fisher ScienatIc Co. 
No. C-31. or Sarv.nt.WeJdI Sa.mific Co. No. SC11G2 la ..... 
"CIO",,, 

Ibl Alundum.-Bolling atan ... 8-1. mnll (Anhur H. Tho,.... 
Co. No. 1590-0111. or .quiv.l. 

(cl DI/ut. sulfunt: aCld. -Slowly add 625 ml H.sO. ta 300 mL 
" H,a. Oll to CI 1 land mix. Ah., coalin;. dll. to 1 l w,," H,a and 

mix. Avo.d abaorpllon al NH, tram a.r dunng P~. panieularly 
If st, .. m 01 air Il uSid for m.xing. 

Idl SodIum thlosullat. or potaS$lum sulfid. so/n.-160 G 
NI,s,O,.SH,O/L or 80 g ".sIL 

For ath.r r •• genls. S/U' 2..055.. 

2.060 Determinaûon 

Pile. 0.2-2.0 g umple canto "60 mg mlralll N in 50G-800 ml 
Kieldahl nask and IIdd 1 2 iii Cr pawdllr. Add 35 ml H,O or: w.th 
liqs. Iml 10 maki 101"1 vol. 35 ml. let stand 10 mIn wllh 

et 

........., _ in 2.010. par .... IIU~ 75 min for .. min in ...--- ' 
Cool ....... Ir c:an Ile handled ~ ClIawI. and a!ld ca 

250 mL H,O. SwitI to diuot_ canr.nu. and cool <25" • .Add ca 
CU .. AIundum grenu' .. la m.mmlU bumping. tilt ftaaâ. .nd 
add ....,of NaOH WldIout agitation. (For e.ch 10 ml HwSo.. UIId, 
or lai equiv. in tt.SO.11 + 11. add 15 Il lOüd NaOH or .noutIh 10111 
ID m.u c:anwna IUlDngly ait.) Prvaed •• In 2.CI57. par. 2-
beginnanCi "Immadl"lly cannees flask tG diatg bulb ••• -

llatte, ',nw/.,. MetJttHI 121' 
Ofllolll Fma' AaJ_ 

~I. to .11 fenl",.r •• mpl.1 .XClpt Hn'Inc pho.ahalll:· 
cam, nanaulfa" S. Cluuon: Se. 51.IXIO Ind 51.07S.1 

2.0a R.aglllcs 

Cat Ranf!'( call1lysr powdt!r No. 28'~-50% Ni. 50% AI (W. R. 
Grace 3& Co., Cavlson Chemlal D'VISIon. 10 E Salumor. St. 
Satumore. MD 21203) C~utlon: Raney catalyst pawders 'llet 
lIowly ln H,O or mOISe aIr to farm alumma; avoid prolanglà 
contact wilh ait or mOlsture durmg storaQe or USi. 

(bl Sul/UrlC IIlf!Id.porilulum suI/lU" soJn.-Slowly add 200 ml 
H,sO. ta 625 ml H,a ,nd mIl<, Withoul eoallng. add 106.7 g 

,:-. 
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c 7.~hm AOAC MmecIœ C 1!101 

..... ...,. ...... 10 """ ... hI ..... lWoft nIDIdIy _ .... mal 

hm '.:1_. 4ry.) "--- .... '"'"' ............... .. 
tt.o hm .... ., ................................. Md 
...... " ........ ..., ..... '1 ..................... lIIcL AfIItI 
2110 _ ..... 1.2S'liJ ........... ....., 3D _ ....... ...... , .................... " ............. ..... 
B_ .................................... ..... 
H,Q. Oran'" el _ H.O., ........... ....., ... ~ 
.................... 8 ........... .,.. ....... ........ ---.....-.-_-.................. -- .... ..... 

