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Preface

This study of the heat transfer characteristics of peaches and the
design, operation, and performance of conventional hvdrocoolers is
part of a broad program of research aimed at developing improved
methods and equipment for maintaining quality in fruits and vege
tables.

The research was conducted cooperatively by the Transportation
and Facilities Research Division. Agricultural Marketing Service, U.S.
Department of Agriculture, under the general supervision of Joseph
F. Herrick, Jr., marketing research analyst of the Handling and
Facilities Research Branch ;and by the University of Georgia, College
of Agriculture Experiment Stations, under the general supervision
of R. H. Brown, agricultural engineer. College Experiment Station.

Ralph E. Smith, assistant agricultural engineer, of the College
Experiment Station, contributed to the planning, design, and conduct
of the work. J. L. Carmon, head of the Department of Experimental
Statistics, and J. C. Fortson. assistant statistician, advised and
assisted in the data analysis.

Fruit used in this research was provided by the Department of
Horticulture of the university.
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Summary

This report presents data on the fundamental and applied heat
transfer characteristics of peaches being cooled with water. The
"effective" thermal diffusivity of six varieties of peaches was deter
mined in laboratory tests. An average of the values of the six
varieties provides a reasonable prediction of the "effective" thermal
diffusivity for all firm ripe peaches. This heat transfer characteristic
can be used to predict the cooling rate of peaches, based on their size
and initial temperature, and the amount of hydrocooling needed to
cool peachestoany desired temperaturewithinanygivenperiodof time.

The "effective" thermal diffusivity was found to vary statistically
among the varieties tested. The principal sources of variation are
assumed to be attributable to such varietal factors as shape of fruit
and ratio of volume of flesh to stone. The differences are too small
to have practical significance under present conditions.

Under ideal cooling, the mean film coefficient of heat transfer from
the surface of peaches to water was estimated to range from 125 to
165 British thermal units per hour per square foot of surface area
per degree Fahrenheit. This value is approached in conventional
flood-type hydrocoolers with water circulating at the rate of 15 gallons
per minute (gpm) per square foot of cross-sectional area.

A flow rate of 15 gpm per square foot of cross-sectional area is
recommended where depth of the fruit to be cooled is equivalent to
the depth of a bushel basket. If the fruit depth is 8 inches or less,
as might be the case in bulk hydrocooling, 5 gpm per square foot is
effective. Should the water be dispersed into fine particles and
uniformly distributed over the surface of the fruit, with spray nozzles,
for example, 10 gpm is as effective as 15 gpm.

Awettmgagent introduced into the cooling waterat a concentration
of 250 parts per million did not increase the cooling rate under the
conditions studied.

Water temperature studies indicated that improved efficiencies
might be gained, without seriously jeopardizing cooling rate, by form
ing "zones" or "stages" in the cooling tunnel at progressively lower
cooling water temperatures from entrance to exit.

Use was made of the concept of mass-average temperature location
in peaches during hydrocoomig. By taking into account the final
mass-average temperature,hydrocooling systemefficiency, and cooling
coefficient, a method for computing an overall performance index for
a hydrocooling machine in operation is introduced.

Hydrocooler performance studies in six typical packinghouses in
Georgia and South Carolina indicated that performance could be
improved in most cases.

Thermal Characteristics of Peaches as
Related to Hydrocooling

By A. H. Bennett, Agricultural Engineer, Transportationand Facilities
Research Division, Agricultural Marketing Service raCUUleS

Introduction

cooling a substance with water: icewater m°-Win i*»F»Iu 1
for rapid heat removal. { *•) is usually used
HZ^PJ°CeS!u°f hydrocooling peaches in the packinghouse can be

Sreto S5«T »VSZl^r0^" to '"^"hetdf tel™-„ . n . OT below, but a temperature of40° F isrenuiri.H tr.
£n£?ttWell"matured peache9 from softening. IfthefruTis to ££wh an,avefW«i temperature of 40° to 45° F., the Zwer mav
F?!K ST* ^ the.fruit reaches amor« mature stage^nX SeeFully developed firm ripe peaches that reach the mariSun asound'
than fm^Wdltl0nta5e ***** in demftnd and b"bXr pricetransit *' '9 PaCked green on the sumption that it will rioeT'n

removed fromttSSSS? m9ide ^ fruit.to the surface, ** - PwmpSyWith «£S?Jj ^aCeand rapld cooling i° accomplished J
are avaiUhli ^ Umt8' conreyOT »P<*d is variable, an5 coolmg tunnelsTOlSga&bUityany Tanety ^length8' P^1"^ confident

»Italic numbers in parenthesis refer to items in Literature Cited, p. 29.



some larger and medium-sized packinghouses, the water is cooled
with mechanical refrigeration.

Hydrocoolers are almost always at the end of the packing line,
where cooling is accomplished after the fruit has been packed in
shipping containers. Where bulk cooling is practiced, the unit is
usually located between the washer, or defuzzer, and the packing
line.

After publication of results of a few early trials of packinghouse
hydrocooling (./), the benefits attained quickly received widespread
recognition. Subsequently, buyers began to pay a premium for
hydrocooled fruit, for which demand had grown. The amount of the
premium was clearly adequate to justify the purchase of hydrocooling
equipment, even by the smallest packers. As a result, the peach
industry called upon manufacturers of food machinery for equipment
to do the job. Machinery companies then began producing hydro-
coolers, although only limited information was available concerning
the fundamental heat transfer characteristics of the products to be
cooled. The essentials of the hydrocooling process and of operating
procedures have changed little since the early models were sold.

Most commercial hydrocoolers are fully capable of doing an effec
tive job of product cooling. Often, however, the machines are not
used to their full capability. Improvement in the design of conven
tional machines, as well as improved operating practices, can lead to
more efficient hydrocooler performance. The logical question, then,
is: Can they be improved, and if so, how?

The principal factors that influence the cooling performance and
operating efficiency of a conventional hydrocooler are: (1) Initial
and final temperature of the fruit; (2) fruit size; (3) temperature and
flow rate of the cooling water; (4) conveyor speed; (5) ambient
temperature; (6) protection from solar radiation and air movement
through the cooler; (7) in the caseof mechanical refrigeration, tonnage
capacity of the system; and (8) arrangement of fruit in the cooler.

Previous research, observation, and experience have pointed out
the effects of some of these factors. In addition, tests have been made
to determine the effects of detergents in the water and of fruit matu
rity on cooling rates. However, a thorough and detailed analysis and
evaluation, based on fundamental heat transfer principles, have not
been made heretofore.

The recent trend toward tray or carton packing has, in some in
stances, resulted in the use of an immersion-type hydrocooler. In
this method, the fruit is conveyed through a vat of agitated chilled
water. Theoretically, the water must be agitated to achieve maxi
mum cooling effectiveness. If the performance of this nonconventional
hydrocooler is to compare favorably with that of the conventional
flood-type hydrocooler, provision must be made for circulation of an
adequate amount of water at the required temperature. Time-tem
perature relations, evaluated with respect to water temperature and
volume of flow, should be of value for this purpose.

