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NOMENCIATURE 

Symbol Physical Quantity Units 

Fr Froude number ( v2 /~) dimensionless 

Gr Grasbof' number (/JgIJ At/p2) dimensionless 

Gr,m Mod~ed Grashot number 
~g At/v") dimensionless 

Nu Nusselt number (h1/k) dimensionless 

Pr Prandtl number ~/k) dimensionless 

Ra Rayleigh number ( Pr x Or) dimensionless 

Cp Specific heat at constant 
Btu/(lb mass)°F pressure 

D Diameter rt 

g Gravitational acceleratioh rt/hr2 

h Mean coefficient of' heat 
Btu/hr rt2°F transfer by free convection 

k Thermal conductivity Btu/hr 1't OF 

L length or layer th1ckne1a tt 

qa/A Heat flow per unit area 
Btu/hr rt2 due to the air 

~ Heat tl.w disc output microvolts 

Tc Temperature on cold side 
OF of' air chamber 

Th Temperature on hot side 
ot air chamber OF 

Tm Mean temperature in air chamber OF 

u Overall coefficient ot 
transmission due to the air Btu/hr tt2 OF 

V Velocity rt/hr 

C( Thermal ditfueivi ty tt2/hr 

/3 Thermal coe tticie nt ot 
cubical expansion J./OF 



Temperature difference 

Dynamic viscosity 

Kinematic viscosity 

lb m/hr tt 

rt2/hr 

2 
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INTRODUCTION 

With the growing use ot porous materials, insulation, and honeyccmb 

structures in modern aircraft, space vehicles, and many other installa­

tions, more information on small enclosed spaces is needed to analyze the 

heat transter and thermal stress problems completel,-• 

The contact ot any tlu.id with a hotter surtace reduces the density 

ot the tluid and tends to cause it to rise. It the surface is colder 

than the fluid, the fiuid tems to tall. Circulation is set up by the 

ditterence in the temperature ot the fluid and the surtace with which it 

is 1n contact. This circulation is called tree or natural convection. 

The main objective ot this investigation vaa to determine quali­

tativel,- the aagnitu:le of natural convective heat transfer in t111all 

enclosed air apaoaa. 
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SURVEY OF LITERATURE 

In surveying literature, the author has found very little in£ormation 

on th3 subject of natural or f'ree convective heat transf'er in small com­

pletely enclosed spaces. Inwstigations have been limited most'.q to hori­

~ontal air layers haated from below. 

The first experimental investigation on convection currents in hori­

zontal layers was made by Thanson (31)* in 1881. He worked with layers 

of soapy water standing on a leveled metallic plate. The plate was main­

tained at a uniform temperature, and the soapy water was convectivel7 

cooled from the surface. In 1901, Benard (1) found that a thin layer 

or spermaceti when mated from below produced a cellular motion ot a 

distinct regular pattern that looad like a honeycaab. This pattern 

shown in Fig. l baa since ccne to be known as the "Cells of Benarda. 

Fig. 1. Cells or Benard 

COLD 

HOT 

The warmer fluid rose at the centers ot the hexagonal prisns and 

the colder tluid descended at tba outer edges. 

Experiment■ show that the direction or circulation changes from f'luid 

to fiuid. 14.quida an:l guea uaual.17 have oppoai te direct.ions or circulation. 

* Numbers in parentheee■ rater to reference listed in the bibliography-. 



U.quids rise an:i gases descend in the centers or the cells when heated 

from below. 
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Graham (10) suggested that the different circulation may be due to 

th9 fact that the kinematic viscosity varies with temperature in opposite 

manner in liquids and gases. This suggestion was confirmed experimentally 

by Tippelakirch (32) using liquid sulphur, which has the property that the 

ld.nematic viscosity decreases or increases with temperature depending upon 

whether the temperature is less or greater than 15.3° c. Later Palm ( 24) 

showed mathematically that the direction ot circulation within the cell 

does depend on kinematic viscosity variation with temperature. 

There has been some question concerni.ng the final form of the oe 11s. 

The f'irst contribution to tm theory of convection was given by Iord 

Rayleigh ( 26) in 1916. However, his theory did not explain any final 

cell pattem, squares were as likely as hexagons. Some work was done 

by Malkus and Veronia (19) on the r.lnal cell pattern. Tmy tried to find 

the peysically realized solution by examining the stability of varioua 

solutions or non-linear equations corresponding to stationary motion. In 

order to find. the stable solution, they added to the basic motion a very 

special ro:na ot diaturbance. Conclusions cannot be obtained by this type 

ot •thod without being disputed. 

