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Technical Bulletin No. 615 May 1938

UNITED STATES DEPARTMENT OF AGRICULTURE
WASHINGTON, D, C.

STUDIES OF POTATO STORAGE HOUSES
IN MAINE'

By A. 1). Evaar, ussocinle agricullurel englneer, Division of Structures, Bureau of
Agricultural Engineering
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INTRODUCTION

The Maine potato-harvest seuson is short, extending only frowm
about September 15 to Oectober [3. The market will not abserb the
entire crop during this time hence storage houses within easy reach of
the fields are absolutely necessary. Even if the market could absorb
tha crop, tmmeciate grading and shipping would be inipossible with
the present fucilities and labor supply. Also, local storage is cheaper
than storage at the cousuming points.

About half of the crop is stored on the farm in bank-type storages.
Most of th&remainder is hauled directly to nearby shipping points and
placed in large trackside storages, the majority of which are owned by
the larger-growers. After an average of about 5 months in storage the
potatoes sre graded, sacked, and shipped, the grading usually being
done in the trackside storages. The chief advantage that growers
find in controlling trackside storage space is greater mdependence in
marketing their crop.

An iden of labor and trensportation problewns in handling the potuto
crop of Maine is gained by considering that the average farmn produc-
tion of 2,600 barrels must be harvested and stored in the 15 or 20 duys

! Heeeived for publication Ooloter 25, 1047,

1 Appreciotlon i5 expressed for the eooparatien and asslsinnge in carrying forward Lhis investipalion, to the
niany Arcostonk County worabousamen, in whose storaces the dato was zecured; to R, O, Wright of the

Burene of Plunt Indnstrys o Fred O, Griffee and 8, 0. Hanson of the Maing Acricultoral Experiinont
Station; wnd ta Verne 7, Bevarley and Rlchard 0. DollstT of the Maine Extension Service.
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of favorahle weather during the harvest period, and that for digging,
picking, hauling, snd storing 1 man-day will handle an average of 33
burrels. Thus tl~ average farm requires about 78 man-days or must
have a crew of 5 men working every suitable day during harvest.
Grading and loading into cars for shipping, which is rot geunerally
practical at harvest time, is best done after & few weeks in storage
when handling over the grader does not bruise the potatoes. These
processes require sbout 1 man-day per 33 barrels of potatoes. For
transporting the 50,632 cars per year (1928-32 uverage) to the con-
suming centers the maximum rail handling has been 525 cars per day.
Thus at maximum handling rate 96 days would be required to move
the entire ¢rop which is harvested during a 30-day period. These
facts are given further to show the absolute necessity of storing pota-
toes near the point of production. The necessity is so positive because
any other system would be financially insupportable.

The farm and trackside storages in the Aroostock potato-producing
area have been developed over a pertod of vears into two fairly satis-

Freuee 1 -Unleadite trucks sod wupons nt trackside stomges doecing potats hurvest.

factory types, storages of cach ty pe being remarkably similar where-
ever found,

Certain practices not usually followed in other sections have been
developed, more attention being given to rapid handling than in the
storages fnrther south, Trackside storages (fig. 1) are almost always
equipped with electrically operated barrel houists. The Arcostook-
type farm storage {(fig. 9) has a frame superstructure over the cellar
storage which permits driving in over the bins and dumping through
sack chutes to the cellar below. The storage houses developed as 8
result of gradual evolution in this section are m many ways remarkably
suited to the locul storage conditions but they fall short as to ease of
control, permanence, and arrangemeats for careful handling, The
design of the bouses permits excessive condensation of moisture on
wealls and ceilings and if doors and windows are opened during eold
weather to remedy this condition it is necessary to fire heavily, thus
lowering the humidity and increasing shrinkage. 1f the house 1s not
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so ventiluted, dripping of condensed moisture from the ceiling causes
rotting and sprouting of the potatoes and decay of structursl members.
Although the life of the storuge houses is often prolonged to 20 or 30
years, periodic repairs sre necessary, important structural members
often failing ufter 5 or 6 years’ service.

OBIECTS OF INVESTIGATION

The mvestigationnl work reported in this bulletin was begun in
1831 at the request of Aroostook County growers and the Maine
Agricultural Experiment Station.

The purpose of these investigations were:

1. To determine the most satisfactory storsge conditions for
potutoes in the colder regions of the United States.

2. To develop durable structures in which desirable storage condi-
tions could be mainiained with a minimum of attention.

3. To work out a system of handling potatoes in the houses that
would decrease lubor requirements and reduce injury to the potatoes.

METHOP OF PROCEDURE

The Buresu of Agricultural Engineering carried on most of the field
work. The Maine Agricultural Experiment Station, the Maine
Extension Service and the Buresu of Plant Industry zcted in an
advisory capacity and made special studies as noted. A number of
Aroostook County growers cooperated in furnishing buildings for
experimental use und in following recommended practices,

Vhen this work was started no definite information was available
us to the emount of potato Josses in the common types of storage.
Since it: was essential to know the relation between losses and storage
conditions, the first work undertaken was to measure the potato
losses and the air temperature, humidity, and circulation in common
types of houses as well as under specially arranged test conditions.

BUILDINGS

The experimental work was conducted in typical storage houses
in which either certified seed potatoes or high-grade tuble stock were
stored. The owners of the houses furnished potatoes, storage space,
heat, light, and all labor ordinarily required in the filling, operation
and control of the house, and the grading and shipping of the stored
potatoes. 7 .¢ Department furnished the extrs labor needed for
weighing tae potatoes into storage und for special sorting and weighing
out of storage. Most of the observations were of full-sized bins, the
conditions of the entire storage building being controiled by the owner
with the cooperation and sssistance of the Department representatives.
Some observations, hewevor, were made of both ordinery sized and
smuell test bins where the tempersture was controlled by special means
and differed from that maintained in the rest of the building. Records
of potato losses and air conditions in the houses were obtained us
described on pages 8 to 11.

While the basic requirements of trackside and farm storage are
similar, each type represents n somewhat different problem snd in the
following discussion the two types sre comsidered more or less
soepurately.
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The work was first carried on in a trackside storage at Presque Isle,
Maine. This storage was built in 1929 and hus a capacity of 8,000
barre... Figures 2 and 3 show a plan and a transverse section of this
house. For the first year's work, three of the large bins were divided
as shown into nine experimentsl bins in which temperature and
humidity could be controlled. The partitions between muain bins
were of the double-slatted type nailed to 6-inch studding on the first
floor and tc 8-ineh
studding in the base-
ment. The partitions
between the experi-
mental bins were of
2-inch plank laid in
bulkhead fashion,

The design of the
storage {fig. 2) allowed
g G- 1nch air-circulat-
ing space in the outer
walls ahove the con-
crete Toundation wall
to permit the warm air
of the bouse to cireu-
iate between the outer
walls and the potu-
toes.  Qutsido the cir-
culating  space the
house was insulated
with I-tnch comnmer-
cial-bonrd-form  insu-
tution, two thicrknesses
of board sheathing,
one 2-inch uir space,
und drop siding,  Six
thicknesses of building
paper were used for
waterpreoling and to
reduce  air leakuge.
Louvered roof ventils-
tors instesd of the
usual galvanized-iron

roof ventilators were : '

' - FipvRe o —Inwermedinte alley Hoor, experimental henler-ventintar
mst.a!ied wi I en r the {right), deuble-slutberd Bio parlitions G lefy, nod barred hoist,
house was built. The

central outtuke ventilator shown in figure 3 was adided for this work.
The house c¢ould be hented by stoves in the basement and frst-foor
work slleys.

There were 8 few changes in the bin arrangement for the second
year's work. Experimentul bins 6 and 7 were thrown together as bin
8, and experimental bins 8 and ¢ were taken together ns bin 7 {fig, 2),
The intermediate alley and the circulating heator-ventilator (fg. 4)
were added the second year, to simplily handling and storage control.

In 1933 the work in the trackside storage was discontinued and
the investigntion was continued under furm-storage conditions at the
Aroostook Experimont Farm, the storage being in the basement of a
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barn remodeled for storage (fig. 5), and having » capacity of about
5,000 barrels. The lower parts of the walls, which were of concrete,
were banked with earth. With the exception of specially constructed
test sections the parts of the walls above the concrete were of sheathing,
paper, and shingles on the outside of the studding, the studding being
exposed on the inside. The ceiling over the entire space consisted of
3 inches of wood and no air space; some of the ceiling, particularly over
bin No. 1 was covered with several feet of straw, but most of the area
above wus unprotected from the too-well-ventiluted attic space.
During the 1933 storage season observations were also made in two
improved farm storages buit during the previous summer, one at
New Sweden and one at Houlton both of which embodied recom-
mendations based on the work of the previous 2 years. The special
features included a well insulated wall and celling, cellar bins extend-
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ing nbove the drive floor, and improvements in air circulation above
the bins and improved ventilation (fig. 9).

Observations were made in 1834 at the Aroostook Farm and in a
new track storage built that fall st Bridgewater. In this storage
(fig. 6) potatoes could be stored to n depth of 7 feet in the basement
and 18 feet in the upper bins, The potatues were stored directly
ngninst the outsids wall which was insulated with 4 inches of comtnercial
fll insulution. There was no air-circulating space inside the wall,

The bin partitions were of single plank secured between posts
which took up about 3 inches of bin width in place of the 8 inches of
width reguired by double-slutted partitions. Bin ventilution was
obtained hy a combined Hloor fiue und conveyor trench, air rising from
slatted openings in top of the trench cover through the entire depth
of the petatoes. The wull construetion, which depended on insula-
tion without air eirculation, proved inndequate ns u protection against
freezing.
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The following year {1935-36) this storage {fig. 6} was used for
experimental purposes and was remodeled as follows before the
potatotes were stored: The basement walls were divided up into 22
test panels insulated with various combinations of insulating materials,
and 2-inch circulating-2ir spaces were provided between the potatoes
and the outer walls., These air spaces were so arranged that air from
the upper part of the house could flow down along the walls and
return to the main alley. To avoid structural damage from con-
densation of moisture (p. 39), protective coatings weras applied io the
innersurfaces of the walls. Types of protective coatings used included
paper coated with sluminum foil {fig. 7), paper coated with copper
foil, asphsalt paper, creosote, and aluminum paint. To avoid accu-

FHiURE fh---Nuw type sterage st Bridgewotler, Moine.

mulation of moisture inside the wall the fill insulation was ventilated
by breather openings to the outside air. :

The heater for the house, originally placed in the first-floor alley,
was placed in the besement, to be out of the way and handy to the
fuel supply (fig. 8). In one bin the floor was removed between the
basement and first floor, making a total bin depth of 26 feet and
increasing the storage capacity of this bin from 3,600 to 3,850 bushels.
The first-floor conveyor trench was left in place so thet the upper
18 {feet of potatoes could be removed on the first-floor level. Since
the original two 9-foot work alleys proved too parrow for loaded
trucks to drive into the house, a single 12-foot central truck door
opening into a 20-foot work slley was constructed. This permitéed
backing trucks into the slley and hoisting potatoes direct from the
truck bed.
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In addition to the work in the above storage, ohservations were made
in farm storages in which eold-air returns were built against the base-
ment walls as in figure 9, [or the purpose of inereasing air circulation
and preventing freezing adjacent to the walls.

The operation of the system is as follows: Warm 1moist air above
bing enters wall cireulation space through openings between boards
at 21 (fig. 9) and at north wall under driveway. On coming in contact
with coldd surlice of outside walls, the air contracts und drops in ¢ireu-
lation spaces, B, and travels horizontally through spaces €. Air fram
(! discharges into work alley /). A portion of the air enters wood
trenclics at J£ and rises between
bonrd trench covers at Fdue to
expansion from heat of potatoes,
then eireulates upward through
Lins and again enters wall circu-
lation spaces nt A, The tem-
perature ol theairentering wood
trenches at £ may be raised by
operuting the heater.

