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Variables Affecting Film Permeability 

Requirements for Modified-Atmosphere 


Storage of Apples 


By W. E. Tolle, research horticulturist, 
Market Quality Re8.earch"Division .. Agriculturo! Research Service 

SUMMARY 
In 1962, a method was published for estimating film-liner 

permeability requirements for the storage of apples (119) (Lit 
erature Cited,p. 70). This method necessarily was based on data 
from many sources that probably contained unassessed variables. 
The purpose of the current study was to identify such variables, 
to define theirimportnnce, and to discover means of limiting their 
effects on film specifications. 

Three lots of three varieties of apples from three sources were 
packed in five film types and stored under simulated commercial 
conditions for several months. Permeabilities ·of these films were 
mechanically measured at storage temperatures and results were 
compared with those computed by the RSAV6. formula. More 
than 50 exper,iments to reduce variance in permeability results 
were conducted. Only the more important of these are reported 
in this bulletin. These principally concerned method applications. 

Summaries of these experiments presented no evirlence for 
maj or changes in the basic concepts of the RSAV6. formula, but 
some changes in constants are suggested. Application and film
liner design formulas are presented and illustrated. 

INTRODUCTION 
This study was conducted to determine some of the variables 

that may be responsible for unpredicted modified atmospheres 
sometimes pruduced in sealed plastic box liners containing apples. 

Opinions are divided what these variables are, what their rela
tive importance is, and whether they can be sufficiently controlled 
to increase storage life of apples by specified beneficial atmos
pheres within sealed packages (42,48, 75, 122).1 It is the writer's 
view that many of these variables relate to mechanical faults 
of packaging films, that some involve film permeabilities, some 
concern liner seals, and some are based on doubts that films can 
be made to meet specified atmospheric requirements. Still other 
variables exist in the very techniques and methods intended to 

J Italic figures in parentheses refer to Literature Cited, p. 70. 

1 
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absolve variability. When these variables are fully identified, 
their complete reduction should ultimately follow. 

It is probable, for instance, that by'crystr..llization, cross
linking, and rigidity combinations (76, 80, '81), by monomer 
vaporization techniques (14), by laminates (41, 85), by changes 
in lamellar anisotropy and chain mobilities in .amorphous regions 
(10), or by pore variations (1, 2, 4, 20, 89, 84), polymers and 
copolymers can be satisfactorily made to fit any need. If pad:ers 
and designers can know what is wanted, it is probabl€! that film 
specifications can be met. 

Many attempts have been made to define film s;Jedfications 
(25, 59, 60, 92, 9B, 119, 128, 126); these d\?HU.es have contrib
uted much basic information. In commercial applications, how
ever, the problem has many variables that interact, and no single 
experimellt i(:; apt to yield the final answer (17). Muny reports of 
experiments amenable to statistical evaluations have contributed 
bothexper~ l.ce and information invaluable io the basic and 
applied research of this problem (30, 34, 36, 42, 45, 49, 104, lOB, 
111,119). 

This bulletin identifies the existence and incidence of certain 
objective and subjective variables believed to be of importance in 
the storing of produce in sealed films. It identifiea those that 
probably should be assessed more closely, It offers considerable 
detail and emphasis on methods, in the hope that the cited 
variables uitimately may be satisfactorily controlled for the bene
fit of the produce industry. 

GENERAL MATERIALS AND METHODS 

Liners 


One method for the specification of film liners for the storage 
of apples requires only the multiplication of five selected factors 
(119). This formula was applied, and film manufacturers and 
fabricators were solicited for any film type that approximately 
would meet one of four gas permeability specifications. The other 
requirements were that the films possess, at 32° F., adequate flexi
bility, have chemical inertness to foods, be reasonably odor free, 
and have sufficient strength for use as bushel-box liners. Film 
types, thickness, densities, and liner designs, other than lengths 
and widths, were left to the suppliers' choice. 

Five liner designs were selected. Each experimental liner had 
to be fabricated before test fruits were purchased. This meant 
using liners that fit less well than desired for best results. Dimen
sions and other characteristics are given in table 1. 

Test fruits 
The 148 bushels of apples used in these experiments were 

selected at random from the warehouse stocks of commercial 
packers located in Vinrinia and West Virg-inia. All apples com
mercially graded size 113, fancy or extra fancy, and were tray
packed in telescope-type fiberboard boxes. Delicious and Stayman 

http:d\?HU.es
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TABLE l.-Mean dimensions and characteristics of film liner's 

used in experiments 
[Sample size: 27 liners] 

Rubber 
Poly- ~lydro- Polyvinyl- Poly- Poly-

Item propylene chloride chloride ethylene ethylene 
Pig,mented • ______ No No No Yes No 
Stock ..... - ...... _._--- Tube Flat, Flat, ends Tube Tube 

folded folded to 
once. middle. 

Heat-seal •• _•. ___ Across Along Middle Across Across 
bottom. two seam and bottom. bottom. 

sides. 'me side. 
Gussets ,~ ... "' .... _..... - None . None 41h in. deep, Two 5 in. Two 7 in. 

16% in. deep. deep. 
on either 
side 
vertical 
seam. 

Size I inches _ 33x31.75 33x33.5 32.25 X 32.25 33x34 33,38x3205 
Gross area: m,: 1.3519 1.4264 1.3420 1.4477 1.3996 
Permeability area'm:_ 1.2089 1.2090 1.1826 1.2090 1.2220 
Kind of tie' Single Double Single Double Double 
Tie area· 

percent 10.5 15.2 11.8 16.4 12.6 
Thickness • 

inches 0.00100 0.00075 0.00075 0.00150 0.OU150 
Density' -- ...... --- 0.89-.91 1.097 ND 0.917 ND 

1 Width xlength, unclosed, double sheet, within seams. 
• Coefficient of variation among liners was 3.3 percent. 
• Calculated by formula 12, p. 66, for each container requirement, then 

averaged for. liner types. Variability within types 0.2-0.3 percent and among 
liner types 1.1 percent. 

'The si.ngle closures were made by tying 3 tight loops of 5/16-.inch cloth 
tape about the top of the liner, after twisting the top folds together firmly 
just above the produce. The double closure was a single closure with the top 
bent over and the double neck of folds again looped tightly 3 times and tied. 

• Percentage of gross area; calculated by formula 15, p. 67, for each con· 
tainer type, then averaged for liner types. 

• Manufacturers' estimates. See p. 53. 
• Manufacturers' estimates; ND,no data given. See p. 54. 

Winesap 2 were each supplied by three packers and Golden Delici
ous by two of these and a fourth packer ; each packer supplied an 
equal quantity of the variety. 

The apples were trucked to the Plant Industry Station, U.S. 
Department of Agriculture, at Beltsville, Md., and placed im
mediately in 31 0 to 32 0 F. storage. Thirteen boxes of apples were 
selected at random and set aside for later experiments. The l'e
maining apples were tare weighed, coded, and repacked in trays, 
but with no further grading or sizing, into the five kinds of 
liners: three boxes of each of the three varieties from each of 
three growers in each liner type. No box pads were placed over 
the liners. The boxes were stacked five high on floor racks and 

• The Stayman Winesap variety hereafter will be referred to as "Stayman." 

http:33x31.75
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spaced 2 inches between stacks and from the storage walls. 
Each stack contained apples of one variety and grower in five 
liner tYPt!s. Th!3 order of the boxes in the stacks and of the 
stacks in t'le storage rooms was shifted with each test of the 
bOT.atmo.spl.eres. A few experiments required slight variations in 
this sto!'age procedure. These are discussed in the sections on the 
resnective experiments. 

The oxygen and carbon dioxide content in each of the 135 
box~s was determined 12 times during the 6 months' storage 
period. The Orsat method was used, with the solutions modified 
to permit their use at 30° F. without precipitation or freezing. 

At the conclusion of the stor~ge tests, color photographs Wflre 
made of each box of apples to snow any anparent volume change 
in tbe unopenpd liner and to show the condition of the fruit in top 
and bottom trays. Tare weights again were determined for each 
box of fruit. About 20 fruits from each box were selected at 
random and inspected for internal breakdown. Damaged fruits 
were discarded. The others, after examinations were made for 
shrivel, scald, color, decay, and pressure tests, were set aside for 
additional experiments. 

MODIFIED ATMOSPHERES IN LINERS 
Atmospheres produced 

None of the film samples received exactly met any of the al
ternative specifications requested. The resulting atmospheres in 
the packages thus were modified from those initially desired, but 
the films supplied served our purposes equally well to discern 
sources of variables. 

Materials and methods 

About 3,240 liner-atmosphere analyses were made by the Orsat 
method, under l'igid controls, for the work here reported. 

Results aTld discussioTl 

On the basis of the analyses (summarized in 'cable 2), it is 
believed the subjective errors of the Orsat method may be the 
source of much variation in the reported results in many papers. 
A more objective method of analysis would lessen variability in 
film permeability specifications. Some standardized form of gas 
chromatography may offer distinct advantages, but other forms of 
objective analysis also could be adapted. 

The variations within the statistical blocks indicated a highly 
probable influence of' interactions (table 2). These are discussed 
in fnllowing sections. 

rfhe atmospheres in double-tie liners appeared to be more favor
ably modified than those in single-tie liners. These data formed 
the basis for further studies reported in later sections of this 
bulletin. 

RSAV6. formulations, (see lower half of table 17, p. 61) 



5 -::-rARIABLES AFFECTING FILM PERMEABILITY 

TABLE 2.-Measured atmospheres in film liners after 180 days at 
31° to 32° F. 

Gas present' 

Final 
mean Range" 

Film Apple 
'1ariety 	 CO. O.type • 

CO. O. Mini- Maxi- Mini- Maxi. 
mum mum mum mum 

Per- Per- Per- Per- PeT"- Per
cent cent cent cent cent cent 

___ • 6.4 Polypropylene Delicious 12.7 5.4 8.5 10.3 14.2 
Golden Delicious 6.9 12.2 6.9 8.7 9.2 12.2 
Stayman ____ ._.6.7 11.6 5.7 8.8 9.4 14.1 

__ •. 4.4Polyethylene Delicious 6.0 4.1 7.3 1.6 6.7 
(pigmented) Golden Delicious 4.2 7.4 4.0 7.4 3.0 7.4 

Stayman . __ • ___ 4.1 7.5 4.0 S.8 1.9 7.5 
____ 4.7 15.2Polyvinylchlo- Delicious 14.8 4.2 7.0 11.5 

ride Golden Delicious 4.1 16.4 3.8 ti.O 12.8 16.6 
Stayman _______ G.4 12.2 5.1 7.8 8.1 12.8 

____ 2.2Rubber hydro- Delicious 	 7.8 2.1 3.2 4.3 7.8 
chloride Golden Delicious 2.0 10.2 1.8 3.1 5.0 10.2 

Stayman ______ .1.9 1.8 2.7 9.79.7 	 4.8 
Polyethylene 	 Delicious ._ .. 4.7 9.2 4.6 7.7 3.9 9.6 

(clear) Golden Delicious 4.5 8.4 4.1 6.6 4.7 9.8
Stayman _______ 4.1 10.1 4.1 6.9 3.1 10.1 

1 See table 1, p. 3, for characteristics of film liners. 
• Atmospheres at end of storage period. 
I Values occurred among the totals for the 3 varieties and not within va

rieties. 9 boxes of 113 .apple!l of each variety were packed in each type of 
film liner. 

based on specifications of the films received and with known vari
ables accounterl for, would have fore-:!ast these atmospheres. How
ever, film manufacturers and fabricators to date have little horti 
cultural data on which to base formulations. Most of those who 
were asked for opinions when initial specificatinns were submitted 
to them replied that at least a lO-percent tolerance should be 
permitted. This tolerance does not seent to be unreasonable, based 
on the results of this study. It wQ.uld seem to require but a 
reasonable application ·of the adjusted RSAV6. formula here 
presented plus a knowledge of what liner atmos~heres are desir
able and available. The results indicate some film types may show 
more promise than others. The satisfactory resolution of the 
involved variables is highly important. 

It has been a matter of some concern how much weight should 
be given, in calculations of sealed-liner specifications, to atmos
pheres that have not reached equilibrium. These early storage 
periods have been reported to vary from 3 to 30 days (65, 1 19, 
123). The basic data for table 2 showed extremes were limi~d 
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to 	no one film type or apple variety. Three circumstances have 
initial bearing on such variablIities. First, only small quantities 
of 	carbon dioxide were found during this period. Second, the 
airspaces in an apple may total about 25 percent of its firmripe 
volume (35); hence, they would contain enough oxygen to support 
apple respirations for about a day.:! Third, the initial oxygen inside 
the liner is enough at 32° F. for another 6 days (119). The re
maining variability apparently is due to the interactions of stor
age incidents and time with selective film permeabilities. Curves 
of tlH~se data, plus those of results of others, indicate the proposal 
in the f0dowing section may adequately provide for preequilibrium
periods. 

Proposed definition of liner atmosphere 
When a desired liner atmosphere is .:i.pecified for fruit-storage 

purposes, it is important to the package designer that the specified 
value has a standardized meaning. Presently, it has none. It is 
proposed that this meaning be the effective atmosphere that the 
liner is expected to develop about the enclosed produce. 

This physiologically effective atmosphere for fruit storage 
should be a mean, rather than an initial, equilibrium, or ter
minal value. Among 10 types of means considered in a series of 
exploratory calculations," arithmetic means of Ineasured atmos
pheres gave the highest variable results and time-weighted means 
gave the least. Howevet, the calculation of time-weighted means 
was cumbersome, and the results were not always satisfactory. 

More consistent and acceptable results may be obtained through 
use of the m~dian atmosphere of each measured period. A mean 
of this type gave the lowest coefficients of variation for calculated 
permeabilities, gave almost equal coefficients for both carbon 
dioxide and oxygen, and can be rapidly calculated as: 

G= [2(ae + -----+an-1)+a1+an] 	 [1] 
2N-2 

where: G= effective percentage of carbon dioxide (c) or of oxygen 
(0) 	in the liners during the storage. 

a = 	measured percentage of the gas within the liners at 
successive inspections. If more than one measurement 
is made per inspection, the arithmetic average of 
them should be used. 

at = first inspection. 

an = .last inspection. 

N = number of inspections. 


It is important that the initial inspection should be made on the 

• An apple weighing 187 g., with a volume of 236 cc., has about 14 per
cent intercellular oxygen that may be available at about 1.8 cc./kg./hr. (69). 

• Based on results wit.h three varieties of apples in Ol1e type of polyethylene
film in 27 cases, for 180 days' storage. 
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day storage begins. This generally will be equivalent to the 
packing- or storage-room atmosphere. The efficiency of this for
mula is highest when inspections are made at equal intervals of 
time and the storage perio~ is considered to be terminated at 
the last inspection. 

Although only one film type was used to obtain the bases for 
the above suggestions, there appears to l,e no logical reasons 
for concern that the conclusions might be significantly different 
for other film types. 

Effects of boxes on permeability of liners 
It had been suggested that the permeability of liners may be 

inhibited by the boxes enclosing them and that this variable may 
need recognition in the final specification of liners. Two explora
tory experiments were initiated to obtain information on this 
possibility. 

Materials and methods 

In the first experiment, apples in film liners placed in wire
mesh boxes were to have been compared with apples in similar 
packages placed in fiberboard cartons. Because of possible punc
tUres of the liners by the mesh boxes, this experiment was 
abandoned after 2 months. 

In the second experiment, atmospheres and apple conditions in 
liners alone were compared with those in liners put in boxes. 
Twelve boxes of Golden Delicious apples were sorted from among 
45 boxes of fruits that had been in continuous storage at 31 0 to 
32 0 F. for approximately 61.4 months. The fruits were chosen 
for uniformity in ground color, for weight between 160 and 180 g., 
and for equal soundness and apparent maturity. The general 
condition of each apple was excellent. All apples were tray
packed, 113 apples per case, into similar polyethylene liners se
lected for the absence of visible pinholes, tears, or weak seams. 
All were closed with single ties, uniformly made as previously 
described. Half of the number of liners and enclosed apples were 
placed in boxes in such a way that no liner was subjected to 
packing stres):; and all liners were of equal apparent volume. The 
other half were not placed in boxes. 

The boxes with enclosed liners and the liners without boxes 
were coded, randomized, protected by guard rows, and supported 
on angie irons. The arrangement was four boxes or liners per 
row, three rows high, plus the guard boxes. Storage was at 
32° F. Liner atmospheres were sampled for carbon dioxide and 
oxygen over a period of 30 days, about 144 analyses. 

Results 

A summary of the results of the second experiment is given 
in table 3. The condition of the apples and the atmosphere compo
sitions were not significantly different regardless whether or not 
the liners were enclosed in boxes. 
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TABLE 3.-Mean effects of boxes on apples in liners 12 

Apples in liners Apples in liners 
Factor not in boxes in boxes 

Firmness' ______ • ____________ pounds__ 9.1 9.2Shrivel' _____________________________ _ o oScald' ______________ .--- ____ percent__ 1.2 1.0Decay' ______________________________ _ o (")Splits' _______________________________ _ o o
Ground-color rating" _____________ • ___ _ 3.3 3.0Mean CO. T ____________ • _____ percent__ 3.7 8.7D{ean OIl ________________________do ___ _ 

12.8 12.4Final C02 T _____________ • ________do ___ _ 3.4 8.2Final OI" ________________________ do ___ _ 
11.6 12.2 

1 Net weight of apples in each liner approximately 42.4 pounds. 
• No significant differences between the pairs of means at the 5-percent

level. 
• 60 apples from each treatment were tested by- the Magness-Taylor pressure 

tester. 
• 678 apples from each treatment were inspected. 

" Only 1 apple was decayed. 

• Rating from U.S.D.A. standard ground-color chart for apples. 
T 	Mean of 6 determinations at each of 6 time intervals on each treatment. 

Mean of 6 determinations on each treatment. 

Ethylene in liner atmospheres 

Reasons have been reported why liners for apple storage prob
ably should be highly permeable to ethylene and other apple 
volatiles (18, 119). The effects of volatiles on apples have been 
debated; but studies have indicated that respiration may be ex
cessively stimulated by 1,000 p.p.m. of ethylene. At least 800 
p.p.m. have been found in normal storages. Tomkins (128) noted 
that apples in trays covered with 150-gage polyethylene accumu
lated 755 p.p.m. of ethylene in 208 hours at 15° C. There is little 
information on the maximum amounts of ethylene that may ac
cJmulate in apple film liners during storage. It was thought 
such information might have a bearing on the present study. 

There is practically no information on the permeability of 
liners to ethylene. This information is needed; but, because 
of local hazards, no attempts were made to obtain ethylene 
permeabilities. 

Materials and methods 

Ninety determinations were made by gas chromatography on 
the ethylene levels about Stayrnan and Golden Delicious apples 
stored in each of the five liner types. The boxes of stayman and 
Golden Delicious apples for which the ethylene contents were 
determined had been stored for 9% and 10~~ months, respec
tively, a period somewhat longer than normal. 



9 VARIABLES AFFECTING FILM PERMEABILITY 

Results 

The ethylene content was higher, on the average, in the two 
polyethylene and the rubber hydrochloride liners than in the 
other liners (table 4). 

TABLE 4.-EthyZene content in film liners containing apples stored 
at 31 0 to 82 0 F.l 

Ethylene content 
Vnriety and film type • Liners 

e:x:amined Mean Range 

Stayman:"
Polypropylene ...•... __ .. __ . __ • _ 

Number 
18 

P.p.tn. 
377 

P.p.m. 
21-666 

Polyethylene (pigmented) __ .. _•. 
Polyvinylchloride . _ • _.. __ .. _ .... _ 
Rubber hydrochloride •. _. _ . _. _. 
Polyethylen<! (clear) _.. ____ ..... 

14 
14 

9 
17 

1,213 
1,107 
2,008 
1,815 

298-3,372 
201-2,458 
525-4,900 
550-5,131 

Golden Delicious:' 
PolypropYlene • _•• _______ . _.•• 6 18 12-31 
Polyethylene (pigmented)
Polyvinylchloride . _ .. _. ____ . _ , 
Rubber hydrochloride _. _. _ . ____ . 

1 
8 
3 

9 
55 

220 
39-6'! 