'1 

..... ,............... " 

III u.n, ~ t pel :.-AIMr ___ ......... ... 
....... "'" ...... JIll _.--.. .......... l 
....... • ..t, " ... MIiIrr .... ~ ......... HP. 
............................................... ftA, 
... --*Y- ....... _ .......... ., •••• k ...... fII ........................ - ........... ., ....... 
.., ....................... _ ........... UStA NIION ... 
.... -.ay .................................... w.... 
willtB _ ........ 1.z15 ...-a.. ................ HA .... 
8 .................... _ ... ~ ____ ...... ..... 

Id r' ...... ., ....... -Ory_ .... ,.....2 .... ,.sr . 
0IIG'1II1' 1 ...................... ~lr,c..I ... 
1a· , ... ......,., 
~c:n... .... In .......... -C-a.-In __ ..... 

-1oa .... oIa.' ............ ......... 
.... c:n... ........................ -CxC1aa-~ 

moiauaI. daaiNcQI(1GO - ........... III..-.a ........ 
bpan ,-.... 10 0.1"-

.. = ~ wt..,.,..., 
tlIIWIII"". ... 

u.. ~ .... 
PrfncipIe la ...... In 7 ..... __ ....... la ~ ID 

....... ......, 10 .......... ..,.... ............ ....,... ...... ,....,... ...... .,....., ............ ..... 
7"., W ... 0 ....... Il 

8. '"9JIIIII 7.GIZ(aJ. CbL .net Cft .pp, , ....... III. ... .... 
CI). ..., '&.oa: .... In .ddn: 

... ~",..,.,... s,Jl8mIOp.nnitappU Il nolmin. 
VIIC. MCftAIY for fII1radon ... waIIing 01 __ ....... widün 
3-1 min. Eadt unit COMJaœ of ,...",.. manifold CDNMII:I8d _ 
(11 tt.o llpirarar rhnI 121r SIOpC:Od(. C2J a1m. UIru -=and 
rtopcac:k WIIh rnatIInng d..nc.1 and UJ rK8PUde c:antv con .. 
Ibaped h.rd rubb ... guke whlch provid .. YK. .... widI cru­
cible. Vac:. aage aaached ta manifold Indlc:atn VK. appIled ta 
c:nn:IbI .. Crueibl. Cln b. heated balant .nd during ffltnldon by 
tlaw of hat H,O ln aurroundanlil jactn (For phat0lilnlph of app.. 
•• a JAOAC 51. 1353119731, filtrabon Unit 1. avaalable .. Modal 
150 'rom Analyucrl BloCh.n"suy L.rborrton ... lne:,. PO 80. 
1097. Columbia. MO 65201.1 

(bl Crut:lbl .. --Fnrted alau. 50 mL. coane pOroSlty. 0 .. " as 
foUOWlI: Bru$h. and now hot tap H.O Into c;ruClbl. to ramove e. 
muc:h alh .. pO •• lbl .. Submerçe cruclbl. in bll. soin. (e112', 
>5 min. ,emov., and nnsa wlth hot tap H.O. Submerge ln HO 
(1+11, IcI la ;;;05 min, ,emov., Ind rins. thoroly wlth hot tlP 
H,O followed by distd H,O. Alter 3-4 use.. baclc w .. h by 
Invert,ng crucible on hard rubb.r gl.ht ln filtrabon app., and 
flow,ng n .. rlbolung H,O Ihru crUCible under'plnlal vac. 

(cd C/umngsolns.-U,Acld soln.-HO (1+11. 12'8" ••• 0In.­
Dillolve 5 a Na,H,EDTA. 50 iii N.,HPO. (loch. aradel, and 200 
g KOH in H,O •• nd dit. la 1 L Slorag. In sap. wld. moulh 

• 
t i 

CD .... ..,.1IoMItIt 2-2 L lIOIn lnIo wNcft CNCIIrIea Cln be pIMSd 
11_. __ "-

7 ... III ... y. *, 
~: $.- " .• '11 end ".mJ 

br 2 g.,.....,.. ............. ...., et ........ ,.,... "fil 
11<' ..................... T,...IO __ ............ . 
...... ____ •• III .*-............ AddG.2S-O.l 
• ......................... br _ ... _~aiinl 1~ 
HtIQ. .. Ift ...... _....., .......... aWln_. ,lM' 
...... ." ..................... 11. 1 ....... .... 
........ .... boiI~ ....................... ''':11'' ...... ~"- .................. "' ....... 
..... cal'a .......... , ....... au IbO" ............ . .................................................. .... ".. .. 31_ ... 031_. p ......... ., 