Starting with an initial motion which was essentially a harmon:ic 

waw, Palm showed mathematically that for large values ot tilre hexagons 

are formed. A mathematical treatment ot this cellular motion was extended 

by Jeffreys (15) and I.ow (16) in 1928, b;y Pellow and Southwell (25) in 

1940, am b7 Sutton ( 30) more recently. 

It the beat tlov is directed upward through horizontal layers, an 

unstable stratification 1• tor11111d, inasmuch as the warmer fluid of lower 



density is located below the cooler fluid whose density is higher. 

Rayleigh recognized that this unstable stratification must break down 
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at a critical value ot some parameter which he detemined to be the product 

ot Grashot ntJmber (Gr) ar¥i Prandtl number (Pr). Above this critical value, 

convective motion is generated. 

Further investigations led to the fact that a layer or fluid, when 

heated from below, should remain at rest until the product of Or and Pr 

reaches a certain critical value. When a layer is boUBied by two parallel 

plates, this critical value is about 1706. When this value is exceeded, 

cellular motion and convection take place. Optical investigations of 

water by Schmidt and Saunders (28) confirmed the critical value very satis­

factorily. When the fluid ia at rest, heat is transferred by conduction 

only. 

Probably one ot the most elaborate experiments to study heat transfer 

through horizontal and '98rtical enclosed air layers was conducted by Mull 

a!Xl Reiher ( 21) in 1930. However,. their thickness to width ratios were 

small, therefore, the effect of walls was insignificant. They represented 

their experimental results by plotting kc/k versus log Gr and obtained a 

smooth curve in the experimental range or (Gr)L between 2100 and 8,890,000, 

where kc is an equivalent thermal conductivit7 including the effect, ot 

convection. 

Additional work was done to bring about a more suitable representation 

or the above experiments by Held (12) in 1931 am by Jakob (13) in 1946. 

Jakob, representing these results in bilogarithmic coordinates, has 

shown that there exists at laast one bend in the curve, in analogy to 

other cases ot tree convection. 

Held derived the following equations from the measurement of Mull 

and Reiher for horizontal air layers heated from below,. where Nu is the 



Nusselt nwnber: 

Nu: O.Ou63 Gr•36 

Nu = 0.0661 ar.36 

Nu: 1 

when 2.s x 10' -c:::: Gr -c:::: lO 7 

when 2.$ X 103-<:: Gr -C::: 6 X l.04 

when Gr <: 103 

Jakob derived the following equations trom the Mull and Reiher 

measurements: 

Nu • o.068 orl/3 

Nu = o.l9S or114 

Nu--.1 

when Gr ::::::> 5 x lIP 
when Or < 5 x 105 

when Gr-. 0 

7 

The disagreement between the Held equations and the Jakob equation 

was caueed b7 the tact the Jakob supposed that, r or laminar and turbulent 

flow in air layers, the aame exponents ot the Gr might be applied as for 

natural heat convection at single vertical plates. 

DeGraat and Held ( 9) conducted an investigation of the heat transfer 

and the convectiQn phananena in enclosed air layers in horizontal, vertical, 

and oblique positions. Again, however, the thickness to width ratios were 

small. There tore, the walls had little et'tect on the results. It was 

concluded that heat transfer through enclosed plane air layers, when the 

motion of the air is turbulent, depends o~ on the inclination. Equations 

have been derived tor various angles ot inclination w ranges 0£ Gr. Their 

experiments also confirmed the observations ot Chamra (S), and Benard and 

Avsee (2). 

A comparison or the apparatus and technique used by DeGraat and Van 

Der Held, Mull and Reiber, aid in the present investigation ia shown in 

Table I. 

'l1l8 convection in a nu:1.d between horizontal conducting surfaces is 

an example ot thermal turbulence, because the mean beat transport is 



TABLE I 

CCMPARISON OF APPARATUS AND TECHNIQUE 

De Graaf and Present 
Van Der Held Mull and Reiher Investigation 

Shape or fiuid Square Rectangular 
chamber Parallelepiped Parallelepiped Cylinder 

Area or tluid
2 chamber, m. o.lh2 {approx.) 0.617 0.0038 

Diam. or 
length/width, 11D1l• 1'30/430 1010/612 69.85 

Spacing, mm. 6.9.22.9 12-196 1.6,-139. 7 

Container wall 
material Glass Wood Plexiglas 

Was it insulated? lo Yes Yes 

Was there a guard 
heater? Ho Yes No 

Method of heating Electrical Electrical Electrical 

Method of cooling Water Water Ice bath 

Max. hot temp., oc. 146 IL6 9, 
Max. temp., 

difference, 0c. 100 29 74 



Method or plate 
temp. measurement 

Method or heat 
transfer measurement 

TABIE I ( CONTINUED) 

CCMPARISON OF APPARATUS AND TECHNIQUE 

De Graaf and 
Van Der Held 

3 thermocouples in 
hot plate J mean 

cooling water temp. 