213-363 
Polyethylene (clear) .• _ . . • .. .._ o 
1 Determinations made by gas chromatographic techniques. 
:: See table 1, p. 3, for descriptions of liners. 
• Stored continuously for 10th months, with liners unopened to atmosphere. 
• Stored continuoUsly for 9th months, but all liners, except the: ruhber hy

drochloride liners, opened (to retie them more securely) about 20 minutes to 
the atmosphere approximately 30 days before tests were made. 

Volume shrinkage in liners 
It has been asked whether the volume adjustment factor, V, 

in the RSAV.6 formula (119) is needed. The initial reasons for 
this factor were necessarily hypothesized, but also the writer 
had made numerous observations of boxes of apples without top 
pads over the liners as well as those packed with pads. For ad
ditional data whether this shrinkage factor might indeed be a 
false assumption traceable to depressions caused by the top pad, 
these pads were omitted from the boxes packaged for this study. 
Photographs of cartons containing less than a total of 21 percent 
carbon dioxide and oxygen indicate that the sides, as wen as the 
top of the liners, do draw inward to that point where the at
mospheric pressure in the liners is probably equal that outside 
(fig. 1). These photographs, characteristic of many observations, 
tend to sustain the hypothesis in (119) that the V factorprob
ably is valid. 

General condition of apples stored in test liners 
Materials and methods 

Although the primary purpose of this study was not to test 
the effect of various film liners on fruit-keeping quality during 
storage, the apples were examined after 91/2 to 10 months' stor
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age in the liners. The mean storage period at 31 0 to 33 0 F. for 
Delicious apples averaged 284 days, for Staymans, 294 days, 
clays, and for Golden Delicious, 311 days. The relative humidity 
was uncontrolled. Certain subjectjve and objective tests were 
made on many individual fruits after this long holding period. 

EN-3Gll0. EN-3610B 
FIGUJ!E I.-Volume shrinkage in liners containing Jess than 21 percent 

carbon dioxide and oxygen: Top, Polyethylene liner without box cover; 
bottom, polyvinylchloride liner with box cut away to show side depressions. 
No vacuum was present in either box. 
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A total of 4,575 app!es were tested for firmness; 3,725 were 
inspected for internal browning; and 13,716 were examined for 
superficial scald, shriveling, decay, and splitting. 

Results and discussioll: 

As expected, differences in fruit firmness among sources and 
varieties of apples were statistically significant (table 5). (See 
also (51).) The loss in firmness was progressive with storage 
times. Differences in firmness due to the liners were not sig
nificant. 

Color photographs of the apples after 180 days storage showed 
no difference in appearance of the apples stored in various liners. 
Likewise, at the end of the storage period (284 to 311 days) the 
condition of the fruits were similar in the various liners.5 
Highly contributory factors to these results include: all experi
mental fruits were commercially graded either fancy or extra 
fancy; all initially were without visible decay or defects; all were 
handled with care; all were stored almost immediately after 
harvest at a uniform low storage temperature; and all wel'e 
stored in sealed liners moderately suitable for development of a 
desirable atmosphere. 

As might be expected without the use of scald inhibitors, many 
of the Delicious and Stayman apples developed severe scald. 
Otherwise, all three varieties kept remarkably well and main
tained a treE;!-fresh appearance. 

The upper photograph in figure 2 shows the top and 
third tray from a box of Delicious apples after 9 months' storage. 
The lower photograph shows similar trays from a box of Golden 
Delicious.o 

• Any of several modified atmospheres may theoretically give practically 
identical storage results (119, table 5). 

• For possible interest in long-term storage, one such box of apples was 
further stored at 31 0 F. It was acceptably edible at 21 months. 

TABLE 5.-Condition of apples at termination of storage at 
31° toSSO F. 

Firmness 1 Internal 
brown-

Variety Mean Range Scald Shrivel Split Rot ing' Good 

Pounds Pound8 Percent Percent Percent Percent Percent Percent 

_ 

Delicious' _ _ _ 9.6 9.0-10.3 75.0 v.1 1.1 1.4 8.3 14.1 
Stayman • _ _ _ 11.1 10.8-11.5 40.6 0 .4 3.3 5.4 50.3 
Golden 

Delicious • 9.5 8.7-10.6 3.8 1.5 1.4 .6 3.6 89.1 

1 Measured with Magness-Taylor pressure tester (70). 
2 From any cause. Measured by U.S. Department of Agriculture Optical 

Density Difference Meter (12, 87). 
'1,764 apples tested for firmness and 5,085 inspected for condition. 
• 1,598 apples tested for firmness and 5,085 inspected for condition. 
• 1,212 apples tested for firmness and 3,546 inspected for condition. 
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It must not be inferred that all boxes of apples packed in these 
or other types of film liners were ·of equal quality to those shown 
in figure 2. The photographs do show, however, that good-quality 
apples may reasonably be expected to retain quality for reason
able storage periods, provided they are properl:' packaged and 
refrigerated. 

STORAGE CONDITIONS 
The specification of box liners intended to produce modified 

atmospheres must necessarily include the desired storage temper
ature. This implies that the chosen temperature will be uniform 
throughout the storage room and within the liners. 

TemBperature in storage rOOmBS 
Tests wer.e made to determine the variability in the tempera

tures in the experimental storage facilities. These facilities are 
believed to be not greatly different in age or efficiency from 
those used for most experimental storage investigations. They 
probably do not differ from most commercial installations of equal
volume. 

Materials and methods 

The airflow patterns of each room were studied before the 
boxes of fruit were stored. This was done by evenly spaced 
ribbons. Replicate anemometer readings then were taken at each 
point where the pattern visibly differed. After the fruits were 
stored, 20 thermocouples in ethylene glycol ~Nere distributed 
among the boxes. Hygrothermographs, calibrated to the means 
of the thermocouple tempel"atures, provided spot checks on the 
room temperatures during the final months of the test storages. 

Results and discussion 

The airflow patterns within the storage rooms used for these 
experiments were highly constant at each test point where re
liable measurements could be made; but air velocities and direc
tions varied considerably from one test point to .another. Some 
measurements could not TeIiably be made because of unavoidable 
baffling of the air currents by the anemometer supports or the 
observer. These measurements were not included in the means 
of any flow pattern. However, since storage rooms may be cooled 
by any of 11 or more ways and .each with a different flow pattern 
(103), only sample data are given in table 6. These data are means 
observed at the ends of the rooms farthest from the refrigeration 
blowers. 

These data also illustrate that cooling of storage rooms by 
blowers may occur either by convection plus conduction or by 
conduction alone. These data probably are not unusual. Ryall 
(100) noted that higher air velocities produced materially faster 
cooling than lower rates of air movement, although the air was 
6° F. warmer at the higher velocity. Grierson-Jackson (46) found 
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TABLE 6.-A sample of variability in cooling air velocities of 
st01'age rooms 

[Mean linear ft./min., 14 it. from blower) 

Distance 
from Variability of velocities at test point 1_ 

fioor, 
feet A B C D E 

6 _______________ 201 
4 _______________ 4 263 103 1.5 0 

10 15 0 1.52 _______________ 0 
65 0 0 0 

I Test points were eVlmly spaced, lpft to r.i~ht, across the room between un
fill~d boxes. Guard rows of boxes were placed about the test positions. Storage 
rooms were approximately 9 ft. high, 9 ft. ,vide, 15 ft. long, with a cooling 
unit at the end .of the room and 8 ft. overhead. Airflow in positions D and E 
was toward the blower. Highest recorded air velocity in either storage room 
was 1,565 linear feet per minute. 

wide ranges in cooling efficiencies in a study of 27 storages. These 
results probably explain why some freezing of fruits occurred 
only in the top trays of the bottom boxes of three stacks in one 
of our experiments and why some ice crystals formed on other 
fruits but the fruits did not show freezing injury. 

Fortunately, there are known remedies for most airflow diffi
culties (57). For these experiments, a 16-inch oscillating fan 
centered 5 feet above the floor along a sidewall was used. The 
lowest speed was more effective than higher ones. Any combina
tion of baffle!! was less effective than the fan in equalizing the 
airflow patterns, but no method was available to eliminate veloc
ity gradients from the blowers to all other points. Any openin~ 
and closing of the storage doors disturbed normal air currents 
for several minutes. It is possible that adequate air curtains above 
and at the sides of such doors could do much toward lessening 
this variable. 

The data derived from the experiments indicate that cooling 
within storage rooms can be positional within even small areas. 
This source of variability can affect experimental results; it 
should be given due consideration in the design and operation of 
experimental (and commercial) storages. 

The flow patterns gave basis for the periodic shifting of box 
positions to obtain more equal test temperatures during the ex
periments. During the period that respiration atmospheres in 
film liners were being measured, the mean storage temperature 
in the room with Delicious apples ranged between 32.1 ° and 
33.2° F., at a coefficient of variation of 1.8 percent. The range of 
storage temperature in the room with Golden Delicious and the 
Staymans was 31.4° to 32.4°, at the coefficient of variation of 
1.4 percent. Thermocouple measurements in boxes indkated the 
mean fruit temperatures had smaller standard deviations than 
the rooms. 

After the respiration data were collected, approximately 6 
months after the tests began, the room temperatures were lowered 
to retain fruit conditions for later tests. The means of these 
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lowered temperatures were 30.4°±0.4° F. for the Delicious and 
29.9°±O.5° for the Golden Delicious and Staymans. This 
lowering of storage temperatures may have been responsible for 
the extended life of the film-packed apples. 

Slight temperature fluctuations in commercial storages often 
are difficult to control. Probably they vary far more than the 
variations here reported. This point deserves attention, and any 
available remedies should be applied. Careful temperature con
trol is important in the production of specified modified atmos
pheres in film liners containing produce. 

Work by Denny (29) indicated that the permeability of cer
tain plant tissues may vary as much as 8.3 percent per 1 0 F. 
variation. This observation was based on permeability to water, 
but gases were thought by Magness (69) to have about the same 
value. Gore (45) noted that, at a variability coefficient of only 
1 percent, the respiration of fruits he tested was increased an 
average of 2.38 times per 10 0 C. (18° F.) temperature rise. In 
terms of film-liner permeability, suchan increase in respiration 
would require a 13.2 percent increase in film permeability per 
10 F. rise in the storage temperature. (See footnote to table 9, 
p. 22.) A variation of this magnitude suggests further emphasis 
on adequate control instrumentation and the use of a balanced 
refrigeration system plus any needed air curtains. 

Temperature in boxes of apples 
It has been presumed that temperatures in plastic-lined boxes 

may be somewhat higher than in unlined boxes of apples. If thIS 
were true it could mean that: (a) liner specifications probably 
should take this fact into account, and (b) it might be possible to 
keep apples in liners at a lower storage temperature and increase 
their storage life. 
Materials and methods 

Golden Delicious apples that had been stored in the pigmented
type polyethylene linel' for approximately 7 months at 310 to 
32-.) F. were used. The appJes were sorted to a uniform size 113 
and randomly divided into 14 boxes, nine with pigmented poly
ethylene liners and five without liners. Three boxes with liners 
and one without were evenly spaced among other boxes of apples 
along each of two opposite walls of the storage room. Six boxes, 
three with liners and three without, were placed in the center 
of the room, with guard boxes on either side .of all boxes. 

A thermocouple was fastened to the surface of each of five 
test apples-one in the center of each box, one at the center of 
each side, and one at either end of the bottom trays. A switch
box allowed eath set of thermocouples in turn to be connected to 
a Honeywell-Brown potentiometer recorder. Readings were taken 
three times daily at the five points in each box. At the end of 
each third day the box positions were shifted until each box had 
been shifted five times. The 1,638 recordings were then analyzed 
for interactions, and the mean temperatures were determined. 
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Results and discussion 

In 1957, Sainsbury (102) noted that apples in unvented cartons 
often took three times longer to cool than those packed in wooden 
boxes and that the fruit remained on the average 2 0 F. warmer 
than in wooden box9s. Only cartons with large vents and per
forated trays cooled in about the same time as fruit in bulg-e
packed wooden boxes. T In 1960, Fisher (38) found no significant 
difference in the cooling rates of fruit in cartons with vents and 
the cooling rates of fruit in wooden boxes. These findings seem 
to warrant the inference that the temperatures of apples in llners 
may have a gradient between inside and outside the liners. Scho
mer aud coworkers (108) reported that, after temperatures were 
stabilized in storage, temperatures in polyethylene-lined boxes 
averaged one-third degree higher than those in unlined boxes. 

The experiments here reported were on apples identically 
packed. The 1,638 measurements among the replications indi
cated, at odds better than 99 to 1, that the position of the test 
packages in the stacks and the position of the stacks themselves 
influenced the temperature effects. The effects of these varia
tions were determined and removed in the statistical analyses. 

The data showed that Toom temperatures about the boxes used 
in these experiments averaged 29.10 ± 0.10 F., at odds better 
than 99 to 1. At the same odds, temperatures in the unlined 
boxes averaged 29.4°±0.1° and those in the lined boxes averaged 
29.8 0± 0.1 0. The variation coefficients respectively were: 1.1, 0.4, 
and 0.9 percent. The temperatures in the film-lined boxes averaged 
0.35° (1.2 percent) higher than in unlined boxes, and 0.63° (2.2 
percent) higher than the storage air. Although the differences 
between the means were statistically significant," the temperature 
ranges were lower than those at which most commercial storage 
controls will operate. The results obtained agree very well with 
those of Schomer and coworkers (108). 

A temperature difference of approximately 0.3° F. occurred 
between the storage air and inside the unlined boxes. This evi
dently was due to the insulation value of the fiberboard boxes. 
This difference would not have been due to unit thicknesses of 
box walls, and no single correction factor can apply to this vari
able, as discussed on page 18. 

From the thermal conductivity values of plastics, one might 
expect polyethylene liners to lose heats of respiration of enclosed 
produce about 2.4 times as fast as polypropylene, about 2.1 times 
as fast as rubber hydrochloride, and 1.6 times as fast as poly
vinylchloride. However, such comparisons can be misleading at 
the film thicknesses used in sealed packages of fresh produce. 
Thermal conductance values for the test liners are given in table 
7. Data in the last column show that the rate of heat loss through 
one liner may be as much as 1.6 to 2.0 times the loss through an

, Golden Delicious apples frequently are packed in unsealed liners. 
• By nonparametric sign test, based on 475 paired measurements, grouped 

into 25 equal cells, for each reported difference. See (32). 
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TABLE 7.-Estimated heat conductance of test liners 

Plastic-type Test-liner 
Film type 1 Thickness' conductance 3 conductance' 

Polyethylene ____________ • _. _ _ _ _ _ 3.81 8.0 7.3
Polypropylene __ ______ ______ __ _ _ 2.54 3.3 4.5 
Polyvinyl chloride ________ . ____ __ 1.90 • 5.0 9.2
Rubber hydrochloride _____ " _ _ __ _ 1.90 3.8 7.0 

Means ____ ._. __ • _____ • ______ _ ------------------------
2.54 5.0 7.0 

See table 1, p. 3, for other characteristics of film. 
'Mils X 10-3 X 2.54. Results are 10-3 cm. 
3 Heat conductivity in 10-' cal.!sec./cm.'/cm./"C. difference. See chart 

insert "Plastic Properties" in (40). 
'. (Col. 3+col. 2) XO.35° C. Figures are 10"' cal./cm.'/sec./mean thick

ness/test tempel'ature gl'adient of 0.35' C. (See text, p. 16.) 
• Estimated. 

other liner, but the ratios are not the same for the different liner 
comparisons. No significant differences in temperatures attrib
utable to differences in insulation values of the liner types were 
found. 

If one assumes that the heat of respiration of Golden Delicious 
at the test temperature was 730 B.t.u./ton/24 hr., the net weight 
per box was 43.03 pounds, and the permeable part of the liner 
was the thermal conductance medium, then the probable mean 
heat evolution of the fruits would be 3.80 X 10-1I cal./cm~/sec. The 
mean heat conductance rate, from table 7, in similar units and 
at the 0.35° C. temperature gradient, shows the liners theo
l'etically might dissipate this heat of respiration at the rate ,of 
7.0xlO!! cal./cm.!!/sec., or about 1.84xlO· times the rate of heat 
production. Actually, this rate of heat loss may vary from this 
estimate. The calculations necessarily do not include that other 
insulation was present in thebox\~s, that refrigeration may not 
occur equally about each kilogram of fruit, and that heat is lost 
by convection and radiation. 

Tissue..:wrapped apples probably would lose heat less rapidly 
than these estimated rates. No literature was found on this 
subject. Oiled tissue wraps have been used for controlling scald, 
but other more effective means of control ~re available that do 
not require wraps (50). The primary interest of these experi
ments was identification of variations that affect liner perme
abilities. For this reason the test apples were not wrapped or 
otherwise protected from scald. (See ,also p. 8.) Thus, no correc
tion factor in the permeability formulas can be made for the use 
or omission of apple wraps and their effects on respirations and 
heat losses. 

No analyses were made to obtain the times required for the 
test packages to reach temperature ,equilibriums. However, 
Schomer and coworkers (108) reported that three-fourths of the 
heat was removed in 58 hours from unlined boxes and in 76 
hours from boxes with film liners. Fisher (38) found cooling 
time varied with the types of packs and with the distances be
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tween the rows and the sta~ks. In his experiments, the range in 
equilibrium times was 9.3 to 11.1 days to reduce the apple tem
peratures from 66 ° to 32° F. In the experiments here reported, 
the test apples had been in ,·,torage for 6 to 7 months and equilib
riums were established. 

Not all experimental cooling times and consequent storage life 
of produce will directly correlate with those found in commercial 
storages. Experimental pac]{s are often stored in relatively small 
cha:mbers where each package is readily accessible for inspec
tions and measurements. Usually this means that the packages 
or boxes have one to file surfaces exposed to refrigeration air 
currents. And, from some surfaces the heat evolved from the 
respiration of enclosed produce may have to pass through only 
one or two thicknesses of fiberboard and possibly one pulpwood 
tray, but from other surfaces it may have to pass through many 
box thicknesses to reach the refrigerated air. In commercial 
storages, some boxes may have no surfaces expos.ed to moving 
refrigerated air, and those boxes on the outer sides of storage 
blocks may have only one or two surfaces exposed. 

Sainsbury (103) noted that apples packed in wooden boxes .and 
stacked in individual rows half-cooled in 27 to 50 hours and 
similarly packed apples stacked on pallets took 45 to 66 hours to 
half-cool. He noted that half-cooling times where convection is 
negligible varies almost with the square of the distance from the 
center of the packages to their refrigerated surface. In exper
imental chambers this distance may be but half the width of a 
box for a large part of the experimental lot. In commercial 
storages the mean distance would be much greater under almost 
any circumstance. The use of pallet lots both commercially and 
experimentally would lessen these variations. 

Marcellin (14, 75) and Goidanich and Pratella (44) have re
ported results of storage of Golden Delicious, Delicious, and 
Jonathan apples in sealed plastic bags, at temperatures from 
45° to 59° F. The Golden Delicious apples were held satisfac
torily at 59° for 6 months. These are much higher temperatures 
than recommended for long-time storage in this country. Their 
basic work is of direct interest in a study of variables .affecting 
film permeabilities. (See footnote 6, p. 11.) Further studies 
would be needed to develop adj ustment factors for the RSAV 6. 
formula (119) to care for these higher temperature variables. 

Atmospheres in storage rooms 
Plastic-liner permeability phenomena vary with the partial 

pressures of the gaseous constituents inside the fruits them
selves, those inside the sealed liner, those outside the liner, and 
with the interactions among these three atmospheres. For liner 
permeability specification purposes, it has been generally assumed 
that atmospheres inside storages will average the same composi
tion as normal outside air. It now appears that this may be true 
only in the larger commercial warehouses. It may not be true in 
smaller warehouses and in pilot or experimental chambers. 

http:expos.ed
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The storage atmospheres for the present experiments were 
checked at 21 spaced time intervals. The data obtained very 
closely agreed with those found by Sainsbury and Gerhardt 
(1\'~4) in 30 storages in 21 commercial plants in the Northwest. 
The mean values and standard deviati()ns in our storages were: 
oxygen,20.7±O.1 percent; carbon dioxide, 0.3±0.2 percent. The 
ethylene content was 2 to 3 p.p.m., but this has since been found 
to V2.ry greatly from this level.° 

T:wenty-one or more apple volatiles, and metho~ls for their 
estimation, have been studied (43, 77, 93, 95, 96, 129, 131). 
The permeabilities of some plastic films to some volatiles have 
been estimated (63) . There is information on the probable ef
fects of volatiles in the functional diseases of fruits and vege
tables (93). There seems to be no inference in these reports that 
an accumulation of apple volatiles l!l in liners is desirable .and 
some indication that v0latiles may be harmful. These data, and 
those reported on page 8, g.ive further evidence that apple vola
tiles are present in greater concentrations within apple packages 
than outside them. The data tend to reatrirm that liners for 
anples should be as fully permeable as practical to such volatiles. 
There remains the problem for manufacturers that such films 
may need to be perm{.:uble to apple volatiles and yet nonpermeable 
to volatiles not found in apples. 

