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PREFACE 

The e•rimental 11> rk described in this the.sis was carried out 

under the Oklahoma. Agr:i.rultural EJq>erim:lnt Station Project "Sun:mer 

Temperature Control in Dairy Cattle Loafing Barns." One or the objec

tives set forth in the project outline is: "To obtain data indicating 

wherein temperature eontrol in dairy cattle loafing barns can be 

achieved through: (a) low heat gain construction, (b) operation of 

ventilating equipmrnt, ( c) operation of cooling equipnen t." The stucu 

and analyses made in this thesis are in furtherance ot this objective 

and deal wit, h swm.ertine heat gain th:ro ugh certain :p3.rts or an experi

mental, temperature-controlled livestock shelter; and with indoor 

tenperature variations occurring in the shelter. 

Helpful contributions to this study were nade by llr. Thoms Maher, 

who made temperature readings in the experimental shelter; lifiss Ruth 

Reder, of the Agricnltural. Chemistry Departnent, who mde available 

pyrheliometer data collected by that departilBnt; ltr. William Hardy, of 

the Flight School, mo made available weather data collected by The 

eather Service; and Mr. E. w. Schroeder, who was the writer's adviser 

for this thesis. 
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SUJ4MERTD4E HEAT GAIN ANALYSES FOR A TEMPERATURE
CONTROLLED DAIRY CATTLE SBEL'mR 

I. INTRODUCTION 

Studies by animal physiologists indicate that environmental. temp-

eratures approaching the body temperature or a dairy cow cause changes 

in her body regulatory mechanisms that result in depressed milk pro-

duction., sluggish appetite., and other undesirable effects. For example., 

eJC;periments1 in the animal psychroenergetic laboratory at Columbia., 

Missouri indicate that the optimum environmental temperature for Jersey 

and Holstein cows is clos.e to 50 degrees Fahrenheit; and that undesir-

able effects on the cows are much IOOre pronounced men the temperature 

is raised above 50 F than Yb.en it is lowered below 50 F. These e.xperi-

ments also show that 80 F is a critical. temperature for dairy cows; and 

that the cows had difficulty in adjusting themselves to higher tempera-

tures. 

The long pasture seasons and mild winters in Oklahoma compared t.o 

states in nortbem dairy areas are favorable for economical dairy pro-

duction; but Oklahoma• .s long, hot sumne rs are a handicap to dairynen 

who wish to mintain a high level of milk production during su.nmer 

months. Five year records2 of' the U. s. Weather Bureau show that all 

of Central Oklahoma., or roughly one-half of the state., has at least 

1.,000 hours yearly men temperatures are above 85 F. 

1. A. c. Ragsdale., et al., Universit,r .2!, Missouri Research 
Bulletin 449 (September., 1949)., p. 17. 

2. Anonymous., "Number of Hours Per Year of High Dry Bulb Temp
eratures," Heating~ Ventilating, 36 (March., 1939)., 35-38. 
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Evidently, possibilities exist. for increasing the productivit7 of 

dair7 cattle in Oklahoma by providing comf'ortable fbelters for them 

during hot sumner weather. Shades and open shelters can at best protect 

the cattle from hot sunshine only; and it is oonmon experience that many 

open shelters have higher temp:,ratures within the shelter than outdoors. 

Shelters which. can keep indoor temperatures below the critical tempera

ture of about 80 F need to be enclosed, insulated if necessary, and 

equipped for mechanical cooling. 

2 

The Oklahoma. Agricultural ExperimEnt Station has initiated a pro

ject entitled 0SUmner Temperature Control in Dairy- cattle !Dafing Barns". 

Results from this project are e:xpected to provide data on performance 

under atum1.ertine conditions or a rrechanically cooled, Enclosed shelter 

and an open front shelter for dairy cattle . These perfomance data are 

to include indoor temperature variations, heat gain through components 

of the Il:echanically oooled shelter, effectiveness of oooling and venti

lating equiprrent, and other data. SUch data need to be available to 

help farm building specialists estimate heat gain to hot weather shelters 

for livestock, select cooling equipnent, and take other necessary 

measures to reduce heat gain. 



II. OBJECTIVES 

The general aim of this study was to develop infonnation that wwld 

be helpful 1n predicting indoor temperature variations and heat gain 

through certain components :in a tem~rature-controlled dairy cattle 

shelter. Specific objectives were: 

l. To obtain data that would ti1ow the probable pattem of indoor 

temi:erature variations throughout the day- in a tenperature

controlled dairy cattle shelter under sunmertiroo conditions. 

2. To obtain SU.!Illlertime heat gain data for six kinds of west

facing masonry walls and analyze these data to determine: 

(1) Lag between time of ma.xi.mum heat gain to outdoor 

surface and time of maxi.mum heat gain from indoor 

surface to inooor air. 

(2) Decre.nent in heat gain from ind:>or surface to indoor 

air caused by thermal capacity and other effects in 

the masonry walls. 

(J) A simple method for estimating heat gain through 

masonry walls under stuIJnertime conditions. 

J. To obtain data on sumnertim.e attic space temi:eratures above a 

temperature-controlled shelter; and analyze these data to 

arrive at a nethod for predicting attic temperatures under 

sumnertine oonditions. 

3 
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Ill. REVIEW OF LITERATURE 

The 1948 Guide1 presents a met.hod for estimating instantaneous 

heat gain through a wall of given oonstruction and ori.entation. This 

method requires that data be at hand on heat gain decrement and time 

lag for. materials in the all; and is based on the expression: 

where: 

(q/A)1 = Instantaneous rate of heat gain to in.door air, 
btu per hr.- sq. rt. 

U = overall air- to-air heat transfer coefficient for the wall, 
btu per hr.-Fahrenheit degree- sq. rt. 

t.m = 24 hr. average sol-air temperature, Fahrenheit degrees. 

t 1 • Constant temperature of indoor air, Fahrenheit. degrees. 

A= Heat gain deererent factor, dimensionless. 

te* = Sol-air temperature., degrees Fahrenheit., at a tine 
earlier than the inst.ant for which heat gain is being 
computed by the amount. of time lag for the material 
in the wall or roof. 

A simplified procedure is suggested for computing SW11I1.ertim heat. 

gain by the equation: 

(q/A)1 • U(tp- ti), 

where: 

~ = tm+ A (t8*- tm)• 

It is suggested that design tables will be available in due t.im9 

to list values of tp. 

In these e:xpreasions., values of U., tm, 7'., and t 8 are eJq>erimentally 

determined or estimated on the basis or experimental data for comparablB 

1 . Guide Publication Committee, Heating Ventilating~ Conditi on
ing Guide 1948, pp. 269- 274. 



walls or :roofs. Values are listed for a few materials such as stone, 

solid concrete, brick, wood, and insulating board. No values are given 

for hollow masonry units .or concrete or clay tile . The sol-air temp-

erature, t.8 , is a computed air temperature which, in the absence of 

solar and sky radiation would give a rate of heat entry into the out

door surface of the wall equal to the rate that actually occurs under 

existing c-onditions of solar and sky radiation and outdoor air tempera

ture. Sol-air temperature is defined by the expression: 

te • ( b/f 0)It + t 0 , 

where; 

t 9 ·= Sol- air temperature, degrees Fahrenheit. 

b = Absorptivity of the surface for solar and sky 
radiation, dimensionless . 

f 0 = Outdoor wall surface film conductance, btu per hr.
sq. ft .-deg. F temperature difference . 

t 0 s outdoor dry- bulb temperature, cleg. F. 

Maeke7 and Wright2 have developed an instrument mich they have 

named the sol- air thermometer . It consists of an 8 inch cube of eork 

covered with several layers of aluminum foil a.ltemated with 1/4 inch 

5 

air spaces so that each face of the assembly is well insulated from other 

faces . A thin slice of the material for mich ool-air temi:eratures are 

to be .imasured is cemented to the center of each face . When the sol- air 

thermometer is e1q>osed to solar and sky radiation, tenperatures of too 

slices of material will give a close approximation to the actual sol-air 

temperature for that material and the orientation corresponding to tm 

2 . c. o. Mackey and L. T. Wrigit, Jr. , trThe Sol- Air Thermometer -
A New Instrummt," Transactions American Society~ Heating~ Venti
lating Engineers, 52:271- 280, June, 1946. 



particular face of the thermometer. 