Heat acquired by 
cooling water 

Mull and Reiher 

lS thermocouples in hot 
plate; 6 thermocou­
ples in cold plate 

Electrical power 
consumption 

Present 
Investigation 

1 thennocouple 
in each plate 

Heat flow meter 
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independent or position while the distanoe between these surfaces is the 

only geometric parameter. A paper by Malku.s (17) describes measurements 

of the heat transport ald mean velocity in ruch convection up to Rayleigh 

numbers (Ra) ot 1010• Six discrete transitions in the slope of the heat. 

transport curve were observed between Rqleigh numbers of 1700 and 1,000,000. 

'lhe apparent lack of uniqueness of the flow patterns associated with a 

given beat transport suggests a new approach to turbulent phencmena dis­

cussed in another paper by Malkus (18). 'lb1.s paper presents a theoretical 

investigation or various properties of the steady state inhcmogeneous tur­

bulent convection of heat in a fluid between horizontal conducting surfaces. 

Jakob and Gupta (14) made a study with heat transfer by tree convec­

tion through, a layer ot water or carbon tetrachloride bounded by a lower 

horizontal heating surface and an Upt>9r horizontal cooling surface. The 

results were correlated vi thin the laminar range tor (Gr • Pr) trom 2 x 

io3 to 15 x io4 by the following expression: 

Nu : 0.300 (Gr • Pr )1/4 

and within the turbulent range for ( Gr • Pr) trom 2 x 'lIP to 3 x J.09 by 

the tolloving f'orm a 

Nu = o.1255 (Gr • Pr )l/3 

Transition occurred betwen ( Or • Pr) • 'l!9 arxt. 106 • 

No appreciable innuence ot the ratio ot layer thickness L to the 

horizontal diameter D of the heating surtace was observed for the turbu­

lent range. However, there was a noticeable infiuence ot L/D in the 

laminar range. 

The data observed by Jakob am Gupta were town to correlate well 

according to the following equations 

Nu• 0.361S (Or,■)1/4 (L/D)•OSS 
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Heat transfer through a horizontal liquid layer bounded on top by a 

cold surface am on the bottom by a heated surface was measured by Sclunidt 

and Silveeton (29), and the results were correlated by dimensionless 

numbers. Conduction alone occurred up to a critical Rayleigh number of 

1700 ! 3%, at which convection appeared. 

Three distinct convection regimes exist. The first occurs as con­

vection begins and appears as a honeycomb pattern in the layer. As Ra 

is increased, the pattem changes to a series or stripes and the heat 

transfer takes on a laminar chararacteristic or the second regime. At 

higher values of Ra, the pattern becanes tangled and disorderedJ this is 

the turbulent region and the third regime. 

O'Toole aid Silveston (23) investigated heat transfer through com­

pletely confined horizontal layers or gases and Newtonian fluids having 

a layer width to thickness ratio ot more than two, and heated from below. 

Equations •re derived for calculating the heat trans!'er for the three 

distinct natural convection regimes, creeping, laminar, and turbulent. 

The transition from the laminar to the turbulent regime, Ra around l.CP, 
is the only area or uncertainty. 

Qiandrasekhar (6) investigated the effect of rotation or solid bourxi­

aries on themal instability. He f'ouni that the effect ot the Coriolis 

torce is to inhibit the onset or convection. Numerical results of the 

critica1 Rayleigh nllllber are derived for one value of' the ratio of' the 

kinematic viscosity to the themal conductivity. 

Ostrach and Braun (22) round that the Fronde number (Fr) is the para­

meter that determines the relative ettect or body rotation on natural con­

vection nova. In nows with large Fr (motions induced solely by rotation 

of a heated cylinder), the action ot tbB Coriolis torce prevents appreciable 

convection of heat. 
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Although closely related investigations of natural or tree convective 

heat transfer under various conditions have been conducted, it is obvious 

that little infonuation is available on the effects of heat trans.fer in 

small, completely enclosed air spaces. Investigations have been limited 

to horizontal layers heated trom below. The thiclmess o:f the layers in­

vestigated were small in CCl!lparison to the width or diameter, however, in 

the present investigation, with thickness to diameter ratios near unity, 

side wall e .ttects can be expected to be a !actor ot illlportance. 
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EXPERIMENTAL METHOD 

DESCRIPTION OF APPARATUS 

The apparatus used by the author was designed to permit determination 

of the ef'fect of convective heat transfer in a small enclosed air space. 