If the 0.3 percent atmospheric carbon dioxide may be expected 
as a mean in commercial apple storages, as these few sample 
data may indicate, the 0.228 constant in formula 2 divisor (119) 
would need to be increased to 2.28. For package atmospheres to 
contain a low carbon dioxide percentage, this could mean a sizable 
increase in the carbon dioxide permeability requirements for the 
enclosing liner. At a barometric pressure of 760 mm., 1 percent 
oxygen and 2 percent carbon dioxide, this new constant would 
irl{:rease the film permeability requirement 20.3 percent over that 
estimated by the original formula. At 5 percent carbon dioxide, 
this increase would be 6.9 percent; and at 10 percent carbon 
dioxide, the increase would be 3.1 percent. 

If the sample data are to be accepted as basis for a more valid 
estimate of the true carbon dioxide partial pressure constant, 
then the oxygen constant also should be changed in formula 3 
(119) from 159.52 to 157.32. With this new constant, and with 
the percentage compositions of the package oxygen and carbon 
dioxide reversed in the examples above given, the corresponding 
increases in permeability required for oxygen could be 1.5, 1.8, 
and 2.4 percent. These are theoretical calculations. The differ
ences in actual practice would be expected to be slightly less. 

These lower increases for oxygen permeability, compared with 

• These values are volume percentage at the test site and conditions. "Nor
mal" atmosphere from sea level to 6.8 miles high is usually considered to con
tain 20.9.9 percent oxygen and 0.03 percent carbon dioxide, plus other gases of 
jmportance to this study only for their contributions to the total pressure of 
the atmosphere. 

JO For this report, "apple volatiles" means volatiles that have been found 
within apples. Some of these may occur also in other produce. 
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those for carbon dioxide, would indicate that they are less im
portant. The reverse of this may be true. The effect of oxygen 
on the aerobic respiration of produce may reasonably be expected 
to be considerably greater than the effect of carbon dioxide. The 
amount of carbon dioxide produced depends largely on the amount 
of oxygen present. This variability was given numerical estimates 
for each gas in (119, table 8) ; and a compadson of the ranges 
and order of later estimates seems clearly to forecast that these 
relationships probably are relatively valid. This forecast of the 
greater effect of oxygen than of carbon dioxide also was well 
demonstrated by Anderson's studies (9) on the effects of various 
atmospheres on Delicious apples. 

The relative humidity of the Delicious apple storage was about 
82 percent. That for the Stayman and Golden Delicious was about 
84 percent. Since none of the tested liners was hydrophilic, no 
efforts were made to have equal relative humidity in the rooms. 

The average barometdc pressure during the storage tests, at 
the mean test elevation of 57.71 m., was 759 mm., or 1012 mb. 
(millibars), with a coefficient of variation of the monthly mean 
about 0.05 percent. No records were kept of the daily variations. 
During the permeability checks of the test films, the monthly 
mean was 755.5 ± 0.6 mm., with a coefficient of variation of 0.08 
percent. All values were adjusted for variables due to tempera
ture, capj]]arity, scale errors, and acceleration of gravity at the 
Plant Industry Station location.ll 

Permeability calculations usually are reduced to a standard 
barometric pressure of 760 mm. of mercury; this custom was 
followed in the various formulas of reference (119). This ap
plication has been m' ~understood in a few instances to mean that 
storage atmospheres probably have a mean pressure of this value. 
The value of 760 mm.12 was derived from the standard atmos
phere weight at mean sea level. 

APPLE RESPIRATION RATES 

Methods of measurement 
Respiration rates of 20 principal varieties of apples hav.e been 

compiled for usual storage temperatures, and formulas have been 
presented for estimations at other temperatures (119). These 
rates were averages derived from reports of many workers, who 
used several experimental methods and whose results often ap
proached the probable lImits of ranges found by others. An ad
ditional range of data on three of these varieties was possible 
during the interim of the modified-atmosphere tests. These data 
were obtained at the storage temperature of 30° to 32° F. 

The tests were by varieties; equal numbers of apples from 

11 Lat. 39°0'30" N. (long. 76°53-7' W.). 
1: Equivalent to 1013.25 mb. of standard mercury. International Committee 

on Weights and l\:feasure.s, Paris, 1954. Conversions: 1 mb.=0.7500G;~5 mm., 
or 1 mill. = 1.333224 mb. 

http:location.ll
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each of four sources were selected at random from 1,350 fl'uits 
chosen from the experimental lot vf 135 bushels (p, 3). The 
apples from each source were further randomized into 12 equal 
lots, 12 apples each, for each variety and for each of two replica
tions. The apples were sIzed by the pacKers; thus the test apples 
were of a random range of sizes sold commercially as size 113. 
The apples in each lot were tare weighed to the nearest gram. 

Tests 'were run in duplicate by each of two methods simultane
ously to obtain the respiration rates. The first of these methods 
was similar to that used by Haller and Rose (47), with only 
minor modifications. The second method was suggested by R. E. 
Anderson.J,3 

This latter method used unmetered oxygen diffused into the 
desiccators from the storage atmosphere through a lO-inch 
length of 0.013-inch bore glass capillary tubing. All desiccators 
with their enclosed fruits were randomly arranged along one 
wall of a 30° to 32° F. storage room. Both equipment and apples 
were put in the test room, at least 1 week before any test. (At 
no time after initial storage began had the apples been subjected 
to any higher temperature.) The carbon dioxide released by the 
apples was absorbed in potassium hydroxide solutions that were 
collected and titrated at the end of each 48 hours. The indicators 
were phenolphthalein and methyl orange. The rinse water for 
the collections contained 500 ml. of glycerol per 3 gallons of 
distilled water. This amount of glycerol produced no difference 
in the subsequent titrations. 

The free-air space in each desiccator was computed as the 
gross inside volume with all equipment and produce in place, 
minus the individual solid volumes of the removable pieces. The 
solid volumes were computed from equivalent water displace
ments. Each desiccator and its equipment was coded and used 
as a unit throughout the experiments. Fruit volumes were ob
tained as given on page 29. Equilibrium times were adjusted to 
these measurements. 

An analysis of vadance of the Delicious apple data showed 
there was no difference between the two methods of determining 
respiration rates. These data showed that an equal difference 
between means obtained by the methods could occur by chance 
alone in more than 50 percent of any similar sampling. Results 
by the two methods used were thus considered to be duplicate 
determinations and were combined for the analyses of variances 
for the three var.ieties of apples. Based on these data, Anderson's 
simplified method produced comparable results in the measure
ment of respired carbon dioxide, with less maintenance .and setup 
time than that required by the Haller and Rose (47) method. 
The omission of measurement of oxygen consumption by the 
Anderson method was not a handicap for the purposes of this 
bulletin. 

13 Research horticulturist, Market Quality Research Division, U.S. Depart
ment of Agriculture, Beltsville, Md. 
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Respiration rates 
The mean rates of respiration for the three varieties are given 

in table 8. Th:- coefficients of variation in respiration rates were 
8.4 percent for Stayman, 7.8 percent for Delicious, and 4.0 per
cent for the Golden Delicious. The rates of both Delicious and 
Stayman tended to decrease with l"eplications and time. This 
trend was present but less pronounced in the Golden Delicious. 
It is well established that respiration rates vary among varieties. 
The rates for each of these varieties also varied among' the sources 
of the apples. The mean respiration rates for the Stayman and 
Delicious fell within probable ranges previously reported (119), 
although the confidence level was less for the Stayman data. 

TABLE 8.-Mean 1'espimtion mtes of 3 va7'ieNes of apples j?'om 
.4- sow'ces at 30.7 0 ±0.03 P.I 

Rate of CO: produced per kilogram hour 

Source Golden 
Tests: Delicious Stayman Delicious 

A 
Number 

96 
Mg. 

3.24 
Mg. 
3.47 

Mg. 
3.66 

B "" .". ~, ...... , ....  .... " 96 3.19 3.37 3.91 
C 
D 

-.. ,.. ~ --.. "" '" ~ - .. ,..---~~-
- .......  --~ .. -.... ..., ...... 

64 
32 

3.57 3.87 
3.61 

All sources 3 288 3.33±0.26 3.57±0.30 3.73±0.15 

l Standard deviation of temperature, 140 observations. 

: Sample size: 864 apples from 135 cases of 113 apples each. (See p. 21.) 

3 Means and standard deviations were calculated from experiment data, not 


from mean rates given here. Extrapolation of data by formula C,=C.. X 10' 
would give for these varieties the respective 32 F. means of: 3.ti5±0.28, 
3.80±0.32, and 3.97±0.16 mg./kg./hr. 

Mean respiration rates for Golden Delicious have been re
ported for various storage temperatures, based on the weighted 
average results of different workers (119). Slightly more than 
half of these were measured at temperatures well above that 
normally used fOl" the storage of Golden Delicious. The lowest 
probable limit of the mean rate at the l"eported temperature is 
about 4.7 percent higher than previous estimates, but it falls 

TABLE 9.-Revised estimated 7"(~s]Jimtion 1'ates of Golden Delicious 
apples stored 1tnenclosed at 30 0 to .4-0 0 F. 

Rate of CO: production 
Temperature (0 F.) (Mg. of CO:/kg./hr.)' 

30 __ . 3.45 ±0.41
32 __ 3.80 ±0.45 
36 _._ 4.61 ±0.55 
38 . __ • _ . 5.07 ±0.60
40 __ _ 5.58 ±0.6ti 

'Estimated by th(' formula Ct = C,. X 10". See (11.9). A temperature varia
tion of 1 0 F. will cause a geometric variation in these rates approximating 
4.9 percent. 

http:3.97�0.16
http:3.80�0.32
http:3.ti5�0.28
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well within the probable lower confidence limits of those data 
reported by others at 32° F. It. thus is proposed that the constants 
shown in table 7 of (11.9) should be raised to a mean between 
these two estimated ranges. On this basis, newly estimated prob
able rates and staJldard deviations fur Golden Delicious for 
several storage temperatures are shown in table 9. 

Effects of weight and size 
The respective mean weights of the apples used in the respira

tion tests were: Delicious 179.1 g., Golden Delicious 174.3 g., and 
Stayman 187.4 g. These individual sample weights averaged 
greater than the mean individual weights in the total lot of 45 
boxes in each variety, although the apples were sampled at 
random. This variation for Delicious, Golden Delicious, and Stay
man, respectively, was 2.4, 0.9, and 0.9 percent greater. Respira
tion rates of apples usually are on a kilogram-weight basis, with
out regard to the size or number of apples used; this practice 
was followed for the results given in table 8. There is, however, 
the serious question whether the respiration rate of a few apples 
without adeql1Hte replication can be considered to represent a 
population mean, no matter how well randomized the sample. 
Much data have been produced on this basis. Analyses of -those 
available have shown wide variabilities. 

No published data were found that correlates apple sizes or 
surfaces to the respiration rates for the three varieties tested. 
Smock and Gross (112) concluded that their results with Wealthy, 
Grimes Golden, and Duchess apples did not emphasize that fruits 
of the same size should be selected for a given respiration study. 
However, much of their data showed a trend of increased res
piration rate with increased apple surface area. The present 
data also showed a correlation trend of increased res))iratioll 
rates to increased weight of the individual fruits, but the data 
are too few for acceptance for a reliable confidence interval. 

The apples used in these experiments were purchased as size 
113. Table 10 gives the proportion of the apples with mean 

TABLE 10.-Percenta,ge of apples ,in 'respiration expel'iments that 
measw'ed size 113 (2.83- to 2.94-inch diameter) I 

AppJes that measured size 113 
Source Sample 

size' Golden 
Delicious Delicious Stayman 

Numbcr Percent Perccnt PC7'ccnt 
_.. 35.4 

B - . .. ,. , ~ - '" - .. 288 70.8 64.6 37.5 
A - .., , ... ~ "',,_. 192 77.1 

~ .... h ...... .,.C ~ " ...... -... -......... -..... "" 288 45.8 56.2 12.5 

D 96 64.6 

All sources 864 64.6 61.8 28,5 

J Most others measured larger. 
• Randomly chosen from 1,350 fruits that represented 135 boxes of 113 

apples each, 
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equatorial diameters of 2.83 to 2.94 inches (size 113), as meas
ured with a Cranston 14 apple thinning gage. Whether the total 
surface of these apples would have equaled the surface of an 
equal number of size-113 apples was not determined. Actual sur
face proportionality to respiration rates was not an auxiliary 
objective in these experiments. Further exploration of this pos
sible variable may be required to determine any need in film
liner specificntions to balance any effect of apple size or surface 
area. (See also section "Apple Weights, Sizes, and Volumes.") 

Effects of equilibrium rates 
There seems to be little or no doubt that the respiration rates 

of apples enclosed in film liners do not reach equilibrium for 
several days after the liners are sealed. To a much lesser extent 
it is probable that apples within any respiration chamber also 
require an equilibrium period. It is questioned whether the in
troduction of oxygen at atmospheric pressure within a test cham
ber thus may not produce a different metabolic rate of respira
tion than occurs within a sealed liner, where diffusion of the 
oxygen would be much slower in reaching the apple atmosphere. 
No reports were found to give further evaluation of this possi
bility. If such difference exists, it may be necessary to establish 
R values (11.9) only on accepted equilibrium respiration rates. 

Effects of barometric pressures 
There is some evidence that respiration measurements may 

give different values if made at different mean barometric pres
sures, inasmuch as film-liner permeabilities depend on the dif
ference in partial pressures of the respiratory gases inside and 
outside the liner. By experiments covering 10 or more years, 
Brown (16) showed unmistakably that respiration rates of po
tatoes correlate with variances in barometric pressures of the 
earth atmosphere. Scanning experiments were made by the writer 
during the winter of 1962-G3 to compare the variability of 
barometric pressures within apple liners with those outside. One 
of these experiments is here reported. (See Market. Res. Rpt. 
842.) 

A compensated anaeroid barometer was sealed inside the film 
liner so that it could be read through a porthole in the carton. 
Pressures were compared with those of a Fortin-type mercurial 
barometer located adjacently at the same height. Observations 
of the comparable pressures were made four times daily for 
about 3 weeks. The measurements were made in a rG0m con
trolled for constant temperature and humidity. Two boxes and 
two djfi'erent Ijnel's were used in this experiment. The two boxes 
were of the S:1me fiberboard construction. They were used con
secutively ancl not concurrently. Each was placed alone on a 
shelf. Each box contained 109 size-1l3 apples. No pressure meas
urements were made in boxes in a stack. 

In summary. differences between the two pressures on a daily 
H Cranston Machinery Company, Oak Grove, Oreg. 
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basis were slight; with inside pressures lagging behind the at
mospheric pressures, except approximately at midpoint between 
wide swings. 1 r. This relative variation of the inside-package pres
sure with the outside pressure was expected; but the presence of 
the time lag was not, and this lends weight to the possible inter
action of additional variables in film permeabilities. 

The interactions that now appear more reasonable include: 
(a) The parti.al pressures of respiratory gases in sealed packages 
can be varied by protracted changes in weather outside the 
storage; (b) the barometric level at the time packages are sealed 
and the initial tightness of the film about the produce may be 
among causes of variation in package atmospheres that have not 
reached equilibri urn; (c) the permeability of package films may 
be a variable whose specification perhaps should be based on at 
least one storage season at stated storage conditions. It appears 
logical that in the future barometric pressure may come to have 
some importance, along with temperature and relative humidity, 
in the preservation of packaged fruits and vegetables. Barometric 
pressure has not heretofore been considered as a possible storage 
factor, and no published records were found of the range of 
barometric pressures in apple storages. This simple experiment 
does not indicate any need at this time to adjust either of the 
permeability formulas for internal l)ackage pressures other than 
as already provided. 

APPLE 'VEIGHTS, SIZES, AND VOLUMES 
Weight and sizes of individual apples 

Materials a1ld methods 

Each fruit was weighed to the nearest gram. The sample was 
1,481 apples, from a lot of 148 boxes of 113 apples each. All were 
sold as size-1I3 apples. Mean equatorial diameters of the fruits 
were measured to the nearest 0.01 inch. No size allowances were 
made for the shape of the apples. The size divisions chosen are 
gi yen in table 11. 

TABLE n.-Identification of apple sizes used in this bulletin 1 

[Circumferences converted to circle diameters] 

Diameters of apples in size ,_Diameter 
limits 80 88 100 113 125 138 150 

Inches Inches Inches Inches Inches Inches Inches 
Upper
Lower 

_.' _ 
_ _ _ 

3.28 
3.19 

3.18 
3.07 

3.06 
2.95 

2.94 
2.84 

2.83 
2.74 

2.73 
2.66 

2.65 
2.59 

Mean . __ . _ 3.24 3.12 3.00 2.89 2.78 2.70 2.62 

1 Measurements were made at the widest diameter and without allowance 
for varietal form of the apples. 

" Irregular daily oscillations are usual in the temperate zones. In the trop
ics, diurnal oscillations occur with great regularity according to the hour of 
the day. 

http:parti.al
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Results and discussion 

Most commercially boxed apples (not prepackaged) are sold 
as "size 113," "size 100," etc., based only on the number of apples 
in the containerYI But there seems to be no standard method by 
which apples are sized. 

The percentages of apples by diameter sizes in the 148 boxes 
used in these experiments are given in table 12. This table shows 
that while 83.6 percent of the apples probably were size 113 or 
larger, only 49.7 percent were size 113 if measured in accord 
with the median ranges given in table 11. 

Much sizing of apples is done on the basis of individual apple 
weights. The mean net weights of the 5,085 apples of each of 
the three vadeties used in these experiments, and sold as size 113, 
averaged: Delicious, 174.9 g.; Golden Delicious, 172.7 g.; and 
Stayman, 185.8 g. From table 12 it is clear these weights really 
are the means of the several sizes included in each box and wer.e 
not the mean weight of size 113 only. 

The mean weights of the apples that measur.ed size 113 were: 
Delicious, 167.4 g.; Golden Delicious, 166.8 g.; and Stayman, 
164.4 g. A comparison of these mean weights with those for the 
apples sold as 113's indicates the mean differences were, respec
tively, 4.5, 3.5, and 13.0 percent. 

By Duncan's mUltiple range test, the combined data for all 
varieties show the mean weight of apples from source C was 
significantly larger at the 5-percent level than the weights of 
apples from any other source. There was no significant difference 
at the 5-percel1t level between the mean weights of the apples 
from source A and B. An early study (109) showed that apple 
sizes also may vary from year to year, from tree to tree, and 

JQ These usually have greater volumes but less weight than a standard 
bushel. As separately defined by container Acts of 1916, 1922, and 1928, a 
standard bushel contains 2,150.42 cubic inches, and 50 pounds. The sizes of 
containers most used for apples are given in (11.9). 

TABLE 12.-Pe?·centage of apples by sizes in 13 boxes packed as 

fancy 01' ext?"a-fancy size 113 1 


[148 box lot] 


Percentage of apples in commercial size'-
Variety 

72 80 88 100 113 125 138 150 163 

Pe?'- PM'· PC?'- Pcr- PM'- Per- Per- Per- Per
cent cent cent cent cent cent cent cent cent 

Delicious . - . --_ .. ------- 0 0 1.5 23.7 65.6 7.2 1.8 0 0.3 
Stayman ,.. ..... - -_.. - - ... 0.3 0.6 10.5 46.5 39.1 3.1 0 0 0 
Golden Delicious 0 0 1.6 17.0 44.4 29.3 6.8 0.8 0 

Total 0.1 0.2 4.5 29.1 49.7 13.2 2.8 0.3 0.1 
-~---~--- .. -.. -... 

I Samp1es were selected at evenly spaced intervals within variety lots: 3 
boxes each of Delicious and Golden Delicious and 7 boxes of Stayman. 

o Sizes were based on mean equatorial diameters of apples. 

http:2,150.42
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.among Pal·ts of the same tree, with respective coefficients of 6.8 to 
9.6, 7;Oto 9.7, and 6.3 to 8.8 percent. 

