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SUMMARY,

The United States Army Tropic rest Cznter conducted a study of the surface skin
and inside temperatures of several typical Army storage enclosures in the humid tropics4
af the PNmamz Canal Zone. The studv uw conducted in the 1974 dry season and the 2
1973 rainy season. Storage enclosures included a large warehouse, an ammunition bunker,
Butler building, a two-man general purpo.-e tent and a COINEX container.

The purpost of Owe study was L0 characterize the immediate thermal environmenlt of
the sta~red items of mitcricl and relate that environment to outside %cather conditions.
Mlajor conclusions were as follows:

a. Maximum surface temperatures in the tropics rose ats high as 176*F. 1Tis is
higher than some other geogrpiic areas, including Yumna, Arizona.

b, Storage enclosurrs ranged from most therrmally severe to least, a2; follows:
General purpose- tent, Butler building, CONEX container., concrete warehouse, und concreteA
ammuniition bunker (least).

C. For most cv.d:osurcs, ;nside temperatures always exceeded outsidt temperatures.

d. Outsid wrather ,nditions in tine humid tropics varicd little during the day or
the year. but thermal build-~ups in and on enclossures were formidable. Attempts to
math~ematically predict eniclosure tecnIpcraturei; from ambient conditions failed.A

c. Mean dry season enclosure temperature.- were only slightly higher than mean
rainy season temperatures. n.he single hignest individual maximum temperatures were
found fit the rainy season.

It wa.-s recommended that tropic storage tests of materiel shift emphasis from
ambient ethr conditions to eclusure temnperatures It was further recommended that
the relative effects of heat-moisture and heat-ultraviolet damage be systematically
investigated-
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PREFACE

Mrather statiors have operated for many years in the Canal Zone because (;f the
long United States presence and the vital impact of climate (in the operation and
Maintenance of the Panama Canal. As j result, an imprcssi~c hank of Jimatir data is now
a'ailahle for the ambient conditions of rainfall, temperature, htimiditN. wind, and
radiation. fIotwer. the most important data for the storage testing. of Arm% materiel are
the mitroclimatic conditions immcdiaitcl- surrounding the test item. The p~resent report
shows that the latter conditions arc quite sc%erc tnd variablc. the thcrmal build-up and
consequent sfccrit% inside storage enclosures are 6cr% dependent on the lph~sical
characteristics of the structurc.

The present report resulted from a request from Mr. Benjamin Goodwin. Chief
Engineer. US Arm%- Test and Evaluation Command, for "worst-casc" thermal
microin~ir(,nments in enclosures for a specific tropic m-ateriel tcft. The search for an
answecr revealecd Lcari% the lack of systematic- information a~ailithle. Qiil% scattered and
short-term hits of data associated with previous tropic t,:sts wecre to he found. The
present stud% was decsigneI it) lpartl. c orrec-t the dcfif ic. The research was dlirected b%
the Chief of the Analysis Division, US Army Tropic 'rest Center, Dr. D3- A- Dobbins.
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SECTION 1. STORA GE AND SURFACE TEMPERATURES IN THE HUMID TROPICS

INTRODUCION

The humid tropics cover 20 percent of the earth's solid surface, and arc inhabited
by 16 percent of the word's population (Staszcwski, 1961).' Temperatures and
humidities of the humid tropics are characterized by small diurnal and smaller seasonal
changes. Table 1 shows an cxampi: of some values measured at one location in the
Panama Canal Zone (90N, 800W) that is typical for wide areas of the humid tropics.

Table 1. An Example of the Small Variation of Outside Air Temperature
in the Humid Tropics

Temrratun"s Dry Sawn Rainy Season

ia.uary) (Juw)
0C (OF) PC ( F)

Absolute Muxtrnum 35 (95) 37 t99)
Mean Oaily Maxmum 30 (86) 30 (87
Mean of All Hors 26 (791 26 (791

a Mean DasI Miirm.un 23 1731 23 (74)
, Absolute rnmum 16 !621 20 (671

At Fort Gurck. Canal Zoe from 13 years of records-
M

The average daily temperature range of only 7*C in the preceding example becomes even
smaller when measurements are taken under the canopy of the tropic forest.

--| These small differences in ambient air temperature arc emphasized in manyI textbooks and have created the erroneous impression that temperature vrariations of
-1 materiel within enclosures in the tropics are also small. The present invtstigation describes

I what actually happened on the surface skin and within storage enclosures commonly in
I| military use in the tropics.

- Surface Temperatures Obtained in Other Geographical Areas

Kuroari and Schafer (1972)2 analyzed 80,000 tempei-ature measurements taken near
the door at the inner wall of explosive hazard magazines in several climatic regions. Thehighest temperature, 470 C (1170F), wras found in Yuma, Arizona. Bunker temperatures
wcre measured on walls that were not earth-covered.