Figure 2 shows a schematic diagram of the equipment. Figure 3 is an overall 

view or the apparatus located in the Mechanical Engineering Heat Transfer 

Laboratory. The test section consisted of cylindrical plexigl.as air chamber. 

Heat was supplied through a variable voltage transformer to a heating coil 

attached to a solid aluminum cylinder. The aluminum cylinder was used to 

obtain a radial temperature distribution. The heat was carried away !'rom 

the air chamber to an ice bath by means of another solid aluminum cylinder. 

The heat source, air chamber, and part or the beat sink cylinder were 

covered with rock wool insulation. The direction of heat flow through the 

test section as shown in Fig. 6 is from top to bottan. To obtain heat 

flow tran bottcn to top the insulation container and contents were turned 

up-side-down. Figures 4 am S are view of the experimental &R)aratus w1 th 

beat supplied from above and fron below, respectiw,:q. 

AIR CHAMBER or TEST SECTION 

Sewral materials were considered f'rom which to make the air chamber, 

the center section shown in Fig. 6. It vas desired to have a minimum amount 

of heat corducted through the walls of the tube, so that the heat transfer 

through the air would be a measurable percentage or the total heat flow 

between the two ends ot the test section. Therefore, a material of low 

thermal conductivity waa needed. The material had to have sufficient 

strength to vi thstam a high vacuum. Furthermore, the material bad to 

have good machineabilit7 • 



Tc. - THERMOCOUPLE ( COLD SIDE) 

T;, - THERMOCOUPLE ( HOT SIDE) 

IJOV 

MICROVOLT­
METER 

P0TENTIOMETE.R I Ce 
BATH 

Tc. 

I I L __ _J 

-

CONTAINER (J:ILLE.D 

WITH INSULATI-QN) 

RESISTANCE H£ATING 
tLE.McNT 

MEAT FLOW DISC 
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TE.ST SPECIMEN 
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1.----f-t--- IC. E BATH 

FIG. 2. SCHEMATIC DIAGRAM OF EXPERIMENTAL EQUIPMENT. 

(~EAT Fl20M ABOVE.) 



Fig. 3. Overall view of experimental apparatus 
showing recording and indicating 
potentiometers, microvoltmeter, container, 
and vacuum pump. 
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F.l.g. 4. View ot experimental apparatus 
vitb heat supplied trcm above. 
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Fig. S. View ot experimental apparatus 
vi.th heat supplied from below. 
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Fig. 6. Close up view of test section, 
heating element, and ice bath. 
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Taking into account the above desired characteristics,. it was deter­

mined to use plexiglas. Tbe air chamber (Fig. 7) was made of a 2. 75 inch 

inside diameter plerlglas tube with 0.25 inch thick walls and 0.08 inch 

thick aluminUJ11 end plates fastened to the tube with Fomica contact cement. 

Two holes were drilled and tapped ror vacuum tube fittings. A commercial 

sealing compound for vacuum work was applied to the outside surface or 
all joints to provide greater assurance of a leak-proof' chamber. Four 

test sections were used so that investigation could be made in different 

flow regimes. Test section No. 1 was two diameters or 5.So inches long. 

Test section No. 2 vaa one diameter or 2. 75 inches long. Test section No. 3 

was 1.03 inches long. Test section No. 4 was o.65 inches long. 

HEAT SOURCE 

The heat source, shown as the top section in Fig. 6 consisted of a 

small heating elament attached to a 3.25 inch diameter by 2.0 inches long 

aluminum cylinder to provide a uniform temperature distribution. The input 

was controlled with a variable voltage transformer. 

HEAT SINK 

The beat sink was an ice bath. Connecting the ice bath and test 

section was a 3.25 inch diameter aluminum cylinder approximately 8.0 

inches long. The flat end of the cylinder contacting the test section 

had a groove cut to accommodate a thermocoupla tor measuring the tempera­

ture of the cold side ot the test section. 

'When the heat now was trom top to bottom., an open plastic container 

was used to bold the ice aid water. When the heat now was ~ bottom to 

top, a hola was cut in the bottom ot a plastic container to fit over the 

alUJninum eylimer as shown in Fig. S. Tape waa then applied to provide a 
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water tight seal. 

HEAT FWN MEASUREMENT 

The measurement of heat flow posed an extremely complex problem due 

to the relatively low rates or flow. 

The initial consideration was to construct a heat meter f'rom a pheno­

lic laminate cylinder one inch thick and 3.25 inches in dimneter with thermo­

couples located at a known distance. This material has a low thermal con­

ductivity, therefore, a reasonably large and easily measurable temperature 

difference could be expected. However, preliminary calibration tests indi­

cated considerable side losses, poor response, al'Xi poor reproducibility of 

results. 