These data indicate that it probably is not practical to base 
permeability formulations for film liners on specific sizes of ap
ples or too stl'ictlyon a range of sizes about a mean .size per 
box:. There is some basis for judgment in the data that commer
cial practice may sm,tain a designated mean size within some
thing less than one standard deviation. The data indicate that 
net box weights, rather than individual fruit weights, may be 
more reliably used in determining permeability requirements. 

Net weight of apples in boxes 
M ateJ"ials and met/wds 

Gross and tare weights to the nearest 0.1 pound were obtained 
for each of 135 boxes of apples. (See p. 3.) A carefully leveled 
and calibrattld dial scale was used for weighing. Since all w0rk 
was to be done in the 30 0 to 32 0 F. rooms where the apples were 
stored, the scale was moved to these rooms. 

Results and discussion 

The net weight of boxed apples is .a necessary factor in cal
culating specifications of plastic liners intended to produce modi
fied atmospheres in the package. Few data, howevel', are available 
on either the net weight of a box lot 01' on the sizes of the indi
vidual fruits. Spurling and Bain (114) considered a firm tray 
pack for export purposes to contain 40 to 42 pounds of apples. 
Measurements on a limited commercial sampling of apples offel'ec1 

for sale in the Washington, D.C., area indicated that apples of 
anyone actual size weigh about the same, but this weight differs 
slightly with varieties and with sources. These differences are 
:::aused in part by the use of various commercial methods to sort 
these sizes. Some packers sort by individual fruit weights; others 
llse one of several methods based on a diameter of the apple ; and 
some grant preferential tolerances to some varieties. It is proba
ble that there is also some shifting of tolerances within each 
variety according to seasonal volumes. On most boxes, only the 
quality grade and number of apples they contain are given. The 
net weight of contents usually is not giyen. 

A preliminal'y estinate of a mean net weight pel' box of 
41.15 ± 0.57 pounds has been used for illustration purposes (11fJ). 
This estimate necessarily presumed two alternative practices: 
(a) that only apples of a stated size would be packed in any 
container; or (b) that the boxes would contain a mean weight 
with an even distribution of weight sizes and numbers on either 
side of the mean. A purpose of this study was to gain additional 
information ~n the variance of these presumptions in commer
cial practice. 

N one of the three varieties of test apples was packed in a 
single size per container. '1'his eliminated presumption (a), on 
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TABLE 13.-Mean net 'Weights of apples in film-line?' boxes 1 

[45 boxes of size-113 apples of each variety] 

Net weight of-
Film type' 

Delicious Stayman 
Golden 

Delicious 

Polypropylene .. _______ 
Rubber hydrochloride _ _ _ _ 
Polyvinylchloride _00_ _ ___ 

. _ _ _ 

. __ 
•• 

. _ 
0 _. 

Pounds 
43.5 
43.5 
43.8 

Pounds 
46.4 
46.4 
46.5 

Pounds 
43.1 
43.2 
43.5 

Polyethylene (pigmented) . _ _ _ _ _ 43.3 46:3 42.8 
Polyethylene (clear) __ o o __ 43.7 45.7 42.5___ -._

--------0------------------Mean' ___ ._ •• _____ 0 _.0 __ 43.56±1.86 46.28±O.G3 43.03±1.81 

1 Each weight is the mean of 3 boxes from each of 3 sources. 
, See table 1, p. 3, for characteristics of Iilm liners. 
• The standard deviation for each mean includes the variation in 15 aver

ages of 3 boxes each per variety. 

the basis of this sampling, but does so only inasmuch as there 
are no defined tolerances for any size."1 

Weights of the boxes of test apples are shown for each liner 
in table 13. The means ofllie three sources were significantly 
different at the I-percent level, according to the analysis of var
iance and Duncan's multiple range test. However, on the avera<re, 
the weight of apples of anyone variety packed in anyone liner 
was not significantly different (at the 5-percent level) from the 
weight of the same variety packed in any other liner. At the 1
percent level, there was a significant diffel'ence between the mean 
box weights of the different varieties. The coefficients of varia
tion of the mean weights within varieties were 4.3 percent for 
DeUcious, 1.4 percent for the Stayman,and 4,2 percent for Golden 
Delicious. 

If net weights per box were computed on individual apple 
weights and the percentages of each size found per average 'box, 
the box weights would have been 43.41, 45.91, and 41.51 pounds, 
respectively, for Delicious, Stayman, and Golden Delicious. Com
pm'ed with the true weights among the 135-box sample, these 
computed weights would be within the standard deviation of the 
mean true weights of the varieties. 

Based on these data the calculated percentage distribution in 
the various sizes may have approximated the actual distribution. 
It also appears that the originally estimated box weight of 
41.15± 0.57 pounds may be too low for a true mean of a general 
population. This observation would be predicated on the supposi
tion that packers will continue to pack an assortment of sizes 
clustered about a mean size rather than pack only the size labeled 
o? the box plus or minus one standard deviation from this true 
SIze, 

11 Considerable data were collected on this subject. These may be present
ed separately at a later time. 

http:43.03�1.81
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Based on this assumption and that the test varieties of this 
sample may logically be weighted by their relative importance 
in crop volumes, 43.86 ± L68pounds becomes an additional esti
mate of an all-variety mean, based on the present sample of 
eastern apples. Since the original estimate was based on western 
apples, it would seem that the true general mean probably would 
fall between these values. This would give the Pl'oposed mean net 
weight of 42.51 ± 1.12 pounds. This value, based on present sam
pling, could serve as an all-purpose mean, at least for the more 
popular sizes of 100 and 113. As illustration, 113 apples of size
113 Delicious. Golden Delicious, or Stayman would weigh within 
the error limits. 

Apple volumes 
Materials and met/rods 

Apple volumes were obtained from measurements of the water 
they displaced when submerged. The water temperature was 
controlled ±0.5° C. The density of the water was determined by 
pycnometer for a range of temperatures above and below that 
of the test room. The apples had attached stems. The sample size 
was 1,317 apples, unsorted as to source except there were 1,194 
eastern-grown apples and 123 western-grown apples. 

Results and discussion 

The free-air volume 18 in a box of apples .affects the time re
quired for liner atmospheres to come to equilibrium. This is a 
source of variation in the estimation of liner performance in 
producing modified atmospheres. Whether a range of apple sizes 
or one size only is packed in liners affects this volume without 
doubt; but whether this change is a significant one has not been 
determined. There also has been some consideration that liner 
atmospheres at the time of sealing perhaps could be precondi
tioned, and thereby reduce the preequilibrium period. This period 
has been observed to extend 6 to 30 days; its elimination may 
considerably lengthen the shelf life of produce. Some data have 
been obtained with western apples (119). The present data cover 
eastern apples (table 14) . 

On the basis of data in tables 12 and 14 and assuming that 
size distributions of any pack probably shift with the predomi
nant size, the total fruit volume per box for labeled sizes 80 
through 125 should approximate 23,000±850 cc. This mean rea
sonably agrees with the previous estimate of 22,400 cc. that was 
based on a sample smaller than this one (table 14). This dif
ference does not materially disturb the basis for the original 
calculations (119). 

,. This is the inside package volume not occupied by fruit, liners, wrappers, 
trays, or cell dividers. 
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TABLE 14.-Volumes of ind'ividual apples of 3 va'rieties 

Volume of apples in size ,-
Variety and factor l 

80 88 100 113 125 138· 150 

Delicious (187) : 
Volume 280 264 231 209 186 174 155.ce__ 
Variation • percent " 6.9 7.9 9.1 10.1 4.6 4.7 6.2 

stayman (565): _,, _______cc__Volume 252 231 210 195 179 0 0 
Variation • percent _ 4.0 1.1 0.9 0.7 1.4 0 0 

Golden Delicious (565) : 
Volume . '.' .cc__ 0 246 230 208 190 176 0 
Variation • percent 0 5.7 1.8 1.5 0.8 1.7 0 

I Numbers in parentheses indicate the number of .apples tested. 
• Based. on mean equatorial diameters of apples. 
• All volumes are individual means. Samples were randomly chosen by case 

lots from 7 sources. 

Apple-tray volumes 
.Materials and methods 

The volumes of pulpboard apple trays were obtained by water 
displacement in a manner similar to that used in obtaining apple 
volumes. A wire cradle kept the trays submerged with the help 
of two200-g. weights. 

Results and discussion 

Trays used in apple boxes vary in design. The corners of some 
are notched, some diagonally cut, and some rounded. Some have 
holes in the bottoms of the cups; some do not. The islands be
tween cups have different heights; and some islands have holes, 
and others do not. Occasionally, some trays in an apple box appear 
to be older than the other trays. It has been questioned whether 
these differences may be disregarded in determining free-air 
volumes and in considering uniform atmospheres. 

It was found that these differences in total could cause as high 
as a 44 percent coefficient of variation in the volumes of these 
trays; but this variation would amount to only 1.4 percent of 
the free-air volume of the box and thus may be considered neg
ligible in importance compared with other measurable variables. 

For the development of uniform modified atmospheres in sealed 
packages, apple trays with rounded corners, islands with holes, 
and fruit pockets with holes wouid seem to have advantages OVH 
some other design variations. 

LINER FAULTS 
Film faults are recognized as a source of variation in produc

ing modified atmospheres in packaged produce; but few data have 
been presented showing the incidence and kind of imperfections 
observed. Schomer and coworkers (108), in 1954, reported that 
of 280 sealed Hners examined in commercial apple-packing plants 
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in Washington state 5 to 25 percent were not airtight. In 1963, 

Hartman and coworkers (53) noted that .25 percent of their 0.7 

mil rubber hydrochloride film samples and 20 percent of their 

1.0 mil polyethylene samples contained pinholes, but they gave 

no sizes or numbers. Sargeant (107) reported that of 46 care

fully sealed vackets only 28 had perfect seals. Tomkins (121) 

mentioned that one pinhole per bag is not unusual, but he reported 

mostly on small bags and containers.
Other workers have studied how to detect the presence of leaks 

in plastic containers but not especially how to classify them or 

trace their sources. Tomkins (121) offered a method for estimat

ing when pinholes are present; but his method would seem to in

clude other leaks as well. Other workers have proposed tests for 

unidentified leaks in pouches (26, 88, 125), in bags (54, 56, 73, 

110, 130), and in iUms (21, 22, 53, 58). Most of these methods 

are limited to small packages, to laboratory tests, and special 

uses. The tests often preclude further use of the samples or pack

ages. A few of the methods are elaborate and expensive. 

Initial tests 

Materials and methods 

At the conclusion of the storage periods summarized in table 2 

(p. 5), some measures of the existence and extent of liner faults 

possibly present in the 135 test liners was determined by the 

Tomkins method. Tomkins (121) reported that, when the decline 

in the oxygen (02 ) percentage in a package does not equal at 

least 1.5 times the rise in carbon dioxide (CO~) percentage, his 

experiments invariably disclosed imperfections in the bags or 

their seals. Our final ptmospheres, means of three boxes each of 

three apple varieties, '~rom three sources, packed in five liner 

types, were tested for such indications by the formula: 

[2] 

where: 21 is the approximate percentage of oxygen in a normal 

atmosphere; (70 O2 ) is the percentage of oxygen at the final in

spection; and "l:. $~ CO/' is the difference between the final and 

i.nitial percentage of carbon dioxide present in the package. Both 

gases are given in percentages to one decimal place. 
After initial photographs were taken .of each packed box of 

apples, the liners were removed, the top of each liner was sev

ered immediately below the liner tie, and each top was tagged 

and set aside for the two studies of liller seals reported on later 

(p. 34 and p. 38). The .liners were then tested by inflation with 

compressed air at about 2-pounds-per-square-inch pressure to 

disclose obvious splits, tears, and punctures detectable from the 

escaping air. A few liners were tested by immersion in a vat 

of water. The liners were then cut into 8- by l1-inch rectangles 

for development of other techniques of flaw detections. 
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.Results and discussion 

Among the 45 7.'atios obtained, the means for the liner types 
were: polypropropylene, 1.31; tinted polyethylene, 3.30; polyvinyl
chloride, 1.38; rubber hydrochloride, 5.81; and clear polyethyl
ene, 2.64. The respective ranges of each were: 1.1-1.5, 3.0-3.7, 
1.0-1.7, 5.0-6.7, and 2.0-2.9. The general mean ratio for the 
five types was 2.41. At odds of 19 to 1, there was no ratio dif
ference due either to varieties or sources of apples. At odds of 
99 to 1, there was a difference among the ratios due to liner 
type or to faults associated with the liner type. 

In defense of the ratio test, more than half the liner faults 
were found among three liner types that gave the lower ratios ; 
and the faults were about evenly divided among the three. It is a 
little less easy to account for the differences between the tinted 
and clear polyethylenes and between either of thE:: polyethylenes 
and the rubber hydrochloride. There seemed to be no correlation 
of the ratios with the thickness of the films. On the bases of 
these data, it would seem that minimums of acceptability for 
the ratios might well be correlated with liner compositions; 
hence, perhaps a minimum ratio should be established for each 
type of liner. 

Also, in partial support of the general m~an ratio of 2.41, it 
was observed during the storage tests that 23 percent of the 
liners were imperfectly sealed regardless of the extreme care 
used in forming, packing, and handling the liners. The division 
of these observed faults were classified as: liner splits .and tears, 
8.1 percent; pinholes or punctures, 0.7 percent; faulty seams or 
heat seals, 8.9 percent; failure to include all folds beneath the 
twist ties, 2.2 pel"Cent; thin or stretched areas, several; possible 
stress cracks due to deterioration of films, 3.0 percent. IvIost of 
these faults are believed to be of minor significance; and in every 
case possible the liners either were repaired immediately when 
a fault was found or the liner was replaced. Most of these faults 
were observed before any equilibrium of the liner atmospheres. 
A few were suspected and found after equilibrium through use of 
the Tomkins test. 

Attempts to detect imperfections in liners before use were 
limited to close observation of the seams and inflation of the 
liners with air. These attempts were not very satisfactory. The 
tests depended upon the quietness of the room plus subjective 
acuity of vision and hearing that varied with the inspector. Im
mersion of the liners in water after inflation was not practical. 
Not only did this present the problem of drying the liners but 
the preSl:>ure necessary to submerge the liners often damaged 
them. 

It is probable commercial practice to discard film liners with 
grossly obvious faults; but neither routine nor sequential sam
pling tests are used by packers to insure that their liners are 
without fault:;. They rely upon manufacturers to perform this 
service. 



33 VARIABLES AFFECTING FILM PERMEABILITY 

The receipt of liners without faults should be paralleled with 
due precautions that liners are not damaged during packing of 
fruit. The splits or tears in 8.1 percent of the test liners occurred 
most often at the seams; these were due principally to sharp 
corners on the packing trays. As previously noted, the sample 
trays were variously cut. The rounded corners gave far less trou
ble than other types of cuts. Some of the tears doubtlessly 
were due also to the use of liners not correctly proportioned to 
the boxes and their contents. (See section "Film-.Liner Design, 
Dimensions, and Tolerances.") 

Pinhole leal'ls 
Pinholes in plastic films have been mentioned in reports on 

packaging more often than any other flaw. Means have been pre
sented to detect them in films (21, 22, 53); to forecast their 
existence (25); to estimate whether they are present during 
storage periods (121); and, perhaps more importantly, how to 
prevent them (4,41). 

Materials and methods 

Several methods for detection of pinholes were attempted, but 
only two proved to be of even minor worth compared with the 
general applicability of the Tomkins method previously men
tioned. 

For the first method, ten 1-inch squares were cut from each 
of five liners of each of the five plastic materials. Twelve micro
scopic fields of each of th,ase 250 samples were examined at x 28 
magnification for pinhole!s larger than 0.012 millimeters. Some 
additional mspectioJ.],,) were made of microtomed cross sections 
of the films placed between sheets of cellophane and imbedded in 
Fisher Tissuemat. 

The second method was similar in principle to that reported 
by Carson (22) and later by Hartman, Powers, and Pratte (53). 
A hole 1 cc. deep was machined into a brass block used also 
to cut uniform film samples. A rubber ring gasket, 5 millimeters 
thick, was tightly fitted into this well. For each test, a mixture 
of powdered sucrose and 1 percent finely granulated crystal violet 
dye was placed in the ring in sufficient amount to be level with 
the shoulder of the rubber gasket. On this was placed the cut 
film sample. A heavy copper ring held the film tuut and in con
tact with the sugar-dye mixture. Approximately 5 m1. of distilled 
water was put on top of the film. With the film held in place 
tightly, it was reasoned that the water would seep through pin
h01e:.:, present and dissolve the dye by diffusion through the sugar. 
The dye spots would approximately locate the pinholes. 

Results allddiscussion 

Among the 3,000 or so microscopic fields in the 250 random 
samples of the five liners, only 28 fields contained one or more 
pinholes greater in diameter than 0.012 mm. The microscopic 
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cross sections of the films revealed nothing of usable importance 
to the preser, t study. 

The Carson-Hartman method was adequate to detect pinholes 
in the film samples if the holes were about 1 mm. or more in 
diameter; but the results were not always positive when smalJer 
holes were present. Since the results from this method were 
erratic. the data were discarded and the method abandoned as 
unsatisfactory. As most packaging films are not easily wetted 
over an entire surface, possibly the addition of some wetting 
agent to the water placed on the film samples would cause the 
water more readily to pass through anv pinholes present. By 
the method, as used, few pinholes were found. It would appear 
from. these few data that pinholing perhaps has been overrated 
as a film-line)' fault. 

Not alI pinholes can be presumed to be small. On one occ.asion 
a roll of packaging film was received from the manufacturer 
with the free edge stapled at either end and at two nlpces near 
the middle. This evidently had been done in the shipping depart
ment to keep the roll from unwinding. It is hoped this was an 
isolated instance; yet the fact that it occurred sugg-ests that not 
all personnel are fully aware that packaging films for many pur
poses should be free of holes. 

As to possible tolerances for pinhol;ng. there are few data on 
'which to base a judgment for variability. Freeman and coworkers 
(41) reported that leakage through holes 0.1 mm. and less,at low 
temperatures, were .in the range of the true permeabilities of 
plastic films. Presumably this impHes that thepermeabj]ities of 
such films are not adversely affected by holes this small; Le., 
that gases ma~T pass through such holes no more readily than 
through the other parts of the film surface. It is suggested that 
the numbers of holes and sizes could make a difference in their 
importance. Tt is conceivable that the presence of the smallest of 
holes in suffitient number may greatly alter the calculated per
meability of a plastic film. It is suggested that any calculated 
probability of the presence of such holes or theil' importance can 
be no more reliable than the degree to which the test samples 
truly represent the population of all liners from all sources of 
variation. The far more reliable answer is their elimination. 

Seam leaks 
The method of sealing liners is one of the important variables 

in the satisfactory production of modified atmospheres in pack
ag-es. The seam has invariably been found to be the weakest part 
(1.'3. 88). This circumstance may h&ve had a large part in the 
erratic results obtained by Ryall anci Dota (101), Smock and 
Blanpied (111), and Hardenburg .and Anderson (48,49). Smock 
and Blanpied reported that half of the liners from one source were 
found to be leaky and had to be discarded. This is a circumstance 
especially suspected wherever gusset liners have been used. Dale 
(26), Schomer .and coworkers (J08), Sherman and Mannheim 
(110), Tomkins (120,123), and others have reported unidentified 
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aeamand seal leaks; but particular trouble spots have not been 
reported in the literature. This may have beeni~ue to the iack 
of any identifying test. Attempts were made. to deve10p such a 
test. 

Materials and methods 

Various dye solutions and liquids with low surface tensions 
were applied to many liner seams in the hope of finding some
thing that would move visibly through any imperfections in the 
seals. None of the 1iquids performed better than a few drops 
of diluted 1\1 india ink applied directly where the seams joined. 
Vi'herever a .leak was present, the ink was drawn into the im
perfection by capillary action and was visible on the opposite 
side of the imperfection in a few seconds. 

Poststorage tests by the india ink method were made on 90 
liners-27 gu~set-type liners from each of two commercial fabri
catorsand 36 liners without gussets. 

Results and discussion 

All the gusset-type liners from one commercial fabricator had 
an air leak atone or more junctions of the double and single 
seams. Gusset-type liners from the other source .showed no such 
leaks. In these tests, 27 percent of the 90 liners had one or more 
seam leaks. About half of these occurred at the bottom of the 
liner, at the junctures of double and single seams. The other half 
occurred along single seams. 