Porter and Greenwald (1971)3 '  and Viletto (1973) s collected or reported on high
surface temperatures obtained mainly at Yuma, Arizona, in a hot, dry climate. Porter and
Greenwald pointed to the danger of generalizing the Yuma data: "Fr a given total solar

IStascwsl. J, Pesr' -- r", Mittetrten. 196 1. pp_ 13S-1 IM
2 Kurotari. . S a M,~ H . Q- Sti ffer. Sut ur y of S t ld W rd id,, T m pe at r Exp o sive H azrd M a+=-r-

Naval Weapons Center. Ci.,a Lake, CA. 1972.
- Porter. W. L. and A- Gr nawJ The Anais of Ith Terpmture Ortunaen at Selected I.te--al a d Swur

Loenions in Food Srorje Dumps a Isolated S -tll -rtons at Yum4r fno-w I-IS Army Natick Laboratories,
Technical Report 71-519FI4ES, 1971.

SPorter. W. L-and A. GrertwaId. Compariton of the Orcurrnree of Ifigh Te nperatte i Air and Food :-n Bozeen in
Drie ad rnsidm Subtm¢ncaJ Clirnat,- YuwA. Armna and C. em.n Station, -1n-;jd. L!S Army Natkk Lzortorics

Techpulc Report 71-55-FLiE.S, 1971.S iletto, . Jr.. Wodwde Durmbtto of Aninent Tmprnatre$ an Tesperafurs Exposed to Dirt olar admtion.
IS Army £n~di mt- T op-v hc Laboato;k3. Ft- Revoir, VA. 1973. -
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radiaaon. air masses with greater moisture content product higher storage and ambient
mean temperatures than drr hit masses." The measurements reported below substantiate
this statement and are uo.apared with the authrs' data in a later section of this report.

Surface Tepcrnatue5 Obtained in Previous Cana Zone Studies

In the period 20 October through 5 No* ember 1969 hygrothermnographs were placed I
in the middle of rach of seven one-man tents b the US Arm- Tropic Test Center A
(USA'T7C). The ;ighot temperatures* were 46&C (I 14 ) for the coolest tent and 51 C
i123F) for the hottest tent; tent entrances remained ultcd. The ascrage dadls maximum
I0 days, seen tents) was 44C (I 12F). is .aluc is vxactly the same as that found for

the general purpose tent used in the present stud%.
From 25 February throug March 1 973 hlywrothermographs operated within two

two-man tents during testing at USATIC. One of the tents had a wovcn ,bade over it to
reduce the heat build-up. The highest temperatures rcotrded we rc 42CC (107tF) far the
unshaded tent, and 39W'C (102F) for the shaded tent. The tent temperatures obtained in

this project were lowcr than those obtained in the stud) discussed in the preceding
paragraph because the entrances were never completcl) closed. The mean ranges of
temperature and humidity were 12C (21 0 F) and 44 percent for the unshaded tent. and

90 C (15F) and 41 percent for the shaded tent.

The maximum roof temperatures of the air-conditioned Truck-Van M292 were
measured at several sites by USATTC. Test periods lasted I to 3 days and were spread
over the entire year of 1970. The highest roof temperature measured was 63*C (146 0 F).
The simultaneous inside temperature was 27C (81F). and that of the outside ambient

air, 330 C (910F). During these tests no exccptionaly hot or sunny weather was
encountered; under such conditions the roof temperature probably would have been

-= higher.

From November 1968 through November 1969, the surface skin temperatures of
two MII 7AE2 bombs were measured b% means of recording thermocouples glued on the

upper surface of the bombs. The bombs were freely exposed at a Fort Gulick (Atlantic
side of the Canal Zone) test site which because of nearness of water and on-shore winds
is slightly cooler than other test sites in the Canal Zone. In relatively cool weather the
correlation between maximum ambient temperatures and bomb temperatures was good.
In wanrer weather the correlation worsened as shown i. the data of table 2.

Table 2. Maximum Ambient Temperatures and Higtest Bomb Surface Temperatures
Measured on the Same Day

(tNowwnber 1968 through Noemrer 1969)

Weather An3ent Bomb

ct fr-n en OC enIt (O C (Rn
Cool 27 0 34 (931
Warm 31 (7)-33 (91) 46 11151-63 (1281

140? 33 (921-36 M-61 41 (1(261-59 (139)
=NOTE" With rtia-iy h; ambient tu rvsnotsre (97tF-96

0
F. tf bombt ur•a heted up to 11 tIeF on a puxtut of

the days On the aw-mrue. igher air tenpevrn~zas we assodiala with h4we bomb WTmzfltuml. but for ndrndai
eats hiah air twnrarjre was a poor prdktor of skin teneipturt

" Taken fronfmaxu srip chanj, not disete r-adinr at the lug hour as in the present prW..

6



Purpoe and Scope

The purpose of the xtudi Kas to characterize the immediate thermal environment of
various structures typicall o used I)b ,hi: militan for storing materiel items in the tropics.
and to relate that Cironmient to outside ambient weather condiions. Surface skin and
inside temperature profiles of fise different types of storage structures were measured
dunng the dry and wet se-xons.

