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1. INTRODUCTION 

This dissertation concerns the exrerimental study of heat 

transfer to still air from a heated horizontal plate facing dm·m- . 

ward. The study was prompted by the fact that very little 

information was available for this configuration,and -that the nublished 

experimental results were not sufficient to enable one to draw a 

finn conclusion,since all major heat transfer books indicated only 

one reference. 

Moreover, no mention had been made by any of the investigators 

regarding the effect on heat transfer behaviour caused by restraining 

the flow of hot air from below the horizontal plate. For the 

present experimental study, this flow rest raint was achieved by 

attaching strips all around the edges and perpendicular to the 

horizontal surface of the test plate. Three sets of measurements 

were taken with O", 0.5 11 and 111 \·lide edge strips respectively. -Such 

information could be useful in the desig~ of industrial or 

experimenta1 heat trans for systems. 

Correlations are presented relati·ng the Nusselt number to the 

Grashof Prandtl nwnber product and relating the heat flux, the amount 

of heat transferred per unit area per unit time, directly to the 

difference bet\·teen p 1 ate t er:1rerature and ambient temperature as a 

· first hand approximation. 
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The range of Grashof Prandtl number product investigated was 

between 4 .x 108 to 8 x 109 for the temperature difference range 

between 5°F to 225°F. Hithin this range of temperature difference, 

five tests were performed for each of the edge constraint 

configuration mentioned before, at five l eve ls of temperature 

difference chosen on the basis of even inte~vals on a logarithmic 

scale. 

By similarity,it may be seen that the process of heat loss 

by natural convection from a heated horizontal plane surface facing 

downwards,is akin to that of heat gain by a similar cooled 

surface facing upwards,for the ·same temperature difference and 

the same film temperature. The results of the present study for 

a hot surface facing ?ovmv1ards, therefore, can be used for the 

heat transfer to a cool surface facing upwards . 
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2. LITERATURE SURVEY 

Brown and Marco (1) performed a dimensional analysis 

of the various parameters affecting free convection using the 

n theorem which led to an equation of t he form 

(1) 

where is the Gra.shof Nu:nher Gr. 

and i s the P rand t 1 r·!urn be r Pr. 

Brown and Marco further inctic~ted that the results of a number 

of tests inves t i~atin~ free convection to various flui ds both 
I 

liqui _ds and gases from difforent surface confi s~ urations shov:ed 

that B and y \·1_ere nurnr::r ic a ll~' the same. Hence Enuation (1) reduced 

to 
d 

c (Gr Pr) (2) 
k 

Bro~·m and :·1a.rco also stated that horizontal Dlates with the warm side 

facing u:w1 ards transferred hti ce as much heat per degree of 

ternpe ra tu re dif f erenee as did similar o 1 ates v.ri th the \·1a rn side 

faciwi do·..mward. For in3 
< GrPr < 109 the relationshin 

recommended \'!as 

= c ( GrP r) l I 4 (3) 
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whereas for GrPr > 109 the relationship 

h 1 1/3
---~-- = c' (GrPr) ( 4) 

k 

v1as recoi;1rnend2d \vh i ch was has eel upon the exnerimenta 1 v.rork of 

King ( 2). Moreover, Brown and Marco stated that the influence 

of any characteristic dimension greater than 2 feet was negligible 

in computing th~ film condu ctance relating to a surface surrounded 

by gas. It v1as implied that the ·value of characteristic length 

to be applied in expressions for the film ~onductance due to free 

convection should not exceed 2 feet. The values of c and, c' 

recomme nded for a horizontal plate facing dovmv.1a rds v1ere 0.35 and 

0.08 respectively. 

Jakob and Linke ~ 3) deduced from their experi1:1enta 1 \'iOrk on 

horizontal plates facing u~ward that heat transfer from a horizontal 

plate was independent of position. In fact, this result is expected 

because there is no reason why the heat transfer at one position on a 

horizontal plate should be different fro~ that at any other position 

·except close to the edges. Jakob (4) derived the following equations 

q" 
h,u = 0.275 C~T)4/3 _, ( 5) 

and 

a" 
I h ,d = 0.5 q" h,u (6) 

from the experimental work of Griffith and Davis (5) for the heat 

flux from heated horizontal surfaces . facing up\·;a rds and do·..mvtards 
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respectively. Quoting fr~n Jakob, 

ff Even a sma 11 er factor than 0. 50 r:1i ght be exf)ected 
because of the fact that there is no reason for any 
convection when the hot air is above the colder air. 
Actually, some convection is caused hy secondary 
influences, (such) as tem:Jerature differences on the 
edge of the· horizontal nlate.~ · 

In addition, , Jakob presented some results of vJeise (6) oertaininq 

to the determination of the temperature distribution . on horizontal plate. 

Weise used two square aluminum rlates about 16 -cm. and 24 cm. in side 

length which were hung horizontally in a wide room and hrated 

electrically. The results of a total 70,000 readings were 

combined to give patterns of isothermal lines, one of which was 

reproduced by Jakob in Figure (25.5) of Reference (1). This plot 

shm·1s th?tt the boundary layer in \·1hich the tem'1erature drop v1as 

concentrated belo~ the nlate was about 1 .5 cm. thick in the centre 

and 1 cm. close to the edge. tJakob also rresented a Schlieren 

photogranh of a hot horizontal olate in air at rest obtained from 

the work of Schnidt ( 7) v·Jhich is r.resentec! as Fi0ure (27-b) of 

Reference (4). 

Fishenden and Saunders (8) presented the results of their 

ex~)erimentol 1:1ork on heated horizontal rl0tes facing unwards and 

dowrn·1ards in the form of the correlations 

Nu = 0.54 (SrPr) 1/ 4 for 105 
< GrPr < 108 (7) 

Nu = 0.25 (GrPr) 1/ 4 for 105 
< GrPr < 109 (8) 

/ 
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The maximum size of the plate investi0ated was 2 feet with 

temnerature differences between surface and anbient air up to 

1000° F. Fishenden and Saunders also oresented a relationship 

for heat flux 'in the form 

(9) 

4 5 8 9for 10 or 10 < GrPr < 10 or io - for the case of horizontal 

plate facing downwards. 

r.1c1~dar~1s (9) indicateG~ that Equation (B) \'IOuld better fit 

~ishenden and Saunders data if the coefficient were n.27. 