The ink migration paths through the seams were 
rarely straight, and they often were of greater length than the 
seam widths. This could account for the variability of gas trans
missions of liners from the same lot when sealed with the same 
time-heat periods. It further suggests the improbability that gas 
transmissions through such paths can reliably be subject to 
mathematical prediction. 

Points C,fIgure 3, show the appearance of two major seam 
faults of different magnitudes. Points A show the almost in
variable presence of tiny leaks at the juncture of the double and 
single seams of gusset liners. Figure 4 shows a seam leak at the 
right-hand gusset; none of significance occurred at the left-hand 
gusset. The bag was commercially made and of good quality. 
Leaks through box liners have a similar appearance; and, thus, 
can be unmistakably located by the ink test to facilitate correc
tions in subsequent fabrications. 

Much reseal'chhas been done on the sealing of plastics. Tech
nical data are now available on the heat sealing of polyethylene 
(81, 99), polypropylene (117), and other polymers (99). For 
difficult bonding, work has been reported on sealing by high fre
quencies (23), by ultrasonics (27), and by infrared (106). The 
thermodynamic relations of heat-sealing times, pressures, web 

•• The dilution was 4 drops of 5-pereentreagent ammonium hydroxide per 
.ounce of ink. 
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tensions, diifusivities, viscosity limits, fusion points, and quench
ing are involved, but these basic papers are offered for further 
investigations. 

All sealing methods presume positive identification of the film 
to be sealed. This usualJy is not a problem for either manufac
turers or fabricators, but conceivably it could be for others in 
industrial laboratories or research workers who do not regularly 
work with plastics. Simple qualitative tests for the more common 
plastics have been given by Dressel (33) and in reference (91). 
(For more precise tests, see Film-Liner Identities, p. 40.) The seal
ing of film bags and liners no longer should be a problem ; but 
the complete solution requires development of a commercial meth
od of checking that all seams are unquestionably hermetically 
secure. 

Sargeant (J0'7)developed a highly reliable apparatus for line 
or check testing of closed packages anytime during their life 
use. It is not dear that this apparatus could effectively test liners 
inclosing produce in rigid or fiberboard shipping containers. It 
is probabJe that the equipment could be suitably adapted to do so. 

At the leu$t, it would seem that the simple india ink test 
could be apphed at commercial speeds to provide fabricators with 
a quality control method to assure that liner seams are without 
leaks. The visible presence of the ink could do much to assure 
buyers that such tests had been made in their behalf. The costs 
would be far less than the costs of quality losses through 
unsatisfactory storage. 

c A 
EN -3G111 

FIGURE 3.-India ink te.st applied to bottom seam of a small gusset bag. Ink 
mig-rations show.gas Icakag-e would occur at gussets (A) and in the 
ceuter seam atlJomts (C). (See p. 35.) 



37 VARIABLES AFFECTING FILM PERMEABILITY 

BN-36107 


FIGURE 4.-India ink test applied to bottom seam and to the twist seal of a 
small gusset bag. (See p. 38 for discussion.) 
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Twist-seal leaks 
The twist-seal tie as a method of closing liners, supposedly 

hermetically, has been used for many years in apple-packing 
plants and apple-packaging experiments. The india ink test used 
for testing completeness of seam seals was considered as a possible 
test for twist-seals. 

lJlaterials and met/rods 

Diluted india ink 20 was applied to the center of the deepest 
folds. If the tie was leaky, the india ink could be observed below 
the tie in a time commensurate with the fault. The time periods 
varied from 5 to 40 minutes or more. This suggested not only 
the need for a better tie or closure but also the need for a faster 
test. Some comparisons were made in the interest of each of 
these goals. 

About eighty 4-inch strips were cut widthwise from undamaged 
1% mil polyethylene liners. Ties were cut from 5/16 inch cotton 
cloth tape/ J carpenters' chalkline, and 8-ply cotton twine. Three 
inches fl'om an open end of a liner strip, one of the three types 
of ties was wrapped twice about the gathered piece and tightly 
tied with a hard knot. Twenty-five ties were made with each 
type of binding. 

Air at I-inch gage pressure was maintained in a manifold 
fitted with a quick-acting ball valve and a 1J!-inch rubber hose 
outlet. Flush into the end of this hose was fitted a short length 
of copper tubing. Twenty drops of the india ink solution were 
placed in the center of the liner folds. The folds were quickly 
tied to the tube-supported hose, and air pressure was released 
to the liner top at the instant a stopwatch was started. The time 
for the ink to appear beneath the ties quickly indicated the 
effectiveness of the three types of seals. 

Results and discussion 

The india ink test proved to be a valuable tool in testing the 
efficiency of various twist-seals, as well as of seams. The time 
required for the ink to be forced through the twist-seals tied 
w:ch carpenters' chalkline averaged 1.30 minutes; those tied with 
the cloth tap", 1.25 minutes; and those tied with twine, 1.43 
minutes. The coefficients of variation, respectively, were 33.8, 
13.6, and 14.0 percent. Although the tape ties were not so secure 
as either the cord or twine ties, they produced a less variable tie 
and did not damage the liners. Both the cord and twine did 
damage the neck of some of the samples. 

From this study of 75 twist-seals it was found that, no matter 
how tightly the ties seemed to be made, the india ink visibly 
passed through 88 percent of the ties if they were made in the 
usual way. However, when the folds of test liners were tied once 

:11 See footnote 19, p. 35. 

" Fed. Spec. DDD-T-101c. Not gummed. 
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then folded over and tied again, a "double-twist" seal, only a 
little less than 23 percent of the liners showed any ink migrations. 
On the basis of these experiments, it seems reasonable that gas 
molecules probably move through any twist-seal or tie; but this 
movement is, at least, much slower through a double tie than 
through a single one. (Provisions have been included in calcula
tions for liner specifications for the use of double ties, p. 65.) 

It is probable that leaks at twist-seals may in the past have 
been more frequent and important than other leaks and that the 
twist-seal variable is badly in need of correction. A far better 
way to close liners might be to seal them instead of tying them. 
It is believed that a commercial heat sealer could be developed 
to produce a top seal of the same type as the bottom one and 
that this could he done without too great difficulty. 

Thin places in liners 
Thin places, strains (133), stresses (19), and creases (92) have 

been listed as causes of variability in the permeability of packag
ing films. The effects of such flaws have been measured, and 
attempts have been made to predict their occurrence. There seem 
to be no objective tests to indicate their presence, and they 
cannot always be readily observed subjectively. A method was 
sought to detect them with greater sureness. The best method 
was based 011 light diffraction principles reported by Zimm (134) 
and Debye and Bueche (28). 

Materials and methods 

Rectangles 2- by 4-inches were cut from a random selection of 
the 8- by ll-inch samples of the different liners. Each of these 
in tum was placed between two plates of single-strength window 
glass, and the assembly was held at about a 30 0 angle to a directed 
beam of light. ,,,Then the film samples then were observed from a 
90' angle to the incident light, many of the stressed areas and 
creases becam& clearly visible. 

The thin places in liners were occasionally visible as puckered 
areas. These, too, became more visible when the liners were 
tested by the diffracted light method. Some microscopic obser
vations were made of thin places mounted as cross sections 
between sheets of cellophane imbedded in Tissuemat. 

Results and discussion 

As mentioned on page 32, several thin places were observed in 
the 135 test liners. These were not recorded by frequency of their 
occurrence because it was believed this would grant an undue 
bias to their importance. First, no instance of "fish-eye" shape 
faults that have been mentioned in the literature were found in 
the liners. Instead of a double-convex shape, each microscopic 
cross section of the thin places showed them to be double-concave. 
Secondly, the permeability of these thin places may differ from 
that of the rest of the film as the ratio of their mean thicknesses. 
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The mean thickness of any fault of regular shape would be equal 
to a normal volume of the fault minus the volume loss due to the 
fault, divided by the fault area. However, among the test liners 
no fault of any regular shape was iound. For these reasons, plus 
the enormous task of adequate sampling by microscopic inspec
tions, any evaluation of thin places by numbers or percentage of 
occurrence is without practical significance. 

It appeared probable that in this sample the thin places were 
caused by stretching of the films subsequent to their manufacture. 
Stretching in some instances may have been due to pulling the 
twist-seal too tightly. It often was due to sharp corners on the 
packing trays. In a few instances thin places developed at points 
where the apple stems caught on the liner or pres:':l2d against it 
as the liner was pul1ed taut for tying. 

Although it has been stated in the literature that the effects 
of such faults have been measured, it is difficult to believe that 
stich measurements have effectively discounted the possible in
clusion of faults other than thin places. For such measurements 
to be meaningful the permeability measurements would have to 
be confined to the areas of the thin places alone. Attempts to do 

BN-36109 

FIGURE 5,-Diffracted light photograph (x 3) of faults in a film liner. 
(See p. 39.) 
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this, and then to compare the results with those of an adjacent 
film sample, were not satisfactory with the permeability equip
ment available for these tests. 

The appearance of thin places, creases, folds, and tensile stress 
in liners is illustrated in figure 5. Diffracted light shows clearly 
the vertical thin place at the middle of this photograph is a 
series of light peaks and valleys of varying thickness, number, 
and orientation. The stress exhibited was produced by deforma
tion of the film; it is noticeably different in appearance from 
stress caused by deterioration. The creases can be identified by 
their irregularly oriented straight lines. Rarely were these ac
companied by apparent stress, but conceivably they could be so 
accompanied if the crease is very severe and maintained. The 
folds seemed to show no stress, yet clearly stress must have 
existed to cause th~ deformations shown. Based on these obser
vations, the elimination of such faults should be far more practi
cal than any calculations of their probable existence. 

Film-liner identities 
The identification of packaging films is important for proper 

sealing, in tracing the nature of liner faults, and in checking 
nlm orders. During the handling of the several hundred pieces 
of film during these investigations there were occasional doubts 
whether a film sample was from one coded folder 01' from another. 
There was a question whether a film shipment was of the type 
specified. There also was the question whether certain chemical 
changes might have taken place in some films. These questions 
were beyond the original purposes of this study, but the answers 
were important to the total results. Thus, a method was 
sought to identify each test film quickly, qualitatively, and 
nondestructi vely. 

Materialsand methods 

Adaptation experiments in 1961 suggested use of a ratio re
corring infrared spectrophotometer. 22 A reference file of 86 such 
analyses of plastic :films was compiled for any needed comparison. 
(See also (37).) 

The five types of film liners used in these studies were identi
fied by their infrared transmission curves (fig. 6). One hundred 
and seventeen analyses were made. 

Results and discussion 

A study of the analyses showed this method to be rapid, per
fectly repetitive, and fully satisfactory to identify packaging 
tUrns, to compare lots, and to detect changes in any lots caused 
by aging or chemical variations. 

The method proved useless to detect or evaluate the presence 
of pinholes in a film sample. The reproduction of major and 
minor transmission curves was excellent when the same UIl

:: Perkin-Elmer, Madel13, NaGl prism, 1.0}L-15.5}L. 

http:spectrophotometer.22
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WAVElENGTH (P) 
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FIGURE G.-Film transmission of infrared rays, NaCI prism: A, PGlyprop
ylen(>; E, tinted polyethylene; C, polyvinylchloride; D, rubber hydro
chloride; E, clear polyethylene. 
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touched sample war. used. However, the curves often differed 
slightly in minor peaks when test samples were from different 
liners of the same type, sometimes even when they were from 
differeIlt parts of the same stock-film I'oll,and in a few instances 
when they were f1'om different parts of the same film liner. If 
film samples may vary in composition,as these infrared analyses 
indicate, some differences in permeabilities are more easily ac
counted for. Higher transmission gain was helpful in detecting 
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small comparative differences among samples, but this also pre
sented the problem of more electrical noise. Regardless of these 
few difficulties, the method proved to be a valuable identification 
tool. (See also (13).) 

Film deterioration 
At the conclusion of the storage tests brittleness was observed 

in some liners, (See also (113).) It was reasoned that this con
dition may have caused variability in film permeabilities. Accord
ingly, nine of the worst films ill each apple-variety lot were set 
aside for rating and further study. Code numbers later showed 
these 27 liners were polypropylene. 

Materials and methods 

Infrared light transmissions of the films were measured in the 
frequency range of 1.8p. to 12.5p.. These transmissions then were 
compared with those of similar but unused film samples to dis
cern whether chemical changes had occurred in the films. The 27 
liners were sUbjectively gl'aded (table 15). 

Results and discllssion 

Nine of the WOl'se liners contained either Delicious or Stayman 
apples. These yarieties develop storage scald easily and did so in 
the absence of oiled wraps. It was found that 44 percent of the 
deteriorated liners contained apples from one grower who may 
have treated his apples with a chemical scald inhibitor. At the 
11 wavelengths, there were changes between 3.0p. and 11.56p.. 
Similar comparisons of other film types showed slight spectral 
~hifts in polyethylene at other wavelengths, but none of these 
showed any brittleness. 

\Yorthington~;J earlier had noted some darkening of films con

:l Unpublished data. Courtesy of John T. Worthington, research horticul
turist, Market Quality Res. Div., U.S. Dept. Agr. 

TABLE 15.-Subjective graeling of b?'ittle polYP1'opylene film liners 

about 6 11wnths afte?' sto?'age tests 


[Sample size: 27 liners] 


Liner damage (brittleness),Apple 

variety 
 Slightly
in 1i.ner Very slight objectionable Objectionable 

Pe1'cent Pe1'cent Pe1'cent 
Delicious 14,8 0 18,5 
Stayman 18.5 3.7 11.1 
Go1den Dellcious 22.3 7.4 3,7 

Total 55.6 11.1 33,3 

Very slight, some brittleness was present; slightly objectionable. film 
might be used for a short additional time; objectionable, .films showed some 
evidence of cracking. 

I 
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taining apples displayed under fluorescent lighting. He then 
stretched polypropylene and polyethylene film over breakers con
taining 2,000 p.p.m. of an antiscald suspension (ethoxyquin). At 
high humidity, the polyethylene darkened and was found to fluo
resce under 3,660 A ultraviolet light. The polypropylene was unaf
fected. At low humidity, neither film darkened and both fluo
resced. The films not exposed to the antiscald suspension neither 
darkened nor fluoresced. Worthington's experiment demonstrated 
that the antil:lcaJd preparation was volatile and apparently was 
adsorbed by the films. Whether absorption also took place was 
not clearly established, although it was found that the darkening 
of the films could not be reduced by subsequent washing 'with 
the antiscald suspending medium. Neither of these test films 
became brittl~. 

Additional experiments by the writer confirmed Worthington's 
results, but brittleness was not developed in any sample by 
ethoX'j"quin. Brittleness was developed however when an aged but 
unused sampl~ was suspended in air in direct sunlight during the 
daytime and under a dual I5-watt 3,500° fluorescent lamp at 
night. The brittleness was objectionably present at the end of 
52 days. Brittleness also was Jater found in a stock roll of poly
propylene that had been stored in the dark at 75° F. for about 2 
years. These experiments suggest that the scald inhibitor did 
not cause bl"ittleness. 

The appearance of film aging in its early stages was accom
panied by stress cracking'. or crazing, visible by diffracted light 
(fig. 7). These observations were made by the writer's method 
for detecting thin places in liners (p. 39). 

Polymer degradation can be attributed to several factors that 
depend on the polymer structure and conditions (68). Blake and 
Thompson (13) illustrated the aging of rubber hydrochloride. 
They noted that spectral absorption increases as the film ages. 
vVall (127) considered polymer degradations mainly to be reac

BN-3G1l3 

FIGURE 7.-Ligbt ditTraction photographs of film: Left, Normal film; 'ri,qht, 
crazing. (See p. 39.) 
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tions in the side chains rather than merely the result of weak 
links in the molecule. Wright (132) recorded that plastics may 
be aged by heat, light, chemicals, bacteria, or simply by long 
storage, with distinct losses in physical, mechanical, optical, and 
electrical properties. 

Wdght (132) cautioned that almost all plastics may deterio
rate within 2 years. But he stated that the aging of polyvinyl
chloride and polyethylene (among others) can be delayed up to 
3 years by stabilizers. Without stabilizers polyvinylchloride can 
be made to age within a few hours, and polyethylene will del.\'rade 
rapidly under natural weathering at an equivalent of 100 to 900 
hours in a :fadeometer. According to Wallder and coworkers 
(128), the aging of polyethylene can be proportionately delayed 
as much as 20 years by the addition of as little as 2 percent 
carbon black. Several stabilizers exist for polyvinylchloride, such 
as metallic soaps, organic nitrogen bases, and organo-tin com
pounds. It seems reasonable to expect that aging of packaging 
films can be delayed sufficiently for any commercial storage pe
riod and thus eliminate the aging variable in the use of film 
liners for modified-atmosphere fruit storage.24 

FILM-LINER PERMEABILITIES 
Film-liner .permeability measurements proved to be the greate3t 

source of unassessed variables among those studied. Film perme
ability has been measured by many methods. Most of these have 
been used at a convenient room temperature, with the results 
extrapolated to other temperatures by one of several theoretical 
concepts. It is unfortunate that all perme~bmty instruments do 
not expand and contract at the same rates, do not have equal 
sensitivities and precisions, and do not have equal usefulness at 
all temperatures. Apparently few, if any, film permeability meas
urements have been made at 30 0 to 31 0 F.-the usual storage 
temperatures of apples. Reliable values at these temperatures can 
be obtained by few methods. The methods here used were not 
wholly satisfactory, but they seemed to be the best available that 
might simulate commercial conditions. 

Major and Kammermeyer (72) wrote, "We have made thou
sands of permeability measurements and we have reluctantly come 
to the conclusion that they are anything but simple." It is because 
of the interaction of variables, most of them associated with 
the equipment itself, that reported permeability measurements 
apparently va}'y so widely. The identification of some of these 
variables, a major objective of this study, is the obvious initial 
step toward their ultimate solution. 

There is very little in the literature that can be of direct help 
in determining how one should partition his analyses of variances 
among equipment, operator, and materials. Suppliers of the plas
tic materials used in this study were asked what percent tolerance 

21 Films used in the present study were .experimental types. Commercial 
types. may be more stable and without these faults. 

http:storage.24
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in permeabilit)T should be considered reasonable. The consensus 
of the replies was that ± 10 percent should be allowed, principally 
for variances in equipment control. Karel and coworkers (61) 
wrote that measurements of the same sample of film indicated 
the precision of their method was of the order of 5 percent. 
But they concluded there can be only permeability ranges for a 
given plastic material because variations exist between different 
batches of the same plastic and between samples. Taylor, Karel, 
and PI'octor (116) noted in measurements of oxygen permeability 
a coefficient of variation, "due to inherent variability of samples," 
was of the order of 5 to 15 percent. 

Materials and methods 
Equipment 

The permeability experiments were conduded in an insulated 
room with temperatures automatically maintained. The room 
was baflled to provide a reasonably even airflow to all parts of 
the 1,185 cubic-foot volume. Temperature checks were made at 
each equipment piece by either a standardized thermocouple or 
thermometer. Mean I'oom temperatures for the ·different experi
ments were obtained from 20 thermocouples distributed over the 
room and recorded on a Honeywell-Brown potentiometer. Tem
perature fluctuations were small. 

Clocks and stopwatches were calibrated for the temperatures 
at which the instruments were to be operated. 

An anaeroid and a secondary standard barometer were used 
for most of the work. The latter instrument was standardized 
daily and was calibrated for expansion, elevation, capillarity, 
and gravity. 

The absolute vacuum gage and all secondary gages were cali
brated against master gages at the barometric pressure of the 
experimental periods, and correction curves were drawn for each. 
Gage pressures were converted to the absolute where this usage 
was appropriate. 

The test gHses for all experiments were purchased in s~ze 1 
or 1A tanks. All tanks, with regulators and gages attached, were 
kept at the storage temperature for at least 24 hours before use. 

The gas tanks were connected through diaphragm regulators 
to a heavy steel manifold of abput 1.3 liters capacity. This mani
fold led to a vacuum pump. The other end of the manifold was 
connected through a moisture filter to the inlet valve of the per
meability apparatus, The equipment and fittings were checked 
daily for gas leaks both .by vacuum-retention times and a low
tension detergent. 

The permeability-measurement apparatus (fig. 8) was essen
tially that designed by Major (71), with necessary adaptations. 