Measurement of heat transfer through walls or roofs of b:iildings 

in service calls for determination of temperatures on the wall or root 

surfaces, or at points within the material.. This is usually done by 

means of thermocouple junctions af fi:xed. to the surf aces or buried in the 

material at the spot mere temperature data a.re desired. Kelle? 

recomaends that the wires from which the junctions are formed be of as 

small diameter as is feasible . He suggests that, vilen measuring surface 

temperatures, the junction be slightly- embedded in the all by first 

grooving it to a depth of one-half the lid.re diameter, then taping the 

junction into the groove. 

A heat IIl:lter, l'hich apparently operates on the principle of the 

Nicholli heat flow meter, has been developed by Gier and Dunkle 4• It. 

employs a set of thennopiles on either side of a thin bakelite wafer. 

When the wafer is in oontact with a wall through hich heat is being 

transmitted,_ a temperature differential occurs across the wafer and is 

measured by the thermopiles in combination with a potentiometer or 

m:Ulivoltneter. 

Heat gain from attic spaces to a temperature-controlled shelter 

could be a mjor part of the cooling load for the shelter. It is common 

experience that temperatures in poorly- vootilated attics beoom unco.m.-

3. C. F. Kelley, T. E. Bond, and c. Lorenzen, Jr., "Instrumentation 
For Animal Shelter Researcil.," Agricultural Engineering, 30:297- 300, 
302, 304, June, 1949 . 

4. Anonymous, t'New Heat Meter Has :U:any Applications In Refrigera
tion Induatry," !s?!. and Refrigeration, (October, 1948), pp . 23- 24, 66. 
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fort.ably hig.i during the mat of the dey . Goodman5 states that attic 

temperatures under sumnertime conditions can be kept down to approxi-

mately 20 Fahrenheit degrees above outdoor temperatures if the attic is 

well ventilated. S~ns and Lanham6 found that attic ventil.ation with 

small louvers of less than 2 sq. f't . have negligible effect on tempera-

tures in rooms below. 

5. William Goodmm , "Figuring Solar Heat Gains of Buildings,n 
Heating, Pipin&, ~ lli Conditionin&;, 1.0 (June, 1938), p. 394. 

6. Joseph W. Simons and Frank B. Lanham, Factors Affecting 
Temperatures ,!a Southern Fannhouses, p. 75 . 

7 



IV. E:ll'ERI.MENTAL EQUIPMENT AND PROCEDURES 

Temperature-Controlled Shelter 

The temperature-controlled shelter used for this study was built 

during the spring and early rumner of 1950 for the Oklahoma Agricultural 

Experiment Station project 11Sw1mer Temperature Control in Dairy Cattle 

Loafing Bams.n It is a single story, gable-roof wilding 26 ft. by 

50 ft. The sielter is located on hidi ground appro:x:imately 1/4 mile 

south of the New Dairy Center west of the A. and M.. College campus. The 

site is unshaded and well ooq>osed to prevailing southerly winds. 

The shelter is depicted in Fig. 1 and shown in plan, Fig. 2, and 

cross-section, Fig. 3. The first story walls were built with 8 by 8 by 

8 

16 in. hollow masonry units manufactured fro.m portland cenent and a light

weight aggregate obtaine~ from eJq>anded male. The cores of the units 

were filled one course at a time during wall construction with the shale 

aggregate poured into the oores of the units after they had been placed 

in the wall. The aggregate was rodded to obtain thorough filling of the 

cores. Exceptions to this type of wall construction were 18 special wall 

panels whidl were incorporated into the west and south walls. These 

special panels in the west wall are liilown md dimensioned in Figs. 4 and 

,. Panels numbered (7), (8), and (9), Fig. 4, were built with pumice 

aggregate block, sand and gravel aggregate block, and expanded shale 

aggregate block, respectively. The cores in this upper set of panels 

were not filled . Panels numbered (10), (ll), and (12), Fig. 4, were 

built with pumice aggregate bloek, sand and gravel aggregate block, and 

e:x:panded shale aggregate block, respectively. The cores of the block in 

panels (10) and (ll) ere filled one course at a time with pumice aggre

gate. The oores of tre block in panel (12) were similarly filled with 



Fig . l - South and East Sides of E:xperimental 
Temperature-Control~d Shelter For Dairy Catt.l.e . 
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expanded shale aggregate. The other special wall panels were not used. irt 

this study., and therefore will not be described. 

c.ertain physical properties of the three kinds of masonry units used 

in the ·walls and special panels a.re listed .in Table I. The 1:nlk density 

of the aggregates and the ~~ohts or the bloek uere det,ermined after thli.il 

me.teria.la had been held i:n dry., covered storage for more than 30 daya. 

The bulk density '\!'Jas determined by the rodding method. The vieights of 

the tu'"lits with corss filled were obtained by weighing each unit aft.er 

each of :i.ts cores h&d been filled., rodded ten times, and struck off to 

remove surplus aggregate. The samples used in these weighin.gs were ran-

doo selections from stockpiles at the building site. IUuge, Sparks, and 

Tumal have measured the thermal oondttctiVity of several kind.s of lidlt.-

r:eight aggregate concrete by tho guarded hot-plate method. The average 

ther;rial conductivities in btu per hr.-sq. i"t.-degree Fahrenheit temp-

eY.ature difference-i..'1. of thickness ware 2.02 !'or pumice aggregate con-

crete, 3.g3 for e:zpanded shale aggregate concrete., and 7.62 for oand and 

g:l'avel aggregate roncrote. These data. were obtained for concrete or 

plastic consistency '(;;hen mixed, and the ref ore may not represent the con-

duetivit.ies of tt<fryn concrote such as is used in mokding concrete block. 

Howevez·., the values of these conductivities relative to each other are 

probably representative of either plastic or "dry" mixed conci"Cte. 

The shapes of tho three kinds of block used in the wall panels are 

block are ilhwtrated i.n Fig. 9. 

1. Ralph -CI. Kluge., :Uorrls U. Sparks., and Edward C. Tu.m.a.<'l 111.ight
wei[glt Aggregate Conerete,fl Journal gi ,!:h! Amerlean Concrete Institute, 
20, (May, 19lfJ); p. 63.3 .. 



Kind of 
Concrete 
In Unit 

Sand and 
G1"avel 

n 

" ll 

Pumice 
II 

n 
r, 

Expan.dea 
Shale 

fl 

" II 

TABLE I 

WEIGHTS AHD GORE VOLU!SES FOR tUtSOMRY Ul:JITS 
IN WALLS OF 1'EMPERATURE COH'ffiOLlJJ;D SHELTER 

Kind of Weight 
Specimen Core Weight o'C_ ll11it.,11 Lb. Core 

of 

Number Filling Cores Empty Cores Filled Filling,Lb. 

PU.UCO 
l A&'s• 42.:5 49.1 6.6 
2 IS 42.4 48.5 6.1 
3 fl 42.5 49.6 7.1 

Ave.of 1,2,.3 H 4.2.8 49.l 6.6 

Punu.ce 
1 Agg. 24.6 33.0 8,.4, 
2 11 22.6 31.3 8.7 
3 11 26.l 3L}.8 S.7 

Ave.of 1,2,3 n 24.4 33.0 8.6 

Expanded 
l Shals Agg. 26~1 38.2 12.l 
2 l'l 27~5 39.3 11.8 
3 rt 25.6 38.J 12.'7 

Ave.of 1,2,3 ti 26.4 38.6 12.2 

15 

Coret~ 
Volun1e, 
Cu.Ft .. 

0.167 
0.154 
0.1/SO 
0.167 

0.213 
0 .. 220 
0.220 
0.218 

0.202 
0.198 
0.212 
0.2011, 

* Core volumes tJere computed from the observed weight of the core filling 
and a bulk density of 59.8 lb. per cu. ft. for expanded shale aggregate 
and 39.5 lb. per cu. ft. for pumice aggregate. 
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The double sliding doors on the South and North walls of the shelter 

were built with two thicknesses of 1 uieh natched lumber between which 

was sandwiched a 25/32 inch meet or rigid insulation boa.rd. 

The root was framed with trUBsed rafters and covered with 0.024 in. 

gage by 2 1/2 in. pitch corrugated al:u.minum roofing on 2 by 4 inch pur

lins spaced 24 inches on ·centers . Ceiling material consisted or 3/16 in. 

cenent asbestos board applied to 1 by 3 l/2 in. nailing strips on the 

under side of tm ceiling joists. 

Gable end openings for ventilation of the attic space included a 

screened and louvered opening with a net free opening area of approxi

mately ll l/2 sq. ft. in the east gable md and an attic access door with 

a free opening area of approximately 7 1/2 sq. ft. in the west gable end. 

The louver and access door remained open at all times during the period 

covered. by this study. 