The principal objectives of this research were: To determine the
fundamental and actual heat transfer characteristics of peaches as
related to hydrocooling; and to use this information, along with a
general understanding of thermal engineering principles, as a basis
for recommendations that will produce more efficient equipment and
operating techniques.

Review of Studies by Other Researchers
Performance data have been obtained by other researchers on the

conditi°n ('onventional hydrocoolers under typical packinghouse
In 1954, Toussaint et al. (13) found, from a study of 12 packing

houses in the sandhills of North Carolina, that operating practices
vaned considerably among packinghouses. As an example, they
round nnal pit" temperatures varying from 44° F. to 57.5° F Thev
further reported that 20 pounds of ice was melted for each bushel of
peaches cooled 30 degrees F., if a minimum of 1,000 bushels were
cooled in a day. The ice cost under these conditions was $0,072 per
Dusnel. By combining fixed and variable costs with cost of ice
loussaint and associates found that it cost $0,128 to hydrocool one
»SJn°oi£ea umua f^ed havin,g a" annual volume of 30,000 bushels,
bushels P°r ma havlnS a" annual volume of 10,000
Qrt?ftdr etral- (5) „condu£5ed packinghouse studies in Georgia andSouth Carolina m1954. They found considerable variation in cooling
coefficients (ranging from 3.32 to 6.91) among hydrocoolers of the
same type, lests m immersion-type coolers resulted in lower coeffi
cients than in conventional flood-type coolers. Ice consumption, as
measured in four of the tests, averaged 0.88 pound per bushel for each
degree F of temperature reduction. Use rates ranged from 0.68 to
nn5J5°Sf.t £ 1C«P?r buS¥ PerLdeFee F- Redit and associates reported that the efficiency of the hydrocoolers studied ranged from 30
to 53 Percent. Tins means that, in the case of the least efficient, 70
?£^v GrekfnSeI*tmg «*?* of the melting ice was not utilizedfor cooling peaches. On this basis, assuming $8 per ton for ice it
would cost 80.18 per bushel for ice alone, to cool fruit 37.5 degrees
If all the refrigerating effect from the melting ice could be utilized icecost would be $0,053 per bushel. umizea, ice

Sainsbury (;/), in 1955, introduced the term "half-cooling time"2
to.characterize the cooling rate. Use of this term is based on a loga
rithmic function of temperatures of product and cooling fluid during
the cooling period mquestion. In hydrocooling peachis, during the
first several minutes of the cooling period, th! reduction ^ mass-
average temperature is not a linear logarithmic function. For this
reason the half-coolmg time factor does not lend itself for use in
evaluating the effectiveness of a hydrocooling system.
♦k ♦ ??U i mc?mParmg cooling rates by various methods, showedthat 8 to 14 minutes are required to half-cool certain peaches (tem
perature measurement at the pit) in a hydrocooler while 1 hour k
required U» cool the same fruit by forced air cooling and? hou?s ar*
needed for conventional room cooling methods. «""""« a™

Laboratory Studies of Heat Transfer Characteristics
fJ^A^hJ^f*1 Pr°Perties' temperature difference between the
fSl *tJt ^?lug Wa,ter' and water flow rate are the primaryfactors that affect the cooling rate of peaches in a conventional flood-

b^oinlh^AAcctTn^i^ Uve TOired to reduce the temperature differencebetween tho object and the cooling fluid to one-half its initial value.



type hydrocooler. Design, construction, and operation of hydro-
toolmg systems are predicated upon the rate of heat removal or
product heat load. Because of the limited amount of data describing
the thermal properties and characteristics of peaches, designers and
builders of hydrocooling systems are presently guided largelv bv
experience and tnal-and-error processes. Fundamental dataf ac
quired byscientific means and put into a readily usable form should
enhance the development and use of improved equipment and meth
ods for more efficient and less costly hydrocooling of peaches.

Coefficients

Description and Use

.rl^A tW° R™?pal means of heat transfer from peaches being hydro-cooled are: (1) Conduction from the inside of the fruit to tbe^iXce
and (2) convection from the surface to the cooling water. Rate of
teriLd°Lbfty ,C°"dUCi}°? ihr°U^ ahr°?eneous substance is characterized by a term called thermal conductivity3

Thermal diffusivity4 is another term often used advantageouslv
rhJrrn'nWi W^f^^^ fl°W mthe trans^ "tate Tfiethermal diffusivity "constant" has utility through its use in estabhshed relationships to predict the temperature atiny timeVnder any
specified cooling condition at any point in any given size of homogene^
telS<? ]ff"?* C,??l0Vm3?°,% d?finab,e geometSc configuration gThe
f^hok^^l^*VM,,yvity iS am01Le precise cWcterizationfor whole peaches, consisting of components having dissimilar phvsical
tfoT Con^w'fil0^0™^ t0 an OT^ible geometric conation. Connective film or surface coefficient's used to describe the

™;ce< il 1S ^ heT* to c°mpare the actual rate of heat transferfrom the surface of peaches to the maximum possible rate of heat
itTs^ dM^ by ^ rat.6 °f heat flow fr™ in^e the fruitto1L^*\ Maximum heat flow occurs when the surface quicklyassumes a temperature very nearly equal to that of the cooling fluid.

Review of Literature

f«£j3£ l5vest5ators have measured the thermal diffusivity ("ef-
thp mptLJ Tt&lZ ^ specimens of fresh fruits and vegetables bythe method described mthis report. Gane, in 1936 (2), perhaDsthe
several frul^n^T^ ^HValueS °f thermaI i§^y fo?several fruits and vegetables, including oranges and grapefruit His
^mS,,TSt-tUted.the. available mfSmatiJn mflifffidto sometZ V?^1?8 mves^atl0^^ere limited and a search of the hW
tk£ In l^T^T7 ^TO* eff0rts on Us Part in this di™>di5usivi?v» 2^1 7 uVal i8) m.easur^ the "average thermaldicusivity of peach flesh by extracting, in the shape of a sphere,
«J^?1™^ conductivity is defined as the time rate ofheat flow through a unitareata homogeneous substance under the influence of a unit temperature*
MiiS?*!?^ di?U8ivi*y * a thermal property that describes the heat transfercharacteristic of a substance during transient heating or cooling transfer
«f /""^coefficient of heat transfer is the rate of heat transfer from a unit area
Mrj:&srwith "•"-unit difrcrcBTC •» —iss^s

homogeneous portions from Mia fruit tu • A .
under conditions of rapiTfreerinawirhJ ^ *eSts were conducted80° to 0° F. Turreli*and Be^oSm %temPera^e ra*ge of
values of "effective" therinal dhSsivifv for v?5\ rePort,ed measuredlemons, and Valenciar^dnete? iSi mMarsh graPefruit, Eureka
among the mean values aTrep^rte^ ^I^- A*ree™ntvalidate the experimentalpS^ tends to
peated tests under contrnll«rl ™«£?; nowever» fche absence of re-
comprehensivrstudy To this end fhl3"!?-8^3 the ne?d for morewere pursued. 7 end' the obJectives set forth below

