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UNITED STATES DEPARTMENT OF AGRICULTURE 

WASHINGTON, D. C. 


FACTORS AFFECTING THE RATE OF DRYING 
OF KIEFFER PEARS 1 

By C. W. GrrLPEPPER, physiologist, and H. H. MOON, assistant pomologist, Division 
of 'Fruit and Vegetable Crops and Diseases, Bureau of Plant Industry 
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INTRODUCTION 

For several years the Department of Agriculture has been carrying 
on investigations on the preservation and use of the Kieffer pear. 
The results of studies of the ripening, storage, canning, and preserving 
with sugar have already been reported (7, 8, 10).2 The;;'e are still a 
number of other ways in which the fruit may be used immediately or be 
preserved for future use. The method of preserving many fruits by 
drying has long been employed/.and it was suggested early in the course 
of these studies. It is the purpose of this report to deal particularly 
with the factors that influence the rate of drying. The general prin
ciples underlying the evaporation of water from moist products have 
lo~een understood (1, 2, 3, 4, 5, 6, 13). The purpose here is to 
shft' how these principles apply in the drying of Kieffer pears. 

«::n 
~ 

APPARATUS AND METHODS EMPLOYED 
~ 
nj·these tests, use was made of a small steam-heated dr~er through 

wWt a large volume of air could be forced by means of a powerful 
f~{fig. 1). It was built in two sections, one of which provided for 
th'e11eating of the air and the other for the space devoted to the drying 
proper. The first section was 4 feet long, 30 inches wide, and 22 inches 
high. It was provided with two radiators each having 65 square feet 

I Received for pUbllmtion Mar. 23,11137. 
• Italic num~~ In parentheses rerer to Literature Cited, p. 29. 
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of radiation which were separately connected to the steam supply so 
that either or both could be cut off or regulated as desired. 

The drier proper was a "stack" type 6 feet high, 4 feet wide, and 
30 inches deep, lined with asbestos, and covered with insulating 
board. It was provided with small steel rods extending tlll'ough the 
drier for supporting trays of fruit in such fashion that they could be 
readily introduced or removed, and arranged in different ways to 
f;lcilitate drying. Adjustable shelves or baffle plates could also be 
introduced in various positions so that the entire volume of air could 
be forced through a narrow tunnel, or air channel, producing an air 
currentof high velocity, or through a large channel that ga,ve a cur
rent of low velocity. The plates could also be placed so as to allow 
part of the air to pass directly throus-h the drier without passing 
through any particular channel. Thus ill figure 1, at a the air would 
have a high 'Telocity, at b the velocity would be less, and at c it would 
be low as R l','sult of progressive widening of the air channel. In this 
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FIGURE l.-Diagram of drier used in the study of the factors influencing the rate of drying in Kieffer pears: 

a, Air channel of high velocity; b, air channel of medium velocity; c, air channel of low velocity. 

way air velocities from a fraction of a mile to more than 12 miles per 
hour could be readily obtained. Tests with two or more air velocities 
could be carried out simultaneously. 

Steam was supplied by a high-pressure boiler and was .reduced to 
any desired pressure (±1 pound) by a reducing valve. By using both 
radiators, or eliminating one and regulating the valves, almost any 
temperature between 30° and 70° C. could be obtained. 

The air velocity was measured by a standard anemometer and 
thermometers were inserted through the side walls of tbe drier so that 
the temperature could be observed at all times. 

There was no device for maintaining a definite constant humidity. 
Considerable variations in the humidity could be obtained by intro
ducing steam into the air intake,.or by allo~g the air to p~~s directly 
over pans of water before entenng the drying tunnel. ThIs was an 
easy matter as the pans of water could be placed in one air channel 
before entering the next where the material for the test could be placed 
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for observation. Thus for a particular set-up, t.he humidity would 
generally remain almost constant for a number of hours. 

The chemical method of measuring the humidity was employed. 
This consisted of drawing a definite volume of air (2,000 to 12,000 cc) 
over phosphorus pentoxide and weighing the amount of water ab
sorbed. The result obtained was the absolute humidity which was 
converted into relative humidity for the particular temperature 
employed. 

The weighings were made upon a standard analytical balance. The 
removal of the sample from the drier, while being weighed, required 
at most only. a few minutes,and since the drying process extended 
over a period from several hours to many days, the error thus intro
duced is obviously small. 

PREPARATION OF FRUIT AND METHODS OF DRYING 

The fruit for the tests was grown at Beltsville, Md. A large quan
tity was ripened in a constant-temperature room maintained at 60° F. 
After properly rip-ening, the fruit not needed for immediate use was 
stored at 32° until the tests could be made. Likewise, because all the 
tests upon the unripened fruit could not be made immediately after it 
was picked from the tree, a large quantity was put in storage at 32° 
to be used as convenient. 

For most of the tests the fruit was peeled and cored as is usually 
done in canning. A guarded knife for peeling and 8. special looped 
knife for removing the cores were used, because smoother and more 
uniform surfaces could be obtained with these than with ordinary 
knives. The surface of the ripened peeled fruit appeared slightly 
smoother than that of similar unripened fruit. This is mentioned 
because it may possibly have some influence on the drying ratel? 

To facilitate the handling during weighing, a series of small wooden 
bases each 2 by 2 inches by one-fourth of an inch thick was employed 
to support the slices of fnut. From the center of each base extending 
upward was a pin 2 inches high upon the top of which the slices of 
fruit were impaled during the drying process. The segments of fruit 
were therefore not in contact with each other or with any other object, 
so that the entire surface was exposed to the drying action of the sur
rounding atmosphere. The fruit was thus 1 or 2 inches above the 
floor of the air channel which largely avoided the influence of the drag 
upon the air flow due to the resistance offered by the channel floor. 
The anemometer couJd be placed exactly beside the fruit so that the 
detennmations of the, air velocity applied precisely to the velocity of 
the air current passing the fruit under test. The bases served as a 
means of transferring the fruit to the analytical balance, thus avoiding 
the necessity of touching the fruit or disturbing the surface in any 
manner dunng the weighing process. 

The peeled or unpeeled fruit was sliced longitudinally into segments 
of the desired size; each segment was then impaled upon the pin of the 
base so that the outer surface of the fruit was downward and the inner 
surface or margin was upward. The base, previously weighed, and 
the fruit were weighed together and the results were recorded. The 
segments, with their longitudinal dimensions parallel to the direction 
of the air flow and the stem end pointing into the wind, were then 
placed in tbe drier which had been previously set for the conditions 
desired. This seemed necessary for uniformity, especially with the 
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smaller ~egments. The fruit was generally weighed at the end of 1 
hour of drying and thereafter every 2 to 6 hours, depending upon the 
rate of drying. Rare]y was the fruit allowed to remain in the drier 
until complete equilibrIUm was established or the wei~ht became con
stant, 'because the fina] part of the drying process reqUIred many days, 
especially with the larger pieces or with the lower temperatures. 

COMPOSITION OF FRUIT 

Lutz, Culpepper, Moon, and Meyers (8) have reported upon the 
composition of the ripened and unripened fruit at different stages of 
maturity. Since seasonal conditions might cause some variation it 
was thought advisable to take samples of the peeled and unpeeled 
fruit, both ripened and unripened, under study. Ten representative 
fruits from each lot were seled-cd and analyses made upon duplicate 
samples. The results are shown in table 1. It may be noted that 
there were only small differences between the ripened Ilnd unripened 
fruits, as well as between the peeled and unpeeled fruit. The soluble 
solids were slightly higher and the insoluble solids slightly lower in 
the ripened than in the unripened fruit. The dry matter or total 
solids was nearly the same in the ripened and in the unripened fruit 
and the moisture averaged 86.5 percent. The insoluble solids were 
slightly higher in both the ripened and the unripened unpeeled fruits. 
From the practical standpoint the differences in composition appear 
too small to be of much importance. It is noted that the Kieffer pear 
has a rather high percentage of soluble materials-t.hree to four tIDIes 
the amount of the insoluble. The solubles, consisting of sugars, 
acids, tannins, and other undetermined materials ",ith a high water
absorbing capacity, influence the physical characteristics of the dried 
material as well as the rate of drying. The significance of these 
in.fluences will be pointed out subsequently. . 

The tests were necessarily conducted upon individual fruits because 
the different fruits varied somewhat in their behavior in drying. In 
order to minimize the effects of these individual variations and make 
the tests as comparable as possible, each test was_generally repeated 
several tinles. Further details regarding this will be given in the 
discussion. 