NIl 1 ....... _~ii .. H.o ........ _it: .... 
~~ tIInr ............................... miII.., 
__ ~ 1 iinsH.O. ,.., • ..-. .... 3_-. ... ..... ....... ............. --........ -~I··.HA ........ .,.., ............ Do _ ........ ....., undIr wc.: lift ..... "-................ ....... 
. w.-nslduefNnl,.,..... ................. _ ~ ••• 
~NeOH....., ................. ~.IIIIIÎII ....... 
..................... 01 .................... .... 
..... cndIIe. a.t. 1ft epp.. ........ -=- • ca 21 ..... fIow 
__ bD'I. H,O dIru CI1IC:ibIe ta _ IL lItrep .... bail .... 
tt.o ..... thnI jIrdr:er durinv ftllmlon ...., ~ AI end 
.. ~ cI8c:aM 1Iq. ttIru cnICIbie and ........ _ 
crucIbIe widt min. fil fI8II'rOoiJing H.o. ~"., • .,...., 
......... fUIndon ma, Waah raidue .......... Z5-3O mL 
_ 1r0' ..... 1.2!1"- H.SO. aoUa. and then ...... 25-30 ml 
ponIoaa.......ooRing tt.o. flJtering a,.udt ....... ....... 
... ....... fair.- ca 3-1 rnin/umpIeJ Do _ ...... fO 

crudbIe under_ 
Dry crucibIe widl nreldue 2 hr. 130:2'0 or ......... 110". 

eoaf ln d .. · llOI. and w.igh. Aah 2 !Ir Il 1IDt10" ..... 1ft d... 1. and w.igh. Do noc ""'-~ hm __ 
.... ........ Il c2SJ". as fItaad dlrt fnIIY Ire "alad If CIIIIIIad .. ~. 

,. CIUde lber - Laa ln wt on Ignidaft x '00( .. Ample. 

.... D .... ...c,.., ... UpaiII cm 
pm.! Hp" ActlRD 

(al 5u11wic M:id.-71"Xa by wt. Stdza fU94IIIC grwde H.SO. ID 
IP gr 1.S34 ae 20" or 24.OCW: Add 1200 g HwSO. to 4CO mt. fftO 
ln 1 L MCA voL Il .. /1 with coo.llng. Stdze ta 1134g/L rWG" by 
ramovi"9 .oln end addlng HIO or HaSO, as nqulred. (~udo,,: 
5 •• 11.030.1 

Ibl AcId-d.t'fJ/ant .oIn.-Add 20 a catyI trimelflylammonium 
bromid. Ctech. grad.1 tel 1 L 1.0ON HaSO .. prwiou.1y ~dzd. 
Aglme to aid loIn. 

(el Asbatos.--Plac. 100 g asb.stos in 3 L IIuJr conla 850 ml 
H.O. Add 1,4 L HaSO. Itech. gradel. mu(, and lat cool 2 hr If 
room temPs Filt.r on IlrQI buchner Ind wnh with H,O. Aesua­
p.nd mat ln H,O and pour into b.g ._n tram recun;le 0' 
libarvla •• window tercen,"g, 1" x 18 mesh Cbag ahould b. ;;;o~5 
cm w,de x 30 cm deeDI. 'Nash by ,mmeraion and ag'tatlon in 
panly fiUed .ink to remove lin. panlcles. Ash nICOVcred nb.stoa 
16 hr ln 800' funUlc •• Slor. in dry form unlll use. Und nb.stol 
may ba rewuhed. reashed. and reund. Com. P",Dd aCld_.shed 
ubaltos 1. unSiltlstaCiory unI eu tre'led wlth 72~. HaSO, Ind 
IIhed at 800' . 