MEASUREMENT OF POTATO LOSSES
AND STORAGE CONDITIONS
Potatoes were weighed into
storage the first year over a
wagon or truck senales, but since
nlond wasoften divided into two
bins thismethod wasinaccurate.
Forthercmainder of the investi-
gution a small automatic plat-
form scule was used which
weighed each barrel quickly and
aceurately.  Weights out of
storiige  were  determined by
welghing separntely the No. 1,
No: 2, small, and cull potatoes.
Inadditien all dirtin the bin and
nt the grader was collected and
weighed.
Hygrothermograph and air-
- : = s0il thermographs were used for
s el g s gl continuous record s of tempera-
tures and hemidities.  Tanctem-
peratures ab various points in the mass of potatoes were periouically
determined by means of thermocouples.  Temperatures and air
velocities in the air-cireulntion spaces and ducts were determined
by means of thermocouples and by speeial low-velocity anemoni-
gters developed by the DBuresu. The alr velocilies were choclod
where possible with o Biram-type anemometer. Both thermocouple
temperatures snd special anemometer veloeities were read with asemi-
preeision portalle potentiometer.  Figure 1) shows ane of the test bing
with the thermocouple wires in place. Wet-und dry-hulb tempera-
tures in the house alley, above the hin and in outside air wore peri-
odically determined with sling psyehrometers. Wind veloeities were
obtained with a revolving-cup anemometer,
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STORAGE CONDMTIONS AND METHODS OF CONTROL

In general the storage conditions maintained in connection with the
present studies were based upon optimum temneratures of 38° to
40° F. as recomnmended by Wright (8)° and by Stuart, Lombard, and
Peacock (6) who showed that 40° is about the maximum temperature
for complete dormancy. However, due to differences in construction
and management of the housecs, the temperatures actually obtained
varied by several degrees from this desired level.

Since Wright, Peacock, Whiteman, and Whiteman (J0) had ealled
attention to ths fact that cooking quality is affected by storage condi-
tions because potato starch is converted into sugar when the potatoes

Frit'sE 5 -=Vwenly-loot couveyer deliverine polatons from bin o barec inestar bn.  Stove next Lo track.
slde wall and jouvered intake in baekgroumd,

are stored below 50° F., three large test lots were stored at 50° to de-
termine whether the advantage in price received for the high table
quality would overbalance the extrs losses. A study was also made
of the effect on losses of holding potatoes at relatively high tempera-
ture for the first 5 to 15 days of storage. 'This holding at high tempera-
tures and high humidities immediately after storing is termed “curng.”
The high initial temperatures and high initial humidities promote the
healing of cuts and bruises received by the potatoes during digging and
aid in the formation of the suberin layer which tends to prevent the
entrance of rots and to retard excessive evaporation of moisture.
Wright (9) indicated 68° curing tempersture and high humidity as
desirable; Weiss, Lauritzen, and Brierley (7) showed that 4 days cur-
ing at 70° excluded certain rots as well as 10 days curing at 50°. The
highest curing temperature for the first 10 days during the present
study was 63°,
L itndte nuanbers in pareoalleses refer to Lilerature Clted, p. A6,
S1TBE e 32
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The storage conditions in general were controlled by heating or
ventilating as required. Wood stoves were the principsl source of
artificial lieat, although for some test bins electric strip heaters were
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used.  Ventilation was obtained by using adjustable intake doors
and insuluted outtake ventilators depending on gravity cireulation.
Upon one occasion an intake fan was used in connection with night
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cooling. Fans and blowers (fig. 11) were sometimes used for air
circulntion sbove bins and for control of individual bin conditions.
These were usually controlled manuslly although thermostats were
used in a few cases.

Since other workers (3) had emphasized the importance of careful
kandling as a factor in successful storage of potatoes, several methods
of reducing or elimi-
nating losses due to
mechanical inju-
ries were studied.

In astudy made in
cooperation with C.
N. Turner of $he
Maine Agricultural -
Experiment Station,
twisted sacl, spiral
and zigzag chutes
were tried for lower-
ing potatoesirom lirst
floor to eellar bins.
Since the injury
caused by forking
potatoes from floor
to grader is another
cause of major dam-
age, & series of tests
were made upon con-
veyors (o eliminate
fork handling.  First
a conveyor was de-
signed which would
elevate potatoes
{from storage floor
level with the work S S /
alley to the grader ‘ B B RS /

Liepper 2 feet above, - —

and l!ltrel‘ tests were Fioune w,-—-\:;g;;l;l%;o;i‘glrjﬁ;ﬁgud therooemple
made of conveyors

running level in floor trenches above the grader hopper. Some tests
were also made of grader designed to reduce handling injury. Tostudy
the practicability of box handling as compared with barrel handling,
some time studies were made at the Aroostook Farm in 1832,

RESULTS OF THE INVESTIGATION

The flollowing discussion of losses of potatoes in storage is based
upon work earried on in the houses and under tha conditions discussed
on pages 3 to 11 from September 1931 to April 1936. Data obtained
in # previous study by Betts, Hill, and Pentzer * and & large amount of
information grined from farmers were also considered in arriving st
the conclusions stated hLere. During the course of these studies

¢ Unpnitishied report of MO, Tetts, Burean of Agriceiturl Eneincering (e 1hvision of Apricuifural
Englaeecing, Burepy of Public loadsi, 18, (2 FI, Bivision ol Fraits sod Vepetabilos, Burenn aof Agricultarai

Keopamies, niwt W T Penlzer, Oiieo of nriiealiore, Betcenit of Plant Industry. covering pobito-storage
Investigntions currivt ot e Arorstoek Cottndy frome 1504 Lo 1997,
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24,000 bushels ® of potatoes were weighed into and out of storage in
each ol two of the yeurs and in all over 100 carlots were so weighed in
order to determine losses under various storage conditions,

SHRINKAGE LGSSES

The shrinkage losses discussed in this section are those due to the
normal physiological proeesses of the potato and to evaporation.
Liosses due to freezing, overheating, sprouting, disease, dripping of
moisture, or unusually rough handling were avoided so far as possible
by carrying on the work in well-constructed and carefully managed
houses filled with sound potatoes. Where small losses due to freczing
or field disense occeurred, suitnble corrections were made in the data.

FLoURE 11, - Bluwer fg Used with furnace for controlllng farm bin Lemperatuees amd in sterspes shown in
igures 2and 4.

All shrinkage duta for the present iuvestigation and the unpublished
study hy Betts, Hill, and Pentzer have been tabulated in table 1,
which lists the lots in order of length of storage period. This table
shows the year of the test, the size of the test lot, depth of bin or
type of container, type of air cireulation, length of storage period,
avernge tempernture and relative humidity during the first 10 days,
average temperature, average relative humidity, and average satura-
tion deficit & Jor the whole storage period and the shrinkage loss in
pereent of weight of the potatoes when placed in storage,

51y Dgslued referred (o in LE report s of G0 peauds, the bareel anit is 163 ponmds, and the earkot averag
AL oz, . . i

#he saturation defeil is an approxirade mewsre of (he moistureabsorbing eapacily of the air, and is
relnded 16 hoth the splative lgmidity wid wemperaiare, Tt s detined s the diference In Yapor pressire of air
ol given tegseraiure, ()l d0-percent relative homidity and (2) at the observend relative humidity, 1t is

pxireasedt heeo ioandllimeters of mereury.  Figure B shows relation of temperature, redntive bumidity, snd
suturatboen dedlgil,
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TasLe 1.—Relation of storage conditions lo losses in storage, 1925-38

Curimr s Whala pertod ?
s Air | Stor-
Itern |Perlil of] Potato | Bin h
Kol work | weight ? House? depth! lg:,riglril ptzar%gd Tem- ]f:il:' Tem- 1256‘;:' Sutu- | Hosses
ReTh: |humid- | B4 | humig. | ALOR
e P Lure ity deficit
Mithi-
melers
of mer-| Per-
Feet Pays | = F. | Percent| ° B, | Percent | eurp | cend
A A Ag B Gl 84 L1]] H 2.2 1.8
B b Agr a8 kL 82 48 88 1.0 1.8
o a Al 25 {8 62 i8 2.8 4.0
A a AR k3 Gl 1) B 82 22 3.4
B |+ Ay &G 49 A2 i Fit] .9 20
C 1) Ag 56 46 &2 44 1] 2 i8
) 14 Fe 72 54 3 4+ 8 1.3 21
D 7 Rg 77 47 4] 1! B .9 3.2
A B Ag 84 i1 84 a7 74 24 LR
B B Ap 84 49 82 48 82 14 A
C 8 Ag 4 g2 43 i1 2.3 Ak
D 14 Ap 14 a2 6 43 ] i3 4.1
G 8 161 0 ot al n 2.4 5 &
B 18] Ag 107 b il 40 78 1.9 57
C al Ag 10 at 8y 44 i 206 Y
A i Ap 119 Gl = ] 58 i 8.5 (1%
= bl Ag 119 19 52 15 gEoLe 2,2
o] it A 118 40 [ivd 37 ik 21 6.0
D 8| Rz 128 7 &J 4% 86 .8 4.2
D ] Ag 140 47 8 40 85 .9 34
D i+ Fe 144 5 B2 47 W 2.4 8.4
A al| Ag 145 61 8 55 w| 26 8.0
fr) b Ag i 19 B2 44 b4 1.2 a5
C 1} Ay 140 45 G2 48 & 2.4 4.3
E 14} Rg 16 56 86 38 8l .0 3.5
D ] A 147 49 B ki &7 B 4.5
o il Ay 147 5 80 46 75 2.4 8.3
E 11 Rg T El 82 3B By 1.4 3.9
E 13 Ap 9 A .6 k33 AR G 32
E 13 AR 15 4% 87 38 ag N 3.5
E 13 Ag 163 46 87 38 87 7 3.4
K H Hg 157 46 82 37 B .9 o
5 ] Ag %] 49 B 40 a Ld 4.4
% 13 Ap ifid 46 &7 38 87 i 3.3
B 13 Ay 165 46 87 13 87 .7 2.6
i3] 14 Ap 15 b 38 42 80 .3 23
® h Ap 166 48 84 an BE i R
& b| Ae 158 5 &7 §2 H} .7 1.4
D 14 Fe 170 ) 85 44 73 20 8.6
D 14 Fe 17l L] B0 41 82 L2 5.9
E 14 Rg 172 L a2 3 81 .9 1.2
i 14 Al 173 E ) B5 il 54 1.2 EX
0] it Fop i74 55 {12 B 1.2 55
E 4 Ry 176 % 32 k1d 5] .9 4.7
B 13 Agr 178 B rEd 17 T LY 1.4
B b Ax 184 49 82 4 86 -9 3.7
[& al| Ag 184 16 62 n | e 7.2
n H Ap 158 i 82 41 82 1.2 -]
e 4 Fo [Eat] 54 B 42 a4 1.2 i
> 14 Fir e a8 78 42 51 13 2.5
n 14 Fo 138 a2 4 12 8 14 4.5
2] M Fe M A T 42 % 1.3 4.4
B 13| Ax 92 18 i 38 &7 W7 > 8
E 13 Ay 152 48 Hy 33 T ' 3.7
4 E iG2 49 B8 37 83 -0 2.4
4 14 Ri 194 46 83 47 83 .8 &3
, D 4 Ag 196 45 .t 40 83 .8 1.8
1935-36 | 188, 110 B 18 Ax jhte] 3 T 45 78 L& 2.4
L fterns 1, 4, 8, 16, and 22 are for 1 lot of potatoes webhed periodically, itonis 2, 5, 16, 17, 23, pod 0 are s

seegudd Jol of potntoes welehed periodicaily, and itemis 3, 6, 11, 18, 21, mid 47 are a Lhind lot of potaloes weigls
periodicadly,  Allremainiog itens ars fue sepurate lots weighed ia and b ead of storage period only.