Objectives

Objectives of this study were:

shgil%rrSe„f^o.;ep^ctf thennal diffusivi* °< —ral
Aa^^^^ga^ **M™* <™>ng varieties
-^^tri5&rf^sg5^the surf-
any specified condition varieties of peaches cooled under

Experimental Procedure

Fruit was used hi aU teste * te8tS Were valid' Unbrushed
• ^equipment and instrumentation used inrlnHprl- n\ a « i jinsulated test chamber thmno-v, Lu« u r mciuoed. (i; A sealed,
ature was rlpidl^ at a™™^t> tempedwatch; and ?4)I S^tf^S^^ JW Q) astop-
couple unctions were constructed of"la *££ }" Sed thermo"
thermocouple wire TenX™?,,™ mL ,g; copper constantan
center, at K-inXmcrerZt^ aZ^S8Urem.ents WeJe fcaken afc th«
(%. 2 . The test S^S «f t* * radlus' and 0n the su^aceunfforii tem'j^a^o?^^ WF^^^ ^&Vniti&l
mto an agitated cold watSbS"at 35° F ' en *Uddeniy plunged
ceiter\iSnoSeri,1en^ recorded- Theperiodically tSo^JStlh^1^ ^^ .8ubsequently recorded
the specimen to acWeve an andvf,vTlIJe "TL1?8 we? aIlowed ^
sient heat flow By the use «%i^7v8^^1!00^41011 of tra«"
Adams (15), the Active"^h^?1^-^^ by W^M8°n "idappendix, p 31) Bv mlL^in^ diffusivity^ was computed (see

f/m l^oToTl^-^^^ ^Tgg ^ det6rmi^dAnalyse of the data showed signified?inct 2SS SS2&



BN-18333

Figure 1.—Laboratory apparatus for testing heat transfer characteristics of
peaches.

BK-18336

FIGURE 2.—Test peach showing thermocouple probe inserted into center of
fruit through hole drilled into seed.
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The test data revealed that possible variation in maturity or in size
or shape among varieties could have produced this effect.

To explore further the questions raised as a result of the 1060 tests
10 runs were made on each of the following six varieties: Dixie Gem'
Keel Haven, Hale Haven, Cardinal, Early Red Free, and Elberta'
Maturity was evaluated in terms of hardness per cram of sample
weight, measured with an electronic recording shear-type pressure
meter. Size was held as uniformly as possible within varieties.
Analyses for differences among varieties and the effect of hardness
and fruit size were made.

Results and Discussion

Tabic Mists the results of the 1960 and 1961 tests. Values of
•effective" diffusivity and conductivity are computed means of all

observations by variety, within the fruit temperature range from 80°
t. to 40° F. The influence of temperature on diffusivity can be
examined for each variety by plotting temperature, as the independent
variable, against diffusivity, from the following linear regression
equations computed for each variety:

%\ ?ai6#aVen t=55,500.0 a -271.67
)o 5 • Am'n t=S2,456.4« -369.19(3) Dixie Gem t=52,386.3 a -227.70
(4 Cardinal t=47,817.6 a -209.04
a ?TVir t=39,102.7 a -157.78(6) harry Red Free t=37,706.6 a -149.62
Figure 3 shows the relation of temperature to diffusivity for the

Hale Haven variety.

oooio ooos«

AGRICULTURAL MARKETING SERVICE

0 0058 0OOS2

rSE8?T,VE" r"E,'u*L SFFUSivitr- ll.fl/hr.
AMS NEG 4/0-63(21

Figure 3.—Influence of temperature on "effective" thermal diffusivity for Hale
Haven peaches.
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Coefficients *° exPress the correlation between temperature and
diffusivity suggest a satisfactory fit of individual data points to the
average regression line as obtained for each variety. Coefficients of
variation among runs within varieties indicate validity of the experi
mental procedure and suggest reliability in the experimental results

Differences in values of "effective" thermal diffusivity among
varieties were found to be statistically significant. However when
considered in the sense of variation in actual cooling time, it is likely
that the differences as compared by the curves of figure 4 have a
negligible significance in practice. Therefore, the average mean
effective thermal diffusivity for the six varieties listed in table 1

can be used m practice to predict expected cooling rates The
equations for the curves of figure 5, representing the mean mass-
average temperature for the six varieties, were developed by Smith
and Bennett (12). Values for these curves were computed by use
of the prediction equations given in the appendix.

Variation in maturity, as measured by hardness, produced no
measurable variation m experimental thermal conductivity. A slight
correlation was found between fruit size (which varied statistically
among varieties) and thermal conductivity, but hardly of sufficient
magnitude to be of any significance, especially if the results were
affected by experimental error. It is possible that slight differences
mshape, size, and otherphysical characteristics among varieties tested
produced systematic errors which led to theresultant variation among
varieties in experimental values. A more detailed examination o?
the thermal characteristics of peach flesh is needed before positive
conclusions can be drawn concerning this phenomenon.

An average film coefficient of heat transfer from the surface of a
peach immersed m a well-agitated water bath at 35° F. was found to
be approximately 120 B.t.u. per (hr.) (sq. ft.) (° F.). Experience
and observation have shown that this is about an optimum value for

Table 1.—Test results to determine thermal properties of six varieties
of peaches as listed

Year

1960.

Average.

1961.

Average.

Variety

Hale Haven.
Red Haven.
Dixie Gem_.

Hale Haven
Red Haven
Dixie Gem
Cardinal
Elberta._
Early Red Free.

Effective»
thermal

diffusivity

Sq.fl.lhT.
0. 005794
.005160
. 005121

005358

005799
005097
005305
005442
005320
005387

005393

Density

Lb./cu.fl.
59. 9830
59. 4160
60.7078

59.9846

59.0840
60. 2410
5a 2314
59. 4090
59. 6978
60. 0715

59. 4558

1Average of total observations for each variety.
*Computed by assuming specific heat equals 0.9 B.t.u./lb. ° F.
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Thermal»
conductiv

ity

Bjt.u. (Ar.)
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0.3128
.2759
.2798

2892

3084
2763
2780
2910
2858
2912

2885
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0.2 0.3

TIME (hours)

0.4 0.5

AGRICULTURAL MARKETING SERVICE .AMS NEG 472-63(2)

Figure 5.—Calculated mass-average temperature ofpeaches during ideal cooling.

hydrocooling peaches. This is roughly equivalent to a theoretical
surface coefficient calculated at a mean water velocity of 15 feet
per minute and a film temperature of 35° F. While the film coeffi
cient from the surface of peaches can be increased by increasing the
mean velocity of water across the surface, the difference between
the water and surface temperature will decrease proportionately
with the result that the rate of heat flow from the surface of the
fruit will remain virtually unchanged. Because of restricted heat
flow from within to the surface of peaches, imposed by their thermal
property, and because of limitations by virtue of a minimum temper
ature of the cooling water, there will be no perceptible increase in
the rate of heat removal.