( 

. ' 

1.G70 App • • -f.' Il.,,,.,,,, ........ -Any ___ """ ....uOte for 
crue. cu- àeIftL .............. ...., mU lIId ~ 

....... from IGD _,-0 ............ "-.1-'. 
l1li F"".. "... ~.--u.. __ pof'OIIty • .tO--5O ml 
~ c:rucibl&. .... _ CI'UCIbIes ......... 500'". Remove 
...... bal .... .,... 1ft 1GO" fw ..... _ iJOl M. Cool 15....... .. .....'A IN' .... c:xu. and .... " .. AIn. 
__ ........... Ile ......... CIIect ....... 0 .,..,. MCh, ",.,.bio. il cnICiIIIee .... --. ..... .....,. of time hm 
_. ___ ...... __ .......... and ~ weigfl 
cruaII6a ln __ .".,.. 

1.171 
w.i9h 1 ........ __ ..,..... ..... , mm ..... or 

............ __ .......-. ................ _.Add 
'CD ml. .... dlll ............. ..... 
.......... ÏIt I-l0..w.: ......... naid ta.rntno .. 

................... ...., *-__ 01 boiIIng. Mi' ri. 
lIDiIiDg IO ..... _ .......................... Md fliter 

1IInI ........ CW" frIIIiId ...................... aucdan. 
n:w-ve&."., .......... ShuloIIv.c. ............. .... 
..... lad ... Ma...- ti full ..... "' __ 'G1r1 1fwO."'''' 
..... , .... :--YèD(t ................ JfaO ....... 
.......... ", ......... .-...nyat-. .................. "' ......... _-- ............ 
~ ........................... p8rdcI.. 01''''''. 
Remowe .......... wiIb vec.. Dry 1 hr or owmivht ln 100" 
~ ... 0-. .ml ...,. (WJ. c.Ic. " ac:id JetwU_ fi...,. 
- lCD (W. - WlJ/S • ..... S - 0 ~ x • ov.Hfried 
-lu ~ IN' wetlNDW. dad On ........... 

7.11Z "-la xia ... ., Upie 

To cnJCibIecaMg fibrr.1.I71, ~ 1 a ............ c:rvcibIe 
ln 50 ml. .,...... for auppoft IN' errangr crvcibIa ln tIhaBow 
....... PM. Coww CIOIIlWà t:iI crucIbII widI caoIed "ri 72% 
H.so. Md Idr 1IIIÏIh .... l'Gd tG lmOOIh ............. al 
lumps.. f!I cnICiIIIe .... fi"""'" ... -=id .nd 1Idr. a.-
..... tDd ln c:ndIIe; refin widl 721' tt.So. and Idr hou"., .. 
acid dIWM, ..... c:rucIbIr al 2~ (coailf --.y). AIt_ 
I tir. fIJ1IIr .. ~ .. pOUlhl. widI ~ and wall witII 
hqt Hp undI .....".. to pH peper. RI ... aida 01 crue"" and 
_ atirrinv nid. Dry CnlClbI. in 100" forcrd.draft 0-. coaf 
ln daiclr:Inor fIVW ".0, or Mg(ClOJ ... 1'Id welgh (WaJ. Ignir. 
cnacibI. in 500" fum_ 2 hr o,.unul C·,,"- Piaer avcibl. whit. 
IliU t\oC Into 10er fon:edodraft aven 1 hr. Tnlls., ta daacator. 
c:ooI. .nd "Vif CW J-

Drt. ab.tos blant by·".,.ighing 1 g Mbatoa Into .. rad 
CRICIbI •• Proc:rrd ... tJov.. tJ.vinning Neov- contlntll of c;rv. 
cIbI ••••• R4tCOI'd any !ou in WC on uning IWJ. OlRantinu.· 
dttn of blinI! if _esta. bl.nk ls <0.0020 Glg .,b .. to-. ~I~ 
% acid-insof. tignin - (W. - W. - WJ/S. , 

Total SuV'" C2:7l-Offtc:ial Rnal Actlon 

(l' Soxhlet mQtÙ/Ïr::tIllDn Df!'.ehIÎIJ!l$QIn.-Prep. al ln 31.0l"'e' 
.nd (b'. • 

Ibl I"Wlrt sug" strl SDln.-l.a, ... Prep. as in l1.0l"'c). but do 
nol neua .. O,L 10 O.5~~ jusl belo(l' us. for .n.IYI'. of most 
predueu.' 