1 Potato welght indicates the weipht at time of stoting of the test Jot.

1 A=[lurpsce-heated residence baseinent, B, D, B, are tracksile sterages; ©, F, (G, aoe (arm storages.

+ Bin depth I3 for bulk storage depth with the folluwing exceptions: nindionees busin) boxes stueled 5 high;
n! boxes stucked 10 hizh (see flg, 18); b Indicates F-peel barrels oot stacked wod open ot top, ¢ indicgtes
slatied bushel crates stacked 4 high,

S Ag Sassistcd gravity) indicates bins with slutted walls, Qour fiues, or eoinbination of provisions for ¢iren-
latlon; Ry indicstes no provision for elreulation in bulk storage; Fe=fka coring, Fe 15 o 'circulation’’
sided by glectrie heat for entire storage period; I8 s for blower and furpsce heat Tov colire period.

& Caring-period temperature and bumidily aresverages for Brst 10 days of storape,

! Whole-period temperuture, pnidity, and saturstion delieit (in millimelers of meroury) are sverages
fiar the enlire storayge period, Includinge the curinp perfod.

e
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Tasre 1.—Relation of sforage condiitons to losses in storage, 1925-36—Continued
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In order to determine which of the factors measured during the
study and tabulated in table 1 had materially influenced shrinkage
losses, the losses were plotted against the data for the separate fac-
tors, and the effects of some factors were studied by the praphic
correlation method developed by Bean.” As a result of these studies
it was conciuded that in houses where little or no freezing, sprouting,
or retting oceurred, the three most important factors related to
shrinkage Joss were length of storage period, average saturation
deficit during the storage period, and curing temperature for the
first 2 weeks. The correlation between shrinkage loss and length of
storage period, average saturation deficit, and curing temperature
are shown in figure 13, the date being analyzed by the graphieal
correlation method referred to above. The average storage period
was 153 days; the average saturation deficit was 1.32 mm of mercury;
the average curing temperature was 52.5° I¥,

Figure 13, A shows the observed shrinkege loss plotted against
length of storage period for each lot in table 1, the line indicating the
average relationship between loss and days stered. The deviation
of ench observation from the line may be assumed to be due to factors
other than length of storage period, such as saturation deficit during
storage or curlng temperature. Accordingly the deviation of each
point from the line in figure 13, A is plotted against saturation deficit
in figure 13, B,

Figure 13, B shows the same data as figure 13, A the ordinates
being the percentage variation from the line drawn in A. The
abselssas are spturation deficits. It will be seen that in general the
points showing shrinkage in excess of normal (the line in fig. 13, 4),
had been exposed to & high saturation deficit, and those having a
shrinkage lower thon normal had heen exposed to a low saturation
deficit, This relationship 1s expressed graphically by the line drawn
in figcure 13, B. Deviations {from this line may be assumed to be due
o factors other than length of storage period or saturation deficit,

CHeaN, L, O, ArpoiCatiON OF A $IMPLIFIED METHOD OF QRAPHIC UURYILINEAR CORRELATION, PART 1
U, 8. Bur. Agr. Feow 2 ppn 2820, IvUmeopraphed.]
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Figure 13, O shows the relation between the curing temperature and
deviations from the normal line in 13, B for each lot of potatoes.
This graph indicates a tendency for the loss to be higher in lots in
which the curing temperature was in the lower part of the range.
The line in figure 13, C represents this tendency graphically. The
deviations from this line may be assumed to be due to factors other
than length of storage period, saturation deficit, or curing tempera-
ture. Such factors include mechanical tnjury, freedom from discase,
weather conditions at
time of hurvest, ete., 100 1 |
nnd these are not ac-
counted for in this
study.

Figure 13, D has the
same coordinutes as
figure 13, A, namely
shrinkage loss and =0
jength of storage pe-
riod, butis constructed
by replotting the devi-
ation above or below
the line in ¢ as per-
centages above or be-
low the line which has
the same position as
the line in A. Tt will
be noted that the de-
viations of the points
from the line in figure
13, D are less than 7
from the line in 4. X 1/
This is because the [ / p
effects of saturation 7
deficit and curing tem- ’ / /
perature have been sc- / /
counted for. 4

By this procedure 32 34 36 38 40 42 A4 46 48 S0 52 G4 56 58
the average effect of Temperature (°F.)

eu'c}‘l Of t'he thl‘E}B fuc- Fuovke {2—8eturation deticit (In mm. of marcury) for given condl-
tors upon sh_rmkage tions of tempwruture and relative bumidity,

loss is derived. The

effect of storage period is shown by the line in figure 13, 4 and D, that
of saturation deficit by the line in B, and that ol curing temperature
by thelinein ¢ It may besaid thatslightly closer successive approxi-
mations of these relationships may be had by repeating this graphical
process but such repetition does not substantinlly change the lines
representing the three relationships.

Figure 13, I shows that the average shrinkage ranged from 1.6
pound per hundredweight for 28 days to 6.35 pounds per hundred-
weight for 224 duys. Since the data include storaye losses for period
between 28 and 224 days the curve is shown only between these
points, .

Figure 13, B shows that shrinkaye loss tends to incresse directly
with an inerease in the saturation deficit. 1f the average saturation
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deficit during storage is 0.6 mm of mercury, the expected loss for a
given storage period should be about half of the loss indicated by the
ling in figure 13, D), but if the average saturetion deficit is 2.7 mm of
mercury, the expected loss should be approximately twice that
indicated by figure 13, I.

The saturation deficit is of particular interest both because of its
large effect upon losses and becauss it is controlled by the construe-
tion of the storage as wilt be discussed in the section on Munagement
aud Control of Storage conditions. A desirable limit for saturation
deficit is about 1 mm of mercury,

Figure 13, € shows that temperatures between 50° and 60° F, or
slightly above during the euring period tend to decrense the shrinkage,
indicated in figure 13, 1), while low temperatures tend to increase it.
For example, In potatoes cured at 46° the loss would be increased by
20 percent. The data indicate that the advantage of using curing
temperatures much above 60° is guestionsble. The data of Smith
(4) show quite as much shirinkage with curing temperature of 68° F.
as was found in this study at the lower curing temperature of 46°.
This confirms the indications of figure 13, €, that under usual storage
conditions there is an advantage 1n raising the curing temperature to
589 or (0°, but beyoend that the advantage is questioned.

The combined effect of the three factors may be estimated us
follows: Potatoes stored for 170 days normally might be expectod
to lose 5 pounds per hundredweight in storage (fig. 13, ) buéb if the
sunturation deficit during storage were 0.6 mum of mercury this loss
would be one-half of 5 or 2.5 pounds, while if the saturation deficit
during storuge aversged 2.7 mm of mercury, this loss would be
twive 5 or 10 pounds (fig. 13, B}. Further, if the potatoes stored for
170 duys ab a saturation deficit of 0.6 mm of mercury had been eured
ut 58° I the expected loss would be less than 2.5 pounds by 1 pound,
or 20 pereent of 5 pounds, showing a net loss of 1.5 pounds per hundred-
weight, but if this same lot had been cured at 46° the expected loss
would be 1 pound greater, or 3.5 pounds, Or if the potatoes stored
170 days at a saturation defieit of 2.7 mm of mercury had been
cured ut 58° I, the expected loss would be 9 pounds (1 pound per
hundredweight less than 10); or if cured at 46° the same "ot would
be oxpected to lose 1 pound more than 10 or 11 pounds. That is,
two lots cach stored 170 days might shrink from 14 pounds to 11
pounds per hundredweight had their storage counditions and curing
tempersture varied within the limits shown in figure 13, B and C.

QUALITY OF STORED POTATOES

Tests were made by Mrs. Marion D. Sweetman, professor of home
economics ol the University of Muaine to detecmine the eflect of
storage conditions upon table quality. Cooking tests were made
upon 40° and 50° B, storage lots in 1931-32 and 1932-33 with the
[ollowing results: The potato-clip test indicated that the 40° potatoes
gave a dark-colored and unsatisfactory chip while the 50° potatoes
produced an amber-colored and very satisfactory chip; and boiling
and baking tests of the 40° potatoes proved them to be much sweeter
to the taste and slightly less mealy than the 50° lot.

(Cooking tests also were made on potatoes from the top and bottom
ef a 14-foot hin. The potatoes [rom the top of the bin were so

A LTHG———




18  THCHNICAL BULLETIN 613, U. 5. DEPL, OF AGRICULTURE

slightly superior as to mealiness in the cooking tests that the differ-
ence was undoubtedly due to the 2° or 3° higher temperature in the
bin top, and not caused by pressure on the bottom potatoes,

During the investigation of 1931-32 the Peacock-Brunstetter (2)
method of determining sugar content was used in a series of check
tests of potatoes where the average storage temperature for the pre-
(-eding 30 days was known. The results of these tests are given in
table 2 whieh iudicates that in general the sugar test is & relinzble
indicator of the tempernture for the preceding 30 days. The varia-
tions thut exist may be because the samples were not representative
of the lots for which temperatures were obtatued; or it may be that
the test indicated the effect of the latter part rather than the entire
30-day storage period.

Taui® 2.-—Storage lemperature indicated by the Peacock-Brunstetier sugar fest as
compured with acluel averuge storage lemperatures for the preceding 30 days of
storage

Actind averaee aied indbested stornge lempwmbioes proceding test

Darte oof dest Tosr | Test 2 Test 3 Tost 4 Test b
. Pabi= |, Ineli= 1 4 g Tadi- | . Indi- . Trudi-
.-\{.muli catel Actunl cated Acvtun] anted Actund orbed Actizal entud

e Lo F. ° K. °F °F, °F, v O ° A O

Nov, i, 1958 3 an 45 g a3 1] i & 47 L]
Lree, 41, HESY W i | i ] 45 56 40 4it oy 32
dan. g, el i a0 Ap BT ki 40 A4 a6 E] F2
Fuebr, He, 482 o] i K W {f) 2.1 3 I S B
Mar. &, B Bl kK 4n K 40 0 1t 4 40 l 4
S TET0 P X v 4 An Ak “rkb Rl 40 {1} E:% T I ________
i 1
P Eajaosd Lo freesing Lot pernlie. £ Unkaown temperature it sproating.

PREYENTING MECHAKICAL INJURY

Mechaniesl injury to potatoes in storage is caused either by dropping
or erushing them and is increased when the potatoes come in contact
with an unyielding surface or sharp comer.

Most of the Aroostock potatoes are stored in deep bins (fig. 14) and
since this practice has been questioned a study was made of losses in
bins from 7 to 25 feet in depth (table 1) filled with sound potatoes,
which indicated very little Iucreuse in temperature in deep bins and
some reduction in shrinkuge; probably because of higher humidity
in the deep bins.

in hins i4 feet or more deep only an occasional potato showed im-
pression or injury due Lo pressure, and then only when the potfato
rested against o sharp corner. However, injuries due to walking on,
or resting plank or barrels on potatoes were casy to locate.

The cracked and bruised potutoes sometimes found in terminal
markeis, where the damage Is attvibuted to deep storage, was found
to be enised by handling rather than by crushing due to bin depth.

It should be cniphasized thut these results were obtained under
conditions existing In Aroostook County, Maine, and do not indieate
that deep storage would be satisfactory in a warmer climate. Deep
storage s tf{‘m-mllv hot approved in warmer sections.  Stuart {5)
ndvises ainst sloring potatoes 10 to 15 feet tl(‘('p boenuse of heat
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genernted in large piles.  Heating is most likely to occur if the potatoes
are disensed.