Effect of a Wetting Agent on Cooling Rate
Background

Addition of a wetting agent alters the phvsical properties of water.
Theoretically, when other factors are held"constant, the film coeffi
cientofheat transferfrom a surface to a fluid increases as the dynamic
viscosity of the fluid is reduced. Considering the surface characteris
ticsofa peach, the film coefficient will logically increase as the capacity
of water to form a smooth, bubble-free film on its surface becomes

12

greater. This argument leads to the possible conclusion that in
hydrocooling, the rate of heat transfer from the surface of peaches
and hencethe cooling rate, can be increased by adding a wetting agent
to the water. b b

In a study conducted to compare cooling rates to rate of water
circulation, with and without a wetting agent, Harris (7) found that
5.5 gallons per minute per square foot of cross-sectional area, contain
ing 250 parts per million of a commercial wetting agent, cooled the
fruit as fast as 24 gallons per minute without a wetting agent. At
a flow rate of 3 gallons per minute per square foot, the cooling rate
increased^considerably when a wetting agent was added to the cooling
water. These results were obtained in a test chamber similar to the
conventional flood-type hydrocooler.

From studies discussed previously in this report, it was found that
the film coefficient of heat transfer of a single peach immersed in an
agitated water bath is sufficient to cool the peach at a maximum rate
as dictated by the minimum water temperature and the thermal
conductivity of the peach flesh. This condition is valid only when
the mean velocity across the surface exceeds 15 feet per minute,
burface temperature measurements during the cooling process suggest
that this condition issatisfied in a conventional flood-type hydrocooler

In view of the findings and hypothesis described, a laboratory study
was conducted to determine if a practical advantage could be'gained
through the use of a wetting agent in the cooling water of a conven
tional flood-type hydrocooler.

Experimental Procedure
A hydrocooling test chamber (fig. 6) was designed and constructed

to simulate the cooling method employed by commercial flood-type
hydrocoolers. Spray nozzles to provide uniform distribution at
varying flow rates were employed instead of a flood pan and screen
Flowwas measured witha bellows-type, pressure-differential recording
flow meter (fig. 7).

Five runs each, with and without a wetting agent, were made, using
firm ripe fruit of the Elberta variety contained in bushel baskets.
Water temperature was held constant at 35° F. Initial fruit tempera
ture and fruit size were maintained as uniformly as possible throughout
the tests. Low-pressure spray nozzles were used to provide for uni
form coverage at a flow rateof2.5 and 5gallons per minute persquare
foot. At flow rates of 7.5, 10, and 15 gallons per minute, sprinkler-
type nozzles were used. A wetting agent approved by the Food and
Urug Administration as commercially acceptable for use in food
products was applied at a concentration of 250 ppm. Foam was
controlled with an antifoam agent.

Temperatures were measured in the center and on the surface of
truit located at the bottom, middle, and top of the basket. Thermal
history of the fruit was recorded periodically during thecooling process.

Results and Discussion
Cooling coefficients, film coefficients of heat transfer, and heat

removed were computed for each treatment, on the basis of the mass-
average temperature, by methods described in the appendix. Cooline
coerncients were computed for a constant cooling time of 30 minute?,
the results are given in table 2. From the data of table 2 and the
curves of figure 8, it is noted that the addition of a wetting agent had



Figure 6.—Laboratory test chamber for simulated immersion and flood-type
hydrocooling studies.

Figure 7.—Flow meter.
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Table 2.—Hydrocooling characteristics of 2)i-inch-diameter Elberta
peaches: Comparison of a wetting agent at 250 ppm with no wetting
agent in cooling water at 35° F. Results of laboratory studies in
experimental test chamber

Water
flow rate

Wetting agent
used

Mass-average
temperature Cooling'

coefficient
Average

film

coefficient

Heat*

Initial Final

gpmliq. ft.
2.5 Yes 92.6

97. 1
92.4
93.0
93.2
92.3
94.7
91.5
90.5

0 F

42.3
40.4
43.0
40.3
40.1
3a 6
39.3
38.4
38.9

° F./kr. » F
5.46
7.03
5.61
6. 13
6.76
7.65
6.49
7.22
7.00

BA.ri.lhr. tq.
ft.°F

61
100
43
50
66

100
125
110
120

Bjt.u.llb.
45.3
51.0
44.5
47.4
47.8
48.3
49.9
47.8
46.4

2.5 No
5.0 Yes
5.0 No
7.5 Yes
7.5 No

10.0 Yes
10.0 No
15.0 No

1Based on arithmetic mean temperature difference for 30 minutes cooling time
1Assumed specific heat of peaches equals 0.9 B.t.u./lb. °F.

negligible effect on the cooling rate at each of the water flow rates
studied. The observed differences are, in all probability, attributable
more to experimental variation than to treatment effects.

Flow Rate and Water Temperature as Related to Cooling
Scope and Purpose

A 68-foot-long by 85-inch-wide hydrocooler equipped with two
7.5-horsepower pump motors delivers 6,400 gallons per minute (gpm)
of water to the flood pans. At the design rate of 15 gallons of water
per minute per square foot of cross-sectional area, heat added to
the water through the two pumps, in 8 hours' operation, is
equivalent to that required to melt 1 ton of ice. More than 3 tons of
mechanical refrigeration is needed to absorb the heat added through
the two pumps. In addition, heat is added to the water from
surroundings by conduction, convection, and radiation in proportion
to the quantity of water circulated.

From this point of view, the argument can be raised that efficiency
ot a hydrocooling system might be increased byreducing the quantity
of water circulated. On the basis that the assumed reduction in
extraneousheat gain to the system results from reduced water circu
lation, more of the refrigeration capacity available can be converted
into useful work and hence the system efficiency will be increased,
tfut, because cooling effectiveness is also a function of water circula
tion rate, reduction in amount of water circulated should not be
accomplished to the extent that system effectiveness is reduced.

Another possible means of increasing hydrocooling system efficiency
is by recirculating the cooling water over the fruit, one or more times
before it is returned to the ice tank or cooling coils. In this manner,
the fruit is subjected to cooling water at progressively lower tempera-
16

tures, possibly ranging from 45° to 35° F., as it proceeds through the
cooling tunnel. This process, simulating a parallel-flow heat ex
changer, might be termed "staging." Perhaps six or eight stages
could be employed. Again, the advantages gained by "staging"
must suffice to more than offset any subsequent decrease in cooling
effectiveness.

In an effort to gain insight into the feasibility of reduced water
circulation rates or 'staging" on an applied scale, laboratory research
was conducted to study the relationship of water temperature and
flow rate to rate of cooling peaches, under conditions simulating
those in conventional flood-type li3rdrocoolers and in immersion.

Experimental Procedure

Flooding.—The equipment and measuring instruments described
in the section on wetting agents were employed in the testsdescribed
here.

Firm ripe peaches of the Elberta variety were tested at flow rates
of 2.5, 5.0, 7.5, 10.0, and 15.0 gpm per square foot of cross-sectional
area with water temperature held constant at 35° F. Firm ripe
peaches of the Hale Haven variety were tested at flow rates of 5,
10, and 15 gpm per square foot of cross-sectional area at water tem
peratures of 35°, 40°, 45°, and 55°F. Overhead-spray and sprinkler-
type nozzles were adjusted to direct the shower over 1 square foot of
cross-sectional area of the fruit contained in %-bushel baskets. Tem
perature was measured at the center and on the surface of peaches
of known diameter, located at the top, in the middle, and on the
bottom center line of the basket.