Ic) bt:to$e ,rd $oln.-1.0~~. Dissolve 5.000 g laetcse 1ft HJO 
and d.L tO 500 m~ Pre". daI/v • 

Il! 

1.01" 

'al Ump.~ dUII I.mp or 150 ..a rwfI_r spot 

'-"'. to Wulnlftlll booIinv Iain. 
CbJ """'.-GJu.COI mantli. 250 ml. p/rc:rd 0Wf rnrg.. sar· 

rel. Adjust " ... 10 thaI 50 ml HoC COn1glllmtlg bar wtII bail in 
3 mm. ..... stimng ... plaie ... tao ".'.Clary. 
7.015 "..". .... ", ..... __ M ..... · •• 

Cr) F"'contMWtfI~·-Wrigh~"""'" 
pie. pt'wpd .. 1ft Ua but IIGC ;round. to pnMdr final ..,.,. ca 0.5,., i"",, suvar lM »1 0. ln10 ZSO mL , lat ,eonung G .... 
Worb No. saco. or rqurv.l. Add 150 mL HP ..... 10 ...... 
...... • ncl ..... juil 10 tao. Ur arnd to CIIOI. dl. ID vol. ~ and 
/ri .... to ..... COIfWprmd-. TrrnilwlOm&. .......... 
lCD mL ......... Md 2.5 lM. Ha ..... '.11 .20/<4"1. Ut 
..- .., ....... iJOZI". di. 10 val. ........ CIl ........ 
....., ln .... il >21 ...... il .. ~ ........ inwrneO...-J 

CItJ ,.... ---. .. ptOCIIYca.-WrittI .. pr0pri8(8-

..... ID pnMde .... lOIn C8 '" ........ DIt ml. va&.. 
ftIIIk. TIIonNy ....... ..,...wittlH.Q. ............. ........ 
ciL ta vol. miIr. and MI..-ta ..... CIIIM'III ....... Pr..-
.. In 7...,.,... 
7.1171 Il Il.... • 

Fil 50 mt. ..... wIdI ofI'ur _ ..... .., ... aa/ft a-r 
euger for _ wah 7.ont.t and ..... ...,. l.177fb1J. "-d 
..1n21 .... par. 2. ~- ..... 1Y5MI fIrIt ....... 1n 7.1117. 
do nac Md HwO. met ~ lIIniItg after Iddn ", incücIIDr. 

7.J1T1 ~111· .... 

CrI ~ m«hod.--Add f'Qgeftt8 end rdnintJ bw ta 2!0 
mi. man ft..a (~ gJaa wOtta No. "10. or ... , or 10 
en ...... ,.r, .. In 7.aH. T,.,..,. eliquoc lnwrIed -n. ,... ... 
ftat 10 tI\et >1 but <1 ml ms .. will .......... ta r-a 
end point. pWœ on prrn-.d mende or ........ hue l1li bp. 
boiI 2 min. edd C8 1 mL 1ncücaIor. end brgIn rdrring. CoIno/rIe 
deaI by dIrv ...,. lId suger aatn fIO .... and point u.d ln 
.edIn. CoIor chrnp le ... 10 ....., _ IR ...... but ..... 
auitatH 1/gtIt ala cIdnieL cI~ and 'IP ... 