DETAILS OF INVESTIGATION

Five tyles of structures wre selected for the measurements. They are typical of
those used for storage by thc US Army in the tropics: a large ventilated warehouse, an
ammunition bunker, an unsentilated Butler building, a general purpose tent. and a
transportation (CONEX) container. During the dry season portion of the study. staff
personnel of the US Army Frankford Arsenal installed -n epoxy plate With inmernal
thermometer sensors for anothur purpose. Their data are, howe-r, rele-vant to this stud%
and arc reported.

Attempts were made to measure the humidity of de air inside the described
structures. Measurements in the bunker made with a hair hygormeter appear to be
correct. Measurements Ln the other structures were made with unaspirazed wet
thermocouplcs close to the drv ones. The lack of aspiration resulted in erroneous
measurecntts in the Butler building, the tent, and the CONEX container. The
measurements in the warehouse may be correct, but after the experience in the other
three structures in w-s decided not to use them.

Warehouse. The warehouse used was a rectangular building located In Coco Solo
(Atlantic side of the Canal Zone). 31 meters long, 18 meters wide, and 10 meters high,
without partitions. The walls arc concrete With several doors and windows, the roof is
corrugated iron. and the ceiling is wod. Three ventilation shafts cross the attic. with air
motion in he shafts being natura. The building is bordered on one side by a paved road.
and on the other side by trees-some higher than but not covering the roof. During
daytime at least one of the doors was open; at nighttime all doors and windows were
dosed (figure 1).

Thermocouples -rc glued to the west-southwst slope of the roof and onto the
ceiling between two vcntiation shafts. Three therno,,ouples were hanging-one in a
ventilation shaft, one below the ceiling :hcrmometcr, and one under the cciling
thermometer 2-30 metes above the floor. Hourly recordings were obtained on the days
1 September through 30 November 1973 (rainy season) and 1 February through
31 March 1974 (dry season).

Ammunition Bunker. The am..unition bunker is a concrete structure in Coco Solo
(Atlantic side of the Canal Zone) with a steel door on one side and covered with earth
and plants on the other sides. The 7.5-meter by 13.5-meter floor is rectangular; the
highest point of the semicircular ceiling is 4 meters above the floor and is penetrated bya vent- Hygrothcrmographs were used to measure in this structure with one located very

7g



tilt. 'I i112hjw± (mm It it and the %ent anunhuj. 1Itud dict t I
I! \. nlnti 1073. .cid I Fcin.art thr-nug 1 IIMarchI 1974

Ficare I. Typka1 StorageS.uue-Wrhu,

11~derBuddm The Butler building b an Inost ncnpi l 1metal structure lucated at

.hu~ Chts Chuta teui. ise (Pacific side of the Canal L-one). 16 mCECtt-1oh- 1 meters
""ik - and 5 meters Igh at the ridge. 11wr windows ar cwvred with white Venew.In

blntds and the dooms ar almost alwns cloksed -- nr 2!.

Four thermuciiupie wrt used to measurr In tisn structure Witra one Aued on the
.w~tidc of the neurcgudOthudrside of tile roof near the outside tempecrature

%f.;4. OfeanoIna 1mter below. tie ridge. and one hangpn7 2.4 meter.s Ai ~ th lor
flimix data litre obtajiedt for the periods 278 September through 30 Novcmber 1973.

= and14 Februan- throug-h 15 Ann!l 1974.

GenerA Purpose Tent. The gcneral purposo trent.' medium suez. wasI.zated on the
Chni Chts Antenna Farm (PacaRK side of the Canal Zone). The tents were equipped
w.ith three theninomupi-ri. on glued to the dlope facing cast, uric hanging. 43 cecntlmeters
under the ridge. and one.. I meter sht-c the ground- The entratnce of the rent was kept
doised flourlk records were- obtained 'r the periods 12 Sc.Drmber through
Mt Naembcr 197-4. anea 41 March through 1-5 April 1074i ifizure 3).

*Emmra of maims) &tAOnf&: n . rn-c4 dw. in thr w -=-I 'aain he m- the rd ae ICf

mv.tr Frbmun toirinnmm Aw.h'k -1- cmit alte tr rmnntbn i~ oDa xiarmn an Ap4&
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Figure 2. Typical Storage Structure- Butler Building.

.6v -

Figure 3. Typical Storage Structure-General Purpose Tent.

CONEX Container. This was a box constructed of corrugated iron, 4 millimeters
thick, 2.90 metcrs Iong, 2.10 meters wide, and 2.35 meters high. It was emplaced close
to thc general purpose tent at the Chiva Chiva test site. Thermocouples were glued to the
center of the upper surface. glued to the ceiling dirctly thereunder, and hung in the
center of the airspace. Hourly records were obtained for the periods 12 September -

through 30 November 1973, and 13 Fcbruarv through 15 April 19-74 (figure 4).
9
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Figure 4. Typical Storage Structure-CONEX Container.