TABLE 1.-Composition of the Kieffer peal' before and after ripening and before 
and after peeling 

[J,xprcssed as percentago or the fresh material] 

Solu- Insolu- Reduc- Nonre- Acid- TotalTotal TotalTreatment ble ble Ing duclng Ityas astrin·solids sugarsolids solids sugar sugar citric ceney 

Percent Percent Percent Percent Percent Percent Percent PercentRipened, peeled _____________________ 11.06 2.44 13.50 7.16 0.30 7.46 0.26 0.146Ripened, unpeeled __________________ 10.56 3.04 13.60 7.57 .31 7.88 .24 • ISOUnripened, pecled ___________________ 10.55 2.98 1:1.53 6.64 .39 7.03 .~ .160Unripened, unt:~led ________________ 10,17 3.~ 13.37 6.85 .33 7.18 .29 .185 

The 'purpose of the drying tests to be described has been (1) to 
determme whether or not there are differences in the ripened and the 
unripened fruit that affect drying behavior; (2) to determine what 
differences factors other than stage of maturity inherent in the his
tory of the fruit previous to drying, such as size, make .in. drying 
behavior; (3) to detel'mine the effect the different methods of prep
aration, such as peeling and size of pieces, ha-ve upon drying; and 
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(4) to gain information on the rate of drying at different periods 
during the process and on the effects of the temperature, and rate of 
movement and humidity of the drying air. 

EXPERIMENTAL RESULTS 

EFFECT OF SUBDIVIDING FRUIT INTO SEGMENTS OF DIFFERENT SIZa;:s 

For the tests on the effect of segments of different sizes the fruit 
was weighed, peeled, and sliced longitudinally to give a series of sec
tions consisting of pieces one-half, one-fourth, one-eighth, one-six
teenth, and one thirty-second of' the entire fruit. The slicing was 
always parallel to the longitudinal axis of the fruit so that the pieces 
consIsted of radial segments corresponding to the above-stated sizes. 
It was obvious that there was some error in slicing the fruit, for the 
segments were not geometrically perfect. To compensate for this 
error as much as possible the tests were repeated eight times. Fruit 
in one half of the tests was ripened; in the other half, unripened. The 
difference in the ripened and unripened fruit was small and by com
bining the groups, using the larger number of tests, smoother curves 
and more reliable results were obtained. The fruits for each of t,hese 
tests also varied somewhat in size. The mean weights for each series 
of segments were: Halves, 76.30 g; quarters, 38.61 g; eighths, 19.65 g; 
sixteenths, 10.18 g; and thirty-seconds, 4.97 g. It is noted that even 
the average values are not quite correct for a perfectly subdivided 
fruit; however, they are close enou~h to those of a fruit theoretically 
perfectly divided to give nn apprmamate idea of the variations in the 
rate of drying of pieces of different sizes. 

The segments were placed in the drier, side by side, so that the 
drying conditions were identica1.3 The weighings were made at inter
vals of from 1 to 6 hours, depending upon thesize of the pieceor therate 
of drying. The difference in the weight of the fruit at the beginning 
and at any subsequent time represents the actual water evaporated. 
The results ap:pear more satisfactory, however, if expressed as per
centage of mOIsture that the material contains at different times 
during the drying process. This was done on the basis that the 
fruit contained 13.5 percent solid matter at the beginning, as the 
chemical analysis had shown (table 1). The results, expressed as 
percentages of residual moisture, are given in table 2 and illustrated 
in figure 2. 

T .... BLE 2.-The moisture content of Kieffer pears cut into different sized segments 
after drying for various lengths 'of time 

Length Moisture content I in- Length Moisture content I in-.oCdry· of dry·
ing 1---:------,,.----....,----:---1 ing 1---,------;---;------;-

rti~::;~) 1IIllves ~~t Eighths te~l:~i,s ~~~r;a; 8~-~~~) Halves ~~t Eighths t:~~ils ~~:a; 

Percent Perctnt Ptrcent Percent Percent Percent Percent Percent Percent Percent L.____________• ________ ________ 82.47 78.7 24______ 56.2 45.3 30.0 14.8 13.3 
2_"_____ 84.4 83.•1 82.0 78.3 69.1 32_ _____ 43. 1 :11.5 20.2 12.5 11.5 
4_ ______ 82. 3 80. a 77. 7 70. 3 46.6 40______ 32.2 22.3 15.6 12.1) ______ __ 
6_______ 79.9 77.3 73. 5 flO. 8 33.1 48______ 24.6 16.9 13.2 11. 8 ______ __ 
8_______ 77.6 74.4 f>B.8 50.2 26.1 f>lL____ 19.8 14.5 12.3 11. 5 _______ _ 
10______ 75.2 70.9 04.3 39.3 22.2 
140_____ 70.2 64. () 54.5 27. 1 18.3 ilL:::: ~u l~: ~ U: r ---iii:7- ----iO~5 
18______ 64.8 56.7 44.5 20.1 15.8 

1 Original moisture content was 86.5 percent . 

• Unless otherwise stated the temperature of the drying nlr in all tests was 35° C., its velocity 5.72 miles 
per hour, and its relative humidity 16.2 percent. 
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RATE OF CHANGES IN MOISTURE CONTENT WITH PROGRESS OF DRYING 

Itmay be noted from figure 2. that the rate of change in the moisture 
content is not constant throughout the drying process. There is a 
large amount of difference at the beginning and toward the end of 
the process and a decided d?.fference in the large and the small seg
ments. The curves have a characteristic form, sloping downward 
abruptly at first, but increasing this downward trend until toward 
the middle of the process, when they begin to flatten out decidedly. 
The form of the curves is quite similar for all sizes of the fruit pieces; 
the curve for the smaUest segment slopes downward much more 
abruptly than that for the largest. 

These changes may perhaps be better understood by studying 
them directly. The rates of change in moisture content were obtained 
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FIGURE 2.-Percentage moisture content of KietTer pears cut Into ditTerent sized segments, after drying Cor 
various lengths of time: a, IIalves; b, quarters; c, eighths; d, sixteenths; and e, thirty-seconds. 

directly from the curves 'in figure 2 by means of the Richards-Roope 
tangent meter (12). The results are recorded in table 3 and illus
trated in figure 3. From the beginning of the drying process the 
rate of change in moisture content for all size segments increases for a 
certain time and then decreases continuously to the end. It is very 
much greater in the smaller segments during the first part of the 
drying process, although the rate of change in all segments approaches 
zero toward the end of the process. The rate begins to slow down 
very m.uch in the thirty-second segments before the maximum is 
reached in the halves,the maximum rate in the former being six 
and one-half tim~ls the value of that in the halves. The maximum 
was reached at the end of 3 hours in the thirty-second segments and 
at the end of 30 hours in the halves. In the intermediate-size segments 
the maximum rate of change occurred at various intermediate times. 
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TABLE a.-Rate of change in moisture content during the drying of Kieffer pears 

when sliced into segments of different sizes 

Length Change In moisture content per hour, Lcngth Change In moIsture content per hour, 
or in- o! in

drying drying
periodperh10<1) Hal Quar· E' btl SIx· Thlrtv·

{hours ves ters Ig IS tccnths sct'oUlis (bours) Halves ~~~. Eigbths ~n~hs =:~ 

Per..nt Percent Percent Percent Percent Percent Percent Ptrcent Percent Percent 
2..••____••••.••••_••_•• 2,()<JO 4.003 10.000 15••••_•• _____ ••__ ._•••_. ____•__ • 1.938 0.625 
3••••••_. _. __ •__••__ ••••••• __••_•.__• __•. 12,500 20._••••_ 1, 400 1,870 2.690 L (}IO .469
4•• ___ ._ •• __ • __ • _____ ._. _. _______ •_____ • 11.400 30._ ____ 1.600 1.670 .950 .340 .162 
5___ ."__ 1.125 1.540 2,175 4.588 40••____ • 1.150 .844 .421 .037 •• _••• __

50. __________.__ ,,100 .1:{7 __ •••____ •• ____ _ 
60. ___._ .418 .152 .054 __ •___ •_________ 

10•••• __ 1.200 1.740 2.350 4.003 2.070 70._._._ .219 .056 ,020 ••• _•••••_••_••• 
L::::: :~:::::: :::::::: :::::::: g::m "Tiiiii} 
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Since the moisture content, and hence the total solids, varies with 
the time of drying and the rate of change in moisture varies with the 
time of drying, there must be a relationship between the rate of 
change in moisture and the percentage of solids present. Table 4 
gives the percentages of solids and the corresponding values of the 
rate of change in moisture content. In figure 4 the values for the 
rates are plotted against the corresponding percentages of solids 
present. The maximum rate of change occurs when the fruit has a 
total solids content of 50 to 60 percent for all size pieces. This sug
gests that the maximum should be at a definite moisture content for 
pieces of all sizes and that the variations here present are due to 
differenf.leS in the shape of the pieces, or errors in averaging and draw
ing the curves. This method appears to be an interesting and useful 
way to study the effect of various factors on the drying process. 
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TABLE 4.-Rate of change in moisture content during the drying of Kieffer pears 
when the solids or dry matter have reached different percentages 