Since some of the permeability measurements were made at 
0° C., water could not be used in the capillary tube to measure 
the gas permeated through the plastic samples. The indicator 
chosen for most of the ·work was a mol-fraction mixture of 
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llN-3GI12 

FHa'ln: R.--As!wmbl('d film p(,l'm('ability apparatus: A, Gas supply line; B, 
dpmollntablp g-as·inlpt ('OIl(', eflntnining- dilrus('!' plalt', ring- g-asket, dislrib
utor ptl/ll'r (Ii;;k, IiIIlI ~nlllpip. and lI11'rlllo('oup\('; C, ('HpillaI'Y 1lll'a5Ul'('nH'nl 
tube, Ip\'l'\pc! support, and plastic syringe; D, film sample cutter. 

l,~,:~-J1r()J)anptri()l with one-half ])ercent concentrated copper sul
fate solutioll, some .Janus Cr(:'ell B, and Saffroll-O. F-values for 
this in<iic'atol' \\,pre subf>tituted for those supplied by the manu
facturer [or di~tiJled water. 

The {('mperatul'es at which permeation through the plastic sam
ph's look pla('(' we 1'(' obtained by placing 11 thermocouple inside 
tllt' instrument cone jUf>t abo\'(' the film sample. Shielded tem
lWraiul't, sen:,prs, pla('pel adjacent to the capillary entrance, fur
(hpl' ehl'ckpci the approximate gas temperature after permeation 
or the ::;ample, 

Whalman Xo. 1 fi1l('r paper "'as used in all permeability tests 
to pJ'm'j(le p(I'lal c1iJTusion of the gas over the sUl'face of the film 
sampll'. Th('::;(' disk::; were ('ut with a circular die and bloc]{ similar 
to (hat shown in figure K The thickness of the papers was obtained 
a~ a mean of l20 nwasurements on 1-10 disks, This mean, to 
llean'st (I.nonI inch, converted toO.OH7±1l.0005 cm. The difl'usible 
arPH per (Ii~k was ('omputecl to be 13..'18 cm. 2 These values were 
ll:,e(J ill the lH.'edt'd eulculations and test formulas. 
Test samples 

Circular (1i~k~, 50.04 mm. in diameter, were die punched from 
tl1l' ~- x 11-illl'h n'l'lallglps ('ut from pneh tpst litwI'. (See fig. 8.) 
Thp sa111]1I('s \\'pre kept at the ~tQrage temperature of the tests in 
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desiccators. Ninety percent relative humidity in each desiccator 
was maintained by distilled water containing 33 percent com
mercial glycerine and 1 percent copper sulfate solution. The lids 
were sealed with vaseline. 

Film thickness of the film types was measured to the nearest 
0.0001 inch for calculations of the permeability values. These 
measurements did not always agree with those established by 
the manufacturers for commercial identification purposes. 
Permeability measurements 

Before each permeability test, all measurement instruments 
were compared with a checklist of standards for the test tempera
tUl'e and adjusted if necessary. The gas manifold was exhausted 
and then filled to the test pressure with the test gas. The rest of 
the system was purged with the gas, and thereafter the testing 
procedure was essentially that suggested by the permeability in
strument manufacturer. The gas supply was maintained at a con
stant pressure. All tests were made by the same operator. At 
least duplicate measurements were made on each of the 135 film 
liners at 20°, 10°, 5°, and 0° O. Only 609 of these were used in 
calculations. The others were test runs. 

The upstream gas pressures were varied, as test runs of the 
various types indicated would be needed, iTom 20 to 75 pounds' 
gage pressure. These pressures were converted into millimeters 
of mercury pressure at densities corresponding to the test tem
peratures. In practIce, it was found unnecessary to adjust these 
gage values for local barometric pressures. 

The formula used to convel"t the test observations into milli
liters of gas permeated per square meter of diffusible film-liner 
area, in 24 hours at 760 mm. of mercury pressure differential, at 
the test temperature, was 

2.89x 10sx CxLxP b [3]
KxtxP" 

where: 
2.89 x 108 = a constant derived from the product of the standard 

temperature in ° K, the minutes in 24 hours, and the 
ratio of the diffusible area of the sample to .a square 
meter of liner. 

C = capillary tube calibration in standard milliliters of 
test gas per scale unit. 

L= the number of whole scale units traversed by the 
indicator bubble during the test time. 

P b = barometric pressure at the instrument level, correc
ted for instrument errors and the density of mer
cury to 0° C., minus any effective vapor pressure 
of the indicator, in millimeters. 

K = test temperature of the film surface in ° K. 
t= test duration to nearest 0.01 minute. 

P!i= gage pressure of test gas in millimeters of mercury 
at 0° C. density. 
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In practice this formula was further simplified where several 
test conditions were identical. 

Auxiliary equipment variables 
Dudng this study, it was noted that insufficient temperature 

control was the largest single source of variability since it directly 
or indirectly affected almost every other variable. Blowers caused 
cool spots unless properly baffled. Heavy steel cylinders used to 
store the gases resisted temperature changes necessary for sub
sequent tests, .and time allowances were required so that the 
enclosed gase;:; would be at the test temperatures desired. Vacuum 
equipment was less efficient at lower temperatures and took longer 
to produce vacuums readily obtained at higher temperatures. 
Gages calibrated at one temperature did not equally respond at a 
different temperature; and they required extra care to obtain 
true readings at the colder temperatures. Mechanical timing de
vices were found more variable at the colder test temperatm'es 
than were synchronous motor-driven types. Gas leaks were more 
frequent at the colder temperatures. Extra care was needed to 
)~emove moisture fl'om the test gases that were used at 0° to 10° 
C. Questionablf' permeability readings fl'equently were traced to 
the presence of tiny ice crystals at the surface of the test film 
or along the capillary of the permeability instrument. 

Barometry variables 
The problems associated with the barometry of our studies were 

extensive. Fortunately, practically all were fully identified and 
excellently treated in two publications (15, 52). Among prob
lems not so readily solved were those of frequent moisture par
ticulates and frequent jarring caused by the opening .and closing 
of doors of adjacent storage rooms. 

Indicator variables 
The 1,2,3-propanetriol solution was the best general gas-trans

mission indicator among the 52 compounds considered and tested. 
Both the base and water in this solution were chemically pure; 
thus, the mole fraction of the water content was presumed 
to be the source of most of the vapor pressure. The vapor pressure 
of the base was about 3.0xlO-fi mm./O° C. When a mole fraction 
of 0.9582 was used, the derived vapor pressures for the indicator 
at 20°,15°,10°,5°, and 0°, were, respectively, 16.80,12.25,8.824, 
6.270, and 4.388. These values were sufficiently correct for use 
in the permeability formulas. Pure 1,2,3-propanetriol solidified 
at approximately 0°. 

Since carbvn dioxide readily dissolves in water, the indicator 
8lugs in the capillary were kept short in length. Failure to recog
nize this was responsible for .some variation in early results. These 
variations were reduced by vacuumizing the test solutions, fol
lowed by saturating with the test gas immediately before .each 
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use of the indicator. Each test temperature required this 
procedure. 

The rapid closing of heavy doors in the test building frequently 
caused the slug movement to cease momentarily and then to 
Jump forward. When these tests were repeated, the total slug 
movement for an equal time period was never the same. 

Some early variations were caused by fragments of mycelium 
in the indicators used at 20° C. These inclusions were responsible 
for some irregularity in slug movements. The copper sulfate 
additive lessened occurrences. 

Capillary-tube variables 
A microscopic crack at the epoxy-cemented joint of the capil

larycaused variable results before it was discovered. A slight 
vertical warp along one part of this tube gave unit/time ratios at 
this part that were not equal to those above it. Short-length meas
urements were not proportional to those for the full lengh of the 
capillary. This suggested the use of a specific length of the capil
lary for all subsequent tests. Several substitute tubes also were 
found to have variable bores. A final selection required calibra
tion for each increment of the scale rather than a division of the 
total usable volume into equal units. All tubes were recalibrated 
for each test temperature. 

Variations in results were lessened when successive indicator 
slugs 'were released to the capillary before the previous slug 
reached the full length of the tube. Timing was started when the 
second slug rate became uniform. This usually required about 
two scale units. Tl'eatment of the end of the capillary with 
Desicote Z:, aided abrupt discharge of the slugs. 

These methods reduced capillary-tube variations from a coef
ficient of 17.4 percent to 1.9 percent. 1'he capillary tube constant 
should be as accurate as possible since the results are converted 
to a square-meter basis for apple-box liners. 

Film-sample variables 
It appears probable, from the summary of results of the per

meability tests, that some of the values may not have been ob
tainedat final solubility .of the test gas in the film sample. Efforts 
were made to use only those values that could be reasonably 
repeated. However, a carefully obtained initial value sometimes 
would shHt to other values if the sample .film were continually 
subjected to the test gas. Variations in permeability in a few 
samples conti!lued to occur for more than 10 hours with all test 
conditions held constant, yet no defects could be found in the 
samples or in the test .equipment or conditions. Adequate pre
conditioning of the film samples with the test gas seemed to be 
the only remedy of any help on this problem. 

,. Fisher Scientific Company. 
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Most permeability instruments in some manner hold the test 
film sample rigidly between two chambers of the test cell. Cham
ber halves put together by twisting one into the other may wrin
kle, stress, 01' damage film samples more easily than those held 
together by adeouate, even clamping. (See also (19, 118).) 

Sealing of the film sample to the diffusion chamber shoulder 
became more of a variable at lower test temperatures. Many of 
the greases tried eithel' had vapor pressures of their own or be
came too viscous for a thoroughly reliable seal. Some caused 
gradual deterioration of the O-ring gaskets, a variable difficult to 
locate. Colorless fresh vaseline was the best grease tried. 

Determination of the true diffusion surface of the film sample 
can be the source of a variable. It is usual to assume that gas 
transmission of the film sample occurs only through an area 
equal to one side of the filter-paper diffusion disk. It may occur 
also through the edge of the filter disk and through that area of 
the film ~ample that is beyond the filter-paper edge yet inside 
the compression point of the O-ring. The larger of these two areas 
could mean an error of 4.3 percent; the edge area could add 
another 1.4 percent. Large drawings scaled from microscopic 
measurements indicated the edge is involved but the other area 
probably is not if (1) the test gas is maintained at a gage pres
sure, (2) the filter disk permeability is considerably greater than 
that of the thinnest film of high permeability, and (3) the shoul
der supporting the film is free of scratches or imperfections 
leading to the diffusion grid. A more favored construction would 
be that this shoulder area· be reduced to a minimum that will 
effect a reliable seal. 

The thickness of the film sample was not built into formula 3, 
page 49, because this variable is the easiest maneuvered by the 
manufacturer to approximate a specification. For testing whether 
a film snmple meets a specification, however, it becomes necessary 
to know this measurement. :Manufacturers usually will be able to 
state the mean thickness of a film, plus or minus 0.1 or 0.2 times 
the mean for a certain percent sample, based on so many hun
dreds of sample readings. Thickness usually is expressed to the 
nearest quarter mil. This measurement may not be precise enough 
for permeability purposes for fresh produce. Also the manufac
turers and consumers or designers may measure film thickness 
differently and with different results. 

The ASTM (7) suggests that film thickness measurements be 
made with a micrometer and reported as the average of five 
determinationp-, made uniformly throughout the specimen, with 
the results recorded to the nearest 0.0001 inch (1/10 mil). Major 
and Kammerrneyer (72) suggested .an improvement of the ASTM 
method in which nine thicknesses of a film are measured at one 
time and at a standardized point. For the current study, the least 
variation among methods of measurement was found when the 
disk film samples were folded diameterwise once and radialwise 
twice to produce eight equal sectors l)er disk. The mean of the 
measurements at three places ovel' each folded sector divided by 8 
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gave the mean thickness of the sample. Such measurements were 
made on a total of 1,907 samples of five film types. 

An analysil:l of variance was made to estimate whether there 
was a difference between measurements made at eight different 
points on disks without folding and disks folded to equal eight 
thicknesses. At a critical F-value of 4.54 for 19 to 1 odds, the 
calculated F of 0.84 indicated the agreement between the averages 
was acceptable; and thus, on the basis of equal samples of 16 
means, the sector method probably gives equal accuracy and less 
variation than the single-thickness method of measurement. 

The sector method of measurement was used for thickness de
terminations of the five film types (in table 16). Coefficients of 
variation between tests of different samples of the same film 
ranged from 1.8 to 26.2 percent. Four of the five film types aver
aged within 0.1 to 4.1 percent of the thickness stated by the 
manufacturers. About 75 percent of these slightly exceeded the 
stated thickness. The average thickness variation for the fifth 
film type was 15 percent. Thickness variations may in part be 
due to measurement methods, but they also may in part be due 
to manufacturingcontro]s that heretofore have been believed to 
be adequate. 

Among desirable film qualities submitted by a film committee 
of the Society of Plastics Industry, in 1957, were standards for 
gage tolerances for general-purpose film .(94). These tolerances 
were ±25 perr;ent for 1.0 to 1.5 mils, or ±20 percent for 1.5 to 6 
mils if film is less than 36 inches wide. For film over 36 inches 
widp-, the tolerances were ± 25 percent for 1.5 to 2.0 mils. It is 
now probable these latter tolerances are unsatisfactory for films 
intended to produce specified atmospheres in produce packages. 

There has been some question whether package atmospheres 
reach equilibrium faster in thicker films or in the thinner ones. 
Tomkins (123) found the thinner ones produced a faster equilib
rium in trays of apples covered with 150-gage polyeth~/lene. 
Graphs by SaJunkhe and Dhaliwal (105) showed that fruits took 
almost twice as long to reach equilibrium in a 2-mil film as in a 
1.5-mil film. This variable was not further evaluated in the pres
ent study. The formula proposed on page 6 can be adjusted for 

TABLE 16.-lIfeasunmwnts of fil1n thic7cnesses by the secto1'11wthod 

Film type' Mean thickness Number of 
measurements 

Mils t em. (10-3 
) 

Polypropylene 
Polyethylene (pigmented) 

1.15±O.30 
1.53± .03 

2.92±O.76 
3.88± .07 

442 
324 

Rubber hydrochloride
Polyvinyl chloride 
Polyethylene (clear) 

.78± .02 

.75± .03 
1.51± .05 

1.98± .05 
1.90± .07 
3.84± .14 

459 
324 
358 

'See p. 3 for manufacturers' estimated thicknesses for the samples sup
plied. 

• Thickness in mils is more realistic for thin films, but many data are 
quoted in the c.g.s. system of column 3. 
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any effect of this variable in correlations of package atmospheres 
to permeabilities of package films. 

Film-density variables 
The relationship of the density of packaging films to their 

gaseous permeability was basically delineated by the work of 
Barrel' (11) and van Amerongen (8). However, a workable cor
relation suitable for all film types, at all temperatures, seems not 
to have been satisfactorily resolved. This may in part be due to 
interactions of the polymer melting points, the degree of crystal
lizatiqn and l'esulting amorphous regions of the resins, the branch
ing and cross-linking of the molecules, and the diffusion tempera
tures. The practical effects of density on the permeability of 
films was pointed out by several researchers (62, 83, 115) in 
1957-58. Hardenburg and Anderson (48), in 1959, in apples 
packed in films of various densities, found that the film-liner 
permeabilities apparently varied inversely with the densities. 
(See also 24, 79, 80.) 

A preliminary study of some of the films used by Hardenburg 
and Andel'son (48) and of the limited data on a few other films 
indicated that the oxygen permeability of such films may have 
approximated the hyperbolic cosine of the density at 0 0 C., yet 
only the log of the permeability equaled the density at 23 0 These• 

formulas gave the respective corl'elation coefficients of 0.95 
and 0.98 among the 16 regressions tested. On the other hand, 
the carbon dioxide permeability of these same films also was ap
proximately equal to the hyperbolic cosine of the density at 0 0 

, 

but at 23 0 the permeability was about equal the log of the density. 
A study of some similar films of another manufacturer indicated 
that the log of the carbon dioxide permeability of these films 
gave a linear regression with the log of the densities. These 
different results seem to indicate that still other variables may be 
involved in such attempted correlations of densities and permea
biIities. 

A possible source of some variability may be due to misinter
pretation of density classifications and their limits. The poly
ethylene of the early 1940's had densities ranging from about 
0.910 to 0.925. About 1955, a process made possible densities of 
0.940 to 0.965; and the following year, an intermediate density 
of 0.935 was developed. The American Society for Testing Mate
rials (7) thereupon proposed that films having densities of 0.910 
to 0.925 should be designated as type I ;26 those of 0.926 to 
0.940, type II; and those of 0.941 to 0.965, type III. See (62). 

As a part of this study, graphs were dl'awn for the carbon 
dioxide and oxygen permeabilities of data in papers that gave 
also the densities of the films. These graphs, obtained principally 
for a study oT' the effecta of temperature on film permeability, 
showed clearly a very wide range of permeabilities due to the 

,R Often referred to as "low density," the only density of principal useful
ness for nonperforated packaging of fruits and vegetables. 
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effect of density within type I films. It is insufficient for the 
purposes of packaging fresh fruits and vegetables to assume that 
any type I film may be substituted for any other type I film 
to produce a specific modified atmosphere in a sealed package. 
These data clearly indicate that the density of a proposed film 
should be precisely known for reliable results. 

Methods for the measurement of polymer densities have been 
available for several yearsY However, O'Connell (86) has pointed 
out that the average density reading on a given resin is higher 
today than it was years ago, because then there was no universal 
method for density measurements. He also observed that a poly
ethylene sample prepared by slow cooling may show a density 
of 0.927 but that the sample may have a density of 0.923 without 
special condWoning. This is enough of a change to shift a film 
from a type II to a type 1. T.he resin density may oe further 
varied by the processing technique. ASTM (7) methods D792
60T and D1505-60T have done much to improve accuracy and 
uniformity in resin and film specifications; surely density meas
urements will be less variable in the future. 

The density of packaging films is of concern in the mechanical 
measurement of permeabilities. Karel and coworkers (61) re
ported that as much as 50 hours were required to obtain steady
state gas flo'ws through 2-mil Mylar film. He cautioned that 
shorter times may result in errors of measurement of as much 
as 50 percent. Denser films usually will require higher gas pres
sures on the upstream side to produce measurable permeabilities 
within economical test times. However, films gradually may de
velop stresses or small tears and punctures if the pressure is too 
high. Often these errors are difficult to detect without benefit of 
sequential analysis techniques. (See also (67).) 

Diffusion-digk variables 
The Whatman No. 1 filter paper used in the permeahility 

apparatus allowed ready diffusion of the test gases and had a 
highly uniform texture. Any paper chosen should have a smooth 
hard surface, have a dry strength at least equal Whatman No.1, 
be thin and highly porous, be of high uniformity, and have 
general availability. A thick or rough paper will change the 
diffusible area of the film. A paper too thin or weak will be 
pressed into the diffusion grid and thus reduce the diffusion area 
of the film. The paper should be highly porous relative to the 
most permeable film with which it is to be used; otherwise, the 
permeability of the paper and film .is measured rather than that 
of the film alone. Even limited tests seemed to confirm these 
variables. 

Successive tests of a film sample require at least one re-position 
of the filter-paper diffusion disk. This method gave less varia
bility than either an original disk not re-positioned or a sub
stitute disk. A re-position of the film sample did not account for 

:IT Especially see (7, 82, 124) for methods and bibliographies of techniques. 
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the total variability; but a re-position of both filter disk and 
film did approximate it. 

O-ring variables 
The rubber ring that seals apart the upstream and downstream 

chambers of the permeability cell required replacement many 
times during the 0° to 5° C. tests. At these temperatures the 
rings were less elastic and leakage occurred. It was essential 
that these rings be without mold marks and entirely free from 
microscopic pits, or surface fissures. A tetrafiuoroethylene ring of 
a suitable size might make a less variable gasket. 

Considerable variability occurred when the cell halves holding 
the test film evidently had been screwed together tightly enough 
to distort the film and present a greater diffusion surface. Hence, 
the lightest tight-fit was found by trial, for each sample, each 
t.ime the gas pressure or the test temperature was changed. A 
small amount of vaseline on the upper and lower crowns of the 
ring was needed to tighten the gasket sufficiently and yet not 
tear or wrinkle the thin film samples. A vapor error would have 
been small at the temperatures vaseline was used. With flawless 
O-I'jngs and smoothly machined ring grooves, no variable trace
able to compression of the ring was found, so long as some com
pression was present. 