The shelter Sp?-ce was cooled by an 8,000 cf'm evaporative type cooler 

mounted at the west End of the shelter as shown in Fig. 5. The wall 

opening throultl ,midi the cooler discharged was equipped with a. set or 

adjustable fins to provide uniform distribution of eool air throughout 

the melter :::pace. Air was exhausted from the shelter through the en

trance door at the east end of the blllding. 

Instrwnentat.i.on 

Dry bulb temi:eratures 'Wi. thin the shelter were ll'Sasured with a dry 

bulb temperature and relative humidity circular chart recorder manu

factured by the Brown InstrWldlt Company. It prov:itled a continuous 

trace of dr1 bulb temperature on a 7 1/2 inch diameter chart graduated 

from O to 100 F at 2 degree intervals. The instrument was mounted in the 

location mown in the floor plm, Fig. 2, on a pipe column approximately 



Fig. 6 - Opposite Core Ends of Pumice Aggregate Coneret 
Used in al.ls of Tenperature - Controlled Shelter. 

Fig . 7 - ~posite Core End11 of Sand and Gravel 
Aggregate Concrete Block Used in alls of Temp
erature-cant rolled Shelter. 
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Fig . 8 - Opposite Core Ends o! Expanded Shale 
Aggregate Concrete Block Used. in Temperature Con
trolled Shelter. 
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Fig. 9 - Comparative 
Surf'a.ce Textul.'es and 
Sha.des or Pumice Aggre
gate Concrete Block, 
Top, Expanded Shale 
Aggregate Concrete 
Block, .Middle, end 
Sand and Gravel Aggre
gate Concrete Block, 
Bottom. 
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3 ft. above the floor. 'I'he instrui:m nt 1'Jas protected f':rom dama;.cte by the 

cattle by a steel cage as shown in Fig. 10 which could be st'rung open for 

a,ccess to the instrurent. Calibration of the ir~tru.ment wao choc1';:ed 

of temperatures throughout the shelter. Te:s:113eratures measured during 

several ezplorations 

s.hovmd no apprec.,i.ebh~ or consistent differences t,hose on the dry bulb 

temperature trace of the recorder. 

Temperatures on outdoor and indoor wall surfaces were measured with 

20 gauge iron-constantan thermocouple junctions and an electronically

balanced potenti011.eter manufactured by the Brown Instrument C01nP<:1.ny. This 

potentiometer is equipped itl th. a switching panel which perraits as many as 

48 separate thermocouple circuits to be brought into the potentiometer. 

Temperatures are :read on a circular chart with a full scale graduation of 

JOO F by one-ha:lf degree intervals. 

Thermocouple junctions were made by twisting and solderir,g together 

approximately 1 l/2. inch-es of iron and constantan mire ends • The ci:r-

cuit to the potentiometer was completed with continuations of the iron 

and constantan ·wires. The ju.nctions were installed in the wall surfaces. 

in shallow grooves chiselled in the ll'tasonry block. These grooves ha.d a 

depth equal to the thickness of the jru1etions and a length of app:ro::Ki-

mately two inches. Each junction a.11d one-half inch of the lead wires 

to the instrument were placed in the groove and covered ·with mortare The 

mortar was then struck off so that the junction remained embedded in the 

groove covered vii th a thin ns}dnn of mortar as shown in Fig. 11. Two 

junctions in the outdoor surface and two in the indoor ~urface were in-



Fig. 10 - Dry Bulb Tenperat.ure and 
Relative Humidity Recorder Used in 
Temperature Controlled Shelter. 

Fig. 11 - Thermocouple Junction Instal
lation in Surface of Concrete Masonry 
Wall. 

~ 
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stalled in each panel at the points marked in Fig. 4. Surface tenpera

ture readings were taken half-hourly from 10:00 a.m. to 12:00 noon, and 

from l:(X) p.m. to 6:00 p.m. 

Attic temperatures were measured by a thermocouple junction prepared 

in the same manner as described for surface temperature junctions. The 

junction was installed 16 ft. from the East End of the attic and 5 ft. 

S in. south of tm attic center by securing the lead wires to a trussed 

rafter diagonal so that the junction was suspended in the attic air mid

way between. the roof' sheets and attic floor. Attic temperatures were 

observed at halt-hourly intervals !rom 10:00 a.m. to 12:00 noon and 

1:00 p.m. to 6:00 p.m. Temperatures obtained with the attic thermo

couple junctions were checked frequently throughout the attic space with 

a nereury thermom3ter. 

Outdoor dry bl.lb temperatures were obtained from the trace of a 

recording dry rolb thermometer maintained by the college Meteorology 

Deplrtroont. The instrument was mowited in a standard Weather Bureau 

instrwmnt shelter on the roof of the Ueteorolegy Dei:artment Weather 

Office located on the A. end M. campus. 

Instantaneous solar and sky radiation intensities were obtained from 

the trace of a recording pyrheliometer maintained b.r the A. and U. College 

Agricultural Chemistry Departnent. The recording pyrheliometer included 

an Eppley horizontal disc sensing element and a Leeds and Northrup re

cording potentioneter. The sensing elenent was mounted on the roof of 

the Dairy Building on the college campus. The completed installation 

had been inspected and approved as suitable for obtaining U. S. Weather 

Bureau records by a representative of the U. S. Weather Bureau. The 

instrument was calibrated for charts recording radiation intensity in 



gram-calories per sq. em.-minute. Charted values were converted to 

btu per sq. ft .-hr. by the multiplication factor 221.21. 

22 

Wind velocities were obtained f'rom records of the campus Meteor

ology Departnent. These records gave the wind velocity at 5:00 p.m. 

daily measured .30 ft. above ground at the Meteorology Departnent Weather 

Office on the eampua. 
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V. PP.ESErfi?ATION AMD ANALYSIS OF DATA 

The data presented in the f ollovdng pages are from temperature 

observations ood records for Aug. 8, Aug. 9, Aug. 19, Aug. 24, Aug. 25, 

Aug. 26, and Sept. l. These seven days were selected because throughout 

each of them,. the pyrheliemeter traces were not seriously broken due to 

.cloudiness. Cloudiness causes extreme :fluctuations in the pyrheliometer 

trace which makes analysis of the data very di:ffi01lt. 

All temperatures shown in the data tb.a. t. follows are 011 the Fan.ran-

heit scale; and this specification wiD. be omitted in continuous refer-

ences to temperature data in order to a.void needless repetition. 

Shelter Telllflnra.ture Variations 

The indoor dry bu.lb temperatures for each of the seven da.ys a.re 

listed in Table II !Mld plotted in Fig. 12. The aver-e.ge of indoor temp .... 

eratures is'plotted ln Fig. 13. Th:ese show that irn:hor temperatures rose 

steadily throughout tne mo:rni..ng, but, in general~ did not reach the con-

trol temperature of 80 F until the afternoon, between 1:00 p.m. and 

2:00 p.m. .Afterwards, the average temperature rermiined a.t 80 F', but with 

daily variations of as much as 4 degrees higher. 

outdoor dry bulb temp3ratures for each of the seven days are listed 

in. Table III and plotted in Fig. 15. The a.verra.ges of these temperatures 

are plotted in. Fig. 13. It is ahovJU that the maximum outdoor tempera-

turo on any of the seven days was 97 F, i'ilieh is pl'obably not rep:resen-

tative of hottest Oklahoma summer weo.ther. 
' -

' The differences cf the outdoor and indoor te:nperature are plotted 

in Fig. 14$ The maxi.mum difference of about 11 degrees oceured between 

12:00 noon and 4:00 p.m. 



CST 

8:00 a.m.. 
8:30 
9:CX) 
9:30 

10:00 
10:30 
11:00 
11:30 
12:00 
12:30 p.m. 