Ipx I-.Jo Plate. \cair the CO.NI-*X contaier a glass fibicr-etiforced plate of epoxy mas
&i~j).IC(II~ Idf jeri'ii1 of the US Arimi FrW11klzrd Ar.%na,1 on anlei~ir rack

t-en~cu.incicI 5dgre tn~ 3 ntefZ&rs abc, c grass co~cred soil. The pulate3 4 nwa.sttred 33_3: by 208.0 hv 0.25 centimneters. 'Iizrce ztiermovouples wvere cnlcd(Ied in tilt
plIate. inic at its tipper cnd, oneC at its lower end.! aind one haldf-," v betweenl. Atm~osphicrit
Sciences Lahc'raory. White Sarnds, New Mexico. began publidiltitu of hourly data onl

________8 iAituiry 1974 (figtsrc 5).

II



ANALYSIS AND RESULTS OBTAINED

Because of redundancy in information, not all of the obtained data series appear to
justify their publication Generally the thermometer on the outer side of the structure -

and the thermometer that measured the air temperature close to the center of the
Ienclosure arc discussed here.

In tie following discussion, reference to dry season mea,,s d-ita taken in February,
March, or April 1974; rainy seaso - means data taken it, September, October. or
November 1973.

Highest Temperatures. Since these are of special interest, they are presented first
(tahlk 3). Absolute maximum is the highest value measured in the seaon. Mean
maxi-num is the average of all daily maxina. The absolute maxima arc bighirr than in the
subsequent sections because the latter ,teal only with temperatures at the full hour.

Table 3. Absolute and Mean Maximum Temperatures-Five Storage Structures

Absolute Maximum Mean Maximum

Dry Rainy _ _ -Rainy

Warehouse OC (OF) 0C ("Fl OC (OF) VC (OF)

Roof outside 61 (142) 71 (1601 56 (133) 52 1126)
Ceiling 43 (110) 45 (113) 41 (106) 37 ( 99)
In air current of ventilation shaft 39 (103) 43 (109) 38 (100) 35 ( 95)
I meterbelow ceiling 35 (95) 34 (93) 35 (95) 32 ( 90)
2.4 meters above floor 34 (94) 14 1 94) 33 (92) 32 (90)

-- Ammunition Bunker
Nearceiling 28 (83) 27 (801 27 (80) 26 ( 78)
At eyele 28 (82) 27 (81) 27 (79) 26 (79)
Near floor 28 (83) 26 (79) 27 (80) 26 (78)

Butler Building

Roof outside 71 (159) 72 (162) 61 (141) 55 (131)
Roof inside 68 (154) 71 (160) 57 (135) 56 (133}
Air 1 meter below roof ridge 59 (139) 56 (1331 54 (1301 47 (116)
2A meters above floor 50 (122) 47 (116) 47 (116) 41 (106)

General Purpos Tent (Medium)
Fabric outside 74 (166) 80 (176) 64 (147) 62 (143)

Air 45 centimeters be4ow
highest point 61 (141) 72 (162) 49 (121) 54 (129)

Center of inner airspace 59 (13S) 55 (131) 47 (117) 44 (111)
CONEX Container

Upper surface 70 (158) 69 (157) 55 (131) 54 (130)
Ceiling 61 (141) 67 (153) 53 (128) 51 (124)
Center of inner airspace 47 (117) 61 (123) 43 (109) 43 (109)

Table 3 shows that the single highest temperature of all surfaces was measured in

the rainy season, whereas the mean daily maximum temperature of all surfaces was higher
in the dry season.

-The highest absolute temperature can develop in the rainy season because lack of
wind, greater transparency of the air (in cloud.free spots), and downward reflection of
sunlight from towering clouds.
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The mean maximum is higher in the dry season because of the daily presence of
conditions that produce high surface temperatures; table 4 shows an example. While the
roof temperature reached at least 51 0C (1230F) every day of the dry season, this
temperature was reached on only 71 percent of all days in the rainy season.

Table 4. Absolute Extremes, Quartiles, and Medians of Daily Maximum Temperatures-
Roof of Butler Buildinq

Lowest Maximum lst Quartile Median 3rd Quartile Highest Maximum
°C (OF)- 'C (OF) OC (OF) OC (OF) 0C tF)

Dry Season 51 (123) 55 1133) 59 1139) 63 (1461 71 (159)
Rainy Season 33 1 92) 49 (121) 55 (1311 59 (139) 72 (162)

The highest temperatures of each structure were measured at the upper surface of
the skin; the lowest* were measured in the inner air space near working level. The latter
values did not exceed 590 C (139 0 F) in the most extreme case, and reached an
approximate maximum of 44 0 C (111F) daily inside the Butler building, tile general
purpose tent and the CONEX container.