In an attempt to reduce losses and increase response, the above 

heat meter was removed and an attempt was made to use the almninum cylin­

ders themselves by paralleling several themocouples at each plane and then 

connecting ta, two sets in series opposing one another. This results in 

the direct measurement. of the average temperature difference between the 

two planes. Due to the high thermal conductivity or al\lTlinum, the output 

was very small ard unstable. 

It was finally deemed necessary to obtain calibrated heat meters 1'rom 

the National Instrument laboratorie a, Inc. The small ( 0 .4 inch diameter) 

N. I. L. heat now disc was placed between the heat source and the test 

section (Fig. 2). The N. I. L. heat flow transducer is a thin (0.06 inmes) 

disc of material containing a thermocouple assembly which produces a high 

electrical output proportional to the now of heat through the transducer. 

Since the disc is thin, the thermal resistance is low am side losses are 

negligible. The response is excellent. The output was measured with a 

precision electronic microvolt.meter. The microvolt.meter used has an 



accuracy of plus or minus 3% in the range used with a maximum drif't o! 

tour microvolts per day. 

The heat flow meter was installed in a thin :fiberglas spacer disc 

as shown in Fig. 8. A groove was cut in the spacer tor a thermocouple 

for measuring the temperature on the hot side ot the test section. 
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Tm output f'rom these iron-constantan thermocouples was measured 

with a portable precision millivolt potentiometer. In sane or the pre­

liminary investigations which included determination of' the temperature 

distribution in the insulation, a recording potentiometer was also used. 

A reference junction was used and kept at 32° F in an ice bath. 

VACUUM SYSTEM 

The vacuum system consisted ot a portable vacu\lll pump connected to 

the air chamber w1 th a rubber vacuum tube and ot a vacuum gauge to mon1 tor 

the pressure in the test chamber. The vacum pUllp was capable or pumping 

the pressure down to 0.001 11111 or Mercury. 

INSUIATION OONTAINER 

The insulation container was constructed f'rom 0.025 inch thick alumi.­

num sheet in the f'om ot a cylinder lS inches in diameter and length. The 

ems ot th9 eylinier were attached to 3/8 inch plfboard, 16 inches square, 

with bolts an:1 angle clips tor easy removal. To one end were fastened two 

l x 6 boards which were used as legs to support the container so that an 

ice bath could be placed wnernaath when the heat tlov was from top to 

bot tom. The plyboard to which the legs ware attached bad a hole to tit 

the heat sink cylimer. Three clips, equally spaced around the hole, and 

vi th bolts directed toward the center were used to hold the cylimer in 

a fixed position. 
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APR • 63 • 

Fig. 8. Installation ot heat tlow disc. 
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TE sr PRO (EI) URE 

After the equipment was arranged and connected together, ice was put 

into the ice bath of the mat sink. Ice and water were put into a vacuum 

bottle !or the reference junction or the thermocouples. 

The input power to the heating element was controlled by the variable 

voltage transf'ormer. The power was adjusted as detennined f'rom preliminary 

rune tor various temperature levels to about three tillles steady-state power 

requirement until the temperature on the hot side or the air chamber reached 

approximately the de sired temperature level. Theh the power was reduced 

am all the components w1 thin the insulation container were alloved to 

reach a steady-state condition. Power was adjusted as needed to obtain 

the desired temperature. 

As a steady-state condition was being approached, outputs or the 

thermocouples and the heat flow disc were read am recorded eveey five 

minutes to determine whetmr steady-state had been reached. It required 

several hours af'ter final setting or the powr lewl to reach a steady­

.tats. 

The ice and water were stirred periodically in the heat sink to main­

tain a constant lov temperature. 

After the steady-state measurements were recorded, the vacuum pump 

was started an:i the system again allowed to reach thermal equilibrium 

before readings were taken. At each condition, the following data were 

taken: temperature {Tc), temperature {Th), am the microvolt output (qd) 

ot the heat !low disc. 

The same test procedure vas f'ollowed with the insulation container 

turned up-side-down so that the heat tlov vas .tran top to bottom instead 

ot from bottm to top. 
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The same procedure also was followed for the other three test chamber 

lengths. 



Heat rlov 
direction 

Run 

Pressure atm 

Th (OF) 145., 

Tc (OF) .38.o 

Cid (pv) 205 

TABIE II 

EXPERIMENTAL DATA 

TEST SECTION NO. 1: length : 5., inches; Diameter : 2. 7$ inches. 