1:00 
1:30 
2:00 
2:30 
3:00 
3:30 
4:00 
4:30 
5:00 
5:30 
6:00 
6:30 
7:00 
7:30 
8:00 
8:30 
9:00 
9:30 

10:00 

TABIB lI 

OUTDOOR nrcr BULB T.G1~Rll.1'UR:ES, DEG:Ill.!;1,;S F AHREtilIB::CT 

STII.J'J1ATER, OlfLAHOMA •. 1950 

Aug. 8 Aug. 9 Aug.19 Au.g.21+ Aug.25 Aug,26 

84.0 oo.o 75.5 76.0 85,5 s,.o 
85.0 81.0 78.0 ?S.O s6.o 86.,5 
86.o 82.0 78 .. ;; so.o a7.5 et/ .,5 
86.5 83.0 so.o 81.0 88.0 s9.o 
a7.o S4.0 Sl.5 S2.5 89.0 90 •. 5 
88.5 86.o 82.5 S4.5 89.5 91.5 
89.0 86.5 83,5 85.5 90.0 93.0 
89.5 87.0 84.0 86.5 91.5 93.5 
90~0 87.5 85.0 88.5 92.0 95.0 
90.2 88.0 86.o 89.5 92.5 95.0 
90.5 M.5 S6.0 92.0 93.5 96.o 
90.5 ss.5 87.0 92.5 94.0 96.0 
90.5 se.5 87.0 94.0 9li-.5 97.0 
90.5 88.5 s7.; 94.0 94.5 97.0 
90.7 00.5 88.0 94.0 96.0 97.0 
90.5 es.; 88.0 w •• o 96.5 96.o 
90S 88.0 87.5 93.5 97.0 96.0 
89.5 87.8 86.; 93.,5 96.o 96.o 
89.0 87.0 86.o 93.0 94.5 95.5 
87.5 86.5 85.0 92.5 93.0 95~0 
86.o 84.0 83.0 90~5 90.5 92 •. 5 
SJ.O 82.5 80.0 88.5 89.0 89.5 
Sl.O 81.0 77.0 88.0 87.0 88.5 
80.0 .........._. 

79.5 
79.0 
78.0 ---
77.5 
76.5 

sept.l 

76.o 
78.0 
'79.0 
79.,5 
81.0 
82.0 
83.0 
84.0 
s;.o 
85.5 
86.o 
86.5 
86.5 
86.5 
86.5 
86.5 
86.o 
86.o 
85.0 
82.0 
79.0 
77.0 
76.0 



CST 

8:00 a.m. 
8:30 
9:00 
9:30 

10:00 
10:30 
ll:00 
11:30 
12:00 
12:30 p.m. 
1:00 
l-:30 
2100 
2:30 
3:00 
3:30 
4:00 
4:30 
5:00 
5:30 
6:00 
6:30 
7:00 
7:30 
8:00 
8:30 
9:00 
9l30 

10:00 

TABLE III 

TEMPERATURE CONTROLLED SHELTER INDOOR TEMPERATURES 
DEGREES FAHRENHEIT·. 1950 

Aug. 8 Aug. 9 Aug.19 Aug • .24 Aug.25 Aug·.26 

80.0 74.5 63.0 72.5 76.5 77.5 
79.0 75.0 65.5 73.5 77.0 78.0 
80.0 76.5 68.o 74.0 78.0 76.5 
78.0 71.5 70.5 75.0 77.0 76.5 
78.0 78.5 71.0 76.o 76.0 77.0 
78.5 79.0 72.5 77.0 76.5 78.0 
79.0 79.5 73.5 78.0 78.0 78.0 
79.5 80.0 76.0 79.0 78.0 78.5 
80.0 76.5 76~0 79.0 79.0 79.0 
80.0 76.5 77.0 79.5 80.0 80.0 
80.0 n.r; 78.5 so.o 80.5 80.0 
80.5 T/.0 79.5 80.5 81.5 81.0 
81~0 7/.5 80.0 81.0 82.0 82.0 
80.5 76.5 78.0 82.0 82.0 82.0 
80.5 78.0 77.0 82.0 82.5 82.5 
81.0 77.5 75.0 82.0 84~0 84.0 
80.0 77.5 75.0 82~0 83.0 83.0 
80.5 77.0 75.0 83.0 83.0 83.0 
81.5 80.5 78.5 83.0 83.0 83.0 
82.0 80.5 75.0 83~0 82.5 82.5 
82.0 80.0 74.0 82.0 83.0 83.0 
82.0 
79.5 
78.0 
79.0 
77.5 
77~0 
76.o 
76.o 

25 

Sept.l 

66.o 
67.0 
68.5 
69.5 
71.0 
72.0 
73.5 
74.5 
76.o 
77.0 
78.0 
79.0 
T/.O 
76.o 
79.0 
79.0 
77.0 
75.0 
75.0 
74.5 
74.5 

-



~ 
.!} 
Ill 
0 

"~ 8 0 
a'. 
::) 

~ 
~ 75 
Ill 
a. 
I. 
~ 70 

ioO 

Li. 
~ 95 
0 

,. 

w 90 
0: 
::) . 

~ 
ct · 85 
IJ.) 

. a. 

~ 60 
I-

d) 
..J 

=> . 75 en 
& 
O 70 

I 

> < I"" ~ ::::::: 8 
l.--- .... " ../'--/---

./ .,;> / - 1,...--""'" ~ i....---
./ ~ 

I / 
-:;;?' 

/ V-1' 
·v V ! 

V 

8a.m. 9 10 I I 
Ce:NTRJ:,.L 

_..........-::: r7:: 

I"<" ---~ .. ~ ~ I"',.._ 
' 

' _..L. ~ 
r7 

: 

.. 

-

12 noon I 
ST~NDARO 

/ I'--,.._ 

/' __../" 
..--

"' / - I'..... ~ I\ 
--.....;;:v 

"" ~ V _\ 
,e 

4 5 

!"'I,., ~ --~ 
c._ -
~ 

_..... 

26 

Au~. 25,26 
AU~,24 
Au<:.. 8 
AUG,9 

lll!r-t - AUG,\~ 
'5~?,,\ 

--=:-
-----..;; --~ 

6 

FI 6. 12 - DRY BuL.B TtMPERAiURES IN Tt:MPER~TURE

CoNT ROI..LE'D o~IRY CA,Tl..'E. SHtL.TE.R, \ 950. 

! 
I i ·-- - --· - --

- - ...... 
~ 

i...--- -.......... 
~ __,. 

/' ..... 
./ -~- MJ~s -v ~ S-0 JTI DOC R, C; ,~~ E:A rt"H ER ~ T~ ii IC N 

/ 
_.,. 

V l r ~DC DO~ ,1 EM PE' ~t,...' 'UR E. - Co NTF OL -EO 6H EL.i ER 
t) - .,,...... 

~ -l ...--...... 
~ 

V --- . 
-

6a.m. 9 \0 \ \ \'2.noon I 2 3 · 4 5 6 
CENTR~L ST~NQPIRO TIME: 

F1G. L3 - Avr:.·R~GE. \Elv'lPER~"TURES FoR 5EVe:N 
Se:-L~CTED D~Ys., ST1L.1..\NATER., SuMM"E.R ,1950. 



u.: 
t.!) 
w 
Cl ... 
w 
v 
% 
w 15 Cl 
w 
u. 
!!:: o 10 
w 
Ir 
:) 

~ 5 

27 

-------
~ l-,--

4 ~ 
w 
ll. 
~ 0 ' 
~ 9a.m, ,9 IO I I I 2 noon I 2 3 4 5 6 

-
~ 
I.LI 
0 

IJ.I 
It 
::J 

~ 
rt 
uJ 
Q. 
:.E 

\00 

95 

90 

85 

60 

CENTR~L ST~NOP\RO T\M'E 

F1 G, \4- AVERP...GE Ou,oooR- \"1000R T~MPERA,URE 
OlFFER~NC:.E ; Oeai, F, 0,6.) TEMPER~iURt.-CONTRO\..l..EO 
S~C:\..TER :/S't,11:~1 OE'LECT'E:D 0,c,..'(S, SU\V\Mi:.R, ') I 95 o. 

AUG, 26 
AuG,25 

Auo. 2.4 
AuG. 6 
Aue:,. C:3 

AuG.. I 9 
Se-~.\ 

~ 75+-~-+-~-.--~-·--+-----+~----lf--~+-~+-~-+-~--+-~-+-

80.m, 9 -- 10 II 12noo11 I 2 3 '5 6. 
CENTR~L ST~ND~RD' TrM E 

F1 G. I 5 ;,- OUTDOOR DRY-·8Ul8 TE\'I\PE:R~TU'RE5 
'ST\L\_\/\/~iER' 1 \ 950 



These data indicate tba t the cooling equipment and shelter construc

tion are adequate to maintain indoor temperatures of 80 F during a com

paratively cool sumner. If indoor temperatures as high as 85 F oould 

not be tolerated for brief ~riods during hot days when outdoor tempera

tures muld be above 100 F, the ceiling could be inrulated to obtain 

considerable reduct.ion in cooling load. Heat gain estimates on a com-

parable structure have mown that about one- half of the heat gain through 

the structure occurs through the ceiling, 

Heat Gain Throufll West Wall Panels 

Instantaneous heat gain to the outdoor surface of each of the six 

west- facing panels was computed at half-hourly intervals from 10:00 a.m. 

to 12:00 noon and 1:00 p.m. to 6:00 p.m. by the expression: 

where: 

q/AL = Instantaneous rate of heat gain to outdoor surface 
or wall, btu ~r sq.rt .-hr. 

r 0 = Coefficient of conductive heat transfer for air film at 
outdoor wall surface, btu ~r hr.-deg. F- sq.rt. 

te = Sol-air temperature. 

tL = Outdoor wall surface temperature. 