Several methods and varlous pieces of handling equipment were
tried ip an effort to reduce handling injury. The use of sack chutes
for lowering potatoes into bins from an upper level (fig. 15) scems to
be more practical than etther zigeag or spiral chutes, because o sack
chute is more easily moved from bin to bin, and is much more eco-
nomical, being usually made from a worn-out tire casing for the top
and old sacks for the chute. The bruising of potatoes when filling deep
first-floor bins i1s reduced by providing supports for a “roll” plank at
the middle of the bin beight. A floor dividing the main alley into two

Fiae ke B -Over (G barreds of pobitors were stared i Hin i by f0-Foet b the petadoes Being stored
to s deptl of 27 feet, "Clormacotygiics in e b eenter of various beiglits inditated bt o sioall roge of
Lol perhil e,

Tevels to fucilitate filling is shown in fzure 15, Such 2 floor is used in
the trackside storage shown in figure 23,

To reduce the injury to potatoes from forking them into a grader
& hinged rope conveyor was first tried  hut it was foumd un-
warkable because divt and small rocks aecumuinted at the centrul
inge and stopped the rope belt. Next a hinged canvas conveyor
was tried. Its principal faolt was that it would nob raise potatoes
at an nngle of more than 10° and therefore required sueh a long
inclined. fhight for elevating potatoes from Tloor to grader hopper
that it blocked the work alley, making it difficult to handle bagged
andd burveled potatoes from the grader.  Next, n single horizontal
filghi, belt conveyar was tried at the Arvoostook Farm, first in con-
neetion with o rope hopper to eliminate dict in storing potatoes and
lnter Tor moving potatoes from bin to grader. This conveyor did
goad worls fronea tevel floor when there was plenty of alley room, and
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when used in the house at Bridgewater which was designed for con-
veyor handling with the bin floors 3 feet sbove the work-ulley Noors,

Frovae 5 ek elinites ool Bir basertie pedabies froee ane bevel f s Ber, R LT R T N
Baerad sl edaarte, by iwn af e ropee el b b, winle G boeed of potadoes is Deing demped, then
Tewer e Uy 1pbo Ehae Digs Dl

b proved very satisfactory and has been used for three seasons.  The

detatls of canstruction for a sindlar conveyor nre shown in figure 16,

»‘j%“r‘l“""‘u. _
{ ) i
A

HEAD END

TAIL END

Pl ke 10 Bl vrsns v Pp e pot e from e s taprder Bofer ala o fregee S

A rope-battans hopper vl 17 was deseloped (o remove dirt and
sidl potatoes shen [iling lara storaces, taking the place of the sint-

Cupr fonty e, o W
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bottomed hopper commonly used. The use of the rope bottom mate-
rially reduced damage during this operation.

With the thought of reducing grader injury, a rope-belt grader wus
designed and butlt which eliminated the dropping of potatoes from
belt to belt which occurs in the common graders. The difficulty in
seciring proper tension on the rope-grader belts indicated that such a
grader would be tov expensive to build commercially. However, the
building of the rope grader resulted in renewed interest in reducing
grader injuries and in Improvements in commercial graders.

Studies by Schrumpf (3) show that grade injury averaging 4.4 per-
cent oceurs during the barreling or bagging operation; this injury is
serious because these potutoes are not graded again before they reach
the consumer. It was found during the present investigation that if
potatoes are warm when passing over the grader, the injuries due to
drops are largely eliminated. It was found also that when potatoss at
50° F. passed over the grader they remsained dry and free from thumb-
nail cracks while at least 50 percent of potatoes graded at 36° had damp
gpots indicating thumb-
nail eracks. These injuries,
both major and Iinor, are
increased by the time the
potatoes reach the market
and gresatly injure their ap-
pearance and quality. In a
test of preliesting before
shipment 1,000 bushels of
potatoes were warmed 4°
m 4 days using the blower
and electric strip heaters de-
seribel on page 11; 85 kilo-
watt-hours of current were
used. A wood stove and
blower similar to the outfit
shown in figure 11 is well-
adapted for this purpose,
and requires little fuel and
clectricity. FrousE 17— Rone-bottom Tammer for remasine dirt and

\‘Vﬂl'ﬂlll‘lg P()t{ltO(’.E‘a hefore 1AHE '5‘111ullu]lant'u={ﬁé§ '\,:hv:?'f?ljlki:m H:r::?:ég:':x;:i dirt no
erivding 1s a new and very
promising development, provided buyers Jearn to appreciate the value
of potatoes free from minor injuries and bruises. Warming also im-
proves the flavor of potatoes stored at low temperatures by converting
some of the sugars formed at the low temperatures back to starch.
It is thought that there is less danger of blackheart developing during
shipment if the potatoes are warm when loaded.

A comparison of lots of potatoes stored in bulk and in boxes was
made at the Aroostook Farm in 1933-34.  One phase of this test was
the determination of the market price of potatoes stored by the two
methods when they were graded out in ¥ancy and Unclassified grades.
Table 3 indicntes the advantage of box storage when there is a fair
price us in 1933-34, The larger percentage of Fancy potatoes is due
to the elimination of major bruising in handling. A similar test
wag run in 1934-35 but the potatoes were not weighed into storage,
and they were weighed outon the U, 8. No. 1 grade basis tnstead of the
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Fancy grade of the previous year., In this test there was & slight
advantage in the quality of the boxed potatoes but the selling price for
No. 1's was so near the starch price that no price advantage was ap-
parent. Thestarch gradesiiownin table 8 includes all potafoes usable
ouly for making starch. Box storage eliminntes the following opera-
tions in handling: Emptying into barrels, dumping barrelsinto storage
and forking inte grader. When shipped in boxes, most of the injury
inn dropping from grader to barrel or bag is eliminated as the drop from
grader to shipping boxes is small,

Tavue 3.—Comparison of boz and bull: siorage, showing the percentages of different
gradus weighed out and the sver-all selling price per bundredweight of potaioes
stored, Aropstook Fuarm storoge, 1935-34
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Btured {n— Cime - o, v !Seoonds - 1 rakion | huoo-
; I ! F:u:c}'i and | clessi | Staech ] loss dred-
i peas b fhed { weight
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Prereeal | Pownds Percent jPercent Pereent ,Percent | Perceat | Dollers
: T 22 G REL O8TE RS 7.0 LB

Bores. .. ! ! . : o, LT G H i.8 .
Bulk . . : . % e LR R T Y K- 2.4 3.4 f.7L

A comparison of time and labor requirement for box and barrel
handling was made and the results are shown in table4. This table

Frivne 15 Twy 1ypes of boses tritd gt Aroostook Farmng stacked 10 hoxes high,

shiows aslight time advautage and a large labor saving in favor of barrel
handling i[ both: operations are done by hand. However, boxes
would seem to be better adapted than barrels to conveyor or floor-
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truck handling. The use of boxes in the present storages would prob-
ably reduce the capacity if stored only in the present bins, but by
removing bin partitions and storing boxes in main and cellar alleys
there would be little difference in capacity {fig. 18). When handling
by hand the usual first-fioor bins should preferably be divided into
two levels for boxes,

TabLe 4. —Time required for placing bored polatoes inlo slorage as compared wilh
dumping tnlo storage from barrels

Men "Pine

o § i
Frivck ol i tequired 1 reguired
1

How huodled

Number ;| Minwdes

S laxes. o ... Btacked 1 to 9 hiph. ... e e i 8
L3 _. | Stacked D e bhighe, ool L 4 i
Do ..., Lf Btacked Sbofldgh, oo 4 7

Wibmrreds, . . . L. oeeee... o) Dumiped Lirough dmtch, .- 1 * &

i

1A Gbok or g Hebarred Lruek Joad required the saroe litee for loading in the feld,
ACCIDENTAL LOSSES

Another common cause of storage losses noted during this study is
freczing, which often occurs ai the first-floor level in track storages if
the wall insulation is defective. This causes the loss of not only the
potatoes actually frozen, but makes grading and handling difficult,
for adjoining potatoes may become discelored, and damp, Frozen
potatoes, if not sorted out by the graders, may cause heavy loss when
shipped with sound potatoes. Storing potatoes after heavy frosis
often results in great difficulty in grading, because field-frosted
potatoes scattered through a bin sometimes will each wet a peck or
more of sound potatoes. Ln the weighed samples of the present inves-
tigation the losses due to decny of potatoes in storage where mechani-
cal injury would not have been sufficient cause for grade rejection
ran about 0.1 percent. Potatoes rejected due to late blight during the
1931-32 study smounted to 1.1 percent and in 1932-33 to only 0.2
percent. This loss is due to field infection and cannot be charged to
poor storage conditions,

COMMON FAULTS OF STORAGES

The principal faults of the old-type farm storages are that when the
bins are filled to capacity there is so little space between ceiling and
potatoes that air circulation is retarded. Some of these storages are
ventiiated entirely through the eracks in the drive floor and others by
opening the filling hatches during October and November, and on
mild days during the winter. In either cuse many sare insulated after
the bins are filled by spreading straw or shavings over the drive floor.
A common result of this practice is shown in figure 19. Moisture
which condenses in the porous material or on the floor boards causes
dripping en the potatoes.

To prevent the freezing of potatoes against the outer wall of the
cellars near the greund level, some houses have been banked well up
on the roof with straw and even with manure which, though preventing
freezing has hastened the decay of the voofing.

The old-trpe trackside storage also has several faults.  The heavily
stressed first-floor beams and givders over the cellar bins soon decuy
at the sill where they are spiked fo the wall studding, whick also
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decays. These members and the wall insulation sare alternately wet
and dry ab this point. Three types of fajlure result: (1) The heavily
stressed floor beams and joists fail; (2) the wall studding kicks out
under the leteral thrust of the potatoes, opening a part of the bin to
freezing; and (3) the insulation and sheathing become damp, and
decay opens eracks in the sheathing which may result in leakage of
fill-type insulation with resulting freezing of potatoes at the junction
of the outside wall and floor.

The ventilation problem in old-type trackside storages is similar to
that in the form storages. The cailling, whether divectly over the po-
tatoes or at the eollar-beam level, is often made of boards having
cracks between and sawdust or shavings above. In other eases com.
mercial insulation is used on the ceiling (fig. 20) and an apening pro-

Poan kg 1 -Yesulalion (hrougl eracks b B storuee drive lloor Inerenses Josses of potabuoes il ity
decay of Hoer,

vided for ventilation, but not conneeted with the roof ventilator above.
The result in either ease is that warin, moeist air arising {rom the po-
tatoes either passes through the eracks in the ceiling or through the
ceiling opening.  Part of this moist air coming in contact with the
underside of the shingled roof causes accumulation of frost and ice
which nielt and drip during the oceasional bright sunshiny days, wet-
ting the insulation below. ~ Another fault in trocl storages as well as
farm storages is too many windows, which have to be covered with
shuiters to prevent greening of potatoes and loss of heat during the
winter, while in houses where electrie lights are available they are not
essentinl during any part of the year,

PRINCIPLES OF STORAGE-HOUSE DESIGN AND MANAGEMENT ¢

One of the principal developments of the present investigation is g
hetter understanding of the use of moisture condensation in the con-
trel of storage conditions.  In the past, warehousemen have attempted

YAvkuawlmdgeent 1= pude Lo S 5. Trennls, Assoringe Refrigemtion TEnginesr of s Buremi in Lhe uppii-
cotlin of the prineiples of sie physios to the solutfon of th prihlens eneonrn teredl.
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to regulate storage conditions by heating and ventilating sufficiently
to control storage temperature and avoid condensation of moisture
in the buildings because too much ceiling condensution ¢auses dripping
and rotting of potatoes, and condensation in any part of the building
couses decay of unproteeted structursl members.  However, during
the cousse of this study it was found that condensation has been an
unrecognized helplul factor in control of storage conditions, but that a
high humidity conducive to low shrinkage loss could be maintained
only in well-insulated structures.  Further it was found that moistare
could be removed by condensation with far less heat loss and with less
attention by the operator than when removed by ventilation. Under

Frag e M, - Dootoapet] insilstion caused By pour fouse desigt.

the vew control method discussed in this seetion, a proper balunce
between storage-house insulation and air eirculalion prevents ceiling
condensation, and, in combination with waterproofed wall surfuces,
provides for removal of excess moisture by harmless condensation on
the walls. This assists in the maintenance of the high humidity
necessary for minimum shrinkage of the stored potatotes. Thus
condensation, formerly avoided, is now used o save potatoes, fuel
Leat, and the operator’s time.