Kutatelacize and Borishankii (10) indicated values of c and d 

as 0.54 and 1/4 for 5 x 102 
< GrPr < 107 and 0.135 and 1/3 for 

GrPr > 2 x 107 for free convection heat transfer from plane surfaces. 

It was indicated that the value of t he coefficient \·!as increased 

by 30 percent for a wann surface facin~ upwards and ~as decreased 

by 30 percent for a \·tarrn surface facing do1 11m·1a rds. Then accordi nc; 

to Kutateladze and Borishanskii, the correlations fora horizontal 

p1ate f a.cin~J d0Hnw2 rJs become 

Nu= O. 33 (GrPr) l/'1 ( 10) 

2 ..,
for 5 x 10 < GrPr < 10' 

and 
Nu = 0.095 (GrPr) 1/ 3 

(11 ) 

for GrPr > l r/ 
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3. TEST FACILITY 

Photo~raphs of the test faci 1 i ty used in performing 

experimental study are sho\·m in Figures 1 and 2. 

The apparatus is described in detail in the following 

section. 

The test equirment i s described in three sections a.s 

f 011 O\'!S. 

3.1 .1 Test Plate 

A one inch thick by forty five inch square aluminum plate 

was used as shown in Figure (3). The edges were bevelled· in order 

to permit the hot air from below the plate to flow smoothly around 

the edges, thus minimizing the disturbance in the air and maintaining 

a stream line flm·t all around as represented in Figun~ 3(c). The 

plate was further divided into nine zones separated by rectangular 

slots in an attem~t to minimize transverse conduction so as to 

direct the flow of heat downward. 

Appropriate holes were provided in centre of each zone to . 

hold thermocouples for temperature measurements . Each zone contained 

two holes, one terminating about 1/4 11 from top surface of the plate 

and the other terminating ahout. 1/8 11 from bottom surface. The details 

of thermocouple holes are shrn·m in Fi9ure 3(b). The _holes v:2re 

arrang2d so that the thermocou ple junctions would terminate on a line 

peroendicular to the top surface. This v:as done so thu t th2 tempera turo 
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of the plate could be measured at two points with a view to 

evaluating temperature gradient in the plate. Subsequent 

experience with the apparatus indicated that this was not possible; 

the difference in temperature \\las so small as to be masked by the 

uncertainty of temperature meas urer.1ent. Horizontal slots were 

provided around these holes,to enable the thermocouple leads to 

be arranged horizontally perpendicular to the heat flux, so as to 

minir;1ize the error in the thermocouple reading caused by the \vith­

drawal of heat from thermocouple junction by conduction along the 

thermo coup1 e 1ead. 

3.1.2 Heatinn Source 

Chromalox electric strip heating elements rated at 230 volts 

and 250 watts were fixed to the upper surface of the test plate in 

each of the nine zones. Different numbers of heaters were used in 

different zones; namely four in each of the four corner zones and 

two in each of the side and centre zones. This arrangement 

satisfied the requirements for different amounts of heat from each 

zone in order that the test plate: might be maintained isothermal. 

· Power input to various groupings of heaters was regulated in order 

to achieve this condition. The details are further described 

under instrumentation. 

3.1.3. Stand And Other Accessories 

As presented in Figure 2, the plate was hung on a six 


foot high stand which provided space to work below the plate. 
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Turn-buckles which were used to support the plate on the stand 

facilitated the levelling of test plate and minimized the heat 

losses due to conduction from the plate to the stand. 

The plate was insulated on . the top surface with a six inch 

layer of fine vermiculite (plaster aggregate, Zonolite brand) to 

reduce heat losses in the up~ard direction to a minimum. The · 

vermiculite was enclosed in a sheet metal cover. Tv!O thermocoup1es 

were 1ns tal 1ed on this cover for use in estimating the heat 

losses through the insulation . 

3.2 Instrume ntation 

_ __ _______.__ · 3.2.l Plate_ Temoerature Control____.___________ 
As already mentioned, different numbers of heatArs ,..,P.re 

put in different zones. For heatina purposes~ the nine zones into 

which the test plate was divided were ~rouped into three regions, 

namely corners, sides and centre. Heat input to these ti-wee rerii ons 
. - . 

\•Jas controlled through nm·1er variacs Figure (4) shows the manner 

in which the heaters were wired for regional control. Supn ly of 

different amount of p0\·1cr to these re0ions in resronse to the 

temperatures measured vii th thermocoup1es in different zon~s, enab1ed 

the achievement of uni form temperature al 1 over the plate. 

Appropriate points were also provided on the front panel 


board for the measure~ent of voltage, amperage and watta0e input 


to the he at ers of each reg ion so th at an approximate energy balance 


I 
/ 
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could be performed for the system. 

3.2.2 Temperature Measuremen~ 

The temperature in each of the zones of the plate was 

measured with eighteen 11 Ceramo 11 type thennocouples with six inch 

inm1ersion length · install ed in the slots described previously. The 

temperature of the cover was measured with two thermocouples. 

installed at t~e corner and centre respectively. Two 

similar thermocouples were installed on the upper surface of the 

test plate for measuring the surface temperature. The response 

of all these thennocouples was referenced to ice temperature. The ice 

bath was stirred frequently to maintain unifonn temperature for 

all the thermocouple junctions. 

The thermoelectric rotentials of all .these twenty therrno­

coup1es were recorded by a Honey\1c11, mode 1 15303 330-12- ( 99 )-0-000-012­

11-060, electronik 15, t\·1elve point continuously halancina millivolt recorder. 

The output of eight thermocouples in four rcpresentive 

zones ( t\-JO corners, one side and the centre) as well as the output 

of the two upper surface thermocouples and the t\.'10 cover thermo­

couples were recorded consecutively by the recorder. The outputs 

of other zonal thern1ocouples were periodically fed to the recorder 

to measure the temperature of those zones in order to check the 

uni fonni ty of tempera tu re over the p 1 ate. 

I 
I 
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Double pole, double throw knife switches were provided 

which ·in one position fed the output of the zonal thennocouples to 

the recorder circuit and in the other position enabled the measure~ 

ment of differential temperatur~ of the two thennocouples in a zone 
-

by feeding the differential output to a Honeyv1ell, model No. 2745, 

millivolt potentiometer. The \'tiring diagram is shovm in Figure 

(5). 