'I...ras the Butler building, general purpose tent, and CONEX container showed
vcr) high absolute maxima, mean maxima, and diurnal variability, the bunker showed
practically no temperature changes at all. The warehouse showed, through the
temperature differences between roof and ceiling, that natural ventilation and an attic
very effcctively prevent excessive heat build-up.

Based on maximum temperatures one can arrange the structures according to
increasing thermal stress: (a) bunl.er, (b) warehouse, (c) Butler building and CONEX
container, and (d) general purpost, tent. Data presented in subsequent sections will not
change this order.

Figures A-I through A-19 present highest (symbol v) and lowest (symbol A)
temperatures, and the averages of all measurements, for each hour on the hour. The
following summary statements with onhy minor deviations can be derived from the
graphs. Statistical support can be found in tables A- I and A-2. The bunker showed no
temperature variations of significance. For the other structures it is practical to
distinguish between daytime and nighttime conditions.

During Daytime Hours

* Before noon the surface skin temperatures arc generally higher in the rai:nv season
than in the dry season. (Partial exceptions: General purpose tent at afternoon hours, and
the Butler building.)

0 The single lowest surface temperatures arc generally lower in the rainy than in the
dry season. 'This was also true for inside temperatures.

The Iowtit were still %-ry high in terms o human comfort and well-being.

12
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* The hour with the highest average surface temperature gentraly occurs sooner in
the rainy season than in the dry season. This is true for inside air as well, and for all
structures.

] During Nighttime lours

M The averages and minima of most nighttime hours are lower in the dry season
than in the rainy season. This was true for all surface temperatures and for the inside
temperatures of the smaller enclosures (general purpose tent and CONEX container).

* Mean and extreme t!mperatures of the epoxy plate (dry season only) are closer to

inside air than to surface skin ernperatures (table A-I).

Most of the curves, figures A-I through A-19, show slight irregularities in the
afternoon hours because of increased cloudiness. This cloudiness causes substantial
temperature drops in individual cases as described in succeeding paragraphs.

Mean Diurnal Variations for the Five Hottest Days. Figures A-20 through A-28
mainly s-rve the purpose of comparing diurnal variations of the different temperatures
within a structure with the ambient outside air, as measured at regular weather stations
all over the world. The ambient data of the present study were furnished by the
Atmospheric Sciences Laboratory Canal Zone Meteorological Team.

Figures A-20 through A-28 show the following general trends for all enclosures:

• Inside temperatures stayed above the temperature of the ambient air at all hours.
(One exception was the CONEX container which was cooler inside than outside at night
during the dry season.)

• The outside skin was the warmest place during daytime and the coolest at night.
(Afternoon rains interrupt or terminate the heating process.)

* High skin surface temperatures arc not predicted by changes in ambient
temperatures.

Temperature Drops. Large temperature ranges require large change rates. Although
reported changes had to be computed from data taken at the hour on the hour, and
therefore arc smaller than those that zctually occurred, they are important enough to be
listed here. See tables 5 through 7, below. The weather records show that there is not
always an obvious explanation for the temperature drops. The black globe thermometer
of the WBGT (Wet Bulb Globe Temperature) instrumentation showed strong drops at the
same times as the thermometers of this project. Hence, one can assume that the
measurements are at least qualitatively correct. One or several of the following changes
were observed when the data were obtained "for tables 5 through 7: decreas: of global

,~ . radiation (i.e., clouds moving in), increase of wind speed, change of wind direction,
beginning of rain, no obvious change. None of these factors was in the majority. It is

13
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Table 5. Percentage Frequencies of Days with Extreme Temperature Drops-
Measured cn Outer Skin

Rainy Season Dry Season

Drop; 20PC 250C 300C 20 0C 250C 30PC
Structure (360F) (450 F (540F) (36 0F1 (450F) (54

0 F11%) 1%) t%1 (%l (%1 1%)

Wehouse 92 5.7 0 1.9 1.9 0
Butler Building 29.0 11.3 6.5 14.3 3.6 1.8
General Purpose Tent 36.7 24.0 13.9 20.9 11.6 9.3
CONEX Container 20.0 10.0 6.7 6.5 1.6 0
Epoxy Plate 3.3 0 0

Not measured.

Table 6. Percentage Frequencies of Days with Two 20'C (36F) Temperature Drops-
Measured on Outer Skin

Structure Rainy Season Dry Season
M) M

Warehouse 0 0
Butler Building 1.6 0
General Purpose Tent 8.9 0
CONEX Continer 0 0
Epoxy Plate * 0

Not measured.

Table 7. Maximum Single Temperature Drop from One Full Hour to th; Next-
Measured on Outer Skin

Sptember through November February through April

Structure °C (OF) 1C (-F)

Warehouse 29 (52 25 (45)
Butler Building 37 (66) 39 1711
Generol Purpose Tert 43 (77) 38 (68)
CONEX Container 33 (59) 26 (47)
Ezxoxv Plate no data 22 (40)

possible that an extension of the investigation from full hours to shorter intervals would
show a preponderance of one of the reasons; but data available show that the same factor
will not be encountercd in all cases.