Temperature, humidity, and condensation are closely relnted faclors
in storage-house control. These factors will now be discussed sep-
aruately.

HEGULATION OF STORAGE TEMPERATURE

This discussion of temperature control in potato slorage relates
specificallv to the elimatic conditions and typical storages of Aroostook
Cowndy, Mamne. 1t illustentes the sources of heat available for main-
tainsing desired tesperature and how this heat is lost from the storage.
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The three sources of heat for controlling slorage temperature are (1)
the heat of respiratior, or metabolic heat; (2) the sensible heat given
off as the poiatues cool from & bigher to a lower temperature; and (3)
healb from stoves or other types of heater.

Heat of respiration of the stored potatoes materially aifcots the
conditions in o potato-storage house. Tt may cause the temperatures
to rviso above the optimum during warm periods but aids in holding
optimum temperstures when outside temperatures are low. The
rate ot which heat is produced by respiration of potatoes under typical
storage conditions is indicated in figure 21 which was prepared from
data published by Smith (4) and based on studies of the respiration
rute of potatoes over a 200-day storage period.

Heat released in cooling potatoes or sensible heat amounts to about
90 B. t. u. per 100 pounds of potatoes per degree drop in potato tem-
porature. (A like amount of heat is absorbed in warming 100 pounds
of potatoes 1°.) Under desirable storage control the temperature of
the potatoes should be lowered from the initial storage temperature
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of nbout 50° F. to the hiolding temperature of 40° during Oectober and
November. Thus the sensible heat must be dissipated in the fall and
is not available in the winter when it could be used. However, in
smull amounts loss or gain of sensible heat serves as a governor retard-
ing either quick cooling or quick warming up of the storage.

1n northern potuto-storuge areas provision should be made for sup-
plying artificinl heat to storages, for although no great amount is
required it is more quickly available than heat from the other sources
just mentioned, and niust be depended upon to provide uniform tem-
perature during extremely cold weather. The burning of 1 cord of
hard wood or 1 ton of coal in the average storage-house stove will sup-
ply about 20,000,000 B, t. u. of heat, or an amount equal to the sensible
lheat relensed in cooling 1,000 tons, or about 12,000 barrels, of potatoes
from 50° to 40° I

Heat is lost from storage houses either by conduetion through the
walls and ceiling or by being carried off in the ventilating air. The
heat loss by conduction is inversely proportional to the insulunting
values ' of the walls and ceiling and directly proportional to the difler-
ence between the inside and outside temperatures. For storages in

16 e jnsoluging valie imdieates the number of degrees diffierence botweon inside nnd outside tetpers-
D webifels will entiso the logs throageh the wall of 1 B.Low, per Squane Tuol of wall surfuee yer houe,
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rorthern Maine, wall and ceiling insulating values of 5, 10, and 20 are
considered poor, average, and good, respectively. Desirable inside
temperatures and average outside temperatures for the storage months
considered in the following discussion are given in table 5, the inside
air temperatures usually being the same as the potato temperatures.

TaBLe 5—Desirable inside slorage and outside air temperalures for Aroesfook
County, Muatne

Octo- | No- T -
ber  |vember | comber 7| Mareh

° e, °r ", v K,
Deafrable fngide alr nnd potate temperature... 50 46 40
Averge cutside sir temperature 14 3 15

Diller . ui 1ul 25

Heat lost through the walls and ceiling by conduction is supplied by
the circulating air that comes in contuct with these surfaces. Cir-
culation spaces are generally required along all vertical above-ground
walls against which potatoes are stored. In the typical Aroostook
storage house there is a 2-inch air-circulation space between the out-
side wall insulation and the stored potatoes. This wall-circulation
space is open at both top and bottom and permits air from the top of
the house, which has been warmed by the potatoes or by artificial
heat, to pass down along the cold walls. Air eirculation through such
an air space prevents the temperature of the walls and the adjoining
putatoes from falling much below the average house temperature.
Cooled air flows from the bottom of this wall-circulation space towards
the center of the house where it is warmed by the potatoes or by the
heater and again rises to the top of the house and the wall-circulation
cycle is repeated.

However, during the course of the study it was found that potatoes
on top of & deep bin could be safely stored against the well-insulated
lower roof slope of a farm storage, even though no air ¢irculation space
was provided. The higher ceiling temperature probably cau be
explained by the fact that heat is carried upward through the potatoes
by rising air currents, but lateral currents through the potatoes are
insufficient to warm the wall,

Under typical winter conditions in Aroostook County, the eircula-
tion of moist air from the interior of the house along the cold outer
walls results in the condensation of considerable amounts of moisture
on the wall surfaces.

If the cold surface of the wall-cireulation space is waterproofed,
and drainage is provided at the bottom of the space, condensation
against this protected surface will do no harm to the building. Under
average conditions in well-insulated storages condensation on the
protected side walls will remove meisture from the air in the house at a
rate that will prevent the condensation of moisture upon the eeiling,
50 that no ventilation may be needed to remove the excess moisture.
This conserves heat since condensation of moisture on the wall in-
creases the conduction losses very little, but under average winter
conditions the removal of & pound of moisture by ventilation carries
from the storage about 2,000 B, t. u. of Leat.
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The approximate amounts of heat per hundred pounds of potatoes
per day supplied to and removed or lest from an average storage
under average conditions are shown in figure 22, The general method
of control is to ventilate sufficiently in October and November to
lower the potato temperature to 40° F., at which temperature they
are to be held for the rest of the season. The method of control for
the rest of the season is to heat or ventilate 2s necessary to hold the
temperature et 40° and also to ventilate if necessary to prevent mois-
ture condensing on and dripping from the ceiling, Tigure 22 illus-
trates average conditions obtained in a full storage. In a better
insulated storage less artificial heat will be required (ree table 7).
As the stornge is emptied the available metabolic heat is reduced,
making it necessary to supply more artificial heat. The recommended

procedure in temperature
Meltabolic A control may be summed up
Sensibte.____ I as Tollows:
Artificiot . g (1) In Qctober and No-
vember plenty of ventilation
iz necessary to remove the
metabolic heat and sensible
heat released in cooling the
potatoes,

(2) For average Decem-
ber conditions little atten-
tion 1s required either to
ventilating or henting, but
for extreme conditions heat-
ing or ventilating may be
, ’ oy Jan. Fel:. Mar., b I-B(Euil-%(l'

::(:vml:,‘_"?:.-—‘l "vuL ::l nnpg-.llnz'n!r[:)u:;ornglo [Jr‘:].ntnlslor{zgt- ot 3) n January,Februn,ry,
i eapaeity, Aroosiook Connty, Maine, conditions. ﬂ,nd M&I'ch, artiﬁcial hel],t
will be required to balance losses by conduction and ventilation.

(4) In Apnil, night ventilation will be necessary to minimize rise in
potato temperature. This is especially important if potatoes nare
stored until May.,
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SPECIAL TEMPERATURE-CONTROL MEASURES

It is often desirable to hold the temperature of one bin above that of
adjoining bhins, This may be for curing potatoes received after the
other potatoes have been cured and cooled to the holding temperature,
or Tor preheating a bin before shipping to prevent bruising injury
(p. 21), to lower the sugar content of the stored poiatoes or as an aid
in insuring frost-free shipping Preheating before shipping should
be very much worth while il the price of high-quality potatoes jus-
tifiesit. During the 1932-33 season, electric strip heaters and electric
lans were used to maintain & temperature in one bin 8° above adjoin-
ing bins (see Buildings, p. 3) and during 1933-34 & wood stove and
cléctric blower were used for the same purpese.  The results are sum-
marized in table 6, which shows that electrie heat, while giving closer
control, is far more expensive than wood. Where electric heat and an
electric Inn requiring one-twell(th horsepower were used the heating
was regulnted so that the fan was in almost continuous operation.
Iowever, where the wood-burning fwrnace and blower requiring 1
horsepower were used the heating could not be regulated low enough
for continuous operation, so that 2 or 3 hours operation per day was
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sufficient to maintain the desired average temperature although the
range was 4° or 5° greater than where electric heat was used. All
control was by hand. For wood heating the blower was set besids &
jacketed stove (fig. 11) forcing air from the alley into the jacket,
and the werm air was delivered through sheet-iron pipes to slat-
covered flues running lengthwise through the bottom of the bins.

TapLE 6.—Compuaralive cosis of eleciricity and cordwood for heating 1,000 bushels
of potalocs for the slorage season

Average . | o —_—
) LA LC ST e, . . F . el coni- | Total osti-
Year above - Tl held | Source of heat | Al eiceubation sthption lmnted cast !
joiniiyg hin [
! ! Mitarcutt
Ly flayy N hours Folfars

[R50 S 5 10 | Electricity.. | Fan using Mz horse- 753 15 %8
POWer.

X85 3 S S WL | Cordwood____ Tivwer esing © horse- Gt 5.62

THMWECT.

E Eletrie current for bept s power ot 2.5 ceuts por klowsit-hour ped cordwoud ub 83 pwr cord,

One method tried for ventilating without the danger of freezing
potatoes was the use of a circulating heater (fig. 4), which worked
much like an ordinary warm-air heating system taking cold air from
outdoors. This method was safe whether a fire was going or not,
but occupied considerable space in the work alley. When there was
no fire, moisture from the iuside zir condensed on the metal intake
fiues and caused them to rust. Fur these rewsons and because an
ordiniry wood stove scemed adequate 16 was not used in the new

storage.
REGULATION OF STORAGE HUMIINTY

11 the preceding discussion of temperature control, only optintun
tetnperatures were considered because they can be muntained in
almost any storage. However, the optimum relative humidity is
practically 100 percent, and such high humidity cannot ordinarily be
securcd during the storage season with the existing outside and
desirable insicdle temperatures. For in actual storage practice max-
imum relative humidities obtainable in storage houses are definitely
limited by the following factors: (1) The excess of inside over outside
ulr temperatures, {2) the insulating values of storage wuils and
ceiling, {3) ventilation to remove excess heat, and (4) artticial heating,
Since the lowering of relative humidities results in increasing shrinkage
losses, humidity control hasforits purpose thecarrying ofrelative humid-
ities es high as is practical in view of counterbulancing il effects from
deprecinted buildings or rotted potatoes due to condensed moisture.

In common storage practice condenssiion of moisture upon the
ceiling is used as an indicator that too high relative humidity has
been reached and that ventilation is needed to prevent dripping of
moisture and decay of the potatoes. Ventilation lowers the bumidity
of the air below the ceiling until the dew poins of the air is below the
ceiling-surface temperature and ceiling condensation stops. Further
ventilution will cause evaporation intv the air of moisture already
condensed and will Jower the air humidity irom the maximum reached
when ceiling condensation comunenced. Thus the operator of the
old-type stornge must choose between maintaining (1} a condition



http:pmcti.ce
http:l'eln.ti

30 TECHXNICAL BULLETIN 615, U. 5. DEPI. OF AGRICULTURE

causing relatively low shrinkage but inducing structural decay, and
(2) a condition causing relatively high shrinkage but little structural
decay.

During the course of this study it was found (1) that it is practical
to increase the eeiling insulation to a value at which condensation
will net occur during average winter weather, thus allowing a very
high relative humidity with corresponding low potato shrinkage, (2)
that once tise ceiling condensation point is reached, with given air
temperstures and insulation values, further evaporation of moisture
into the air from the potatoes will not raise the relative humidity of
the air because moisture is condensed as rapidly on the ceiling as it
is evaporated from the potatoes, and (3) that with values of ceiling
insulation equal to or higher than the insulation values of the wall
adjoining the freely circulating spaces, wall condensation tends to
limit air humidities below the condensing point of the ceiling surface.