lb) ~ metIIod..-RJ buret widt ... eaIG. cw. Of' 

lnVfIrIrd ...... aoIn. W. M ln 7..078, ..... ,....... In fIaIc. 
pCrc:r on ...... 8dd ..... _n ta ~ 2 ml fil ........ 
(drrCd br triaU. tIrint 10 bp. bail 2 min. and ~pl~ dIrn .. In 
(a). , 

7.G11I' 

,., Total ... ., ( .. 1nverc 0' lacrosel 
-(IF - MI )( 1 x 100V(V )( CW/25OJ x Dn. 

wfIera F - mL atd .uv" rwqulllld tG .... màled SoxIII. 
, •• g811t ln .mzn: M - mL ltcI .oIn requwwd ... comPlete d.m. 
(om,t in .Iternatml m.rhod); 1 - conc:n ad roI"= V _ ml,.mpI. 

-loin in .'iqUOl UAd: W - V Amplr. and D - dUn '-cor. 
Rep~ unaI luva,.. exprwaed •• inVfIn or .1 lacIon. 

7.013 Silcrosa ~c:ia/ Fin.1 Acdaft 

Plier 10 g sampi. In 2!O ml vol ftalr., If nmeri.' la .cId. 
neua. by addlng 1-3 Il ~CO .. Add 125 ml 50% .Icohol by vol .. 
mix lhoro/y •• nd bail on st •• m bath or by p.rrially imm.rsing 
nnk in HIO ~ch 1 hr.t 83-87". uslftg Im.1I funn.1 in na of 
fla.k to conden .. vlpor. Cool .nd le, min IUInd .nar.1 hr. 
p,.ferably ov.millht. OiL to vol. -" n.ut. 95% alcohol. m'x 
djr:.roly. let •• U1. or ,_nm.' 15 min a' 1500 rpm •• nd dllOn! 
closelv. PI"e" 200 ml supernar. ,nIa !Hp ..... and ev.p. on stllm 
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APPENDIX B 

LIST OF SOME OF THE HAY DRYER FAN ~lANUFACTURERSIN QUEBEC AND ONTARIO 

Ascon Industries Inc. 
Box 222 
50 Courchesne 
St-Leonard d' Aston, 
Quebec JOC IMO 
Tl!l. (819) 399-2175 

Canarm Ltd. 

Ste-Nicolet 

Danor Agricultural Products 
Box 367 
149 Parkdale Avenue 
Brockville, Ontario 
K6V 5V6 
Tel. (613) 342-5424 

, 

o Dri~$tor Industries \. 
RRD1 '> 

,~xbridge, Ontario, 
LOC 1KO 1 

Tel. (416) 852-7431 

Lajoie Ltée. 
Ralco Farm Equi~ent Co. 
Box 69 
St-Pie, Québec 
JOB IWO 
Tel. (514) 772-2465 

Vencillateur Victoria Ltée. 
Box 69 
400 Bonaventure B1vd. 
VictoriavLlle, Québec 
G6P 6S4 , 
Tel. (819) 758-6411 

, 

• 

\. 
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APPENDIX C 
,) 

HAY DRYING FAN MANUFACTURER'S SPECIFICATIONS 

• 

FAB SPECIFICATIONS . 

GENERAL INFORMATION 
",._oI."."_,,,II>oDom __ oI __ .. _ 

___ -cun"9--,..,crao ... - ......... 01 __ ..., ... -_"'..., ......... _....,."9_ ........... IwO~ __ on _10<....-.- 01 CIIfI9I"9 -. ____ 01 

tor.gl't ......... .., ney .. nc:Mr ln proIMft .......... ~ 10 D" ... 1ftIt 
_01 __ .. __ 

",.".,, __ ............... ....,-. __ 01-

........... _---------­d~ tIW DOUIbdy oIa bem ft,. "1ft Dam d~ nay CM De CUI ...a ..."., lM ...... CUy ~Iy dneCI 
ln Che ,..... tG aporo ......... y .., .. fIIIOII:IUIW corr&ent __ and ..... .,. SbJl 1OU9ft-",o_ ............. ___ --__ ,.,,_ 
tIo~ .. __ bOncs.y_ ..... ' __ .... _ ... _1020'...,_ --",. _0 Hay o.... .. ........,.~ _. """'""_~ 
01lii0i __ .. _.., ____ The_ ..... c.-IfOIIftUIII_ 