+The rated accuracy of the thermocouples used was - .25% 

of the temperature measu rement. The recorder had an accuracy of 

~ • 25%. 

The temperature distribution in the air belmv the plate 

was measured with a thermocoup1 e nrobe described be1OH . 

3.2.3 Thermocouole Probe ------L-----­

Quite a few thermocou~le probe configurations had to be 

tried before a probe which gave acceptable results was found. The 

main reason for rejecti~g the probes was the discrepancy of the 

order of ~O - 50°F, between the temp~rature of the air at zero 

displaceme nt as obtained by extrapolation of the temoerature distri­

bution plotted from the probe measurenerits and the temperature of the 

test plate measured by the embedded thermocouples. The various 

configurations tried and the results obtained are given in Appendix 

A. Although the discussion of the thennocouple probes VJhich were 

not acceptable has no bearing on this presentation, it might be 

/
I 

/ 
/ 
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useful in the design of thern1ocouple probes for other applications. 

The lower reading of the unacceptable probes was thought to have 

been due to ·1ocal convection currents induced by the presence 

of the supports acting to decrease the temperature of the air at 

the thermocouple.junction. 

The pr0be used for the present study is shown in Figure 

(6). The edges of the side supports of the probe (20 gauge 

stainless steel shim) \1tere sharpened to smooth the a.ir flow. The 

thero1ocouple was comprised of chrornel--alumel, 40 ·gauge wire butt 

welded in a mercury bath.which resulted in a .010 inch diameter 

junction. The thennocoup1e deviated only +- . 25~; from the 

measurement of a calibrated thermocouple. · The probe was 

positioned by a traversing attachment having .OOl"resolution and 

fixed to a tripod stand \1ith levelling screws as shrnm in Figure 

(7). The probe moved perpendicular to the base of the traversing 

attachment, which was levelled by means of the tripod levelling 

screws and checked with a spirit bubble level. 

The thermoe1ectri c potenti a1 of the therrnocouo1e \·1as fed to a 

Hone.Y\'lell model SY153x·18 -(V AH 1) - II-III-157-D Drovin 

Electronik, single point continuous balancing millivolt recorder. 

Ice temperature was again used as the reference junction temperature. 

Accuracy of the recorder was :!:". 25% .. 
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3.• 3 Qualitative Estimate of The ThenT)_~ Boundary __J_ayer __~_~Jow 
The Plate 

The the1111al boundary layer belov1 the test plate was 

studied.with a Schlieren apparatus. The Schlieren technique 

enabled the qualitative analysi? of the boundary layer through 

the influence which density changes had upon the transmission 

of a collimated beam of light~ Figure (2) shows the Schlieren 

apparatus set up for th~ present study. 
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4. TEST CONDITIONS 

Steady state temperature levels in the test plate were 

achieved in approxi~ately eight hours after changes in the powerstat 

settin9s. The settings of the oov.ierstats \'Jere somewhat arbitrary 

for the first set of tests and adjustments had . to be made until 

the temperature of the plate varied no more than ±1°F at any two 

positions on the nlate. Th~ test conditions are further describ~d 

under the following headin~s. 

4.1 Plate Temperature 

The maximum temperature of the test plate was approximately 

335°F resulting in a maximum tern~erature difference of about 255°F. 

The minir:wr~1 temperature achieved was arrroxirwtely 30°F resulting 

in about 5°F temperature difference. Five tests ~ere conducted at 

different plate tei·11peratures betv1een 335°F and 80°F . For each test, 

the tem~erature distribution in the air below the plate was scanned 

at three positions namely centre, side and corner. The exact locations 

are shm-m in Figures (13), ' (15) & (1_7). Refore each test, the traversing 

attachment of the orobe was properly levelled as described nreviously. 

4. 2 Grashof Pranc!tl Number Products 

The range of Grashof Prandtl nu;nbers product achi evec! \'/as 

4 X 0 ~ or wn1cn ne corresoon 1ng ranqe o . ea ! uxl OS to o x l n 9 f ' · ' t' d · f h t .r::l 

2 . ' varied beh1een 0. 7 Btu/hr ft to-102 Btu/hr n ·- . ,n, ~lot of Grashof 

Prandtl number product versus tempe rature difference, Figure (8), 

illustrates that maximum value of Grashof Prandt l product occurs at 



__ 
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a temperature difference of about 325°F. On either side of this 

value, Grashof Prandtl number product decreases. Therefore, 

the behaviour of the air properties which governs free convettion 

from the test plate varies in such a fashion that the maximum 

achievable Grashof Prandtl number product is 8.6 x 109. This 

behaviour indicates that in order to achteve_ a _higher Grashof Prandtl 

number product, one has to choose larger sizes of surface rather 

than higher surface temperatures. 

4.3 Edqe, _ _ Restraints 

Strips of metal v1ere added to constrain the therria.l 

boundary 1 ayer. Addition~l sets of measurements were takens 

using a 1/2 11 \·tide strip and a 111 \·tide strip respectively. These 

strips were fixed to the bevelled edges of the test plate so that the 

original heat transfer area of the plate was not affected as shown 

in Figure ( 9 ) • The gaps bet\-1een the strips and the plate were 

filled up with plaster of paris in order to prevent the leakage of 

hot air. Thus the flow of hot air was totally directed over the 

edges of the edge strips. 

The choice of eds1e stri r \vi dths was based uoon the thickness 

of the thermal boundary layer v1hich deveJoned helm·/ the plate v1ithout 

edge restraints. The boundary layer thickness \•tas about seven 

tenths of an inch and hence t\·w vlidths namely 0.50 11 and 1.00 11 were 

chosen to partially and totally restrain the boundary layer respectively. 
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5. Di\TA REDUCTIOfJ 

As already mentioned, the thermoelectric potential from 

the thermocoupl e probe used to scan the temperature distribution in . / . 

air below the plat e was fed to a single point continuous balancing 

recorder. Random fluctuations of varying magnitudes, depending 

on the location of the orobe, were observed in the air below the 

plate a.s illustrated in Figures '(10), (11) ~ (12) shovJing samples of recorder 

paper. Tlri s point is further diS cussed in Chapter 7 • /1.n 

average value of the thermoelectric potential was computed from such 

temperature recordings over a period of about ten minutes by drawing 

a line such that the area· on both s·ides were equal as estimated by 

eye judgement. This value was taken as the readinq at that 

particular location as demonstrated in Fiqure.s (10), (11) & (12). 