The “fimiting”” or maximum relative hurmidity of air below a ceiling
is reached when the dew point of the air becomes equal to the ceiling-
surface tempernture.  With a given inside temperature and insulsting
value, n lowered outside temperature will result in & lowered ceiling-
surfnce temperature and consequently & lower relative humidity of
the airin contact with it.  For a given inside and outside temperature,
# lower insulating value of the ceiling will result in a lower ceiling-
surlace temperature and resultant Jower relative humidity of the nir
below the ceiling. For given inside and outside temperature and
ceiling insulation the limiting value of the relative humidity can be
closely upproximated by the following method:

(1) Caleulate the temperature, ¢, of the ceiling surface as follows:

(t— 153)0'6 W

ty=t,—

Where §=inside air temperature;
ft=outside air temperature;
0. 6" ==surlaee resistance to heat flow, and
He=total eciling resistance to heat flow in degrees temperabure

difTerence in British thermal units of heat loss per square foot per hour.

(2} Using the values of ¢, as found by equation (1) the limiting
relutive humidity may be found from psychrometric tables, taking ¢,
s the dew-point temperature and t, as the dry bulb.

For example with §{,=40°; {,=10°; and Re=10.0, substituting in
equation (1)

(40—10)0.6

— 1 e Q0
t,=—40 10 38.2°,

which is the ceiling surface temperature or limiting dew point for the
air below; and {2) with T,=40° and 1,=38.2° psychromaetric tables
show a relative bumidity of 94 percent. Limiting relative humidities
ealeulnted lor various insufation values and temperature conditions
during the usual storage period are shown as items 8, table 7.

The application of the principles developed in this investigation
to the design of stornge houses for potutoes is illustrated in table 7,
which shows the estimated performance of three storage houses,

oA nproximale value for o tley interior wil surface.

g "1.||n|riu‘,: relntive omidies'™ wee ns high ax con be secaeed wnder given fempaeature and vellitg-
fnstilbion villues Leenuse eeiling sundlensubion tends to proveut amidily from going highur,
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%rovided with light, medium, and heavy insulations, respeetively.
he renge of insulation values shown covers most insulations which
would ordinarily be used in potato storages. The storage periods,
and inside and outside air temperatures, assumed as a basis for the
table, are shown in items 2, 3, and 4, respectively, these having been
chosen to correspond as closely as possible to average Maine conditions
and are the same for each of the three houses. Culculstions of hent,
moisture, and potato shrinkage, shown in suceeeding items, are all
based on a “hundredweight” (100 pounds) of potatoes, so that the
size of the house does not enter into the caleulations except in the
computntion of item 6, as explained below.

The probuble performance of ench house is estitnated for two methods
of management, “Case A" representing the optimum, or best possible
conditions which can be maintained, under the given conditions of
outside temperature and house insulation, while “Case B” represents
& general average of storage conditions observed in actual practice
during this study. The relative merits of the three houses and the
two methods of management, are shown by comparison of artificinl
hent requirements (items 18 and 19) and potato shrinkeges (items
20-21, and 22-23).

Tanne 7, ~Estimaied porformance of polalo-stordage houses having different insulation
values

Item i Light insniutinn Mulenste instinlion Heavy insolution

L, Storapewpil noed ccillmgz-insuis-
ton registones oL L.l LR 1iki]

Win-
ter

Spring] Full Kprbngef Spriag

2. Length of stnrnga period.  days. . {1}

3. Avermygo  imsbde  wdr  tempern-
BT mie o e camavaan. W FL

4. Avernpe  outside alr tempern-
277 < O I

E. Ilent from Imﬁluu‘.a-;;_‘(.ﬁ:’uﬁﬁmlit_:_

andl  senslbia}  por  hundrel-

waight por duy oo B tou

8. Ticat ramoved (romn storage by

cowluction,  por hunddred-

welght per day - L G

7. Molsture romoved from storago

nir by wall contionsation, pec

hundredwaeight per doy.grains_ 42 13 5 i} pl i0

Relatlvi himidlity pnder colitng,
per hundredwaight:

8, Cuse &S poreantt..l 183 g o L83 104 5 s 4905 205

i Insulation reslsiznes based opon ingidecutside nirtemperatore differencs o deprees Fahrenbeit for
conti{llic:inn of 1 B, t. u. of heat threugh I square foot of wulzwor cetiing aren por hour, or * F. — 1.1 — hr.
per B.tou,

* Ceillng comstruction with insuistlon resistance of approximately 5 Waterproof paper und mmiched
sheathing wndar mfters or eciling joists; an nir spaee] and tight sheathing sl wom! shingies over mnfiers.

3 Ceiting construction with lusulstinn resistance of approximately M Bamie as for resistanes af § with (1)
at nekcld nic gpnen nand | inch of Doxiblo or binnket-typo Ober insultion, or (2) with 2 inches of dry shnvings
aver atehed-slisathing ceiling.

¢ Ceiltng eonstruetion with insulation restsianes of approxinmiely Mk Satrio af for resistanec of 5 with (1)
44 inchiod of Dully rock, slag, or other minersl fber noddod between raftors, or (8 6 nches of Jdey shavings
nedcted tTt\&'cou mufters.  Various other comblnutions of suintion and air spuees might bo butle up to give
st valee.

A Limiiting values which enn only he spproached |6 prachice.

& With Lty storge comdition thoe use of veutilntion o remove bt removes moro moislisey thun peces-
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sy be used to inerenss mtio of hent Lo moisture remoevnd. Doy ventilation way o nsed to lusrense ratio
of oo to hoat removal,
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Tasre 7.— Bstimaied performance of polato-siorage houses having different insulation
vulues—Continued
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From & study of 391 weekly hygrothermograph charts, which
recorded netund storage temperature and humidity conditions in 12
different potato storages, average values ndjusted to items 1, 3, and
4 have been tabulated as item § (table 7) for comparison with the
limiting humidities of item 8. It will be noted that, the seasonal
averuges were all under the limiting relative humidity. Two of the
three hundred and ninety-one weekly average recorded humidities
were Tound to equal the hmiting hupndities, but no weekly recorded
humudity exceeded the corresponding limiting values. In several
cases, sets of sling psychrometer reaciings have been taken during a
day when actual humidities were above calculated limiting humidities,
probably because of the lag in conductien loss due to changing out-
sile temperature and the stored heat of the building materisls.
Further comparison between average humidities and limiting humidi-
ties show that limiting values for ceiling resistances of 5 are verynear
the average values from ceiling resistance of 20, which suggests that
under ideal control much higher humidities are possible than are
usually obtained.  Usually intermittent and excessive ventilation
fendds to eause the storage humidity to fluctuate from the limiting
to relutively Jow values.

The potato shrinkage {moisture losses} listed in items 20-23 were
caleuluted for the definite temperature and humidity given in table 7,
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the rate being based upon the graphs of figure 13 previously discussed.
Note that the accumulated shrinkage (item 23, case B) to the end of
a 210-day storage is decreased 1.0 percent by increasing the ceiling-
insulation resistance from 5 to 10 and the shrinkage wus decreased
another 1 percent by increasing the ceiling-insulation resistance from
10 to 20. That is, the first increment of added insulation results in a
greater proportionate seving than the addition of any succeeding
mcrement, and the calculations indicate that 6 inches of insulation is
about the limit that can be economically justified. In practice, in-
sulating values are estimated at about 75 percent of the values cal-
culated from luboratory tests of the insulating materials in order to
allow for variations in materials themselves and irregularities in
instaliation.  Thus, where 4 inches of insulation, based upon Inbora-
tory: values, seems adequate, actual installation of 6 inches may be
advisuble,
HEAT AND MOISTURE CALCULATIONS

The purpose of this section will be (1) to compare heat and moisture
refations with optimum and recorded storage conditions in poor,
aversge, and well-insulated storages and (2) to illustrate the method
usedd 1n obtaining these refations which might be followed in studying
stornge problems in other areas.

Table 7 hus been prepared for optimum inside temperature and
average outside temperatures of northern Maine. Houses of in-
sulation resistances of 5, 19, and 20 are considered separately for fall,
winter, and spring, and are compared in items 2 to 7. For the nine
different conditions items 3 to 7 are the same for either case-A or
cuse-B storage control.

Item 5, heat from the potatoes is the wmount of metsbolic hreat
given off by the potatoes plus the sensible heat given off during fall
cooling, based upon figure 22 already discussed.,

[tens 6, the heut removed by conduction per hundredweight of
potatoes, was enleulnted as follows:

Ttom ¢ =»glitem 3.—1[(\m 4)1?
1em |

(2)

The Tuetor 2 in cquation {2} is the rutio of the totul insulated surface
of the stersge in square feet to the capreity of the stornge expressed
in hundredweight of potatoes, that is

_.Lotal insulated surfuce (squure feet) {3

Cepacity of storage (hundredweight)

The total insulated surface in eguation (3) includes all wull surface
ahove the ground level and the ceiling of the storage house.

The values for ilem 6 shown in table 7 were calculated, using the
vatue of 12 for the trackside storage (fig. 23).  The surface to capacity
ratio, £, for this Louse is 0.885 square fect per hundredweight.

For example, if the inside temperature is 40° F.; outside tempera-
ture 129, insulation resistance=>5.0 and £=0.385. For & 24-hour
period item 6 as computed by equation 2) would be as follows:

{h— 122 .
Tem 6 2-l‘5<4 _’-l XKO.385=52 Bt u. per hundredweight
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The nmount of moisture condensed upon the walls (item 7, table
7}, was estimuted as follows: From a study of 84 cases of heat loss
from air circuluting down & wall-cireulating space, covering the range
of conditions listed in table 1, it was found that approximately one-
third of the heat conducted through the walls and ceiling of & storage
was necounted for by moisture condensation. For fnﬁ and spring
storage gbout 1,070 B. t. u. (latent heut of evaporation at average
wall-circulating temperature of 38° F.) are given up in condensing a
pound of moisture. In the wintersince part of the moisture condensed
15 frozen, approximately 1,140 B. t. u, of heut (based upon half con-
densed at latent heat of evaporation of 1,070 B, t. u. and half frozen
at the combined latent heuts of evaporation and fusion of 1,214 B, 6, u.)
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may be wiven up with o pound of moisture condensed, with part of it
frozen. Moisture condensed upon storage-house walls {item 7}, in
erains per duy per hundredweight of potatoes is found as follows:

Conduction (item §) Grains per pound
Vi - :
3 B. t. u. per pound condensed

For example, where item ¢ is 52, and for winter ventilation when
1,140 B. t. u. of heat is given up per pound moisture condensed, then
. - 82 7000
rtem 7 - 3 x‘f,lét)

"The remainder of the items in table 7 are arrauged i comparable
puirs, enses A and B, respectively.  (‘ase A, with optimum humidity,
that is with humidity as high as can be nuintained with ventilation
necessary bo muintain the inside temperature (item 3), but no higher
than the Lmithng values as determined by insulation values {item 1

<= 106 zraius condensed per day per hundredweight.
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and temperatures items 3 and 4). Case B, with average humidity,

~that is with approximate average values of relative humidity deter-

tiviped from weekly averages of humidities recorded in 12 storage
houses, adjusted for values In items 1, 3 und 4. Tu both cases the
inside™temperature listed in item 3 is maintained with the outside
temperature as in item 4, The heat and moisture in the outside air is
based upen 75-percent saturation throughout. The heat and mois-
ture of the inside air are based upon the humidities listed for cases A
and B, items 8 and 8, respectively. The relative humidities, in item 8
which are referred to in footnote 6, are comparatively low because more
ventiletion would be required to lower storage temperature than would
be needed to control moisture, The relative humidities referred to in
footnote 7 are the litniting values discussed upon page 30. Item 9
gives the average humidities based upon recorded values taken during
the storage Investigation. .

The poteto moisture shrinkage (items 10 and 11) is based upon the
shrinkage rate for the corresponding pericd and saturation deficit,
from figure 13. The saturation deficit corresponds to the conditions
in items 3, 8, and 9.

The guantities of moisture to be removed by ventilation, as con-
sidered 1n this discussion, are shown in items 12 and 13, which are
found by subtracting mwoisture condensed (item 7), from moisture
given off by the potatoes (items 10 and 11, respectively).