Purging variables 
It remains a problem how much purging of equipment is nec

essary to insure that a diluent gas is not present and measured 
concun'ently with the test gas. In this respect, measurements by 
a thermal conductivity cell would have advantag('ft Best results 
were obtained when the equipment upstream from the cell was 
vacuumized before introduction of the test gas. The cell then 
was purged at low pressure during its assembly with the film in 
place. The upstream gas valve was closed momentarily for the 
final quarter turn of the cell assembly. This procedure lessened 
tbe variability due to dilutions. 

The voids in the filter-paper disks were computed to be equal 
to 2.1 scale units. Some of tbe film samples doubtlessly contained 
a mixture of dissolved gases. Our equipment did not reliably 
precondition tbe film sample and filter disks. Acceptable varia
bility occasionally required as many as eight complete 15-unit 
purges at permeation pressures. A considered solution was to 
vacuumize the entire test areas, place an indicator slug in the 
capillary, and then admit the test gas. Applications of the method 
would not be simple. A battery of permeability instruments held 
at permeation pressures for several hours would be a better 
method. 

It was found important to cleanse the capillary at each c1ose
down period and each time a different test gas was used. The 
capillary 'was flusbed several times ",sitb freshly boiled distilled 
water, followed by three fiushings with a mild detergent com



57 VARIABLES AFFECTING FILM PERMEABILITY 

patible with the tube material. This was followed by three flush
ings with distilled water and then drying with the test gas. 
Sample tubes were tested for variability by immersion in the 
detergent for 1 week, with calibrations before and after 
immersions. 

Conversion variables 
Since permeability standards have not been universally ac

cepted, work has been reported in various systems of measure
ments. The conversion of these sometimes is involved. It has 
caused resultR to be variably interpreted. As the metric system 
may be universaIIy adopted for its ease of conversions, the sys
tem suggested by ASTM (7) D 1434-58 has been followed in this 
bulletin. It is of advantage to the industry as a whole to use an 
identical standard in reporting l·esults. 

Tables of film permeabiIities have been variably interpreted 
when tabular values have been headed by some factor such as 
"X 101111 or "IOu." When only thin films are concerned, such 
headings should be used only to mean that the tabu1ar figures 
shown have been multiplied by the "power of 10" shown in the 
heading. FOI' instance, the value "2.05" in a table headed by 1011 
is "2.05x J 0 II." and would be so shown were sufficient tabular 
space available. 

Test~temperature variables 
For the mechanical measurement of the permeabilities of films, 

it is generally presumed that the ambient temperature is also 
the temperature of the gas permeating through the film. This is 
a possible variable. The test gas may not be at the ambient 
temperature of the instrument nor at the temperature inside the 
instrument. The true temperature of the gas may vary according 
to its pressure and whether the gas supply at the same pressure 
has been allowed to come to equilibrium with the temperature of 
the sulfaces over or through which it passes. It was found in 
these tests that this dift'erence could be between 0.7" and 2.3 0 F. 
This difference is small, but results in permeability are logarithmic 
to temperatures and temperature differences. 

Recorded permeabilities often lack sufficient temperature spec
jfication~ for the data to be of real value to prospective users. 
Common difficulties are: (1) the temperature at which the data 
were obtained is omitted; or (2) the data were obtained at a 
temperature not used in the commercial storage of produce, and 
no guidance is given for interpolations of the data to other 
temperatures. Permeability rates are meaningless without unmis
takable temperature data, and rates preferably should be given 
for at least two temperature points. 

When two rates are given, the user then may establish loci on 
a nomograph to estimate equivalent permeabilty rates at other 
desired temperatures (90). Also, equivalent permeability rates 
(P) may be obtained by interpolation from a semilog chart of 
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given rates plotted against reciprocals of corresponding absolute 
tempemtures. Many workers have used this relation, varied as: 

Log P=1000/(273+0 C.) [4] 

The results agree well with those obtained by plotting logarithms 
of permeability Tates against centigrade temperatures equivalent 
to logs of the vapor pressures of ethyl alcohol. This method, too, 
is reliable, but it l'equires drafting special l'eference .lines. (See 
also (90).) 

If a permeability Tate is available for only a single temperature, 
the data still may beextrapoluted to other temperatures by an 
An-heni us-type equation into ml./sec,;cm.Z Imm';cm. Hg.-units. 

Log P=(log Pu)-[Ell(103)/4.58(273°+oC.)] [5] 

where Po and Ell are constants specific for each type and density 
of film, for each permeated gas of interest (6, 8, 11, 55, 66, 90, 
.97, 115). These constants should be available from film manu
facturers. They should be specifiC and not adapted from other 
data. 

There is little doubt from these data that both carbon dioxide 
and oxygen permeabilities of films probably form linear regres
sion trends on temperature. However, plots of the permeabilities 
of polyethylene to carbon dioxide from these formulas and data 
from 15 sources in the literature, indicate that the regressions 
are not always parallel for the same densities, resin types, or 
brands of film. Reasons for this variability are unknown. More 
often, similar data for oxygen permeabilities did appear to be 
parallel. Similar data for other kinds of films are too few to 
warrant conclusions. In tentative summary, a safer procedure 
would be to use such formulas to predict variations of permea
bility by temperature only when the formulas have shown agree
ment with experimental data for the particular density, type, and 
kind of film for 'which interpolations are needed. Extrapolations, 
always questionable, should be given consideration only with due 
caution. 

Landrock and Proctor (64) cautioned that permeability rate 
units should be corrected to their values at the standard tempera
ture and pressure (STP) of 0° C. and 760 mm. pressure; but 
there should be 110 possible confusion to the reader that the 
pernieability measurements were made at 0° C., if this was not 
the case. Any application to data by the formula 

273 (local barometric pressure) ]
Cc's x [ "(273+ clef) x ..~---. 760~ [6] 

only adjusts the gas-volume cubic centimeter to a standard size. 
Many present-day wl'iters indicate that this adj ustment of their 
data has been made by using as a subscript to their units of meas
urement the letters "STP." This practice supplemented at the 
end of the specification by the information "@ __ .~ ___ °C.," the 
test temperature, should eliminate confusion. 
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U nassessed variables 
Although many variables that may affect film-liner permeability 

values have been l'eported on in this section, there were others 
that should be mentioned. Among these are the possible effects 
of mixed gases on the permeabilities of films and prolonged 
pt!t'tneations. 

On two occasions, single-film samples were noted to have ap
parently different permeability rates at night and during the 
following day. The permeability rate of one of these samples 
increased 65.4 percent overnight from the previous day rate that 
had held steady for 18 hours. The permeability rate of the other 
sample incl'eased 24 percent over the previous-day steady state 
and then dropped to only a 3.4 percent greater rate during the 
following day. A very thorough check of the instruments and 
:recorders showed no apparent change in any of the recorded 
conditions or controls. Barometric pressures were not recorded 
automatically nor continuously. There was no knowledge whether 
these film samples may have contained any absorbed volatiles. 

There is a possibility that the permeability of films may be 
varied, especially in hydrophilic plastic laminates, when the plas
tic becomes wet by respiration water during storage. Oswin (89) 
noted a 5-percent linear expansion in wet regenerated cellulose 
film and J'ecolded that Morton, in 1935, estimated that pore sizes 
of 5 Angstrom~ in dry film may become fOllr times as large when 
the iilm becomes wet. The relative humicLity in apple liners is 
high throughout the storage period. 

ASTlVl (7) designation D 14M-58 for testing the gas trans
mission rates of plastic sheeting prescl'ibes that the steady state 
of gas transmission is to be c.onsidered achieved when the loss of 
water or volatile additives il'om the specimen are negligible. It 
is reasonable that as gases are removed from the film their ef
fects on measured rates also would be removed and net trans
mission rates would decrease. Although this may occur during 
the usual mechanical test of permeabilities, any such result 
usually is obscured by a net l'ate increase until the steady state 
is apparent. This leaves some doubt whether either moisture or 
volatiles are entirely removed from the specimen films during a 
test. There 18 reasonable doubt also whether such losses occur 
from films enclosing produce, where concentration gradients 
would be much less than under mechanical test conditions. Either 
combination of these events thus would appear to present an 
unassessed variable between mechanically measured permeabil
ities and those obtained by enclose~ produce. 

Meyer and coworkers (78) studied the variability of polyethyl
ene permeability to oxygen in Ule presence of carbon dioxide, at 
test temperatures between 0° and 60° C. It thus seemed not 
urgent to study the effects of the presence of mixed gases on the 
permeability <,f the five test films. To have included such studies 
would have required equipment mOl'e elaborate than probably is 
llsed commercially. 
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Measured versus estimated permeabilities 
It was not questioned at the start of this study that differences 

in permeab111hes among various films would be present, but the 
magnitude of variable interactions became apparent only as the 
study progressed. it was fortunate that the possible presence of 
at least some of these had been postulated and provisions made 
for their study. A major objective of the study was that the 
mechanical measured permeabilities of the various films should be 
compared with those biologically obtained and translated, by the 
HSAV6. method (119), into forecasts, or estimates, tor film spec
ifications. A summary of these results is presented in table 17. 

The RSAV6. method remained a basic practical tool for es
timating the IJermeabilities that might be developed in the vari
ous films, unCler the varied packaging conditions. Actual values, 
rather than estimated values, were substituted into the formula 
where these could be determined. The R values were computed 
from actual case weights and from probable respiration rates at 
thE' storage temperatures inside the liners. The S values were 
based on the liner measurements computed by formulas pre
sented in detail in the next section. The calculations of the V 
and 6. factors were performed as originally proposed in (119). 
A major change (as explained in following paragraphs) in the 
A.-value calculation permitted both halves of this factor to pro
vide for oxygen and carbon dioxide interactions. 

As stated (119), the package-atmosphere constants A, in the 
RSAV6. formula, were estimated from limited available data. 
The present study allowed a greatly expanded test of these con
stants at several tempenlttlres, for three varieties of apples fl'om 
three or more sources, and packaged in five different films. These 
data indicated at odds considerably greater than 99 to 1 that the 
atmospheres .in these packages were probably modified by an in
teraction of the carbon dioxide and oxygen present in the pack
ages. The effect of the carbon dioxide may have been less than 
that of the oxygen, at the atmospheres obtained in the test 
packages. Jt was found that a slight adjustment of the A factors 
for oxygen, plus use of the original values for A for carbon 
dioxide, would approximate an interaction factor for either gas 
when the two .halves of the A factor were multiplied together. 
(See also (5).) 

The oxygen constants (11.9, table 3, p. 9) thus may be revised 
to read consecutively, beginning with 3 percent, 0.411, then 0.453, 
0.500, 0.052, 0.610, 0.673, 0.743, 0.820, 0.906, and at 21 percent, 
1.000. The carbon dioxide constants remain as given. The regres
sion formulas become: 
(a) for carbon dioxide: Log (lOY,.) =O.99720-0.01l93X,. [7] 
and (b) for oxygen: Log(10Y,,) =O.54899+0.02147Xo [8] 
In each of these regressions, Y equals the constant-half for that 
gas, as a decimal; and X equals the percentage of the gas, as a 
whole number. D.ata were not available on which to base any ex



TABLE 17.-Estimated and measured 1Jermeabilities of film liners to ca1'bon dioxide and to oxygen 

Permeability' 

Atmosphere' Carbon dioxide Oxygen 

Type of closure and film 1 variety: 


Apple 
Carbon Esti- Meas- Mean dif- Esti- Meas- Mean dif <:
dioxide Oxygen mated' ured • ference T mated' ured • ference t 	 ~ 

.....Single-tic: 	 Pe't'cent Percent Percent Percent 
~ 

>Polypropylene --. ~------ ..... -... -- (1) 6.6 12.4 7,170 2,180 5,200 850 t'tl
(2) 6,8 12.2 7,050 2,100 227.1 5,060 830 494.4 t" 

t.:j(3) 7.3 11.3 6,650 2,100 4,660 830 rn 
Polyvinylchloride _... _-"' .......... ---- (1) 4.8 14.5 7,630 3,480 5,28D 360 
 :>(2) 5.0 14.1 7,470 3,400 115.6 5,000 340 1,312.5 >:;j

(3) 5.3 13.2 7,060 3,400 4,410 340 >:;j 
Mean for total __ _. ., ..••... 158.3 734.1 t.:j 

0 
~Double-tie: 	 .....

Polyethylene (clear) .• , _ . ______ (1) 4.8 8.2 10,940 10,710 3,500 3,430 ~ 
(2) 4.8 8.1 10,910 10,480 2.1 3,500 3,350 	 3.5 G":l 
(3) 5.2 7.5 10,490 10,480 3,480 3,350 "!l.... 

Polyethylene (pigmented) (1) 4.5 5.4 10,470 10,240 2,520 2,460 t" 
(2) 4.6 5.2 10,400 10,020 2.3 2,540 2,380 	 6.2 ~ ..,(3) 5.0 4.9 10,110 10,020 2,610 2,380 

trJRubber hydrochloride __ , (1 ) 2.1 7.9 14,160 13,980 1,810 1,780 ~ (2) 2.1 7.8 14,030 13,600 1.3 1,810 1,720 	 4.0 ~ 
(3) 2.3 7.2 13,540 13,600 1,810 1,720 t.:j 

Mean for total 1.9 4.5 :> 
b:l .....See table 1, p. 3, for characteristics of film liners.I 	 t" .....• (1), Delicious; (2), Golden Delicious; (3), Stayman. 

• Time-weighted mean atmospheres in liners during tests, at 32°_33° F. 	 ~ 
~ • ml.'STI'1 (mil/24 hrs./m.'!760 mm. Hg./33.4" F. for all Delicious and 32.6° for all Golden Delicious and Stayman. 


, Estimated by adjusted RSVAb,formulas. See text for details. Figures rounded to nearest 10. 

• Mechanically measured under controlled conditions and interpolated to storage temperatures of test corps. Figures rounded 

to nearest 10. 
T Differences computed as: 100 (estimated - measured). m 

measured 	 I--' 
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tension of the table below 3 percent oxygen. It appeared from 
the results in table 17, for the double-tie data, that these con
stants gave reasonable correlations in the test data of this study. 

The design of the RSAV6. formula was intended to include 
adequate safety factors between film specifications and atmos
pheres actually produced within packages of produce. It was in
tended that a film having a permeability anywhere between rather 
wide limits might be used to produce a stated atmosphere within 
narrow limits. Experimental results have now indicated that this 
is basically probable. This practicality requires that measurements, 
conditions, and controls must be determined and maintained as 
pl'erisely as equipment permits. "'henever dependent specifica
tions are formulated, it therefore is suggested that means plus 
standard deviations should be determined for best results. 

Ratios of gas permeabilities of film 
Various workers have inferred that the permeability of a plas

tic film to a given gas bears a c(;,,'.1stant ratio to the permeability 
of that film to other gases and that this ratio is independent of 
temperature. The permeability measurements of this study were 
used to examine this theory further. :More references have re
lated to polyethylene ratios; thus the following results concern 
that film. Results with other .film types were similar. 

Based on 122 permeability measurements, ratios of carbon 
dioxide to oxygen pel'meabilities at 0"', 5°, 10°, 15°, and 20° C .. 
respectively, were: 5.08, 4.63, 4.16, 3.79, !ind 3.45. The difference 
between the lowest and highest ratio was approximately 47 per
cent. To test whether such differences might be due to unusual 
sampling or methods, similar ratios were calculated from data 
for eight other film types given in private correspondence or 
published material. These data, with a single exception, showed 
the ratios incI'eased as the temperatures decreased toward 0°. The 
increase varlC'd-from as little as 31 percent to 112 percent~ 
w.ithin the data and among techniques. These data suggest that 
ratios, constant for a specific film .and a specific condition, may 
not forecast results at a different temperature, for different con
dItions, and for different film types. 

These results also suggest that the permeability of one film 
type should be given as a ratio to the permeability of another 
film type only in accord with experimentallv determinerl measure
ments over a temperature range. Technical brochures frequently 
have not been entirely clear on these points; thus, unintentional 
illusions h.-we been given. 

FILM-LINER DESIGN, 

DIMENSIONS, AND TOLERANCES 


It was anticipated in the experimental design of these studies 
that film-linel' dimensions might prove to be a major source of 
variation in film permeabilities. It would be pointless to specify 
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a permeability rate for a packaging film if the fabricated liner 
should not fit the produce volume. 

T.herefore, liner variations were partitioned and formulas were 
sought to discount the effects of each through efficient liner de
sign. It is believed the simple formulas presented in this section 
sufficiently correlate these important considerations. The effects of 
these design formulas are combined within the section on "For
mula Adaptation." 

Materials and methods 
The five different liner designs used in these experiments were 

described in the first section. These were offered by different 
designers for a single size of container. An examination of these 
five designs showed considerable variation in the dimensions of 
material available for tie-seals, in seam widths, in the widths 
and lengths of the liners available as diffusional areas, in the 
presence or absence of gussets and their depths, and in the 
material (tubing Or flat sheets of plastic) from which the liners 
were made. It seemed obvious that in some designs some material 
was needless and in others the liner could have been better pro
portioned to fit the needs of the produce to be enclosed. 

For analysis of these differences, three 01' four liners of each 
type in turn were fitted tightly to a clothbound metal box made 
to fit precisely inside the fiberboard apple containers used in 
the storage tests. All creases and folds were outlined and the 
areas determined, coded, and sectioned so that they might be put 
together in different combinations on a second sheet of plastic 
that was to enclose the same metal container. From these data, 
formulas were devised to describe the areas believed to have a 
part in permeability considerations. 

1\lost of these areas were mathematically simple, .and the de
viations of their means were very low. Considerably greater 
variance occurred in the liner areas of the tied-too closures. This 
difficulty was earlier anticipated; hence the "tie-off" 28 of the ori
ginal .liners had been removed (p. 31) . These tops, used in the 
india-ink tests, were opened flat and their individual outlines 
were traced on superimposed sheets of thin paper. Comparisons 
of these tracirgs, a few at a time over a bank of shadowbox 
lights, afforded a trial-mean shape suggesting an hyperbola rela
tion. A form~lla for this area ,vas derived, simplified, and tested 
against a mean integrated tracing of the original tops. This 
hynothesized area proved to be statistically satisfactory. 

The rest of the problem concerned derivation of general for
mulas to describe the principal dimensions of liners for any plane
surface container. The dimensions selected as having present or 
future importance were: length, width, one-side surface area of 
the liner, total permeable area, Uner seams, area of liner above 

.. The "tie-off" is considered that area gathered and tied to close the liner. 
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produce, permeable part of the liner top, and the nonpermeable
part of the top. 
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FIGURE 9.-Proportionate dimensions of gusset liners for .boxes: AP, 3 inches 

(minimum); CP, (CB/2) +AP; all other dimensions depend on the height,
width, and length of box required. 
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Liner-design formulas 
The following developed formulas are believed applicable to 

liners for any plane-surface container but not to liners for basket 
containers or .containers of other shapes. The factors have been 
simplified to those of box height (h), width (w), length (l), and 
a selected seam allowance (S). The formulas require dimensions 
to be expressed in inches to two decimal places. Where trade 
usage of a result requires or suggests any conversion to metric 
dimensions, tUs can easiest be done in the final answer. All 
symbols have the same meaning in each formula. 

Whether the liners are made from tubing or flat stock and 
with or witho.ut gussets, affects only the location of the seams. 
These designs take approximately the same amount of material, 
and the same basic formulas can be used. Since gusset liners 
fit containers more neatly than liners without gussets, the gusset 
design is illustrated (fig. 9). For a neat fit, the gussets should 
be positioned as shown and each made as deep as one-half the 
width of the box. The formulas allow for a double-twist seal 
closure of 3 inches. (See "Seam Leaks" and "Twist-Seal Leaks.") 

Length requirements 

The double-thickness length of liners, except for seams, is 
given by 

L= (2h+w +yUJ2+l2+ 6) [9]
2 

The total length of material required for fabrication of the liner 
can be calculated by formula r9] plus the seam allowance (S) 
explained in "Liner Seams," p. 66. The answer is in inches. 

Width requirements 

The width refers to the width of tube stock or to the width 
of double-thickness fiat .stock needed to form a liner either 
with or without gussets. It is given by 

W=w+l [10] 
Care should be observed that dimension (W) is not confused 
with the italic letter (w) used for box widths in the various 
formulas. When side seams are used in the liner design, seam 
allowances must be added to formula [10]. Answer is in inches. 