Each scan was taken over the range from about 0.020 11 

to l.400 11 from the test plate with en9ugh intermediate measurements 

to obtain a smooth temperature plot. .At 1. 400 11 from the p 1 ate, 

the temperature difference bet\11een air below the plate and the amhient 

temperature red~ced to the order of 0°F to 3°F depending on the plate 

temperature and further r:ieasurements were not necessary. 

A graph of l\T, the temperature difference betv-1een the air 

temperature and the ambient tem pe rature versus x, the displacement 

of the thermocouple junction from the bottom surface of the plate, 

was plotted for each scan as indicated in Figures (13) to (18). These 

I 
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graphs enabled the determination of the temperature gradient in the 

air at zero distance from the test plate from which the local 

heat flux was computed in the following manner. 

The heat flux conduct~d do\'1mvards by the pl ate was equated 

to the heat flux received by the air by ·v; rtue of conduction in the 

immediate vicinity of the plate i.e. at zero distance from the plate. 

Therefore, 	we can write: 


dT 
 (12)QI fl. = - ka 	dx ! 
x=O 

where ka· · 	 Thermal conductivity of air at zero 

distance from plate in Btu/hr ft°F. 

dT--- I 	 Temperature gradient of air at zero distancedx 
x=O 	 from plate in °F/ft. 

Q: Quantity of heat conducted in Btu/hr. 

A: Area of plate in ft 2. 

Now this heat flux is transferred to the air below 
.. 

and we can 	write: 

QA = - k _sll_ 	 I = h ( T - T ) = h ~T ( 13) 
. a dx x=O c s oo c 

where h Heat transfer coefficient in Btu/hr ft 2°F 
c 

Plate bottom surface temperature in °F 

T Amhient temperature in °F 
00 

/ 
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Thus by obtaining ~~ I from the graphs presented in 
x=O 

Figures (13) to (18) , and by eva1uati ng k from standard tab 1es. a 

for the properties of ~ir at the temperature of the test plate 

Q/A was determined. Using this heat flux value, the heat transfer 

coefficient h was comouted by dividinq Q/A by (T - T ). For valuesc 1 ' s 00-

of T , the temperature gradient curves obtained from the temperature 
5 

scans plotted in Figures·(ll) to (18), were extrapolated to obtain 

the 6T at zero distance from the plate which yielded the temperature 

of the air at the test pl ate when the ambient temperature vrns added. 

It may be noted here that this temperature could also be obtained 

directly with the probe by touching the junction to the olate but 

this reading was obse r ved to be about 1% lower than the one obtained 

by extrapolation. This temperature drop wa~ thought to be due 

to a fin effect caused by the wires on touching the plate. The value 

obtained by extrapolation in the manner indicated above was compared . 

with the average value of the plate temperature obtained from the 

eighteen embedded thermocouples. An average of this value and the 

va1ue obtained by extrapo 1 ati on \·tas taken as the va1ue of T , ,the p 1 ate s 
surface temperature. 

The ambient temperature T was measured by removing the 
• 00 

probe from the test surface . This reading was peri odi ca lly com pared 

.with the value of the ambi ent temDerature read from a mercury-in-glass 

thermone ter and \·tas foun d to be within ~ 1° F of the ambient temperature. 
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The values of T and T determined as explained aboves 00 

enabled the temne rature difference (T - T ) to be evaluated for . 	 s 00 

each particular value of heat flux, and enabled the corrcspondin0 

heat transfer coefficient '1c to be determined by Equation (_13) 

The following equations were then used to evaluate the 

dimensionless parameters. 

hc9"
NU = 	 ( 14) k ­

2 3Gr = 	 (_gfp--) x tiT x .Q, ( 15) 2 
µ 

where 

Nu: 	 Nusselt number 

Gr: 	 Grashof number 

i 	 : ·Characteristic length of the plate taken as the 

side length in ft. 

k: 	 Thermal conductivity of air in Btu/hr ft°F 
g: 	 Gravitational constant taken as 32.16 ft/sec2 

s: 	 Coefficient of thennal expansion of air in l/°F 

p: Density of air in 1 bm/ft3 


µ: Viscosity of air "in lbm/ft sec. 


All these air properties were evaluated at . the film temperature 

Tf = l/2(T + T ) . The values of the Prandtl number Pr used to s 00 

evaluate Grashof Prandtl number product were taken from standard 

air properties tables at the film tempe rature. 

/ 
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6. RESULTS 

The results obtained by this experimental study are 

presented in this section. 

The temperature profiles obtained from the tem perature 

scans below the plate are shown in Fiqures 03) to 08) which are. ~ 

plots of temperature difference ~T v~rsus displacement x. These 

plots enabled the evaluation of flx=O' the slope of the rrofil es 

at zero displacement as explained previously. For each set of 

experiments corresponding to 011 
, 1/2!1 and 111 wide ed<ie strips 

respectively, two figures are given, one representing the temperature 

profile for the highest ternDerature difference and the other represent-

i ng the remainder of the te:.1perature profi 1 es for the other tem r­

erature differences. This procedure had to be adonted since the 

scale which had to be used for highest temoeraturc ctifference did 

not permit the other orofiles to be oresented as advantageously as 

possible. 

Two sets of plots, Figures 09 ) and (20) are presented 

correlating heat flux Q/A with temperature difference ~T. These 

figures differ only with resnect to manner in which heat flux was 

computed. Figure (19) presents a plot fo which the values of heat 

flux were computed on the assumntion ·that the rlate was transferring 

a uniform h~at flux over the entire area corres ponding to the magnitude 

computed at the geor:1etri c centre. In actual fact it was found that 

the heat flux was uniform over 75% of· the area while the remaining 
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25% of the area near the edges transferred heat at a different 

rate~ Figure (20) presents a plot in which a discrete heat 

flux assumntion was considered in the calculations as explained 

below. Figure (2.1) shows that the temperature distribution in 

the air below the plate is similar in ~he centre, side and corner 

locations uo 
! 

from the edges. 
I, 

to about 711 This observation imolies 
... . 

that the heat flux transferred within this area is uniform while 

the dashed curves in Figures (13) to (18) show that the temperature 

profiles at the sides and the corners at about 1-1/2 11 from the edges 

are different than the temnerature profiles at the centre. However, 

at low temperature difference levels, namely about 5°F and 10°F, the 

temnerature distributions at all the. locations were found to be the 

same, within !13 difference at any location. Therefore, for these 

cases, the dashed curves are not presented in Figures (13) to (18). 