In ventilating, both heat and moisture are taken up by the incoming
air and the moisture and heat so taken up are carried off by the out-
going atr. The ratios of heat to moisture so tuken up by the ven-
tiluting sir are tabulated in items 14 and 15. These values are the
ratios of the difference in the heat and moisture content of the inside
end outside air. A study, of this ratio under night and day conditions
indicates (1) when removal of heat is the chief consideration night
ventilation is best, and (2) when removal of moisture is the principal
object day ventilation is best. Items 14 and 15 are based upon ven-
tilating at eversge daily temperatures.

Heat removed by ventilation is shown in items 16 and 17, which are
the products of item 12 by item 14 and item 13 by item 15, respec-
tively, Where artificinl heat is not required item 16 or 17 plus item 6
equalsitem 5. Where item 16 or 17 plus item 6 is greater than item 5
the difference must be added in the form of artificinl heat (items 18
and 19, respectively).

Potato shrinkage has been calculated from the values in items 10
and 11 upon & period basis, in items 20 and 21, that is for the 60-day
fall period; the 90-day winter period and the 60-day spring period.
These values have been summed up (items 22 and 23) giving the total
shrinkage to the ends of each successive periocd. The relation of
storage conditions and insulation to shrinkage hes been previously
discussed (pp. 16 and 17) but it is to be noted thas for the fall period, in
which ventilation is so necessary to remove heat and a low humidity is
unavoidable, the shrinkage during the first 60 days on the average is
approximately half that for the total of 210 days. Also with near-
optimum control (case A) there is little decrense 1n shrinkage between
houses with insulating values of 10 and 20. The principal advantage
is thut less heat is required to bulunce conditions in the better insulated
storage.
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SPECIAL HUMIMTY-CONTROL MEASURES

Under some conditions condensation may occur upon the ceiling.
There will be times when, due to the very high humidity of air in
the above-bin space and falling outside temperature, moisture will
condense upon the ceiling. The projection of girders or other irregu-
lurities below the ceiling surface restricts circulation and forms still-
air pockets which eauses condensation. Condensation on a ceiling,
even gt very high humidities, may be prevented by rapid air move-
ment along the surface, When ventilating a storage, good air move-

ment is secured between the point
Down draft . where air rises freely into the above-
. of warm air bin space and the roof ventilator,
r Condensation is prevented in this
cuse both beeause of rapid air move-
ment, and becituse air rising freely
}, Condensation into the above-bin space 1s drier
on both surfaces than that rising through the pota-
toes. For this reason ventilators
should be placed at the end {in farm
storages} or ends (in track storages)
furthest from openings admitting
the drier air into the space above
the bins. By means of electric fans
air circulation may be mude so rapid
that no condensation will oceur
upon the ceiling even with very high
humidities.

In removing moisture from a stor-
lacoming age by winter ventilation, the ad-

cold air mission of » eonsiderable amount of
coid gir may freeze the potatoes near
the iulets before it is warmed and
mixed witly the air in the house. One
way of warming the air is by passing
it through a condensing intake.

The condensing intake (fig. 24) is

PLAN made up of two vertical concentric
Fiovrk oo Condensing intake with eross-see Shl‘.t‘t-!llef__iil pLpes £0 at‘mnged thet
tonul wrea of 1t feet and condensing surfice the cold air enters through the annu-

o't e o nde saze el o gpuce between the two Dipes.

nr Lo T.llt‘F‘l\'.l'ﬂ.]h'(‘1i151.(1.l"llll.‘.5il!ﬂll!r ll.‘II].pL’fIlnlkr‘l'A ] l[e inier Sl[eet ]!']etﬂl ])l]}e 15 Operl_

[l;(\}"ll “r:;l;al:lrﬁllcﬁi‘lIUIlh of water were eomiensel at tO[’J and bOttOIl], to the air inside

the storage house. Cold air enter-
ing through the annulur space hetween the pipe, chills both pipes.
Moisture from the inside air condenses on the cold metal surfaces, both
on the inner surfece of the Inner pipe and on the outer surluce of the
auter pipe, and trickles down the pipe to o drain &t the bottomn.  The
[utent heat of condensed moisture, in addition to the sensible heut
from partly chilled air, warms the entering air, Since some of the
inside air is dried in the process, less outside air is needed to lower
storage humidity when w condensing intake is used.

The first intake, built during the 1931-32 scason, had g cross section
ol ubout 2 square feet and o condensing surfuee of only 16 square
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feet. 1t served to check the cross draft from the incoming air and
condensed some moisture. Howaver, the relation between the area
of the opening and the condensing surface was not right and the
incotning air was not noticeably warmed.

A second condensing intake {fig. 24}, built and tried out during the
geason of 1935-36, proved to be very effective. The incoming air
was tempered sufficiently that when discharged in the space sbove
the bin, no freczing of potatoes near the intake oceurred even under
the most severe conditions.

The condensing intuake proved to be a safe method of introducing
ventilating air and removing some moisture and has now been used
three scasons. The use of & condensing intake for ventilation and
moisture removul offers a safe method for the regulation of storuge
comditions during extremely cold weather. This method is appl-
cable to old truckside storage, but is not used in the new storage (fig.
23) as the condensing wall surluce Inter developed proved to require
no attention and removed moisture effectively during most of the
winter without ventilation.

ESSENTIAL FEATURES OF A POTATO-STORAGE STRUCTURE

'The most inportant function of & potato storage is to furnish pro-
tection from the weather. A storage should be well-roofed and well-
drained, as o protection both from storm water and from ground
water. There should be adequate insulation and air circulation to
protect against freezing and to €ualize temperatures as nearly as
possible so that potatoes will not sprout in one part und freeze in
another.

Next In muportance to the control of temperatures is the control of
humidity, and as hus beeu shown in the preceding pages, where a
storage is property designed and insulated, desirable humidities may
be maintained with o minitnum of attention,

An adequate storage should be so designed thut potatoes may be
conveniently stored and remmoved from storage, with a minimum of
bruises from drops and damage from contact with sharp corners.
The number of handling operations should be reduced to a minimun:,

NEW-TYFE FARM STORAGE

To nwet the requirements of an adequate furm storage and to avoid
common faults of stornges discussed on pages 23 and 24 a new type of
farm storage (fig. 9) has been designed and tested under actual stor-
age conditions, It is designed to fge safe structurally, to be durable,
amd to maintein the best storage conditions with a minimum of atten-
tion to control. It is essentially & bank storage, and may be con-
structed b smull cost if located on a hillside in & well-drained location.
Thig deep-bin farm storage ¥ (fig. 8) is designed to protect against
losses from freezing, from rotiing caused by water dripping on pota-
toes, mechanieal damage cuused by levelling off potatoes in bing
under ceiling hatches, high losses ¢aused by low relative humidity,
and deterioration by decay and mechauierl fallure of the structure
itself. ‘The initial cost per barrel of storage is comparable to that of
shatlow-bin storages,

3 For working deawings of the tlesigns mentioned Tn Lhis bullothe write Une oxtenshon mericadtoru) englneer
of your Binio agrlculiars! callege.
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Protection [rom freezing is built into the structure. The upper
part of the concrete wall, where it is not practical to insulate, is
protected by circulating-nir spaces from which the moisture that
condenses against the concrete will drain off to the work-alley spuce
without wetting either the potatoes or the wood structural members.
The {rame portions of the structure above ground are protected
by adequate insulation on the roof and ceiling and insulation plus
cuculating-air spaec in the gable and walls.

Protection from dripping water is provided by adequate means for
ventilation in emergeney, but mainly by circulation of air against 2
large aren of velutively cold eoncrete wall which will ordinanly remove
muoisture from the air rapidly enough so there will be no condensation
and drip from the roof or ceiling,

Protection froam mechanieal dumsurc is secured principally in the
sicle bins by the climination of the floor at the drive-floor level, so

Fisrre 25, -Deoveway of desp-bin siomge.

that it is no longer neeessary to dump through hatches. Onee s
wedge of potatees is built up at one end of a bin by means of sack
vhutes the rest of the hin may be filled by dumping at truck-hed
level onto this pile for the full width and length of the bins (fig. 23).
The central bin may be filled by taking up the drive floor. The floor
joists necessary here are nijr-timmhle but the removable floor eauses
less damage than filling through hatehes,

Where udequate provisions for air cireulation are not provided it is
offen necessary to carry high temperatures in one portion of a storage
in order to keep mmthvt pattuhmehm-nng In thcstomﬂ'edeqtnbed
ereitn adequate cireulntion is provided for (1) by the installation of an
mljustuble mtake door and an adequate outtake flue which will he
requived alter the enring period until the house temperature is lowered
to ubout 402 K., and (3) by an air-cireulating system which provides
for natural circulution of alr from the floor flues, up through the potu-
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toes, into the wall-circulating space at either end of the house, and
back to the heater space through the circulating and condensing space
along the top of the concrete wall. In this type of house there is less
shrinkage than normally because less ventilation is required to pre-
vent moisture from condensing on walls and ceiling and hence a rela-
tively high humidity may be maintained.

Condensation against the insulated walls and ceiling and the banked
concrete walls will not oceur until a high relative humidity has been
reached. Practically all of the condensation should be against the
concrete, which will not be damaged by moisture. Crushing of soft-
wood beams at support due to overloading, when exposed to high
humidity, has been gunrded against by using hardwood bolsters and
knee braces at highly stressed points. Decay of sheathing and tim-
ber is prevented (1) by a design that fosters condensation and collec-
tion of moisture against conerete walls and in concrete trenches, (2)
by protecting cold surfaces of circuluting space against a frame wall
with a coating of waterproof metal-clad paper, and (3) by planning so
that no post or beam rests on a surface where moisture may be ex-
pected to collect. The practical use of fill-type insulation in this
structure is dependent upon its being ventilated to the cold exterior
air and separated by anairtight membrane frominterior warmmoist air.
This is done by placing waterproof puper between the insulation and
the interior, protecting from the weather on the outside by placing
paper between sheathing and siding, and by ventilating the insulation
to the cold attic space which in turn is vented to the outside air by
means of lonvers in the gable ends.

An alternate deep-bin farm-storage ** plan has been prepared which
facilitates conveyor handling of potatoes from bin to grader. In this
plan one end of the huilding is used for & work alley, with a storage
floor directly above the work alley and connecting with the bins.
Ioors are placed opposite the conveyor-trench opening to provide for
moving a long conveyor from bin to bin.

HEMODELING OLD FARM STORAGES

A study of the new-type as compared with the old-type furm
stornge by means of figure 26 will be of assistance int remodeling the
cld-type into the more efficient deep-bin type.

In the old-type storage, potatoes could hardly be leveled off closer
than 2 feet below the drive floor and then only by considerable pushing
and bruising as they were shoved back from below the filling hatches,
and with joists running across the house the space for air circulation
between potatoes and ceiling was further cut down. By the elimina-
tion of the floor on either side of the driveway of these old storages
potatoes can be conveniently stored from 4 to 6 feet deeper in the
side bins, and by making drive-floor planks removable potatoes may
be stored to the same height in the center. The lower run of the rool,
the ceiling, and gable ends should be insulated with fill-type insulation,
the ex'ra cost of which is more than compensated by the increase in
storage cupucity, and the saving of periedic reflooring of two-thirds
of the floor.

The roofs of nhove-ground portions of the shallow-bin storages have
generally followed gambrel lines us this gives plenty of head room
when dumping potatoes through hatehes in the side bins; the tendency

" Ben foultiole 13, . 37,
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however, in building these roofs has been to follow haymow practice
and make the roofs much higher than is required for the storage
needed. This fault bas been particularly noticeable when converting
& shallow-type into a new-type bin, for it was often 14 feet or more
(rom the drive floor to the purlin level. In remodeling storages the
new ceiling should not be over 9 feet above the drive %001‘. This is
an adequate height for storage and handling space, while a greater
height necessitates added insulation and greator heat loss. However,
a ceiling below the purlin is not dificult to support, for even though
it may %e wider than at the pwlin it may conveniently be supported

by extra purlins resting on posts at the sides of the central-drive floor.
Where the drive fioor at either side of the central driveway 1s not
¢liminated in old-type [arm storages, there is usually poor eirculation

q

: Truzk-bad height
o Femaeable plank w~Drive flopr } zOrive floor)
e Grades 7
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Fravre H—Comnarison of ald shallow-bin with new deep-bin farm storuge: A, Old type; B, oew Lype;
a, height of stored potatoes; b, direetion of alr currents; ¢, Hoor flues; &, outtake fues.

of air above the bins. The air pocketed between the floor joists
results in condensation and decay (fig. 19).