Halves Quarters Eighths Sixteenths Thirty·secondsI . 
Change Change Chnnge Ch.ange Ch.Ulge

Dry in Dry in Dry in Dry In Dry in 
matter moisture matter moisture matter moisture matter moisture matter moisture 

per hour per hour per hour per hour per hour 

Percent Percen! Percent Percent Percent Percent Percen! Percent Percent Percen! 
15. :; 1. 08 16.5 1.43 18.0 2.00 21.7 4.06 21. 3 8.64 
17.7 1.10 19.7 1.51 23.0 2.13 29.7 4.35 30.9 10.00 
20.1 1.13 22.7 1.59 26.0 2.19 39.2 5.00 42.5 12.50 
22.4 1.16 25.0 1.67 31.2 2.26 49.8 5.62 53.4 11.40 
24.8 1.20 29.1 1. 74 35.7 2.35 60.0 4.06 06.9 8.35 
29.8 1.27 30.0 1.82 45.5 2.52 72.9 2.25 73.9 4. 69 
35.2 
43.8 

1. 36 
1.53 

43.3 
M.7 

1.89 
1.88 

55.5 
70.0 

2.00 
2.22 

79.9 
85.2 

1.27 
.M 

77.8 
81. 7 

2.07 
.80 

56.9 1.55 68.5 1.50 79.8 .78 87.5 .18 84.2 .42 
67.8 1.15 77.7 .84 84.4 .42 88.0 .037 86.7 .23 
75.4 
80.2 

.78 

.52 
83.1 
85.5 

.44 

.23 
88.2 
88.5 

.20 

.08 
~- ..- ..........- ------- .. - 88.5 .10 
---------- ---------- ---------- ---------

84.6 .29 87.1 .06 .. _----_ .. _- ---------- -------..-- ---------- ---------- --...-------

DRYING PROCESS IN TERMS OF WATER LOSS 

It is sometimes advantageous to consider the drying process from 
the standpoint of the amount of water evaporated. The reswts 
from the foregoing tests upon the rate of drying at different intervals 
of time during the drying process have been calcwated in terms of 
water evaporated or water loss (table 5 and fig. 5), and. it is observed 
that the drying process gives a somewhat different picture. There is 
a very large difference in the percentage of water lost in a given time, 
from fruit sliced into segments of different sizes. The halves, after 
being dried for 4 homs, lost 23.75 percent of the fresh weight of the 
fruit, whereas in the fruit sliced into thirty-seconds, 74.72 percent 
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was lost. The curves showing the relationship between the drying 
time in hours and the percentage of water loet for the different size 
segments have a similar form; they pass rapidly upward at first and 
then gradually become more nearly horizontal toward the end of the 
process. 
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FIGURE 5.-Amount, of water loss expressed In percentage of the initial fresh weight from Kieffer penrs 
during the drying process when the fruit was sliced Into different size segments: a, Halves; b, quarters; 
c, eighths; d, sixteenths; and e, thlrty·seconds. 

TABLE 5.-Amount of water lost from Kieffer pears during the drying process when 
the fruit was sliced into different size segments 

Length 	 I,engthWater lost I 	 Water lost Iof dry-	 of dry-
Ing Ing

period Quar- Six- Thirty- QUllr- Six- Thirty-Halves Eighths ~rlod Halves Eighths(hours) ters teenths seconds ( lOurs) tors teenths seconds 

Percent Percent Percent Percent Percent Percent Percent Percent Percent Percent 
1....... -...----- ... -------- ---... ---.. 23.00 36.61 24.. _... 69.18 75.32 SO. 71 84.16 84.43 
2..._... 13.47 15.15 23.75 37.00 56.31 32...... 76.15 SO. 29 83.08 84.57 84.75 
4....... 23.75 28.75 38.75 M.55 74.72 40....__ SO. 09 82.63 84.00 84.00 
6....... 32.15 39.25 49.06 66.00 79.82 48...... 82.10 83.75 84.4.~ 84.69 
8....... 39.74 47.27 56.73 72.89 81. 7:l 56...... 83. I 84.21 84.61 84.7.1 ------ ....
10...... 45.57 53.77 62.18 76 82.65 68...... 84.04 84.50 84.7177. 1l4. ..... M.70 62.50 70.33 81.48 83.48 SO ...... 84.50 84.61 84.75 "&i:s8" 84.92 
18...... 61.65 68.82 75.68 83.10 83.97 

I Values are expresseliin percentage of the Inltilll fresh weight. 

TABLE 6.-Rate of loss of water from Kieffer pears sliced into different size 
segments during the drying process I 