Immersion.—To determine the cooling characteristics of bulk fruit
immersed in an agitated waterbath, Hale Haven peaches in 25-pound
wire mesh containers were tested at water flow rates of 20, 40, and 60
gpm and at water temperatures of 35° and 45° F. The tests were not
designed to measure water flow in terms of either approach or mean
velocity through the void spaces surrounding the fruit. However, as
a matter of interest, a reasonable estimate of mean velocity through
the voids is somewhere between 5 and 15 feet per minute at maximum
flow. Temperature was measured at the center and on the surface of
fruit located at the intake, in the middle, and on the exhaust side of the
container.

Results and Discussion

Flooding.—Cooling coefficients and rate of heat removal for each
treatment of water flow rate and temperature in the simulated "flood
ing" tests are listed in table 3. These data were computed from the
mean mass-average temperature of the three specimens from each test.

The data in table 3 and the curves of figures 9, 10, and 11 indicate
that cooling rateof peaches under laboratory testconditions simulating
a conventional flood-type hydrocooler is optimum at a water flow rate
°* 15og&m per s<*uare f°ot °* cross-sectional area, and at a temperature

As in the case of figure 4, figures 9 and 10 show the relationship
between cooling time and unaccomplished temperature change. The
temperature was normalized to allow a clearer presentation of the test
results. As used here, it can be defined as the difference between the
temperature at the center of the fruit and that of the water, divided by
the difference in initial uniformtemperature of the fruit and that of the

890-187 O—63 17



Table 3.—Cooling characteristics ofS-inch-diameter Hale Haven peaches
at various water temperatures and flow rates, in experimental test
chamber using overhead sprinkler nozzles to simulate flooding

Water flow rate
Water

temper
ature

Fruit temperature
Cooling *

coefficient
Heat*

Initial Final
removed

gpm/tq.ft.
5

°F.

35
35
40
45
35
45
55

°F.

87.9
85.0
82.0
82.0
90.5
89.0
88.2

"F.

46.8
43.6
48,7
49. 1
39.4
50.9
57.9

"F/hr. °F
3.78
4.00
3.39
5.18
6.58
6.26
5.00

BJ.u./lb.
37. 0

10 37. 3

15

28.0
2a 9
45 7
35.9
27.3

1 Based on arithmetic mean difference for 30-minute cooling time.
1 Assumed specific heat of peaches equals 0.9 B.t.u./lb. ° F.

COOLINS TIVE (Binotd) COOUNO TIME (•!«••••)

AQfKULTUftM. MAAKETMG URVKC A*SN£0«T4-«Stt)

Figure 9.—Effect of water flow rate on cooling 3-inch-diameter Hale Haven
peaches using shower nozzles for coarse spray. Temperatures measured at
the center of fruit located at the top and bottom of ^-bushel baskets.

cooling water. Water temperature must be held constant. Absolute
temperature can be readily computed by use of the formula:

i2=
ti—tv

18

Where
R=percent unaccomplished temperature change

or temperature ratio
tc=temperature at the center
tt=initial uniform temperature
tw=temperature of the cooling water

Varying the water flow rate from 5 to 15 gpm, using coarse spray,
produced a negligible effect on the cooling rate of 3-inch-diameter
Hale Haven peaches located in the top of the container, but caused
appreciable differences for fruit in the bottom of the container (fig.
9). This effect can possibly be attributed to spray characteristics
causing inadequate distribution of water in the bottom portion of the
container at tne lower flow rates. In contrast, the water flow rate
with fine spray had no significant effect upon the cooling rate of 2%-
inch-diameter Elberta peaches in the bottom of the container (fig.
10). While fruit size could be a factor, the more plausible explana
tion for this contrast is that, in the latter case, at tne 5-gpm rate, the
spray nozzles dispersed the water into finer particles, resulting in a
more uniform distribution and a higher film coefficient of heat transfer.

10 15 20 25

COOLING TIME (minutes)

AGRICULTURAL MARKETING SERVICE AMS NEG 475-63(2)

Figure 10.—Effect of water flow rate on cooling 2}4-inch Elberta peaches, using
spray nozzles for fine spray. Temperature measured at the center of fruit
located on the bottom of Ji-bushel baskets.
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and bottom of tf-bushel baskets. temPeratures. Average of top, middle,
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thorough investigation ^S°^s. « • *h?!ro,?<Jhl« srsfcem- A more
operating SnSSs *P°mt should be made un<*«" actual
eiT^^ 1?°°i^ "***"* of aboutresults mven in table 4 fnHtv,™ °r 3;"?ch-<fcameter peaches, theapproach ^ty&^i^S™ £«£™ »f«W»t that' the
minute for cooling by immers&ntJhf „feater than 15 feet per
The curves offi LKlJ* &C0Jmparable **& flooding.
at the mass-vE noin? T£l8?tUre reducutl0n a* the center and
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TjLJ£?Jt'7~?(!0Ln9?^raf^T^ ojS-inch-diameter Hale Haven peaches•
1,%^J- ab£ra?0ry St^l6S- m"P*™™** tet chamber, simulatingbulk cooling by immersing in an agitated water bath

Water flow

9pm
20..
40
20
40
60 I

Water
temper

ature

"F

35.0
35.0
45.0
45.0
45.0

Mass-average fruit
temperature

Initial

°F

85.0
85.0
88.0
86.0
86.0

Final

"F

43.5
42.0
49.4
48.8
50.7

Cooling
coefficient'

' Flhr.
4.44
4.92
6.04
6. 19
4.68

Heat
removed J

B.t.ujlb.
37.4
38.7
34.7
33.5
31. 8

it^SSsftx^sm^Trrand 3o-minute"^*~
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COOLING
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MASS
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25 30

AGRICULTURAL MARKETING SERVICE AMS NEG 477-63(2)
Figure 12.—Effect of cooling by immersion in an agitated water bath on 3-inch-

diameter Hale Haven peaches.



Conclusions

Heat Transfer Coefficients

The "effective" thermal diffusivity was measured for six varieties
of peaches Statistical analysis yielded significant differences among
varieties. While no effect from maturity was found, a slight cor
relation existed between size of fruit and"effective" thermal diffusiv
ity. bize also varied significantly among varieties. Dissimilar
f0fT^?flPr?P*ertle^am0^7^iefci^'such as shape and volumetricratio of flesh to seed could have some effect on the thermal property
niw? •V Hak.Haven> **example, is more nearly spherical than
^^Tren8 •t?ted" c\ a^°.h^ a larger flesh-to-seed ratio atmaturity. Deviation of the fruit from a true spherical shape likely
produced systematic variation in the test results, of sufficient magni-
™aL t0.f^el1d statistically significant differences among varieties
under critical analysis. This does not preclude the possibility that
differences in maturity among varieties, as perhaps indicated by size,
or other physical or biological properties could produce the effect
obtained in the test data.

thTPa theSG findi^s mav have academic significance, in practicethe differences can be assumed to be negligible. An average of the
XLZ?"6 !je?«- ? ®* constitutes a reasonable measure of "effective"

'"™" *~ f°r whole firm ripe peaches, for practicalthermal diffusivity
application.