Values for t 1 were obtained by direct observation at half-hour 

intervals or tsnperatures at the thermocouple junctions embedded in the 

outdoor JRnel surfaces. The tanperatures used in computing q/AL were 

the arithmetic average of the observed temperatures at eadl of the two 

junctions in tl:ra cntdoor surface of each JRnel. 

A value for f was selected on the basis of experimental data pub
o 

lished in the 1948 Heating, Ventilating, !!.!:. Conditioning Guide. These 



data list a value of :f0 = 3.5 for concrete and an mr velocity of 5 m.p.h.; 

and ! 0 = 5.2 fol" an air velocity of 10 :m..p.h. No measurements were rnde 

of air velocities at the 11lest wall. Wind velocities observed at the c&1-

pus weather station at 5:00 p • .m. and 30 tt. above groun.d, on each of the 

seven chosen dates are given in Table IV. It ·will be noted that these 

velocities were ge.n.erally lower than 10 m,p.h., an.d that in most instances 

the wind direction was sudl that a west-facing surface vx.>u1d be meltered 

from the direct effect of the wind. Therefore, a value of i'0 == 3.5 vraa 

considered to be reasonable and was used for all computations of q/AL. 

TABLE Ii 

WIND VELOCITIES A'I' OKLAHOMA A. & M. CAM1:ins WEATHER 
STATIOM., 5:00 P .M. 11 1950 

Aug. 8 
Aug. 9 
.Aug. 19 
Aug. 24 
Aug. 2.5 
Aug. 26 
Sept. l 

9 
6 

10 
8 
g 

12 
7 (Gusts to 15) 

puted at each half-hourly inte:l"V&l. by the e:iipression: 

Wind Direction 

East 
East 

Northeast 
South 

Southwest 
South 
North 

b = Ab~orptivity of the wall surface for incident solar and 
sky radiation., dimensionless • 

It = Incident solar and sky radiation, btu per hr.--sq.ft. 

t 0 = Outdoor air temperature., dry bl.lb. 

Heat.in~ And £4!. Q.o.nditionins by Allen., Walker, and Jones recornmends 

a value of b = 0.7 for a medium dark surface., including dark-colored 
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cement, asbestos S'lingles, stucco, and other similar materials . Then, 

the value of b/f0 = 0.7/3. 5 = 0 . 20 . This value, 0 . 20,. was used for all 

computations of sol- air temperatures of the west wall surface . It should 

be noted that, so far as the outooor film coefficients and sol ar absorp

tivity are concerned, it is the ratio of these tv10 quantities rather 

than their individual values vvhich affect sol- air temperature compu

tations . 

Total incident solar and sky radiat ion intensities, It, for a verti

cal, west- facing , unshaded surface were computed at half-hour intervals 

on the basis of n:easured total solar and sky radiation intensity on a 

horizontal surface . Solar radiation intensity at normal incidence, In, 

is related to 1t and Isv, sky radiation on a vertical surface by the 

expression: 

It = In Cos (270 - oc ) Cos ~ + Isv, 

here: 

<:f:.. = Azimuth angle of the sun . 

~ = Altitude angle of the sun. 

It is apparent that In and Isv must each be known before It can be 

computed. However, the py-rheliom.etrlc measurements gave a single value 

for total solar and sky radiation intensitq, I, on a horizontal surface. 

There! ore a supplen:entary analysis 1'18.S needed to compute In and I 8v from 

the pyrhello.m:3ter data. This analysis was based on the ratio: 

e = In sin 19 / Ish 

where Ish is the instantaneous sky radiation intensity on a horizontal 

sur!'aee. The 1948 Heating, Ventilating, ill Conditioning Guide lists 

values for tteu as a function ot ~, and states: "For n>ugh estimates, 

assume that the sky radiation on a vertical surface is one-half or that 



TABLE V 

SOlr-AIR 'IEMPERATURES FOR WEST-FACING WALL, DEGREES FAHRENHEIT 
b/f0 • 0.20 

STILUfA'lER, OKLAHOO. 1950 

CST Aug. 8 Aug. 9 Aug.19 Aug.24 Aug.25 Aug.26 

10:00 a.m. 94.3 84.3 86.7 93.3 94.8 
10:30 95.s 90.3 88.9 93.8 95.9 
11:00 96.4 90.9 S9.8 94.4 97;3 
11:30 97.1 91.4 90.8 95.9 97.9 
12:00 97.6 92.l 92.8 96.5 99.4 
1:00 p.m. 105.4 100.3 98.2 103.3 105.1 107.7 
1:30 111.l 107.4 106.2 ll0.5 111.8 l.ll+.l 
2:.00 u6.7 113.9 113.8 117.7 122.9 122.7 
2:30 119.l 119.6 1a>.o 122.8 123.4 126.4 
3:00 126.5 124.6 127.6 127.7 129.2 131.5 
3:30 133.8 130.l 125.2 130.7 132.7 133.7 
4:00 141.2 133.1 132.8 131~9 134/3 136.3 
4:30 1.44.S 138~4 136.1 131.8 141.2 136.3 
5:00 14$.3 139.6 138.2 128.4 131.4 134.2 
5:3) 139.l 122.3 124.4 127.2 
6:00 138.6 112.1 113.3 106.3 
6:30 128.7 
7:00 114.8 
7:30 80.0 
8:00 79.5 
8:)) 79.0 
9:00 78.0 
9:30 r,.5 

10:00 76.5 

31 

Sept.1 

85/3 
86.5 
87.4 
88.5 
89.; 
98.2 

lD5.5 
101.8 
118.2 
123.5 
128.3 
l'Z'f .l 
131.3 
129.l 
121.4 
110.5 



on a horizontal surface . Sky radiation may be assumed independent of 

vertical surf ace orientation . 11 

Total solar and sky radiation intensity I on a horizontal fl.lrface 

can be elQ)ressed by: 

I = Ish + In sin~ , 

or In = (I - Isb) /sin ~ • 

Substituting f o·r In in the expression defining "e". 

e = (I - 1sh)/Ish' 

or Ish = I /(et l) . 

and I 8 v = 0 . 5 I/( e + l) . 

In = I 8h x e/sin (3 ~ 

32 

In order to apply these eJCpressions , the azimuth and altitude of the 

sun must be known for all times during eacll of the chosen days . These 

were interpolated for half- hourly intervals .from navigation tablesl and 

the 1950 American Nautical Almanac, and are listed in Table VI . Table VII 

lists computed values for I 8h and In. 

An exanple sh<Ming how the sol- air temperature was computed for 

3 :00 p .m. , August 25, 1950 and a est- facing wall will make the foregoing 

analysis clear. First compute I 8h: 

Iah = I /(e + l ). 

I= 212.2 btu per hr.-sq.ft . (pyrheli ometer measurenant) 

e = 4.36 at .~ = 47.4° . (1948 Guide, p. 263 and Table VI ) 

Ish • 212. 2/ (4.36+1) = 39. 6 btu per hr.-sq.ft . 