Length 	 J I l-engthof dry. Loss of water per lour I IY- of drv. Loss or water per hour I by
ing 1---,..----.---.,..---.---1\ Ing' 1----;;-----.----.---.- 

~~~~) IInlves 't::~:- Eighths t!~ths ~~~~I1'; (~~~~~) 
Percent .Percent Perceni Percent Percent Percent Percent Percent Percent Percent 

L...... 7.00 7.70 11. SO 17.20 20.00 10...... 2.57 2.78 2.44 1.60 0.36 
2....... 5.90 7.28 10.00 11.80 16.00 15...... 1.96 1.80 1.44 .40 .004 
3.. ..... ........ ........ ........ 8.88 8.00 20...... 1.24 1.36 .88 ................ 
4....... ........ 5.80 0.56 7.00 4.40 
5.. ..... 4.20 5. flO O. 20 6. flO 2.72 58:::::: 1: ~g :~ ....~j72 :::::::: :::::::~ 
7............................... ""'." • 02 3:;...... .44 .24 ........................ 

8....................... """" 2.88 ......... 


I Expressed in percentage Joss of the fresh weight per hour. 

2141°-37--2 
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The rates of water loss during the drying period for the different 
size segments are given in table 6. These values were obtained di .. 
rectly from the curves in figure 5 by means of the Richards ..Rpope 
tangent meter (p. 6) and are expressed in percentage loss per hour, 
which is equivalent to stating them in grams lost per 100 g of fresh 
material per hour, or pounds lost per 100 pounds per hour. The 
values for the halves, eighths, and thirty-seconds have been plotted 
and are shown in figure 6. The curves for the eighths and thirty
seconds slope sharply downward at first, then gradually become more 
nearly horizontal; the curves for the halves slope downward much less 
sharply at first, but they alno gradually become horizontal. Each 
curve mtersects all of the others, and there is a tendency for them to 
intersect in the neighborhood of the same point. This suggests that 
if the fruit had been perfectly subdivided and the other conditions 
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DRYING PERIDD (HDURS) 

FIGURE 6.-Rate of change In waler loss from KlctTcr pears sliced into ditTerent size segments during the 
drying proce.'lS expressed ill percentnge of loss of fresh weight per hour: a, Halves; b, eighths; Rnd c,
thlrty·seconds. 

had been exactly the same, the curves for the various sizes of segments 
would have crossed at exnctly the same point. In any case there 
should be some uniformity in this respect, and this method of plotting 
the values should be useful in studying the drying processes. 

The differences in the moisture content, the IOSB of water, and the 
rates of change in both cases have been noted, but the relationship 
between the different size segments and the drying time is not readily 
seen. To make this relationship clearer the SIze of the segment has 
been plotted against the time necessary to dry the material to different 
percentages of moisture, and the values have been arranged so as to be 
readily compared (table 7). In figure '7 the points along the abscissa 
represent fractional parts of the whole fruit; those along the ordinate 
represent the time in hours required to dry the material to a definite 
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moisture percentage. Curve A represents the time required 1;Q dry 
segments of different sizes to a moisture content of 15 percent; B1 25 
I?ercent i and so on to 0, which shows the number of hours required to 
dry the segments to only 75 percent moisture. It is noted that the 
points do not fall exactly on smooth curves; this is the result of errors 
probably due to irregularities in slicing, or to variations from the 
theoretical in size or weight. However, the values lie close enough to 
the curves to leave little doubt as to their general form. 

It may be noted that the difference in the rate of drying of the halves 
and quarters is not so marked as their variation in weight would 
indicate, especially in the early part of the fu;ving. The difference in 
the _quarters and eighths is more marked ns IS also that in the other 
smaller segments. The rate of drying npponl'S to be more nenrly 
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FRACTIONAL PART OF WHOLE FRUIT 

'FIGURE 7.-Number of hours required to dry RlelTor pears sliced Into dllTcront size segments to difJeron t 
molst.ure percentages: a, 15 percent,. b, 25 percent; c, 35 percent; d, 45 percent; e. 55 percent; I, 65 percent:
and U. 75 percent. 

proportionnl to the ratio of the surfnce to the volume of the piece 
thnn to the weight. The thickness of the segment, therefore, is of 
great importance, for the wnter at the center of it must diffuse to the 
surface before it is carried away. 

The water may be I'emoved from the surfnce of the fruit and the 
surrounding atmosphere much more rendily than it can diffuse from 
its center to the surface. This slowness of diffusion results in limiting 
the speed of drying, and under practical conditions is often the chief 
factor in artifiClnI drying. As soon as a dry layer is produced at the 
surface, water from the inner, more completely saturated, material 
is drawn to the surface by hygroscopic forces. If the drying proceSfl 
is stopped, the surface will increase in moisture content until equilib
rium is established, If the water is evaporated immediately after 



---------- -------------

12 TECHNICAL BULLETIN 592, U. S. DEPT. OF AGHICULTUUE 

it reaches the surface, the moisture will continue to inove from the 
center to the surface until the center, as well as the surface, approaches 
complete dryness. With these considerations in mind, the behavior 
of the large and small segments is not surprising. 

TABLE 7.-Time required to dry Kieffer pear8, 8liced into scgments of different .,izes, 
to various moisture percentages 

DryIng tIme DrylnJ; tIme 
Mols· Mols· 
ture ture 

content content
Quar· Slx· ThIrty· Quar· SIx· ThIrty·percent Halves EIghths teenths 

percent Halves tors EIghths teenthsters s~conds seconds 
.~-

JIOUTS HOUTS l10UTS l10UTS l10UTS l10UTS HOUTS JlOUT~ HOUTS /Joun
15...... 70.00 53.50 4J.50 23.75 10.75 55 ...... 24.75 10.00 13. iii 7.00 3.25 
25 ...... 47.25 37.00 27.25 16.00 8.50 __ la.oo 13.50 0.75 5.00 2.25O/LM_ .. 
36...... 37.50 20.75 21. 50 11.25 5.50 75 ...... 10.25 7.50 5.26 2.75 1.25 
45 ...... 31.00 24.25 17.75 8.(,0 3.75 

RIPENED COMPARED WITH UNRIPENED FRUl'r 

The unripencd fruit used wus quite green und hard, testing 13.9 
pounds with the Magness and Taylor (9) pressure tester with ?f6-inch 
point; the lipened fruit tested 3.9 pounds. The tissues of the unrip
ened fruit appeared coarse in texture but very crisp, whereas those of 
the ripened fruit were finer, juicy, and almost melting in character. 
The variations in the physicul chamcteristics were so pronounced 
that considerable difference in the mte of drying was anticipated. 
The pieces of fruit, halves in tIllS cuse, were so placed thut the con
ditions of drying were as nearly identic . .l as could be provided. The 
fruits were matched in size as closely as could be done by visual 
inspection, but the segments still varied from 64 to 73 g in weight. 
In order that the errors due to slicing, size of fruit, and other factors 
should be as small as possible the tests were repeated 12 times. The 
average weight of the halves after peelihg and coring was 67.64 g for 
the ripened fruit and 67.41 g for the unripened, thus averaging almost 
the same weight, although the unripened was a little smaller. mhe 
results, given in table 8, are the mean for the 12 sepamte tests. The 
temperature employed in these tests was 35° C., the air velocity 
3.46 miles per hour, and the relative humidity 18.3 percent. 

TABLE S.-Percentage of moisture content of ripencd and unripened Kieffer pear8 
after drying for different length8 of time 

[Average of 12 tests] 

MoIsture conlent Molsturo content Moisture content 
DryIng tIme Dr~Ing Lilllll DryIng tImo 

(hours) (hours) (hours)Ulp· Unrlp· RIp· Unrlp' Rip· Unrlp'
ened oned oned ened oned ened 

Percent PeTcent PeTcent PeTcwt Percent PeTcent 

2............... 84.3 84.2 22.............. 62.5 58. U 42.............. 34.3 31.2 

4............... 82.4 81.8 24.............. 5U.8 56.0 ·14.............. 32.1 20.3 

6............... SO. 3 79.5 26.............. 57.2 53.1 411.............. ao. 1 27.6 

8............... 78.2 77. I 28.............. 54. 2 50.0 51l.............. 26.7 24.7 

10.............. 76.2 74.7 :10.............. 51.2 46.9 54.............. 23.9 22.2 

12.............. 74.2 72.2 :12.............. 48.0 43.8 60.............. 20.7 19.4 

14.............. 71.9 60.7 34.............. 45.0 40.0 70.............. 17.0 16.3 

16.............. 69.7 67.1 36.............. 42.0 38.1 SO.............. H. 2 14.1 

18.............. 67.6 64.4 38.............. 39.2 35.5

:aI.............. 65.1 61.7 40.............. 36.7 33.2 
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It is noted tha.t. the moisture content of the unri~ned fruit was 
lowered a little faster than that of the ripened materIal. The differ
ence in the rate of drying is not very great, and from a practical 
standpoint doubtless is of little importance. There was some varia
tion in the individual tests, but, although small, it appears to be signifi
cant. There are soveral things that may account for the difference, 
but it is not very clear which of these is the chief factor. 

Lutz, Culpepper, and Moon ('7) huve shown that the soluble pectin 
content of ripened fruit is higher than in the unripened. The differ
ence in the rate of drying was due perhaps, for the most part, to the 
pectin that tends to obstruct the diffusion of water from the center to 
the surface of the segment in the ripened fruit. It may also form at 
the surface a layer slightly impervious to the passage of the water 
outward. The surface of the unripened fruit appeared slightly more 
roughened than the ripened, perhaps because the knife did not <Jut the 
hard, tough fruit as smoothly as it did the soft, ripened fruit. This 
may have resulted in some difference in the rate of drying. 

PEELED COMPARED WITH UNPEELED FRUIT 

Bartlett pears are sometimes dried without peeling, the cores only 
being removed. In considering this possibility for Kieffer pears the 
question immediately nrises as to what effect peeling will have on the 
rate of drying. Nichols and Christie (11) have shown that the drying 