Wetting Agents
Inan experimental test chamber using overhead-spray and sprinkler-

type nozzles to simulate a conventional flood-type hydrocooler, the
K??£ r a Tettmg agen,fc *? the water at 250 PPm did not increasethe cooling rate at anv of the water circulation rates tested. This
may be attributed to the fact that the nozzles were selected to assure
a uniform distribution of finely dispersed water particles over the
test area. In cases where particle size is large and distribution is
notuniform, use ofa wetting agent might prove advantageous. How
ever, it would seem more practical to design hydrocoolers to attain
a fine, uniform coverage of water by mechanical means.

Water Temperature and Flow Rate
For conventional flood-type hydrocoolers, a water circulation rate

™ef Wt- Per T?£a,re fo<^ of cross-sectional area was found to be
££& if6*1™' ]*£de C0(?H Mmosfc raPid at35° F., some advantagemignt be gained by recirculating the cooling water several times
before returning it to the ice tank for chilling
nr?^2gfKby ^mei*ion shows promise for practical application
provided the approach velocity is not less than 15 feet per minute.
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Applications

Predicting Cooling Rates
The time required to achieve any desired temperature reduction

of peaches in a hydrocooler varies with size, cooling characteristics
initial and final temperature of the fruit, and temperature of the
cooling water. As m the case of most conventional flood-type hydro-
coolers, where the temperature of the fruit surface remains essentially
constant and approximates the temperature of the cooling fluid the
™°j^g characteristic can be expressed by the "effective" thermal

As discussed under the heading of "coefficients," the "effective"
thermal diffusivity was found to vary statistically among varieties
studied. Because of the small effect of temperature with respect to
cooling time these differences can be neglected in practice. An
average of the six varieties tested provides a reasonable measure of
the effective thermal diffusivity for all firm ripe peaches. A chart
(hg. 13) was prepared on the basis of these experimental results. The
cnart can be used to predict the time required to achieve a specified
hnal mass-average temperature of peaches having a given size and
pven initial temperature. It has application only where the surface
temperature meets the conditions described in the preceding para
graph. Computations for the chart were based on average "effective"
thermal diffusivity of 0.0054 square foot per hour, and a water tem
perature of 35° F.

To illustrate use of the chart, the following example is given:
Problem:

Peaches of uniform size having a maximum diameter of 2% inches
as measured through the center perpendicular to the suture, and an
initial temperature of 84.5° F. are to be hydrocooled for 15 minutes.
Conditions:

Cooling water temperature =35° F.
*uSiUrfiac^ temPerature remains constant, and essentially equal to
that of the water.

Find:

Final mass-average temperature.
Solution:

^i^JS S? poiirt_°n fche verfcical a3ds where the initial temperature
equals 84.5 F. From this point, construct a line, moving from left
to right parallel to the horizontal grid. Through the point where
tne construction line intersects with the curve corresponding to 15
minutes and 2%-inch diameter, construct another line parallel to
the vertical grid At the point where the vertical construction line
foundTob^ 7«' Fhonzontal axis> fche mass-average temperature is
♦^L^i6 final ^"s-airerage temperature is specified, the time required
<L a ? &each • a Fven size to the specified temperature can be
JSS fK P0mt wEere fche verfcical and horizontal lines intersect
witfi tne curve corresponding to the appropriate fruit size. Should
wi€s intersection occur at some point between curves of corresponding
size, an interpolation for the correct cooling time can be made. For
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example, in the problem just presented, if a final mass-average
temperature of 43.5° F. had been specified, the point of intersection
would have occurred midway between the 15- and 20-minute curves
for a 2^-inch-diameter peach. By interpolation, the cooling time
is found to be 17.5 minutes. Formulas and tables for computing
center and mass-average temperatures for any variety of conditions
are given in the appendix.
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Figure 13.—Relation between initial and final mass-average temperature of
fruit, size of fruit, and cooling time when cooled ideally with water at 35° F.

Performance Index

Hydrocooling system performance may be defined as the extent
to which a particular system under specific operating conditions
produces an optimum fruit temperature reduction at the least cost.

The three factors that best characterize the performance of a
hydrocooling system are: (1) Cooling coefficient/ (2) hydrocooling
system efficiency,7 and (3) final mass-average fruit temperature.8
Any one of these three alone does not adequately describe the total
effectiveness and efficiency of a system. Mathematically, hydro-
cooling system performance may be evaluated as an index that takes

8Cooling coefficient, as used in this report, can be defined as the mass-average
temperature reduction accomplished in a given cooling time for each degree of
temperature difference between the peach and the cooling water.

7Hydrocooling system efficiency, as used in this report, is defined as the ratio
of product heat load to the heat absorbed by the melting ice or the total mechanical
refngeration capacity available.

8 Mass-average temperature of a peach is that temperature which denotes the
total heat contained in the peach at any time during a cooling process.
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into account each of the above three factors. This index may be
used as a standard or guide for evaluating hydrocooling operations.
The function of hydrocooling is to cool the product fast and as effi
ciently as possible. The principal criterion, however, is the accom
plishment of adequate temperature reduction. If this is not done, the
purpose of hydrocooling has been defeated. For this reason, major
emphasis is placed upon final fruit temperature in the expression
given for determining the performance index. The index must be
used with caution. Unless examined in the light of its determinants,
it can lead to erroneous conclusions.

If the product of the cooling coefficient and time, hydrocooling
system efficiency, and final mass-average temperature is known, or
can be measured, the overall performance index of a hydrocooling
system in operation can be computed by use of the formula given on
page 35 in the appendix. From the chart (fig. 14), the performance
index can be determined graphically in the following manner:

Construct a line that intersects the calculated value of cooling
coefficient x time on the horizontal axis and the final mass-average
temperature on the vertical axis. Parallel to this line, construct

100

o
z
ID

o 80
u.

LU

35 60
LU
H-
C/5
>-
co 40

H
Z
Id

£ 20
LU
Q.

LU

or

&60h
tr

- QJ
a. 50

LU

rr ^ 40
•- §v30

cr n
U UJ

§ ZO
to

U 9 io

\
\

\

x

h* ^

±

\

\
\

± ± J_

<
z

0 0.5 1.0 1.5 2.0
V(C00LING COEFFICIENT) (TIME)

N.

-L
\

_L _L ±

32 48 64 80

PERFORMANCE INDEX

96 12

AGRICULTURAL MARKETING SERVICE AMS NEG 479-63(2)

Figure 14.—Relation of hydrocooler performance index to hydrocooling system
efficiency, final mass-average temperature, and the product of cooling coeffi
cient x time. Chart can De used for a graphical solution of performance
index where the other factors are known.
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another line (as shown) that intersects the vertical axis at the point
corresponding to the calculated percent hydrocooling efficiency The
performance index is found at the point of intersection between the
second parallel line and the bottom horizontal axis.