CUI ....... num ... __ .rbI ...- __ loi' ............... ""-Y The 
'OII'Iy_ '_"'''_1y __ 8QOOOI''~ ""'_~ 
The mQIDI' baH .. lUIMIOftecllJy rooutt __ ....-a to the onhca ..... 'f'h.er*. 
10 the IOIld wefded ,tee' ~ or the f\OidI"I loI'IId .,. fftOIOr "*",, ..,. .... ..,duty __ .... ____ ... _fan ..... "'" -\ Wllft' ... "'_ ... _cIo_onllle_....,.lncIftOtIo".1O 
WOftY abOùt. oper.uon t' lroubte-4,.. Mm mtnlmel malnten8nce The RaIco Hay 
Ory ....... _ Compl.'oIy.'- _" nu -1IM>nJu9II1y '"'Id""" 
r ... ."., 

PERFORMANCE DATA 

...... " ... - ...... - SI .. H" VoIl, ....... ...... 
rI' 

925-00000 36" slf. 230 1 1725 24200 

~ RALCO FARM EQUIPMENT CO. Vour Dealer 
263 SI ISidore 
St Pte de Bagot. Que. Canada 
JOH IWO 

"- Telex 05-830505 Tel (5141712-2441 

" 

FEATURES 
°IlOTOR 

° HOUSING 

- 't~ • .-.etoIM ~..,... ~.., .. -... ...... _ ..... _­_ .... croo..,.,... _'_5Hf' DO _,_ra_'ns_ 
- c.r .. .,...,.,.. ..,.taa teaIOI"I __ on c.-

tfOf' ftuO Otrea ""'" Jr..,. Il 

-~_"''':' ___ 01_ 
l8UOJII ~_ -... .. ___ 

01lOTOR1IOUNT - ___ .. __ _ ----
• GU....,. -_01_---

SPECIFIC'" TiaNS SUBJECT TO CHANGE wrTHOUT NOTICE 

_ c:.o-t, C'M Il0l_ 
"'- .... .,,- .... ".- .. , ,- .... ,"' ..... 1W·"P Wei9h' 

22400 20800 19200 16400 14300 14000 285 LB 
, ---- -., 

1 ,.-

~ 

~ 
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APPENDIX D; PROCEDURE FOR ESTIl-IATING HOURLY SOLAR RADIATION INCIDENT ON A 
NON-HORIZONTAL SURFACE 

The method used for estimating monthly average hourly radiation incident 
on 8 non-horizontal surface. given horizontal surface data. vas chat 
developed by Hày ( S ). Tb~ method 1s revieved be1cn.l. 

- Basic data requirements include direct (or beam) and diffuse components . 
for radlacion inci~ent on che horizontal. The radiation incident on 
a sloplng surface can he separated into three co~ponents as follows.: 

'J 

Sb = Hb • cos i 
sin a 

Sd • Hd((Hb ) l/m cos 1. (, -(~&in .yla sid 1))(1'~OS 5) 
1 sin a 

Sr, = Ht • a ( 1 - cos s ) 
2 

vhere Sb = houtly beam radiation on non-horizontal surface 

and cos 

Sd • bourly, diffuse radiation on non-hor,izontal surface, 

Sr - hourly reflected radiation on non-hàdzbntal surface 

Rb = bourly beam radiati'bn on horizontal surf ace 

,Bd = hourly diffuse radiation on hor:izontal surfàce 

Bt = hourly global radia tion on horizon tal sur!@ce 

i = angle of incidence 

a - solar al titude 

III - air Ulass 

s • slope of surface 

1 1: solar constant .. l3S3 vatt-hour/m2 

a, .. albedo or reflectivity of horizontal surface 

( 

'--.J 

1 • ( sin 6 sin + cos s ) 

- .( dn 6 cos • sin s cos l ) 

+ ( cos 6 cos • cos s cos CIl ) 

+ ( cos 6 sin + sin s cos l cos .. ) 

+ ( cris 6 sin .. sinry sin lat ) 

1.. 