MAXIMUM TEMPERATURES -)BTAINIIED IN THIS STUDY AND IN OTHER AREAS

Table 8 lists the maximum temperatures at the indicatcd locations, together with the
extreme ambient tcmperatures of the same day. In the Canal Zone data the first line
refels to the dr" season, the second to the rainy season. Table 8. sections 1 through Ill,
show that temperatures of storage enclosures are much higher in the Canal Zone than in
Cameron Station. Virginia, and only slightly lower than in Yuma, Arizona, in spite of the
mtch higher ambient temperatures at Yuma.

14



Table 8. Extreme Storage and Surface Temperatures
(Extremes of Ambient Temperatures of the Same Day)

inside Storage Temperatures Storage Ambient
Minimum Max nv.m

I Yuma, Arizona
Air 6 inches below roof of empty. closed boxcar 64 (148)
Air 6 inches above floor of empty. closed boxcar 56 (132

I! Cameron Station. Virginia
Air 6 inches below roof of empty, closed boxcar 48 (118)
Air 6 inches above floor of empty. clened boxcar 43 21093

III Panama Canal Zone
-{59 (1391 20 (681 33 I 911

Air I mete, below roof ridge, Butler building 59 (13) 20 (62) 32 1 91- {56 (173) 22 (72) 32 1 90)-

Center of inner airspace, general purpose tent (139) 21 (71) 33 ( 91)
55 (131) 24 (75) 30 I 86)

COME container 47 (117) 20 (68) 33 191)
-enter of ier irspace. COEX o51 (123) 22 (72) 32 (90)

Surface Sin Temperatu.es Surface Ambient

Minimum Maximum

IV Yuma. Arizona
Thernometer fixed to upw,' surface of a stbck

of filled -C ration" cartons 57 (134) 20 (68) 46 (114)
Soil surface ("Desert Pavement")6 66 (150)

pper seam of a tent 72 (162) n

V Panamna Canal Zone
74 (166) 21 (69) 32 (90)

tjpp rof a ent 80 (176) 22 (71) 31 ( 88
Soil surface, March 19677 64 (1481 20 (68) 35 1 95)

approximate

For an explanation of the Canal Zone temperatures which in most cases were higher,
- is ncessar" o take into account the higher moisture of the tropical atmosphere as well

- : as the !twer air motion, especially in the rainy season. These factors apparently outweigh
the shorter heat;.., period caused by the shorter duration of thc tropical day. (The
typical length of a ho" ,, - -.. ;,,.n sunrise to sunset, is 14 hours; the longest day in
Canal Zone is 12 hours a. - 0 r inutes.)

REGRESSION ANAl 1S

Six of t:ie data seties were submitted to rrgression analysis in an attempt to get a
better insight into the mcchanisms of extreme heating. The series were the outer skin
tempcratures and the temperatures of the inner air spaces of the general purpose tent, the
CONEX container, and the Butler building. Orly days with very high temperatures vere
used. The analvsis covered the hourly data from 0800 through 1800 hours.
6 Dodd. A. V. and H. S. McPhillmy. Yuma SummerMicrcmatir. Quatermaster Res arch and EngineeriR Center, Natick.

MA. Technical Report EP-120. 1959.
Enronm.xtd MU-t Bas for Rvjund Studirs in Mh /trid Tropifc.Tro pi Test Center. Ft. Cayton. CZ. Semiannua
Report No. 4. 1958.
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The temperatures on and in the three structures were compared with thle

simultaneous ambient temperature, thle total of the global radiation of the precedhng 60
minutes, and tlv c-i wind speed of thle preceding 10 minutes.

Btrawv i. t-.:tics in thle magnitudes and patterns oif thle coefficients, only tile

serie .' . tile CONFX container will be reported. 'rable 9 lists the
Correlationl cL . which were obtainedl after comlbininwz dIrv and rs.ny season data.

Tat, . 9. Correlations for Upper Surface of CONEX Container

(Both Seasons Combined)

Zero G dee cafrtation coeficients. r Multiple correlation coefficients, R

Between and C correlated with R

C E .854 E*. 6. W .898

JC T E81 ET.W VV 95
C W '381 El.E .876
E T .731 E.W w£73
E W .298 E%T .858
T W .539 E-,W .777

LEGEND. C =actual surface t.~r
E accumula-ed -.irn .,-e last 60 minutes before C
T -ambient iempeture, sarno time as C
W -mean vwind speed during the last 10 minutes betore C

Replacing the ambient temperature b% the square of the solar radiation E2 increases

the multiple cone~ation coefficient. Although this increase is statisticalit insi'nificant. it

shows that the ambient temperature does not contribute to the "explanation" of the
surface temperatures. This conclusion is supported b% the relatisely small coefficients ofl

regressions without radiation E. The regression equations associatedi with the irs or Rs 4J

table 9 arc not suitable for predictions for the following three reasons:

0According to the general theory of regressions, the standard error, e, of the

prediction is e =scvT 2l where sc is the standard deviation of the observed values C.
defined as in table 9. For the best R, 0.898, e becomes 44 percent of sc In the example,
representative of almost all series of this study, sc= 10.7 0C (19.3' F); hence
e =4.7 C (8.50 F).