Predicting Cooling Loads
The refrigeration requirement for a hydrocooling system can be

estimated by computing the total heat load of the system The
total heat load consists of (1) product load, (2) load from containers,
(3)_electrical load, and (4) gam from surroundings.

The product heat load to be removed in cooling 400 bushels per hour
(48 pounds per bushel) of 2K-inch-diameter peaches, initially at 80° F
in 15 minutes is 650,000 B.t.u-. per hour. *'

The container heat load is variable, depending upon size and type
of container. As a rule of thumb, weight of wooden or fiberboard
containers may be estimated to be Xo that of the product weight
and to have a specific heat of 0.3 B.t.u. per pound °F. (S). On this
basis, the contamer heat load for the case described is 21,600 B t u
per hour, or about 3.5 percent of the product load.

In a hydrocooler, the electrical load comes from that portion of
heat energy that is added to the system through pump and conveyor
motors. However, load produced by the conveyor motor comprises
such a small percentage of the total load that it can be considered
negligible. One 7.5-horsepower pump motor is required for a con
ventional flood-type hydrocooler having a capacity of 400 bushels per
hour based on a 15-minute cooling time. A motor of this size acids
beat to the water, through the pump, at a rate of 19,087 B.t.u. per
hour. Ine electrical heat load therefore amounts to about 3 percent
of the product load. *

Approximately 10 percent of the product heat load may be attributed
to sources necessary to perform the operation. Additional heat load
to tne system comes from outside sources.

Packinghouse Studies
Performance criteria were established for existing hydrocooline

systems from studies in packinghouses in Georgia and South Carolina
during the 1960 and 1961 seasons. Five packinghouses, four in
Georgia and one in South Carolina, were selected on the basis of size
type of refngeration, and location. Thermal history during the
cooling process was recorded by the use of thermocouples that
remamed connected to a recording potentiometer as the fruit under
study passed through the cooling tunnel. The thermocouples were
constructed of 36 a.w.g. copper-constantan connected to 24 a w e
copper-constantan lead wire. Center and surface temperatures were
measured with the fruit located at the bottom and top center line of
Kotw11 amerl TKC0nfcaiiner8 varied in type, including ^-bushel
«hS^' Tm" und- brUCG b0Xes' and field boxes- M hydrocoolersstudied, while varying somewhat in construction details, are of the
same conventional flood-type design.

Description and observations of performance data from the hydro-
coolers studied are given in table 5.
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Figure 15.—Center and mass-average temperatures of peaches 2% to 2#inches
in diameter, m the middle of container during typical cooling in conventional
flood-type hydrocoolers.

It is noted from the table that final fruit temperature is reported
in terms of its mass-average. Predicted values of mass-average tem
perature were computed according to the method reported by Smith
and Bennett (IS) on the basis of fruit size, initial fruit temperature,
time in the cooler, and cooling water temperature. Actual values of
mass-average temperature were computed from measurements re
corded, initially and finally, at points in the center and on the surface
of the fruit.

Note from the data of study 1 (table 5) that the mass-average tem
perature of a peach 2% inches in diameter was reduced from 77° to
40.2 F. m 18 minutes, compared to a reduction from 76° to 34.3° F.
in 45 minutes in study 5. This, as illustrated by the curves of figure
28

15, provides a comparative evaluation of the characteristic initial
rapid cooling rate that decreases as cooling time increases.

The cooling coefficient is informative and useful when considered
in the presence of cooling time. In the absence of knowledge about
cooling time, the term can be misleading. Note, for example, the large
diversity between the cooling coefficients of studies 2 and 5 (table 5).
The coefficient, in each case, is a reasonable expression of the cooling
rate for the period of time the fruit was in the cooler. However, if
the time allowed for cooling were not considered, one would logically
assume that the hydrocooler of study 2 is doing a more effective job
of cooling than that of study 5. If computed on the basis of equal
cooling time, the two hydrocoolers would have very nearly the same
cooling coefficient.

Both the cooling coefficient and hydrocooling system efficiency of
study 5 are low. Each of these can, to some extent, be attributed to
the length of time in the cooler. In this case, economy was sacrificed
to achieve a minimum final fruit temperature. While the performance
rating is good, it would likely have been advantageous to maintain
a closer balance between total heat load and refrigeration capacity
available. As a contrast, the efficiency and cooling coefficient are
high for study 2, but performance does not measure up to standard.
Final fruit temperature was too high. An increase in cooling time from
7.5 to 10 minutes would have resulted in a final mass-average tem
perature of approximately 45° F. with a subsequent increase in
performance index to 100, assuming other conditions remained equal.

Performance indices listed in table 5 were computed by the method
described in this report.
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Symbol
a

c

D
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F
h

m

M
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Q'

0
P
R
t

U
tfma
U

'ma
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U
u
"•ma

HA

W

Appendix

Definition of Symbols
Quantity

thermal diffusivity
cooling coefficient
specific heat
diameter of fruit
diameter of inner surface of spherical shell
diameter of outer surface of spherical shell
hydrocooling system efficiency
conversion factor
film coefficient of heat transfer

thermal conductivity

integer
dynamic viscosity
performance index
rate of heat flow per unit area

rate of heat flow per unit area from surface

total heat removed
density
radius of sphere
temperature at any point in peach
temperature at center of peach
final mass-average temperature
initial peach temperature
mass-average temperature
surface temperature of peach
temperature on inner surface of spherical shell
temperature on outer surface of spherical shell
mass-average temperature reduction
mean temperature difference between mass-

average fruit and water
temperature difference between cooling fluid and

fruit surface
time

mean velocity through smallest cross-sectional
area

approach velocity
distance from center of peach to some point

along the radius

Unit
sq. ft. per (hr.)
0 F. per (hr.) (°F.)
B.t.u. per (lb.) (°F.)
ft.
ft.
ft.

%

B.t.u.
ft.)

B.t.u.
ft.)

per (hr.) (sq.
(°F.)
per (hr.) (sq.
(°F. per ft.)

lbs. per (ft.) (hr.)

B.t.u. per (hr.) (sq.
ft.)

B.t.u. per (hr.) (sq.
ft.)

B.t.u. per (lb.)
lb. per cu. ft.
ft.
°F.
op
op]
°f!
°f!op*
op.
°f!
op.op*

hrs.
ft. per hr.

ft. per hr.
ft.

Analytical Procedure

"Effective" Thermal Diffusivity

The method of measuring thermal diffusivity of homogeneous,
symmetrical solids involves the determination of the temperature-
time relation at the center of a substance whose surface is heated or
cooled either at a uniform rate or very suddenly. The expressions
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developed by Williamson and Adams (15) for making this determina
tion in the case of a sphere, whose surface temperature suddenly
changes from its initial uniform temperature to a constant but different
value from its original temperature, states that

-~mV

Gurney and Lurie (5) presented charts that areuseful for a graphical
determination of the relation between unaccomplished temperature
change (te~tt)/(tt—tt) and the thermal properties and dimensions of
thesubstance in question. They state that "if thesurface of thebody
instantly assumes the temperature of the surrounding media," then
"the ratio of the thermal conductivity, kt to the product of the surface
conductivity (film coefficient), A, and the radius, R, equals zero"; or

(hXR)
=0-

In determining thermal diffusivity by the method of Williamson
and Adams, it is valid to assume that the surface temperature sud
denly becomes essentially equal to that of the surrounding fluid under
circumstances where hXR is infinitely greater than k. Surface
temperatures as measured on test peaches suddenly plunged into a
well-agitated water bath at 35° F. satisfy this condition.