rate of unpeeled hnlves. is :very much slower than for similar fruit 
peeled.; the fruit having been sulphured and steamed in both instances. 
In the present tests the fruit wllS untreated and was sliced into six
teenths and halves. The results are given in table 9. 

The tests on the peeled fruit were repeated eight times, and those on 
the unpeeled fruit six times. Half the tests in ellch case were made 
with ripened fruit and the other half with unripened fruit. The 
difference between the ripened and the unripened fruit WIlS not very 
great and by averaging aU the tests, somewhat smoother curves were 
obtained. The peeled halves weighed 76.3 g and the unpeeled 74.8 g, 
whereas the peeled sixteenths weighed 10.18 g and the unpeeled 
10.82 g. 

TABLE 9.-DijJercntJe in the moisture content of peeled and unpeeled KiejJer pears 
cored and sliee(l into hallles and sixteenths after drying for different lengths of time 

[Avernge of eight tosts for peeled fruit and six for unpooled) 

MoLqlllrO contont of- Moisture content 01-

Trll1vo.~ Sixtoenths Halves Sixteenths'rime (II/HIm) Time (hours) 

Un Un· Un· l' I I Un·pooled pool~d Pooled peeled Poelod pooled 00 O( pooled 

-----1--- --------1-----1--------
Percent Percent Pcrcenl Percent Pcrccllt Percent Percellt Percent 

2••••••••••••••_.4................B................ 
14.. ............. 

H4.4 
B2.3 
77. 0 
70.2 

85.8 
85.2 
83. U 
82.2 

78. a 
70.3 
.10.2 
27.1 

80. I 
73.r. 
511.5 
an. 1 

BO............... 12. II 
100.............. ........ 
120.............. •••••••• 
140.............. ........ 

55. 1 IIl.7 ........ 
42. 1 ......••...•.... 
31.6 ••.•,. ••••••••••• 
24.2 ................ 

24.............. 50.2 711.1 14.8 20. \I 160.............. •••••••. 111.2 ................ 
40.......... ••••. 42. 2 74.3 12.0 13.7 
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. It is noted that there is a decided difference in the rate of drying of 
the peeled and the unpeeled halves. At the end of 80 hours the mois
ture content of the peeled halves was 12.9 percent and that of the 
unpeeled fruil: 55.1 percent. To reach It moisture content of approxi
mately 42 percent required 40 hours for the IJ\..eled and 100 hours for 
the unpeeled; however, as the fruit is further subdivided the effect of 
peeling becomes less and less. In the case of the fruit sliced into six
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DRYING PERIOD (HOURS) 

FIGURE S.-Relationship between the size oC the Crult oC Kieffer penrs and the time required to dry to II 
moisture content oC 20 percent when sliced .into halves and olle-illghth segments. The temperature was 
350 a.and the olr velocity li.72111iios jlcr hour: a, Halves; b, ,·ighths. 

teenths the moisture content a.t the end of 14 hours was 27.1 percent 
for the peeled fruit and 39.1 percent for the unpeeled; at the end of 
40 hours it wa.s 12.0 percent for the peeled and 13. 7 percent for the 
tinpeeled. From these and other tests made in this connection it 
may be concluded that peeling is advantageous or justified, e.sJ?ecially 
with fruit sliced into halves, because of the increased rate ofdrymg and 
the improvement in the quality of the finished product. 
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EFFECT OF SIZE OF FRIDT UPON RATE OF DRYING 

'rhe time required to dry any moist substance depends upon its 
size or diameter. In considering Kieffer pears, however, it was recog
nized that the size of the core to be removed might make the rate of 
drying in the large and the small fruits more or less marked than their. 
differences in weight would indicate. It was decided, therefore, to 
see what differences might be expected in fruits of various size:;;. 
Twelve unripened fruits of about normal shape, but varying widely in 
weight, were selected, peeled, cored, sliced into halves and eighths, and 
dried. The results are illustrated in figure 8. It is noted that when the 
number of hours required to dry the pieceE of fruit to a moisture con
tent of 20 percent 18 plotted against the size of the piece, the line 
representing the relationship does not pass through all the points. 
The influence of factors other than size is clearly evident; these factors 
may be errors in coring, variation in .size of the core, differences in 
shape of the fruit, or in the hygroscopic nature of the substances of 
the fruit. The line representing the relationship that is most probable 
for the 12 fruits is nearly straight, indicating that the drying rate is 
very nearly directly proportional to the size of the fruit. It is seen 
that the largest half requires about five times as long to dry to a 
moisture content of 20 percent as the smallest, which is approximately 
the same ratio as the weights of the whole fruits. This ratio does not 
exactly hold for fruit sliced into eighths, as the difference in drying 
time between the large and small sections is not quite so great. It is 
evident that to be certain of the exact relationship, a much larger 
number of fruits should be tested. 

EFFECT OF AIR VELOCll'Y UPON RATE OF DRYING 

It is obvious that the drying process cannot continue for any great 
length of time unless there is some means by which the evaporated 
water can be removed from the neighborhood of the fruit; otherwise 
the air would quickly become so completely saturated that no more 
water could escape from the fruit. This removal of evaporated water 
is accomplished by providing for an air current in which the pieces of 
material are kept during the drying process. Because a rapidly mov
ing current of air dries faster than a slow current, the question imme
diately arises as to what air velocity is most desirable or most eft·ective. 
A few tests were made with Kieffer pears to determine thi."ir drying 
behavior with different air velocities. The D.!'f.!t test was conducted 
in almost still air, and was repeated four times; a second test, with air 
velocity of 0.458 mile per hour, was repeated si.x times; 0. third, with 
an air velocity of 5.72 miles per hour, was repeated eight times; and 
a fourth, with an air velocity of 12.55 miles per hour, was repeated 
eight times. The fruit was sliced into eighths and averaged 18.46 g, 
19.92 g, 19:65 g, and 19.42 g for the four tests, respectively. 

For the still-air series, the drying was done in a large coIlStant
temperature .room with no faIlS or ventilation. The volume of air 
in the room was so large that the evaporation for the small amount 
of fruit did not change the relative humidity materially. The air was 
not disturbed except by entering and leaving the room when the fruit 
was weighed, but even this so.mewhat inftuenced the rate of drying. 
The fruit had its entire surface e:x-posed to the air, and diffusion of 
the moisture through the air away from the fruit proceeded under 
nearly uniform conditions. 
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.Any pieces of fruit that showed evidence of spoilage We1'e excluded 
from the results. 

The moisture content of the fruit in the various air currents, after 
drying for different lengths of time, is given in table 10 and is illus
trated in figure 9. A decided difference is noted in the moisture con
tent of the fruit during t.he drying process when kept in still air and 
when kept in air moving at the rate of 0.458 mile per hour. At the 
end of 30 hours the former had a moisture content of 51 percent; the 
latter, 24.7 percent. It required 80 hours to dry the material to 14.8 
perC2nt mOIsture in still air and approximately 43 hours in an air 
current of 0.458 mile per hour. It is evident that the rate of drying 
is greatly increased even by a very gentle air current. The moisture 
content of the material in a current of 0.458 mile per hour was 42.9 
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FIGURE g.-Moisture content of KletTer pears (one-eighth segments) during tbe drying process when differ· 
ent nil' velocities were employed. The. relative humidity of the nil' was J6.2 perO!!llt and tbe temperature 
was 35° 0.: a, Still air; b, 0.458 wile per bour; c, 5.72 wiles per hour; and d, J2.M miles per hour. 

percent at the end of 20 hours; in a current of 12.55 miles per hour it 
was 31.2 percent. In the former it required 40 hours to reach a mois
ture content of 17 percent, and 30 hours to reach approximatelv the 
same moisture content in the latter. It is evident, therefore, that a 
gentle current is quite effective in remov~ the moisture-laden air 
surrounding the fruit, and that higher velocitIeS can do comparatively 
little more. 

It is evident also that other factors limit the effectiveness of the 
increc.sed air velocity, chief of which appears to be the rate of diffu
sion of water from the moist inner tissues to the surface of the fruit 
where it can escape. The amount of water reaching the surface of 
the fruit is, to a considerable extent, independent of the air velocity 
at the surface. It is affected by the rate of diffusion which, in turn, 



------

DRYING KIEFFER PEARS 17 
is dependent upon the difference in the moisture content at the sur
face and at the center of the piece or the diffusion gradient. The air 
currents of higher speed can act only by making the surface very dry, 
thus inoreasing somewhat the diffusion gradient, or by conveYIng to 
the material a greater amount of heat which is necessary in evapo
ration. 
TABLE IO.-.lifoisture conle-.,t o/Kieffer pears sliced in one-eighth segments during 

drying process when different air velocities were employed 

Moisture content after drying for-

Air velocity per hour 6 10 12 18 20 24 30 40 50 r,o 70 80 
(miles) hours hours hours hours hours hours hours hours hours hours hour~ hours 

-------1------------------------
Pef· Per· p". p". Per· p". p". Per· Prr· Per· P.,· Per· 
cent cent cent cent cent unt cent cent unt unt unt unt 

Still alr_........_••••••••• ......-- 7i.9 66.0 51.0 .9.3 30.7 24.5 19.5 14. 8 
.. -..--- ..--- .... ....---
0.458~_.........._......... H.6 (WI. 3 42.9 24.7 17.0 13.6 12. 2 

5.72....................... 73.5 64.4 5U.7 44. I 38.7 30.0 22.1 16.0 13.2 12. 0 11.3 10.7 

12.55...................... 68.6 57.0 51. 3 35.5 31.2 24.4 16.8 11.9 11.5 11.5 11.5 ------


One may conclude that it would be uneconomical to use air currents 
of velocities higher than 0.458 mile per hour, but, in actual practice 