* Thc prediction error is not constant over the data range. The mean error of
prc~iiction was 7.2'F in our example for surface temperatures between 70*1F and 99.9"F.
7.6*F for temoeratures between 1000F and 129.9 0F. and 15.2'F for temperatures betweecn

130'F and 155 0F, i.e.. the more relevant ind practical the predicted tcmperaturc, the
greater the prediction error.

* T he high correlation (R .898) is mainly due to tile diurnal variation, When the

regression computation is based on -shorter parts of the da%., the correlation coefficient
drops cottsiderably. and for data *aken only at noon is almost z.ero.
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Trhe poor iorcdictivc capabilities of the regression model are independent!) verified
b% the fact that the three structures never had their highest temperatures on the same~
dayS. even though the amhient conditions were identical. The days with highest
temperatures for each btructurc during the rainy season are listed in table 10.

Table 10. Temperat res When at Least One Outer Surface Had One of Its
ii Five Highest Temperatures*

Day General Purpose Tent Butlar Building CONEX Container
(OF) (OF) OF I

29 Sep 73 168! 143 137
30 Seo 7Z 174T 159t 139
22 Oct 73 145 15-4t 199
24 Oct 73 159 130 143T

As 5 Oct 73 168t 141 139
26 Oct 73 M6 152t 155?
28 Oct 73 1 149 1501'
30 Oct 3 156. 151 141
31 Oct 73 152 148 150t
14 Noy73 131 154t 115
2. Nov 73 176? 136 160t

Terperauia tken at Chiva Chiva during rainy semsn.
I Five hjtt ternM~atures of each StruCtutre.

The investigation!, destcribcd ir the last paragraphs indicated that extreme surface
tempt tures cannot be accurxately precdicted from conventional meteorological
measu cmcrits. Table 10 makes it app-ar equally probable that more dctai!cd
measurements of the meteorological conditicris will not improve such predictions.

S U.MMLARY AND CONCLUSIONS

0Outside skin temperatures and air spaces within enclosures tropics show
nigh %ariability duriag the day. M's %ariability sharply contrasts to th. small Jihanges in
outdoor ambient conditions.

I The single highest surface skin temperatures readings are attained in the rainy
season, but the average of daily highs is higher in the dry season.

* Outside skin temperatures went as high as 80 0C (176 0 F). This is higher than
measurements made in anN other geographic area for which temperature measuremcnts
were -1vailable.

*Temperature-, inside enclosures went as high as 59"C (139 0 F).

0 Temperatures in an earth-covered bunker were low, showed no diurnal variation,
and a very small seasonal change.

0 Structures ranged in temperature from hottest to coolest as follows: (1) general
prose tent. (2) Butler (metal) building and CONEX container. (3) warehouse

(concrete), and (4) ammunition (concrete) bunker.

17



* With the exception of the bunker and the all-iron CONEX container, the inside
temperatures were always bigher than the outside temperatures.

* Temperature changes within 1 hour frequently exceeded 25°C (450 F) with a
measured msA-inum of 43°C (770 F).

* Maximum storage temperatures are not accurately predictcd by outside weather
conditions.

0 A material sample weathered in the conventional way (outside on a rack) was
subject to all outdoor influences but resulted in measured temperatures as if it were
indoors.

* As predicted by Porter and Greenw ald (1971), surface temperatures in the humid
Canal Zone rose higher than, or as high as dry Yuma, Arizona. It can safely be assumed
that the effects of high tcmpera ures at either location should be different because of
their coincidence with other relevant factors. Besides temperature and high humidity, in
the Canal Zone these factors include presence of many kinds of fungi, high transparency
of the atmosphere, low ozone content of the stratosphere (Reynolds)' and subsequently
high intensities of ultraviolet light, low wind speeds, and great variabiltv of cboudiness
(producing great variability of radiative effects).

RECOMMENDATIONS

It is recommended that:

* Tropic storage tests shift emphasis from measurement of ambient meteorological
conditions to measurements of the actual conditions in and around the test item.