Down l%> 

1 2 3 1 2 

I vac atm I vac ata I vac atm I vac atm ) vac 

lh,., 169.6 169.6 202.6 203.0 131.0 139.0 110.0 181.0 

38.o 38.0 38.o 38.o 38.o 38.o JB.o 38.o 37.3 

181 280 247 400 358 340 180 570 )06 

3 

atm ) vac 

203.0 219.0 

JB.o 38.o 

799 420 

f\) 
· 0-. 



Heat tlow 
direction 

Run 

Pressure atm 

Th (OF) 139.0 

Tc (OF) 38.0 

Cid (pv) 268 

TABIE llI 

EXPERIMENI'AL DATA 

TEST SECTION NO. 2: length a 2. 75 inches; Diameter s 2. 75 inches. 

Down Up 

l 2 3 l 2 

I vac atm I vac atm I vac at.Ill I vac atm I vac 

140.0 169.6 169.6 197., 198.o 141.0 l4,.3 110.0 11a.o 

.36.o .36.o 38.o 38.0 38.o 38.o 38.o 38.o 38.o 

208 38S 299 s20 hoo Lh, 230 700 36o 

3 

abn I vac 

202., 211.0 

38.o 38.o 

1160 685 

I\) 
-J 



Heat flow 
direction 

Run 

Pressure atm 

Th (OF) lh3.o 

Tc (OF) 38.o 

<Li ~v) h80 

TABIE IV 

EXPERIMENTAL DATA 

TEST SECTION NO. ): length • 1.03 inchesJ Diameter • 2. 75 inches. 

Down Up 

1 2 3 1 2 

I vac atm I vac atm I vac atm I vac atm I vac 

lhh.o 172.0 173.0 200.0 201.0 135.c lhl.O 170.0 175.S 

JB.o 38.0 38.0 38.o 39.0 38.o 38.o 38.o 38.o 

395 680 Sh7 865 698 68o 405 1000 56, 

atm 

200.0 

38.o 

1290 

3 

j vac 

209.0 

38.o 

770 

. t\) 
0:, 



Heat flow 
Direction 

Run 

Pressure atm 

Tb (OF) 138.0 

Tc (OF) 38.) 

'le! Y4V) 660 

TABIE V 

EXPERIMENTAL DATA 

TEST SECTION NO. 4: length : o.65 inches; Diameter • 2. 75 inches. 

Down Up 

1 2 3 1 2 

I vac atm I vac atm I vac atm I vac atm I vac 

139.0 169.6 110.6 201.0 202.0 134.3 140.0 111.0 177.0 

39.0 38.o 38.o 38.S 38.6 38.o 38.o 38.(1 38.o 

sos 962 738 1290 980 842 565 1240 840 

atm 

201.0 

38.6 

1S60 

3 

I vac 

210.0 

38.6 

1oeo 

I\) 
\() 
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METHOD OF ANALYSIS 

To determine the effects of natural convection in small enclosed 

air spaces, the heat transferred by the air was determined as the differ­

ence in heat now with air in the air chamber at atmospheric pressure and 

with tb3 air essentially removed by pulling a high vacuum. 

With the air chamber evacuated, the heat flow due to conduction and 

convection through the air was virtually eliminated. The change of beat 

.flow due to radiation was relatively small since the temperatures encoun­

tered were low and did not vary appreciab~ during a given test. 

The temperature drop across the air chsmber is Th - T0 • 

The mean temperature is given by 

The rate or heat flow was determined by the measured microvolt out­

put of a N. r. L. heat flow disc. For the heat flow disc used, the cali­

brated output was 2.16 microvolt per Btu/hr tt.2 • 

Since the temperature difference changed slightly when the vacuum 

was pulled, the heat now during vacuum conditions vas corrected to obtain 

comparative results as follows: 

The change in heat flow measured by the heat tlov disc in microvolts 

is 

or the rate of heat tlov due to the air 1n Btu/hr per sq. ft. is then 

given b7 
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qafA • ~/2.16. 

An overall coef'ficient of transmission ( U) was determined by 

U = qa • 
I (Th - Tc) atm 

The values of U ware plotted against the mean temperature and the 

lengt,h. 

To make a comparison of the results obtained in this investigation• 

the values 0£ U tor tm laminar range, the coefficient of conductance (h) 

in horizontal air spaces as determined by Held and k/L at a mean tempera­

ture or 100 degrees F. -were plotted versus the distance across the air 

space. For the turbulent range, the Nusselt number Nu : U1/k was calcu­

lated and compared with that obtained by Held. 