where the fruit is piled on trays two or more layers deep .. it may be 
necessary to make the air current of higher velocity in (Ii'lier to pro
duce agltation sufficient to cause the air between the pieces of fruit 
to change even at the rate of 0.458 mile per hour. 

EFFECT OF TEMPERATURE UPON RATE OF DRYING 

In proposing to dry any fruit the question immediately arises as to 
the optimum temperature to be employed. The water-holding 
capacity of the air and the amount of heal; that it carries, necessary 
for evaporation, are greatly increased by raising the temperature of 
the air; this is universally taken advantage of in practice to increase 
the rate of drying. 

To find out how the Kieffer pear behaves when different temperatures 
are used in the drying process, tests were made, using ripened, peeled 
fruit, sliced into halves and dried in an air cmrent of 4.15 miles per 
hour. All conditions in each of the tests could not be made exactly the 
same with only the temperature varying. Even in tLe tests at any 
particular temperature, the weight of the segments of fruit and the 
relative humidity varied somewhat; and to counteract this error to 
some extent the tests ~at each temperature employed were repeated 
several tinles. The average weight of the segments, the average 
humidity, and the number of times each test was repeated, as well as 
the different temperatures employed, are given in table 11. 

TABLE ll.-Effect of temperature upon rate of drying halves of Kieffer pears 

Relative RelativeTempernture Average rremperature AverageRepliCll' humidity neplic,,' humidityemployed weight of employed weight oftions of drying tions of drying(OC.) segments (OC.) segmentsair air 

KrulltJfT j:ltrct.1lt. Gram& Number Ptrcent Gram,
23...___._....._._. n 24. I 68.4 41 ......__... _...__ S 12.1 611.4
30___•__....._...... 6 21.7 72. S 50._............... 10 7.2 71.3
35••__• _________._•• 15 16.2 70.2 m.............__•__ 10 4.1 73.3 
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The temperatures employed ranged from 23° to 60° C.; a few tests 
were made at temperat,ures higher than 60°, but they were not re
peated sufficiently to be entirely reliable with respect to the rates of 
drying. However, enough was done to be fairly certain of the enect 
upon the quality of the product. 

It is noted that the average weight of the fruit pieces differed 
somewhat in the tests at the various temperatures. Tho variations 
were not great and the weight is obviously close enough to the same 
value to be reasonably comparable. The method of peeling and coring 
was as uniform as possible, but it was subject to as great a variation 
as occurred in the size of the pieces. Also the shape of the pieces 
could not be made exactly the same in each test, but it is believed that 
the variations nre not great enough to keep the tests from being reason
ablY comparable. 

It may also be noted that the relative humidity was markedly 
lower in the tests at high temperatures than in those at low tempera
tures. However, the absolute humidity was very close to the same 
value for all temperatures, and the lower relative humidity was largely 
owing to the increased moisture-holding capacity of the air at the 
higher temperatures. The effect of the tempemture is then about 
what would be expected in practice if air of a certain absolute humidity 
were heated to the higher temperatures. No attempt was made to 
carry out tests varying the temperature and maintaining the relative 
humidity constant. 

Table 12 shows the number of hours required to dry the material to 
different percentages of moisture and to evaporate different per
centages of water from the fresh fruit. The results are the averages 
of all tests made at the particular temperature. As stated above, 
the tests were not all repeated the same number of times and, there
fore, all are not equally reliable. The values given for the 23° and 
the 30° C. tests ure the least, reliable; those at 35° the most reliable. 
However, all the tests were repeated a sufficient number of times to 
make the values at least reasonably comparable. 

TABLE 12.-Effcct of various temperatures upon the percentage of moisture and the 
percentage of wuter lost during the drying process by Kieffer pears 1l1leled, sliced 
into hulves, and dried in an a'ir CUTrent of 4.15 miles lJCT hour 

Time required to dry IIt-
WaterMoisture (p"rc-eDt) , I lost 

_________1_2_:1_°('_._ :10°0. ~,~~~___ 

[JOllrs /fOIlTS [Jours 1I0llr8 [Jour. [Jours Percent
SO•••••••_•• _._._••• _••••_._••__ 13.25 8.25 6.00 4.75 3.75 2.75 32.50 

75...__••__..................... 22.00 14.25 10.75 8.25 6.00 4.75 47.00 

70..............._.... .••• •••••• 211.25 lU.75 15.00 11.50 8.50 6.25 55.00 

60......................... __ ... 41. 50 20. i5 23. ()(} 17.75 12.50 8.75 00.25 

50........_................._... 52.50 a7.75 30.25 23. i5 Ii. 00 .11.00 73.00 

40_••••••____.............""" 6:1.00 47.25 :17.50 20.75 20.75 13.00 77.50 

30_.....____.................... 78.50 57.50 46.00 36.50 2.~. 75 17.50 SO. iO 

20•••••____...._................ 95.00 73.00 no. 00 48. r.!J 34.25 22.50 8.1.12 

10..............__ ................ , ......................_............__ M.W 36.00 85.00 


CHANGES IN MOISTURE CONTENT 

The changes ill moisture content of the fruit while drying at different 
temperatures are given in table 12 und illustrated in figure 10. It is 
apparent that the moisture content changes much more rapidly at the 
higher temperatures than at the lower ones. It is well known that 
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this is due to the increased water-holding capacity of the air at the 
higher temperatures and to the greater amount of heat necessary for 
evaporation. To dry the material to a moisture content of 20 per
cent at a temperature of 23° C. required 4.2 times as long as at 60°. 
To dry the fruit to a moisture content of 50 percent at 23° required 
4.8 times as long as at 60°. A cubic meter of air at 23° holds 20.578 
g of water and at 60° the same volume of air holds 130.5 g, or 6.3 times 
as much as at 23°. The change in the rate of drying, then, is not 
quite of the same order as the change in water-holding capacity of 
the air. The difference in the rate of drying would have been even 
less had the relative humidity of the air at the two temperatures 
been the same. Likewise, when the difference in the water-holding 
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FIGURE IO.-Moisturo ,'ontent of Kieffer penrs, ripened, peeled, and sliced into lmlves, during the drying 
process when different ternpcrntures werecmployeu: a, 60° O.j b,500 

; c,410j d, 35°; e, 300; und/, 23°. 

capacity at the other temperatures is compared 'with the difference 
in the rate of drying, the Intter is proportionately less than is the 
difference in the moisture-holding capacity of the air. Undoubtedly 
this is due to the iuubility of the water to diffuRe from the center of 
the pieces of fruit to the surface as fast as it may be evaporated from 
the surface. The rapidly dried material may form a more or less 
impervious layer at the sm-face of the fruit, further retarding the 
diffusion of the water. However, the solids of the pear are very 
hygroscopic and the dry layer at the surface would tend to draw water 
rapidly from the inner tissues to establish equilibrium. The so-called 
"case-hardening", when high temperntures are employed, appears 
to be of less importance in the pear than in other fruits, but it may 
be a factor even here. 
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It is evident that the moisture content near the end of the drying 
process is considerably higher when low temperatures are used. This 
IS due to the difference in the relative humidities of the air at low and 
high temperatures, but it would not be the case if the relative humidity 
was the same at the various temperatures. However, in practical 
work, approximately these differences in humidity would prevail in 
raising the drying m.l' from a lower to a higher temperature. 

Perhaps the influence of the temperature is better shown in figure 
11. The time required to dry the material to various moisture per
centages is plotted against the temperature in degrees centigrade. 
The relation between the temperature and the time required to dry 
the material to a given moisture percentage is not linear, for it takes 
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FIlIURE It.-Time rijquircc! to dry KleIT"r pears at vllrious temperatures to different moisturo IIl'n'entllges: 
a, 20 percent; b, 30 IlefCentj c, 40 percentj d, 50 pm:collt; e, GO percent; I, 70 percent; g. 75 1)(~rCtmLj lUui hi 80 
percellt. 

an increasingly longer time to dry the material at the lower tempera
tures. The slope of the lines indicates that an increase in the tem
perature of the drying from 20° to 30° causes a greater change in the 
number of hours required to dry the material than does an increase 
of the tempel'l1ture from 50° to 60°. The effectiveness of a tempera-. 
ture of 50° is immensely greater than a temperature of 20°, but an 
increase of 10° from 20° to 30° is more effective than a change of 
10° from 50° to 60°. As already p'ointed out (p. 19), this is probably 
because of the slowness of the dIffusion of moisture from the inner 
tissues to the surface and the formation of a layer at the surface of 
the fruit that retards, at least to some extent, the diffusion of the 
water to the surface. 
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LOSS OF WATER 

The percentage of water lost during the drying process when 
different temperatures were employed is given in table 13 and shown 
in figure 12. It is noted that at all temperatures the greater part of 
the water is lost during the first part of the drying process. The 
curves showing the relationship between -the loss of water and the 
temperature ull have a similar form, sloping sharply upward at first 
and then flattening out toward the end of the process. The effect 
of different temperatures upon the rate of drying is perhaps more 
clearly shown when plotted in another way (fig. 13). 
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FIGURE 12.-Loss of wilier in perl'Cntnge of fresh wei!:ht: during the drying at ditIerent temperatures of Kief