Surface area 

The surface area for the use intended here includes both perme
able and nonpermeable parts of the liner, but it does not include 
any seams. Formulas [9J and [10] are combined to give the 
surface area, thus: 

2WLA (11]
t= 1,550 

This formula was basic to the derivation of formula [12] and is 

http:witho.ut
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useful to test the derived results in any applications. The useful
ness of the formula in permeability calculations is increased by 
an end-result. '~s expressed, in square meters. In order to use 
formula [11] in figuring liner costs, the seam areas must be 
added to the numerator. The answer is in square meters. 

Total permeable area of liner 

The total permeable area is the important part of the liner 
in permeability specifications. It is calculated by the formula 

2WL-[(~+6) (w+l)] +wl+0.7854(w2 +P) [12] 
AlP 1,550 

This area often is considered to be the same as the surface area 
of the line}'. But there is real and important difference between 
the two. Calculations based on 23 ac'?epted tariff specifications 
for bushel-size 2(1 apple boxes showed this area to be 11.8 to 12.8 
percent smaller than the total area of the liner as given in for
mula [11]. Formula [12] describes the entire area of the liner 
through whjch enclosed produce must receive its supply of oxy
gen and lose its undesirable quantities of carbon dioxide and 
other volatiles. The answer wiII be in square meters-the more 
useful form for area data. 

Formula [12] includes convolute parts of the liner both at 
the bottom of the box and at the top. These permeable parts, 
especially in gusset liners, may contain a variable number of 
folds of material and their areas will vary with the different box 
dimensions. It is believed that these folds do not require addi
tional mathematical definition here or additional specification al
lowance.. Folds do not measurably inhibit the flow of gas mole
cules, and gaR pressures pl'obably are the same within folds as 
in the rest of the liner volume. 

With a selected seam allowance added to formulas [9], [10], 
and [l1J, the above formulas are sufficient for the fabrication of 
liners. Specific dimensional allowances for seams were omitted 
for reasons that follow. 

Liner seams 

A constant for seams was not given in the liner formulas 
because seam widths, lengths, and areas are: (a) simple meas
urements without involved factors; (b) dependent on required 
box dimensions that the user must select; and (c) dependent on 
certain choices of the designer or manufacturer of the liner. These 
choices includf' whether the liner is to be made of: (a) tube 
stock hermetical1y sealed at one end; (b) flat stock folded end
wise and sealed along one side and end; (c) either flat or tube 

:II "A bushel of apples" .is a standardized volume, but this term is commer
cially used to mean any container that is approximately a bushel. See (119, 
p.8). 
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stock with gusset!:! (fig. 9, p. 64); and (d) whether the liner 
seam is sealed folded or flat. (See "Seam Leaks," p. 34.) 

In any combination of these choices, the seam allowances (S) is 
simply the unfoldeli width of the seam (WS) to and including 
the seal (8) added to the width (W) or length (L) of the liner 
as the design requires. The seam width (WS) times the cumula
tive len!,rths of the .seams, measured in inches and two decimals 
of an inch and divided by 1,550, gives the seam area in square 
meters to be added to formula [11]. Neither the seam ~rea nor 
its design otherwise affects the formulas nor the total permeabil
ity of the liner. 

Area of liner above produce 

A formula for calculation of the area of the liner above the 
produce is given because fabrication improvements might be 
made in this area: (a) for considerable net savings for all con
cerned; and (b) fOl· possible elimination of another variable in 
the production of specified atmospheres. This area extends above 
the produce to a height equal to one-half a top-diagonal of the 
box plus a constant: 

A = (v'~+6) (w+l) [13]
Imp 1,550 

The area contains both permeable and nonpermeable sections, in 
square meters. The part of each that is present depends on the 
liner design chosen. The generalized formulas calculate this 
d.ivision. 

Permeable part of liner top 

For the usual tie-off design of liner the permeable part of the 
liner top is below the tie-off and separately calculated as: 

A = ~vl+0.7854(W2+l~) [14] 
p 1,550 

The answer will be in square meters. The value of this general
ized formula is included in formula [12]. It is equal to the area 
of a circle, having as its radius one-half a top-diagonal plus 
the length times the width of the box. 

Nonpermeable part of liller top 

The nonpermeable part of the liner top is easiest computed as 
the difference between equations [13] and [14], or as 

= (v'~+6) (w+l) -wl-0.7854(w2 +l2 
)

A [15]
II/I 1,550 

The answer will be in square meters. This tie-off part of the liner 
is a trouble-s()urce variable that accounts for more than 13 per
cent of the total liner area. 
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Tolerances 
Dimensional tolerances are provided for in the formulas by 

choice of acceptable w, h, and l measurements. Freight tariffs 
and other references usually give only the inside measurements 
of shipping containers; but the use of these for liner dimensions, 
without tolerance:::, can slow packing lines and increase costs. 
The usual remedy is to make the liner "just a little larger," 
possibly as large as the outside dimensions of the container. The 
minimum magnitude of this variable was tested by making in
side and outside measurements of 15 commercial fiberboard con
tainers of the U3-size from three box manufacturers. It was 
found that, on the average, liners made on outside box dimen
sions would have 7.9 to 11.9 percent greater area than if the 
inside dimensions were used. Measurements of the outside dimen
sions of the bottom part of the boxes were then compared v :th 
the inside dimensions. The differences for these comparisons 
ranged from 2.8 to 4.4 percent. 

It is believed that outside dimensions for the bottom part 
of boxes will ordinarily provide a sufficient tolerance and yet 
will provide an acceptable limit for this variable for permeability 
specification purposes. The use of fruit trays with rounded cor
nel'S will provide an additional tolerance that may speed packing 
operations and cut packing costs. 

The total effect of liner design in RSAV6. applications, based 
on the above formulas, has been combined into a single adjust
ment, which will be given in the next section. 

PRACTICAL APPLICATION AND IMPORTANCE 
Formula adaptation 

Within the foregoing sections results of experiments, obser
vations, analyses, and suggestions on the control of packaging 
variables were presented to aid in obtaining specific modified 
atmospheres in packages. These are believed to enhance the 
RSAV6. formula for required film permeabilities for storage of 
app1es and perhaps other fresh produce. 

The RSAV6. formula was presented by the writer in 1962 
(11.9) as a practical tool for estimating required film permeabili
ties for apple storage. Where a certain film has been found 
through repeated experience to produce a beneficial modified 
atmosphere that is satisfactory under commercial conditions, it 
becomes academic to know the permeability of that film. It is im
portant, however, to know that the film requested is the film 
received and to know how to describe the film. For new or dif
ferent film-packaging proposals, factual values that have been de
termined certainly should be substituted in any adaptation of 
the RSAV6. formula. It is believed this bulletin has reasonably 
demonstrated what might be accomplished when such substitu
tions are possible. 
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This study has not demonstrated a need for any revision of the 
basic concepts for the RSA V 6. formula; but it has emphasized 
that the factors of the formula need to be determined as accu
rately as possible and that they accurately describe the condi
tions they are presumed to represent. The following paragraphs 
direct specific attention to certain admonitions that concern 
applications of the formula. 

R-factor 

Estimated R values for 20 principal varieties of apples at five 
common storage temperatures have been presented (119, table 1). 
They were i.ntended to be used where actual values were not 
available; and formulas were given for factual substitutions by 
the user. The two variables forming each R value are t1:J.e mean 
net weight of the usual box of apples and the mean respiration 
rate of the apples under the stated circumstances. If the user 
reliably knows these two variables for his set of circumstances, 
the first value in pounds and the second in milligrams of carbon 
dioxide per kilogram per hour, he then needs only to multiply 
the product of these two figures by 5.5422 to derive his own R 
value. If the two variables are not known, current estimates of 
R may be obtained by multiplying values in (119, table 1) by 
1.0317. Should the user need temperature adjustments, (119, 
table 8) provides means of finding these.:10 

S-factor 

The use of the suggested dimensions for linerf; as developed 
in the preceding section will affect the box-liner surface con
stants, S, given in (119, table 2). The constants there given were 
theoretical estimates for custom-fit liners without folds, a fabri
cation discussed in this bulletin but yet to be accomplished in 
commercial practice. Until such liners are available, more ac
ceptable Sfactors for liners with folds may be obtained by 
multiplying the first 15 constants in (119, table 2) by 0.6476. 
The last eight constants require an average multiplier of 0.6493. 
Coefficients of vadation for these multipliers, respectively, were 
4.2 and 3.4 percent. 

A-factor 

Formerly (119) A values were separately computed and used 
for each test gas. The present study showed that closer approxi
mations to the interaction of carbon dioxide and oxygen upon 
permeabilities could be obtained by the use of a single A value 
for both gase::-that value to be a product of constants newly 
derived by given formulas. This was found possible through only 
slight changes in the original values (119, table 3). (See p. 60.) 

JO The constant for 40· F. (119, table 8) should read 1.469; the footnote 
formula should read (0.02089X· F.) -0.66848. 
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V-factor 

The present study demonstrated the validity of this factor. 
No change in computation appears to be necessary. 

6.-factor 

The true value of this factor may need revision to mean local 
barometric variations. Variations at the test site of this study 
approximated the formula conditions, and thus the data were too 
meagre for any study of variance traceable to tilis source. The 
f:,. values obtained by the present formulas were satisfactory. 
See (15,52). 

Importance to plastics industry 
The results of this study in no way intend to discredit or to 

favor any of the five types of films chosen for these experiments. 
These experimental films were chosen to illustrate and provide 
a basic study of variables. They did this job well. The film indus
try has greatly progressed in the last 30 years. Packagers and 
suppliers currently are investing nearly $1 billion a year to achieve 
better, more economical packaging (8). It is estimated that each 
dollar spent in basic research will ultimately mean $1,000 in 
new plants and equipment. In the future, packaging doubtless 
will include a far greater usage of improved plastic films. 

In 1964, Brown (17) wrote: "A number of articles have been 
published which deal with permeability and shelf life, but few 
predictions with later confirmation have been made. The factors 
affecting shelf life include moisture, temperature, light. air, prod
uct/package interaction, microbiological contamination, instabil
ity of package ingredients, change of chemical systems. absorp
tion of off-flavors from the packaging material, loss of volatile 
constituents and so on." His conclusions imply that biological 
results, rather. than mechanical ones, should be the objective of 
packaging research. It indeed has been the objective of this cur
rent study. 
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APPENDIX: 


EXAMPLES OF FORMULAS APPLICATIONS 

(1) A worker finds that an apple liner contained the followjng 

percentages of carbon dioxide (c): first day, 0.0; sixth day, 2.2; 
12th day, 4.3; 18th day, 5.6; 24th day, 3.5; and 30th day, 3.6. 
What was the probable effective carbon dioxide component of the 
atmosphere during this period? 

Solution: Use formula [1], ~age 6. 

- 2(2.2+4.3+5.6+3.5) +0.0+3.6 -35 tGc-· 2(6) -2 - . percen [16] 

(2) The corresponding oxygen percentages in this liner were: 
21.0, 16.6, 12.4, 9.2, 13.6, 13.4. 'fhe worker is concerned that the 
liner may have been punctured during his fourth inspection. 
Is this probable? 

Solution: Apply formula [2], page 31, to the fourth, fifth, and 
sixth inspections. 

21.0-9.2 =21 21.0-13.~~. =21 21.0-13.4 =21 [17]5.6 . 3.5 . 3.6 . 

Based on Tomkins (121) observations, the 2.1 ratio is greater 
than 1.5 and thus the liner probably is intact. The cautious worker 
probably would further check this liner similarly for at least 
two-thirds of the inspections. 
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(3) A film sample was measured for its carbon dioxide per
meability at 5° C. The test conditions (see p. 49) were: An es
timated diffusible sample area of 13.6221cm.2, for a constant 
of (2.73xI02 xl.44XlOaxI0') + (1.36221xl01) =2.89xI08; C= 
0.0305; L=14.3; P b =756; K= (273+5); t=8.34; and P,,= (50 
PSIGX760) +14.695=2,586. What was the permeability at the 
actual thickness of the sample? What would it be "per mil" '! 
Solution: Use formula [3], page 49, 
2.89XI0sX3.05xl0-2xl.43xl0'x7.56XI0~ =15893 10" [18]

2.78xl0~x8.34x2.586x10a . x . 
The permeability is 15,893 ml"""I')/m.2/24 hr./760 mm..6/5° C. 
for the sample thickness. Multiply this result by the actual thick
ness in mils to obtain the permeability "per mil." 

(4) The determined oxygen permeabilities of a film at 5° and 
20° C. are, l~espectively, 500 and 1,600 mI.(STI'>imil/m.2/atmos.j 
day. What would be a probable estimate of the permeability of 
this film at 7°? 
Solution: Use the right-hand half of formula [4], page 58, to 
find abscissa values for 5°,7°, and 20°. 

50- 1,000 -360' 70- 1,000 -357' 200- 1,000 -341-(Z-73+5Y -. , - (273+7) -., - (273+20) - . 
[19] 

On a semilog chart, plot horizontally 3.60 and 3.41 against their 
cOITP,sponding permeabil1ties located on the vertical log scale, and 
connect the loci by a straight line. From the 3.57 intercept, read 
590 ml. on the log sCf.:lle. (Any e}..1;rapolations, especially for lower 
temperatures, may be invalid.) 

(5) The only known oxygen permeability of a certain film is 
7,900 ml./mil/m.:!, atmos./day, at 25° C. However, the manu
facturer has supplied for this particular film a Pu constant of 
0.031 and an activation-energy constant of 9.6 kilogram-calories. 
What would be the estimated permeabHity of this film at 0° ? 
Solution: Use formula [5], page 58, with Po =3.1x10-2 and 
Ep =9.6. 

Log P=]og (3.1x10:?) - [ 4.:8~;71°~0) ] [20] 

= (log 3.1- 210g 10) -7.67791 
=0.49136-2.0-7.67791= -9.18655, or 

+ 0.81345 -10 
:. P=6.5080XI0-1oml.(STP)/sec./cm.2jmm.jcm.Hg, at 

0° C. 
To convert this system of units to ml.(sTP,/mil.lm.:!j24 hr.j760 
mm. Hg.i\, the abO\Te result is now multiplied by 258.51917 x 10lD. 
The calculated estimate is 1,682 mL31 (See cautions on p. 58.) 

(6) '''hat constant in a RSAV.6 specification 'would one use 
for an approximate 4.5 percent oxygen? 
.....,."",-..,.,...."'....,. -~" 

.\ An ('stimated permeability of this film has been reported by others to be 
1,797, a difference of 115 ml. 

http:P=6.5080XI0-1oml.(STP)/sec./cm.2jmm.jcm.Hg
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Solution: Use formula [8], page 60. 

Log (10Yo ) =0.54899+0.02147(4.5) [21] 
=0.64560 

.'. 10Yo=4.4218, and Y4•s =0.442, the value of the constant. 

(7) A liner is needed for an ~/8-inch fiber-stock apple container 
whose inside dimensions are l11l/t. inches high, 12 inches wide, and 
19% inches long. The corresponding outside dimensions of the 
bottom part of the box are 12 inches, 121h inches, .and 20 inches. 
The liner is to be provided with adequate gussets, is to .have .a 
o/t.-inch seam, is to have a double-tie twist closure, and is to be 
made from tube stock. What should be the dimensions of the 
liner; and how much material will each liner require? 

Solutions: 
(a) The length, by formula [9], page 64, would be 

2(12) +12.25+v!f2.254W+6] 075 33,1-' h [22]L = [ 2 +. = 'J8 mc es. 

(b) The width of tube stock, by formula [10], would be 

W=12.25+20.0=321/J. inches. [23] 

(c) The depth of the gussets, by figure 9, page 64, should be one
half the width of the box, or 6% inches each. [24] 

(d) The single-sheet material per liner would be, by formula [11], 

32.25 x 2 x 33.625 
At = 1,550-·-=1.4 sq. meters, or 1.67 +sq. yds. [25] 

Dimensions may be checked by substitution in figure 9. For all 
liners, the minimum value of PA. should be3 inches. In practice, 
this liner would be given a pilot-plant test to be sure its tolerances 
would be satisfactory for the range of variances to be found in 
the factory of the user. 

(8) For the purpose of calculating the S factor for an RSAV6. 
specification, what would be the total permeable area of a liner 
of the above dimensions? 

Solution: Use formula [12], page 66, and the answers obtained 
by formulas [9] and [10] in example 7. 

2(32.25x33.625) - [(\1'12.252 +202 +6) (12.25+20)] 
+ (12.25x20) +0.7854(12.252 +202

) 

1.550 

=1.223 m.2 [26] 

This answer is only 73 square inches less than the S constant 
prev,iously given for this box (119, table 2). The careful designer 
probably would calculate dimensions for both sizes of liners, then 
make careful samples of each and test them for the preferable 
fit under the conditions and variances in the plant of the user. 
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The essential difference, in this illustration of application, is not 
which size of liner is chosen but that the permeable area of that 
liner shall have a known value that will be meaningful in the 
permeability specification of the liner.. On the other hand, it also 
is important to the user that the selected liner is not of such 
dimensions that his labor cost£ would be increased. (See para
graphs for calculation of S-factors, p. 69 and below). 

(9) Rome Beauty apples are to be stored at 32° F. in liners 
that are to attain an effective atmosphere of 3 percent oxygf"il 
and 4 percent carbon dioxide. The mean net weight of the app}e.~ 
has been reliably determined to be 42 pounds per box. The bOJn1S 
to be used are closest in dimensions to those of tariff box fltl56. 
The liners are to have double-sealed seams and to be doubkoHe 
sealed. What estimated film permeabilities should be specifie·~P 
Solutions: 

R-factol'.-Since the true respiration rate of the apples is tnl
known, an estimated rate must be used (119, table 7). MuH:fp!: 
this rate by the box weight and the adjustment factor expi~~.i'.,,~d 
on page 69. 

R = 42.00 x 2.63 x 5.5422 = 6.1219 x 102 [27] 

S-facto1·.-There are two methods available for computing this 
factor. For the first method, compute the AlP value (formula 12, 
p.66) and use it in following formula 

1 1
SI= -'-- =-- =8.1766x10~J [28] 

AlP 1.223 

For the second method, multiply constant S (1.270) (119, table 2, 
tariff' number 6056) by adjustment factor 0.6476 (p. 69). 

S;!=1.270 x 0.6476=8.2245 x 10~1 [29] 

The SI value is preferred. It is a little more accurate than S~. 

A-fartor.-Multiply a,. value for 4 percent carbon dioxide 
«0.915+0.866) +2, or 0.89050) (119, table 3, footnote 1) by 
constant a,., as revised, for 3 percent .oxygen (0.411) (p. 60). 

A=0.8905 x 0.411 =3.6600 x 10-1 [30] 

V-factor.-See (119, fonn'llla 1). 

[ V=-1.0b=(~g4+6.03) ]=8.4946X10 
1 

[31] 

RSAY-factor.-This is the product of the preceding four factors. 
It is the same for carbon dioxide and oxygen; it saves time to 
compute it once for both. 

=6.1219X 10zx8.1766x 10 1 x 3.66 x 10 I x 8.4946 X 10-1 


= 1.55626 x 10:! [32] 

tl-JactOI'.-(a) carbon dioxide requires formula 2 (119), and 

(b) oxygen requires formula 3 of the same reference. 

http:V=-1.0b=(~g4+6.03


81 VARIABLES AFFECTING FILM PERMEABILITY 

1
(a) 6c= [ (0.04X760X~~~4946) -0.228 ] =2.96926 x 10 [33] 

(b) 60=[159.52- (0.037;~60XO.84946)J=5.42267X10o [34] 

If the local mean barometric pressure during the usual storage 
period is known, substitute this value for 760 in the denominators 
of [33] and [34]. In (a), multiply the barometric mean by 0.0003 
to obtain the replacement factor for 0.228. In (b), multiply the 
barometric mean by 20.99 to obtain the replacement for 159.52. 

RSA V 6c.-The carbon dioxide permeability specification would 
be [32] X [33], or 

= 1.55626 X 102 x 2.96926 X 101 = 4.6209 X 103 [35] 

RSAV6o.-The oxygen permeability specification would be 
[32] x [34], or 

= 1.55626 x 102 X 5.42267 x 10° = 8.43908 X 102 [36] 

Both [35] and [36] are: ml.(!;Tl'l/mil/m.2/24 hr.j760 mm. Hg.6/ 
at 32° F. The required permeabilities thus are about 4,600 ml. of 
carbon dioxide and 850 I111. of oxygen, as the nearest practical 
values. 
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