The observations above lead to the assumption that the 

area of the plate comorised of a 311 wide region around the edges, 

which transferred heat at the rate which was computed using the 

temperature profiles obtained at the corner or the side, while the 

rest of the area (which was 75% of the total area of the plate) 

transferred heat at the rate, which was computed using th~­

temperature profile obtained at the centre of the plate. This 

discrete heat flux assumption was used in the calculations for the 

plot· of Figure (20). With such a consideration, the maximum 

increase in the overall heat flux was approximately 12% for the 

no fin configuration and aoproximately 43 foi the case of the 1/2 11 
. 
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fin confiouration while the maximw~ decrease for the case .of 
J . · . 

the 111 fin confisuration vrns found to be arnroxima.tely 8~{.. The 

maximum changes v1ere found to occur at the highest temperature 

difference level. 

An energy balance \!·!as also performed for the system 

considering the heat input to the system·as measured in tenns of 

electric power supplied to heaters, the heat flux transferred 

drn\fm~ards by the plate and C1ll other losses. This analysis 

is presented in Appendix ~ for two tests corresponding to the 

no fin configuration. The discrepancy is only about .~~~ of 

the el cctri ca 1 oower which coul cl easily be accounted for by 

the heat losses through the sunports, and aoproxi mations and 

assun1ptions used in the cal cul a ti on procedures for various 

losses. 

Furthemo re, to verify the existence of the therr:i a 1 

boundary 1 ayer be 1 O\IJ the plate and to obtain a· qua 1 itati ve 

measurement of its thickness , Sch 1i eren photoq ranhs \·Jere ta ken as 

presented in Figures (22) and (23 ). Figure (22) presents a 

photograph taken with the Sch 1i eren apparatus a 1 i gned vii th the 

. centre portion of the ~late. f\s indicated on the ohotor.irarih, the 

thickness of the boundary layer is of the order of seven tenths 

of an inch v1hich confirms the values obtained by ~robe measurements. 
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Figure (23) presents the photograph taken with the 

Schlieren apparatus aligned with the edge of the test plate which 

appears about one quarter of the way across the photograph. This 

photo~J raph distinctly i ndi cates the thinning of the boundary 

layer near the edge, again conffrmi na the probe measurenents. 

/ · 
/ 
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7. DISCUSSION 

_______ __:;! _ . ___________7.1 Accuracv Of Results: 

This section concerns the analysis of the uncertainties 

in the experi mental study and their bearing on the final results. 

Maximum possible error was cor~1 p uted in the analysis in each case 

which gave a high percentage of uncertainty Max irnurn poss i h le 

error results as a consequence of th e impro ha hle combination of 

the maximum values of the individual uncertainties in the various 

measurements. 

The fluid property values used in calculating the 

dimensionless parameters V{ere assu:.1ed to be those of dry air 

though humi clity mi 9ht have run as hi 0h as 8 1! ~~ during the ex neri ­

ment ation. This undoubtedly v.JOuld have introduced sane error 

in the results but :1as not been considered ir. this analysis. 

The error involved in determininci a particular property value 

at a certain te111peratur~ (internolatirg ·beti:1een 011hlished values) 

was minimized by fitting a ten de0ree oolynomial between elevrn 

known property valu~s published in the ran1 e between 0°F to 400°F 

at 40°F intervals given in Referenc~ (11).The internolation error 

has been consi dered in the an ~ lysis as well. 

The uncertainty analysis i~ presented belo~ . 



MaximumDescription of . '.·1() xi :", 1J~' 
_ld_Q~~-!~t]ly_____ %Uncertainty % Un:; r rt .1 i nty

.(H 	= 5°F) (lT ::: 	 2S'l 0 F) 

{A) - Value of Temperature 
Di fforence 

l\T == 	 (T - T )s 00 


Plate Surface Temperature 


+( i) Thermoelectric Error + 0.2 	 0.2 

(ii) Potentiometer I nae curacy - ~ 0. l 	
I + 

- 0.2 

+ 	 · +·a r:: t(iii) Reading Error 0.2 * 	 ' • :J 

Arnb ·j en t Temperature 

+(i) Thermoelectric Error +- 0.2 	 - 0.2 

(ii) 	 Potentiometer Inaccuracy +- 0. 1 ~ '0.2 

+(iii) Reading Error + 0.2 - 0.2 

Total Error in Ternrerature 
·+Difference# -16.0 	 ~ 1. 4 

(B) 	 Value of Heat Flux 

0 dT!A= 	 -ka dx x=O 

Therma l Conductivity 

( i) Film Temperature Uncertainty + 1. f) 	 ~ - 1. 7 

(ii) Interoolation Error ' + 0.1 	 ~ : 0.1 

---------·-- ·-·--·-·------------ ----------...·----·----------·---------­

* Lm·1 temnerature readi nqs \·tere made v!i th potenti orneter 

t High temperature readings v.1er(? tal::en from recorder p0.rer 

# Total Error 3 = (Ahsolute error in Ts + Absolute error in T )x 
~ 

(100)/Tenrerature Difference 



Temrera.ture Gradient 

( i ) Pro be Reading 

Thennoelectric Error 

Conduction and Radiation 
Losses 

Potent i orneter ,l\ccuracy 

Reading Error 

(ii) 	 Esti mat ion of Gradient 
from Plot 

Total 	Error in Heat Flux 

Maximum 
~~ Uncertu.i nty 
(~T = 5°F) 

+- .0.2 

+- 0 .1 

+ 0 .1-
+ - 0.2 

+ 8.0 

+ 9.7 

26 

Maximum 
. ~s Uncerta"inty 
(~T = 250°F) 

+- 0.2 

+- 0.2 

+- 0.2 

+- 0.5 

-
+- 5.0 

+- 7.9 

Heat Flux 

+Error 	 9. 7 :: 7. 9 

Temperature Difference 


.+
Error 16.0 + 1. 4 

Thermal Conductivity 

+ 	 +Error 	 l. l - 1. 8 

+Total 	 Error - 26. 8 

( D) 	 Gt_"'_~s~~g_f_!J_~__£_~~I:.cJ._~J___!J urn he_r._ 
2 


Gr-= (9B~--) (6T ) 9, 
3 


,_ 

Pr = 
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11aximum Maximum 

3 Uncertainty. %Uncertainty 

(~T = 5°F) (6T = 250°F) 