fer pears, ripened, pcelod, and sliced into halves: a, 00° C.; b, 00°; c, 41°; d, 35°; t:, 3Uo; and I, 23°. 

The rates of water loss in percentage per hour are plotted against 
the drying time. The values of these rates are given ill table 13 and 
were obtained directly from the curves in figure 15 by means of the 
Richards-Roope tangent meter. At the beginning of the drying the 
differences in rate are very great when different temperatures are 
employed. After between 10 and 15 hours, however, all the fruit is 
losing water at nearly the same rate. In the latter part of the drying 
process, the rates of loss for the different temperatures become 
reverned, the material held at the higher temperatures losing water 
more slowly. Thus it is noted that the curves ull tend to cross each 
other in the neighborhood of the same point. If the tests could 
have been comparable in every way, it is probable they would cross 
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at exactly the same point. However, whether this should be. the 
case or not, this method of study would appear to be interesting 
and helpful if applied to different material. 
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FIGUItE 13.-Rnte of water Joss from Kieffer pears during the drying process when different temperntures 
nrecruploycd: at 00° C,; b, 600 

; c, 41°, d, 35°, t!, 300 
; und!, 23°. 

TABLE l3.-Rate of water loss of fruit sliced into halves during tlu; drying proceS8 
when different temperatures are used 

Loss in weight per hour per 100 g of fresh weight ufter-
Dryingtem- ___._---.----.----.--.----~---._--_.---._-_.----._--

pernturc I
(0 C.) 2 4 8 ]0 12 14 18 24 30 40 50 00 

hours hours bours bours hours hours hours hours hours hours hours hours 

-----1-------------------------
Gram. Gram. Gram. Gram. Grams Gram. Gram. Gram. Gram. Gram& Gram. G",mo 23_____________ 2.94 2. 69 2.35 2. 13 1.114 1. 86 1. 59 1.28 0.9K O. i8 0.55 O. 3530_____________ 4.50 3.69 2.81 2.69 2. 19 1. K3 1.41 1.19 .95 .00 .32 . 15 

35__~_---.____ 5.56 4.75 3.25 2. fI3 2.19 1.75 1.38 I. 16 .78 .44 .21 •______ 
41.____________ 7.00 5.50 3.:11 2.56 2.19 1.74 1.35 1.04 .57 .23 __ ___ . 
50_____________ 8.70 6.88 3.50 2.56 2.18 1.73 I. 13 .75 .32 .Il -:02 _.:::_=
6(1..----------_1 10. 40 7.50 4.00 2.80 1.94 1. J.l .64 .28 .009 ______ 0 ..... _ 
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EFFECT OF HUMIDITY 

No very thorough study of the mte of drying of the Kieffer pear in 
varying humidities could be nttempted. A few tests were made, 
however, and the results are presented to show something of the 
behavior of the fruit with hi~her humidities thun those used in the 
preceding tests. The humidity of the air at 35° C. was increased 
by arranging for the air to pass over a rather large surface of water 
before enterin~ the air channel in which the fruit was placed. At 
50° the humidity of the air wns increased by introducing steam into 
the air intake. No automntic control was provided, but when the 
apparatus was properly adjusted, it provided n fairly constant 
humidity. Determinations of the humidity were made every few 
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FIGURE 14.-Molsturc content or Kieffer pears during the drying process when atmospheres of different 
relative humidities wore employed: a. Ilalves at 10.2 pOrcent; b, halves lit 64.4 pOrcilnt; <, l'lghths at 16.2 
pOrcent; and d. eighths lit 04.4 pcrcent. The temperature wlIs35° C. and the air velocity 4.15mlles per hour. 

hours and adjustments were occasionally made to keep it as close 
to the desired point as possible. A vnriation of 4 or 5 percent relative 
humidity incidentally occurred. 

At 35° C. two humidities were compared; 16.2 percent for the 
lower and 64.4 percent for the higher. The low-humidity test was 
repeated 15 times nnd the high-humidity test 10 times. The values 
given are the averages of all these separate tests. The halves of 
fruit at the sta,rt averaged 72.2 g in weight for the low humidity 
and 71.8 g for the high humidity. The eighths averaged 18.46 g for 
the low humidity and 17.86 g for the high humidity. 

At 50° C. tests were made at 7.3, 24.6, nnd 45.8 percent relative 
humidity. The tests with the halves were repeated eight times in 
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the atmospheres of 7.3 and 24.6 percent relative humidity, and six 
times for the tests in 45.8 percent relative humidity. The pieces 
of fruit averaged 71.3 g in weight for the tests at 7.3 percent humidity, 
70.4 g at 24.6 percent humidity, and 72.0 g at 45.8 percent humidity. 

The fruit sliced into eighths avera~ed 19.14 g for the tests dried 
in air of 7.3 percent humidity, 18.6 g ill air of 24.6 percent humidity, 
and 19.0 g of 45.8 percent relative humidity. These tests were each 
repeated eight times and the values for the weights in all cases are 
averages of the results obtained. 

The air velocity was 4.15 miles per hour for the tests at each of the 
humidities. 
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FIOURF. 15.-Changes In the moisture content of Kieffer pears (sliced Into halves) during the tirylng process 
when atmospheres of 11:lferent relative humidities were employed: a, 7.3 percent; b. 24.6 percent; and 
c, 45.8 percent. The temperature was 500 C. nnd the nlr velocity was 4.15 miles per hour. 

The results of these tests are recorded in tables 14 and 15 and 
illustrated in figures 14, 15, and 16. No tests were made with very 
high humidities. The changes in the moisture content are greater 
at the low humidity than at the higher ones, but the difference between 
the high and low humidities at the beginning of the process is generally 
less than might have been expected. However, toward the end of 
the process the difference becomes more pronounced. It is evident 
from the curves that in high humidity the material will always have 
a high moisture content at the end of the drying process, because the 
material retains large quantities of water in moist atmospheres. 
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FIGURE 16.-Changes In the moisture content of Kieffer pears (sliced Into eighths) during the drying process 
when atmospheres or different, relative humidities were employed: a, 7.3 percent; b, 24.6 percent; and 
c, 45.8 percent. The temperature was 50° C., tho IIlr velocity being 4.15 miles per hour. 

TABLE 14.-EjJect of relative humidity on rate of drying KiejJer pears fit ."15° C. and 
air velocity of 4.15 miles per hour 

lIalves Eighths 

Relatlvo humidity Helatlve humidity Relatlvo 11tJmldity RelaLlve humidityLength of drying 16.2 percent 64.4 percent 10.2 pert'Cnt 64.4 percentperiod (hours) 

Mols· ,,'ater Mols· 'Vater Mols· "'ater Mols· Water 
ture loss ture loss ture loss ture loss 

Percent Percent Percent Percent Percent Percent Percent Percent 
6.................... SO. 0 32.5 81.0 28.9 73.7 48.6 74.9 46.2 

10••••••••••••••••_._ i5.7 44.4 77.0 41.3 65.0 61.4 66.7 59.4
16. __ ••••_.__•••_•••• 68.8 56,7 iO.9 53.6 52.3 71.7 04.5 70.3 
20••••_•••••••••••••• 64.0 62.5 66.3 59.9. 42.7 76.4 45.8 75.1 
24•••••••••' ••••••••• 58.8 61.2 61.4 65.0 33.2 79.8 31.2 78.5
30••••••_._••••• _. ___ 50.6 72.6 04.0 iO.6 24.3 82.1 28.3 81.136_. _.__ .• ___•____ ._._ 42.0 76.7 47.4 74.3 19.1 83.3 2+.1 82.240__ ._.___ •______ ••_,
00______________..___ 36.7 78,6 43,6 76.0 17.0 83.7 22.4 82.6 

26.5 81.6 35.9 78.9 14.0 84.3 111.8 83.160_____•• ___•_" _••___ 20.0 83.1 30.5 80. :; 12.4 84.5 18,3 83.4 
70.........._""'_" 15.7 83.9 26.1 81. 7 11.5 84.7 17.5 83.6SO••••••••__ •_____••_ 13.0 84.4 22.7 82.0 11.0 85.0 16.8 83.7 
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At 50° C. the fruit sliced into halves lost 36 percent of water at 
45,8 percent humidity and 44.2 percent water at 7.3 percp.nt relative 
humidity in 5 hours. If the difference in the saturation deficits, or 
the inverse of the relative humidities, is compared with the difference 
in the amount of water lost, it will be found that there has been a 
decrease of 41.5 percent in the saturation deficit and an increase of 
only 22.7 percent in the amount of water lost. Again it. is evident 
that the rate of drying is limited by some factor other than the 
moisture-absorbing capacity of the air. 

TABLE 1S.-Effect of relative humidity on rate of drying Kieffer pears at 50° C. 
and air velocity of 4.15 miles per hour 

Halvcs Eighths 

Relative Relative Relative Relative Relative Relative 
humidity humidity humidity humidity humidity humidity

7.31lcrcent '24.6 percent 45.8 percent 7.3 perccnt 24.6 percent 45.8 percentLength of drying period
(bours) I---;--I__~__I__,,--_I_--;-__I__..,.-_I_----,:--_ 

-------1------------------------
Per- Per· Per· Per· Per- Per· Per- Per- Per- Per- Per- Per
cent cent cent cent cent cent cent cent cent cent cent cent 

5.......................... 75.8 44. 2 78.1 38.:1 78.9 36.0 63.9 62.6 66.0 60.3 67.5 58.4

10........____ • ___......... 
64.2 62.2 67.7 58.2 69.9 55.1 35.2 79.1 37.8 78.3 41.8 76.8 
15......................... 46.0 75.0 53.0 71.2 58.3 67.6 20.1 83.1 22.5 82.5 28.6 81.1 
20......................... 30.1 80.7 38.1 78.2 46.5 74.7 13.1 84.4 15.7 83.9 21.8 82.7 
30......._. __ •..••••••. __ •• 10.8 83.7 22.5 82.5 30.9 80.4 7.0 85.3 ------ ------ 15.7 83.5
40..__.....__.. __ . __ ...... , 11.6 84.7 10.0 83.8 23.1 82.4 5.5 85.7 10.9 84.8 12.8 83.9 
50.... __................... 9.2 85.l. 13.8 84.3 18.9 ---- 84.5
83.3 .. - ---- .. - ------ - .. - .. -- -----60.._____ •__ • __ ...... ____.. 8.0 85.3 12.3 84.0 10.4 83.8 --- .. -- ------ ------ - ..... -- .. ------ ----- ..80__....._. __ .....____ ..... 0.5 85.5 10.4 84.9 12.5 84.5 ------ ------ ---- .. - --- .. -- ------ .._--- ... 

1 

Examination of the fruit at any time during the drying process 
reveals the fact that the surface is much drier than the inner tissues. 
It is evident, therefore, that the water diffuses outward rather slowly, 
and it is believed that this is the principal factor limiting the rate of 
water loss. Added to this is the retardmg effect due to the tendency 
of the material to absorb and hold rather large quantities of water 
in moist atmospheres. 

From a practical standpoint, all atmospheres having humidities 
up to 65 percent are quite effective in removing moisture from the 
fruit during the first part of the drying process. However, the 