Since the present system has not been previously investigated, it is 

not known where the transition is going to occur. Therefore, the Gr was 

evaluated tor each run to compare previous investigations. The Grashot 

number is g1 van as 

Hovever, this may be rewritten as 

Or = aV At/Pr 

where a = gP,.o 2c/,µ k and Pr :s C~/k. Both or these values were found in 

Tabla A-2 of Brown am Marco (4) for various temperatures. 

After the Gr had been determined, the Nusselt number (Nu) was calcu­

lated trom the appropriate Held relation as given below: 

Nu :s 0.oh63 Qr•36 when 2.5' x 105'< Gr< 107 

Nu : 0.0661 Gr•36 when 2.$ x 103<Gr<6 X lfP 
Then the co~uotance was determined rrom 

Nu: bI/k 

as h : k Nu/L. 



In the turbulent range the Nu was plotted against the Gr as shown in 

Fig. 10. 
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TABIB VI 

TABUIATED RESULTS 

TiST SECTION NO. 1: length :: 5.5 :inch.as; Diameter = 2.75 incheso 

-· .... - ·--·--··" ~--- -- .. -~ --- -- ---·-·-•--
Heat flou 
direction Do~m Up 

I I 
-----· 

·-·1··· Run 1 2 3 l 2 

Th - '£c (OF) 107.5 131e6 lS:1c6 93(,0 ].J2c0 

~ (OF) 91118 10308 120c,3 8h 05 lOl.icO 

c1ri./A ( Bt1..,/ hr ft 2) n.11 15 .. 28 1Bo9G eu , 73 133.8 

U ( Btu/hr ft2 °F) .1033 .1160 c,JJ,52 08680 1.013 

UL/k 3.040 3e340 30267 25.60 29.20 

Gr X 10•7 1.907 2.138 2.494 1. 736 2.1.uo 

-------- -

I 3 
·-

J.65oO 

120o5 

192.2 

1.165 

33.00 

2.497 

w 
vJ 



TABIE VII 

TABUIATED RESULTS 

TEST SECTION NO. 2: length : 2. 75 inches; Diameter ::i 2. 75 incheso 

Heat f]. (,1\J 

direction Down Up 

Run 1 I 2 I 3 l I 2 I 
Th - Tc (OF) 101.0 131.6 159.S 103~0 13200 

Tm (OF) 88.5 103.8 117.8 890) 1oh .. o 

q3/A (Btu/hr ft2) 28.70 39.80 56.oo l03o!3 167~0 

U (Btu/hr rt2 OF) .2841 .302.3 .3509 1.008 1.265 

UL/le 4.200 4.360 4.974 14.87 18.,25 

Gr X lo-6 2.267 2.660 3.0h7 2.292 2.668 

3 

16h.5 

J.20o3 

2"•-' 6 jJ I) ) 

1.432 

20.27 

3.100 

w 
..s:: 



TABIE VIII 

TABUlA'I'ED RESULTS 

TEST SECTION NO. 3: I.enf(.:.h: l.03 inches1 Diameter: 2.75 inches. 

Heat flc,:1 
direction Down th l 

Run l I 2 I 3 l I 2 

Th • Tc (OF) 105.o l.34cO 162c.O 97 oO 132c,O 

Tm (OJ?) 90.5 105.o 119.0 86.5 lOh .. O 

qp/A (Btu/hr tt2) 41610 63ohl 77ci30 13803 ~JJ2r:O 

U (Btu/hr .rt2 OF) .3912 .472~ .b110 1.!128 1.606 

UI/k 2.160 2.5,0 2.530 70890 8.690 

Gr x 10 ... 5 1.238 1.426 1.618 1.110 1.407 

I 3 

162. 0 

119c.O 

25905 

lo603 

8.510 

1.617 

\.,,) 

V1 



Heat flc-:, 
direction 

Run 

Th • Tc (OF) 

Tm (OF) 

o,rz./A (Btu/hr ft 2) 

U ( Btu/hr ft2 OF) 

UI/k 

Gr X 10•1.i 

TABLE IX 

TABUIATED RESUL'IS 

Down 

1 I 2 

99.7 131.6 

8802 103 .. 8 

72e48 106.,2 

.7270 08075 

2.535 2.755 

2.988 3.520 

l ) 

162 •. 5 

119 .. 8 

lli5 .. 8 

.8972 

3.000 

4.055 

Up 
-- -

l I 2 I 3 

96o3 133.,0 16203. 

8602 )O'! ~S 119.e 

1L2o9 20~! ~ O 2hf.~5 

l,;.!!87 10519 1.532 

5 .. 210 5.175 s.121 

2.932 3.5$7 4605, 
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DISaJSSION OF RESULTS 

Results or this investigation indicate th.at in canpletely conf'ined air 

layers, more heat is transferred through the air than for horizontal layers. 