Compute In = Ish ( e/ sin (3 ) • 

1 . U. S. Navy Depa.rtn:ent Hydrographic Office, Astronomical 
Navigation Tables Volume !!..• 



C S T 

8:00 a.m. 
8:30 
9:00 
9:30 

10:00 
10:30 
11:00 
11130 
12:00 
12:30 p.m. 
1:00 
l:.30 
2:00 
2:30 
3:00 
3:30 
4:00 
4:30 
5:00 
5s30 
6:00 

Aug. 8 

(j oc . ' 0 

TABLE VI 

ALTITUDES, ~ , AND AZIMU'fflS, OC , OF THE SUN 
STILLWATER, OKLAHOMA, 1950 

Aug. 9 Aug. 19 Aug. 24 Aug. 25 . 
t9 C( a cX: ~ ex: ~ ex: 

0 t • o I .o 
0 ' 

0 . ' • 

Aug. 26 Sept. 1 

~ ex: (a Cf. . ' • . ' • 

27-55 90.0 27-46 90.0 26-04 93.0 25-07 94.0 24-56 94.0 24-44 94.5 23-30 96.5 
33-58 9Jh5 33-48 94.5 32-06 97.5 31--08 99.5 30-56 99.5 30-44 100.0 29-28 102.0 
39-59 99.0 39-49 99.0 38-03 103.0 37-04 10;.o 36-52 105.0 36-39 105.5 35-20 107.0 
45-55 104.5 45-44 105.0 43-54 108.5 42-51 110.5 42-38 110.5 42-25 lll.O 41-02 113.0 
51-40 112.0 51-29 112.0 49-31 115.0 48-23 117.0 48-09 117.0 47-55 117.5 46-26 120.5 
57-10 119.5 56-59 119.5 54-47 123.5 53-35 125.5 53-19 125.0 53-04 126.0 51-26 128.5 
62-09 129.5 61-56 1.30.0 59-01 134.0 ;s-10 136.o 57-53 136.0 57-36 1.36.; 55-50 138.5 
66-20 143.0 66-o6 143.0 63-23 147.0 61-55 149.0 61-35 149.0 61-17 149.5 59-19 151.0 
69-13 161.0 68-56 161.0 65-58 163.0 64,-21 164.0 64-00 164.0 63-40 164.5 61-35 165.0 
70-09 181.5 69-52 181.5 66-47 181.0 65-06 181.0 64-46 181.0 64-25 181.0 62-l.8 181.0 
68-55 202.0 68-38 202.0 65-42 199.0 64-Q6 198.0 63-45 198.0 63--25 19s.o 61-21 197.0 
65-50 219.0 65-36 219.0 62-55 215.0 61-26 213.0 61-07 213.0 60-1+8 212.5 58-53 210.5 
61-31 232.0 61-17 232.0 58-54 228.0 57-34 226.0 55-17 225.5 55-00 225.0 55-15 222.5 
56-25 241.5 56-14 241.5 54-06 237.5 52-50 235.5 52-36 235.0 52-21 234.5 50-45 233,0 
50-53 249.5 50-42 249.0 48-46 246.o 47-37 244.o 47-23 243.; 47-09 243.0 45-41 240.5 
45-04 255.5 44-54 255.5 43-05 252.5 42-02 251,5 41-49 250.0 41-.36 250.0 ,40-13 250.0 
39-0S 261.0 JB-59 261.0 37-13 257.5 36-13 2;6.0 36-01 255.5 35-49 255.5 34-30 2;3.0 
33-06 265.5 32-;7 266.5 31-14 263.0 30-16 261.5 30-04 261.0 29-52 261.0 28-36 258.5 
27-02 271.0 26-53 271.0 25-11 267.5 24-15 266.0 24-03 265.5 23-51 265.5 22-37 263.0 
20-59 274.5 20-50 275.0 19-07 272.0 18-11 270.5 17-59 270.0 17-47 270.0 16-34 268.o 
14-59 279.0 14-50 279.0 13-05 276.5 12-09 275.0 ll-57 274.5 ll-45 274.5 10-32 272.0 

\..lo) 
\,,.) 



TABLE VII 

DIRECT SOLAR RADIATION INTENSITY, In, AT ?JOB.MAL INCIDENCE 
AND SKY RADIA'!'IOM IlJTENSITY, Iah, ON A HORIZONTAL SURFACE 

STILLWATER, OKLAHO}!A, 1950 

Aug. 8 Aug. 9 Aug. 19 Aug. 24 Aug. 25 Aug, 2.6 Sept. l 
CST . I · I 

In Isn In Iah n Ian In Ish In . lsh In Ish In .· sh . 

SiOO a.:m. 
8:30 
9:00 
9:.30 

10:00 
10:30 
ll:00 
11:30 
12:00 
12:30 p.m. 
1:00 
1:30 
2:00 
2:30 
3:00 
3:30 
4:00 
4:.30 
5:00 
;:30 
6:00 

186.6 
2ll.O 
231.5 
24.4.0 
255.0 
256.0 
263.0 
267.5 
269.0 
27/.+.0 
26<).o 
2.58.5 
253.; 
243.5 
243.5 
262.5 
200.0 
283.; 
289.0 
244.0 
245.0 

29.8 
34~7 
38.8 
4l.2 
43.2 
43.l 
43.7 
44.6 
/+4.9 
45.8 
J.iJ+.9 
43.l 
42.2 
40.7 
41.l 
l.tl+ .:, 
46.9 
46.4 
45.9 
J6.6 
33.9 

198.3 
209.0 
241.0 
247.5 
25;.o 
257.0 
261~0 
266.0 
273.0 
274.0 
272.0 
275.0 
275.0 
272.0 
267.0 
271.0 
265.0 
27$.0 
271.0 
263.0 
2:,0.0 

.31~5 
34,2 
40,3 
41.8 
43.). 
4).1 
43~5 
44,3 
45~8 
45.8 
4;.3 
45.a 
45.a 
45.7 
45.3 
45.8 
44,6 
45.0 
4.3.0 
39.2 
33.2 

181.5 
204.S 
226.0 
239.0 
252.7 
255.0 
261.0 
267.0 
270.0 
27;.o 
200.0 
z,s.; 
287.5 
280.0 
2art.o 
238.6 
26).0 
267.0 
26;.o 
251.0 
184.0 

28.5 
)3.) 
37.6 
40.2 
42.7 
43.1 
4'J.7 
44.4 
h.5.l 
4;~7 
46.6 
46.J 
46.7 
48.2 
48.6 
40.2 
43.s 
43.3 
41.6 
:n.1 
24.5 

133.3 
216.; 
241.0 
229.0 
251.0 
259.0 
264.o 
2;9.0 
261.0 
262.0 
259.0 
261.0 
251+.5 
247.0 
244.0 
232.5 
222.0 
20;.o 
179.; 
u;.; 
103.7 

20.8 
34.9 
40.l 
33.7 
42~4 
43.6 
43.2 
4.3/3 
43.4 
43.6 
43.1 
43.3 
42.$ 
41.7 
41.2 
39.l 
36.8 
33.2 
Zl.9 
21.1 
1:3.; 

Note: All values of In and lsh are in units of bt.u per hr.-sq.ft,. 

1so.; 
166.7 
237.0 
243.0 
2;1.5 
250.7 
253.4 
253.0 
2;;.o 
256.0 
25;.o 
2;2.s 
252.; 
24'.3.0 
235.0 
2:;0.7 
21.l..O 
240.0 
180.4 
146.o 
104.7 

28.l 
27.l 
39.3 
41.9 
42.6 
42.l 
42.3 
42.2 
42.S 
42.5 
46.2 
42.l 
42.3 
41.l 
39.6 
38.7 
:35.0 
38.8 
28.0 
21.2 
13.6 

200.0 31.3 
2'Z'/.O 36,.7 
245.5 40.8 
249.0 41.9. 
2;;.o 43.0 
25$~7 43 .• 5 
259.0 4:;.2 
263.0 43.B 
26:;.o 43,8 
263.0 43.8 
263.0 43.8 
26.2.0 43.6 
262.0 44.1 
253.0 42.7 
2;0.0 42.l 
239.5 40.2 
2:;2.; 38.5 
214.7 34.S 
197.0 .28.4 
157,5 22.6 
66.1 ~.6 

191.5 
22.4.0 
243.0 
2;;:.o 
2;s.o 
265.0 
264.; 
269.0 
210.0 
275.0 
27'.3.0 
275.0 
270.5 
269.2 
269.0 
261.0 
236 •. ; 
241.0 
222.0 
191.; 
1,0.; 

29,6 
:;;.9 
40.2 
42.7 
43.4 
l;.4.8 
44,3 
44._9 
45,l. 
"-'·8 45.6 
45.4 
45/3 
45,7 
4;.2 
43.8 
,a.a 
38.S 
.34.0 
27.1 
18.9 

\;) ~~· 



sin ~ = sin 47.4° • 0.736 . 

In= 39. 6 x 4.36/0.736 = 235 .0 btu per hr.-sq. ft. 

Compute I 8v = 0 . 5 !sh. 

Isv = 0.5 x 39 .6 = 19.8 btu per hr.-sq .rt. 

Compute It = In cos ( 270 - C(' ) eos '3 + I 8v. 

~ • 2.43 . 5° (Table VI ). 

~::s 47 .4° (Table VI). 

1t c 234 .5 eos (270 - 243 .5) cos 47.4 + 19.8 . 

It = 166 . l btu per sq. rt . -hr. 

Compute te = (b/f0 ) It + t 0 • 

b/f0 = 0 . 2 ( cf. preceding discussion) . 

t 0 • 96 .0 (Table III ). 

te = 0 . 2 x 166.1 + 96.o = 129.2° . 