Physical Properties 

+ +Internolation Error 0.6 - 0.5 

Temrerature D·i fference 

+Error + 16~0 1. 4 

Characteristic Length 

+Measurement Error 0.6 ~ 0.6 

Total Error + 17.2 + 2.5 

.7.2 Heat Flux Correlation: 

The heat flux plots in Figure (19) and (20) indicate the 

fo 11 m,Ii ng type of corre 1ati on beh1een heat flux and ter:1perature 

difference 

(16) 


The values of the coefficient and the exronent obtained 

for various cases are listed in the figures mentioned and are 

tab u 1 ated be1Ot'-/. 

TABLE I 

Tabulation Of Emnirical Constants 


Descriotion 
Of Edge Restraints 

Uni forri1 Heat Flux 
f1s s unm ti on 

-­
Discrete Heat 
Flux f.., ssumoti on 

c d c d 

1 No Edge Strip . 105 ., • 25 • 102 1. 27 

2 1/2 11 Edge Strip . 106 1. 23 •1()4 1. 25 

3 l ll Ed9e Strip .107 1. 20 . . 116 1. l f) 
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Using Fishenden and Saunders (8) relationship as . modified by 

McAdams, the correlation below can be written 

Nu = 0.27 (Gr Pr) 1/ 4 {_17) 

hci 2 
0.27 IOP:E._ llT Q, 3 Pr]l/4-··T- - .. 2 (18) 

µ. 

dTSince Q/P\ = k -·-! = hct>,r · (19)
a ox x=O 

2 
it~ I= 0. 27 [.9..B~ - Pr] 1/4 [f)T] 1/4 [(13/4 (20) 

l-1 

. 2 11~· 
0. 27[9R~ Pr] ·tk 


µ (~T)l.25
Q//\ = ---..--·--r74-. ----- (21) 
9-. 

Using the relationship expressed in Equation (21) hy substitutin cJ 

the values of t r.nmeraturc difference for the present expP.rimental 

study, a plot \\las dravm vthich is shrn 1m in Figure (24) and gave~ valuP-s 

of c and d as 1.05 and 1.23 res pectively. The value 1.21 is lower 

than 1. 25 shm·Jin:i that the fluid pronerties do affect the exnonent. 

The experim(~ntal valties in general are· in good agreement v.rith Fishendcn 

and Saunders correlation with maximum G.63 and lG.8~ deviation 

correspondin9 to uniform heat flux assurnr;tion and discrete heat flux 

assumption for the c~se of plate with no edge restraints. 

·7. 3 ~ffec_!:__Q_f_Jjj_~_B_cstra_!Il~ : 

A.s observed from Figure (19) and (20), the edge strips tend 

to decrease the overall heat flux. Hm·1ever, the experimen~C\ l evi ck~nce 
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suprorting the functional relationship is insufficient to justify 

another correlation for plates with edge restraints. .At the same 

time, it can be recommended safely that the overall heat transfer . 

does tend to decrease with edge restraints. 

Considering the effect of edge restraints, intuitively it would 

appear quite reasonable that edge restraints would reduce heat flux 

.s i nee the edge restraints tend to s too the fl O\'I ·of air from edges 

thus i ncreas ·j ng the th i cl~ness of boundary 1 a.yer and decreas i nsi temn­

erature gradient at the surface. 

Fishenden and Saunders ·(8) indicated that for the case of a 

horizontal plate facing downwards, were it not for edge effects 

and slight irregularities of ter;1perature over the plate surface, 

. there \'/ould be no convection currents, since the layer of warm air near 

the plate would be in equilibrium in a draught free room, although 

heat would, of course, still he lost from thP ~late by conduction. 

It may be realized that if the gross mover.1ent of air is prevented or 

the hot air is prohibited from escapin0 from the sides of the plate, 

the heat transfer from thA nlate will be hy conduction. The heat 

transfer coefficient in such a case will be much lower than that for 

convection. Hence the trend for heat transfer coefficient to decrease 

with edge restraints is reasonable. 

7. 4 Nusselt Number Correl at ion: 

P..s a 1 ready rnont i oned in the 1itera tu re survey, r:; shenden 


and Saunders (8) gave a corre 1 a ti on for r--:us se lt number v1h i dr 
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depended on the Grashof Prandtl number product raised to the 

power 0.25 multiplied by a coefficient of 0.25 for the horizbntal 

plate facing dovmvrards. Figures (25) and (26) present Fishenden 

and Saunders correlation as a solid line and show the scatter 

of the data points obtained from the present study. For the 

1 t 	 · 'I t ecgeI t · '- the maximum d · t · a1"e .'p a ·e w1t1ou res ·ra1nts, · ev1a ions +_7c,,'1 

and ~20% for the case of the uniform heat flux assumption and the 

discrete heat flux assum~tion respectively. 

7.5 	 /\ir Temneraturc Fluctuations: 

It has already been mentioned that fluctuations were 

detected by the thermocoun1 e probe measuring the temperature of the 

air belo\'J the test plate. Sam~ 1es of recorder pa~er were also 

presented in Figures (10), (11) ?.~ 0 2) .Figure (27) further shovts 

the envelope around the mean value curve drawn through the maximum 

and minimum values observed. The genera 1 pattern of the fluctuations 

remained the same for all tests but the relative magnitudes were less · 

for loHer temperature difference levels as indicated in Figures (10), 

(ll) & (12). The following reasons could account for the above 

mentioned fluctu at ions. 

(i) 	 The movement of the thermocouple junction by· the flow 

of hot air. Thermocouple junction moved as much as 

~.002" from its position of rest. This movement v1as 

observed by an opt ical instrument. 

(ii) 	 The dis turb ci.n ces in the fl ow pattern itse1f indu ced by 

casual move~ents in the room. Due to the existence of 
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a temperature Qradient bel01.·1 the plate, such a 

disturbance would cause mixing of air of different 

t emperatures, resulting in a variation of temperature 

at the th erF10 cou ple junction. 