2. 

3. 

4 • 

..: 
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.. ln a :: 5in. sin 6. cos. cos a cos &II 

\lhere 6 - solar declination 

• c latitude of location 

y - azimuth of surface ( OC - South, -900 • East, etc) 

III • heur angle ( Noon • O. 150 for e.ach haur after noon alld -150 
for each hour belore DOOn) 

The air mass 15 given as: 

• = 1.01 (sin a + 0.15 ( 3.885+ a l,.,,- 1:253 ,. 
~ \ 

NOTE: If i > 900 then Sb = 0 

and Sd _ Bd Il -(Rb ),l/'m 
~.. I.s~ ~ 

The diffuse camponent from equation 2 or 2A iSI assumed ta Ile an1.sotropic: 
anJ the reflected component ls assumed to be isotropie. 

• Q 

The average monthly solar ra~iatJon i5 a junction of s0lar geometry as 
specified in Table (C:;-l) and albedos are rep'resent,ative of the type of 
grounet cover (usually varying bet\Jeen 0.2 and O~ 7 dep~nding upon snoW' 
cover)~ Albedo values used for Montréal can also be found in Table (C-l). 

The folloYing example viII clarify the use of equation 1 - 6: 

Location 

Latitude 

Montreal, Quebec 

45.50 North 

It :is required to calcula te the average monthly hourly'radiation incident 
on a surface sloped at 900 (",aIl) and oriented 300 'West· of south between 
the bours of ·10 and Il for February. 

- solar radiation incident on the horizontal ~et101een the hours <Ô 

of 10 to Il (solar time) 

Rb = 167 vatt-hour/m2 

Bd = 171 \la"tt-hour/m2 

slbedo = 0.63 (from Table (C-I) ) 

solar declination ' .. -12.950 (from Table (C ... I» 

y. +300 

• - t 900 

w • loS x 15 - 22.50 (lDean hour angle) 

1 ~, 

6. 

2A. 
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\ 

From equation 4: cos 1 = 0.5060 

1 • 59.60 

Fra. equation 5: .1n a 0.4712 

• - 28.10 

FrF equation 6: • - 2.113 

<li< Since i < 90°. equa tians ~ & 2 ,.pp1y 

, Fra. equatian 1: Sb = 179 vatt-bours/m2 011 ", 

From e!-luation 2: Sd - ,110 vatt-bours/m2 \ 

From equation 3: Sr = 106 vatt-hours/m2 

therefore glohal radiatian incic!ent on sloping ',mrface: 
\ 

St a: Sb+ Sd+ Sr = 395 vatt-hours/.~ 

NOTE: . Hay' s method requires a knovledge of the hourl'y diffuse components 
ln ~he global solar radiation data. Rhen diffuse readings are 
unaval1able, they 'can be estlmated l:!y a ~ethod shown in 
Reference (6) 

1 



TABLE C-l 60LAR DECLINATJONS AND ALBEDOS USED IN 
ESTIHATING INCIDENT SOLAR RADIATION. (6) 

~ 

note: 

HON TH 

••••• 
.JAN 
FE,B 
HAR 
APR 
HAY 
"UN 
.JUL 
AUG 
SEP tii' 
OCT -
NOV 
DEC 

albedos are for Hontreal area onlr 

-----
SOLAR DECLINATION 

DEGREES 
••••••••••••••••• 

-20.92 

ALBEDO 

-lZ.95 
-2.;42 
+9.41 

+18.79 
+23.09 
+21.18 
+13.45 
+2.22 
-8.60 

-1~.91 
-23.05 

. ...... 
0.62 
0.63 
0.25 
0.25 
0.25 
0.25 
0.25 

,0.25 
0 40 25 
0.25 
0.25 
0.28" 

, 
\ 
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