* The relative effects of the heat-moisture and heat-ul.-avioiet damage bc
systematically investigated for three reasons: (I) Design engineers should be provided
data to avoid materials and construction features that are foredoomed to failure in the
humid tropics, (2) Tropic testers of military materiel need to be able to c6oosc the most
likely deteriorative environment for storage, and (3) The specific effects of the
combination of climatic and other environmental conditions briefly alluded to in this
report, are not known except in their totality (Downs and Laxsor. 1973; Sprouse,
Neptune and Bryan, 1974;' ° Portig. Bryan, and Dobbins, 1974;'' Dobbins and Downs.
1973).' 2

= S Reynoi, L D.. O:one; A Synopsis of Its Mteneamnt gmd Use as an Atmospherk Trer. US Army LEticunics

9 c xm -nd Report No. 5401, 1971.
Do-.- I1, G. F. and W. F. Lawson 1i. Deteri wion of Optimuum Tropic StorTrge Sites. Report : Survy of Progrvirs
in Tropc Aetarids Rejsec , US Army Ttopk Tm Center USAT=C Report No. 7304001, 1973.
Sproc J. F., . U. Neptune, and J. Q UyaN. Det~rin*on of 0ptimum Tropic Storage and Spomur Sites Repor I1:
Empricat Da t. , W Army Tropic Test Center. USATTC kepon No. 7403001. 1974.
Porig. WV. kJ.C. Bryan. ar4 D. A. Dobbins. Drt twi-a, ofOPtif u Tropic Stowre end &- posu Sitrm PFhs I:
Psat-e -ndPr1eCunS of Trops MAtr!'. Detmorwtioa US Army Tropk Test Centtr. USATTC Report No. 7405001.

1 1974.
12 DobiMb 0. A. And G. F. Dewns Ill. 4aboretoy versus Field Tests. A Limited Surry ofaio-Wis Drc.niaretion studies.

US Am ry Tropic Test Centet. UI1-.TC Report No. 7307002,1973.
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APPENDIX A. STATISTICS

The followving statistics are applicable under the assumptions that (a) the rainN
season represented a typical rainy season, (b) that the dry. season represented a typical
dr% season. and (t) that there arc no measurement biascs betwten compared series of
data.

Mean and mean maximum temperatures are presented in the following matrix which
is actually the combination of two triangular matrices, means being presented above the
diagonal and maxima below. Crosses denote that the data that form the cross are not
different at the 5-percent level based on Student's I. Temperatures are in Celsius degrees.

Table A-1. Mean and Mean Maximum Temperatures (0 C)'

Mewn Termpertures;
(R)I(R) (01 (n) (R) (0) (0) (01 (R) (R) (D) (R) (R) (01 (I (0) (0)
29 29 29 29 29 30 30 30 30 31 31 31 31 32 34 35 35

81i (01 35 x - 64 To (D)
So (01 35 61 6To (R)
To (DI134 - W g0o (DI
Wo (D)32 X 55 Wo(0I
8o (R)31 X X X - K54 Co (D)
To (RI 31 X X X - z X 54So (R)
Cl (01 31 x X - X 52 Wo(RJ
Bi (R1 31 X - X 51 5Co (R!
Wo (R) 30 X X 47 E (01
TM (0130 X - X 4711i (D)
M (13130 X X - z X 47Si (0)
Co (D)30 X - 43i (R)
Co IR)29 X - 43 Ci (0)
Wi (R) 29 x X X - X 43 Ci (R)
E (D)129 x x 418Si (RI
C!i(R) 29 x - 33 Wo(D)
Ta (R) 29 - 31 Wt(R)

31 33 41 43 43 43 47 47 47 51 52 54 54 5S 60 61 64
WW1 III Ci Ci Ti DI Ti E Co V/ BOCo OoRo TO TO
(R) (0)I(RI (RI (01 (R) (0) (01 (01 (R) (RI (RI (0) (D) (D) (RI (01

Mean Maxkiumn Tnpersures

8eed - Butter building
C - CONEX container
T . General Purpose tent
W . Warthouse
o Outside skin

I -Inner airapc
(D) - Drv season
(RI - Rainy season
E - Exposure rack (dyseson onjy

NOTE: X denotes that the temperature diference- is not signiracant at the 5.9ereent level.

*The dalti are Presented here in fLl degrees. the t-tess was made before rounding off.
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Table A-2. Mean Difference, D, of Extreme Tempieratures, Rainy Minus Dry Season,
for 10 Hours of the Day and Student'st

jHighust Temtperatures Lowes Terripetatu-ts Lowms Temperatures
08- 17 ?N,'Uei 08- 17 hcurt 21-06 hour:

ID __D t D t
Oue Si

General Purpose Tent -2.2 0195 -SE5 3.J1 +1.1 4.29
CONEX Container #0.2 0,31 -2.5 1.96 +2A 6.65

IButler Building 0.92M -5z6 3.51 +0.8 3.09
kT Warehouse .4.7 2.54 -5b 3.37 *0.7 2.6

General Purpose Tent -1.6 2.95 -4.1 4.49 +2.9 225

uter Bulig-. 4.18 -5 00 -1-5:t 3.0

For cxmf.ra h al sflos t0800 to 10 orteaeaeo h
hghest tmeaueofteoerskin of the tcnt, indicated by the symbols v in figur

A- 14, was 22C lower than the corresponding av-erage or figure A-13 (dry season) wvith ai--
- Studert's t or 0.95 (not siemificant).AI

U1
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