Compute q/AL = f O ( te - t1 ) • 

~ • lll.0° (surface temperature measurement ). 

q/A1 = 3.5 (129.2 - lll .O) = 63.6 btu per hr .-sq .ft . 

35 

Computations for q/A1 at half- hour intervals during each of the seven 

days and for eadl of tre six panels were ma.de according to the analysis. 

The resulting data for each :i:snel were then compared and the three hi{tlest 

values out of tre possible seven at each half-hour tine interval were 

averaged to obtain an average q/AL. These average values of q/AL were 

then plotted and are shown in Figs. 16 through 18. 

Instantaneous heat gain, q/At, from the indoor surface or the panels 

to indoor air was computed at half-hour intervals during each of the 

seven days by the e:xpression: 

a/A1 .. r1 ( tis - ti) , btu per sq. rt . -br. , 



llhere: 

r1 = Indoor surface film conductance, btu per sq. ft .-deg.-hr .• 

tis = Indoor p:i.nel surface temperature. 

t1 = Indoor air dry bulb temperature. 
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The value of fi was asswned constant at 2 .0 btu pe.r hr. -sq.:tt . -deg. 

This the value recommended in the~ Heating Ventilating !;!!. Condition-

3 Guide for still air and a conerete surface . Indoor panel surface 

tefll)erature, t 1 , as taken as the average of the two temp-erature neasure

men ts at. the thermocouple junctions embedded in the indoor surf ace of 

eaeh panel. The indoor air dry bulb tan.perature, t 1 , was taken as the 

temperat ure measured by the recording dry bulb and relative humidity in

dicator at tb.e location shown in the floor plan, Fig . 2 . or the seven 

possible values for tis and t 1 , respectively, at each half-hour interval 

for eaeh panel, only three were chosen so that the computed q/A1 was based 

on the same data at each half-hour interval. as the computed q/A1 • This 

resulted in three val ues for q/Ai at each halt-hour interval. These were 

averaged and are plotted in Figs. 16 through 18. 

Table Vlll eunmarizes the data of Figs . 16 through 18. The 11Time 

tagn listed in Table VIII is the ti~ elapsed between ti of maximum 

heat gain to the outdoor wall mrface £or each panel and the time of ma.x

i.mum heat gain to indoor air. The 11Decrem:m t Facto rn listed in Table VI II 

is the quotient of nnximum heat gain to indoor air divided by naxi.mum. 

heat ga:in from outdoor air to outdoor surface . It is .shown that, for a.11 

six. west- facing panels, maxi.mum heat gain to indoor a i r occurs in the 

period 7:30 p .m. to 9 :00 p . m. ; and that maximum incbor heat gain is from 

23 percent to 45 percent of ma.xi.mum heat gain to tm cutck>or surfaces. It 

appears that the most effective of the six kinds of masonry all s in ob

taining lo 1 teat gain, compared on the basis of maximum heat 



gain is the pumice concrete block ·vd. th cores filled with pumice aggregate. 

It is shown that maximum heat gs.in through the v1all panel built with ex-

panded shale concrete block with the cores filled with expandad shale 

aggregate was 2 btu per hr.-.sq.f't,. higher than maximum heat gain t,h:rough 

the same kind of concrete blocla:: 1:mt v1ith empty cores. This was contrary 

to expectations. 

The time lag characteristics of all six kinds of masonry wall studied 

are sue.Ii. that naxim:um heat gain through west-facing 111alls to :tnooor air 

in a temperature-controlled shelter is dela_yed until late in the evening, 

when attic fan circulation of oool nigit air 1ni.~t be used ir1. lieu of 

.mechanical cooling. 

In order to find a sirii.plified procedure .for eomputing instanta..fleous 

heat gain for design pu:rposes through the six kinds of nasonry walls in-

vestigated, the relationship e::r,istin.g bettieen (te - t 1 ) and (q/A)1 ivas in

vestigated. If ( q/A )i is divided by (t0 - t 1) , a quantity which has the 

same dimensions as an overall eoe.ff ic~ nt of' heat trans£ er for a wall is 

obta.ined. 'l'his quantity could be named an e:f'f'eetiv.e oVerall coefficient 

of he a..t transfer and defined by.: 

u = (g/AJ; 
e te-t1' 

where: 

U0 = Effective overall (air to air) coefficient of heat 
t1,,;,-'lsfer mil.lex 0UnIDie1'time oonditlons of periodic 
heat flow, bt.u per hr.-sq.ft.-deg. F. 

(a/Ah. = Instantaneous rate of heat gain to int.bor air, 
btu per hr.-sq.ft. 

Values for Us are plotted for hours f1~0111 10:00 a,.m. t.h1 .. rugh 6.:00 :p.m. 



for each of the six kirrls of walls., Figs. 19 through 21. Each set or 

plotted values is based on the same selection of data as used for plotting 

instantaneous heat gain rates to outdoor and from indoor surfaces., res

pectively. 

I t is seen that the graphs of Ue vs. time rollow a similar pattern 

for all six kinds of wall; but that appreciable differences in U8 occur 

during the latter µi.rt of the afternoon. For example, at 5 :00 p.m., U0 

for sand and gravel aggregate concrete block, cores empty, is 0.45; Ue 

for pumice aggregate concrete block, cores e.npty., is 0.31; and Ue for pro

cessed shale aggregate concrete block., oores empty, is 0.11. 

These graphs could be used f or est.ine.ting heat gain through west

tacl.ng walls, by computing te for successive hours during the hot part of 

the da,; then computing q/A1 by selecting the appropriate value of Ue and 

multiplying byte - t 1 • They would not necessa.r.i.ly be usable for loca

tions whidl have a different pattem of sol- air temperature variation, 

be-cause it is obvious that the shape of the gra}Xl w111 depend on the way 

in which t 6 varies throughout the day. 

Attic Space Temperature Variation 

In order to develop a basis for predicting temperatures in attic 

spaces over temperature-controlled shelters, a heat balance analysis on 

the attic space was ma.de . Let the following notations be used: 

t 0 = Outcbor dry-bulb temperature. 

ten • Sol-air temperature ro r north slope or roof. 

tes = Sol-air temperature for south slope of roof. 

tea= Average of ten and t 68 • 

ta • Attic space dry bulb temperature. 
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TABLE VIII 

BEAT GAIN, TD4E LAG AND DECREMENT FOR WALL PANELS 
IN TEMPERATURE CONTROLLED SHELTER 

JlAXlllUM HEAT UAilJ!Ull HEAT 
KIND OF WALL CONSTRUCTION GAIN TO OUTDOOR SURFACE GAIN TO INDOOR AIR TIME LAG DECREMENT 

Type Concrete In q/AL q/Ai 
HRS. FACTOR 

CST CST 
Masonry Units Core Filling btu/hr.-sq.rt. p .M. btu/hr.-sq.rt. P.M. 

PUhli.ce None 63 2130 17 7•30 5 o.z,o 

Pumice Pumice Agg. 52 3:00 12 9::30 6l 0.231 

-
Sand and Hone 83 3:00 30 7t30 41 0.363 

:ravel 

Sand and Pumice Agg. 75 3:00 27 B:30 5t 0.36() 
Gravel 

E:xpa.nded None 58 3:00 20 9:00 6 0.3lt,; 
Shale 

Expanded Expanded 49 3i00 22· 9:00 6 0.449 
Shale Shale Agg. 

fu 



ti = Shelter space drf bulb te.mperature. 

Uce = Overall ( air-to-air) coefficient of he at transfer for 
ceiling, btu per hr.-sq.f't.-deg. 

Ur = overall (air-to-air) coef'f icient of he at transfer f 01" 

roof.~ btu per hr .. -sq.ft.-deg. 

li = Ail" circulation rate through attic space., lbs. outdoor 
air per hr. (D:ty air assumed). 

Ace = Total ceiling area., sq. :f't.. 

A = Total area of' north slon,::, of roof .. sa.. :ft. n x·= ., -

A8 = Total area of' south slope of roof, sq. fta 

Cp = Constant pressure specific ooat for dry air., btu :per 
lb.-deg. F. 

If heat transmission through the gable end walls is neglected., the 

follord.ng heat balance for the attic sp3.ce can be written: 
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(ArU/2)(t1,m- ta+ te5- ta) - MCP (ta - t 0 ) - U0 eAce<ta - t 1 ) = 0 

After rearranging and substituting { ten - t.a) for ( ten - ta.+ t 69 -

te,.)/2, we obtain: 

tea+- to (Yep/ArUr) +- ti (UceAar/AiJr) = 

ta [ l + (MCp/1\rJ\.) + UeeAce/A7Pr] 

.It is apparent that, if ti is held oonstant, tea-' ta, and t 0 will be 

re1&ted by an e1q>reasion of the general form.: 

tea+ Ki to+ K2 = K:3 ta! 