unevaporated water in the material is always much greater at the 
end of the process with high humidities than with low ones. This 
suggests that if a very low moisture is desired at the completion of 
the drying process, relatively dry air must be provided at that time. 
If, at any time during the first part of the process, the apparatus 
discharges air not heavily laden with moisture, this air may, with 
advantage, be recirculated or passed over the fruit again. It would 
seem from these tests that in most cases it would be advantageous 
to introduce the fruit at the end of the drier where the air is dis
charged and to finish the process where the air is introduced. This, 
of course, will depend somewhat upon the moisture content desired 
in the product at the finish and the behavior of the fresh fruit at 
high irutial temperatures. 

http:percp.nt
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DISCUSSION 

EFFECT OF RATE OF DRYING UPON QUALITY OF PRODUCT 

In the tests described in the foregoing pages, it has been noted 
that the rate of drying has more or less influence upon the flavor, 
color, and form of the finished product. Generally it is desirable 
for the product to retain as much of the natural flavor of the fresh 
fruit as is possible. During the drying process enzymes may be 
active and bring about changes that more or less completely alter 

. the flavor of the product. This is avoided to a considerable extent 
by rapid drying. The present tests indicate that the Kieff~r pear is 
altered somewhat less rapidly and not quite to the same extent as 
some other products. However, important changes occur that 
should be minimized as far as possible. If conditions are such that 
the drying is delo.yed, molds and fungi may start growth, in which 
case the material is completely lost. This frequently occurred in . 
large pieces of fruit where the drying was being conducted in still 
air. In practice this might occur where trays were loaded with seg
ments two or more layers deep with insufficient air circulation. 

It is apparent that the more rapidly the material is dried the better 
the flavor of the product will be i also that the lower the temperature 
the better the flavor. However, in drying practice these two factors 
oppose each other. If, in order to get rapid drying, too high a tem- . 
perature is used, the quality of the product is lowered. The opti
mum drying temperature to be used is therefore a compromise be
tween the two opposing factors. It has been concluded that 50° 
to 55° C. is about the best temperature at which to finish the drying 
process! from the standpoint of quality. The fresh fruit just intro
duced mto the dryer should not be subjected to this temperature 
unless the circulatIOn of the air is adequate. In the ripened fruit 
there is a tendency for the juices to escape, giving rise to the so-called 
weeping when high temperatures are employed, but this may be 
prevented at nearly any temperature by using strong currents of 
dry air. Temperatures as high as 60° C. may be used, but the 
flavor is not quite so good and there is a slight tendency for the 
material to collapse or flatten out to an unnatural shape. This 
tendency rapidly mcreases above 60°, and at 70° it is so great that it 
appears inadvisable to use this temperature. Also, tho alterations of 
the flavor increase rapidly above 60° so that at 70° or above the flavor 
is distinctly less pleasing. 

These tests also indicate that as far as temperature and rate of 
drying are concerned the conditions that make for optimum flavor 
also make for optimum color. However, temperature is not the 
most important factor in color preservation. To secure the best 
color it is necessary to treat the fruit in some manner previous to 
drying, in order to inactivate the enzymes. This is usually accom
plished by trea'tment with fumes of sulphur dioxide. 

FINENESS 0 .. ' SLICING 

From these tests it is obvious that the most effective way of increas
ing the rate of drying is by subdividing the fruit. It is generally not 
desirable to divide the fruit into extremely fine segments because of 
the difficulty of handling during the drying process. Also the finely 
divided material is not so conveniently prepared, and it is not so 
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attractive as the larger segments. If proper dryin~ conditions are 
provided, the halves of the largest fruits may be satisfactorily dried, 
and this method appears to be most generally employed in drying 
other pear varieties. However, the present tests have led to the eon
c1usionthat, when all factors are considered, about the most satis
factory method is to divide thE'> whole fruits into eight segments. The 
rate of drying is greatly increased over that of the halves and the 
difficulty of handling appears to be no greater, or even less, and gen
erally this size piece is even more conveniently prepared for table use. 

In actual practice, where artificial methods are employed, it is not 
convenient to maintain a constant temperature throughout the drier. 
Also, the absolute and the relative humidities must vary in order to 
make the drying process as economical of fuel as possible. The most 
economical procedure is to allow the dry, heated air to flow over a 
layer or layers of fruit for such a distance that the maximum amount 
of heat will be used in evaporating the water of the fruit. This dis
tance will depend upon the velocity of the air, its temperatme and 
humidity at the beginning, and the manner in which the fruit is 
exposed. Under practical conditions the temperature of the air de
creases continuously along this distance as it becomes more heavily 
laden with moisture. Although constant conditions were employ-ed 
in the tests in this study, the results are as applicable to practlCal 
problems as to theoretical considerations. If the distance the air 
must travel to pick up it~ load of moisture is the problem, it is evident 
that the size of the fruit, the degree of subdivision, and the hygroscopic 
nature of the fruit, the chan~es in temperature and the relative 
humidity of the air along the distance, as well as many other factors, 
must be taken into consideration. 

Although these tests were repeated a sufficient number of times"to 
make the results fairly reliable, it should be recognized that climatic 
and soil conditions may vary in different localities; this may affect 
the moisture content, the sugars, and other hygroscopic materials, as 
well as the water-imbibing materials. Any change in the amount of 
these elements will alter the rate of drying to some extent. The 
shape of the fruit may also vary somewhat, depending upon the con
ditions of growth, and this will also affect the rate of drying. The 
results will vary considerably with t,he method of peeling and coring. 
Coring, in particular, will influence the time necessary to dry the fruit. 
While the peeling and coring corresponded to that generally practiced 
in the trader it is recognized that different individuals may perform 
these operatIOns somewhat differently. Therefore, the values in the 
above tests should be regarded as comparative rather than absolute. 

SUMMARY 

A study has been made of the rate of drying of Kieffer pears during 
the entire drying process in atmospheres of different temperatures 
and relative humidities, and moving at different velocitIes. The 
results have been tabulated and illustrated. The fruit dries rapidly 
at first but gradually slows down toward the end of the process, 
which apparently is due to the slowness of the diffusion of water from 
moist to dry tissues, modified by the water-imbibing forces of the 
solids of the fruit. 

Increasing the temperature appears to be the most effective way of 
increasing the rate of drying. This acts by increasing the rate of 

I' 
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diffusion of the water from the center to the surface of the fruit and 
decreasing the relative humidity or increasing the moisture-holding 
capacity of the drying air, and by conveying to the material a greater 
amount of heat necessary for evaporation. 

There is a very great difference in the rate of drying of fruit in still 
air and in air moving at a relatively slow rate. Increasing the air 
velocity above a fraction of·a mile per hour over small quantities of 
material was not accompanied by a corresponding increase in the 
rate of drying. Again this appears to be due to the slowness of the 
diffusion of water from the center to the surface of the fruit. 

The relative humidity appears to affect the rate of drying in some
what the same way as the velocity of the air current, but the moisture
holding capacity of the .solids is so great that the percentage of mois
ture in the material at the end of the process is very ~uch higher in 
moist than in very dry air. 

The solids in the pear fruits are highly hygroscopic or have a large 
capacity for absorbing water from moist air. This characteristic 
appears to minimize the effect of case hardening or the formation of 
an impervious layer at the surface. 

Almost any degree of subdivision may be used provided that the 
proper drying conditions are employed. It takes a comparatively 
long time to dry fruit sliced into halves, and while fruit sliced into 32 
segments dries unmensely faster, it is not so convenient to handle or 
so attractive when prepared for the table. All things considered, it 
appears that fruit shced into eight segments is the most desirable. 

There is a very great difference in the rate of drying of peeled and 
unpeeled halves, but the difference becomes less as the fruit is further 
subdivided. It appears to be advantageous to peel the fruit because 
of the increased rate of drying and the improvement of the quality of 
the product. 

There appears to be a small but significant difference in the rate of 
drying of the ripened and the unripened fruit. The decrease in the 
rate in the ripened fruit iSlrobably due to the higher percentage of 
soluble pectin in the ripene fruit or td other physical characteristics. 

The drying rates for small and large fruits have been determined 
on a small number of fruits and appear to be nearly proportional to 
the weight of the fruit. 
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