An insulated outtake flue designed to earry the escaping moisture-
laden air through the cold space above the driveway and out ot the
house was found to remedy this condition (fig. 27). Waterproof
paper should be used under any insulating material spread on the
drive floor, after filling bins, to keep the insulation dry aud effective.

NEW-TYFE TRACK STORAGE

The new trackside storage (fig. 23) like the deep-bin farm storage,
is designed to protect against destructive losses by Ireezing, water
dripping on polatoes, and mechanical injury; to reduce shrinkage due
to low relative humidity, and to lengthen the useful Iife of the struc-
ture.

An air-ciceulating wall space has been designed as the first defense
peninst loss by Ireezing, while hacking this up above ground is a wall
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with 6 inches of {ill-type insulation. Along the concrete basement
wall from its top to at least 16 inches below grade the circulation space
is backed by 4 inches of fill insulation, The ceiling is covered with 6
inches of Hill-type iusulution,

The wall and bin circulation is greatly improved over previous stor-
sges with the result that there is a smaller range in temperature

Froone 37 —An insulated outteke o i o faem storsee eeconunended foe shnllow-bin e storpge,

betwoeen the various storage levels which should permit the careying
of all the potatoes stored within & range of 6% I,

In colder weather the lurge waterproofed condensing surfaces of the
upper ni-circulating wall spaces iy reduce the humidity to below
9 pereent, but the average should remain much higher then in other
types of houses, and should therefore reduce shrinkaye much below
the normal mte.  Provistous are made to drain moisture which
condenses on walls into gutters which conduct it either to the driveway
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alley or to the cellar work alley, and from which it may be drained
to a4 sump.

Much attention has been given fo reducing iabor and mechanical
injury fo the potatoes. A 16-foot driveway tloor, clear of posts, and
with o 12 foot-doorway is provided to permit loaded trucks to back
into the house to any bin or directly under either hoist opening.
This feature reduces labor and injury to potatoes in filling. The
first-floor bins may be filled from the floor over the driveway to a
depth of 8 feet and from the upper work floor to a depth of 20 feet.
The bin floors are § feet above the driveway floor and the cellar alley
floor, which permits a conveyor running level in the conveyor trench
to deliver potatoes from bin to grader hopper, greatly reducing injury
and the labor of handling as compared to forking into the grader by
hand. A hatchway in the driveway floor is provided through which
a grader and conveyor may be lowered into the cellar alley for grading,
the graded and sacked potatoes being hoisted to the drivewsy floor.
The cellar bins must be filled from the first floor, but all of the planking
at the sides of the conveyor trenches may be removed for this purpose.

The framing dimensions were based on the fact that the strength
of structural timbers surrounded by high-humidity air are much less
than under usual conditions. Larger timbers are used throughout
with hardwood bolsters used where shear of softwood might otherwise
occur. The full strength of the timbers will be reached before joints
tail because of the use of holts and ring connectors, Although pro-
vision is made for condensation of moisture within the sfructure, the
few structural members which might be wetted by condensation are
flashed, and sheashing which forms the baeking of condensation sur-
faces is protected from moisture by metal-clad paper or lightweight
asphalt® roofing. The usual pocketing of air above cellar bins, with
resiltant condensation, is avoiled by running the floor joists length-
ways of the bin. This permits free circulation from between joists
to work alley. The fill insulation is ventilated to the outside air by
means of openings just below the plates in the outside wall sheltered
by small hoods.

The condensing surface provides an impervious membrane between
the insulation and the warm moist inside air. The ceiling fill insula-
tion sandwiched between impervious surfaces must be ventilated by
breather openings or ventilators on the roof. The roof rafters must
he notched so that the entire roof space may be ventilated to these
openings.

KEMODELING OLD-TYPE TRACK STORAGES

Old-type track storages that have been kept in a fair state of repair
may be made over into more efficient storages, by some remodeling
and insulation of the roof and ceiling. This has been discussed in
some detail by Edgar (1) but briefly consists of removing most of the
ceiling directly over the above-ground bins and insulating the roof
to o value equivalent to or better than the walls. Roof ventilators
should be provided at either end.

The closed-ceiling track stornges have the same fault as the farm
storages—insufficient spuce hetween the potatoes and ceiling for
proper ventilation. It was found that this condition could be cor-
rected hy an insulated outtake flue similar to that recommended for

1 *Pincred felt or other low-geade building popers are not satisetory.
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the farm storages. This plan is recommended wherever there is n
cold attic space 83 in the new deep-bin farm storage (fig. 9) or in track
storages where the steep-piteh roof makes it economical to carry the
imsulation across a$ the collar-beam level rather than running it over
the ridge.

COST OF STORAGE HOUSES

The costs of a few storages recently built in Arocostock County are
given in table 8.

The first two houses listed ere insulated with 1 inch of board-type
insulation, and at least three thicknesses of paper. The first is the
house in which the investigations of 1931-33 were carried out. All of
the above storages have concrete cellar walls and floors. The Presque

FlGugE 28.—First depp-bin Grm storage with Bl insulation ie roof.

Isle house is apparently in first-class condition, but the Fort Fairfield
track-storage house wus repaired and insulated with fill-type insuls-
tion in 1937. The Bridgewater house Is the one in which the 1935-36
experimental work was done. The Houlton farm storage is the first
one of the type built {fig. 28). 1t was insulated with 4-inch mineral-
wool bats. The Fort Fairfield farm storage is the one shown {fig. 29)
and the roof lines follow the design of ﬁgut‘e 9. This storage was
insulated with 4 to 6 inches of dry shavings.

A survey of actual storage conditions In New York carried out by
Wilson and Hardenburg (8) found that the cost of materials for bank
storages similar to Aroostook farm storages was between 18.5 and 20
cents per bushel of eapueity. Figuring totul cost to be 1.7 times
material costs the New York farm storages would cost from 31 to 34
cents per bushel.
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TanLe 8.—Potalo-storage cosis in different Aroosiook Counly slorages

Bin depths
. Cost per
glegi Arsostook type . Cupacity | bushel of

1 First capucity
Cellar Hoor

loestinn

Bushels Centa
Presquae Ishe 1990 | 1885-maticl, track 8 - 4, (0 ¥
Fort Falrfleld.. e |12 192B-mocdel, track .. 40, D0
Bricgewater, .. b amntded, traek . . .. - 43, W06
Houlton, ___ 1033 | New dw;l-i}in, farm ... : &, 600
Fort Fafrteld, L. R i3, 500

hy storsge was desteted fr a 19-foot cellar but dae o the swampy locstion st the raiirosd track the
bios could e made only 7 feet deen.

The annual cost per bushel of storage will vary widely because of
the variations of first cost and in depreciation. A warehouseman of

Frooems = - Exampbe of deop-bin stormer follswing roof lines of fhane 4.

Presque Isle, who is In charge of 40 track storages says the life of
storages will vary at least 50 percent depending upon the care given
by the operator, and lor all of their houses they fizure an annual
deprecintion of 4 pereent, or a 25 yearlife, o very short life as compared
to the lifc of a dwelling. The farm-housing survey made by the
Department of Agricuiture in 1934 showed that 74 percent of the
farnthouses in New Eagland were tnore than 50 years old, and many
were well over 100 years old,  Many feel that the depreciation rate for
potuato houses should be nearer 10 than 4 percent and for the county
the averare depreciation is probably 5 percent or more, corresponding
to u life of 20 years orless,  Houses can be found that have had to have
new floors after 5 or 6 years, and repairs need to be made on some
lwuses every 2 or 3 years. 1t is also true that many houses 20 years
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old are in a good state of repair, and have been kept in repeair by the
owner operator. As shown by the above figures, a well-designed and
operated storage should last 25 years and the repairs made during that
time should extend its useful life. On this basis table 9 has been pre-
pared to show the annusal costs per bushel of such a storage, where the
original cost was 30 cents per bushel.

Tanre 9.—dnnual cosls per bushel ¥ chargeable to renf in lrackside storage

1

- i Annusl vost for indicated perind

Tlewu 4
HH 15 /N

o " I T— coars | 5 .
i yenc | 2 yedrs 138 yorrs |4 yoars | § years yours | vears | years

Cendn § Comta | Cends | Cendy | Cemls | Cends | Cenls | Cenls

MOB . (. cee e s mse mmm e ——————] wL G ™E R . 4§ e .2 3.2 7.4
Prepresintion sl 4 pereent of oripingd

CORL, THT FEHT oo cwmmmam oo oo 1% 1. .o L 1.2 .2 [t Lm
interest at t pereent on deprecinted

ville. Lo e 1. 80 L7 L 158 Lou 114 il .43
Inyumance st 2 pereent on deprecindod

A e LR} LEH N .33 g LB .3 4

Fotal annunl costs chargeshie _
MIrent . oLoieees caocauaaa| B .51 ER 1 4.0 E R4 LT3 25 13T

i In Argostook County where burrol meusure §s used o close Ugure can be seeured by mulliplying the
rbave fgure by 3 to get price per barrel,

This table is based upon an original cost of 30 cents per bushel of
storage capacity, which, with a sum of 1.2 cents per bushel per year
set aside to cover depreciation, would give a fund of 30 cents to build
2 new house the twenty-sixth year. The interest and insurance would
naturally be upon the depreciated vaiue of the building as the sum set
aside for depreciation mnight either be invested in other buildings or
be invested at interest.

The costs In table 9 are annual charges on the buildings alone and do
netinelude handling churges, which average about 1.7 cents per bushel
per year for extra help in storing and for heat and storage-house con-
trol, ‘This latter figure will vary with the number of houses one man
takes care of in the winter and with house capacity., As a house gels
older repuirs frequently reduce the storage space, and an old house is
harder to heat and control, In 2 short-crop vear potatoes will be
stored in the more dependable and convenient houses leaving the less
desirable houses empty or only partly filled.

CONCLUSIONS

As a result of this investigation of the manageient and construction
of white poiaio storages the following findings are significant.

1. Potatoes stored at 40° F. and at & uniform relative humidity
have a uniform rate of shrinkage between the thirtieth and the two-
hurad.red and tenth day which is about half the rate for the frst
30 days.

2. Holding potatoes for the first 2 weeks of storage at temperatures
of 56° to 60° . deerenses shrinkage to about 20 percent below average,
while holding during the early period between 40° and 46° increases
shrinkags to 20 percent nbove average.
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3. Within the range ol temperature and humidities studied in this
investigation potato shrinkage increases uniformly with increases in
saturation deficit.

4, Condensation of moisture in the wall-circulation space has been
an unrecognized factor in the control of storage conditions and a
recognized factor in building depreciation. Such condensation tends
to make stornge temperatures uniform and removes moisture from the
air automatically; and if waterproof wall-circulation surfaces are
provided will not inerease the building depreciatiou rate.

5. Walls and ceilings having high 1nsulation reststance permit the
carrying of high relative humidities: while high relative humidities
cannot be carried where wall- and ceiling- insulation resistance is low,

. Dav ventilation (warmer outside air) tends to remove more mois-
ture for a given nmount of heat, so is destrable in the winter when there
is little heat to spare. Night ventilation (colder outside air) tends to
remove less moisture for a given amount of hent, so is desirable for
fult or spring ventilution when potatoes must be cooled by ventilation,

7. Limiting wall-insulating values ars reached when the necessity
of removing surplus heat by ventilation tesults in lower humidities
than would be obtained with a lower insulating value.
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