It can also be noticed that the fluctations are minimal up to 

. 02 11about from the plate because of the air movement being damped 

by the presence of the stationary plate. Then further frorn the 

plate, the fluctuations gradua lly start increas ing, attaining a 

· d2T
maxi:num value in the region where - - in the air is maximum and2dx 
then again start decreasing, finally reducing to zero as the probe 

approaches amb ient ten1peraturP. . The fact that the fluctuations 
2d T are maxir1um at the ooint Hhere ---- is maximum can be obs E~r ved in2dx ­

Figure (27). 
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8. CONCLUSIONS 

The experimental study of the free convection heat transfer 

from a heated horizontal plate facing downwards resulted in a 

correlation vthich in general agreed vtith the correlation given. by 

Fishenden and Saunders· as modified by McAdams. 

Nu = 0.27 (GtPr)l/ 4 

The experimental study was further extended to study the 

effect of edae restraints on heat transfer and this study indicated 

that the heat transfer coefficient tended to decrease with the 

increasing height of edge restraints. Hm·1ever, no correlations 

were given because of insufficient experimental evidence. 



33 

9. ~EFEREilCES . 

1. 	 8rm·m, I. A. and S. M. '.~·1arco, "Introduction To Heat Transfer", 

McGraw-Hi 11 Book Company, Inc. ~ 1958 ~ 


2. King, H. J. , '1ech. Eng. , 54, 550 (May, 1932). 

3. 	 Jak.ob, !·~. and H. Linke, Forchung a.d. Geb. d. In9enieun1es. 

4' 75; 1933. 


4. 	 Jakob, :1., 11 Heat Transfer", Vol. I, John Hiley & Sons, Inc. 

New, Yor-k, 1958. 


5. 	 Griffiths, E. and A. H. Davis, Department of Scientific and 

Industri a 1 Research Food Investfga1Ton Boa rd~speci a,­

Re~. No. -9, His Majesty's Stationa-ry Office, London, 

1922. 


6. Vici se, R., F9rsch~1g _9-~~}eb d. Ingeni eun.1 es_. G, 281; 1935. 

7. Schmidt, E. , Forschung a. d. Geb d. Ingeni eun1es. 6, 281 ; 1932. 

8. 	 Fishenden, ~,_ and 0. f\. Saunders, . 11 1~.n Introduction To Heat 

Transf_~", Oxford, 1950. ------------­

9. 	 Mc/\dams, H.. H., "Heat Transfer", McGra 1:1-Hi 11 Book Company, 

Inc. , Nevi York , 1954. 


10. 	 Kutateladze, S. S. and V. ,,_ Borishanskii, "!\Concise Encyclonedia 
of Heat . Transfer", Pergamon Press, 1966. ------------­

11. 	 Groner, H. and S. Erk, 11 Fundamentals of Heat Transfer", 
McGra·:1-Hi 11 Book, Company, Inc., 1961 . ----­

12. 	 Kreith, Frank, "Princi~les of Heat Transfer'', International 
Text Book Co., 1962. 

/ 



34 

10. I LL USTR!\T IONS 
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I 




TEST FACILITY FRONT VIEW 


w 
(JI 

Figure .:fl 
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FIGURE #l 


Test Facility Front View 


Apparatus Des cription 


A - Single Point Recorder · . 

B - Front Panel Board With Variacs And Wattmeter Terminals 

C Ice Bath 

D Thermocouole Pro be With Stand 

E - Schlieren Apparatus 

F - Test Plate 

G - Insulation Cover 

H - Potentiome ter 

I - Twelve Point Recorder 

: 



TEST FACILITY SIDE VIEW 


w 

Figure #2 

-....i 
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FIGURE #2 


Test Facility Side View 


Apparatus Descriotio~ 


A - Schlieren App~ratus, Ca~era 

B - Twelve Point Recorder 

C - Knife Switches 

D - Fuses 

E Ice Bath 

F Insulation Cover 

G - Test Plate 

H - Thermocouple Probe Mith Stand 

I - Test Plate Stand 

J - Schlieren Ap0aratus, Light Source 

K - Single Point Recorder 

/
I 
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THER~OCQUPLE PROBE 
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Figure #6 
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FIGURE #6 

Thermo coup le Probe . 

Anparatus Description 
_... ·-----­

A - Thermocouple Junction · . 

B - 40 Gauge Chromel Alumel Thermocouple Wire 

C - Probe Supports 

D - Instant Epo~<Y Holding \t.Ji re -To Supports 

E - Teflon Insulation Tape To Insulate Sup~orts From 

Each Other 

F - Rod 

G - Silicon Tape To Hold Wire To Rod 

/
I 
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THERMOCOUPLE PROBE WITH STAID Ario ACCESSOPIES 

I 

I 


Figure E7 
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FIGURE #7 

Thermocouple Probe With Stand And Accessories 


Apparatus Des~ription 


A Thermocou ple Probe 

B - Traversing Attachment 

C - Stand 

D - Traversing !\ ttad1ment Dase 

; 
/ 
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.~PPENDIX A 

This appendix presents the set of results obtained vii th various 

probes \\lhich \'·Jere tried for tl1e measurement of ter:1perature distr-i bution 

in the air belrn·J the plate. 

Figure (28 ) presents plots of lT versus x for three different 

probes. The results can be summariz~d in the following table. 

T/\BLE II 

Comoari son Of Various Probes ----·- --- 4 ----· ------------·--­-----~~-

Probe 
t i 

ZJ 

Extrapolated 
lT( 0 F) 

,n.ctua 1 * 
l\T(oF) 

DiscreD(lncy 
(o F) 

Re:na rks 

I 

II 

II I 

211~6 

194 

140 

247 

235 

195 

1 

41 

55 

J\cceDtable 

not r~ccr.ntab1e 

!lot /\cceptah 1 e 

J\ctual Tern~x~rature is o~tai ned by su~tracti ng T from T5 measured* 00 

, . .,; th e1nbeclded thernocoun 1 es . 
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/\PPENDIX D 

This a.ppendi x pres en ts the enerqy ba1 a nee perforrn~d on the 

sys teP1 cornnri sed of the present experirnenta 1 set up for two tests 

pertinent to the plate without edge strips. · 

Various paraF1eters pertinent to the calculations are a.s follm·1s: 

Test I Test II 

Plate Surface Temperature, Ts: 330°F l 77°F 

Insulntion Cover Temperature, T 
c 

104°F 86°F 

J.\.rnbi ent Tenperature, T : 
co 

80°F 80°F 

Length of the Plate, L: 3.75 ft. 