Also, for low rates o! air movement throufotl the attic space, in ~tie 

orde1" of 1 1/4 m.p.h., the value of imp/Ar Ur will he close t-0 unity, in 

which case,: 

ta = f (tea. + to) 

It appeared possible that the -ratio ta/(tea + t 0 ) might vary with 

time in a. consistent manner. This ratio tm.s plotted by half-hoarly inter

va,ls to obtain the graph sho·w11 in Fig. 22. These data a.re the averages 



of te.nperatures :for Aug. 19., Aug. 24, Aug. 2;, Aug .• 26, and Sept. l~ all 

1950. Sol-air te.mperatu..~s 1i1ere computed separately for the north and 

south slopes of the roof by the e:xpression: 

t = ~T. + t e r 0 -:c o 

where the terms have the same defin1.tions as previously given. The re-

salts of these computations are gi. ven in Table IX.. A constant value ot 

b/r0 ;;: 0.10 was selected £or computation c£. sol-air temperatures for the 

aluminwn roof covering. This would correspond to a value or b = O .40 an.d 

f 0 = 4.01 or any other set of numbers in the ratio l to l.O. 'fhe 1948 

Rea.tins Ventilating.!!!. Condition¥?& Guicle lists a value ot £0 = 4.0 !or 

a. wind velooity of 10 m.p.h. and a Sl.lr!ae~ oorresp:onding to glass o.r vJhite 

paint on pi.l'le lu.'llber. Allen, Walker, and James in Heati~i ~ Air Condi

tioning reeomr;,tend a value or b = 0.40 for very light-colored surfaces 

including white-painted and similar surfaces. 'i:he Permanente Products 

Compo.ny, ma"lui'acturers or aluminum roof coverings suggests that b = 0.10 

be used for bright alumi..11um roofing meets and b = 0.40 for aged aluminum. 

roofing sheets. 

Instantaneous intensities of solar and s..lf:y radiation, It, 1i1ere com,-

puted by the expression, 

for the south slope of "Ghe roof, and, 

It = ! 0 { cos i9 cos ac. sin e + cos e sin~ ) +- O .85 Im 

for the north slc~ of the root. 

In these e:xpressions: 

It,= Total solar and sky radiation intensity on the root sur
face, bt.u per sq.ft.-hr. 

In = Solar radiation intensity at normal incidence, btu per 
sq.ft.-hr. · 



'3 = Altitude angle of the sun. 

oc = Azimuth angle o! the sun. 

0= Slope angle of the roof, measured from horizontal. 
( e = 26°341 for the temperature-controlled shelter). 

I 8h = Sky radiation intensity on a horizontal surface, 
btu per hr.-sq.rt. 

It is shown by the graph of taf(t8 a+ t 0 ) that all of the values o! 

this ratio during the hot rart of the day fall 1li thin the range O .42 to 

0.50. For estimating purposes, an intermediate value, say 0.45, oould 

be used to oomput.e the attic temperature at any hour. Then, heat gain 

from the attic space to the shelter spa.ce could be oomputed ~: 

q/A = Uce (ta - t1)• 

The graph ot ta/(tea + t 0 } obtained for the temperature-controlled 

shelter 1ould not necessarily apply to attics in other structures with 

different ceiling and roof construction, different amounts of attic 

ventilation, or different orientations. 
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CST 

10:00 a.m. 
10130 
11:00 
11:30 
12:00 
1:00 p.m. 
1:30 
2:00 
2:30 
3:00 
3:30 
4100 
4:30 
5:00 
5:30 
6:00 

TABI.E IX 

SOL-AIR TEMPERATURES FOR SOU'lll-FACING ROOF SLOPE, tes, AND 
NOR'IH-FACING ROOF SLOPE, ten, FULL PITCH ROOF, b/f.0 = O.lO. 

DFJJREES FAHRENHEIT. 1950 

Aug. 19 Aug •. 24 Aug. 25 Aug. 26 
tea ten tes . ten tea ten tes ten 

--- 112.8 99.6 112.8 106.0 114.6 107.5 .. --- ---- 115.0 102.9 115.0 107.1 117.8 109.6 ----- ____.. 117.1 104.8 117.1 108.4 120.7 lll.7 -- ----- 119.6 106.0 119.6 110.4 122.7 113.0 -- --- 120.9 108.4 120.9 lll.3 124.8 114.8 
117.6 107.8 122.7 111.7 122.7 113.l 125.7 115.S 
117.7 108.4 122.2 112.0 122.2 112.8 125.0 115.3 
l.17.4 108.; 121.2 112.6 l.21.2 112.1 124.7 11;.2 
115.S 108.0 119.0 lll.4 119.0 111.5 122.5 114.6 
115.0 108.0 118.0 113.4 118.0 111.7 120.4 113.5 
108.4 103.0 116.2 108.8 116.2 111.0 116.4 110.9 
107.5 103.4 113.l 106.4 113.1 109,1 113.6 109.3 
103.8 101.3 111.; 105.4 111.5 108.6 109.8 107.2 
100.l 99.l 104.l 101.9 104.1 102.7 105.7 104.4 
95.0 95.9 98.8 98.9 98.S 98.8 101.2 101.2 
87.9 89.7 93.3 94.0 93.3 94.0 94.2 94.7 

Sept .• l 

tea ten 

105.4 97.4 
108.9 99.S 
111.1 101.l 
113.9 103.1 
115.6 104.4 
ll6.9 105.7 
117.1 105.9 
115.) 105.2 
113.6 104.5 
111.6 103.3 
1os.3 102.2 
103.8 98.7 
101.6 97.7 

96.6 94.4 
89.5 88.8 
82.8 83.9 

~ . 
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VI. CONCLUSIONS 

l. An average outdoor - inck)or temperature difference or at least 10 

Fahrenheit degrees was maintained in the tenperature- controlled 

shelter with an evaporative cooler capacity of approximately 0.7 

changes per minute of the air in the shelter space. Similar results 

could probably- be obtained under Oklahoma summertime oonditions with 

other shelters of comparable construction. 

2. Indoor te.nperatures usually remained below the control temperature 

of 80 F until noon or later without cooler operation. If cattle had 

occupied the shelter for prolonged periods during forenoons, this 

condition would probably not have occurred. 

3. A time lag of from 4 l/2 to 6 1/2 hours between times of maximum heat 

gain to the outdoor surfaces and naximum heat gain from indoor sur

faces to incbor air, res;:ecti vely, occurred in 8 inch concrete block, 

west- facing walls. The lll>St tine lag occurred with lightweight ccn

crete block whose oore spaces were filled with a granular insulating 

material. Sudl core filling increased the time lag as much as 1 to 

l 1/2 hours compared to the same kind of blod< with empty cores. 

4. Computed heat gain rates based on measured temperatures and radiation 

intensities in comhtnation with certain sel ected film conductance and 

surface absorptivity coefficients showed that maximum instantaneous 

heat gain rate to indoor air was from 23 to 45 percent of the maximum 

instantaneous mat gain rate to the outdoor surf'aees of t~ west

facing concrete block wall panels. The lowest percentage corres

ponded to pumice aggregate concrete blodc with the oore spaces filled 

with pumice aggregate. The highest ;:ercentage corresponded to sand 



and gravel aggregate concrete block w:i. th no filling in the cores. 

5. It appears possible that the concept of an 11eff ecti ve" overall heat 

transmission coefftcient for s.unnertine periodic heat flow through 

walls exposed to solar radiation might be used as a simple nethod 

for estinating sunmertime heat gain through wilding walls. Compu

tations made for this nefi'ective" overall mat transmission coeffi

cient, U8 • (q/A1 )/( te - t 1 ) , showed that it varied with time in a 

consistent manner for six kinds of concrete masoney panels in the 

west wall of tre temperature- controll ed melter .. 

6. Attic si:ace temperatures, ta, over the temperature-controlled shelter 

appeared to be influenced by t 8 a, the average sol- air temperature for 

the roof covering, antl t 0 , the outdoor dry bulb temperature . The 

graph of the ratio ta/(t8 a+ t 0 ) vs. tine could be used to predict 

attic space temperatures. The ratio ta./Ctea +- t 0 ) = 0 . 45 appeared 

to be a suitable inte:rnediate value for estimating attic space 

temperatures req.iired in computations of heat gain from the attic 

space to tM melter space at all hours during hot parts of a ainmer 

day . 
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