The term "effective" thermal diffusivity was assigned to values
reported inthis bulletin because the characteristic shape and anatomy
of peaches fails to conform precisely to stipulated conditions of
symmetry and homogeneity.

Values of "effective" thermal diffusivity for each test peach were
determined at specified time intervals during a test run. The pro
cedure involved calculation of unaccomplished temperature change,
(/_/)* at thespecified times, from measured values of center, surface,
and initial uniform temperature. From table 6, the corresponding
value of 4cct/D2 was found. For a test specimen of known diameter,
at a specified time, the "effective" thermal diffusivity was readily
obtained. Values of "effective" thermal conductivity were computed
from the equation

k=apCp

Mass-Average Temperature

II

The curves of figure 4, p. 11, were prepared from data computed by
use of the equation

tt-t.
=F(4cct/D>) III

Having specified fruit diameter and cooling time, and utilizing the
average experimental value of "effective" thermal diffusivity, values
of 4ar/D2 were computed. By reference to table 6, the appropriate
conversion was obtained for the unaccomplished temperature change
at the center of fruit of various sizes, at the specified cooling times.
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The general expression developed by Williamson and Adams to
determine the time-temperature relation at any point in a solid sphere
at some initial uniform temperature, subjected to a sudden change in
surface temperature, states that

R . m7rr .

t-U_ 2yTslDT >V
U-t, tt hx m(-\r+*e IV

As reported bySmithand Bennett (12), themass-average temperature
of peaches during a normal hydrocooling process occurs initiallv at a
point along the radius equal to 0.76 of the distance from the center to
the surface. The data listed in table 7 were computed from equation
IV by substituting0.76r for x and solving for values of 4ar/D2 ranging
from 0.0300 to 0.5000. By referring to this table and employing the
same procedure given in the preceding paragraph, predicted values of
unaccomplished temperature change at the mass-average point were
found.

The chart in figure 16 was developed by transposing equation III
and solving for the predicted mass-average temperature at the
stipulated values of fruit size, cooling time, and initial uniform
temperature. By transposing and substituting tma for t the equation
becomes,

tma=[F(4ar/D2)(t(-tt)] + tt V

In solution of the equation, the thermal diffusivity was taken as
the average of all varieties tested and the surface temperature was
assumed to remain constant at 35° F.

Film Coefficients

The convective characteristics of cooling peaches with a fluid in
turbulent motion can be assumed to be approximately analogous to
the heating or cooling of fluids flowing normal to banks of staggered
tubes. For this case, the expression to determine the film coefficient
of heat transfer is given by the equation,

WfJ"(?)' VI

In equation VI, the physical properties of the fluid-density, dynamic
viscosity, specific heat, and thermal conductivity are taken at film
temperature. The velocity term in the equation refers to the mean
velocity through the smallest free cross-sectional area. With respect
to an individual tube, this quantity can be represented as an approach
velocity. The tests on peaches cooled in an agitated water bath
were made with individual specimens. The equation to express the
heating or cooling of fluids flowing across the surface of a single
sphere is,

¥-»*«T VII

By use of equation VII, the approach velocity to an individual
specimen in an agitated water bath was estimated by a process of
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trial and error. Results were compared with those obtained from
the solution of equation X.

Equation VIII expresses the rate of steady-state heat flow per
unit area through a homogeneous spherical shell of some given thick
ness. If the temperature at the inner and outer surfaces of the
spherical segment and the respective diameters are known, the rate
of heat flow through the segment may be calculated,

2k(tx-t2)
VIII

Utilizing Newton's basic equation for computing the rate of heat
flow per unit area from the surface,

g'=hAAt' IX

and assuming steady-state heat flow at any finite point in time,
then q=q'.

By equating equations VIII and IX, equation X may be derived:

h=-
2k(U-t2)

X

At'(D2 -*>£
The average film coefficient during a given cooling period may be
obtained by computing h for a number of equal time intervals during
a cooling process. Values listed in table 2 were computed by this
method.

Cooling Coefficient

The cooling coefficient is used to express the effectiveness of a
cooling system. It has particular utility in comparing two or more
cooling methods, provided that the factors that affect cooling rate
are coordinated to enable evaluation on an equality or control-point
basis. The equation is

°~7At
XI

The amount of heat removed from peaches as listed in tables 2,
3, and 4 was computed by use of equation XII,

V—f-'pRma

Performance Index

XII

The performance index is introduced in this report as a suggested
criterion for evaluating the combined efficiency, cooling effectiveness,
and temperature reduction obtained from the operation of a hydro
cooling system. It is given by the equation

32EVtC XIII
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Table 7.-Value, ofunaccomplished temperature change corresponding
to nnous mlues of^at the mass^verage temperature point of
P«*K*m the case of cooling unth negligible surface resistance-
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4<*T

D»

0. 3525
0. 3550
0. 3575
0. 3600
0. 3625
0. 3650
0. 3675
0. 3700
0. 3725
0. 3750
0. 3775
0.3800

3825
3850
3875
3900
3925

0. 3950
0.3975
0.4000

0. 017686
0. 017255
0. 016834
0. 016424
0. 016023
0. 015633
0. 015252
0. 014880
0. 014517
0. 014164
0. 013818
0. 013482
0. 013153
0. 012832
0. 012520
0. 012215
0. 011917
0. 011626
0. 011343
0. 011067

4ar
D»

0. 4025
0. 4050
0. 4075
0. 4100
0. 4125
0.4150
0. 4175
0. 4200
0.4225
0. 4250
0.4275
0. 4300
0. 4325
0. 4350
0.4375
0. 4400
0. 4425
0. 4450
0.4475
0.4500

0. 010797
0. 010534
0. 010277
0. 010027
0. 009782
0. 009544
0.009311
0. 009084
0. 008863
0. 008647
0. 008436
0. 008230
0. 008030
0. 007834
0. 007643
0. 007457
0. 007275
0. 007098
0. 006925
0. 008756

far
D*

0. 4525
0. 4550
0. 4575

4600
4625
4650
4675
4700
4725
4750
4775
4800
4825
4850
4875
4900
4925

0.4950
0.4975
0. 5000

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.

VS. GOVERNUTNT 9trtvnnn rmnr .--

tma-t,

0.
0.
0.
0.
0.
0.
0.
0.

006591
006431
006274
006121
005972
005826

0. 005684
0. 005546

005411
005279
005150
005025
004902
004783
004666
004552

0. 004441
0. 004333
0. 004228
0. 004125
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