LP.n~Jth of the Cover, L c 3.67 ft. 

Height of the Cover~ LH: 0.52 ft. 

Hei9ht of Beve 11 ed Edges, L( 0.083 ft. 

Calculations for the energy losses based on above information 

is as follows: 

Free Convection Losses Test I Test II 
---------·-··----­

Film Ternrerature 

T = (T +T )/2 92°F 83°F . f c 00 

tiT = T -T 24°F 6°Fc 00 

<l B 2 3
Gr x Pr = ( _,._il___ ) • liT • L c 

2 
µ 

(Properties Evaluated M T f) 2• -3 x 1()9 



For Heated_~:1 ate_.Faci nq Um1ard: 

h L 
Nu = _c_~ = 0. 14 (GrP r) l I 3 

k 

[Reference (l~)] 

Nu •k
h = ____:_______ 
c L 

c 

Heat Flux = he (Tc - T
00 

) 

Average Tenpera ture of Si des: 

T. = (T + T )/2
15 	 c s 

Film 	Tem~erature 

Tf = (T. + T )/2
1s 	 00 

l\T = 	T. - T 
' 1s 00 

- (f ~02 3
Gr x Pr - (~-2--) tiT. L1--: 

µ 

(Pronerties evaluated at Tf) 

For Heated Vertical Plates: 

[Reference (12 ) ] 


_ hcLH _ 1/~

Nu -	 --k-- - O.48 (GrPr) · 

Nu.k 
h ·-c;­c ­

Heat 	 Flux - hc6T 

Test I 

185 

0. 775. Btu 
2hrft 	 F 

18.6 	~~ 
hrft2 

217°F 

149° F 

137° F 

2.52x 	ir/ 

34. 1 

Bt111 no5 	_:___• •; _, ? 
hr ft .. F 

Btu
150 : 	--2­

hrft 

67 

Test 	II 

12() 

0.496 	· Btu 0 ­

hrftr: F · · 

2.98 	Btu 

hrft2 


132°F 

106° F 

52°F 

7
1.25 	x 10

28.5 

Btu44.5 -·- ·- ·-·- ? 
hrn·­
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(C) Beve11 eg _ _lj_ges_: 	 Test I Test II 

Film Temperature T + T 	 205°F 128.5°Fs---2----co 

bT 250°F 97°F 
nR 2 3 . /I. 

GrP r = (_;-1 ·-
0 
2 

--) flT. LE 11.9 x lrJ
4
' 8.4 x 10 ' 

µ 

Nu= 0.48 (GrPr) l/<1* 	 0.892 0.82 

f'i k 
·-h =-~ 	 0 1 Q2 Bt~-• ~ - 2c LE hrft F 

Btu RtuHeat Flux 48 ? -18 -_,.,..... 
hrft- hrft2 

Radiation Losses 

Asswning the plate to be a grey body in black surroundin~s, 

the following relationships can be written 

[Reference ( 12 )] 

where = Grey body shape factorF12 

E 1 	 = Emmi s s i vi ty of surfacP. 

The radiation heat transfer coefficient is defined as follows: 

[Reference(l2)] 

where T1 = Tern'.)erature of emmi tti ng surface in a. 0 Ran!: i ne 

= Temperature of absorbing surface in ° RankineT2 

* 	 Calculations are done on vertical plate basis thouqh the edges 
are at 60° angle. 
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The values of FT for given temperatures of T1 Rnd T2 can be 


esti mated from the chart in Reference (12). 


The losses comnuted with the ahnve formula usi ng E~ = 0.1 

for dir ty al um inur;1 are as follov1s: 

Test I 	 Test II 

(A) 	 Bottom Surface 
an_cT __Beve-iled E-does : 

33 '.1°F 177°F Emmitting Tempe rature T1 
Absorbin g Temperature T 80° F 80° F 2 

From Chart , FT 2. 1 1. /1_ 

Bt u.14 ----,.,­
hrfe-F 

. . 2 
r:? 	 ~ qtu/f·1 r+t 2Heat Flux = h AT 	 ..., .... . ...., l p 1 13. 6 Btu/ hrft 


r 

Emmitting Temperature Tl l 04° F 86° F 

J\bsorbing T9111!J!:!rature T 
2 80°F 80° F 

Fror,1 Chart, FT l. 3 1.?. 

Btu n 1? .B_!_ll___hr= ElFT 	 0. 13 ---r/ ·- . ·- ? 
hrfrF hrft - r 

Heat Flux = hrAt 3.1 Btu/hrft
?
'"" _o. 7_-8tu/hrft2 

(C) 	 Insu l ation Si des : 


Emmitting Temoerature T 2J 7° F l32°F
1 
Absorbing Te~pcrature T 80° F 	 80°F2 

From Chart , FT l. ( 1. 2 

Etu0 1 ....r.., ------ ?. 
hrn-· r 

?2 " "t I I ~ ,_2 _ • l • 	 ,:; u n r r ··~ · 

,• 

I 
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Area of Botton Surface, As 14.1 n 2 

Area of Top Insulation Cover , 

Area of Ins ul ;:iti on S"icles /\ -s 
Area of Bevelled Edges, AE 

A c 13.3 ft 2 

7.6 ft 2 

-1. 2 ft 2 

Total En~rgv__~-~JP l_i eci_: 1270 vrntts 370 vtatts 

or 4340 Btu/hr 1265 3tu/hr 

Btu/hr Btu/hr 

(fl.) 8otto1n Surfacn. 

(i) Convection 1615.0 * 494. 0 * 
(ii) Radi atfon 740.0 192.0 

(B) Insul ation Top Cover 

(i) Convection 2·18 . I) 40.G 

(ii) Radiation 42.0 10. 0 

(C) Insu lation Sides 

( i) Convection 1148. () 340.0 

(ii) Radiation 168 .n 48.n 

(D) Bevelled Edges 

(i) Convection 58.n 22. n , 

(ii) Radiation 63.0 16.0 

TOT/\L 4082.0 1162. n 

Discrepancy: 6. O~I, s. n;s 

* As measured by present experi1;1enta1 study. 
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