Horizontal layers throughout this discussion will ref'er to small thickness 

to width ratios in comparison to the present investigation. Also, more 

heat was transferred by the air when heated .from above than by pure con­

duction. 

In Fig. 9, the values or U for the laminar range, the coefficient of 

conductance (h) in horizontal air spaces as determinad by Held arxi k/L 

at a mean temperature of 100 degrees F. were plotted versus the distance 

across the air space. It can be seen clearly that more heat was transferred 

than that due to coniuction alone. Also, there was more heat transferred 

than can be accounted for by Held corductan<Jt coefficients of heat transfer 

in horizontal layers heated 1'r011 below. There.tore, tbe heat transfer by 

convect.ion vu more adgnificant in this investigation than in horizontal 

layers. 

The heat transferred w1 th the heat supplied trm below as compared 

to that w1 th the beat supplied trom above vas from two to ten times greater 

depending on the length or the teet section. The greater dilferences were 

at the longer lengths. 

larger values of U were obtained for shorter lengths which was con­

s1 stent with previous results for heat transfer. U also increased with 

the mean temperature as shown in Figures 12, 13, 14, and 15. However, 

more points were needed to make quantitative correlations. 

The results ot teat section No. 3 were particularly difficult to 

correlate w1 th other investigations since they- wre in the transition 

range. Kore data is needed to detennine the effects properly". 
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With the heat supplied frcm below in the turbulent range the value 

or UL/k is higher and at a snaller slope than that given by the Held 

equation for horizontal layers as is shown in Fig. 10. 

The measurement of heat tlov posed an extremely complex problem 

due to the low rates of heat flow. The high resistance of' the air space 

to heat flow caused considerable side losses. However, since tbe measure­

ment ot heat flow through the air was determined as the difference of heat 

now with and without air in the air chamber, the etf'ect or side losses 

was not considered to be a major factor. 

The greatest source or error was probably due to tbe contact pressure 

ot the heat now disc. This could possibly be corrected by milling a 

recess in the aluminum heat distribution cyliuier to accommodate tbe heat 

tlov disc a.rd using aluminum foil at the interfaces. 

Due to the limitations imposed by the apparatus and the measuring 

devices only qualitative intonnation can be obtained. However, there 

was a significant amount or convective beat transfer abow that pre­

dicted for horizontal layers when heated troa below. 
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CONCIDSIONS AND REOOMMENDATIOR3 

The heat flow by convection was investigated with the heat supplied 

trom the top ard trom the bottcn. Although def'ini te conclusions cannot 

be made as to the amount of' beat transferred by convection in emall enclosed 

air spaces f'rom this investigation, there definitely was more heat trans­

ferred than in horizontal layers where the thickness to width ratios were 

considerably smaller. 

The following gereral conclusions can be drawn trom the test results: 

1. With the heat supplied from above more heat was transferred than could 

be accounted tor by conduction alone. 

2. With the heat supplied .trom below more herat was transferred than could 

be accounted .tor by convection as detennined by the Held equations for con­

vective heat transfer in horizontal air lay-ere heated f'raa below. 

3. It was found that the convective heat transfer with the beat supplied 

troa tbe bott0111 was several times greater than it was vban supplied b-oa 

tba top. 

4. With some modification the apparatus can be used to make quantitatiw 

studies of' conwctive heat transter in mall enclosed spaces. 

Due to the limitations imposed by the apparatus and measuring devices 

plus the tact that this vas the fl.rat investigation on maall encloaed air 

spaces, the results cannot be expected to check vith investigations where 

the thickness to width ratios •re 111\lch emallar. 

Moditication ot aane o~ the apparatus ia recommen:led to improw the 

results. A guard heater should be wsed to reduce side losses. The side 

losses could be detel"Jlined vith the use ot two heat tlow •tars, one on 

ei tbar em ot tbe test •ction. 
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The surfaces with which the heat now disc is in contact must be 

maintained at a fixed distance. Care must be exercised so that the heat 

d·oes not flow around the heat flow disc or that a greater amount does 

not go through than should. 

It is further recommemed that more data be obtained. 

Although this is a qualitative investigation, it is believed that 

the knowledge can be applied to tuture investigations conducted to deter­

mine quantitatively the effect or convective heat transfer in small enclosed 

spaces. Then the results can be applied to the solution or heat transfer 

and thermal stress pl'Oblems in such items as porous materials, insulation, 

ard boneycOJllb structures used in modern aircraft, space vehicles, and many 

other structures. 
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